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Preview

This thesis is organized in four different parts namely: Part I, Part II, Part III and Part IV
consisting of different chapters (Figure 1). Part I deals about the hydraulic parameters for
sediment transport and prediction of suspended sediment for Kali Gandaki River basin,
Himalaya, Nepal. Part II analyses effects of rainfall on fluvial discharge and suspended
sediment transport in same river basin. Rainfall trend analysis of the same basin are described

in the Part III. These three parts are related for sediment transport by river in Nepal.
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Chapter 4: General conclusion and recommendation
@ Conclusion @ Application & Recommendation

Figure 1. Structure of thesis
The mechanism of riparian vegetation growth and sediment interaction in floodplain are

presented in Part IV which consists of two different case studies: Narayani River flood plain,

Nepal and Kuzuryu River reach, Japan. The effects of sediment sizes (Dso) on riparian



vegetation coverage are analyzed and verified in historical data available in Japan using the
Dynamic Riparian Vegetation Model (DRIPVEM) coupled with a Dynamic Herbaceous Model.
Observation of biomass of herbs and trees in Narayani River floodplain in Nepal should be
conducted for calibration of coupled DRIPVEM. Each part consists of Chapter 1 to Chapter 4

except Part IV. A discussion part is added as extra in Part IV.
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Summary

Sediment yield from a catchment is a complex phenomenon of weathering, land sliding, glacial
and fluvial erosion which depends on geological as well as fluvial characteristics. The bed shear
stress (7p), specific stream power (@), and flow velocity (v) associated with maximum boulder
size transport were determined throughout years 2003 to 2011 by using derived lower boundary
equation from the available data for Kali Gandaki (KG) River at Setibeni, Syangja located
about 5 kms upstream from a hydropower dam. The river transported an average of
40.904+12.453 Mega ton (Mt) of suspended sediment (SS) during the period 2006-2011 and
the artificial neural networks (ANNs) predicted the daily SS rate and annual sediment load as
35.190+£7.018 Mega tons (Mt) satisfactorily compared to multiple linear regression, nonlinear
multiple regression, general power model, log transform models including sediment rating
curve (SRC).

Fluvial discharge is a principal driver of SS transport in Himalaya mountain. The study basin
has three hydrometric stations in main river, four hydrometric stations in its tributaries, and a
hydropower reservoir site where suspended sediment transport is measured. This study also
analysed relationship of specific discharge of main and tributaries rivers with rainfalls of the
main basin and its sub basins together with SS transport. Annual anticlockwise hysteresis loops
were developed between specific discharge and rainfall at three hydrometric stations of main
KG River, whereas its tributaries namely Aandhi Khola, Seti Khola and Modi Khola followed
anticlockwise, and Myagdi Khola showed an eight-shaped hysteresis loop. The clockwise
hysteresis loop developed between SS concentration and fluvial discharge was eliminated and

changed to linear relationship with the direct runoff discharge. The result showed that about
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97% of SS was transported during monsoon season (June-September), comprising an annual
weathering rate of KG basin estimated to be 4390 tons/km?/yr which is equivalent to 1.66
mm/yr between the period 2006-2017. Particularly, specific direct runoff discharge and
monsoonal daily erosion rate of major rainfall events (>30 mm/day) showed linear increasing
trend with rainfall in KG basin.

Stream flow alteration is one of the most noticeable effects of rainfall change patterns in this
catchment. The study also depicted fluvial flow changing patterns of three hydrometric stations
of KG River, four hydrometric stations of tributaries due to changing seasonal and annual
rainfall trends in twenty-seven rain gauge stations located between the elevation ranges of 700
to 2744 m MSL of this basin over the period of 1957-2018. Monthly rainfall data were used to
examine the rainfall and discharge trends. Mann- Kendall trend test (MKT) test along with
Sen’s slope and sequential Mann- Kendall trend (SQMKT) analysis on homogenized time
series data were used to evaluate the existence of monotonic trends, magnitude of trend and
identify shifting of rainfall trend.

Finally, the ecological dynamics of riparian area interact with sediment transport in river
system, which plays an active role in riparian vegetation growth in the floodplain. Frequently
flood disturbance, extreme floods, sediment transport with nutrients and seeds by fluvial
discharge, sediment deposition and erosion phenomena which frequently occurred in the
floodplain, changed without vegetation land area to vegetative area and vice versa. The
sediment grain size (Dso) plays important role in riparian vegetation area coverage in the
floodplain. Mathematical models describing vegetation growth in flood plain during short

period of time available in literature. However, long-term prediction by modelling and
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validations of riparian vegetation are still lacking. The long-term prediction of riparian
vegetation is important in perspective of floodplain management. In order to cover long-term
vegetation growth modelling, a Dynamic Riparian Vegetation Model (DRIPVEM) was coupled
with Dynamic Herbaceous Model used to establish the interactive relationship of sediment
grain sizes (Dso) and riparian vegetation in the two rivers: Narayani River floodplain, Nepal
and Kuzuryu River floodplain, Japan. In context of Nepal, the calibration of coupled
DRIPVEM, observation of species wise herbs and tree biomass, sediment particle sizes with
nutrients availability in the floodplain should be conducted. The riparian vegetation
observation and calibration of coupled DRIPVEM and prediction of spatial distribution of

riparian vegetation in Narayani floodplain, Nepal would be future perspective of this study.
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PART 1I- HYDRAULIC PARAMETERS FOR SEDIMENT
TRANSPORT AND SUSPENDED SEDIMENT PREDECTION FOR
KALI GANDAKI RIVER BASIN, HIMALAYA, NEPAL

ABSTRACT

Sediment yield from a basin is a complex phenomenon of weathering, land sliding, glacial and
fluvial erosion. The quantity of sediment yield is highly dependent on catchment area,
topography, the slope of the catchment terrain, intensity of rainfall, temperature, amount of
snow fall and melt and soil characteristics within the catchment. This study evaluated key
hydraulic parameters for sediment transport in Kali Gandaki (KG) River at Setibeni, Syangja.
The outlet point is located about 5 kms upstream from a hydropower dam. Key parameters, bed
shear stress (zp), specific stream power (@) and flow velocity (v) associated with maximum
boulder size transport were determined throughout years 2003 to 2011. Clockwise hysteresis
loops having average hysteresis index of +1.59 was developed and an average of
40.904+12.453 Megatons (Mt) suspended sediment (SS) have been transported annually from
higher Himalayas to hydropower reservoir. The Artificial neural networks (ANNs) was used to
predict the daily suspended sediment rate and annual suspended sediment load 35.190+7.018
Mt satisfactorily compared to multiple linear regression (MLR), nonlinear multiple regression
(NLMR), general power model, log transform models including sediment rating curve (SRC).
Different performance indicators were evaluated to compare the best models and satisfactory
fittings were observed in ANNs. The root mean square error (RMSE) 1982 kg/s, percent bias
(PBIAS) +14.26, RMSE-observations standard deviation ratio (RSR) 0.55, correlation
coefficient (R) 0.84 and Nash- Sutcliffe efficiency (NSE) +0.70 showed that ANNs model

performed satisfactorily among all proposed models.



CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1 Research background

Sediment transport in river systems are important to understand the river hydraulics for a
variety of disciplines such as hydrology, geomorphology, risk management including reservoir
management. Sediment yield from a catchment is dependent on several parameters including
topography, terrain slope, river gradient, channel cross section, rainfall, temperature and soil
type of the catchment area (Gudino-Elizondo et al., 2019). However, the yield of sediment
fluxes is a combination effect of weathering, land sliding, glacial and fluvial erosions (Fort,
2016). Sediment yield from these effects are quite complex (Fort & Cossart, 2013) and varies
seasonally. Hydrology of Nepal is primarily dominated by the monsoons characterized by
higher precipitation during the summer monsoon from June to September which contributing
about 80% of total annual precipitation (Mishra et al., 2014). Studies showed that about 10%
of the total precipitation occurs in a single day and 50% of total annual precipitation is occurred
within 10 days of monsoon period (Dahal & Hasegawa, 2008) which is responsible for
triggering landslides and debris flows in the catchment. The main natural agents for triggering
landslides in the Himalayas are monsoon climate, extremities in precipitation, seismic
activities, excess internal stress developed and undercutting of slopes by streams (Fort et al.,
2010). The sediments are transported by mountain streams in the form of suspended load as
well as the bedload (Lenzi ef al., 1999). The sediment discharge depend on the intensity of
rainfall and number of landslide events occurred within the catchment area (Struck et al., 2015;
Gabet et al., 2004). The dam construction regulate the flood magnitudes and limits the
downstream transportation of sediments (Asaeda et al, 2011; Kummu & Varis, 2007).
However, the annual deposition of sediment in the reservoirs decreases the capacity of reservoir

which compromises the operability and sustainability of dam (Guillén-Ludefia et al., 2018; De



Araujo et al., 2006; Annandale, 2006). Basin morphology and lithological formation governs
the amount of sediment crossing a stream station at a timepoint, which is generally acted upon
by both active and passive forces (Megnounif et al., 2013).

Outburst of glacier and failure of moraine dams trigger flash floods (Fort et al., 2010; Fort,
1987; Costa & Schuster, 1988; O’Connor & Costa, 1993) which is one of the main causes of
large boulder transportation in high gradient rivers in mountain region. The different hydraulic
parameters such as shear stress, specific stream power and flow velocity can be combined to
different ways to form sediment transport predictors (G. Zhang et al., 2009; Ali et al., 2012).
Shear stress is a well-known hydraulic parameter that easily determined competence of rivers
to transport coarse bedload material (Baker & Ritter, 1975; Lotsari et al., 2015). Similarly, flow
competence assessments of floods related to largest particle size transported are described by
mean flow stress, specific stream power and mean velocity (Komar & Carling, 1991; Costa,
1983). Studies have been demonstrated relationships of shear stress (Costa, 1983; Komar,
1987; Lenzi et al., 2006; O’Connor, 1993; Williams, 1983) specific stream power (Costa, 1983;
O’Connor, 1993; Williams, 1983) and flow velocity (Costa, 1983; O’Connor, 1993; Bradley &
Mears, 1980; Helley, 1969) of the river with size of boulder movement in the river system. It
is important to perform this study in Kali Gandaki (KG) River as this river originates from the
Himalayas and there is limited research in sediment transport by this river and is crucial in
Nepal due to difference in terrain within a short distance.

Literature reviews for bed shear stress, specific power and flow velocity are summarized in
Table 1, 2 and 3 respectively. The observed data and equations of different researchers are

plotted and equations for average, upper and lower boundary are derived (Figure 2a,b and 3).



Table 1. Literature review for bed shear stress

S.No. Bed shear stress equation Source Boundary Compilation
condition
1. T=0.728xd" Miller (1977) sited in Komar
d>10mm (1987)
2. T=0.17 «d*° Church (1972), Inbar & Schick(1979), Emmett (1976..Snake River), Emmett (1976...Clearwater River), Scott & Graviee (1968),
10mm < d < 3300mm Williams (1983) Ritter (1967), Wolman & Eiler (1958), Burrow et al. (1979), Ramette & Heuzel (1962), Fahnestock (1963),Wilcock(1971),
Lower Emmett(1980), Milhous (1973)
3. T=0.163 * d1?13(R=0.89) Ritter (1967), Grimm & Leupold (1939), Fahnestock (1963), Lane (1955),Scott & Graviee (1968), Inbar & Schick 1979, Shroba &
50mm < d < 3290mm Costa (1983) Regression Schick (1979), Kellerhals(1967), Glancy & Harmsen (1975), Wolman & Eiler (1958), Milhous (1973), Thompson & Campbell
line (1979)
4. T=0.056 x d1213
50mm < d < 3290mm Costa (1983) Lower
5. T=0.164 % d*?! Komar (1987) Regression Lane & Carlson (1953) T = 4.4 x d*73(R = 0.66)2.5cm < d < 12cm
50mm < d < 5000mm line Fahnestock 1963 T = 19.3 x d**8(R=0.50) 6 cm < d < 48cm

Scott & Gravlee 1968 T = 0.81 * d*°%(R=0.94)46 cm < d < 329cm
Baker 1973 T = 34.0 * d*%*(R=0.94) 46 cm < d < 152cm

Milhous 1973 t = 10.8 * d>57(R=0.81) 0.8 cm < d < 12cm
Carling(1983)T = 11.0 * d*3®1 cm < d < 20cm

Hammond et al. (1984) T = 5.5 * d®*20.5cm < d < 4cm

6. T = 0.0249 = d*1?(R=0.71) O’Connor (1993) Regression
270mm < d < 6240mm line

7. T = 86.629 * d%25 Lenzi (2006) Regression
20mm < d <1000 mm line




Table 2. Literature review for specific power

S.No. Power equation Source Boundary condition Compilation
1. w = 0.079 * d*3 Williams, 1983 Lower Fahnestock (1963), Milhous (1973), Emmett (1980), Burrow et al. (1979), Wolman & Eiler (1958), Ritter (1967), Emmett (1976..Snake
10 < d < 1500 River), Emmett (1976...Clearwater River), Inbar & Schick(1979)
2. ® = 0.030 * d°85(R=0.91) Costa, 1983 Regression line Ritter (1967), Grimm & Leupold (1939), Fahnestock (1963), Lane (1955),Scott & Graviee (1968), Inbar & Schick 1979, Shroba & Schick
50 <d <3290 (1979), Kellerhals(1967), Glancy & Harmsen (1975), Wolman & Eiler (1958), Milhous(1973), Thompson & Campbell (1979)
3. w = 0.009 * 1686 Costa, 1983 Lower
50<d <3290
4. ® = 0.002 * d*7* O’Connor 1993 Regression line Observations
270 < d <6240
5. w = 30 * 1.00865%1P¢ O’Connor 1993 Lower Observations
270 <d <6240
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Figure 2. (a) Shear stress and particle size relationship (b) Specific power and particle size relationship



Table 3. Literature review for flow velocity

S.No. Flow Velocity equation

Researcher

Boundary condition PublicationsCompilation

1.

