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ABSTRACT

The “slope failure” in my study means the surfaatufe and deep landslide on catchment
slope and the bank collapse in riparian regionsicivloccur under rainfall, snowmelt or
earthquake. Dynamic processes of landslide on gegnhslope have been investigated by many
geologists, geomorphologists and geophysicistsstudies on subsequent fluvial sedimentation
processes, connected to sediment load of riveryvang few in the world. My study area, the
Oikamanai River catchment, eastern Hokkaido, isdted (ca. 90% area), but accompanied by
two tephra layer (Tarumae Ta-b in 1667 and Shik&@pfa-1, 40,000 years ago) in forest soils
and the Neogene sedimentary rocks with active gaulhich tend to frequently produce surface
failure and deep landslide, respectively, undexvheainfall or snowmelt. In order to understand
and predict such disastrous phenomena and subgdiynesl sedimentation in the catchment, |
monitored water level and water turbidity of riviarthe Oikamanai River catchment in rainfall
seasons of 2011 — 2014, and modeled observed digchad sediment load time series. The
turbidity and river-stage monitoring were performedwo sites along the river, and thereby, |
distinguished rainfall runoff events with slopeldia¢ from those without slope failure, and
identified the seasonal sediment source in the upgiehment, since there more slope failure
runoff events occurred with higher sediment yidlde monitoring at the two sites also revealed
the net sediment deposition between the two sikesemi-distributed model, ArcSWAT2012,
and a lumped model, the tank model, coupled witlvgsofunction, were applied to simulate
discharge and sediment load time series, obtam&®11 to 2014. In ArcSWAT2012, the total
basin area (62.47 km2) was divided into three sagifis (subbasin 1, subbasin 2, subbasin 3), as

sub-basins into hydrological response unit (HRU3dolaon elevation, soil type, land use and



slope classes that allow a high level of spatighitisimulation. In this study | have used the data
of discharge, Q (m3/s), suspended sediment coratemtr(SSC; C, mg/L) and sediment load, L
(kg/s) for non-frozen period of April 2011 to Novber 2014, weather data of 2008 to 2014, and
soil data. Soil water content and groundwater g®ra soil layers could change every year
because the amounts of snowfall and snowmelt dfereit. So | have utilized my models at
annual base. As a result, both SWAT and the tankleinplus power function reasonably
simulated daily mean discharge and sediment load Series. The simulations results indicate
that most of the sediment input in this catchmemgimates in the western subbasin 2 and
sediment deposition occurs between two sites; #messcenario was seen in observed
monitoring data also. At present, the interpretatd the quantitative results of sediment load is
not yet so satisfactory, because of lack of modehmeterization at a local scale in the SWAT
and tank model. These results from the fact thatrtformation on hydrological structures of soll
and bedrock and behaviors of surface flow or sdbsarflow is not sufficient. Hence, studies on
discharging and sediment-eroding processes on @oavlthe catchment slope (slope hydrology
and sedimentology) are essential to understandsek@nent loading processes on catchment

scale.
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CHAPTER ONE

INTRODUCTION

Introduction

Exploring fluvial sedimentary processes atchment scale is useful for studies on the forest
management, material cycle and ecosystem of shogtdcale and topographic evolution of long
scale. The fluvial transportation of sediment soalelated to sedimentation, material cycle and
ecosystem in coastal regions. Erosion and sediti@mtarocesses decline soil fertility and
decrease agricultural yields. It is important twow how sediment is yielded and fluvially
loaded in a catchment with respect to the foredtland managements on small time scale of 1
to 100 years order and the landform developmename time scale of £Go 1Fyears Baker,
1987. The “slope failure” in the title of this papes a phenomenon that a slope collapses
abruptly due to weakened self-retain ability of th&th under the influence of a rainfall,
snowmelt water or an earthquake. Slope failureushe$ bank collapse and landslide. Because of
sudden collapse of slope, many people fail to esdapn it if it occurs near a residential area,
thus resulting in a higher rate of fatalitiddynamic processes of landslide on the catchment
slope have been investigated by many geologistsmggphologists and geophysicists (e.qg.,
Zezere et al., 2005Ashland & McDonald, 2010; Ekstrom & Stark 2013. However, studies
on subsequent fluvial sedimentation processes, emted to sediment load of river, are not
enough Tsai et al., 2012 The acquirement of discharge and suspended sedooroéntration
time series in a river allow us to explore the sedpcation, availability and loading processes of
sediment in the catchmefitvalling and Webb, 1982 Asselman 1999 and to simulate long-

term sediment yield or sediment load by modellikigCullough et al., 2008 Qiu et al., 2013.



With respect to discharging processes in a catchnmdtuenced by tectonic movement,
groundwater flow systems in bedrocks with fractuoedaults are investigatedi{chalski &
Britton 1997; Banks & Robins 2002; Stamos et aR003; Seaton & Burbey 2006 Neogene
sedimentary rock as in the Oikamanai River catchirtesmds to have high frequency of landslide,
compared with metamorphic rock, Mesozoic and Paleaoncks and volcanic rocks(aiba et

al. 2008. It is because the Neogene sedimentary rockasively soft, and thus easily receives
the weathering. In case of the Oikamanai Riverhtatnt, Neogene sedimentary rock is also
accompanied by active fault¥hese focus on the hydrological role of fracturesfaults in
groundwater flow system. Several adverse economdt environmental impacts due to the
damaging effects of soil erosion have been reported

It has remained a challenge to estimateagdsin sediment yield over time in a catchment
owing to the complexity of the processes involvedhe detachment and transport of fluvial
sediment. Different approaches have been adoptedgddiment yield estimation. The most
reliable method for sediment load estimation ictiirmeasurement at the catchment level.
Sediment concentrations are usually measured undrety because very frequent monitoring
over the long term is costly. It has also been chdiat a sediment sampling strategy should be
designed to capture high sediment concentrationdoftg-term monitoring to provide better
results Thomas, 1988.

The applications of empirical models fotiragting sediment load have shown promise.
Estimation of sediment load is commonly achievedelyablishing a sediment rating curve.
Empirical rating curves describing relationshipsasen sediment load and instantaneous water
discharge are often used. Some researchers hagested that an excellent sediment rating

curve could be constructed using a limited setathdGao, 2008. Sediment rating curves are



useful in predicting sedimegteld, but they are site specific and have limdas when itomes

to interpreting erosion processes (landscape erosml in-stream erosion/sedimentation).
Distributed andprocess-based watershed models are capable ofriogpthese complex
processes both spatially and temporalifis category of models can be used to provide an
enhancedunderstanding of the relationship between hydralqgiocesses, landforms, land
management, soil factoesd erosion/sedimentatiolgn Rompaey et al., 2001; Easton et al.,
2010. Each of many model parameters has a physicahimgabut all of them cannot be
measured directly in the fieldnd therefore model validation can be concludethemasis of a
short field survey andhort time series ometeorological and hydrological data. Various
hydrological models have been proposed to predict sediment el sediment load in a
catchment, such as the European Soil Erosion M@EgROSEM) (Morgan et al., 199§, the
Water ErosionPrediction Project (WEPP)Ngaring et al., 1989 and theSoil and Water
Assessment Tool (SWAT), etd\N¢itsch et al.,2005, Merritt et al., 2003Aksoy and Kavvas,
2005 Talebizadeh et al., 2010 However, behaviors of subsurface or surface flowtlos
hillslope in a forested catchment, accompanied éginsent erosion and transport, are still
unknown. There are few studies about sediment-+hgapliiocesses on catchment scale.

In this study, characteristics of rivesganded sediment load in the Oikamanai River
catchment, accompanied by slope failure, are degpiftom hourly time series of discharge,
suspended sediment concentration (SSC) and sedloshtand sediment loading processes in
the catchment are proposed by incorporating sinamatof discharge and sediment load by field
observations and modeling.

Here, | have focused on extra sediment supply ¢oriver channel by bank collapse

landslide by usingbserved data, and applied a semi-distributed m&itel Water Assessment



Tool (SWAT) and a lumped model, the tank modelitoetseries of daily mean discharge and
sediment load in the river basin to find the sedit®urces and sediment loading process of the

forested Oikamani River catchment influenced bysltailure.



CHAPTER TWO

STUDY AREA AND METHODS

2.1. Study area

The Oikamanai River is a main influent river of the Oikamanai Lagoon opening
sporadically to the Pacific Ocean in the Tokachi coastal region of southeastern Hokkaido, Japan
(Fig. 2.1; Chikita et al., 2012, 2015). The river catchment (42°33'46" to 4240'40"N, 14321'47"
to 14328'36"E; altitude, 6 m to 330 m asipstream of site R1 has the area of 62.47 kmz, the
mean slope angle of 17° and the mean riverbed gradient of 0.033 (Fig. 2.1; Hossain et al.,
2015). The digital elevation model (DEM) in Figure2.1 is made up by 0.1 km x 0.1 km mesh.

The distribution of slope angle corresponds to that of the surface geology (Fig. 2.2); the upper,

Pacific Ocean
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meters above mean sea level
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Fig. 2.1 Location of the Oikamanai River catchment in eastéokkaido, Japan, and observation sites in

the catchment, shown by the digital elevation m¢DB&M). The land use map is also shown (right).



middle and lower regions with relatively steep slop the northwest to southeast directions are
occupied by sedimentary rocks of early to middleod¢ine, middle to late Miocene and late
Miocene to Pliocene, respectively, and the lowegjian with relatively gentle slope just
upstream of site R1 by alluvial flood deposits. Téedimentary rocks are composed of
conglomerate, sandstone, mudstone, siltstone afidNaogene sedimentary rock as in the
Oikamanai River catchment tends to have high frequeof landslide, compared with
metamorphic rock, Mesozoic and Paleozoic rocksvancanic rocks Araiba et al., 2008. It is
because the Neogene sedimentary rock is relatsadty and thus easily receives the weathering
The sedimentary rocks in the mountainous regioasaacompanied by many faults, which are
due to the orogenic movement of the Hidaka Ranga.a5 km southwest of the catchment. The

northern faults are currently active, producingttiigh sediment yield from landslide or collapse

Holocene l:l Flood plain deposits
Late m Tephra pyroclastic deposit,
Pleistocene loam, sand, gravel

Diatomaceous massive

Pliocene siltstone with sandstone and tuff

Alternation of mudstone

and diatomaceous siltstone .|
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—

by sandstone Jﬂ
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Sandstone, conglomerate

and lava, andesitic lava

Sandstone, mudstone,
conglomerate

Basic tuff, pillow lava, chert,
Mudstone with limestone '

ED Comenditic welded tuff

Fault < “— River channel L

Fig. 2.2Geology of the catchment upstream of site R1



in the mountainous region (Tokachi Subprefecture HP; URL,

http://www.tokachi.pref.hokkaido.lg.jp/sr/srs/galysugata/sugata.n)m (Fig. 2.2. Sandy

pyroclastic deposits of late Pleistocene are thisted on the catchment slope, connected to the
area along the border of flood plain and forestaieg) Such permeable deposits could make the
seepage easy from the forest region to the floathpAccording to the Hjulstrém curve, such
sandy deposits are easily eroded by overland flovwer flow. The catchment upstream of site
R1 is covered by 88.3 % forest in the mountain@gson, 10.6 % farmland (mostly, grassland)
on the lowest alluvial plain and others. The foiestomposed of ca. 50% broad-leaved and ca.

