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Abstract 
Flood runoff models of urbanization from farmland based on the physical 
characteristics of a basin have been minimally used in previous research until 
today. Consequently, the runoff analysis has not been performed that is based 
on physical basis. Therefore, this research undertook flood discharge analysis 
from urbanization using the unit flood discharge concept that is enhanced the 
previous research. The study area was selected at the Kurabe River basin, 
which is 17.5 km2 in area having a very steep landscape. Twenty-one rainfall 
events at 10-minute intervals were selected, and five urbanized years were 
tested. From 1976 to 2009 during 35 years, the flood discharge increased ap-
proximately 2.0 times, in which residential areas increased from 23% to 48%; 
the maximum specific discharge was 21.7 m3·s−1·km−2 in a some block, which 
is a remarkably large amount. Furthermore, following issues investigated: 
changes in the hydrograph were associated with urbanization, the effect of a 
small reservoir aiming to cut down the peak discharge and the relationship 
between the unit discharge, and the relationship between our method and the 
discharge estimated by a “Rational Formula”. In particular, the effect of the 
small reservoir for flood control was found to be remarkably efficient. Finally, 
the validity of our method was confirmed at the study area in the observed 
discharge. This result is very useful for estimating runoff discharge changes by 
urbanization from farmland. 
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1. Introduction 

Because of the rapid progress of urbanization from farmland since the 1960s, 
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flood discharge has caused serious damage by increasing due to urbanization 
because of a shortage of river and canal capacities. This resulted from land use 
changing from paddy fields to the residential areas. Therefore, increasing canal 
capacity and establishing a small reservoir to control peak flood discharge were 
frequently undertaken.  

However, an estimation method for flood discharge has not been established, 
which is the basis for this research. We recently suffered very severe flood dam-
age from an extremely local heavy storm. Therefore, a precise local runoff analy-
sis, not generalized, is strongly required. This research addresses these problems.  

Increasing flood discharge from urbanization has been studied by many re-
searchers from various perspectives. An outline of the results is summarized by 
Kadoya [1], who discusses “the changes in flood discharge from urbanization” 
since 1985 based on worldwide reports. The contents of that manuscript are di-
vided as follows: a definition of urbanization, the change in precipitation hold-
ing capacity, changes in the hydrograph, and changes to runoff characteristics. 
In which he searched about one hundred reports for the city runoff analysis. 
Among them he discussed many research on runoff analysis based on the precise 
aspect i.e., physical properties of the basin. For example, Hicks (1944) and Tho-
lin (1959) researched initially the urban runoff [2] [3]. Kadoya (1972) conducted 
predictive study on urbanization effect on the discharge [4]. These research is 
mostly limited the runoff analysis inside of city not from land use changes. On 
the other hand, Eagleson (1962) and Kar (2015), for example, the flood changes 
evaluated by unit graph changes by urbanization [5] [6]. 

After the Kadoya’s report, we searched about sixteen reports by urbanization 
[7] [8] [9] relating the land use changes from farmland to residential areas. From 
the aspect, we did not found the appropriate report focusing on estimating the 
runoff changes from farmland to residential area. We believe that the estimation 
of runoff changes requires fundamentally the physical basis of the basin, i.e., 
type and area of paddy, upland and residential lots etc., should be taken into 
considered for the runoff model. 

However, Watanabe and Toyokuni [10] and Toyokuni [11] [12] undertook a 
runoff analysis based on land use characteristics and facilities by urbanization, 
which was clearly based on the physical properties of the basin but not from 
farmland. 

On the other hand, many runoff models have been developed worldwide, such 
as the unit hydrograph method, reservoir storage function model, tank model 
and kinematic wave model. However, these models except for kinematic wave 
model for residential areas has a limitation for estimation of runoff discharge by 
urbanization, because of less consideration of the physical properties of the basin 
i.e., less of the hydraulics aspect. To estimate the flood discharge changes from 
urbanization, the physical properties should be included in the model as men-
tioned above; if not, the runoff changes for future urbanization can’t be esti-
mated. Therefore, our model is focused on strongly the changes of those proper-
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ties from farmland. That is a remarkable feature of our research. 
Namely, previous research discussed the unit flood discharge [7] [8], defined 

as the discharge that flows in the upstream drainage canal, i.e., the smallest 
drainage canals. This model was developed using the unit flood discharge con-
cept for various land uses, such as paddy fields and upland and residential areas, 
and it attempts to estimate the basin discharge, including the effect of a small 
flood control reservoir. The discharge changes after 1976 due to ur-banization 
was estimated in the Kurabe River Basin in Japan. The validity of the model was 
confirmed by comparing observed and estimated hydrographs in the test basin. 

