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Spatial and Temporal Variations in Subsurface Saturation

at the Soil-bedrock Interface during Rainfall Events in a

Headwater Catchment

ABSTRACT

A headwater catchment is an area with variable hydrological characteristics and

sediment transportation. Many previous studies indicated that stream flow is highly

correlated with the distribution and connectivity of the saturated zones at the soil–

bedrock interface. Subsurface saturation would expand downslope or upslope during

rainfall events, which is controlled by soil depth and bedrock topography. In this study,

we measured the pressure head at the soil–bedrock interface with a high resolution

during rainfall events to clarify the pattern and mechanism of the expansion of

subsurface saturation. The result showed that there are great spatial variations in soil

depth, and the bedrock topography is more uneven than surface topography, especially

at the middle and the lower parts of the slope. Based on surface and bedrock

topography, we presume that shallow landslide occurred at the middle slope and

sediment moved from the middle slope toward the lower slope. Consequently, the soil–

bedrock interface at the middle and lower parts of the slope could be more broken than

that at the upper part of the slope. The subsurface saturation at the upper slope would

generate locally and expand downward, and subsurface saturation at the lower slope

(i.e., gully) would expand to the middle slope in the early stage during the rainfall

events. In the later stage when the rainfall amount increased, subsurface saturation at

the upper and lower slopes would be connected at the middle slope. The sequence of

the generation of subsurface saturation was much related to soil depth. Infiltration and

lateral saturated flow at the soil–bedrock interface are the main mechanisms of the
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expansion of subsurface saturation. We presume that subsurface saturation at the

middle slope would infiltrate into bedrock layers rapidly, which reduced the

connectivity of subsurface saturation between the upper slope and the lower slope. We

proposed that the hydrological properties of soil–bedrock interface, such as the

fragmentation in the soil–bedrock interface, is an important factor in discussing the

spatial and temporal variations in the subsurface saturation in a headwater catchment.

Key Words: cone penetration test, headwater catchment, subsurface saturation, soil

depth, soil–bedrock interface, tensiometer



VI

................................................................................................................................... I

........................................................................................................................ III

........................................................................................................................ IV

................................................................................................................................ VI

..........................................................................................................................VIII

............................................................................................................................ IX

.................................................................................................................. 1

1.1 ................................................................................................1

1.2 ................................................................................2

1.3 ........................................................................................5

.............................................................................................. 7

2.1 ........................................................................................................7

2.2 ............................................................................................................9

2.2.1 ............................................................................................ 9

2.2.2 ........................................................................ 9

2.3 ..........................................................................................................11

2.3.1 ...................................................................................................11

2.3.2 ─ ............................................................11

2.4 ..........................................................................................................13

2.4.1 (digital elevation model, DEM).................................. 13

2.4.2 (digital terrain analysis, DTA) .................................... 13

2.4.3 .............................................................................................. 15

2.4.4 .................................................................. 15



VII

............................................................ 16

3.1 ..................................................16

3.2 ..................................................................19

............................................ 22

4.1 ..........................................................................................................22

4.2 ......................................................24

........................................................ 31

5.1 ......................................................................31

5.2 ..........................................................................35

5.3 ..........................37

................................................................................................................ 39

........................................................................................................................ 41



VIII

1.1 .......................................................................... 4

1.2 .............................................................................................................. 6

2.1 ...................................................................... 8

2.2 ........................ 10

2.3 DAVIS .....................................11

2.4 ................................ 12

2.5 ............................................................................ 14

2.6 D-infinity ............................................................ 15

3.1 ........................................................................................ 16

3.2 CA TWI ............................ 18

3.3 CA TWI ............................................ 19

3.4 5 ................. 21

4.1 .................... 22

4.2 11 ...................... 25

4.3 .................................... 30

5.1 8 11 TWI

................................................................................................................ 33

5.2 ................................................................ 36



IX

4.1 11 .......................................................... 23

5.1 ................ 38



1

1.1

(headwater catchment)

(hollow) (zero-order basin) Tsukamoto and Ohta

(1988) (convergent slope unit)

(Tsuboyama et al., 2000) (Tsukamoto et al., 1982)

(Luxmoore et al., 1990)

(subsurface stormflow)

(Hewlett and Hibbert, 1967; Kirkby and

Chorley, 1967)

(soil-bedrock interface)

(saturated wedge)

(Mosley, 1979;

Weyman, 1973) McDonnell (1990)
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(Tromp-van Meerveld and McDonnell, 2006; Uchida et al., 2004)

1.2

( 1.1) Tsukamoto and Ohta (1988)

20 cm

11 mm

11 – 20 mm

(creeping slope)

Tromp-van Meerveld and McDonnell (2006)
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Fujimoto et al. (2008)

35 mm

Tromp-van Meerveld and McDonnell (2006) Burt and Butcher (1985)

Kosugi et al. (2006)

(percolation)
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(Tsukamoto and Ohta, 1988) ( ) (Tromp-van Meerveld and
McDonnell, 2006)

(Tsukamoto and Ohta, 1988) (Tromp-van Meerveld and
McDonnell, 2006)

1.1
(Tsukamoto and Ohta, 1988; Tromp-van

Meerveld and McDonnell, 2006)
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1.3

─ ( )

1.2

1.

2.