50% coniferous (mainly, Sakhalin fir; Abies sachalinensjidrees.

2.2. Methods

The monitoring of water level, air temperatuwvater temperature and water turbidity at site
R1 was performed at 1 hour intervals by HOBO a@spure and water pressure loggers with
temperature sensors (Onset Computer, Inc., USA; the range of 69 — 207 kPa and the accuracy of
+0.62 kPa for pressure, and the range of -20 to°GOand the accuracy of +0.2 °C for
temperature), and a self-recording turbidimetemé&fared back-scattering type with a window-
cleaning wiper (type ATU3-8M, Advantech, Inc., Japwaith a range of 0 - 20,000 ppm and an
accuracy of £20 ppm), respectively, in April 2014 November 2012. Instantaneous turbidity
(ppm) was measured ten times at 1 sec intervalyeldrour signal and averaged for the 10
samplings. The averaged tutity was converted into suspended sediment concentration (SSC;
mg LY from simultaneous water samplings by a depthgitiing sampler Kig. 2.3. Two
regression lines with a boundary at 200 ppm weuiaed, since relations between electric

signal and turbidity are obtained at 0 — 200 ppm 200 — 20,000 ppm in manufacture, using
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Fig. 2.3Relationships between water turbidity (ppm) angsunsled sediment concentration (SSC: mg/L),
separated by turbidity of 200 ppm.

suspension of kaolin powder. Water leve(m), at site R1 was changed into river discha@e,
(m® s%), by theh - Q rating curvesQ=7.740-b+0.1507%, R = 0.935, in 2011-2012,
Q=13.57-h+0.077f at h<0.869 mR* = 0.995 &Q=3.865-h+0.809f at h>0.869 m, R=
0.999 in 2013Q=24.38h"""ath <0.8 m,R? = 0.906 & Q=3.977h+0.738% ath >0.8 m,R? =
0.998 in 2014 and at site R3 17.90h**ath < 0.15 m,R* = 0.951 &Q=11.18h -1.253

ath > 0.15 m,R? = 0.961 which were obtained by measuring dischasyeral times per year



and applying the Manning equation to the channedssisection at site R1 and R3. The route of
the Oikamanai River channel is artificially regeltby concrete blocks constructed in 1996.
However, riverbed configuration could change toegrde by sediment deposition or erosion in
the river channel. Thil - Q rating curves is thus applicable only in 2011 £20TIhe sediment
load,L (kg s%), was calculated bly= CxQ, whereC is suspended sediment concentration 8y L

The weather data were obtained at site M (adliahd air temperature) near the Oikamanai
Lagoon Chikita et al., 2012, 201p at 4.0 km south-southeast of site R1, and atvixather
stations at the Taiki Aerospace Research Fieldfakj air temperature, solar radiation, and wind
speed and direction) 9.6 km south of site R1 antki @wn (snow depth, rainfall, air
temperature, and wind speed and direction) 18.9skanthwest of site R1. The distinction
between rainfall and snowfall in the catchment wadormed under air temperature more than
0 °C at site M (altitude, 6 m asl).

As preparation for simulating discharge asddiment load time series, actual
evapotranspiration in the catchment was estimatedhk one-layer modelKpndo, 1998
Hossain et al., 201) and elevation effects on air temperature andfaliiwere considered.
Considering a topographic effect on the solar tazhathe DEM inFigure 2.1 was applied to
know the slope angle and aspect of the basin. Tewateoon effect on rainfall was explored by
using rainfall data at site M, site F and siterfe] analytical rainfall data of 1 k1 km mesh by
the Japan Meteorological Agency. The mesh datdateup at 1 h intervals by coupling situ

rainfall with radar echo, and the mesh covers mkpanese islands (Hokkaido, Honshu,

Shikoku, Kyushu, etc.) (URLhttp://www.jma.go.jp/jma/jma-eng/ijma-center/nwpimg2013-

nwp/index.htn).




2.3 Grain size analysis

Grain size is very important factor for dischargel aediment loading processdsble 1
shows experimental results of hydraulic conductiaihd grain size for the slope soils at site F.
The forest soil at site F is relatively permeatil@ aepth of 0 - 20 cm & = 3.6x10° cm $*.
TheKs value corresponds to the infiltration capacityl8fmm K, of which heavy rainfalls were
never recorded in 2011 - 2014. Meanwhile, the foses is most permeable at depths of 30 — 40
cm, indicating the high hydraulic conductivity 8 = 1.7 x 16 cm s*. The high hydraulic
conductivity is due to the inclusion of gravelghaligh the percentage of silt and clay is similar
to that in the lower much less permeable layer< 1.8x10° cm $" at 40 — 50 cm depth). The
gravels probably originate in tephra pyroclastigoats from volcanic eruptions in the
Holocene. Thus, theownslope subsurface flow could occur in the highdymeable layer during
rainfall or snowmelt, because the vertical percoiats interrupted by the much less permeable
soil layer at 40 — 50 cm depth. The grasslandisarhpermeable except for the sandy layer of O
— 20 cm aKs= 1.4x10° cm s, which is equivalent to the infiltration capacity5.0 mm H. The
grassland on the flood plain between soil sam@itgyand site R1 could produce the subsurface
flow only in the surficial soil layer, and, at r&fis of more than 5.0 mm’h also the Hortonian

overland flow, of which the rainfalls occurred avfémes in 2011- 2014T@able2).

Table 1 Grain size and hydraulic conductivity for forestlagrassland soils at site near F

Soildepth Mean Standard Gravel Sand Sit Clay Hydraulc Conductivity
(cm) (um) dev.iim) (%) (%) (%) (%) Ke (cm$)

Forest 0-20 140.60 222.20 0.00 4552 33.58 20.90 3.6x10°
20-30 260.20 344.20 0.81 76.94 12.43 9.82 4.4x10°

30-40 165.60 634.70 3.55 14.65 29.17 52.64 1.7x10°

40 - 50 64.70 169.80 0.00 19.43 29.12 51.45 1.8x10°

Grassland 0-20 113.70 172.50 0.00 40.92 29.29 30.80 1.4x10°
20 - 47 59.90 124.30 0.00 23.53 33.44 45.47 6.4x10°

47 - 59 45.00 101.70 0.00 19.73 26.31 55.49 6.7x10°

10



2.4 Observational results and discussion
Figure 2.4shows hourly time series of discharge, suspendgichsat concentration (SSC),

suspended sediment load and water temperaturéeaR$j air temperature and precipitation at
the Aerospace Research Field, and snow depthlattdain in April 2011 to November 2014. As

shown by water temperature at ca. 0 °C, the Oikam@River was frozen down to the depth of
the pressure logger for mid-December to March @frgwear. The rating curves were then not
applicable at site R1 and R3, because the covesdrowth and snow accumulation on the ice

substantially increase the water pressure recor@eda result, the accurate observation of
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Table 2 River runoff events with maximum discharge of' more than 2 m’ 5™ observed in2011 - 2013 and 1.4 mi’ s™' observed in 2014

Q: Discharge §': Suspended sediment concentration L : Suspended sediment load

Total
T MeanQ MaxQ MeanS MaxS Meanl MaxZ oo
No. Time period of runoff event 4 ’ ; ) rainfall Remark
(m'/s)  (m'/s) (mgLl) (mgll) (kgs) (kg/s) (mm)
2011

1 0000 h, 24 April - 0200 h, 25 April 7.69 14.00 957.00  1610.00 6.70 13.10 71.5 slope failure
0800 h, 28 April - 2300 h, 28 April 5.65 7.10 645.00  1480.00 3.80 10.40 47.0 slope failure
3 1400 h, 13 May - 0100 h, 14 May 3.04 3.53 225.00  253.00 0.69 0.88 37.0

4 0200 h, 29 May - 0100 h, 31 May 1.84 2.34 492.00  915.00 0.97 1.86 40.5 slope failure
5 2100 h, 16 July - 0000 h, 18 July 2.02 2.71 77.50 205.00 0.18 0.56 32,5
6 2300 h, 4 Sep. - 1000 h, 5 Sep. 1.85 2.54 118.00 228.00 0.24 0.55 18.0
7 1300 h, 5 Sep. - 0900 h, 8 Sep. 10.90 45.30 611.00  1640.00 10.30 68.20 21.0 slope failure
8 2000 h, 17 Sep. - 1300 h, 20 Sep. 2.55 4.07 74.50 364.00 0.23 1.44 42.5
9 0000 h, 22 Sep. - 0800 h, 23 Sep. 12,90 38.30 817.00  1960.00 13,90 52.50 88.0 slope failure
10 0100 h, 24 Sep. - 0900 h, 24 Sep. 3.09 3.29 106.00  112.00 0.33 0.37 12.0
11 2100 h, 22 Oct. - 1500 h, 23 Oct. 6.38 10.90 368.00 656.00 2.70 7.10 59.5
12 0500 h, 24 Nov. - 1800 h, 26 Nov. 1.47 3.65 465.00  1180.00 0.62 1.41 24.0 slope failure
2012
13 0300 h, 4 May - 0200 h, 6 May 33.30 79.00 1690.00  4220.00 58.20 211.00 221.0 slope failure
14 1500 h, 6 May - 2200 h, 7 May 6.62 9.69 362.00 810.00 2.50 5.30 30.5
15 1800 h, 11 May - 0300 h, 13 May 430 5.17 128.00 209.00 0.57 1.10 32.0

