
 

 

Characteristics of storm runoff in small granite catchments 

having different vegetation recovery conditions 
 

 

 

Tetsushi ITOKAZU
1,*

, Ken’ichirou KOSUGI
1,5

, Yuichi ONDA
2,5

, Koichiro KURAJI
3
, 

Nobuaki TANAKA
3
, Motoshige GOTO

3
, Takeshi OHTA

4
 and Takahisa MIZUYAMA

1
 

 

1 Graduate School of Agriculture, Kyoto University (Kitashirakawa, Sakyo-ku, Kyoto, Kyoto 6068502, Japan) 

2 Graduate School of Life and Environmental Sciences, University of Tsukuba (Tenno-dai, Tsukuba, Ibaraki 3058572, 

Japan) 

3 Graduate School of Agricultural and Life Sciences, The University of Tokyo (Goizuka-cho, Seto, Aichi 4890031, 

Japan) 

4 Graduate School of Bioagricultural Sciences, Nagoya University (Furo-cho, Chkusa-ku, Nagoya, Aichi 4648601, 

Japan) 

5 JST, CREST (Sanbancho, Chiyoda-ku, Tokyo 1020075, Japan) 

*Corresponding author. E-mail: itokazu@kais.kyoto-u.ac.jp 

 

 

Forests play an important role in controlling floods. However, this mitigation effect may be limited when 

facing an extremely large storm. The characteristics of storm runoff during the Tokai heavy rainfall event 

were investigated to assess the flood-mitigating effects in the presence of an extremely large storm event. 

The analysis of a storage function model showed runoff ratios of 28, 54, and 73%, for deep-soiled, 

shallow-soiled, and poorly-vegetated thin-soiled forest catchments, respectively. The runoff ratio obtained 

following saturated conditions of cumulative rainfall for the deep-soiled forest catchment was 28% during 

the Tokai heavy rainfall event. This study indicates that forests have large and sustainable flood-mitigating 

effects even during extremely large storm events, presumably due to the infiltration of rain-water into the 

bedrock. 
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1. INTRODUCTION 

 
The water yields from watersheds are influenced 

by changes in the vegetation cover [e.g., Hibbert, 

1967; Swank and Douglass, 1974; Bosch and 

Hewlett, 1982; Rowe and Pearce, 1994; Maita and 

Suzuki, 2008]. Hibbert [1967] reviewed 39 forest 

treatment studies and showed that the annual water 

yield increased with the reduction in forest cover 

and reduced with the reforestation of sparsely 

vegetated land. Bosch and Hewlett [1982] updated 

Hibbert’s [1967] report by adding 55 studies and 

showed that the percentage of reduction in 

vegetation cover was proportional to the increase in 

water yield, with the annual water yields greatly 

increasing in high-rainfall areas. Rowe and Pearce 

[1994] measured streamflow in 6 native forest 

catchments before and after 4 of those catchments 

were clear-felled. Their results showed that the 

streamflow generally increased in the year after 

clear-fell, while re-colonization by understory led to 

a decline in the streamflow, returning to pre- 
treatment levels after an average of 5 years. Maita 

and Suzuki [2008] studied the influence of forest 

clear-cutting on the changes in the flow duration 

curve and showed a consecutive increase in the 

daily flow after clear-cutting. 

These previous studies have shown that forests 

reduce the water yields from catchments. However, 

the flood-mitigating effects of a forest during an 

extremely large storm event are controversial. Some 

authors suggest that the flood-mitigating ability of a 

forest has a threshold value in terms of maximum 

precipitation. In a large storm event, the capacity of 

a forest for rainwater storage may be exceeded, with 

a consequent loss of its flood-mitigating ability 
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[e.g., Okamoto, 1978; Laurance, 2007; Calder et al., 

2007]. It is important for flood management policies 

to assess the flood-mitigating effects of forests, 

since forests reduce the risk of flood and sediment 

disaster. Climate change will likely induce a 

significant and widespread increase in the frequency 

of heavy rainfall events by the end of the 21
st
 

century, with a potential increase in rain-generated 

local flooding [e.g., IPCC, 2012; Japan 

Meteorological Agency, 2013]. Thus, the assessment 

of the flood-mitigating effects of forests during 

large precipitation events will become increasingly 

necessary to flood management policies in the 

future. 