v = 0.065 * d5°
10 <d <1500

Williams, 1983

Lower

Fahnestock(1963), Milhous(1973), Inbar&Schick(1979), Emmett (1976..Snake River), Emmett
(1976...Clearwater River), Ritter (1967), Wolman & Eiler (1958), Burrow et al. (1979),
Emmett(1980)

2. v = 0.20 * d**55(R=0.84) Costa, 1983 Regression line Helley (1969), Ritter (1967), Grimm & Leupold (1939), Fahnestock (1963), Lane (1955),Scott &
50 <d <3290 Graviee (1968), Inbar & Schick 1979, Shroba & Schick (1979), Kellerhals(1967), Glancy & Harmsen
(1975), Wolman & Eiler (1958), Milhous(1973), Hooker (1896), Thompson & Campbell (1979)
3. v =0.14 * 40455 Costa, 1983 Lower Proposed from Costa compiled data.
50 <d < 3290
4. v = 0.197 x d%4¢ Komar, 1987 Regression line Hooker (1896) vc = 0.64 * d°47(R = 0.95)5cm < d < 49cm
8mm < d < 5000mm Grimm & Leupold (1939), vc = 1.02 * d>3*(R = 0.88)5cm < d < 52 cm
Fahnestock(1963) vc = 1.28 * d*'8(R = 0.55)6cm < d < 48cm
Helley (1969) vc = 0.96 * d®26(R = 0.37)15cm < d < 52cm
Baker (1973) vc = 1.31 * d*53(R = 0.77)46cm < d < 152cm
Milhous 1973 vc = 0.3878 * d°55(R=0.78) 0.8 cm < d < 12cm
5. v = 0.074 = d*°°(R=0.72) O’Connor 1993 Regression line Observations
270 < d < 6240
6. Bed velocity Helley(1969)and Balancing forces using turning moments (Helley, 1969)
v = 1.20 * v, whichis equival;aggto Flow velocity by Costa (1983) j(ys — 1)d,(d, + d;)? * MR,
v = 0.1545 x d™ vy =3.276 % |
C'pd MRy + 0.178d;d; MR,
7. Flow mean velocity by Costa Equating fluid drag(Fp) and lift drag(F}) against gravitational frictional resistance Fg Fp, + F, = Fg
. 2x(ys—ypdi*g*p (1983)
> ¥e(Cr + Cp)
v = 1.20 * v, which is equivalent to
v =0.1628 x d°°
8. v =0.1866 * d°5° U.S.BR.

1to > 600mm
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Figure 3. Flow velocity and particle size relationship

1.2 Research objectives

The following are the research objectives of this study (Part-I).

1.

To develop the relationships of fluvial discharge and hydraulic parameters such as shear
stress, specific stream power and flow velocity.

To derive a lowest boundary equation for maximum size of particle transported by
fluvial discharge of KG River at 5 km upstream of hydropower dam.

To calculate the maximum size of particle transported by fluvial discharge of 2006-
2011.

To explore the nature of hysteresis loops, developed hysteresis index, quantify the
annual suspended sediment load transport (ASSL).

To develop different SS transport models for KG River and applied them to predict SS

rate as well as average ASSL transport.



CHAPTER 2.0 MATERIALS AND METHODS

2.1 Observation site

The Kali Gandaki (KG) River is a glacier-fed river originating from the Himalaya region,
Nepal (Bhusal & Subedi, 2015). The basin has complex geomorphology and watershed
topography with rapid changes in elevation ranging from about 529 m MSL to 8143 m MSL.
It flows from north to south in the higher Himalayan region before flowing eastward through
the lower Himalayan region entering the Terai plains of Nepal with connection of Narayani
River, which ultimately merge with the Ganges River in India. Figure 4a shows the different
altitude area coverage map showing river networks with locations of meteorological stations
created in ArGIS10.3.1(ERSI Inc., USA) software. The elevations of KG River decreases from
5039 m MSL in higher Himalaya to 529 m MSL at Setibeni, 5 km upstream of hydropower
dam (Figure 4b) encompasses with wide variation in mean rainfall ranging less than 500 mm
yr'! in Tibetan Plateau and about 2000 mm yr! in the monsoon-dominated Himalayas (Struck
et al., 2015). The SS is measured at the hydropower dam.

The main physiographic characteristics of KG River basin at hydropower station is shown in

Table 4.
Table 4. Main characteristics of river basin
Parameters Descriptions
Catchment area 7060 km?
Length of river up to dam 210 km
Mean gradient of river 2.20%
Extreme Discharge 3280 m?/s in 1975, 2824.5 m?/s in 2009
Elevation ranges 529 m MSL -8143 m MSL
Precipitation Tibetan plateau < 500 mm/yr, Monsoon dominated Himalayas ~ 2000 mm/yr
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Figure 4. (a) Map of KG River catchment area (b) Longitudinal profile of KG River

The characteristics of basin area is separated as elevation ranges less than 2000 m MSL with
no snow cover, 2000 ~ 4700 m MSL with seasonal snow, 4700 ~ 5200 m MSL with completely
snow except 1 or 2 month and elevation greater than 5200 m MSL with permanent snow
(Mishra et al., 2014). The KG catchment basin at Setibeni outlet has 7060 Km? area comprises
of elevations 529~2000 m MSL is 1317 Km? (19% coverage), 2000~4700 m MSL is 3388 Km?

(48% coverage), 4700~5200 m MSL is 731 Km? (10% coverage) and elevation greater than



5200 m MSL is 1624 Km? (23% coverage). The area coverage details of catchment area is

shown in Figure 5.
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Figure 5. Elevation wise catchment area and snow contribution

2.2 Data collection and acquisition

The discharge of KG River varies seasonally and is dependent on the rainfall received within
its tributary catchments in addition to the amount of snow melting from the Himalayas. A
hydropower dam (27°58°44.88” N, 83°34°49.68” E) was constructed in 2002 for 144 MW
power generation, at Mirmi, Syangja. Department of Hydrology and Meteorology (DHM),
Nepal installed a river hydrometric station ( 28°00'30" N, 83°36'10" E ) in 1964

(www.dhm.gov.np) and operated up to 1995. The station was not operated during hydropower

dam construction period (1997-2002). The bed level of dam was increasing yearly due to
trapping of bedload as well as suspended sediment load by dam, which reduced sediment load
in the downstream. The cross-sectional areas of different years were calculated from area-
discharge regression equations obtained from historical discharge rating data sourced from
DHM (1964-1995) as shown in Figure 6a,b. The sedimentation lowers the reservoir capacity

of dam annually.
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2.3 Analysis of hydraulic parameters for sediment transport

Historical fluvial discharges and cross profile elevations data sourced from Nepal Electricity
Authority(NEA), Nepal were used to calculate bed shear stress, specific power developed and
flow velocity by using following well- known equations (Kale & Hire, 2004; Mao et al., 2008;
Wicher-Dysarz, 2019).

Bed shear stress, 7, = p* g * R x i (L.1)
The mean available power supply over unit bed area is calculated by
0} xg*x(Q *i
w=—-= w (1.2)

Wy Wy
where, w, represents width of flow, Q is available stream power supply or time rate of energy
supply to the unit length of stream in w/m and is given by,

N=p*xg*Q =i (I.3)

Flow velocity is calculated by Manning’s formula,

1

v=;R2/3*Sl/2 (IL4)

Where, 75, is Bed shear stress (N/m?), p is density of water (1000 kg/m?), g is acceleration due
to gravity (9.81 m/s?), R is hydraulic radius (m), i is slope of river bed (m/m), e is mean
available specific stream power per unit area (w/m?), Q is observed discharge (m?/s), v is flow
velocity (m/s), and n is Manning’s constant. Manning’s constant n in steep natural channel,
calculated by equation proposed by Jarrett (Jarrett, 1984).

n = 0.395%38(3.28R) 016 (L5)

11



2.4 Model development for suspended sediment predictions

Daily suspended sediment load transported by river in the catchment area is a key numerical
indicator to picturize the sediment loss from higher Himalayas and assess the reservoir
management in hydropower projects. Different researchers have developed different models
such as Multiple Linear Regression (MLR) and Nonlinear Multiple Regression (NMLR),
Sediment Rating Curve (SRC) and Artificial Neural Networks (ANNs) models for prediction
of daily suspended sediment (Uca et al., 2018; Ulke et al., 2009).

2.4.1. Multiple Linear Regression

Multiple linear regression assumes that the sediment load transported by river is in the linear
form. In the model, SS load Q, is a dependent variable which depends on two independent
variables as daily average discharge of river (Q,,) and average rainfall (R,) of catchment area.

MLR model is expressed in the form of regression equation (Uca et al., 2018; Ulke et al., 2009).
QS[; = ﬁo +ﬁ1QWt +ﬁ2Rt (1'6)

The different linear models were developed by considering @,,, a day lag
discharge Q,,,_,and R, ,and a day lag rainfall R,_;. Fluvial discharges and rainfalls were input
variables of the model. The performance of different MLR models were also evaluated by
different performance indicators and will describe in coming subheading.

2.4.2. Nonlinear Multiple Regression
The suspended sediment transported by river shows the dynamic state in the form of nonlinear
so that it is expressed in the form of polynomial equation (Uca et al., 2018; Ulke et al., 2009).

Qs, = Bo + B1Qw, + B2R: + ,5'11th2 + ByaR,” (L7)
The different NLMR models were also developed and performance indicators of different
models were evaluated separately.
2.4.3. Sediment rating curve
SRC is expressed (Glysson, 1987) in the form as

Qs = aQu,” (L.8)

Where @, is suspended sediment load (kg/s), Q,, is daily average discharge of river, a and b

are coefficients that depend on characteristics of river.

2.4.4. Artificial Neural Networks
An artificial neural network is capable of solving complex nonlinear relationships between
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input and output parameters which consists of three different layers known as input, hidden
and output layer respectively (Ulke et al., 2009). MATLAB(R2016a) software was used for
developing different artificial neural networks, where input consists of average daily river
discharge (Qy,), a day lag discharge (Q,,_,) and average daily rainfall (R.), a day lag rainfall
(R¢-1) , whereas output consists of an average daily suspended sediment load (Qs,). Out of 2191
fluvial and sediment data sets of duration 2006-2011, 70% data was used for training purpose,
15% for validation purpose and 15% for testing purpose in ANNSs calibration.

2.5 Model performance indicators

The performance of different models are evaluated in terms of root mean square (RMSE),
percent BIAS (PBIAS), RMSE-observations standard deviation ratio (RSR), correlation
coefficient (R)and Nash- Sutcliffe efficiency (NSE) (Uca et al., 2018; Moriasi et al., 2007,
Pandey et al., 2018).

RMSE = J ) (1L9)
N

Lower the RMSE value, better the model performance.

m (0, — 0s,,)

n
i=1 QSo’i

PBIAS = * 100 (1.10)

Where optimal PBIAS value is 0.0, positive values indicate model underestimation bias and

negative values indicate model overestimation bias.

RMSE {\/ Lizy (QSo.i B QSp.t)z}

R = = (L11)
SThe {Jz (05,0 - Q)}

The optimal value for RSR is 0.0, lower the RSR, the lower the RMSE and better the model

performance.

Correlation coefficient

_ ?=1(Q50,i - Qso,i) (Qsp,i - Qsp,i)

N _ — 2
\/Z?=1(Qso,i - Qso’i)z Z?=1 (Qsp'i - Qsp,i)

The optimal value for R is 1.0, higher the value of R, better the model performance.

R

(1.12)
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2
?=1 (Qso,i - Qsp'i)
— 2
n
i=1(Qso,i - Qso,i)

The optimal value for NSE is 1.0 and its value ranges from -co to 1. Values between 0.0 and

NSE = {1—

(1.13)

1.0 are taken as acceptable levels of performance whereas negative values indicate that the
mean observed value is a better predictor than the predicted value, which shows unacceptable

performance. Where Q;,andQs,, are observed and predicted suspended sediment and

Qs,,and Z)Sm are average observed and average predicted suspended sediment respectively.
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CHAPTER 3.0 RESULTS AND DISCUSSION

3.1 Historical fluvial discharge and cross section of river

The average discharge of KG River from year 2003 to 2012 was 306 m?/s with minimum
discharge of 40.73 m?/s during winter in 2009 and maximum discharge 2825 of m%/s during
monsoon in 2009. There was a decreasing trend of maximum discharge from 2003 to 2006
whereas increasing trend from 2007 onwards (Figure 7a). The transported sediment load
increases nearby upstream riverbed level elevations of reservoir (Figure 7b) and sediment
deposited into the reservoir decreases reservoir’s capacity. The climate change effects in higher
Himalayas appear in the form of uneven patterns of increasing rainfall, glacial- rate erosion and
permafrost degradation resulting in an increase in landslides and debris flows (Fort, 2016; U.
B. Shrestha et al., 2012; Singh & Kumar, 1997), which also reflects on the temporal and spatial
variation of water balance components in the KG basin (Bajracharya et al., 2018). The amount
and intensity of rainfall around its catchment affects the discharge rating curve (Bhusal &

Subedi, 2015).
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Figure 7.Yearly (a) discharge (NEA 2003- 2012) (b) Cross profiles (2002-2011) of KG River

3.2 Shear stress, Specific stream power and Flow velocity relationship with discharge
The calculated shear stress, specific stream power and flow velocity of KG River at discharge

gauge station located about 5 Km upstream from dam within limited data 2003 — 2011 years
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was increasing function with fluvial discharge and related as

T, = 3.143 » Q0621 (R2 = (.72) (L14)
w = 27.40 x Q°612 (R? = 0.65) (L15)
v = 0.108 * Q%519 (R2 = 0.95) (L16)

The highest shear stress, specific stream power and flow velocity was observed during 2008
whereas lowest during 2007. These parameters were directly related with hydraulic radius in
case of shear stress and flow velocity, whereas fluvial discharge in case of specific power
(Equations 1.1, 1.2 and 1.4). The sedimentation of transported sediment increased the bed level
elevation, changed the cross geomorphology of bed (Figure 7b). These parameters were
followed nearly the same trends during the remaining years. The hydraulic parameters: shear
stress, specific power and flow velocity of river were increasing function of fluvial discharge

(Figures 8a,b and 9a).
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Figure 8. Relationship of fluvial discharge and (a) Shear stress (b) Specific power