16 1900 h, 15 May - 0700 h, 17 May 2.88 3.42 41.60 65.40 0.12 0.22 19.5
17 1500 h, 20 June - 0100 h, 22 June 2.86 3.40 463.00  1520.00 1.40 5.10 48.5

18 0100 h, 10 Aug. - 1800 h, 12 Aug. 333 5.20 151.00  368.00 0.56 1.84 44.5 slope failure
19 1500 h, 13 Aug. - 1100 h, 14 Aug. 2.77 3.42 37.50 61.40 0.11 0.19 17.0
20 0400 h, 1 Oct. - 0200 h, 2 Oct. 11.70 31,20 499.00  1310.00 7.98 40.90 89.5
21 1900 h, 11 Oct. - 1600 h, 12 Oct. 6.63 16.26 415.00  1130.00 3.67 18.38 40.0
22 0600 h, 29 Oct. - 2000 h, 29 Oct. 9.34 16.65 421.00 1010.00 4.73 12.48 53.0
23 2300 h, 1 Nov. - 1700 h, 3 Nov. 5.05 173 157.00  382.00 0.86 2.73 42.0
24 0900 h, 7 Nov. - 1800 h, 8 Nov. 22.10 46.67 693.00  1030.00  17.60 42.97 77.0 slope failure
25 1400 h, 12 Nov. - 1300 h, 13 Nov. 8.20 12.53 291.00 583.00 2.71 7.30 36.5

26 1000 h, 14 Nov. - 1300 h, 15 Nov. 5.32 5.83 642.60  2167.00 3.40 10.66 16.5 slope failure
27 2200 h, 28 Nov. - 2000 h, 29 Nov. 2,70 3.00 21.50 46.60 0.06 0.13 9.5

28 1400 h, 4 Dec. - 0500 h, 6 Dec. 14.47 32.40 560.00  1150.00 10.20 36.20 73:8
2013

29 0600h, 7 Apr. - 0900h, 9 Apr. 14.18 29.87 644.49  1465.18 11.70 43.47 86.5 slope failure
30 0800h, 6 May - 0600h, 8 May 6.31 7.86 187.38 29472 1.22 215 29.5

31 2300h, 11 May - 0100h, 13 May 5.88 7.38 156.39  251.33 0.96 1.68 24.5

32*  0300h, 29 July - 0300h, 3 Aug. 13.24 34.44 379.27  962.53 7.22 31.12 188.5

3 0300h, 30 Aug. - 1000h, 31 Aug. 7.89 10.43 138.69  385.20 1.26 4.02 40.0

34 2100h, 31 Aug. - 0000h, 2 Sept. 8.85 9.77 119.19 17525 1.08 1.71 28

35 1500h, 16 Sept. - 1700h, 17 Sept. 22.30 52.91 813.17 371248 2378 137.16 115.5 slope failure
36 1400h, 25 Sept. - 1500h, 26 Sept. 5.61 7.57 70.83 143.97 0.42 1.04 16.5

37 1900h, 2 Oct. - 1900h, 3 Oct. 3.11 7.44 168.49  503.89 0.59 2.78 20.0

38 1200h, 9 Oct. - 0000h, 11 Oct. 3.09 8.12 396.70  586.56 1.05 3.64 22.0 slope failure

2014

39 1800 h, 12 Jun. -1800 h, 15 Jun. 7.41 22.23 32476 1386.46 4.24 30.83 48.0

40 1800 h, 10 Jul. -1900 h, 11 Jul. 4.09 9.89 246.63  610.83 1.44 5.96 19.5

41 2200 h, 10 Aug. -1800 h, 12 Aug. 11.37 34.38 467.89  1475.05 7.90 50.72 111.0

42 1500 h, 19 Aug. -0900 h, 20 Aug. 231 3.81 76.91 144.43 0.21 0.55 14.5

43 0800 h, 9 Sep. -0600 h, 10 Sep. 11.84 21.15 73594 2006.83 11.00 42.08 3.0

44 0300 h, 11 Sep. -1800 h, 13 Sep. 11.49 20.27 370.70  935.13 5.27 18.96 53.0

45 0700 h, 14 Oct. -1400 h, 15 Oct. 6.57 11.53 169.04  406.74 1.52 4.56 37.5 slope failure
46 1000 h, 17 Oct. -0800 h, 19 Oct. 5.99 12.41 105.66  523.24 0.96 6.50 15.5

47 2000 h, 02 Nov. - 1400 h, 4 Nov. 0.92 1.48 19.97 118.67 0.02 0.11 1.5 slope failure

* including continual two runofT events
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snowmelt runoffs in the snowmelt season was difffikaecause snowmelt water then flew on the
covered ice. Hence, only rainfall river runoff et&eninder ice- or snow-free condition are here
discussed. Rainfall runoff events with maximum Hage of more than 2.0%s" in 2011-2013
and more than 1.4 s’ in 2014 were observed 47 times at site R1 in AlriNovember of
2011- 2014 Table 2). The durationD (h), of runoff were defined as time periods wheithbo
discharge and SSC start to increase and SSC bedowesst after maximum discharge and SSC.
The largest runoff event (no. 13 Wable 2) occurredby a heavy rainfall (totally, 221 mm;
Figure 2.4). The peak discharge was 79.G st at 1400 h on 4 May 2012, accompanied by

suspended sediment concentration of 2,670 thgHowever, the highest suspended sediment
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Fig. 2.5Hourly time series of discharge, SSC and sediruaat at site R1, and rainfall at site P for river
runoff events with extra sediment supply. (a) ngqb} no. 4, (c) no. 12 and (d) no. 13 in Table 2.
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concentration at 4,220 mg'lwas recorded at 2300 h on 5 May 2012 during diegidischarge
(7.4 n? s1) after rainfall Eigure 2.5d). This suggests that the extra sediment supplihéo
channel reach upstream of site R1 occurred by barde collapse or land slide on the
surrounding slope. Of all the runoff events, fifteenoff events (Event no. 1, 2, 4, 7, 9, 12, 13,
18, 24, 26, 29, 35, 38, 45 and 47Table 2) exhibited an increase in SSC after maximum
discharge or corresponding maximum S$@ure 2.5 shows time series of hourly rainfall,
discharge, SSC and sediment load for events afdqal, (b) no. 4, (c) no. 12 and (d) no. 13,
accompanied by the extra s@dnt supply. There are two types for the extra sediment supply; (1)
SSC increases until maximum discharge appearssuthgequently higher SSC continues for
more than half a dayr{gure 2.5b, 2.5¢c and 2.5d (2) SSC is peaked at or around the maximum
discharge and then abruptly decreases within abalfita day Figure 2.53. In nos. 4 and 12
events Figure 2.5b and 2.5}, the temporal variation of sediment load aftexmmaum discharge

is influenced by SSC rather than discharge, simgehdrge is then relatively stable. Examples of
runoff events without extra sediment supply arensho Figure 2.6 Any increase in SSC after
maximum discharge does not appears in the fourtev@here is a time difference of 0 — 2 h
between peak discharge and peak SSC. The bankselénd land slide could be induced from
gravitational instability of bank sediment and sumding slope soil and bedrock, respectively,
which is due to an increase in water storage bgfatiand the production of slip plane.
However, it is unknown in detail how such slopéuia produces the extra sediment supply to a
river channel, since there have been few obsensib the fluvial sedimentary processes in the

upstream.
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Fig. 2.6 Hourly time series of discharge, SSC and sediruaat at site R1, and rainfall at site P for river

runoff events without extra sediment supply.

Figure 2.7 shows relations between the total runoff rate Ry (mm) and total sediment yield &
(g mz) for all the runoff events in 2011-2014 at site R1. Ry and & were calculated aBy =
24-1000R-D*-A* and § = 24-10006D*-A?, whereR is total discharge (f) for the event
durationD (h), A is catchment area @inandS is total sediment load (g) for durati@(h).
Though there are only fifteen plots for runoff etgewith extra sediment supply (white circles in
Figure 2.7), they seem to exhibit sediment yield about 2088 more than that for the events
without extra sediment supply (black circlesHigure 2.7), as shown by the magnitude of the
slope for the two regression lines. Ri < 012 mm, however, th&— S relations are very
similar, reflecting similar variations of discharged sediment load for the events with or

without extra sediment suppli#igure 2.5 and 2.9.
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Fig. 2.7 Relations between total runoff raRg(mm) and total sediment yie® (g m?) for rainfall runoff

events with (white circles) and without (black &) extra sediment supply at site R1.
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CHAPTER THREE

MODELLING

3.1 Background

Rainfall and surface runoff erodes surface soil aadiment transported from the land
surface to stream networks are reasonable for v@sesedimentation and aquatic habitant
degradationlaag et al., 2001; Boithias et al., 2011, 2013; Keet al., 2011; Cerro et al.,
2013, 201 Several adverse economic and environmental itaghee to the damaging effects
of soil erosion have been reported. The on-sitecefdf soil erosion in terms of declining soill
fertility and decreased agricultural yields are Iweatown around the world. Environmental
consequences are primarily off-site effects du¢hto pollution of natural waterd @l, 1998).
Understanding the dynamics of sediment transfemfitand to watercourses and quantifying
sediment yields are essential for controlling lasall erosion and implementing appropriate
mitigation practices to reduce stream sedimentamsdciated pollutant loads, and hence improve
surface water quality downstreanHeathwaite et al., 200h Downstream erosion and
sedimentation implications are of increasing irder®r catchment management, such as the
design of dam reservoirs, river restoration, areddbsign of stable channels. It has remained a
challenge to estimate changes in sediment yieldr ¢mee in a catchment owing to the
complexity of the processes involved in the detammimand transport of fluvial sediment.
Different approaches have been adopted for sedignelat estimation. The most reliable method
for sediment load estimation is direct measuremantthe catchment level. Sediment
concentrations are usually measured infrequenttgilrge very frequent monitoring over the long

term is costly. It has also been noted that a sedlimampling strategy should be designed to
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capture high sediment concentrations for long teromitoring to provide better resultSHomas,
1988.