In order to evaluate the flood-mitigating effects 

of forests, we investigated the rainfall-runoff 

characteristics of 3 small granite catchments having 

different vegetation recovery conditions during an 

ordinary and an extremely large storm event. 

 

2. METHODOLOGY 
 

2.1 Study site 
This study was conducted in 3 granitic 

catchments located at the Ecohydrology Research 

Institute of the University of Tokyo Forests in Seto, 

Aich Prefecture, Japan (Fig. 1). Catchments A, B, 

and C had areas of 0.082, 0.060, and 0.056 ha, 

respectively. The mean slope gradient of catchments 

A, B, and C was 31.9, 31.4, and 39.3°, respectively. 

Owing to fuel wood consumption and argil mining 

for the ceramic industry, this region was denuded 

hundreds of years ago [Shibamoto et al., 1955]; 

nowadays, it is reforested as a secondary forest. 

These 3 catchments differed according to their 

vegetation recovery conditions: catchments A and B 

had 100% vegetation cover, while catchment C had 

only 46%. The mean heights of the Japanese red 

pines (Pinus densiflora) measured in a 10 by 10 m 

plot in the upper part of the catchments were 1,275, 

203, and 112 cm, for catchments A, B, and C, 

respectively [Itokazu et al., 2007]. The indices of 

average leaf area for catchments A, B, and C 

measured at 4 points in the vegetated area were 5.6, 

5.1, and 4.0 m
2
/m

2
, respectively; thus, catchment A 

had experienced the greatest recovery of forest 

vegetation. Catchment A also showed the deepest 

soil depth, with a mean value of 103.9 cm, followed 

by catchment B, with a mean value of 63.0 cm. 

Catchment C had the shallowest soil layer, with an 

Fig. 1 Location, topography and soil depth of experimental catchments 
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average value of 32.2 cm [Itokazu et al., 2013].  

 

2.2 Field measurements 
In this study, the runoff data from an extremely 

large storm, the Tokai heavy rainfall event 

(observed on September 11–13 2000), and from an 

ordinary storm (observed on October 19–23 2004) 

were analyzed. Discharge data were collected every 

5 min for both storm events, using 30° V-notch 

weirs for the ordinary storm event and 3-in partial 

flumes for the large storm event. Rainfall data were 

collected every 5 min. The total precipitation 

amounts for the Tokai heavy rainfall and ordinary 

storm events were 457.0 and 145.0 mm, 

respectively. Recurrence intervals of total 

precipitation and maximum hourly precipitation, 

which was approximately 81.0 mm/h for the Tokai 

heavy rainfall event, were about 110 and 42 years, 

respectively [Itokazu et al., 2013]. During the Tokai 

heavy rainfall event, slope failure occurred in a 

neighboring catchment NW of catchment B and a 

flood disaster occurred in the city of Nagoya, 

situated about 27 km SW of the study site 

[Ushiyama et al., 2000]. 

 

2.3 Storage function model 
The hydrographs observed for every catchment 

were analyzed using the storage function model 

proposed by Kimura [1975]. Kadoya and Nagai’s 

[1980] method was applied to simulate the observed 

hydrographs for the ordinary storm and the Tokai 

heavy rainfall event. The storage function model is 

expressed as follows: 
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where S represents the water storage, q is the runoff, 

k and p are the parameters for characterizing the S–q 

relationship, r stands for rainfall and re for effective 

rainfall, f1 represents the primary runoff ratio, R the 

cumulative rainfall, Rsa represents the cumulative 

saturated rainfall, and fs represents the runoff ratio 

after R reached Rsa. Parameters k, p, f1, fs, and Rsa 

were optimized by minimizing the difference 

between the observed and simulated runoff for both 

the ordinary storm and the Tokai heavy rainfall 

event. 