3.3 Particle sizes and fluvial discharge relationship
Hydraulic parameters: shear stress, specific stream power and flow velocity depict
transportation of different particle sizes. Subjected to same fluvial discharge, specific power

showed transportation of 327 mm to 2062 mm particle size whereas flow velocity depicted
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transportation of 37 mm to 1794 mm particle size. The shear stress exhibited transportation of
147 mm to 1492 mm particle which covered lowest maximum particle sizes compared to
specific power and flow velocity (Figure 9b). These three parameters were derived from fluvial
discharge and to cover all particle sizes, a lowest boundary equation with fluvial discharge was

derived as shown in Figure 9b:

Apm = 0.4 % Q1093 (25mm < d < 840 mm) (1.17)
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Figure 9. Relationship of fluvial discharge and (a) Flow velocity (b) Particle size (Dso)

Equation (I.17) predicted that from the year 2003 to 2011, the discharge during monsoon was
capable of transporting 840 mm particle size. Hydraulic parameters such as bed shear stress,
specific stream power and flow velocity have gained wider acceptability among different
researchers (Costa, 1983; Komar, 1987; Lenzi et al., 2006; O’Connor, 1993; Williams, 1983;
Bradley & Mears, 1980; Helley, 1969) regarding their useful contribution in derivation of
relationship between particle sizes and hydraulic parameters. The shear stress and particle size
relationship of this study was compared with Costa’s (Costa, 1983) average 7, = 0.163d1%13,
lower boundary 7, = 0.056d'?13 for 50 mm < d < 3290 mm, Komar’s (Komar, 1987) 7, =
0.164d*?*for 50 mm < d < 5000 mm, Lenzi’s (Lenzi et al., 2006) 7, = 86.629d°2° for 20 mm <
d < 1000 mm, O’Connor’s (O’Connor, 1993) average 7, = 0.0249d1? for 270 mm < d < 6240

mm and Williams’s (Williams, 1983) lower boundary 7, = 0.17d*° for 10 mm < d < 3300 mm
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(Figure 10).
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Figure 10. Relationship of shear stress and particle size (Dso) and comparison with different
researchers

For comparative study of specific stream power and particle size relationship of this river was
compared with Costa’s (Costa, 1983) average w = 0.030d%%%¢, lower boundary w =
0.009d*%8¢for 50 mm < d < 3290 mm, O’Connor’s (O’Connor, 1993) average w = 0.002d*"1,
lower boundary w = 30 = 1.00865d%¢ for particle size 270 mm < d < 6240 mm and Williams’s

(Williams, 1983) lower boundary w = 0.079d* for 10 mm < d < 1500 mm (Figure 11).
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Figure 11. Relationship of specific power and particle size (Dso) and comparison with different
researchers

The flow velocity and particle size relationship of this study was compared with Costa’s (Costa,
1983)average v = 0.20d%*>5, lower boundary v = 0.14d%*5% for 50 mm < d < 3290, U.S.B.R.’s
(Costa, 1983) v = 0.187d°>° for 1 mm < d < 600 mm, Komar’s (Komar, 1987) v = 0.197d%*¢for
8 mm < d <5000 mm, O’Connor’s (O’Connor, 1993) average v = 0.074d%%° for 270 mm <d <
6240 mm, Williams’s (Williams, 1983) lower boundary v = 0.065d%>° for 10 mm < d < 1500
mm, Bradely and Mears’s (Bradley & Mears, 1980) v = 0.163d%°> for 50 mm < d < 3290 and

Helley’s (Helley, 1969) v = 0.1545d%*%°for 1 mm < d < 600 mm (Figure 12).
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Figure 12. Relationship of flow velocity and particle size (Dso) and comparison with different

researchers

The calculated values of shear stress, specific stream power and flow velocity were lesser than
the observed values by Fort (2010), reconstructed 1998 landslide dam located about 76 km
upstream of existing hydropower dam of KG River and estimated hydraulic parameters with
exceptional dam breach discharge as 10,035 m?®/s. This high discharge was responsible for
movement of maximum boulder size 4300 mm (Fort et al., 2010). The higher shear stress,
specific stream power and flow velocity observed due to higher fluvial discharge after
breaching of landslide dam were responsible for transport of higher sizes of boulder (Figures
10, 11 and 12).

3.4 Flood return period estimation by Gumbel’s distribution

Flood return period from historical data of DHM, Nepal can be forecasted by Gumbel method
(Onen & Bagatur, 2017) as Qr = Q + ko, where Q is mean discharge, k is frequency factor and

g, 1s standard deviation of maximum instantaneous flows respectively. The frequency factor is
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given by k= (yfs_—y") ,where y, is mean and s, is standard deviation of Gumbel’s reduced

variate, y, is given by y, = —Iln [ln (%)] The observed highest flood in 1975 was 3280 m?/s.
According to Gumbel frequency of flood distribution, it is estimated that a highest flood will

be occurred after 40 years return period shown in Figure 13a and the observed extreme

discharge is shown in Figure 13b.
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Figure 13. (a) Gumbel flood return period, (b) Extreme fluvial discharge

3.5 Boulder movement mechanisms by high gradient river

High gradient river hydraulics are strongly influenced by large boulders with the diameters on
the same scale as channel depth or even width (Grant et al., 1990). Williams (Williams, 1983)
described five possible mechanisms of boulder transport by high gradient river are by ice,
mudflow, water stepwise creep by periodic erosion, undermining of stream banks and
avalanches. The bed forming material remain immobile during typical flows and larger bed
forming particles in steep gradient channels typically become mobile only in 50-100 years of
hydrologic event (Montgomery & Buffington, 1997). After that the gravel stocked in low
energy sites during lower floods, is mobilized and travelled as bedload (Montgomery &
Buffington, 1997).

The failure of mountain slope of KG catchment in 1988, 1989 and 1998 evolved rock avalanche

and caused damming of the KG River (Monique Fort, 2016). The shockwaves after a massive
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7.8 My Gorkha earthquake, Nepal on April 25, 2015 and its aftershocks on May 23, 2015 have
created cracks in the weathered rocks and weakened the mountain slopes of this catchment that
brought rocks, debris and mud down in to the river (Marahatta, 2015; Bricker ef al., 2017). The
river was blocked about 56 Km upstream from the hydropower dam by landslide on May 24,
2015 for 15 hours (Marahatta, 2015) (Figures 14a,b). The downstream fluvial discharge after
blockage was almost zero and a flash flood generated after outburst of natural landslide dam
(Figures 14c,d). The extreme flood during monsoon period due to high rainfall event and the
flash flood (Figure 13b) generated by overtopping of landslide dams (Bricker et al., 2017) were

responsible to noticeable transport of large boulders in the river bed of KG River.

(b)

© @

Figure 14. (a) Natural landslide dam formation on May 24, 2015 (~ 56 km upstream of dam)
(b) Lake formation after blockage of river (¢) Downstream fluvial discharge after blockage of
river (d) Flash flood after breaching of landslide dam May 25, 2015

(Source: http://kathmandupost.ekantipur.com/news/2015-05-24/blocked-kali-gandaki-river-
flows-again-with-photos.html)
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The combination of fluid stress, localized scour and undermining of the stream banks may effect
small near vertical displacements of large boulders (Griffiths, 1977). The catastrophic events
such as natural dam breaks, debris flows are responsible for larger translations of boulders in
the rivers (Montgomery & Buffington, 1997; Griffiths, 1977).

3.6 Suspended sediment quantification and prediction
3.5.1 Hysteresis curve and hysteresis index (HI mia) analysis

Relationship between suspended sediment concentration and fluvial discharge are studied by a
nonlinear relationship between them known as hysteresis (Williams, 1989). Generally, a
clockwise hysteresis loop is formed due to increasing concentration of sediment more rapidly
during rising limb which suggests a source of sediment close to the monitoring point and
sediment depletion in channel system. Conversely, anticlockwise hysteresis loop shows a long
gap between discharge and concentration peak, which suggests that the source was located far
from monitoring point or bank collapse (Baca, 2008; Lloyd et al., 2016).

The clockwise hysteresis loops were developed, increasing suspended sediment load on the
rising limb of hysteresis from December to July, leads to a maximum value of suspended
sediment load 10691 kg/s for fluvial discharge 1053 m?/s on August 2009. The suspended
sediment load decreases on the falling limb of hysteresis from July/September to November.
The different years between 2006-2011 were characterized by distinct clockwise hysteresis

patterns (Figure 15a).
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rating curve.

The hysteresis index (Hlmiq) is a numerical indicator of hysteresis which effectively shows the

dynamic response of suspended sediment concentrations to flow changes during storm events

(Lawler et al., 2006). A clockwise hysteresis loop and HI calculation is illustrated in Figure 16.
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Figure 16. Hysteresis index derivational demonstration
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The midpoint discharge is calculated as

Qmia = k(Qmax - Qmin) + Qmin (L.18)
Where k is 0.5, Qpnq 1S peak discharge and Q,,;, is the starting discharge of event.

The hysteresis index value is calculated by Lloyd (Lloyd et al., 2016) and Lawler (Lawler et

al., 2006).

Hl,4 = (Z‘Zii) — 1 for clockwise loop (1.19)

Hl,=|"1 /(QSRL> + 1 for anticlockwise loop (1.20)
Ospy,

Where Q;,, and Q,,, are suspended sediment on rising and falling limb respectively.
3.5.2 Yearly SS yield
A regression equation derived from observed data (2006-2011) of SS versus discharge of river
shown in Figure 15b.
Qs = 2.858 % 1077 % Q. 3*35(R? = 0.92) 1.21)

The total suspended sediment yield from catchment is given by
365

T
fo= | Gt =) Gy 107+ (i = ) (1.22)
t=0 -

i=1
Where Y; is total annual sediment yield from the catchment, C,,, is suspended sediment
concentration in mg/l, Q,,,is fluvial discharge in m?/s, dt is time interval, ¢; and t;,, are
preceding and succeeding time in seconds respectively.

This study showed that the median ASSL transported by KG River in hydropower reservoir
was 0.003 Mt during winter, increased to 0.026 Mt during pre-monsoon, 41.405 Mt during
monsoon season respectively and decreased 0.175 Mt during post-monsoon season (Figure
17a). Compared to seasonal transport of SS, more than 96% of SS was transported during
monsoon season. This depicts a wide seasonal variability of SS caliber which was nearly

fourteen thousand times higher than winter season (Figure 17a). The maximum observed ASSL
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transported by river was occurred 58.426 Mt in 2009, after that it was decreased (Figure 17b).
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Figure 17. (a) Seasonal SS yield (b) Yearly SS transport and hysteresis index (HImiq)

Central lines indicate the median, bottom and top edges of the box indicate the 25" and 75"
percentiles respectively. The whiskers extend to the most extreme data points not considered
outliers, ‘+’ symbol represents outliers (1.5-fold interquartile range), circle shows the mean

value.

The Hlmia = 0 indicated weak hysteresis loop whereas Hlmia > 0, a clockwise hysteresis loop,
and Hlnia < 0 an anticlockwise hysteresis loop. Moreover, the maximum Hliq developed was
+2.64 in 2006 depicted the higher sediment transport rate in rising limb but lower sediment
transport rate in falling limb (Figure 15a), whereas the minimum Hlniqa developed was +0.53 in
2008 depicted the nearly same paths of rising and falling limb indicated a weak hysteresis loop
(Figure 15a and 17b) .

3.5.3 SS prediction by different models

Different types of MLR, NLMR, General power, log transform linear and ANNs models with
different equations having inputs of fluvial discharge and average rainfall of catchment were
developed to select most suitable model and results are shown in Tables 5, 6, 7, 8 and 9
respectively. The performance indicators of MLR and NLMR falls on satisfactory but predicts
negative sediment values for low fluvial discharges and low rainfall so that these models are

categorized as unacceptable.
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Table 5. MLR models

Model scenario RMSE PBIAS RSR R NSE Model equation
(kg/s)
Q; 2498 +0.47 0.66 0.73 +0.56 Qs = 7.12Q, — 920.70
R; 2729 +0.34 0.73 0.66 +0.47 Qs = 199.54R, — 229.07
Q:R; 2442 +0.22 0.64 0.74 +0.59 Qs =5.31Q, + 71.0R, — 897.03
Q:R;_4 2494 +0.35 0.66 0.73 +0.56 Qs = 6.68Q; + 18.12R,_; — 920.66
Q:Q¢—1R¢R;_4 2339 +0.29 0.59 0.77 +0.65 Qs =13.47Q, —8.02Q;_1 — 14.02R; + 64.44R;_,
— 784.15

Table 6. NLMR models

Model scenario RMSE PBIAS RSR R NSE Model equation
(kg/s)
Q; 2314 +0.33 0.57 0.77 +0.67 Q, =5.02% 107302 + 0.71Q, — 111.61
R, 2697 +0.66 0.71 0.68 +0.49 Qs = 1.30R? + 138.75R, — 36.72
QR; 2280 +0.15 0.56 0.78 +0.68 Qs = 4.04 % 1073Q7 + 0.74Q, + 0.57R? + 24.10R,
—188.70
Q¢Ri_1 2303 +0.32 0.57 0.77 +0.67 Qs =5.14%1073Q7? — 0.17Q, — 0.024R?_,
+ 30.46R;_; —93.99
Q:Q¢_1R:R:_1 2250 +0.43 0.55 0.79 +0.69 Qs =3.73%1073Q% —8.10 * 107*Q7_, + 4.97Q,

—3.02Q,_; + 8.18 x 10~2R?
+0.91RZ , + 8.27R,
+0.28R,_; — 272.04

Table 7. General power model

Model scenario RMSE  PBIAS RSR R NSE Model equation
(kg/s)
General power model 1 2039 +3.81 0.56 0.82 +0.68 Qs = 1.027 x 1073Q2238
Q¢
General power model 2 2039 +0.22 0.56 0.82 +0.68 Qs = 0.847 x 1073Q22%% + 71.08
Q¢