In addition, peak discharge by urbanization closely related not only urbaniza-
tion but also rainfall intensity. However, this research is limited only runoff dis-
charges by urbanization. 

2. Method 
2.1. Method of Analysis 

The Kurabe River Basin was located in the center of the Tedori River Alluvial 
Fan Area, which is 17.50 km2 in area and is not contain a mountainous area and 
inside of previous research area [7] [8] [9]. The drainage canal plays an irriga-
tion role in the upstream area, which is very rare in Japan. The upstream canals 
have a concrete lining, and the downstream area is a natural river. The gradient 
is very steep, at 1/500, as is the Tedori River Alluvial Fan Area. Therefore, this 
area has not suffered the backwater effects, thus, the kinematic wave approach 
for the runoff analysis can be available. This basin has not included mountain-
ous area and the urbanization conducted from mainly paddy field. This feature 
should be notice for applying the method to the other basin. 

2.2. Change in Land Use 

The basin was dived into 15 blocks based on the drainage canal system, as shown 
in Figure 1. Table 1 describes land use in the area of the 15 blocks in each of the 
tested years. The area was investigated using GIS (Geographical Information 
System) with 100 m mesh data (National Land Numerical Information down-
load service) [13]. The residential area contains an area of river and road that 
has the same runoff characteristics. The areas that did not include 100 m mesh 
data were corrected with data coinciding with the Land Use Investigation at 
Hakusan District in Ishikawa Prefecture [14]. The available data for land use 
changes were for the years 1976, 1989, 1991, 1997 and 2009. 

2.3. Tested Precipitation 

The 10-minute interval precipitation data from the Kanazawa Meteorological 
Branch was selected as the test events. The test data were chosen from over 80 
mm precipitation data during 24 hours, resulting in 21 events selected during 
2009-2014. The feature of the tested precipitation, i.e., occurred year, beginning 
and end time of the event, the amount of the total precipitation and the peak  
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Figure 1. The Kurabe River basin and sub-basin including the study area. 

 
precipitation, describe in Table 2. 

2.4. Unit Flood Discharge for Various Land Uses and Discharge in  
the Individual Blocks 

The unit flood discharge, differ from the unit hydrograph method which is very 
popular approach for runoff analysis, was a new concept that was developed by 
the authors as in previous research [7] [8] for clearly estimating basin discharge 
by urbanization from farmland. The unit flood discharge is expressed in mm 10 
min−1 unit. Therefore, by multiplying this by the related land use area, the flood 
discharge can be obtained for the smallest drainage canals. 

Using the unit discharge for the individual land uses, the flood discharge in 
the individual blocks can be calculated as follows. Which is weighted average of 
land use area with our unit flood discharges in a block [7] [8]: 
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Table 1. Various land use changes in individual blocks and land use areas in the tested years (km2). 

Year 
Block number ① ② ③ ④ ⑤ ⑥ ⑦ ⑧ 

Block name 2-2 3-1-3 3-1-2 3-1-1 2-1 2-4 3-3 3-2-2 

1976 

Paddy 0.22 0.91 1.79 0.62 1.27 0.75 0.68 0.58 

Upland 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Residential 0.03 0.20 0.26 0.05 0.19 0.08 0.56 0.38 

1987 

Paddy 0.21 0.86 1.74 0.60 1.25 0.71 0.58 0.46 

Upland 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Residential 0.04 0.25 0.31 0.07 0.21 0.12 0.66 0.50 

1991 

Paddy 0.21 0.86 1.74 0.61 1.25 0.72 0.57 0.45 

Upland 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Residential 0.04 0.25 0.30 0.06 0.21 0.11 0.67 0.51 

1997 

Paddy 0.21 0.85 1.73 0.60 1.22 0.70 0.51 0.40 

Upland 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Residential 0.04 0.26 0.31 0.07 0.24 0.13 0.73 0.56 