3.
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1.2
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2.1

( 2.1a)

(headwater catchment) 0.16 ha 24o, 45',

42.4" 121o, 35', 45.2"

1097.9 ha 400 m

1400 m 18.2oC

4125 mm ( 1999)

( 1996)

( 2.1a)

730 – 790 m 35o (7o-60o)

(gully 2.1b)

( 2.1b)
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2.1 (a) (b) A
B

100 m(a)

(b)

A

B

A

5 m

B

hollow
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2.2

2.2.1

(TruPulse 360B,

LASER TECHNOLOGY, INC.) 471

2

2.2.2

(cone penetration test)

( )

— (soil–

bedrock interface)

( 2.2a)

20 mm 16 mm 60° 2kg 50 cm

50 cm

( )

Nh ( /10 cm)

(1)

(1) N( ) d(cm) Nh

10 cm
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(Okimura and Tanaka, 1980; Yoshimatsu et al., 2002) 10

1 cm ( Nh>100)

(

2.2b)

133

2.2 (a) (b)
(Nh )

15 cm

(a)

(b)
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2.3

2.3.1

(Rain collector,

DAVIS INSTRUMENTS) ( 2.3) 0.2 mm

201 10 2014 8 2013/12/12 2014/1/27

0.5 mm

2.3.2 ─

60 1 ( 2.1a)

pvc (pressure transducer, COPAL ELECTRONICS)

( 2.4) (CR1000, CAMPBELL

SCIENTIFIC) 5

─ ( 2.4) ─

(soil matric potential) (pressure head)

pvc

(2)

(2)

(1)

2.3 DAVIS
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L

2.4
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2.4

2.4.1 (digital elevation model, DEM)

3

1. 471

2. 133

3. 133

(digital elevation model DEM)

Surfer 10 Kriging

(semi-variogram model) (linear) DEM

2 m × 2 m

2.4.2 (digital terrain analysis, DTA)

(TWI) TWI

(steady state)

(Beven and Kirkby, 1979)

(3)

(3) a(cm) (specific catchment area)

(upslope contributing area, CA cm2)

b(cm) 200 cm ( 2.5)

Tarboton (1997) D-infinity

CA TWI ( 2.6)

CA

CA
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CA

CA

CA (Hydraulic gradient)

TWI

TWI

CA TWI Fortran (Compaq Visual Fortran

Professional Edition 6.6 C)

2.5 (a)
(b) b

(Montgomery and Dietrich, 1994)

(a) (b)
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2.4.3

12 10

0.2 mm

12

2.4.4

10

60 Surfer 10 Kriging

(semi-variogram model) (linear)

TWI

(a) (b)

2.6 (a)
(Tarboton, 1997) (b)

( ) ( )
( )
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3.1

3.1

0.5 – 5.1 m 2.3 m 1.2 m

3.2 4 m

1 – 3 m

( 1996)

1 m

3.1
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3.2 CA

TWI

TWI

TWI 12

CA
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3.2 CA TWI

CA

TWI

(m)

( )

(m2)
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3.2

3.3 CA TWI

3.1

3.4

3 4

2 m

3.3 CA TWI



20

( 3.4a )

5 3

4

3.4 A ( 3.2)

B 2 m

C 4 m

( 3.4 )
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(a) (b)

3.4 (a) 5

(b) 5
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4.1

2012/10/17 2014/9/1 4.1a

1

4-12 4-6

(5-10 mm/hr) 7-10 2013 7

8 9 10 2014

7 150 mm

300 mm 11-1

(<5 mm/hr)

(a)

(b)

4.1 (a) 2012 10 2014 8
60 (b)
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2013/12/2 2014/9/1 60 12

1 mm

78 4.1b 11

( 4.1)

4.1 11

(mm)
1 2014/04/22-04/23 1.2
2 2014/08/31-09/01 3.6
3 2014/02/26-03/01 6.8
4 2014/03/20-03/21 9.0
5 2014/03/31-03/31 12.2
6 2014/08/02-08/04 14.2
7 2014/04/23-04/24 20.2
8 2014/02/03-02/06 42.8
9 2014/08/13-08/14 62.6
10 2013/12/13-12/16 149.3
11 2014/07/21-07/24 231.0
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4.2

4.2 11

(0 min)

11

8

1 4 (

9.0 mm) 5 11 (

12.2 – 231.0 mm)

5 6 12.2 mm

7 8 20.2 mm 42.8 mm

9 11 60 mm

12

11
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4.2 11
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4.2 ( 1)



27

4.2 ( 2)
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4.2 ( 3)



29

4.3 60

1 4

5 8

9 11

9 – 11 10

12



30

4.3
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5.1

( 4.2)

5.1 8 11

TWI 10

42.8 mm 8 TWI

( 5.1)

< 2 m (0 - 2560 min)

> 2 m TWI > 11 (2060 - 2560

min)

231 mm 11

TWI 8 (0 - 1290 min) (1290 – 2260

min) > 2 m TWI > 11

> 2 m TWI < 11

(return flow)

TWI ( 5.1)

231 mm 11 (1290 – 1740 min)
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> 2 m TWI> 11

(1290 - 2260 min) TWI< 11

> 2 m

11 1/4

(< 2 m) TWI

(>12)

(3.2 ) (percolation)
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5.1 8 11
TWI ( ) ( ) (

)
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5.1
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5.2

5.2

I

II

III

TWI

200

mm
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(return flow)

5.2
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5.3

Tsukamoto and Ohta (1988) 20 cm

(hollow)

(pipe flow)

Tromp-van Meerveld and McDonnell (2006)
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5.1

Tsukamoto and Ohta
(1988)

Tromp-van Meerveld
and McDonnell
(2006)
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1. 0.5 – 5.1 m

2.

3.

4.
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