Table 8. Log transform models

Model scenario RMSE PBIAS RSR R NSE Model equation
(kg/s)
Linear model (SRC) logQs = 3.435logQ, — 6.544
logQ, 4451 -21.65 1.23 0.77 -0.51 Qs = 2.858 * 1077Q3435
General power model 2
logQ, 4039 -17.50 .12 077  -025 logQ, = 3.915logQ%%! — 7.131
Linear model
logQ.logR; 3715 -15.47 1.03 0.78 -0.05 logQs = 3.112logQ, + 0.10logR, — 5.714

Table 9. ANN models

Model scenario RMSE (kg/s) PBIAS RSR R NSE Model equation
logR, 2768 +54.07 0.77 0.67 +0.41 Levenberg- Marguardt
1-10—-1-1
logQ, 2070 +14.91 0.57 0.82 +0.66 Levenberg- Marguardt
1-10—-1-1
logQ.logR; 2052 +15.99 0.56 0.84 +0.68 Levenberg- Marguardt
2—-10—-1-1
logQ.logR;_4 2123 +22.95 0.59 0.83 +0.66 Levenberg- Marguardt
2—-10—-1-1
logQ.logQ;_1logR;logR;_4 1982 +14.26 0.55 0.84 +0.70 Levenberg- Marguardt
4-10—-1-1

The RMSE, PBIAS, RSR, R and NSE values of general power model, log transform models

27



and ANNs are shown in Tables 7, 8 and 9. In general, model simulation can be judged as
“satisfactory” if NSE >0.50 and RSR <0.70, and if PBIAS £25% for stream flow, PBIAS £55%
for sediment (Moriasi et al., 2007). In this study, the predicted values from ANNs (4—-10-1-1)
showed RMSE value 1982 kg/s, PBIAS value +14.26, RSR value 0.55, R value 0.84, NSE value
+0.70 which indicates that the ANNs model performance is satisfactory. Figures 18a, 18b, 18c
and 18d showed the comparison between observed SS and model predicted transport rates of
suspended sediment discharge in kg/s of SRC, log transform power model, log transform linear

models and ANNs respectively.
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Figure 18. Observed and predicted daily suspended sediment rate (a) SRC (Qw and Qs) model
(b) Power model (Qw) (c¢) Log transform linear model (Qw and R¢) (d) ANN model

Among SRC, Power, Log transform and ANN models, the best median ASSL predicted by ANN
model was 37.611 Mt for the period 2006 to 2011, whereas the observed median ASSL was

41.678 Mt. The mean ASSL transported by river to hydropower reservoir was 40.904+12.453
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Mt for 2006 to 2011 and ANNs predicted mean value is 35.190+£7.018 Mt (Figure 19). Struck

(Struck et al., 2015) reported that the average annual SS transported by this river 36.9+10.6 Mt.

Figure 19.

50 ®

ar lii
& |
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Comparison of annual observed and different model predicted SS

Central lines indicate the median, and bottom and top edges of the box indicate the 25" and 75"

percentiles respectively. The whiskers extend to the most extreme data points not considered

outliers, ‘4’ symbol represents outliers (1.5-fold interquartile range), circle shows the mean

value.
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CHAPTER4.0 GENERAL CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusion

Shear stress, specific stream power and flow velocity are important key hydraulic parameters
to describe sediment transport in river systems. The monsoonal fluvial discharge and the
landslide dam outburst flood (LDOF) were responsible for boulder movements in KG River,
Nepal. The lower boundary equation derived from a broad range of observed and calculated
data sets estimate the maximum particle size of 840 mm can be transported by the monsoonal
fluvial discharge during 2003 to 2011. The ASSL transported by KG River in hydropower
reservoir was increased from winter, pre-monsoon, monsoon respectively and decreased in
post-monsoon and estimated as 40.904+12.453 Mt SS losses annually from higher Himalayas.
Additionally, the ANNs model perform satisfactory results for prediction of SS transport rate

by KG River, where the annual predicted mean ASSL 35.190+7.018 Mt.
4.2 Application of study

The study is important for visualising the sediment loss from higher Himalaya to sea and

monitoring the dead storage volume of reservoir for hydroelectric power generation.
4.3 Recommendations

The elevation difference, climate, geology of Himalaya is complex. The sediment loss from
tributaries of KG River are not quantified separately, which is important to understand it from

whole to part.
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PART II- EFFECTS OF RAINFALL ON FLUVIAL DISCHARGE
AND SUSPENDED SEDIMENT TRANSPORT IN KALI GANDAKI
RIVER BASIN, HIMALAYA, NEPAL

ABSTRACT

Fluvial discharge is a principal driver of suspended sediment (SS) transport in Himalaya
mountain catchment of Kali Gandaki (KG) River, Nepal. Stream flow with SS transport rate
variation is one of the most remarkable effects of seasonal rainfall changing patterns in
Himalaya. The synopsis of this study is to analyse relationship of specific discharge of three
hydrometric stations of main KG River, four hydrometric stations of its tributaries with rainfalls
of the whole basin and its sub basins together with SS transport at hydropower reservoir. An
annual anticlockwise hysteresis loops were developed between specific discharge and rainfall
at three hydrometric stations of main KG River, whereas its tributaries namely Aandhi Khola,
Seti Khola and Modi Khola followed anticlockwise, and Myagdi Khola showed an eight-shaped
hysteresis loop. The clockwise hysteresis developed between SS concentration and fluvial
discharge was changed to linear relationship with the direct runoff discharge. The total average
monthly rainfalls of June (388.39+84.24 mm), July (674.91£105.24 mm), August
(571.81£110.77 mm) and September (356.50+104.39 mm) transported an average of
2.469+1.641, 12.95244.932, 12.629+7.937 and 4.406£2.363 mega tons (Mt) of SS respectively
over the period 2006-2017 from the KG catchment in to hill-side dam reservoir. This result
showed that about 97% of suspended sediment was transported during monsoon season (June-
September), comprising an annual weathering rate of KG basin estimated to be 4390
tons/km?/yr which is equivalent to 1.66 mm/yr. Particularly, specific direct runoff discharge
and monsoonal daily erosion rate of major rainfall events (>30 mm/day) showed linear

increasing trend with rainfall in KG basin.
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CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1 Research background

Fluvial discharge of river systems and the rainfall inside basins play an important role in the
sedimentary as well as hydrological budget in a basin. Fluvial discharge is a main driver of
suspended sediment transport from Himalayan catchment, Nepal. Stream flow with suspended
sediment transport rate variation is one of the key noticeable effects of seasonal rainfall change
patterns in Himalayan mountain catchment of Kali Gandaki (KG) River. The hydrology of
Nepal is primarily dominated by the monsoon season (June- September), unique in higher
rainfall contributing 80% of total annual rainfall (Mishra et al., 2014; Burbank et al., 2012).
Researches showed about 10% of the total rainfall occurs in a single day (Talchabhadel et al.,
2018) and 50% of total annual rainfall is occurred within 10 days of monsoon season (Dahal &
Hasegawa, 2008), responsible for triggering erosion, landslides, gullies formation and debris
flows. The hydrological budget specially in Himalayan river is primarily governed by
monsoonal rainfall (Bookhagen et al., 2005), snow and glaciers melt, and secondarily by
evapotranspiration forming minor component (Andermann, Longuevergne, et al., 2012;

Bookhagen & Burbank, 2010).

An alterations in regional hydrological cycles and changes in river flow such as flood or low
flow are the significant potential consequences of climate change (Q. Zhang et al., 2008).
Climate change is threatening Nepal’s as well as worldwide food security, water resources,
human habitats and tourism sectors seriously (M. Karki et al., 2009; Langat et al., 2017). The
Himalayan regions are more vulnerable because of varying altitudes within a short distance.
The increasing temperature and shifting of rainfall patterns affected the livelihoods of people
in the KG basin where monsoon is a major source of water and water budget depends on annual

rainfall to recharge the aquifers that fed them (Dandekhya ez al., 2017). The availability of water
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in KG basin is of major importance for hydropower as well as the small farmer managed
irrigation scheme along the river and water transportation on hydropower reservoir for
surrounding villages. Because of less availability data and limited numbers of meteorological
stations in Himalayan region, Nepal, only few researches of climate change and its impacts
were conducted (U. B. Shrestha et al., 2019). The effects of climate changes in Nepal have been
documented by different researchers in terms of temperature and precipitation scenario (Duncan

et al.,2013; R. Karki ef al., 2017; A. B. Shrestha et al., 2017; Talchabhadel & Karki, 2019).

Himalayan Rivers transport tremendous amount of sediments in the form of bedload as well as
suspended load (Thapa et al., 2005). Several factors including topography, catchment slope,
runoff, temperature, lithology, drainage length, tectonic activities, and number of landslides
inside the catchment determine the sediment load in the fluvial systems (Baniya et al., 2019;
Chakrapani & Saini, 2009; Temple & Sundborg, 1972; Pagano et al., 2019; Ayadi et al., 2010).
The dam construction curtails the sediment transport in to the downstream (Asaeda et al., 2011;
Yonggui et al., 2013). Sedimentation in hydropower reservoirs is a global challenge, estimated
as 1% of hydropower reservoir capacity being lost annually (Haun & Olsen, 2012). The capacity
of hydropower plants developed in Himalayan region are decreased by decreasing reservoir
capacity through sedimentation and wear and tear of underwater parts such as turbine, which
are crucial issues in the context of operation, maintenance and rehabilitation (Koirala et al.,

2016; Chhetry & Rana, 2015).

A nonlinear relationship between specific discharge and rainfall or suspended sediment
concentration and fluvial discharge known as hysteresis loops, which can be affected by the
spatial and temporal rainfall distribution, seasonal rainfall changing patterns and
geomorphological characteristics of catchment (Williams, 1989; Lawler et al., 2006; Yang &

Lee, 2018). The main drivers of streamflow trends are climatic variability and changes, and the
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streamflow trend identification in a catchment is important for understanding the impact of
climatic variability and changes in the region (Gautam & Acharya, 2012). It is of paramount
importance to conduct this study in KG River catchment as this river originates from Himalayas
and there are only limited studies about linkage of rainfall on fluvial discharge and sediment
erosion and transport from Himalayas to hydropower reservoir. In this study, we examined
seasonal patterns of fluvial discharges of main KG River and its tributaries and rainfalls
received inside the basin. We also observed the relationships of specific discharge, fluvial
discharges of three hydrometric stations of main KG River, four hydrometric stations of its
tributaries with rainfalls of main basin and its sub basins together with suspended sediment
transport from Himalayan basin and hysteresis effects developed at different hydrometric

stations.

1.2 Research objectives

The following are the research objectives of this study (Part-1I).

1. To know the behaviour of specific discharge and rainfall, SS and discharge hysteresis
developed in different catchments.

2. To analyze the direct runoff discharge of KG River and relation with rainfall.

3. To analyze hysteresis during extreme events of KG River.

4. To study the seasonal, monthly flow duration curve (FDC) and seasonal suspended
sediment load duration curve (SSLDC) of KG River.

5. To link up the effects of rainfall on fluvial discharge and sediment yield of catchment.

6. To quantify suspended sediment yield and annual weathering rate together with erosion

rate during major rainfall events of KG basin.
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CHAPTER 2.0 MATERIALS AND METHODS

2.1 Observation site

The observation site is Kali Gandaki (KG) River, Nepal. The KG River is a main glacier-fed
river originating from the Himalaya region, Nepal. The main river flows from north to south in
the higher Himalayan region and entering the Terai plains of Nepal to ultimately merge with
the Ganges River in India. The river, upstream of hydropower dam has mainly four tributaries
namely: Myagdi Khola (local name of stream), Modi Khola, Seti Khola and Aandhi Khola.
Myagdi Khola and Modi Khola are glacier- fed streams that connects to main KG River at
middle of the reach whereas Seti Khola and Aandhi Khola are non-glacier-fed streams connect
the main river close to hydropower dam. The topography of KG basin is composed of Tibetan,
Greater and Lesser Himalayan zones having distinctive in nature lithologically and
petrologically (Robinson et al., 2001). Each sub basins have complex geomorphology and

watershed topography with rapid changes in elevations (Figure 20a-f).
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Figure 20. (a) Map of Kali Gandaki River catchment area (b) L- profile of Kali Gandaki River
(c) L- profile of Aandhi Khola (d) L- profile of Seti Khola (e) L- profile of Modi Khola (f) L-
profile of Myagdi Khola.

2.2 Data collection and acquisition

Department of Hydrology and Meteorology (DHM), Nepal installed different hydrometric

gauge stations (www.dhm.gov.np) inside KG catchment and the station 410 was operated up to

1995 and now it is not operated after dam construction. Available historical daily KG River
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discharges at three hydrometric stations and four main tributaries Aandhi Khola, Seti Khola,
Modi Khola and Myagdi Khola stations were obtained from DHM. The details of hydrometric

stations are summarized in Table 10.