2009 

Paddy 0.14 0.65 1.67 0.59 1.11 0.63 0.27 0.26 

Upland 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 

Residential 0.11 0.46 0.32 0.08 0.35 0.20 0.97 0.70 

IROR* 4.11 2.28 1.22 1.59 1.80 2.52 1.71 1.85 

Year 
Block number ⑨ ⑩ ⑪ ⑫ ⑬ ⑭ ⑮  

Block name 3-2-1 K-4 K-3 K-2 K-1 3-5 Y Total 

1976 

Paddy 0.46 0.49 1.30 0.96 0.92 1.69 0.38 13.03 

Upland 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.40 

Residential 0.37 0.00 0.12 0.23 0.16 1.02 0.48 4.13 

1987 

Paddy 0.39 0.47 1.04 0.92 0.67 1.45 0.15 11.49 

Upland 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.43 

Residential 0.44 0.02 0.38 0.27 0.41 1.26 0.70 5.63 

1991 

Paddy 0.38 0.47 0.95 0.77 0.59 1.45 0.16 11.18 

Upland 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.42 

Residential 0.45 0.02 0.47 0.42 0.49 1.26 0.68 5.94 

1997 

Paddy 0.36 0.44 0.90 0.73 0.57 1.22 0.14 10.58 

Upland 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.43 

Residential 0.47 0.05 0.52 0.46 0.51 1.49 0.70 6.53 

2009 

Paddy 0.13 0.41 0.69 0.58 0.50 0.91 0.12 8.60 

Upland 0.00 0.00 0.02 0.01 0.00 0.00 0.42 0.50 

Residential 0.70 0.08 0.72 0.61 0.58 1.80 0.71 8.38 

IROR* 1.91 - 5.93 2.68 3.59 1.77 1.48 2.03 

*Increase ratio of residential (IROR: Area of residential (2009)/Area of residential (1976). 
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Table 2. Feature of tested precipitation events. 

 
Occurred Beginning time End time Total Peak 

Evevt 
No. 

Year month day hour minute day hour minute precipitation precipitation 

         
mm mm 10 min−1 

3-1 2012 7 6 8 40 7 13 20 127.0 11.0 

3-2 2013 7 29 2 40 30 4 50 126.0 8.5 

3-3 2013 9 15 6 30 16 12 0.0 128.0 3.5 

3-4 2009 7 16 16 50 17 7 50 116.5 7.5 

3-5 2013 11 17 20 50 18 21 0 109.0 8.5 

3-6 2013 10 24 12 40 25 18 0 116.5 2.0 

3-7 2013 6 17 17 40 18 16 30 102.5 5.5 

10-1 2009 6 22 6 50 23 6 50 93.0 13.5 

10-3 2011 5 29 1 10 30 10 30 104.5 2.5 

10-4 2011 8 25 9 10 26 11 40 93.5 14.5 

10-5 2011 9 20 0 10 21 23 0 207.5 5.0 

10-7 2012 8 13 8 40 14 6 50 93.5 10.5 

10-8 2012 9 10 20 0 11 15 20 94.5 10.5 

10-11 2013 8 23 9 0 24 7 10 138.0 13.0 

10-13 2013 9 7 12 30 8 7 50 82.0 5.5 

10-14 2013 10 15 14 10 16 10 20 90.5 3.0 

10-17 2013 11 20 0 20 22 0 0 136.0 4.0 

10-18 2014 6 12 1 10 13 23 30 95.0 15.5 

10-19 2014 8 8 8 0 9 20 40 128.5 7.0 

10-20 2014 8 16 0 10 17 22 10 166.0 15.5 

10-21 2014 12 4 0 50 5 22 50 122.0 3.0 

 
3

,
1

1
t i t i

i
q a F

A =
= ∑                            (1) 

Here, i is the land use code (1: Paddy, 2: Upland, 3: Residential), qt is the block 
discharge (mm 10 min−1), t is time step, A is the block area (km2), ai is the area of 
land use code i (km2), Ft,i is the unit flood discharge in an individual land use 
code i (mm 10 min−1). Which is not unit graph and mathematical function but 
schematic expression of unit flood discharge in previous reports [7] [8]. 

Furthermore, the relationship of block specific discharge Qt (m3·s−1·km−2) and 
qt (mm 10 min−1) is Qt = qt·0.6−1. 

2.5. Flood Routing of Net Drainage Work 

The unit flood discharge tends to decrease with flow down from the field, in the 
individual blocks, in the trunk canals and in the river basin. Therefore, the basin 
discharge should be estimated by flood routing from the unit discharge to the 
river mouth following the drainage network. The flood routing can be applied 
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with a kinematic wave method [15] because of the very steep landscape. 
The kinematic wave method, which is well known, is briefly described in the 

following section.  

2.5.1. Flood Routing Method for a Drainage Network 
The fundamental formula for flood routing is as follows: 

When 0q ≠ : ( )1d
d

px Q PK
t
= － , 1d dPq t PKQ Q= － , d dq x Q=          (2) 

Here, x is the distance from the upstream drainage canal, Q is the discharge in 
the drainage canal, q is the lateral inflow per unit length for the drainage, t is the 
time, and b is the distance from the upstream to the end of the drainage canal.  