The fourth-order Runge-Kutta method was 

applied in the numerical calculation of the 

discharge. The discharge was calculated from the 

beginning of rainfall for catchment A. Because no 

baseflow was observed for catchments B and C, the 

discharge calculations started at the beginning of 

storm runoff. 

 

3. RESULTS AND DISCUSSION 
 

3.1 Observed hydrographs 

The cumulative rainfalls, hyetographs, and 

hydrographs for the ordinary storm and the Tokai 

heavy rainfall event are shown in Figs. 2 and 3, 

respectively. The direct runoff ratios of catchments 

A, B, and C were 12.7, 25.0, and 33.7% for the 

ordinary storm, and 34.0, 39.2, and 68.0% for the 

Tokai heavy rainfall event, respectively. The direct 
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runoff of catchment A, which generated a 

permanent baseflow, was derived by separating the 

observed hydrographs into direct runoff and 

baseflow by using Hewlett and Hibbert’s [1967] 

method. For all watersheds, the direct runoff ratios 

increased with an increase in precipitation.  

Catchment C showed a larger variation in the 

runoff and its peak discharge was generally 

influenced by rainfall intensity. Once the cumulative 

rainfall exceeded about 40 mm, the shape of the 

hydrograph became similar to that of the hyetograph 

during both the ordinary storm and the Tokai heavy 

rainfall event (Figs. 2 and 3).  

During the ordinary storm (Fig. 2), the highest 

rainfall intensity was followed by a peak discharge 

in catchment C, whereas for catchment B the peak 

discharge was observed after the second highest 

rainfall peak around the end of the storm event. 

During the Tokai heavy rainfall event, the shape of 

the hydrograph in catchment B became similar to 

that of the hyetograph after the cumulative rainfall 

exceeded about 70 mm (Fig. 3). For both storm 

events, the peak discharges of catchment B tended 

to be smaller than those of catchment C. 

During the ordinary storm (Fig. 2), the runoff in 

catchment A showed less variation and did not 

exhibit concomitant discharge and rainfall peaks. 

That is, the shape of the hydrograph was different 

from the hyetograph. On the other hand, during the 

Tokai heavy rainfall event (Fig. 3), larger variations 

were observed in the runoff. After the cumulative 

rainfall exceeded about 170 mm, the shape of the 

hydrograph resembled that of the hyetograph. The 

peak discharges were always smaller for catchment 

A than for catchments B and C during both events. 

However, the recession flows measured just after 

continuous rainfall ceased were larger for catchment 

A than for catchments B and C. 

 

3.2 Correlations between rainfall and discharge 

intensities 

As shown in Figs. 2 and 3, for every catchment, 

as the cumulative rainfall increased, the shape of the 

discharge hydrograph became similar to the shape of 

the hyetograph. This indicates an expansion of the 

saturated source area with an increase in the 

cumulative rainfall, which led to an increase in 

direct runoff by causing saturated overland flow 

[e.g., Dunne and Black, 1970; Tsukamoto, 1992]. 

Figs. 4–6 correlate the rainfall and discharge 

intensities observed during the ordinary storm and 

the Tokai heavy rainfall event for the 3 catchments. 

The rainfall and discharge intensities are defined as 

the amount of rainfall and discharge for a period of 

15 min. For each catchment and category of 

cumulative rainfall (CR), we defined the lag–time 

(δt) that produces the largest correlation between 

rainfall and discharge intensity (Figs. 4–6). 