Table 10. Details of hydrometric stations

S.No. St;t;?n River Location Latitude  Longitude Ele(vna;;ion ava]i)l:::li ty
1 406 Kaligandaki ~ Modi khola  28° 12'00"  83° 42' 00" 667 1992-2013
2 415.1  Andhi Khola  Borlangpol 27°05'20" 83°35'20" 749 2000-2015
3 403.5  Kali Gandaki ~ Tatopani  28°29'00"  83°39' 00" 1239 2004-2014
4 404.7  Myagdi Khola Mangalghat 28°21'30" 83°32' 00" 817 1976-2015
5 406.5 Modi Khola Nayapul ~ 28°13'30" 83°42'15" 701 1975-2015
6 409.5 Seti Khola Seti Beni ~ 28°00'40" 83°37' 10" 550 1989-2009
7 410 Kali Gandaki ~ Seti Beni ~ 28°00'30" 83°36' 10" 529 2002-2017

Similarly, daily rainfall data of 27 rain gauge stations inside the whole KG basin were also
collected from DHM and average daily rainfall of respective basins and sub basins were

calculated. The details of meteorological stations are summarized in Table 11.
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Table 11. Details of meteorological stations

S.No. Station Name Ir;gix Types of Station District Latitude Longitude Ele(v;;ion avali)l::f;li ty
1 Jomsom 601 Climatology Mustang ~ 28° 47 83°43' 2744 1958-2018
2 Thakmarpha 604 Agrometeorology  Mustang  28° 45’ 83°42' 2566 1968-2018
3 Baglung 605  Climatology Baglung  28°16'  83°36' 984 1970-2018
4 Tatopani 606  Precipitation Myagdi ~ 28°29' 83° 39’ 1243 1970-2018
5 Lete 607 Climatology Mustang ~ 28° 38' 83° 3¢’ 2384 1970-2018
6 Beni Bazar 609 Climatology Myagdi 28°21" 83° 34" 835 1957-2016
7 Karkineta 613 Precipitation Parbat 28° 11 83°45' 1720 1977-2018
8 Kushma 614  Climatology Parbat 28°13' 83° 42 891 1970-2018
9 Bobang 615 Precipitation Baglung 28° 24’ 83° 06’ 2273 1978-2018
10 Gurjakhani 616 Climatology Myagdi 28°36' 83° 13 2530 1979-2016
11 Ghorepani 619  Precipitation Myagdi ~ 28°24' 83° 44' 2742 1975-2018
12 Tribeni 620  Precipitation Parbat 28°02' 83° 39’ 700 1989-2018
13 Darbang 621 Precipitation Myagdi ~ 28°23' 83°24' 1160 1989-2018
14 Rangkhani 622 Precipitation Baglung  28°09' 83° 34 1740 1989-2018
15 Bega 626  Precipitation Myagdi ~ 28°28'  83°36' 1770 1992-2018
16 Kuhun 627  Precipitation Myagdi ~ 28°23'  83°29' 1550 1992-2018
17 Muna 628  Precipitation Myagdi ~ 28°30'  83°18 1970 1992-2018
18 Baghara 629 Precipitation Myagdi 28° 34 83°23' 2330 1992-2018
19 Sirkon 630  Precipitation Parbat 28°08' 83°37' 790 1992-2018
20 Syangja 805  Climatology Syangia  28° 06' 83°53' 868 1973-2018
21 Dradae 813 Precipitation Kaski  28°16  83°49 1600 1002018
22 Lumle 814 Agrometeorology  Kaski 28°18' 83°48' 1740 1970-2018
23 Ghandruk 821 Precipitation Kaski 28°23' 83°48' 1960 1976-2018
24 Walling 826 Precipitation Syangja  27°59' 83° 46' 750 1989-2018
25 Sallyan 829  Precipitation Kaski 28° 16' 83°45' 1000 1992-2018
26 Pamdur 830 Precipitation Kaski 28°16' 83° 47 1160 1992-2018
27 Dandaswanra 832 Precipitation Syangja  28°05'  83°55' 1432 2000-2018

A hydropower dam (27°58°44.88” N, 83°34°49.68” E) was built in 2002 for 144 MW power
generation, at Mirmi, Syangja, Nepal. Also, historical daily fluvial discharge and suspended
sediment concentration data sourced from Nepal Electricity Authority (NEA), Kali Gandaki
Hydropower station were used for sediment hysteresis and quantification. The bed level of dam
was increasing yearly due to trapping of bedload as well as suspended sediment load by dam,
which curtail sediment load in the downstream. The sedimentation in reservoir lowers the

reservoir’s capacity annually.
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The main physiographic characteristics of KG River basin at three hydrometric stations and

four tributaries are shown in Table 12.

Table 12. Main characteristics of river basin and sub basins.

Parameters KG basin at KG basin  KG basin  Aandhi Seti Modi Myagdi
Setibeni at at Khola Khola Khola Khola
(Downstream Modibeni  Tatopani basin basin basin basin
reach) (middle (Upper
reach) reach)
Catchment area (km?) 7579 5899 4044 479 138 642 1076
Length of river (km) ~216 ~79 ~37 ~59 ~16 ~49 ~68
Mean gradient of river (%) 2.20 2.83 4.64 1.02 2.06 7.52 5.87
Extreme Discharge 3280 in 1975, 2978 in 493 in 1590 in 682 in 1456 in 834 in
(m?%/s) 2825 in 2009 2001, 1694 2009 1970, 2009 1976, 2009,
in 2009 724 in 907 in 840 in
2014 2014 2010
Elevation ranges (m) 529-8143 683-8143 1184- 531-2473 548-2249 747-8019
8143

The fluvial discharge of main river varies seasonally and is dependent on the discharge of the

tributaries and rainfall received in sub basins in addition to the amount of snow melting from

the Himalayas.

2.3 Analysis of direct runoff discharge and quantification of monthly sediment

transport

The base flow from the fluvial discharge is separated by the recursive digital filter method

proposed by Lim et al. (2010). This method is generated by the equation proposed by Eckhardt

(2005). The base flow Qx at time step k is determined by using
_ (1 B BFImax)abk—l + (1 B a)BFImaxyk

k (1 — aBFl,,)

{L.1)

where BFI,,,, is base flow index, bj,_ is base flow in m?/s at the time step k-1, yx is the total

streamflow in m?®/s at time step k, and a is filter parameter. The direct runoff discharge is

determined by deducting base flow from total streamflow. For recursive digital filter with

perennial streams with hard rock aquifers condition a=0.98 and BFI,,,,=0.25.

The monthly sediment transport for KG River is quantified by

tm

Qs = fCtQtdt

t=1

(I1.2)

where Q; is the total monthly suspended sediment transport by KG River, C; and Q; are

suspended sediment concentration and daily discharge of river during time interval dft.

39



CHAPTER 3.0 RESULTS AND DISCUSSION

3.1 Seasonal fluvial discharge of KG River and its tributaries

The hydrology of both the snow-fed and non- snow-fed river systems is apparently distinctive
during the snow melting season. The snow and glacier melts have significant effect on the
hydrology of the KG River. The winter, pre-monsoon, monsoon and post-monsoon fluvial
discharge of KG River at three hydrometric stations, namely downstream at Setibeni, middle at
Modibeni and upstream at Tatopani and four main tributaries are shown in Figure 21a,b. The
discharge during winter and pre-monsoon followed the lowest values, whereas monsoon and
post-monsoon followed higher discharge. The discharges of non-snow fed tributaries, namely
Aandhi Khola and Seti Khola, depend on the amount of rainfall received and its duration
occurred in their catchments, whereas the fluvial discharges of snow fed rivers, namely KG,
Modi Khola and Myagdi Khola depend on snow and glaciers melts from Himalayas and rainfall

events inside hilly area of the catchments.
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Figure 21. Seasonal discharge of KG River and its tributaries during (a) Winter and Pre-

monsoon (b) Monsoon and Post-monsoon.

Central lines indicate the median and bottom and top edges of the box indicate the 25" and 75"

percentiles respectively. The whiskers extend to the most extreme data points not considered
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outliers, the ‘+’ sign represents outliers (1.5-fold interquartile range), and the circle shows the

mean value.

The annual average fluvial discharge and rainfall trends of main KG River, its tributaries
Aandhi Khola, Seti Khola, Modi Khola and Myagdi Khola and catchments are shown in Figure
22. The snow-fed river discharges seem consistent compared to non-snow-fed streams followed
higher discharge during monsoon season. The monthly flow in the adjacent snow-fed (KG
River, Modi Khola and Myagdi Khola) and two non-snow-fed (Aandhi Khola and Seti Khola)
sub basins in the KG basin indicate that there is an increasing trend in the runoff of the former
during the months of April and May. By contrast, it is exactly, opposite for the later. This
indicates that there is an increasing trend in melting of snow and glaciers in these sub basins.

However, the wet season flows have an apparently increasing trend in all the sub basins.

1000 _ :
: ! r
TMain : Tributaries Main Tribulgries' 30
800 r lRiver River | s
= ) : _3;;;\
o I : ;TT\ ]
Eeo0f) , ‘ | 120 &
o : ‘| 5 1415 =
& : ' =]
= : : 0 g
A : 5 &
200 T . T )
@3 g ?: 5
O.s&ié el IR 9
e o R oa b o
$28s3z2: EiiE:i
SS ENMN¥ME SEESEEC
A gxm 2 2828¢s
P I E o EEE T D
MU§< = 2 2 Egmggﬁ
¥4 T E g3 =
2 &8« =y
= =

Figure 22. Discharge and rainfall of KG River and its tributaries.

3.2 Fluvial discharge and rainfall relationship

3.2.1 Main river specific discharge and rainfall relationship

Figure 23a-c show daily specific discharge and daily rainfall relationship for KG River
catchment at three different hydrometric locations, namely at Setibeni station No.410 (tail of

river), Modibeni station No.406 (Middle of river) and Tatopani station No.403.5 (upper portion
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of river). As the rainfall and catchment area decreases to upstream, the data were scattered
more. However, the same general pattern was observed in all three hydrometric stations. The
specific discharge was increased with increasing rainfall from pre-monsoon (March - May) to
the monsoon (June - September) and decreasing during post-monsoon (October - November).
A clear anticlockwise hysteresis loops were developed between specific discharge (Q/A) and
rainfall at three hydrometric stations of main KG River which describe the situation where the
rainfall variable increases during rising curve of the rainfall. The higher river discharge during
post-monsoon compared with the pre monsoon for a given precipitation rate. These patterns
illustrated that part of the last year’s rainfall was temporarily reserved within these catchments.
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Figure 23. Specific discharge and rainfall relationship for KG River at (a) Setibeni (2002-2017)
(b) Modibeni (1992-2013) (c) Tatopani (2004-2014).

The white filled diamonds with numbers (1 for January, ....... and 12 for December) show the
mean monthly values. The error bars represent the 5% and 95% quantiles of the daily data for
each month.

The entire rainfall received in catchments was not transferred directly to the river system during
the pre-monsoon and the monsoon seasons, whereas the storage part was drained during the
post-monsoon season (Andermann, Longuevergne, et al., 2012). The hysteresis effects are
performed due to glacier and snow melt runoff in river system during the pre-monsoon and
monsoon seasons (Andermann, Bonnet, et al., 2012). In the Himalayas, higher rainfall during
the monsoon is responsible for the recharge of basement aquifers, which are refilled during the

monsoon and released in the post monsoon, leading to the observed annual hysteresis
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(Andermann, Bonnet, et al., 2012).

3.2.2 Tributaries’ specific discharge and rainfall relationship

Figure 24a-d show daily specific discharge and daily rainfall of tributaries Aandhi Khola station
No.415.1, Seti Khola station N0.409.5, Modi Khola station N0.406.5 and Myagdi Khola station
No.404.7 respectively for sub basins. Out of them, Aandhi and Seti streams are dry in pre-
monsoon, whereas Modi and Myagdi streams are snow feeding streams. Compared to snow
feeding streams, the streams which are dry in pre-monsoon showed the specific discharge and
rainfall data were scattered more. Anticlockwise hysteresis loops were observed between
specific discharge and rainfall for all tributaries except for Myagdi Khola. The Myagdi Khola

showed eight shaped anticlockwise hysteresis loops.
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Figure 24. Specific discharge and rainfall relationship (a) Aandhikhola (2000-2015) (b)
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Setikhola (1989-2009) (c) Modikhola (1975-2015) (d) Myagdikhola (1976-2015).

The white filled diamonds with numbers (1 for January, ....... and 12 for December) show the
mean monthly values. The error bars represent the 5% and 95% quantiles of the daily data for

each month.

3.3 Suspended sediment, fluvial discharge and direct runoff discharge relationship

The specific discharge calculated from observed fluvial discharge data and catchment area
followed an anticlockwise hysteresis loop with rainfall data. In contrast, clockwise hysteresis
loops were developed between suspended sediment concentration and fluvial discharge in a
catchment (Figure 25a) due to increasing sediment concentration more rapidly with increasing
fluvial discharge. This phenomenon indicated that a source of sediment close to the monitoring
point. As rainfall during pre-monsoon (March- May) and monsoon (June-September) increases,
fluvial discharge in tributaries and main river increases so that high amount of suspended
sediment transport in the fluvial system.

Later, during post-monsoon, the fluvial discharge decrease compared to monsoon but higher
than pre-monsoon (Figure 21a-b) so that sediment depletion occurs in the river channel. The
release of stored water in post-monsoon transported the riverbanks sediment stock so that
sediment depletion occurred in the river system. This remobilization of sediment deposits from
the banks were responsible for clockwise hysteresis loop (Smith & Dragovich, 2009)(G. P.
Williams, 1989)(Lana-Renault & Regiiés, 2009).

The base flow and direct runoff discharge from the daily fluvial discharge was separated by
Web GIS-based Hydrograph Analysis Tool (WHAT) proposed by Lim et al. (2010). The direct
discharges during the post-monsoon and winter seasons are minimum, as the suspended
sediment concentration is low, whereas high direct discharge and concentration are observed
during the pre-monsoon and monsoon seasons. The suspended sediment concentration and the
direct discharge followed a linear relationship, where the hysteresis effect was eliminated

(Figure 25b) which demonstrates that the suspended sediment concentration is not dependent
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on fluvial discharge in the rivers but depends on the quantity of water draining from vicinity
area into the river system (Andermann, Bonnet, et al., 2012). This revealed that the suspended

sediment concentration depends on amount of sediment yield from the hillslopes.

100000 T T T T Dec 50000 Dec
@ ®) ]

<l ™ 10000 - {J Nov

10000 | WMo - Gt
=9

e Sep S1000 | 1 Sep
21000 @

" Aug = 1 Aug
3 ko

=1 Tul E 100 t 1 Jul
(=] p=
= 100 E

= Jun ! 1 Jun
a =]

% il May é 10 k 1 May

g Apr g Apr
E =

E Lk Mar @ 1E Mar

Feb Feb

0.1 S — : Jan 0.1 ) ‘ ' Jan

25 50 100 250 500 1000 3000 1 10 100 1000 3000

. e , 3 .
Fiuvinlidisohiarge Q. (mils) Direct runoff discharge, Q, (m*/s)

Figure 25. Suspended sediment concentration and fluvial discharge relationship with clockwise
hysteresis loop (b) Suspended sediment concentration and direct discharge relationship without
hysteresis loop for KG River (2006-2017).

The white filled diamonds with numbers (1 for January, ....... and 12 for December) show the
mean monthly values. The error bars represent the 5% and 95% quantiles of the daily data for

each month.