The relationship between the cross-sectional area of the drainage canal W and 
discharge Q can be expressed as W = KQP. Here, K and P are the constants of the 
cross section. 

The calculation can be performed as a difference scheme by dividing Δt as 
follows: 

When 0jq ≠ : ( )1
P P

j j jq t K Q Q −∆ = − , 1j j j jq x Q Q −∆ = −               (3) 

When 0jq = : 1j jQ Q −= , ( )1 P
j jx Q t PK−∆ = ×∆                    (4) 

Here, j is the order of the time increment, ∆x is the routing distance of q(t) 
between the ∆t, and qj is the lateral inflow discharge between the time from j − 1 
to j (∆t). 

When the sum of the routing distance x is over the b, after obtaining b − xm = 
∆xm, setting  j = m, the end of the discharge of the canal Qm and the time Δtm is 
obtained as follows:. 

In cases where 0mq ≠ : 1m m m mQ Q q x−= + ×∆ , ( )1
P P

m m m mt K Q Q q−∆ = −   (5) 

In cases where 0mq = : 1m mQ Q −= , 1 P
m m mt PK x Q −∆ = ∆              (6) 

Furthermore, at the crossing point of the drainage canals, the total discharge 
can be obtained as the sum of the discharge at the crossed canals.   

2.5.2. Model of Land Consolidation and a Block Drainage System 
The field lot system principally originated from land consolidation of paddy 
fields. Therefore, the runoff routing should start from this system. The system 
consisted of a long side of 30 m × 10 lots, equaling 300 m, and a short side of 100 
m. Usually, both sides of the canal have a lot; thus, the short side of the system is 
200 m. Therefore, we found that a 200 m × 300 m system should be considered 
the model of the smallest field lots, as shown in Figure 3. Furthermore, the av-
erage land use in the system was applied by the land use in the block. 

In a block system, we consider flood routing to move from the field system to 
the basin drainage systems. Between the systems, flood routing in the second 
and third drainage systems was applied in a standardized system. The second 
drainage system receives discharge from field systems at each 200-m interval. 
The canal length is 500 m because it collects the drainage from three field systems.  
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Figure 2. Drainage system in the Kurabe River basin. 

 
Following this system, the third drainage system collected the discharge in 
300-m intervals from the secondary drainage canals. This led the discharge to 
the trunk canal. Based on this standardized system, the required flow time down 
in the block was estimated (Figure 3). 

At the trunk canal system, the drainage was estimated according to the drai-
nage network. The flood routing in the system was performed without lateral in-
flow but collected the block drainage discharge at a given point. 

The discharge analysis involved 1 representative event that showed relatively 
large amounts and specific discharges from 21 events. This event is 127 mm 
[event No. 3-1].  

2.5.3. Effect of Flood Control by a Small Reservoir in the Block 
The outlet point of newly developed residential area was set as a small reservoir  
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Figure 3. Land consolidation drainage unit and drainage unit in the block. 
 
to avoid increasing the discharge load for a trunk canal or river. This aimed to 
control the peak discharge originating from urbanization that occurred from 
land use changes from paddy fields to residential areas. The reservoir was estab-
lished as follows: the capacity of the reservoir should hold the discharge differ-
ence between before and after residential area development. It should be stored 
for at least over one hour after discharge [16]. The criteria are based on the con-
cept that the reservoir should temporally store the increased discharge from the 
development of the residential area. 

A popular reservoir is this area is shown in Figure 4 as an example. The re-
servoir was set in an inlet along drainage canals that serve as a spillway i.e., lo-
wering part of the drainage canal banks. The outlet capacity of the stored water 
has approximately 40 cm of squire box. The controlled discharge flowed out to 
the down streams of the same canal, through the outlets. 

To evaluate the effect of the reservoir, a water balance calculation should be 
conducted by applied rainfall event, type of reservoir and initial conditions. At  
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Figure 4. Structure of flood control reservoir. 

 
the latter section, to this end, the effect of the flood control reservoir was con-
ducted by using the standardized reservoir as an example. 

On the other hand, to more simply evaluate the effect of the reservoir, the av-
erage discharge was applied to estimate the reservoir effect because the above 
method is more complicated and depends on the type of reservoir and initial 
conditions. 

2.5.4. Estimation of Flow Time and Discharge 
The estimation of discharge from the field to the block drainage system can be 
performed using Equations (2)-(5), which have a lateral inflow. The flood 
routing of the trunk canal performed without lateral flow is described further. In 
the process, the lag time (peak time precipitation to peak discharge) was also es-
timated. 