In catchment C, the runoff ratios were 

approximately 20% when the cumulative rainfall 

was less than 36.0 mm. The runoff ratios tended to 

exceed 20% when the cumulative rainfall exceeded 

36.0 mm and to be over 50% with a cumulative 

rainfall higher than 107.0 mm (Fig. 4). The slope of 

the regression line, i.e., the average runoff ratio, was 

0.74 (dashed line in Fig. 4), with a cumulative 

precipitation above 107.0 mm. According to the 

source area concept described above, this indicates 

Fig. 3 Cumulative rainfall, hyetograph, and hydrographs for Tokai heavy rain 
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that 74% of the watershed area became a source area 

and contributed to the generation of storm runoff. It 

is likely that the shallow soil and outcrop of 

catchment C caused saturated overland flow and 

Hortonian overland flow in such a large area during 

the heavy rainfall. The occurrence of the overland 

flow is supported by a larger amount of sediment 

discharged during the Tokai heavy rainfall event 

[Itokazu et al., 2007]. 

The runoff ratios for catchment B were less than 

20% with a cumulative rainfall below 70.0 mm and 

the discharge intensity showed a dull response to the 

rainfall intensity. When the cumulative rainfall 

exceeded 70.0 mm, the runoff ratios were above 

20%. The runoff ratios tended to exceed 20% when 

the cumulative rainfall was over 124.0 mm (Fig. 5). 

The slope of the regression line was 0.47 (dashed 

line in Fig. 5) when the cumulative rainfall was 

above 124.0 mm, meaning that 47% of the 

catchment area contributed to the storm runoff. 

Probably, the shallow-soil area along the valley of 

catchment B (Fig. 1) caused the saturated overland 

flow during the Tokai heavy rainfall event. 

In catchment A, the runoff ratios were around 

3% when the cumulative rainfall was lower than 

101.0 mm (Fig. 6). The runoff ratio became higher 

as the cumulative rainfall increased from 101.0 to 

170.0 mm. Once the cumulative rainfall exceeded 

170.0 mm, the correlation between rainfall and 

discharge intensity was fitted well by a straight line 

with a slope of 0.18 and an interception at 1.9 

mm/15 min (dashed line in Fig. 6). The slope 

indicates that about 18% of the total area of 

catchment A became a saturated source area 

contributing to the immediate discharge of rainfall 

as saturated overland flow. Actually, during the 

Tokai heavy rainfall event, we observed an 

expansion of saturated area in the upstream region 

of catchment A [Itokazu et al, 2007]. Most likely, 

the interception value can be explained by lateral 

flow within the fully saturated soil layer due to the 

high cumulative rainfall. Since the lateral flow 

discharge from the fully saturated soil layer depends 

on soil thickness and topography around the outlet 

of the catchment, it produced less fluctuation than 

the overland flow and resulted in a constant 

interception value. 

Except for the lowest category of CR, 

catchments C and B had shorter lag-time values than 

catchment A, which would be partly explained by 
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the shorter channel lengths of catchments C and B 

caused by their round shapes (Fig. 1). For the lowest 

category of CR, the shortest lag-time of catchment 

A would be attributable to a perennial saturated 

zone formed around the catchment outlet. 

 

3.3 Model calculations 

The observed and calculated hydrographs for 

the ordinary storm and the Tokai heavy rainfall 

event are shown in Figs. 7–8, 9–10, and 11–12 for 

catchments C, B, and A, respectively. Table 1 shows 

the calibrated parameters of the storage function 

model for each catchment. Generally, the 

hydrographs were simulated reasonably well for 

each catchment in spite of the differences in storm 

size between the two events.  

For catchment C, the larger variation in storm 

flow during both events was simulated well (Figs. 7 

and 8). Although the simulated peak discharges for 

the ordinary storm event showed some discrepancies 

in comparison with the observed values (Fig. 7), for 

the Tokai heavy rainfall event the simulated peak 

discharges matched the observed values (Fig. 8). 

For catchment B, reasonable simulation results 

were obtained for both storm events (Figs. 9 and 

10). This means that the response of discharge to 

rainfall, which increased with cumulative 

precipitation, was simulated well for the ordinary 

storm event (Fig. 9) and that the variations in runoff 

and peak discharge during the Tokai heavy rainfall 

event were also properly reproduced by the model 

(Fig. 10). 