A single event hysteresis loops showed clockwise patterns were dominant suggesting local
sediment sources. The largest suspended sediment concentration spike was often associated
with the first in successive discharge events but not necessarily highest discharge event
indicating seasonal depletion of local sediment stocks (Martin et al., 2014). The hysteresis loops
shifted from clockwise to linear or complex patterns in multi-peaked discharge events pointing
that localized sediment stocks are being transported. Hysteresis loops are classified in to five
types (Martin et al., 2014; Bussi et al., 2014):

Clockwise loop: These patterns are generated when suspended sediment concentration peaks

occurs before fluvial discharge peaks indicating a localized sediment sources or depletion of

45



sediment source.

Anticlockwise loop: These patterns occur when suspended sediment concentration peaks after
fluvial discharge peaks which suggesting a more distant sediment source and a discharge
threshold that must be reached to entrain consolidated bank sediments or bank collapse or a
rainfall threshold required to initiate overland flow.

Linear loop: These patterns generated where peaks occur simultaneously which imply a
sediment source at an intermediate distance, a lower entrainment threshold, or a continuous
supply of sediment.

Eight shaped and complex loops: These patterns are generated when there are multiple sediment
source locations or multiple erosion processes acting concurrently.

Generally, the SSC and discharge (Qw) extreme events occur in different time events. The SSC
extreme events hysteresis followed clockwise loops for the years 2006, 2007, 2009, 2010, 2012,
2015, 2016 and 2017 whereas years 2008, 2011 and 2014 followed a combination of clockwise

and anticlockwise loops immediately (Figure 26a-k).
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Figure 26. (a-k) Typical hysteresis during SSCmax extreme events

Similarly, the Qw extreme events followed clockwise hysteresis loops for all years except 2010,

showed both anticlockwise and clockwise loop (Figure 27a-k).
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Figure 27. (a-k) Typical hysteresis during discharge, Qwmax €xtreme events

The maximum SSC occurred in maximum Qy in 2006 and 2017. The difference in time interval

between the two events entered as lag time. Typical features showing extreme events dates,

magnitudes and 2, 1, 0-day lag daily average and extreme rainfall inside the basin are shown in
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Table 13.

Table 13. Typical features during extreme events

Year Extreme SS Extreme discharge Q,, Lag

Average rainfall before Average rainfall before Ejr;les)

Event date SSC/Qy, 2, 1, 0 day and max Event date SSC/Qw 2, 1, 0 day and max y
(ppm/m/s) rainfall in basin (ppm/m?/s) rainfall in basin

(mm) (mm)
2006 15-July 18568/1245 35,24,39,98 same same same 0
2007 8-July 26884/880 16,11,17,73 5-September 10239/1808 66,21,49,153 +59
2008 13-August 16161/1592 8,23,44,111 20-September 14394/1805 17,25,69,212 +38
2009 15-August 40802/1692 32,53,41,88 7-October 21212/2825 8,34,93,250 +53
2010 11-September 18981/848 4,9,15,79 27-July 5196/1769 28,27,42,160 -46
2011 23-July 8274/1218 16,20,25,84 2-August 4930/1771 31,29,34,88 +10
2012 12-July 20459/788 16,15,25,144 3-August 8998/2211 14,25,54,111 +22
2013 11-June 11272/NA 2,7,44,133 NA NA NA NA
2014 8-July 11549/505 48,24,7,32 4-August 4240/2066 23,40,43,139 +27
2015 11-July 15090/927 16,13,24,80 16-August 5107/1297 25,19,25,80 +36
2016 2-September 23478/843 27,21,27,78 22-July 3515/2061 37,35,52,182 -42
2017 2-July 7458/1503 22,46,53,175 same same same 0

The positive lag time means the SS peak event occurred at ‘T’ time ahead than Qw event

whereas negative lag time shows the SS peak occurred ‘T’ time after than Qw event. The highest

lag time for year 2007 has value +59 days. The year 2010 and 2016 showed opposite trend

compared to other years. The SS and discharge data during 2006-2017 showed a month lag time

interval between monthly average SS and discharge as shown in Figure 28a. The particle size

distribution of suspended sediment transported by river at different locations dated on 4 June

2012 is shown in Figure 28b.
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3.4 Flow and suspended sediment load duration curve and SS quantification

Flow duration curves (FDCs) are used for summarizing the hydrological characteristics of a
river (Banasik & Hejduk, 2013). FDC corresponding to 10%, 50% and 90% dependability were
estimated as 91.17, 61.92 and 55.73 m?/s during winter, 116.83, 69.50 and 53.16 m?/s during
pre-monsoon, 1029.42,744.13 and 232.88 m¥/s during monsoon and 380.47, 164.29 and 108.79
m?/s during post-monsoon respectively (Fig.29a,b). The daily SSL transport corresponding to
same dependability were also estimated as 96.6x10°6, 48.2x10°6, 34.4x10°° Mt/d during winter,
1614x10°, 220x10°°, 51.3x10°° during pre-monsoon, 501434x10°6, 278037x10°%, 35923x10°¢

during monsoon and 20263x10°, 391x10°, 125x10° during post-monsoon respectively

(Figure 29c¢.d).
160 1400
(a) + Winter (b) = Monsoon
140 f..“‘ 4 Pre-monsoon 1200 E ® Post-monsoon
|l &
- = E™ 1000
— A
& 100 -
— 800
S 80 f
(]
%‘) 600
-é 60
2 L
w0 | 400
20 L 200 |
0 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
0.0045 1.2000
© + Winter (d = Monsoon
0.0040 [ 4 Pre-monsoon 1.0000 I  Post-monsoon
0.0035
0.0030 0.8000
:\300025 F *
= 0.6000 |
7 0.0020 | “w
«n ™
0.0015 & 0.4000
u
0.0010 F
EN 02000 F
0.0005
0.0000 mﬁ—- 0.0000 L tesseses eesiiss
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Exceedence probability (%) Exceedence probability (%)

Figure 29. (a-b) Seasonal flow duration curve (c-d) Seasonal suspended sediment load duration

curve

Subjected to FDCs for monsoonal months, the discharge flow during August has highest value
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among other monsoonal months and followed by July, September and June in decreasing order.
Conversely, July showed highest SSL and followed by August (Figure 30a,b). This showed the
SS production and transport is high during July whereas flow is higher during August indicating

a month peak time difference between them. Significant amount of SS transport during July

and August.
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Figure 30. (a) Monthly flow duration curves and (b) Monthly suspended sediment load duration

curve

3.5 Seasonal, monthly sediment transport and rainfall

Sediments sources in KG are Tethyan Sedimentary Series (TSS) comprises of Palaeozoic and
Mesozoic marine sediments deposited in the Tethian ocean consists of sandstones, limestones,
quartzites and shales with fossiliferous beds (Granet et al., 2007; Adhikari & Wagreich, 2011).
The origin of sediments in Himalayan river are incision of Late Pleistoncene to Holocene
terraces, landslides from hillslopes during and after major rainfall events and erosion of last
glacial maximum moraines (Granet et al., 2007; Monique Fort et al., 2010). The scarcely
vegetated semi-desert area of upper KG River valley with deep gullies formed in a graben
structure storing large amount of unconsolidated sediments, which provide a source during high
stream power (Reimann et al., 2019). The middle KG river terraces composed of glacial lake
outburst flood (GLOF) deposits (Yoshida er al., 2015). During monsoon season, rainfall

intensity and frequency attain increasingly wetter conditions favored the development of
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saturated areas producing runoff and deep-seated landslides (Lana-Renault & Regiiés, 2009;
Morin et al., 2018) and therefore the runoff on the hillslopes provides a large amount of eroded
material to the rivers because of their transport limited state. The high transport capacity of the
rivers is due to the contribution of runoff to the discharge as well as to the ground water release
during post-monsoon into the rivers (Figure 31a,b). The transported sediment from runoff to

river deposited in the hydropower reservoir (Figure 31c,d).

Figure 31. (a) Sources of sediment (b) Sediment transport by fluvial discharge (c) Deposited
sediment in KG hydropower reservoir (d) Flushing of deposited sediment in KG hydropower

reservoir.

Suspended sediment and discharge are expressed in the form of sediment rating curve (SRC)

as
SSL = a x Q,,” (IL3)
where SSL is daily suspended sediment load (Mt/d), Qw is daily average discharge of river, a

and b are coefficients that depends on characteristics of river. The peak amount of daily SSL
transport was 0.007, 0.023, 5.964 and 5.176 Mt/d during winter, pre-monsoon, monsoon and

post monsoon respectively (Figure 32a-d).
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3000

Similarly, the peak daily SSL was 1.035, 3.328, 5.964 and 2.245 Mt/d during June, July, August

and September (Figure 33a-d).
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The seasonal and monthly SRCs equations, coefficient of determination and average suspended

sediment (ASSL) are summarized in Table 14. The monsoonal months July and August have

the highest ASSL during monsoon.

Table 14. Seasonal sediment rating curves and average suspended sediment load

2006-2017 Equations with discharge R? ASSL(Mt)£SD
Average annual SSL =8x 10711, %% 0.91 33.269+4.872
Winter SSL =3 x1078Q,, """ 0.12 0.0050.001
Pre-monsoon SSL =7 x10"11g,**" 0.73 0.048+0.019
Monsoon SSL =2x1078Q,,2** 0.81 32.455+5.459
June SSL =1 x 1078Q,, 3% 0.86 2.469+1.641
July SSL =3 x1075Q,,*3® 0.41 12.952+4.932
August SSL =3 x1078Q, %% 0.60 12.629+7.937
September SSL = 4 x 107°Q,,*°%3 0.69 4.406+2.363
Post-monsoon SSL =2 x10712Q,, 3732 0.86 0.761+0.530

The monthly sediment transport by KG River in hydropower reservoir and monthly average

total rainfall are compared in Figure 34. The increase in monthly SS perfectly coincides with
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the monthly increase in average total rainfall trend. The total average monthly rainfalls of June
(388.394+84.24 mm), July (674.91£105.24 mm), August (571.81+110.77 mm) and September
(356.50£104.39 mm) yielded an average of 2.469+1.641, 12.952+4.932, 12.629+7.937 and
4.406+2.363 mega tons (Mt) of SS during respective months over the period 2006-2017 from
the KG catchment. The study found higher the rainfall during monsoon months in KG basin,

higher the amount of SS was transported from higher Himalayas to hydropower reservoir.
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Figure 34. Suspended sediment transport and average total rainfall of KG basin.

3.6 Specific direct runoff discharge, erosion rate and rainfall relationship

In monsoon season (June-September), highest amount of SS was transported from Himalayas
with an annual weathering rate estimated as 4390 tons/km?/yr which was equivalent to 1.66
mm/yr. The upstream erosion rate of KG basin reported as 2-3.5 mm/yr (Struck et al., 2013),
whereas its value for the whole basin at hydropower station as 1.9 mm+0.9 mm/yr (Struck et
al., 2015). The direct runoff discharge increases linearly with increase in rainfall (Figure 35a)
and relate as:

Qa

— =033 xR 1.4
1 (IL.4)

Where Qq is fluvial discharge in and A is catchment area, specific discharge, % is expressed in
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mm/day and R is rainfall in mm.

Noticeably, higher runoff discharges were observed during monsoon season (June- September).
Particularly, major rainfall events are defined according to their rainfall threshold values greater
than 30 mm/day (Merz et al., 2006; Carver, 1997). In this study, there were 150 number of
major rainfall events over the period 2006 - 2017. Out of them, all the major rainfall events
were occurred in the monsoon season (June - September) except two events on October 2009.
The monsoonal daily erosion rate in mm/day was showed linear increasing trend with major

rainfall events (Figure 35b) expressed as:

Erosion rate = 0.002 X R — 0.035 (IL5)
a b
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Figure 35. (a) Specific direct discharge and rainfall relationship (b) Erosion rate and major

rainfall events (daily rainfall >30 mm) relationship
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CHAPTER4.0 GENERAL CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusion

In this study, the specific discharge versus rainfall relationship at three hydrometric stations of
main KG River and four hydrometric stations of its four tributaries and SS versus total and
direct runoff discharge at hydropower reservoir were examined. Groundwater has a major
impact on the annual hydrological budget and transport of suspended sediment in river system.
About 97% of suspended sediment was transported during monsoon season (June - September),
comprising an annual weathering rate of KG basin was estimated as 4390 tons/km?*yr which
was equivalent to 1.66 mm/yr. The specific direct runoff discharge and monsoonal daily erosion
rate of major rainfall events (>30 mm/day) occurred in KG basin showed linear increasing trend

with rainfall in KG basin.

4.2 Application of study

The research findings of seasonal SS budget and linear trends of specific direct runoff discharge
and erosion rate will help to quantify seasonal sediment loss from Himalaya and to monitor
sediment erosion from Himalayas, which could be useful for hydropower reservoir
management.

4.3 Recommendations

The climatic variation within different elevation is complex in Himalaya region. The rainfall
events in each sub-basin affects the SS yield. The erosion rate for each sub-basin should be
investigated separately so that it is needed to install suspended sediment monitoring stations in

the outlet of major tributaries.
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PART III- RAINFALL TREND ANALYSIS IN KALI GANDAKI
RIVER BASIN, HIMALAYA, NEPAL

ABSTRACT

Stream flow alteration is one of the most noticeable effects of rainfall change patterns in
Himalaya mountain catchment of Kali Gandaki (KG) River. Localized rainfall changing trends
with climate change in Himalaya zone is a rising issue. The synopsis of this study is to analyse
fluvial flow changing patterns of three hydrometric stations of KG River, four hydrometric
stations of its major tributaries due to changing seasonal and annual rainfall trends in twenty-
seven rain gauge stations located between the elevations ranges of 700 to 2744 m MSL of KG
River basin, Nepal over the period of 1957-2017. Monthly rainfall data were used to examine
the rainfall and discharge trends. Mann- Kendall trend test (MKT) along with Sen’s slope and
sequential Mann- Kendall trend (SQMKT) analysis on homogenized time series data were used
to evaluate the existence of monotonic trends, magnitude of trend and identify shifting of

precipitation trend.
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CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1 Research background

Stream flow with suspended sediment transport rate variation is one of the key noticeable
effects of rainfall change patterns in Himalaya mountain catchment of Kali Gandaki (KG).
Climate change is a remarkable issue globally from past few decades, had a significant impact
on higher mountains in the form of extreme weather conditions such as rising temperature,
changing of precipitation patterns, decrease of snowfall and decreasing the glaciers numbers.
An alterations in regional hydrological cycles and changes in river flow such as flood or low
flow are the significant potential consequences of climate change (Q. Zhang et al., 2008). The
global monsoon precipitation trend had a tendency to increase from 1901 to 1955 and
decreasing trend since the 1950s up to 2001 (L. Zhang & Zhou, 2011). Studies between 1951-
1999 (Min et al., 2009) and between 1900 — 2009 (Westra et al., 2013) showed about two-thirds
of rainfall stations globally exhibited increasing trends.