According to the canal network (Figure 2), a start time is chosen. First, the 
flood routing of the field drainage system occurs; second, the block routing of 
the drainage network occurs by collecting the field drainage; and third, the trunk 
discharge collection of block discharge occurs with a time difference. There is a 
rare case when the latter discharge overcame the former discharge. Furthermore, 
if the discharge at the top of the smallest canal in the field drainage system is ze-
ro, the flood routing was not conducted; therefore, a very small discharge of 
0.001 m3·s−1 was applied. 

In addition, the coefficient of the drainage canals K and P was determined for 
flood routing by actual cross sectional area and water depth,. This was per-
formed using the roughness coefficient of a concrete lining canal of 0.014 with 
the gradient of 1/500 and a natural river of 0.030 with the gradient of 1/1200. 
The cross-sectional constant of K and P are shown in Table 3. 
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Table 3. Constants of cross sections K and P. 

Discharge classification K P L(m) 
Discharge 

routes 

End-order drainage canal 1.203 0.910 300 in the block 

Second, Third drainage canal 0.903 0.860 500 in the block 

No. 3-1(1) 0.763 0.778 1845 T1-T2 

No. 3-1(2) 0.976 0.753 1204 T2-T3 

No. 3-1(3) 0.993 0.730 154 T3-T7 

No. 3-2(1) 0.958 0.706 3386 T3-T9 

No. 3-2(2) 0.893 0.707 1206 T9-T10 

No. 3-3(1) 0.931 0.759 617 T7-T8 

No. 3-3(2) 1.035 0.675 3121 T8-T10 

No. 3-3(3) 1.520 0.670 187 T10-T11 

No. 3-5(1) 1.063 0.810 584 T8-T13 

No. 3-5(2) 1.247 0.664 5070 T13-T14 

No. 2-4(1) 1.077 0.838 3315 T5-T6 

No. 2-4(5) 1.077 0.838 2530 T6-T4 

Yagoshi River 1.683 0.694 1600 T14-T12 

Kurabe River 1.670 0.692 3170 T11-T15 

Note: T: change points of waterway cross-section (Figure 2). 

3. Result 
3.1. Change of Flood Discharge Unit in a Block 

In order to clearly show the changes of discharge due to urbanization, we focus 
on the flood specific discharge of each block of different urbanization and sum-
marized the calculation results (Table 4). 

The flood discharge unit in a block for all events described at three points, 
which is the whole Kurabe River Basin, indicated the most urbanized block 
(3-2-2) and the slowly urbanized block (3-1-2). The unit discharge was estimated 
using Equation (1) (Figure 5). 

For the Kurabe River basin, the maximum specific discharge in the 21 events 
changed from 6.05 m3·s−1·km−2 in 1976, to 12.3 m3·s−1·km−2 in 2009, resulting in 
the ratio increasing 2.02 times. Concurrently, the mean maximum specific dis-
charge increased from 3.13 m3·s−1·km−2 (1976) to 6.11 m3·s−1·km−2 (2009). The 
increased ratio was 1.95 times greater, which is quite similar to the maximum. 

For the most urbanized block (3-2-2), with a rate of 10.2 m3·s−1·km−2 (1976) to 
18.7 m3·s−1·km−2 (2009), the resulting the ratio was 1.84 times greater. When the 
mean average specific discharge changed from 5.08 m3·s−1·km−2 (1976) to 9.21 
m3·s−1·km−2 (2009), the resulting ratio was 1.81 times. The reason for the small 
ratio was that the discharge in 1976 was already urbanized.  

In the slowly urbanized block (3-1-2), with a rate of 4.47 m3·s−1·km−2 (1976) to 
4.83 m3·s−1·km−2 (2009), the resulting ratio was 1.08 times greater. Concurrently,  
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Table 4. Maximum specific discharge in the individual blocks. 

Block number Year 2-2 3-1-3 3-1-2 3-1-1 2-1 2-4 3-3 3-2-2 

Area 
 

0.25 1.11 2.05 0.67 1.46 0.83 1.24 0.96 

Maximum specific discharge 
1976 4.4 5.11 4.47 3.85 4.51 4.11 11.6 10.2 

2009 11.3 10.7 4.83 4.38 6.16 6.19 20.1 18.7 

IRSC 
 

2.58 2.09 1.08 1.14 1.37 1.51 1.73 1.84 

Block number Year 3-2-1 K-4 K-3 K-2 K-1 3-5 Y All basin 

Area 
 

0.83 0.49 1.42 1.19 1.08 2.71 1.26 17.5 

Maximum specific discharge 
1976 11.5 3.09 3.97 5.26 4.73 9.68 9.82 6.05 

2009 21.7 4.9 12.9 13.1 13.8 17.1 14.6 12.3 

IRSD* 
 

1.89 1.59 3.26 2.48 2.92 1.76 1.49 2.03 

Note: Area: km2, Maximum specific discharge: m3·s−1·km−2. *Increase ratio of specific discharge (IRSD): Maximum specific discharge (2009)/Maximum 
specific discharge (1976). 