Direct field measurements of discharge, turbidihd asoil sampling have been used to
quantify local erosion and sediment loading inatie but these are difficult to relate to whole
watershed processes. Alternatively, sediment loathmhics can be estimated remotely using
models of erosion processes at varied spatial sc@lee increasing availability and use of basic
landscape measures in a Geographic Informatiore8y&&I1S) have led to the development of a
variety of GIS-based erosion and sediment load fimaglapproaches. Many of these models are
based on equations for calculating soil erosionhsas the Universal Soil Loss Equation (USLE)
and its revised versions, Revised USLE (RUSLE) ®tudlified USLE (MUSLE). The USLE
estimates average soil loss over time as a praofufive factors: rainfall erosivity index, soil
erodibility, slope length and steepness, land cowanagement, and support practice factor.
These factors can be computed in a GIS using wialedylable spatial data such as climate, soill,
geology, topography, hydrology, land use, and lemder data. Although USLE was designed
for, and used most widely, in estimating erosi@mfragricultural lands, efforts to modify USLE
for use in watersheds that are more topographicaligplex and with a higher diversity of land
uses have led to the development of erosion mosdeth as the Automated Geospatial
Watershed Assessment (AGWA) and the RUSLE modeheSmodels not only calculate soil
erosion, but they also simulate the transport oflieig soil down hillslopes and into stream
channels by incorporating hydrological modelingstsas the Soil and Water Assessment Tool
(SWAT). For estimating discharge, sediment load #mepirical models have shown very
important role. The empirical models save our tieegnomy and there is some parameter which

is little bit tough to measure directly but by mbdg we can easily measure those parameters.
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Discharge and sediment load are estimated by edtalg discharge and sediment rating curves
from frequent discharge measurements and applicaidManning’s equation to the channel
cross-section by topographic survey. In the abseheetual suspended sediment concentration
(SSC) measurements, hydrologists have used sediragnyj (sediment transport) curves to
estimate (predict) SSC for subsequent dischargrilegions.Sediment rating curves are useful
in predicting sedimenyield, but they are site specific and have limgas when itcomes to
interpreting erosion processes (landscape er@sidrin-stream erosion/sedimentation). Different
modeling approaches have been developed to prediston and sediment delivery to streams
based on landscape features that incorporate laaddisturbance, topography, geology, and
climate.

Hydrological models are among the available tosksduto forecast and predict the quantity
and quality of water, sediment load for decisionkera Chow et al., 1983 Some of these
models could also predict the impacts of natural amthropogenic changes on water resources
and also to quantify the spatial and temporal abdity of the resources. However, the

challenges lie in choosing and utilizing these n®é&r a specific basin and managerial plan.

3.2 Tank Model

The tank model is a simple model, composed ofetlme four tanks laid vertically in
series as shown ifrigure. 3.1 Precipitation is put into the top tank, and evafion is
subtracted from the top tank. If there is no watethe top tank, evaporation is subtracted from
the second tank; if there is no water in both tpeand the second tank, evaporation is subtracted
from the third tank; and so on. The outputs from $ide outlets are the calculated runoffs. The

side output from the top tank is considered asaserfflow, output from the second tank as
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intermediate flow and output from the third or I@téank as baseflow. The bottom output from
the first and second tank is considered as peronland from the third or lowest tank as leakage
to other catchment. In tank model sediment erosioth transported by surface flow and river

flow using power function.

P E
LT .
-------------- = — dny
h,y hi, a,, Surface flow
hl-)- ---- = — 44 (mm/day)
q“l b, 4,=911%91>
h, a, Intermediate flow
q,
— (mm/day)
u
1"
92
h*I a, s Baseflow
O o (mm/day)
L
q, Leakage

Fig. 3.1 Tank layout for the tank model

In order to clarify what works as sediment-loading agents and to estimate their contribution
to total sediment load in the Oikamanai River catchment, the discharge and sediment load time
series at site R1 (Figure 2.4) are simulated by coupling the lumped tank model (Sugawara,
1972) with power function of discharge. For preparation, estimating evapotranspiration from the
catchment and specifying a rainfall distribution in the catchment are needed. Daily mean
discharge and sediment load data are utilized for simulation, because the evapotranspiration

calculated is on a daily basis.
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3.3 Estimate of evapotranspiration and rainfall on cattyment scale

Daily evapotranspiration in the rainfall seasom2011-2014 was estimated by applying
the one-layer model for forest and grasslaidssain et al., 201p First, the DEM and land-use
maps of the catchment Figure 2.1were utilized for the evapotranspiration calculatibecause
the effects of slope angle, slope aspect and suréandition on solar radiation should be
considered. As a result, the averaged slope amgleaspect were 34.66° and 176.6° (clockwise
from north at 0°), respectively. The basin slopgstfaces almost south on average. With respect
to land use, each value of albedland dimensionless bulk transfer coefficient ofssigle heat
Cy was considered for forest and grassland separdtetiie one-layer model, the leaf-surface
temperature T (K), at a certain height in forest or grasslandoigained by the successive

approximation method to satisfy the following hbatlance equations:

(I-dKg L +L 1 -G = 0 To" +Qu + Qe (3.1)
Qn = poaCrUATe—T)) (3.2)
=1 (0a ¢ p) -ACH UA e0(Te) — &3 3.3)

whereK 4| is the downward shortwave radiation (W”qonto the catchment of slope andler
is the albedol| is the downward longwave radiation (WnG is the soil heat flux (W if), o
is the Stefan-Bolzmann constant (=5.670%18 m? K™®), Qy is the sensible heat flux (W
Qe is the latent heat flux (W ®), 1 is the vaporization heat (J Ky ¢, is the specific heat (J Kg
K™) of water at constant pressupgjs the air density¢1.2 kg m®), ¢ is the ratio of water vapor

density to dry air density (=0.622% is the dimensionless bulk transfer coefficient foe
sensible heat fluxT, is the air temperature (K) at @, is the wind speed (m'}$ at the heightz,
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above the earth surfagejs the air pressure (Pa) ate, is the vapor pressure (Pa)zaty(Te) IS
the saturated vapor pressure (hPa) at the leademitemperaturé,, andfis the evaporation
efficiency (=C¢/Cy; Cg, dimensionless bulk transfer coefficient for thgeht heat flux).

Here, the albeda is supposed to be constant at 0.10 or 0.15 fofadtested (88.3% area)
Oikamanai River catchment, sinee = 0.05 — 0.15 for broadleaf forest; = 0.1 — 0.2 for
needleleaf forest and = 0.15 — 0.25 for grasslan&igure 2.1 Campbell & Norman 1998.
Actually, considering these ranges and the ratithefland use area fgure 2.1, the avalue
can be 0.08 - 0.18. The evaporation efficieffag given at 0.3 for Equations (3) and (4), because
£ =0.26 at the mixed broadleaf and needleleaf fonresummer Kondo, 1999. When rainfalls
at site M and site P was more than 40 milnahd relative humidity at site F was 100 861
was given. The bulk transfer coefficie@,, for the sensible heat flug assumed to range from
0.005 to 0.008 for forest and grasslaBdwnward shortwave radiatidfs | onto the basin slope

is calculated by the following equationafiaka et al., 2008

K, | =K, cosi + Ksco§g+1_cosgal< ! (3.4)
cos =cosdsinh+singdcoshcos@A — A) (3.5)

where Kq is direct shortwave radiation onto the normal stef&s is scattered shortwave
radiation onto the plan&|= Ky sinh+ K, i is an incident angle of shortwave radiation onto
slope,h is solar elevationAqis solar azimuth, and is slope aspect (clockwise froAx0° for

south-facing slopeKy andKsin Equation (3.4) were obtained by the followingiations.
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Kd - \]o g(1/sinh (36)

1- <(1/sin h

K, :lJosin h
2 1-14Iné

(3.7)

whereJyis solar constant (=1,353 Whas the annual averagé)is atmospheric transmissivity,

and here is assumed to be 0.7 at constant. Thevdandrshortwave radiatiokis | onto the basin
slope was calculated by using houKy| data @=0°) at the Taiki Aerospace Research Field.
Here,Kg !l in Equation (3.4) was calculated @&t 34.66° (averaged catchment slope) and
356.6° (averaged slope aspect).

Daily mean valued { | ) of the downward longwave radiatidrj in Equation (3.1) were

calculated by the following equatiortsqndo, 19989:

Ly !
Ly L=0T¥1-|1-—2L " |C .
d { [ 0_T4] } &B
_ 4
_1-(L, v /oT 4) 3.9)
1-(Ly L /0T?)
C=003B°-030B>+125B- 004 (B=20.0323 (3.10)
C=0 (B<0.0323 (3.11)

whereB=K, | /K, t (Kql andKg | , daily mean shortwave radiation on the plane witlud

and in fair weather, respectivelylqs | is daily mean longwave radiation in fair weatrard T

is daily mean air temperature (K) atzis a factor of cloud effect witG=1 in fair weather_g |

is calculated as follows:
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Ly +=(074+ 019x+ 007x?) oT* (3.12)

x=logw=0.0319,,,-0.1836 (3.13)
where w is total amount (cm) of effective water vapor, ahd, is dailly mean dew point
temperature (°C) at, respectively Daily mean shortwave radiatiokys | in fair weather is
calculated by using a relation with daily mean dwoward shortwave radiatioiKoq | on a

horizontal surface in the upper end of atmosph¢omdo, 1999.

When Equations (3.1) — (3.3) are applied at thly dese, the soil heat flug could then
be negligibly small compared with the other heakdls. Here, the daily medfy | calculated
and the wind speed)io(U;at z= 10 m) at the Taiki Aerospace Research Field,daily mean
air temperature and relative humidity at site F adepted to obtain the daily medipande;o
values and thelge, values atz = 10 m. Then, for daily mean air temperature, Spatial
distribution or the elevation effect in the catcimnhshould be taken into account. However, the
daily mean air temperature at sites M, R1, F an@&i§ure 2.1) did not indicate such a clear

environmental lapse rate as -0.65°C/100 m, anddtfierence of daily air temperature was
|AT| < 05°C between site F and the other sites. This is piglde to the usual prevalence of

sea wind from the Pacific OceaRidgure 2.1). Finally, the T value obtained by the successive

approximation method yields:

Qe=A-(0a ¢ /p):BCh Ui €0(Te) — €10} (3.14)

E =864x10"[{Q./A)/ p, (3.15)
where p,, is water density (kgat Te, andE is evapotranspiration (mm day

Rainfall in the catchment did not have such adras an increase in rainfall with increasing

altitude and, at less than 100 mh evas very similar in magnitudéissain et al., 2015 The
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heavy rainfall in early May 2012 varied from 150200 mm & in the catchment, but with no
trend in altitude. Thus, rainfall data at site P4d1m asl in altitude) were employed as

representative rainfall for modellingigure 2.1).