Climate change is threatening Nepal’s as well as worldwide food security, water resources,
human habitats and tourism sectors seriously (M. Karki et al., 2009; Langat et al., 2017). The
Himalaya regions are more vulnerable because of changing of altitudes within a short distance.
The increasing temperature and shifting of rainfall patterns affected the livelihoods of people
in the KG basin where springs are a major source of water and depend on annual rainfall to
recharge the aquifers that fed them (Dandekhya et al., 2017). The availability of water in KG
basin is of major importance for hydropower as well as the small farmer managed irrigation
scheme along the river and water transportation on hydropower reservoir. Because of less
availability data and limited numbers of weather stations in Himalayan region, Nepal, only few
researches of climate change and its impacts were conducted (U. B. Shrestha et al., 2019). The

effects of climate changes in Nepal have been documented by different researchers in terms of
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temperature and precipitation scenario (Duncan et al., 2013; R. Karki et al., 2017; A. B.
Shrestha et al., 2017).

The main drivers of streamflow trends are climatic variability and changes, and the streamflow
trend identification in a catchment is important for understanding the impact of climatic
variability and changes in the region (Gautam & Acharya, 2012). It is paramount importance
to conduct this study in KG River catchment at hydropower station as this river originates from

Himalayas and there are only limited studies about effects of rainfall on hydropower reservoir.

1.2 Research objectives

The following are the research objectives of this study (Part-III).
1. To predict the homogeneous and non-homogeneous rainfall data stations in the
catchment.
2. To analyze the rainfall trend of homogenized stations of catchment by Mann Kendall
trend (MKT) and sequential Mann Kendall trend (SQMKT) tests.
3. To predict the rainfall trend change time.

4. To determine the magnitude of trend change.
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CHAPTER 2.0 MATERIALS AND METHODS

2.1 Observation site

The Kali Gandaki (KG) River is a main glacier-fed river originating from the Himalaya region,
Nepal. The main river flows from north to south in the higher Himalayan region and entering
the Terai plains of Nepal to ultimately merge with the Ganges River in India. The river,
upstream of hydropower dam has mainly four tributaries namely: Myagdi Khola (stream), Modi
Khola, Seti Khola and Aandhi Khola. Myagdi Khola and Modi Khola are glacier- fed streams
that connects to main KG River at middle of the reach whereas Seti Khola and Aandhi Khola
are non-glacier-fed streams connect the main river close to hydropower dam. Each sub basins
have complex geomorphology and watershed topography with rapid changes in elevations. The
snowfall area is separated as elevation ranges less than 2000 m MSL with no snow cover, 2000
~ 4700 m MSL with seasonal snow, 4700 ~ 5200 m MSL with completely snow except 1 or 2
month and elevation greater than 5200 m MSL with permanent snow. The KG catchment basin
has 7060 Km? area comprises of elevations 529~2000 m MSL is 1317 Km? (19% coverage),
2000~4700 m MSL is 3388 Km? (48% coverage), 4700~5200 m MSL is 731 Km2 (10%
coverage) and elevation greater than 5200 m MSL is 1624 Km? (23% coverage). Figure 36(a)
shows the different altitude area coverage map showing river networks with locations of
meteorological stations created in ArGIS10.3.1(ERSI Inc., USA) software. The elevations of
KG decreases from 5039 m MSL in higher Himalaya to 529 m MSL at Setibeni, 5 km upstream
of hydropower dam (Figure 36b) encompasses with wide variation in mean rainfall ranging less
than 500 mm/yr in Tibetan Plateau and about 2000 mm/yr in the monsoon-dominated

Himalayas.
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Figure 36. (a) Map of Kali Gandaki River catchment area (b) Longitudinal profile of Kali
Gandaki River.

2.2 Data collection and acquisition
Department of Hydrology and Meteorology (DHM), Nepal set different hydrometric gauge

stations (www.dhm.gov.np) and the station 410 was operated up to 1995 and now it is not
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operated after dam construction. The bed level of dam was increasing yearly due to trapping of
bedload as well as suspended sediment load by dam, which curtail sediment load in the
downstream. The sedimentation lowers the reservoir capacity of dam annually.

The main physiographic characteristics of Kali Gandaki River basin at hydropower station is
shown in Table 4.

The fluvial discharge of main river varies seasonally and is dependent on the discharges of the
tributaries and rainfall received in sub basins in addition to the amount of snow melting from
the Himalayas. A hydropower dam (27°58°44.88” N, 83°34°49.68” E) was built in 2002 for
144 MW power generation, at Mirmi, Syangja.

2.2.1. Missing Data Analysis

Monthly precipitations time series data from 1980 to 2018 were obtained by summing the daily
rainfall data measured in the 27 rainfall stations located by Department of Hydrology and
Meteorology (DHM). The details of meteorological stations are summarized in Table 11. The
annual total rainfall data were calculated by adding monthly total rainfall data after filling the
missing values. The monthly missing data during the period were filled using estimation
technique. Generally, rainfall for the missing period was estimated by using normal ratio
method (NRM) (Abdulkareem & Sulaiman, 2016), which assumes the precipitation Px at a
station X is estimated as a function of the normal monthly precipitation of the station under
consideration and the neighbouring stations for the period of missing data at the station under

consideration.

" NP,
NP,

n

X P,
p, = i=1 s (IIL.1)

Where NPy and NP are normal monthly precipitations at station x and surrounding s stations,
Px is the precipitation at surrounding stations and n is the number of surrounding stations under

consideration.
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2.2.2. Homogeneity tests

The stations having less than 10% rainfall missing data set sourced from Department of
Hydrology and Meteorology were selected for homogeneity tests. The following four different
types of homogeneity tests such as Pettitt test, Standard normal homogeneity test (SNHT),
Buishand’s range test and von Neumann ratio test were performed on the conducted in order to
detect the inhomogeneity of the annual rainfall data (Che Ros et al., 2016). All the tests are
supposed the null hypothesis that the annual values of the testing variables are independent,
whereas the alternative hypothesis assume there is break in the series. The Pettitt test, SNHT
and Buishand’s range test are capable of locating the year likely year of break, known as
location specific tests whereas Von Neumann ratio test assumes under the alternative
hypothesis that the series is not randomly distributed, referred as non-location specific
(Wijngaard et al., 2003).

Pettitt test

The Pettitt’s test (Pettitt, 1979) test is a non- parametric rank test in which ranks r; of Y; series

and ignores the normality of the series.

k
X =22r-—k n+1),k=12,....,n
LT (et D (II1.2)

If a break occurs in year k then, X}, = max|X;|
1<k<n
Standard normal homogeneity test (SNHT)
It is used to identify the breaks at both the beginnings and ends of time series (Alexandersson,

1986; Alexandersson & Moberg, 1997) as
T(k) =kz;?+ (n— k)5, k=12, .......n (I11.3)
Where, z; are the mean value of during the first k years and (n-k) years respectively.

_ _1gn Oi-V) _ 1 ¢n (vi-Y)
7y = im0 %2 = o Nk

1 —
, S = ;Z?:l(yl - Y)Z

N
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If a break occurs at the point k, then T(k) reaches a maximum near the year k= k;. The indicator

Ty is defined as Ty = Jmax T (k)
<ks=n

Buishand’s range test
It is a parametric test which assumes that the test values are independent and identically
normally distributed (null hypothesis) and the alternative hypothesis assumes that the series

contains a jump like shift or break (Buishand, 1982). The adjusted partial sum is defined as

s;=0 (IIL.4)
k
sp = Z(Yl- —",k=12...n (IIL5)

i=1
When the time series is homogenous, the values of s, will rise and fall around zero.
The year k has break when s, has reached a maximum (negative shift) or minimum (positive
shift). Rescaled adjusted partial sums are obtained by dividing the values of s;by the sample
standard deviation. Buishand (1982) indicate that the values are not influenced by any linear
transformation, therefore it is suitable to use the homogeneity test.

= max
Q 0<k=n

Sk/ S| (I1L.6)

Another statistic test which could also be used is the range which computes the difference
between the maximum and minimum value of the rescaled adjusted partial sums. The formula
is given as follows:
The rescaled adjusted range, R is given by

R = max s; — min s (I11.7)

0<ksn 0<ksn
Buishand (1982) gives critical values for both homogeneity tests Q / N and R / N
Von Neumann ratio test
It is a non- parametric test for which the null hypothesis is that the data are independent and

identically distributed random values. The alternative hypothesis is that the values in the series

are not randomly distributed. The von Neumann ratio (N) is defined as the ratio of mean square
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successive (year to year) difference to the variance (Von Neumann, 1941).

_ I (Y = Yi)?
i (Y = 7)?

N (IIL.7)

When the series is homogeneous, then the expected value E(N)=2. When the series has a break,
then the value of N must be lower than 2. This imply that the sample has rapid variation in the
mean (Wijngaard et al., 2003; Kang & Yusof, 2012). On the other hand, the value greater than
2 implies that the series has rapid variations or oscillations in the mean (Bingham & Nelson,
1981).

2.2.3. Evaluation of homogeneity tests

The results of homogeneity tests are evaluated on the basis of classification assigned according
to the number of tests rejecting the null hypothesis (Wijngaard et al., 2003; Kang & Yusof,
2012).

Useful: In this class, the series that rejects one or none null hypothesis under the above four
tests at 5% significance level are considered. This series is grouped as homogeneous and can
be used for further analysis.

Doubtful: It considers that the series reject two null hypotheses of the four tests at 5%
significance level is categorized as doubtful class. The series under this class have the
inhomogeneous signal and should be critically inspected before further analysis.

Suspect: The series which contains three or all tests are rejecting the null hypothesis at 5%
significance level, then the series is classified as suspect. The series can be deleted or ignored
before further analysis.

The stations that are classified into ‘suspect’ should not be used in trend analysis so that they
are excluded in the study.

2.2.3. Trend analysis

The Mann- Kendall trend test is based on the assumption of uncorrelated data. Before assessing

MKT, lagl autocorrelation for all the time series data were checked using autocorrelation
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function (ACF) in Matlab R2016a software. The critical value at 5% significance level is

calculated by using formula

(11L.8)

Where T is sample size and d represents the lag time. When autocorrelation is present, it is
necessary to use the Modified Mann- Kendall test (Basistha et al., 2009; Muthuwatta et al.,
2017). The non-parametric MKT test is commonly employed to detect monotonic trends in
series of environmental data, climate data or hydrological data (Mann, 1945).

Mann — Kendall test (MK)

The Mann-Kendall statistics S is given by equation (Bari et al., 2016; Gajbhiye et al., 2016;

Sonali & Kumar, 2013)
-1

S = z sgn(xj — xk) (I11.9)

1j=k+1

S

P
]

where “sgn” is the sign function, and 7 is the number of observations in the data sets.

lifx>0
sgn(x) =<5 0ifx=0
-1ifx<0

where x; are the sequential data values, 7 is the length of the data set.

The mean of S is E(s)=0 and the variance o° is

14
0? = {n(n-D@n+5) - Y t; (5 - 1)(2;+5) £ /18 (I1L.10)

where p is the number of the tied groups in the data set and ¢; is the number of data points in the
j™ tied groups. The statistic S is approximately normal distributed provided that the following

Z- transformation is employed.
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ifS>0

Z= 0ifS=0 (IL11)
S+1

ifS<0

The significance level of a =0.05 was used in this study. A positive value of Z indicates an
increasing trend, whereas negative indicates decreasing trend. If the computed value of
IZI>Za/2, the null hypothesis is rejected at the a level of significance in a two- sided test. Where
S is sum of signs of the differences between any two observations for a series x,. Also, where
sign(z) is 0 when Z is zero and 1 when Z>-1 when Z<1.

If the series of values are in a random order, the expected value of S is zero and the variance o

is given as:

c?=n(n-1)(2n+5)/18 (IIL.12)
Sen’s Slope

The slope estimator (S) of the data x is expressed as below:

S = median (y) (IIL.13)

X

I
j_

Where y = ik where j=1, 2, 3,....,nand k <.

Tau (Maurice G Kendall, 1938; Maurice George Kendall, 1948) measures the strength of the

monotonic relationship between x and y . Kendall’s tau correlation coefficient is given by

s
tam—-1)/2

(IT.14)
Based on the Mann- Kendall test, the trends are significant at the 99.9%, 99%, 95% and 90%
confidence levels. When autocorrelation presence in the series, it is necessary to use the
Modified Man-Kendall test (Basistha et al., 2009; Muthuwatta et al., 2017)

Modified Mann- Kendall test (MMK)

The modified MK test has been used for trend detection of an autocorrelated series (Hamed &
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Rao, 1998; Gajbhiye et al., 2016; Mondal et al., 2012).
A modified variance in the case of autocorrelated data is calculated by equation as follows

(Bayley & Hammersley, 1946).

—1)@2n+5) =Y t;(t; —1)(2t; +5
52+ :gz_izn(n )( n ) Z]—1 ](J )( J )i (I1.15)
n; 18 ng

where nl represents a correction due to the autocorrelation in the data, » is the actual number of
S

observations and n;* 1s an effective number of observations to account for correlation in the
data. The best approximation to the theoretical values was obtained by using equation as follows

(Hamed & Rao, 1998).

n

n-1
n_§ =1+ y li(n 2 jZl(n —)(n—i—-1)n—-i-2)r (I11.16)
Where n is actual number of observations and 7; is the autocorrelation function of the ranks of
the observations.