 

 
Figure 5. Maximum flood discharge changes due to urbanization. 

 
the mean average specific discharge changed from 1.90 m3·s−1·km−2 (1976) to 
2.24 m3·s−1·km−2 (2009), resulting in a ratio that was 1.17 times greater. 

As mentioned above, from the perspective of maximum specific discharge in 
2009, the rapid urbanization block (3-2-1) exhibited 21.7 m3·s−1·km−2, whereas 
the slowly urbanized block exhibited a ratio of 4.83 m3·s−1·km−2, resulting in a ra-
tio that was 4.49 times greater. Even as an example, we determined that urbani-
zation induced quite a large increase in the flood discharge. 

3.2. Maximum Specific Discharge per Block 

The maximum specific flood discharge in the individual blocks for all events de-
scribed in Table 4. The results were represented as increasing ratio of specific 
discharge (IROS) for a unit area in the lower row. Most high IROS was 3.26 (K-3 
block), and the maximum specific discharge was 21.7 m3·s−1·km−2 (3-2-1 block), 
which was remarkably large. 

3.3. An Example of Hydrograph Changes from Urbanization in the  
Basin  

Figure 6 describes an example of the hydrograph changes from urbanization in 
the basin. The hydrograph was obtained from a total precipitation of 127 mm 
[event No. 3-1]. Following the urbanization trend, this figure clearly indicates 

https://doi.org/10.4236/ojmh.2017.73013


M. Segawa et al. 
 

 

DOI: 10.4236/ojmh.2017.73013 235 Open Journal of Modern Hydrology 
 

the change in the hydrograph, where the peak discharge changes from 88.3 
m3·s−1 in 1976, 125.2 m3·s−1 in 1991and 161.7 m3·s−1 in 2009. This indicated ap-
proximately 1.83 times the increase from 1976 to 2009. 

3.4. Relationship between the Unit and Basin Flood Discharge 

The change of the hydrograph from the smallest canal to the river mouth is of 
great concern. Figure 7 describes the changes from a discharge unit hydrograph 
to a basin hydrograph as an example [event No. 3-1]. The figure indicates that 
the peak unit discharge decreased according to the downward. The upper figure 
describes the feature at some block and lower figure describe the flow for all ba-
sin to the river mouth. The peak discharge for block 3-1-2 changes from 9.18 
m3·s−1 to 6.67 m3·s−1. The peak discharge for all basin of 172 m3·s−1 of the hydro-
graph unit decreased to 161 m3·s−1 of basin discharge with a time difference of 
0.33 hours. 

4. Consideration and Discussion 
4.1. Statistical Consideration of the Discharge Unit  

Based on the 21 tested events, statistical consideration was applied simply. We 
used the mean values and standard deviation employed as a statistical index and 
a normal distribution was assumed because the sample size was limited. The 
probability of the mean value m + σ over was 68%, and that of m ± 2σ over was 
4.5%. Here, σ is the standard deviation. 

Based on this concept, the mean value is m and m + σ and m ± 2σ are shown 
in Figure 5. The figure describes how the large flood discharge over the past 
maximum discharge events will occur in the future at approximately a 4.5% 
probability, even under the present land use conditions. 

4.2. Effect of a Small Reservoir in a Block 

After the 1990s, the establishment of a small reservoir in a block was required to 
control increased flood discharge by residential area developments. The criteria 
described are mentioned above. According to the criteria, we assumed the re-
servoir capacity and tested the effect as an example. 

The criteria were initially determined in 2005. Thus, the standard of flood  
 

 
Figure 6. Changes in hydrographs due to urbanization. 
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Figure 7. Comparison of unit and estimated discharge hydrographs. 

 

 
Figure 8. Effect of flood control in the small reservoir (m3 sec−1). 

 
discharge control data before 2005 was 1991 in our research. Therefore, the 
maximum discharge in the 1991 event was selected as the flood control boun-
dary. A representative precipitation event [event No. 3-1] in this period was 
chosen because the event represented the maximum discharge. The relationship 
between the discharge of controlled versus uncontrolled discharge by the reser-
voir is shown in Figure 8 which is based on 2009 land use data for the whole  
basin.  
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Figure 9. Comparison of flood control effects by reservoir and 
moving average (m3 sec−1). 