3.4 Model Performance Evaluation

The accuracy of model simulation resulssvdetermined by examining tiNash and
Sutcliffe (1970) efficiency (NSB and root mean square errdRMSEB. The NSE simulation
coefficient indicates how wethe plot of observed values versus simulated valiteshe 1:1
line. If the NSE value is less than zero, the mguletliction is unacceptable or poortHe value
is one, then the model prediction is perf€ganthi et al., 200). Essentially, when thBISEis
close to one, the models are considered more gecura
NSE is statistically defined as

n ERVERY-
NSE=1- 2, %o fs')z (3.16)
> (Xg = Xoi)

where X, is the observed data on dayX,, is the simulated output on dayioi is the average

measured value during the study perig’d;,- is the average simulated value during the study
period and n is the total number of the observed.da

The RMSEis a frequently used measure of the differencevéen values predicted by a model
and the values actually observed from the environrtiet is being modelled. These individual
differences are also called residuals, and the RM8&kes to aggregate them into a single
measure of predictive power.

The RMSE of a model prediction with respect to the estidatariable X is defined as the

square root of the mean squared error
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i Xoi = Xsi 2
avses | T~ e

where X,; is observed values and is modelled values at time/placeThe calculated RMSE

values will have units. Th& MSEvalues can be used to distinguish model performanca
calibration period with that of a validation periad well as to compare the individual model

performance to that of other predictive models.

3.5 Modelling discharge

In order to simulate daily mean discharge timeesethe lumped tank modebgawara,
1972 was applied. Irrespective of a kind of conceptualdel, the tank model may reflect the
processes of percolation and resultant groundve&titeage to produce both river discharge and
groundwater leakage. The data sets for modelliaglaily mean river discharge sediment load at
site R1, daily precipitation at site P and dailyapetranspiration by the one-layer model in the
rainfall seasons in 2011-2014. The tanks’ layoutnfmdelling is shown irFigure 3.1 Of the
three sequential tanks, the lowest tank has aetoaitlbottom for groundwater leakage. The side
drainage from the top tank, the middle tank andldheest tank corresponds to “surface flow”,
“intermediate flow” and “baseflow” to a river chaginrespectively. The bottom drainage from
the top tank and middle tank indicates the permotadf rainwater. The water input and output
from the top tank correspond to rainfall and evegpupiration, respectively. Actual
evapotranspiration from the one-layer model is giae output from the top tank.

The 12 parameters for drainagei( ai», b1, @, by, as, andbs in day?), initial storage I,
h,, and hs in mm) and outlet heightsh{; and h;, in mm) in the tanks were numerically
determined to give the best fit to the observedtdisge in 2011-2014. The “best fit” means that,

when the side drainage from the tanks is calculetexider of the top tank to the lowest tank and
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compared with observed runoff rate, the Nash-Stdckfficiency coefficientiSE takes a
maximum of more than 0.8. The root-mean-squarer,éRBEISE (m3s~1), was also calculated.
Normally, to specify the 12 parameters’ values, “dadibration” for simulation should be done
for a certain period, and then, using the sameegalthe “validation” is performed for the other
periods. Here | have chosen the year 2012 as laratdin period and 2011, 2013 and 2014 as a
validation year. However, permeable bedrock andynfanlts in the catchmentigure 2.2
seem to drastically change groundwater storagegaodndwater leakage to the neighboring
catchment year by year. Hence, the parametersvéothge best fit were numerically obtained in
2012; using the calibrated parameters in 2012 we valaur calibrated model in other years
2011. 2013 and 2014 respectively and thereby,fardiice of discharge into the river channel,
groundwater storage change and groundwater leakagediscussed. Each of the side and

bottom drainages from each tank is given as agdianction model by following equations:

a,-mm)—nj)tﬁl—ex —(Z&,-JFQ)H/(Z%*Q) whenh >h, (i=1,j=12)

q = (3.18)
0 when h;< hj; €L j=1,2)
g =3 (h(n)-h)i1-exd-(a +b)}/(a +h) (i=23) (3.19)
p =b h(n) Eﬁl—exp{—(zaj +h)H/(Zaj +h)  (=1j=12) (3.20)
p =hb th(n) [[1-exd-(a +1)}]/(a +b) (i=23) (3.21)
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[ h(n) -4t q,(n) - p(n) Bt +P() (At - E(M) A (=1 =12)

h(n+1) = (3.22)

L h(n)—q(n)[At - p(n)[At+ p,_,(n) [At i=23

whereq; (i =1,j=1, 2) is side drainage (mm d8yfrom the top tankg; (i = 2, 3) is side drainage
from the middle and lowest tanks,(i =1, 2, 3) is bottom drainage (mm dayrom each tankP

is rainfall (mm day), 4t is a time step (here, a day) amé the day number. The in Equation
(3.21) corresponds to groundwater leakage intom#highboring catchment and others. Thg ¢
0:12) from Equation (3.18) expresses surface flow peeduin the surface soil layer of forest or
grassland, whilep, andgs depict intermediate flow and baseflow in the intediate to lower soill
layer and in the lower soil layer to bedrock, respely. The sum, i.eg = (11 + G2+ Q2 + O3),
produces river flow as daily runoff rate (mm d@ywhich is converted into river dischar@ea
(m® s by Qca = 0.001A-0,/86400 (catchment area=6.247x10" m?) for comparison with

observed discharge.

3.6 Modelling sediment load

Referring to some previous researchesdenftifying sediment source$Valling, 1974
Morgan, 1995 Asselman, 2000Kido et al., 2007 Wada et al., 201}, suspended sediment
load, Lea (kg s%), was calculated as power function of simulateeniischarge and drainage as

follows:

I-cal = aqurfb + CQ&Id (323)
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where Qq is surface flow (M s%), calculated byQsui = 0.001A- (Or1+012)/86400, Qca iS
simulated river discharge, araj b, ¢ andd are empirical coefficients. In the right side of
Equation (3.23), the first term indicates that sssion and transport occurs on the catchment
slope by surface flow or overland flow, and theasgtterm means that a river channel provides
a sediment source such that the fluvial resuspensiosediment deposited previously in the
channel occurs. It is assumed that the intermefl@ateand base flow neither erode nor transport
any sediment. The parametess,b, c andd, were numerically decided to give the best fit to
observed sediment load time seriedN&E > 0.8 as that for the simulation of discharge time
series. Considering the order of sediment erosmahtieansport in a catchment, first, the first term
in Equation (3.23) was calculated until getting aximumNSE and then the second term was

calculated until obtaining a higher maximiNGE

3.7 Calculated results

Figure 3.2shows calculated evapotranspiration and observathiiafrom April to November
in the years 2011, 2012, 2013 and 2014. Here | lcal®ilated the evapotranspiratiby one
layer model. The total rainfall in the years 202012, 2013 and 2014 were 979.00 mm, 1115.5
mm, 1177.0 mm and 914.5 mm respectively whereapatranspiration were 365.4 mm, 343.1
mm, 356.9 mm and 419.2 mm respectively. Evapotigatsgn values with variability of ca.
61 %, depending on catchment slope angle and slspect lossain et al., 201p Here we
have observed that highest evapotranspiration 24h#n) in these four years was occurred in the
year 2014 where rainfall amount (914.5 mm) was kiwend the lowest evapotranspiration

(343.1 mm) was occurred in 2012 where amount ofaliwas highest (1177.0 mm).
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Fig. 3.2 Calculated evapotranspiration and observed rainfall in (a) 2011, (b) 2012, (c) 2013 and (d) 2014

Calculated and observed discharge in April — November of 2011-2014 is shown in Figure 3.3. |
calibrated the model in 2012 (Fig. 3.3(a)) and validated in 2011, 2013 and 2013. The simulation
of discharge is very reasonable with NSE=0.891 in calibration period 2012 and 0.740, 0.780 and
0.804 in validation period in 2011, 2013 and 2014 respectively. RMSE were thenl.25 m’ s,
0.883 m’ s, 1.51 m’ s and 1.19 m’ s in 2012, 2011, 2013 and 2014 respectively. The
calibrated parameters’ values in 2012 to give the best fit are shown in Table 3. The initial soil
storage relatively very large in the lowest tank in 2013 and in 2012 (4;=150 mm and 53 mm).
The flow components separated in the tank model are shown in Figure 3.4. As expected, the
surface flow is sensitive to rainfall and constitutes the major part in river runoff events. Probably
reflecting faults and permeable bedrocks in the catchment, the baseflow or groundwater leakage
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occupies the large portion of water flow on or betbe catchment slope, especially in 2013, and
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Fig. 3.3 Discharge simulation at site R1 (a) Calibratiod2@b) validation 2011(c) validation 2013 (d)

validation 2014.

2011. Total daily runoff rates of flow componentgepthe period of 1 April — 16 November
2011, 1 April -30 November 2012, 2 April — 14 Oa0l2013 and 6 June — 30 November 2014
are 232.33 mm, 353.33 mm, 247.00 mm, 227.00 fdaserflow, 210.00 mm. The intermediate
flow in the years 2011, 2012, 2013 and 20114 weBe B0, 36.4%, 38.5% and 39.0%
respectively. In these four years surface flow §3%) followed by intermediate flow (48.5%) is
dominating in the year 2011. Surface flow and imgediate are occupied the significant part of

the total flow in all the four years because @ffhpermeability of sandy tephra (Tarumiaeb )
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layer of late Pleistocene at the depth of 30-40 cm in the forest soil layer (Table 1).