For catchment A, the shape of the hydrograph 

for the ordinary storm, which showed small 

fluctuations and a dull peak, was calculated 

satisfactorily (Fig. 11). However, during the Tokai 

heavy rainfall event, although the peak discharges 

were properly reproduced by the model, the 

calculated hydrograph tended to underestimate the 

observed values on the recession rims of the 

hydrograph (Fig. 12). This underestimation is 

explained by the results shown in Fig. 6, where the 

relationship between discharge and rainfall intensity 

for the Tokai heavy rainfall event was fitted well by 

a straight line with a positive interception. The 

interception value represents lateral flow within the 

soil layer, which does not respond immediately to 

rainfall intensity and is not fully described by the 

storage function model. 

The primary runoff ratios (f1) of catchments A, 

B, and C were 0.16, 0.22, and 0.55, respectively 

(Table 1). That is, the runoff ratio of catchment C 

exceeded 50% before the cumulative rainfall (R) 

reached cumulative saturated rainfall (Rsa), being 

much higher than for catchments A and B. Rsa was 

189, 124, and 107 mm for catchments A, B, and C, 
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Fig. 7 Observed and calculated hydrographs for ordinary storm 

event (Catchment C) 
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Fig. 8 Observed and calculated hydrographs for Tokai heavy 

rain (Catchment C) 
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event (Catchment B) 
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respectively, indicating a larger storage capacity of 

rain-water in catchment A than in catchments B and 

C. The runoff ratios after R reached Rsa (fs) were 

0.28, 0.54, and 0.73 for catchments A, B, and C, 

respectively, which is consistent with the slope of 

the regression line obtained for each watershed 

(Figs 4–6). Although fs was usually set to 1.00 in 

previous studies [e.g., Kimura, 1975; Kato and 

Ueno, 2004], the fs values obtained in this study for 

the headwater catchments did not reach 1.00. 

Particularly in catchment A, the fs of 0.28 indicated 

that the runoff ratio was 28% after R reached Rsa, 

indicating sustainable flood-mitigating effects even 

during an extremely large storm event. 

We presume that the sustainable 

flood-mitigating effects of the forested catchments 

can be partly attributed to the infiltration of 

rain-water into the bedrock. Although direct 

observations of bedrock permeability were not 

performed in this study, Terajima and Moroto [1990] 

clarified a large amount of bedrock infiltration at a 

catchment situated about 200 m south of the study 

site. Importance of bedrock infiltration has been 

pointed out by the other studies conducted in 

watersheds underlain by granitic bedrock [e.g., 

Tsukamoto, 1992; Kosugi et al., 2006; Katsura et 

al., 2009]. Using a numerical simulation, Kosugi 

[2007] showed that the infiltration intensity into the 

bedrock increased with a higher water table in the 

soil layer. Therefore, the higher water table in the 

soil owing to the Tokai heavy rainfall event might 

result in the infiltration of more water into the 

granite bedrock. Particularly for catchment A, It is 

inferred that the deep soil layer sustained a higher 

water table, leading to the seepage of a larger 

volume of water into the bedrock, resulting in a 

small runoff ratio even for the extremely large 

storm. Previous studies [e.g., Terajima and Moroto, 

1990; Uchida et al., 2003; Kosugi, 2007] have 

clarified the effects of bedrock infiltration on 

baseflow discharge. In addition, this study suggests 

that bedrock infiltration also affects the storm flow 

discharge during heavy storms such as the Tokai 

heavy rainfall event. 

 

4. CONCLUSION 
 

The rainfall-runoff characteristics for small 

granite catchments with different vegetation 

recovery conditions were investigated and analyzed 

to assess the flood-mitigating effects of forests 

during extremely large storm events. The 

flood-mitigating effects were sustained in the 

forested headwater catchments, even during an 

extremely large storm event. The infiltration of 

rain-water into the bedrock probably contributes to 

the decrease in the discharge of storm flow in 

headwater catchments.  
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