 
The effect of the reservoir is described, in that uncontrolled discharge was 

12.55 m3·s−1, whereas controlled discharge was 5.08 m3·s−1. The ratio was 0.40 
times, which is remarkably large as shown in Figure 8. 

To simply evaluate the effectiveness of the reservoir, an hourly moving aver-
age was applied for the estimated discharge before reservoir establishment. Fig-
ure 9 presents the relationship between our method after reservoir control and  
that with a moving average applied. This indicates a very close relationship, with 
a value of 0.912 (R2 = 0.916). As indicated by this figure, the moving average of 
the discharge was useful for roughly and simply evaluating the effect of the small 
reservoir. 

4.3. Comparison of the Peak Discharge from Our Method and the  
Rational Formula  

Capacity of drainage canals as determined simply by the “Rational Formula” us-
ing hourly precipitation. This capacity does not consider principally the increase 
in flood discharge from urbanization. Therefore, it is of great importance to de-
termine whether the capacity of the drainage canal at present is sufficient or not 
sufficient for urbanization. 

The discharge was determined by the “Rational Formula” using planning pre-
cipitation average during the lag time estimated by the “Rziha formula”. The 
“Rational” and “Rziha formula” are presented as follows: 

0.61 , , 72
3.6m p p

L HQ f r A T W
W L

 = × × × = = × 
 

           (7) 

Here, Qm is the flood discharge, fp is the peak runoff ratio, rp is the peak pre-
cipitation in the lag time (mm·h−1), A is the basin area (km2), T is the lag time 
(h), L is the distance of the drainage channel (km), W is the velocity (km·h−1),  
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Figure 10. Comparison of peak discharge estimated by the “Rational Formula” and our methods. Note: ●: Rational formula (Tp: 
Rziha formula)-Proposed method (10 min), ○: Rational formula (Tp: Rziha formula)-Proposed method (60 min), ×: Rational 
formula (Tp: value of Proposed method)-Proposed method (60 min). 

 
and H is the height difference of the channel (km). 

The tested event was chosen as [event No. 3-1], which had the maximum dis-
charge. The above “Rziha formula” was applied to estimate the flood discharge 
at 15 points in the Kurabe Basin. On the other hand, the comparative discharge 
of our method was estimated with the same points using 1976, 1991 and 2009 
land use. The results in Figure 10 describe individual tested years. 

The figures describe that the planning discharge in the “Rational Formula” 
was smaller 1/(2.19 - 2.66) than our method, which used a one-hour average 
precipitation (plot: “○”). Furthermore, the discharge was smaller 1/(3.04 - 4.11) 
than in our method, which used 10 min precipitation (plot: “●”). This fact in-
dicates that the probability of flooding damage rapidly increased recently from 
urbanization because of the shortage of canal capacity. If we use the lag time es-
timated our method in the Rational Formula, the peak discharge indicate quiet 
similar values [1/(1.02 - 1.09)]indicated as Figure 10 (plot: “×”). 

To overcome this problem, the improvement of the rainfall intensity constant 
in the Rational Formula runoff coefficient, return period and improvement of 
lag time estimation should be considered. 

4.4. Comparison of Lag-Time between Previous Research and  
Our Method  

The problem of lag time is very important for estimating peak discharge because 
it has a close relationship with the estimation of rainfall intensity related to dis-
charge.  

The lag time estimated by our method, in the event [event No. 3-1] was 30 
min. The event produced a maximum peak discharge of 5.52 mm 10 min−1 (9.21 
m3·s−1·km−2) for the whole basin area. If the intensity was converted to one hour 
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using a relationship where the intensity is directly proportionate to the square root 
of the precipitation duration time, this results in approximately 33 mm·hr−1.  

In contrast, Kadoya and Fukushima [17] proposed the following experimental 
formula based on the Kinematic Wave Concept: 

0.22 0.35
pT C A re= × ×                         (8) 

Here, C is a constant, 60 - 90 are urbanized area, A is the basin area (km2), and 
re is the effective precipitation (mm·hr−1). 

In the above formula, using A = 17.5 km2, re = 33 mm·hr−1, and C = 60 results in 
Tp = 33 min and C = 90, for a total of Tp = 49 min. Comparing these with the lag 
time as mentioned above, C = 60 - 90 is adequate. This result appears a tendency of 
urbanization is in progress at the basin from center to under in the Kurabe River.  