Table 3 Parameters in the tank model and power function, giving the best fit to observed discharge and sediment load of 2011 - 2014

Calibrated Parameters  a,;(s”)  a;,(s") hp(mm) hpmm) b,6Y  a,sh by asshH  biGh
2012 0300  0.130  52.000 0.000 0310  0.006  0.002  0.016 0.03

Initial Soil moisture /2 ; (mm) h ;(mm) h ;(mm)
2011 11.0 0.0 0.0
2012 79.0 155.0 53.0
2013 23.0 268.0 150.0
2014 0.0 0.0 0.0
Sediment Parameters a b ¢ d
2011 0.160 2.010 0.023 1.16
2012 0.110 1.520 0.121 1.21
2013 0.900 0.930 0.050 1.29
2014 0.105 1.580 0.082 1.11
50 | | 18 | T
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A0 N 8 | !

u —Intermediate flow (48.5 %)
~——Baseflow (0 %)
—— eakage (0 %)

= |ntermediate flow {36.4 %)
P aseflow (6.9 %)
| eakage (13.8 %)

| .
o L]

gy s2 e TR s sBuL 10U 103V wjyn 4V S &Y T

L
vl

12

w
(=]

10

P
]

=
o

-
i

Discharge or Leakage (m®s1)
Discharge or Leakage (m3s1)
oo

=
o

w

'Mh

8111 83111 10/1/11 10/31/11 12/1/11

® I I T 1
m— Syrface flow (32.1%)
(C) 14 -|—5surface flow (50.2 %) (d) —
20 - w—Intermediate flow (38.5 %)
- —_ | |=—Intermediate flow (39.0 %)
P = Raseflow (10.2 %) T
* " e Baseflow (3.8 %)
- — | ek 19.2% E 1
a 15 eakage ( ) 5 ~Leakage (7.0 %)
7 3
* -
2 ]
G 10 - : . - 5
6
g 5 |
5 s \ ( a
o 2
N A\ AL .
5 wh Y W e AW RY YAYA] i Ol

4113 SA13 e 713 813 83 10143 10311 S//4 531/ T//14 1/31/14 8/31/18 9/30/14  10/31/14 11/30/14

Fig. 3.4Time series and occupation rate of flow componsefarated by the tank model for (a) 2012 and
(b) 2011, (c) 2013, (d) 2014.
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Figure 3.5shows simulated results of sediment load in (d)120b) 2012(c) 2013 and (d) 2014
The simulation is reasonable, showing hiifBEvalues at 0.929, 0.917, 0.867 and 0.737 in

20 - 45
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Fig. 3.5 Simulated results of sediment load by the coupliiity power function (a) 2011, (b) 2012, (c)
2013 and (d) 2014.

years 2011, 2012, 2013 and 2014 respectively. RM&Evalues were then 0.511 kg & 2011,
0.917 kg & in 2012, 0.798 kg'5in 2013 and 0.621 kg'sn 2014 respectively. Contribution rate
of surface flow and river flow for sediment erosiand transport is comparable at 91.3 % and
8.7 % in 2011, at 49.4 % and 50.6 % in 2012, 824n%17.9 % in 2013 and 60.4 % and 39.6 %
in 2014 respectively. However, sediment erosion tadsport by surface flow occurs only in
runoff events, while that by river flow appearsalittimes, including non-rainfall periods. These

agents seem to be very reasonable, but to knowthewsurface flow” in reality occurs on the

33



catchment slope is important. Thendd valuesin Equation (3.21) are very similar in the period
of 2011- 2014 Table 3). Theb andd coefficients probably indicate the sediment eriitjsuch
as grain size and mineralogy, thus being pecutigh¢ catchment, and tleeandb coefficients

the sediment availability for erosion, being chalge year by yegiWada et al. , 2011)
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Fig. 3.6 Contribution of sediment transport by surface flamd river by the tank model for (a) 2011, (b)
2012, (c) 2013 and (d) 2014.

3.8 Sensitivity analysis

The evapotranspiration estimated by the one-layaitehhas the 80 % variability, because
downward shortwave radiatiokiy | in Equation (3.1) is seriously affected by the anghd
aspect of the catchment slope with mean of 34.66°1¥6.6° (clockwise from north at 0°) and
standard deviation of 24.20° am@l0°, respectivelylossain et al., 201p In sensitivity analysis
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for modelling, the variability of evapotranspiratichould be considered. For the discharge
simulation, variation ofNSE values was explored by changing the 11 parameteakies
excludingh, at 0 mm in 2011- 2012. As a result, two parametgisinda;;, were most sensitive
to a decrease INSEvalues; theNSEvalue decreased from 0.919 to 0.469 in 2011 and §.920
to 0.880 in 2012 by a changeaf values at = 40 %, and from 0.919 to 0.864 in 284d from
0.920 to 0.883 in 2012 by a changeaef values at £ 40 %. Hence, again, to know how the
“surface flow” in reality occurs on the catchmeldpe is important, in order to clarify processes
of discharging to the river channel.

For the simulation of sediment load, thasstivity analysis of the parameteasp, ¢ andd,
in Equation (3.21) was conducted. As a resultpimameterb, was very sensitive tdSEvalues,
which became negative for a changdoefilues at + 20 %. The parametgrsecondly decreased
NSE values to 0.808 in 2011 and to 0.802 in 2012 fahange ofa values at £ 40 %. The
parameters¢ andd, did not give a great decreaseNISE values, showing 0.946 in 2011 and
0.856 in 2012 at lowest for the + 40 % changecirand d values. Hence, probably, the
specification of grain size, mineralogy, etc. ftwe tcatchment slope soil to be eroded and

transported is important.
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CHAPTER FOUR

SWAT MODEL

4.1 SWAT Modelling

Soil and Water Assessment Tool (SWAT) is a physicacess based model to simulate
continuous-time landscape processes at a catclsoalet The sediment yield model used in this
study is the SWAT model. It is a comprehensive essebased model that simulates discharge
sediment and chemical fluxes in watersheds undefing climatic conditions, soil properties,
stream channel characteristics, land use and dgmal managementJayakrishnan et al.,
2005 Talebizadeh et al., 2010 The SWAT model has been applied to enhance stateting
of sediment loss and transport processes over a kaidge of environments around the world
(Oeurng et al., 201). For sediment yield modellingdukundan et al. (2010)examined the
suitability of SWAT at the North Fork Broad Riveatchment located in the Piedmont region of
Georgia, and their results suggested that the S\WiAdel is a better substitute than the sediment
rating curve for estimating sediment yield. Mangearchers have reported that the SWAT
model predicted reasonable results for sedimeritl yastimation (especially on monthly and
yearly timescales) when accurate input data andehqmatameterization were providedhu et

al., 2004 Saghafian et al.2012.
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Subbasin 1
Area 19.69 km?2

Subbasin2
Area 23.93 km?

Subbasin 3
7~ Area 18.85 km2 ™,

Fig. 4.10ikamani River basin separated by three subbasions

Here, the drainage basin is divided into three sub-baamsub-basin into hydrological
response unit (HRU) based on soil type, land usestope classe$-ig. 4.1). TheSWAT model
predicts the hydrology at each HRU using the watdance equation, which includes daily
rainfall, runoff, actual and potential evapotramapon using the Penman—Monteith equation,
percolation and return flow componeni$sie model can estimate soil erosion from the lamplsc
and in-stream depositional amaosive processes. The sediment yield from the landscape i
calculated using the modifiedniversal Soil Loss EquatioUSLE; Williams, 1975 and
runoff energy is used to detach and transport seinSediment deposition and erosiorthia

stream channel are both calculated during sedimoeniing The maximum amount of sediment
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that can be transported from a reach segment dtiimmgediment routing in a river channel is

determined by the modified BagnoldBggnold, 1977.

4.2 MODEL INPUT

The inputs required by the SWAT modek daily weather data of precipitation, maximum
and minimum temperature, wind speed, solar radiaaod relative humidity, which were
obtained from the weather stations’ recoatsfive weather stations at the Taiki Aerospace
Research Field (rainfall, solar radiation, and wapeted and direction) 9.6 km south of site R1,
Taiki town (snow depth) 18.9 km southwest of site, Rnd site F, site P and site M in the
Oikamanai River basin in 2011 — 20J4d. 2.1). Digital elevation modeIDEM) data Fig. 2.1)
was prepared using a digital map watl30 m grid elevation created from a 1:25 000 togoigic
map  published by the Japanese  Geographical  Survégstitute  (GSI,

http://nlftp.mlit.go.jp/ksj/ipais/jpais_datalist.imi). GIS-referenced soil dataFif. 4.2 were

extracted from a 1:50 000 soil map of the Fundaaidmind Classification Survey developed by

the Hokkaido Regional Development Bureau (www.agri.hro.or.jp/chuo/

kankyou/soilmap/html/map_index.htmA.land use map (1:25 000) based on land cover @520

was obtained from the GSFig. 4.2.

4.3 Land Use and Soil Distribution

The Oikamani River basin is covered by five typésaad Fig. 4.2 among them most of

the land is covered by forest (88.3%) and farmi@@d6%), farmland is mainly grass land area.
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Land Use Soil distribution
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6247 88.3 10.6 04 06 0.1 67.99 12.90 6.40 12.70

Fig. 4.2Land Use and Soil distribution

Four types of soil is distributed in these studgaawhere main soil is brown forested soil
(67.99 %) Fig. 4.2 followed by ando and gley soil. From here we hsgen that land use and
soil are dominated by forest land cover and broaredt soil. So we can say that this study area

is forested River catchment influenced by slopkifai(Fig. 2.2).

4.4 Discharge Simulation by SWAT Model

The SWAT model is a spatially distributed, phydiggirocess-based model for predicting
the movement of water, sediment and chemicals impbex catchments with varying soils, land
uses and management conditions over long periodsnef Major model components include
weather, hydrology, soil temperature and properpént growth, nutrients, pesticides, bacteria
and pathogens, and land management. The SWAT nsidelates water and nutrient cycles

within numerous sub-basins, which are then furtdrdivided into hydrologic response units
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that consist of homogeneous land use, soil anditedharacteristics. These steps resulted in 26
individual HRUs within the 3 sub-basins in the Qrianai forested River watershed.
In a conservative environment, the total water mmgechannels every day from each HRU

in the SWAT model can be derived from
Qflow = (qurf + Qlat + ng)x HRUarea (41)

whereQ,,,, (mm’), is the total water entering the channel of the Isatin where the HRU is
located,Q,,; is surface runoff yield (mm)Q,, is lateral flow yield (mm)Q,, is groundwater

yield (mm) and HRUais the HRU area (mfh The surface runof@, . is definedas

_ (Rday -1 a)z

qurf - (Rday -1, + S) 42

where Qg is the accumulation runoff or rainfall excémm HZO), Rday is the rainfall depth for the day

(mm HZO), | is the initial abstractions which includes surfaterage, interception and infiltration

a

prior to runoff(mm HZO), andSis the retention parametémm HZO). The retention parameter

varies spatially due to changes in soils, land osagement and slope and temporally due to

changes in soil water content. The retention patams defined as:

S=25 @—mj (43)
CN

where CNis the curve number for the day. The initial abdtoms 1, is commonly
approximated as 0Sand Equation (4.2) becomes

_ (Ryay—029)°

qurf - (Rday +08 S) (4-4)

Runoff will only occur wherRyay> la.
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4.5 Model Calibration and Validation

The SWAT model was first calibrated using SWAT i@ation and Uncertainty Programs
(CUP) with the Sequential Uncertainty Fitting (S@FIcalibration and uncertainty analysis
routine Abbaspour, 20073. Then thecalibration of flow and sediment was performed nadiyu
to obtain a good match between the observed andlat®ad values. Key hydrological and
sediment-related parametevsre selected, based on global sensitivity analg@adibration is an
effort to better parameterize a model to a giveno$docal conditions, thereby reducing the
prediction uncertaintyModel calibration is performed by carefully selaegtivalues for model
input parameters by comparing mogheedictions for a given set of conditions with ohveel
data for the same conditions. Model validationhisgrocess of demonstrating that a given site-
specific model is capable of making sufficientlycaate simulations. Validation involves
running a model using parameters thare determined during the calibration process, and
comparing the predictions to observed data not usttk calibration. Calibration and validation
are typically performed by splitting the available observed dat® two datasets: one for
calibration, and another for validatiobata are most frequently split by time peri¢dsnold et
al., 2013. In this study, parameters calibrated for stréamfare shown infable 4. Sensitive
parameters are calibrated within their acceptadnges to match the simulated streamflow with
the observed streamflow §ble 4). In Figure 2.4 snow depth in 2012 is nearly two times of
2011; it indicates that initial condition of soilater content, groundwater storage, and soll
parameters are different in different years. Skelwee have simulated discharge in year wise
that is a single year of non-snowfall andn-snowmeltseason are taken for calibration and
another year is taken as validation period. Hergod April to November of 2012 is considering

for calibration and April to November of 2011, 20a8d 2014 for validationHg. 4.3. The
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calibrated parameters in 2012 are showedlahle 4. Here the parameters are calibrated within
their acceptable ranges to match the simulatedrsfiew. In the year 2012 the most sensitive
parameter is runoff curve number (CN2.mgt) followmyl effective hydraulic conductivity in
main channel alluvium (mm/h) (CH_K2.rte), availableater capacity of the soil layer

(SOL_AWC.sol), and maximum canopy storage (CANMX)retc. Table 4).
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Fig. 4.3Discharge simulation at site R1 (a) calibratio2@12, (b) validation in 2011, (c) validation in

2013, (d) validation in 2014.

Table 4 presents the calibrated parameters for dischampereasFigure 4.3 graphically
illustrates the comparison between the observedsandlated daily discharge at the main outlet
R1 of the Oikamanai River watershed. The statisgaformance of the SWAT for daily
streamflow estimation was satisfactory NSE valuecalibration year 2012 is 0.88 and in

validation years the values are 0.81, 0.79 and @8gectively in the year 2011, 2013 and 2014.
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However the simulated peak discharge is overestidniat early May of calibration year in 2012
because of heavy rainfall event affected the madeulation. To reduced model discharge in
this event in 2012 calibration process changed sparameters values which affected the
validation period by underestimated peak dischadi@ihg some big rainfall periodsig. 4.3
(b), (c) and (d). In addition it might be becausedpitation duration and intensity are not being
considered by the soil conservation services (S08)e number (CN) metho&CS, 1972 for
simulation of streamflow in SWAT model as reporbsdPhomcha et al. (2011)This limitation

might be more profound for the heavy rainfall egent

Table 4 Parameters for streamflow calibration performesitat R1 of the Oikamanai River watershed in 2012

No. Parameters Definition of Parameters Fitted values
1  r_CN2.mgt Initial SSC runoff curve number for moigt contidition I 0.72

2 v _CH_K2.rte Effective hydraulic conductivity in mathannel alluvium (mm/h) 17.62
3 r_SOL_AWC.sol Available water capacity of the dailer -0.94

4 v_CANMX.hru Maximum canopy storage 4.49

5 v_GWQMN.gw  Treshold depth of water in the shallauiger required for return flow to occur (mm) 830.11
6 v_REVAPMN.gw Threshold depth of water in the shallmuifer for 'revap"to occur (mm) 521.53
7  v_ESCO.hru Soil evaporation compensation factor 0.99

8  V_SURLAG.bsn Surface runoff lag time 11.94

9 Vv_ALPHA BF.gw Baseflow alpha factor (days) 0.99

10 v_GW_REVAP.gw Groundwater 'revap"coefficient. 0.08

11  v_EPCO.hru Plant uptake compensation factor 0.01

12 v RCHRG _DP.gw Deep aquifer percolation fraction 0.86

The extension (e.g., .mgt) refers to the SWAT irfpetwhere the parameter occurs.

The qualifier (v_) refers to the substitution gfarameter by a value from the given range.

The qualifier (r_) refers to relative change ie frarameter where the value from the SWAT dataisaseltiplied by 1 plus a factor in the given
range.

4.6 Sediment load simulation

Transport of sediment, nutrients and pesticfde®s land areas to water bodies is a
consequence of weathering that acts on d¢anmdf. Soil and water conservation planning
requires knowledge of the relations betwdactors that cause loss of soil and water
and those that help to reduce such losses. Erasitie wearing down of a landscape over time.
It includes the detachment, transport, and dewsitif soil particles by the erosion forces of

raindrop and flow of water.
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A land area contains rills and channels. Raindrapact can detach soil particles on
unprotected land surfaces between rills and imitiednsport of these particles to the rills. From
the small rills, the particles moves to largersrilthen into ephemeral channels and then into
continuously flowing rivers. Entrainment and depiosi of particles can occur at any point along
the path. When erosion occurs without human infbesn it is called geologic erosion.
Accelerated erosion occurs when human activitygases the rate of erosion.

Erosion is a matter of concern to watershed angralatesource managers. Two of the main
reasons reservoirs are built are water supply &utl fcontrol. Erosion upstream of a reservoir
deposits sediment in the bottom of the reservoiiciwhHowers the reservoir’s water-holding
capacity and consequently its usefulness for bbthese purposes. The soil surface is the part of
the soil profile highest in organic matter and rartts. Organic matter forms complexes with soil
particles so that erosion of the soil particlesl wiso remove nutrients. Excessive erosion can
deplete soil reserves of nitrogen and phosphoreesed by plants to grow and extreme erosion
can degrade the soil to the point that it is unablsupport plant life. If erosion is severe and
widespread enough, the water balance of a waterstetle altered-remember that most water is
lost from a watershed via evapotranspiration. Exogiaused by rainfall and runoff is compared
with the Modified Universal Soil Lose Equation (MUS) (Williams, 1975. MUSLE is a
modified version of the Universal Soil Lose Equati®JSLE) developed by Wischmeier and
Smith (1965, 1978).

USLE predicts average annual gross erosion asaidumnof rainfall energy. In MUSLE, the
rainfall energy factor is replaced with a runoffctiar. This improves the sediment yield
prediction, eliminates the need for delivery ratiasd allows the equation to be applied to

individual storm events. Sediment yield predictierimproved because runoff is a function of
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antecedent moisture condition as well as rainfaéirgy. Delivery ratios (the sediment yield at
any point along the channel divided by the sounwsien above that point) are required by
USLE because the rainfall factor represents enesgyl in detachment only. Delivery ratios are
not needed with MUSLE because the runoff factoresgnts energy used in detaching and
transporting sediment. The modified universal 8wk equation (MUSLE)Williams, 1995) to
compute soil erosion on the catchment slope is

Sed = 11'8(qurf [q peak (area hru )0'56 -KusLE -CusLe -PusLE -LSusLe [CFRG (45)

where Sedis the sediment load on a given day(metric toQs),is the surface runoff volume
(mmH,0/ha), q,,,is the peak runoff ratém’/ s) , area, iS the area of the HRU(ha)K s ciS

the USLE soil erodibility factor(0.013metricton m® hr/(m® — metrictoncm)), Cuse iS the
USLE cover and management factpyg e is the USLE support practice factqrg g cis the

USLE topographic factor amdFRGis the coarse fragment factor.

Sediment transport in the river channel network fanction of two processes, deposition
and degradation, operating simultaneously in thelreFrom landscape component, SWAT keep
tracks of the particle size distribution of erodseddiments and routes them though ponds,
channels and surfaces water bodies. In the chadagtadation or deposition of sediment can
occur depending on the stream power, the expoduchamnel sides and bottom to the erosive
force of the stream and the composition of the nehbhank and bed sediment.

Bagnold (1977)defines the stream power definition as degradaisoa function of
channel slope and velocity. In SWAT 2012 versioadusimplified Bagnold’s equation in such a
way that the maximum amount of sediment that camrdresported from a reach segment is a

function of the peak channel velocity. The peakncieh velocityven pkis calculated:
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qchpk
Vhok = (4.6)
A,

wheregeh,pk is the peak flow rate (s) andA, is the cross sectional area of flow>(s). the

peak flow rate is defined as
qchpk = prf Izt1ch (47)

where prf is the peak rate adjustment factor, apgl is the average rate of flow {fs). the

maximum amount of sediment that can be transpdirted a reach segment is calculated:
Concsedchmx = Csp Eych pkspexp (48)

whereconc

'sedchmx

is the maximum concentration of sediment that cartransported by water
(ton/n? or kg/L), C., Is a coefficient defined by user,, , is the peak channel velocity (m/s),

andspexpis an exponent defined by the user.
The maximum concentration of sediment calculatati {4.8) is compared to the concentration

of sediment in the reach at the beginning of theetstep,cong,,; - If cong,,; >conc

sedchmx?
deposition is the dominant process in the reacmsagand the net amount of sediment
deposition is calculated:

:seqjep = (CONGy,,; —CONC,

sedchmx

YV, (4.9)
where sed,, is the amount of sediment deposited in the reagmeat (metric tons)\V,, is the

volume in the reach segmenti{#0). If cong,,,; <conc

'sedchmx ?

degradation is the dominant

process in the reach segment and the net amogetlohent reentrained is calculated:

sed,, = (conc

sedchmx

- ConCSed,ch,i) Ve, Ky gy (4.10)
where sed,,is the amount of sediment reentrained in the reagment (metric tons)K,, ,

channel erodibility factorC,,, is channel cover factor.
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The SWAT model is further used for sedigald calibration following completion of
discharge calibration process in the years 20112 2P013 and 2014. Sediment load simulation
is a little bit difficult. Sediment can come fromadin slope, slope failure (bank collapse and land
slide), river bank erosion and river bed erosi@pestively. Here | have simulated the sediment

load simulation in the years 2011, 2012, 2013 d@i#ZespectivelyHig. 4.4)