4.5. Relationship between Residential Area and Specific  
Discharge in the Blocks 

Figure 11 describes relationship between the ratio of residential area and specif-
ic discharge in the 15 blocks. The residential area ratio expressed as IROR (Resi-
dential area in 2009/Residential area in 1976 as defined in Table 1) and the spe-
cific discharge ratio expressed as IRSD (Maximum specific discharge in 2009/ 
Maximum specific discharge in 1976 as defined in Table 3). This figure clearly 
shows that IRSD increased remarkably with IROR. This fact indicate that the rela-
tionship between residential area and specific discharge has not only the relation-
ship itself but also the increasing ratio of residential area and specific discharge. 

5. Validation of Our Method by Test Basin 
5.1. Outline of the Study Area 

To verify the reasonability of our proposed method, a study area was established  
 

 
Figure 11. Relationship of increasing ratio between residential 
area and specific discharge. Note: IROR: Increase ratio of resi-
dential (Table 1), IRSD: Increase ratio of specific discharge 
(Table 4). 
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on the inside of the Kurabe Basin, as in Figure 1, which had a 3.16 km2 area. 
Upstream and downstream of the study area was used water gauge to observe 
the discharge by the Shichika Water District. The drainage channel had concrete 
lining, thus the estimated discharge exhibited relatively high accuracy. The land 
use at the study area is described in Table 1 (3-1-2, 3-1-3). The total area was 
3.16 km2, in which paddy fields covered 2.32 km2, upland covered 0.06 km2, and 
residential areas covered 0.78 km2. 

5.2. Tested Rainfall Events and Estimated Hydrograph 

A large precipitation event with 130 mm was observed on the 23th of August 
(2013) and 136.5 mm on the 16th of August (2014). These events were applied for 
verification of our method. 

The estimation of the hydrograph was performed as follows: first, the unit of 
flood discharge was calculated as aforementioned. Second, the block discharge 
was calculated, also the same way as in previous research. Third, the discharge 
over the whole tested area was estimated by flood rooting according to the  
channel network at the study area. 

5.3. Comparison of Observed Discharge with Estimated Discharge 

The comparison was performed as show in Figure 12. Both figures, the observed  
and estimated, coincided well in the two cases. From the above facts, our pro-
posed method was validated with the observation data. 

6. Conclusions 

This research describes the flood discharge associated with urbanization from 
the perspective of the unit flood discharge, which is defined as the flow rate on 
end-member drainage canals. The study area was selected as the Kurabe River 
basin, which is 17.5 km2 in area and is located in the Hokuriku Region of Japan, 
which has a very steep landscape. Twenty-one rainfall events of 10-minute in-
tervals were selected, and five urbanized years of 1976, 1987, 1991, 1997 and 
2009 were tested.  

From 1976-2009 (35 years), the flood discharge increased by approximately 
2.03 times because of the increase in residential area from 23% to 48%, and the 
maximum specific discharge in a block of 21.7 m3·s−1·km2 was a remarkably large 
amount.  

Furthermore, changes in the hydrograph associated with urbanization, the ef-
fect of a small reservoir aimed for peak discharge control of the outflow from 
residential areas and the effect of unit flood discharge on the basin discharge 
were discussed. In particular, the effect of a small reservoir on the flood control 
was found to be very remarkable.  

Furthermore, a comparison of flood discharge estimation by the “Rational 
formula” and our method was performed, which indicated that the former was 
smaller than the latter because the former had a lag time that was too long, as es- 

https://doi.org/10.4236/ojmh.2017.73013


M. Segawa et al. 
 

 

DOI: 10.4236/ojmh.2017.73013 241 Open Journal of Modern Hydrology 
 

 
Figure 12. Comparison of the observed and estimated hydrographs. 
 
timated by the “Rziha formula” compared to the latter. Moreover, the lag times  
obtained using both Kadoya and Fukushima’s experimental formula and our 
method were compared. This result indicated that the reasonability of coefficient 
C was 90 - 100 in Kadoya and Fukushima. Finally, the validity of the procedure 
was confirmed at the study area in the basin by comparing the observed and es-
timated flood discharge. 

Based on the above results, we concluded that our proposed method is very 
effective for evaluating the flood discharge changes from urbanization. In par-
ticular, to estimate the flood damage from a very heavy rainfall event locally, 
which has begun to occur recently very frequently, requires local and individual 
runoff analysis rather than general.  

In the future, the effectiveness of small reservoirs for flood control should be 
researched further because the effect depends on the characteristics of related 
rainfall events and facilities. This problem is very important to solve in the fu-
ture because urbanization will progress but the capacity of the main canal is li-
mited. 
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