Table 5presents the calibrated parameters for sedimenitiaiion in the years 2011, 2012,
2013 and 2014 respectivelifigure 4.4 generally indicates that the simulated daily sedime
loads of the SWAT model and the observed valuesamgparable, yielding NSE of 0.74, 0.91,

0.75 and 0.7 the years 2011, 2012, 2013 and 2014 respectively
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Fig. 4.4Sediment load simulation at site R1 in 2011(a),2@1, 2013 (c) & 2014 (d

47



However, a comparison of the results indicates thatSWAT model might overestimate the
sediment load for some high-flow eventsg. 4 (b)) because in this time period rainfall was
high moreover the SWAT model allows all the sodaed by runoff to reach the river directly,
without considering sediment deposition remainingsarface catchment areas. The results also
indicate that the SWAT model underestimated thénsewt load of some peak evenksd. 4(a),

(c), (d)). This might be because landslide and bank calapsot considered and the sediment
routing algorithm used in SWAT is very simplifiedihe topographic factor (L{.g)
automatically estimated from the DEM in the SWATdabwas found to contain erronsi(n et

al., 2009; Babel et al., 20]1 it partially explains the model inaccuracies gamdiment yield
estimation. With better accuracy and resolution DEM and more reliable methods for

derivation of the topographical variables rela@d $USLE, such as slope

Table 5 Optimum values of sediment parameters in SWAT

No. Parameters Definitiobn of Parameters 2011 2012 20130142
1 USLE_C(FRST).crop.d Forest land cover and management fe 0.27 0.01 0.2z 0.01
2 USLE_C(PAST).crop.d Framland cover and management fa 0.17 0.7¢ 0.24 0.14
3 USLE_P.mgi USLE support practice fact 0.04 0.4z 0.17 0.8¢
4 SPCON.bst! Linear sediment reentrained parameter for charmeing 0.01 0.01 0.01 0.0C
5  SPEXP.bst Exponent sediment reentrained parameter for chaonéhc 1.3¢ 1.2¢ 1.34 0.97
6  ADJ_PKR.bsr Peak rate adjustment factor in the tributary cél 1.5¢ 1.1€ 0.7¢ 0.5¢
7 PRF.bsr Peak rate adjustment factor in the main che 1.7¢ 1.91 1.0t 0.9¢€
8 CH_COVl.rte Channel erodibility facto 0.17 0.17 0.2¢ 0.32
9 CH_COV2.rte Channel cover factc 0.6€ 0.8€ 0.7z 0.8z
10 USLE_K.sol Soil erodibility factor 0.0z 0.0z 0.3z 0.1z
11 CH_BNK_BD.rte Bulk density of channel bank sedime 1.4¢ 1.84 1.6C 1.6¢
12 CH_BED BD.rte Bulk density of channel bed sedim¢ 1.6 1.8¢ 1.7€ 1.82

The most sensitive parameter for sediment load Ision are land cover and management
factor (USLE _C (FRST), USLE _C (FRST)), USLE edom@t support practice factor
(USLE_P.mgt), peak rate adjustment factor( PRF.BEn]_PKR.bsn) and soil erodibility factor

(USLE_K.sol). Other parameters are nearly constatite whole four yearsi@ble 5).
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CHAPTER FIVE

DISCHARGE AND SEDIMENT LOAD COMPARISON AT OUTLETS

5.1 Comparison of Discharge and Sediment load betee at site R1 and site R3

We have two outlets of forested Oikamani Riverckatent at site R1 and at site R3
(Fig.2.D); main outlet at site R1 where we have observedhdirge and sediment load data from
April, 2011 and at site R3; meeting point of subbdsand subbasin 2 we have observed data
from July 2013. | monitored water level, turbiditwater and air pressure, water and air
temperature at these two sites. So we will comgaeharge, sediment load between site R1 and
site R3 from July 2013 by observed data and SWAT™ehd-igure 5.1 shows that observed
daily discharge at site R1 always greater thandhatte R3; it is normal since the site R3 is the
upstream of the Oikamani River catchment whereassite R1 is the main outlet of this
catchment and all the discharge of this catchmessgs though the main outlet R1. Here | did
not consider the snowfall and snowmelt period amues data was missing from April 2014 to
June 5, 2014, so discharge, sediment load and satliyreld graph is not continuouBig.5.1,

Fig. 5.2, Fig. 5.3.
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Fig. 5.1Daily observed discharge at sites R1 and R3
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The sediment load at site R1 and R3-igure 5.2 shows sediment load at site R3 always
greater than that of site R1 whereas dischargeeaR4 was larger than at site R3d. 5.1). The
sediment load at site R3 more probably results flloenrelatively steep slope at upstream of site
R3 and surface geology consists mostly of Neogedargentary rocks, which could frequently
produce landslide by heavy rainfall or snowméltgiba et al. 2009. Also the forest soils are
accompanied by permeable tephra layers of Tarurade dnd Shikotsu Spfa-1, easily producing

surface failure.
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==PR3 Sediment Load

1200 ———R1 Sediment Load

800

400 i

. 1 Lol

2013/7/1 2013/9/19 2013/12/8 2014/2/26 2014/5/17 2014/8/5 2014/10/24 2015/1/12

Sediment Load (ton/day)

Fig. 5.2Sediment load observed site R1 and site R3

Figure 5.3 showssediment yield at site R3 always greater than dhaite R1; it indicates
that transportation of sediment at site R1 is kss at site R3. Observed sediment yield in
subbasin 3 is shown iRigure 5.4, here it is seen that most of the time sedimentdyisl
subbasin 3 is negative, its mean that sediment impsubbasin 3 from site R3 is more compare
to sediment output from site R1; it indicates thadiment deposition occur between site R3 and
site R1. The upstream of site R3 is forested monotes region with steep slope. The Neogene
sedimentary rock accompanied with active faultgydently producing landslide and bank
collapse under rainfall. The upstream of site Rihwentle slope are composed of flood plain

deposit of Holocene. This lower region is covergddyrmland; mainly grass land, so probability
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of soil erosion is very low. That's why most of tbediment originates in the upstream of site R3

of this catchment and deposits between site RisaadR3.
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Fig. 5.3Sediment yield at site R1 and site R3
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Fig. 5.4Sediment yield in subbasin 3

5.2 Rainfall Runoff events sediment yield at site Rand R3

Runoff events sediment yield at site Rland siteirR3uly 2013 — November 2014 are
shown inFigure 5.5 Runoff events with extra sediment supply are tborore times at site R3
than at site R1 in this period. At site R1 we ofbsdr4 times runoff events with extra sediment
supply whereas at site R3 12 times that is runeéines with extra sediment supply at site R3
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three times more than that of R1 and the sedimietd yn runoff event at site R1 is 1.4 times
higher than R3, here the runoff events with ex&dirment supply at site R1 are very few to get
the proper regression line. Since the number gfesfailure evens at site R3 is more than that of

site R1 so here we can say slope failure frequerttyr at upstream of site R3
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Fig. 5.5Relations between total runoff rée(mm) and total sediment yie® (g m?) for rainfall runoff

events with extra sediment supply (a) at site Ra(lsite R3 in July 2013-2014

Figure 5.6shows the total sediment yield at site Rilg(5.6(a) and site R3Kig. 5.6 (b) in the
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runoff events without extra sediment supply. Nursh#rrunoff events at site R1land R3 are 12

and 6 respectively and the sediment yield at skesRL.49 times higher than that of R1. It

indicates that between site R3 and R1 no erosibddposition is occurred.
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events without extra sediment supply (a) at sit€iyhat site R3 in July 2013-2014

5.3 Sediment load in different subbasin by SWAT moel

| divided the forested Oikamanai Riverctament into 3 subbasingi. 5.1) based on

elevation, soil type, land use and slope class@ATSmodel has simulated sediment load at

every subbasin which is shown kigure 5.7. We see that sediment load and sediment yield at
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subbasin 2Kigure 5.7(a), (b) is always greater than subbasin 1 and subbasiml 3n@st of the

time sediment yield in subbasin 3 is negatif/@re 5.7 (c); similar scenario was seen in

monitoring observational dataFigure 5.4 which means that sediment deposition occurs

between site R3 and site R1.
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CHAPTER SIX
CONCLUSIONS

Hourly and daily time series of discharge, SSC aediment load were obtained in the
forested Oikamanai River catchment influenced lopeslfailure. The extra sediment supply to
the river channel, probably from bank collapseaord slide, was found in fifteen runoff events
by hourly discharge and SSC time series in 201%42Uhe total sediment yield in ghfor the
fifteen runoff events was about 2.8 times more tthat for the events without extra sediment
supply at site R1. The number of runoff events weitkra sediment load supply at site R3 is three
times more than at site R1 with sediment yield ltids larger at site R1 than R3 whereas
runoff events without extra sediment supply at $t& is two times more than R3 though
sediment yield at site R3 is 1.49 times greaten tRA. Moreover sediment load at site R3 is
always greater than that of at site R1 though @isgh at site R1 is more that at site R3. In
addition the most of the time sediment yield betwsiges R3 and R1 is negative. So the above
phenomena indicate landslide or bank collapse &etjy could occur at upstream of site R3 and
sediment is deposited between sites R3 and site R1.

Daily discharge and sediment load timeesewere simulated by the lumped tank model
and its coupling with power function. Simulatedulés of discharge are very reasonable with the
Nash-Sutcliffe efficiency coefficienfN\SE= 0.891 for calibration and 0.74-0.804 for validat
years. Discharge simulation indicates that relatilerge groundwater leakage occurs, especially
in 2013, and in 2012 because of the large snowametiunt and probably results from the high
permeability of sedimentary bedrock with activelfauSediment load simulation indicates that
sediment erosion and transport by surface flow @t flow contribution are greater in year

2011 and 2012 are 91.3 % and 50.6 %. The sengitwvialysis for simulation pointed out that
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investigations about behaviors of surface flow & tcatchment slope are important to
understand discharging and sediment-loading presaashe catchment.

From the observed and SWAT model simulation outpetcan apparently say that sub-
basin 2 is the main sediment sources of this saa. Most of the sediment is deposited
between sites R3 and R1 that is in subbasin 3. Mib#te bank collapse and land slide events
occur at the upstream of site R3 under rainfalinfrtatchment slope and riparian region in this
geologically active forested catchment which affleanodel calibration. A definitive
interpretation of the quantitative results may betappropriate because some processes are not
well represented in the SWAT Model and lack of miqueameterization at a local scale. While
this study is able to give relative estimates afsern measures, further model parameterization

at a local scale should be done as more data émniation become available.
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