Sequential Mann- Kendall test (SOMKT)

Abrupt change analysis is based on the sequential Mann- Kendall test which consists of
progressive U(t) and retrograde U'(t) series in order to detect the change of the trend over time.
U(t) is a standardized variable that has zero mean and unit standard deviation. U(t) is the same
value as the Z values that are found from the first to last data point. The steps applied in

sequence are as follows (Bari et al., 2016).

The test statistic t is calculated by as

ti = Z n; (IL.17)

The mean and variance of the test statistic are
nn—1)

I11.18
2 (IIL.18)

E(t) =
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E(t) = 10~ 1;(22j ) (I1.19)

The sequential values of the test statistic U(t) are:
t] - Et

U(t) = (I11.20)

Similarly, the retrograde U'(t) series are calculated backward, starting from the end of the time

series.
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CHAPTER 3.0 RESULTS AND DISCUSSION

3.1 Homogeneity tests results

Out of 27 rainfall measuring stations of whole catchment, stations Rangkhaniézz, Kuhun®?’,
Darbang®?!, Lete®”’, Kushma®'4, Sirkon®* and Tribeni®* showed inhomogeneity data so that
these seven stations were excluded and only 20 homogeneous stations were used for MKT
and SQMKT tests. The homogeneous and inhomogeneous stations resulted from different
homogeneity tests are shown in Figure 37a,b and different homogeneity tests results were

summarized in Table 15.

25 18
(a) 20 ® HO: Homogeneous ® Ha: Change in data 16 ,( ) 17
£ - £
3 15 16 212
= 5T 12 310
k= 1 £ gl 7
210 ¢ 8 £
k= B 6
& %
4 } 3
z 3 z
al ]
0 0
Pettit's test SNHT Buishand's von Neumann Useful Doubtful Suspect

test ratio test

Figure 37. (a) Comparison of homogeneous and change in data stations (b) Classification of

stations

The trend change rainfall stations by different location specific tests are presented in Figures
38a-1,39a-1 and 40a-i. Because of trend changing point, each graph showed two mean values

and corresponding year showed a trend change year in the time series.
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Table 15. Homogeneity tests of meteorological stations in Kali Gandaki catchment.

Station name & ID  Data Sample Elevation Pettitt’s test SNHT Buishand’s test Von Neumann  Remarks
No. availability size(m) (m)
K value Year Trend TO Year Trend Q Year Trend R Trend N Trend
value value value value

Baglung®® 1970-2018 49 984 218 - HO 9.36 - HO 8.72 1979 Ha 9.58 HO 143 Ha Doubtful
Bhobang®'® 1978-2018 42 2273 210 - HO 7.32 - HO 8.55 2001  Ha 8.55 HO 1.88 HO Useful
Rangkhani®* 1989-2018 31 1740 185 2003 Ha 15.08 2009 Ha 10.61 2003 Ha 10.62  Ha 1.08 Ha Suspect
Bega® 1992-2018 28 1770 60 - HO 3.34 - HO 3.07 - HO 6.14 HO 1.82 HO Useful
Benibazar®” 1957-2016 61 835 364 1980 Ha 8.17 - HO 10.88 1992 Ha 11.89 Ha 1.82 HO Doubtful
Bhagara®® 1992-2018 28 2330 72 - HO 8.45 - HO 4.84 - HO 6.04 HO 1.70 HO Useful
Darbang®! 1989-2018 31 1160 147 1997 Ha 11.04 1997 Ha 8.48 1997 Ha 8.84 Ha 1.15 Ha Suspect
Ghorepaani®"® 1975-2018 45 2742 225 - HO 8.15 - HO 9.08 2003 Ha 12.14 Ha 1.20 Ha Doubtful
Gurjakhani®'® 1979-2016 39 2530 94 - HO 8.78 - Ha 4.11 - HO 6.69 HO 1.53 HO Useful
Kuhun®”’ 1992-2018 28 1550 148 2007 Ha 14.99 2008 Ha 9.90 2008 Ha 10.04 Ha 0.65 Ha Suspect
Muna®® 1992-2018 28 1970 46 - HO 2.44 - HO 3.77 - HO 5.54 HO 1.99 HO Useful
Tatopaani®®® 1970-2018 50 1243 264 - HO 7.37 - HO 9.60 1994 Ha 10.97  HO 1.98 HO Useful
Jhomsom®! 1958-2018 62 2744 236 - HO 3.28 - HO 6.97 - HO 8.70 HO 1.67 HO Useful
Lete®”’ 1970-2018 50 2384 464 1984 Ha 27.48 1984 Ha 17.09 1984 Ha 17.09 Ha 0.77 Ha Suspect
Thakmarpha®* 1968-2018 52 2566 190 - HO 4.60 - HO 6.54 - HO 7.96 HO 1.73 HO Useful
Karkineta®? 1977-2018 43 1720 100 - HO 4.51 - HO 5.19 - HO 8.01 HO 1.49 Ha Useful
Kushma®'* 1970-2018 50 891 268 - HO 9.61 1980 Ha 9.15 1980 Ha 1444 Ha 1.34 Ha Suspect
Sirkon® 1992-2018 28 790 142 2003 Ha 10.86 2003 Ha 8.67 2003 Ha 8.67 Ha 1.29 Ha Suspect
Tribeni®® 1989-2018 31 700 135 1999 Ha 8.45 - HO 7.80 1999 Ha 8.47 Ha 1.32 Ha Suspect
Bhaudare®'? 1985-2018 35 1600 82 - HO 443 - HO 4.75 - HO 7.13 HO 1.61 HO Useful
Ghandruk®! 1976-2018 44 1960 228 2007 Ha 8.47 2007 Ha 8.43 - HO 8.43 HO 1.75 HO Doubtful
Lumle®'* 1970-2018 50 1740 186 - HO 3.89 - HO 6.97 - HO 11.33 Ha 1.54 HO Useful
Pamdur®* 1992-2018 28 1160 100 - HO 4.63 - HO 5.69 - HO 7.48 HO 1.76 HO Useful
Salyan®® 1992-2018 28 1000 92 - HO 5.30 - HO 6.09 - HO 7.81 Ha 1.58 HO Useful
Dandaswarna®? 2000-2018 20 1432 52 - HO 5.82 - HO 4.76 - HO 4.76 HO 1.70 HO Useful
Syangja®® 1973-2018 47 868 149 - HO 7.14 - HO 5.28 - HO 8.88 HO 145 Ha Useful
Waling®* 1989-2018 31 750 81 - HO 4.11 - HO 5.60 - HO 6.80 HO 1.57 HO Useful
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Figure 40. Change year in annual rainfall series for different stations

3.2 Monthly, seasonal and annual MKT test results

Lag 1 autocorrelation results showed that there were no time series data significantly correlated

in 95% confidence limit so that MKT was applied for time series data. Figure 41a-b show the

sample autocorrelation of meteorological stations of Jhomsom®! and Lumle

Sample Autocorrelations

814 respectively.

Sample Autocorrelations

Figure 41
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. Sample autocorrelation of meteorological station (a) Jhomsom®"! and (b) Lumle®'*.



Figure 42a shows MKT test of overall trends of rainfall measuring stations of KG catchment.
Most of the months showed decreasing trend with some exceptions showing no trends at all.
The rainfall increasing trend from March was decreased continuously up to June. The number
of stations under increasing trends during pre-monsoon (March-May) and monsoon (June-
September) rainfall of the catchment was higher. In contrast, the number of stations under
decreasing trends during winter (December-February) and post-monsoon (October- November)
were higher. Out of 20 stations, 80% stations showed decreasing trends during winter and 75%
stations showed decreasing trends during post-monsoon. In contrast, 70% stations showed
increasing trends during pre-monsoon and 55% stations showed increasing trends during
monsoon. Only 2 stations of the catchment followed no trends during post-monsoon season.
Subjected to annual total rainfall, 45% stations showed increasing and remaining 55% stations
showed decreasing trends. This showed that the pre-monsoon and monsoon rainfall in KG basin
was followed increasing trend.

Figure 42b showed the monthly and seasonal significant and non-significant number of rainfall
stations of KG catchment. MKT trend test showed most of the stations showed non-significant
increasing and decreasing trends. Only few stations from February to July showed increasing
trend whereas from September to December showed significantly decreasing trend in 95%

confidence limit.
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Figure 42. (a) Overall trends of rainfall stations (b) Significant and Non-significant number of

rainfall stations
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The details of MKT test statistics for different months of meteorological stations of KG
catchment are shown in Table 16.
The MKT test statistics for seasonal rainfalls are shown in Table 17 that winter of station

Bhobang®"®, Karkineta®'?, Bhaudare®'® and Syangja®® have a significant negative trend in 95%

confidence limit. Stations Beni®”, Ghorepaani®!® and Thakmarpha®®* showed the positive trend

5

during pre-monsoon season in 95% confidence limit. Only stations Bhobang®® showed

negative trend and Ghandruk®*! showed positive trend during monsoon in 95% confidence limit

and only one station Thakmarpha®®*

showed negative trend during post-monsoon season in 95%
confidence limit. In the case of MKT statistics for annual total rainfall, only Beni®® and
Ghandruk®! showed positive trend having Sen’s slope +3.63 mm/yr and +25.51 mm/yr

respectively but Bhobang®!3

showed negative trend having Sen’s slope of -15.04 mm/yr in 95%
confidence limit. An unchanging rainfall measures 0.0 mm/year was found for station Beni®®”

during winter and Bhagara®® and Waling®?° during post-monsoon season.
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Table 16. Mann-Kendall trend test results for different months of meteorological stations of KG catchment

Station name Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
& ID No. Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s Z- Sen’s
value slope value slope value slope value  slope value slope value slope value slope value  slope value slope value slope value slope value  slope
Baglung®® 0.22 0.00 0.96 0.19 2.44 0.68 0.77 0.36 -0.09 -0.06 1.39 1.31 1.34 2.57 0.97 1.69 -0.06 -0.20 -1.14 -0.65 -2.33  0.00 -1.91 0.00
Bhobang®'® 0.14 0.00 -243 -0.70 -0.96 -0.25 -1.05 -0.38 0.40 0.40 -1.13 -2.71 0.55 1.03 -1.42 -4.02 -2.75 -6.44 -1.17 -0.64 -2.05  0.00 -3.06  -0.33
Bega®® -0.25  -0.05 -0.33 -020 071 0.83 1.04 1.40 -1.54  -1.97 -1.21 -2.36 2.17 6.07 -1.88 -5.42 0.04 0.07 -1.06 -1.00 -2.51 -0.35 -0.32  0.00
Beni®” -0.36 0.00 1.81 0.21 0.68 0.08 1.37 0.33 3.18 1.08 1.50 1.08 1.50 1.23 -0.74  -0.68 0.81 0.49 -0.02  0.00 -0.15 0.00 -2.19  0.00
Bhagara®®’ -0.30 0.00 0.75 0.64 0.92 0.60 1.19 0.94 2.69 3.59 -0.58 -2.77 1.25 7.38 -0.33 -1.52  0.67 3.37 0.15 0.16 -0.74  0.00 0.72 0.00
Ghorepani®"’ -1.05 -0.14 -1.53 -0.36 1.93 0.96 2.80 2.25 0.98 1.23 0.20 0.25 -1.20 -2.54 -0.92  -2.01 -1.61 -2.97 -1.04 -0.77 -1.62 -0.04 -2.88 -0.15
Gurjakhani®'® -0.20 0.00 -0.48 -0.11 0.63 0.28 0.47 0.17 0.45 0.3 -0.15 -0.25 -0.70 -1.85 0.63 1.58 -0.85 -1.78 0.60 0.20 -1.53 -0.07 224 -0.14
Muna®? -0.61 -0.18 0.00 0.00 -0.58 -0.22 0.65 0.35 1.25 1.78 -0.75 -2.67 1.21 5.75 -0.13 -0.62 0.50 1.33 0.17 0.08 -1.20  0.00 -0.75 0.00
Tatopaani®®® 0.00 0.00 0.00 0.00 1.30 0.40 1.80 0.88 0.74 0.41 2.60 1.98 0.97 0.90 -0.06  -0.03 0.84 0.49 -1.22 -0.65 -0.96  0.00 -0.89  0.00
Jhomsom®! 0.00 0.00 1.28 0.09 0.06 0.01 1.56 0.17 2.60 0.22 2.65 0.23 1.91 0.34 -0.55 -0.11 -0.12 -0.04 -0.14  0.00 -0.38  0.00 -0.36  0.00
Thakmarpha®** -0.30 0.00 2.23 0.24 0.69 0.15 1.88 0.35 0.67 0.13 0.39 0.09 2.03 0.61 -0.23 -0.05 -0.94 -0.29 -2.14 -0.36 -2.09  -0.01 -2.03  0.00
Karkineta®'? -0.79 -0.15 -0.27 -0.05 1.21 0.40 -0.08 -0.03 0.67 0.68 1.30 291 1.21 2.81 0.08 0.3 -1.67 -3.86 1.84 1.01 -2.39  -0.08 -3.53 -0.35
Bhaudare®'? -0.24 0.00 -1.77 -0.57 0.62 0.44 0.65 0.90 -1.01 -2.16 -1.22 -4.98 -0.09 -0.97 0.80 5.94 -0.03 -0.16 0.44 0.95 -223  -0.24 -3.41  -0.26
Ghandruk®?! -0.79 -0.24 -1.13 -0.58 1.38 1.03 0.52 0.42 1.57 2.49 1.21 4.89 2.01 11.26 1.62 4.46 2.13 5.31 0.41 0.51 =202 -0.27 -323 055
Lumle®* -0.71 -0.10 -0.30 -0.10 1.72 0.70 0.38 0.27 0.19 0.22 -0.59 -1.22 1.54 3.83 0.20 0.80 0.04 0.02 -0.15 -0.21 -1.79 -0.24 -0.94  0.00
Pamdur®® -0.54 -0.40 0.50 0.21 2.11 1.99 0.38 0.82 -146  -3.6 -1.42 -8.17 0.88 8.65 -0.88 -6.71 0.13 1.03 -0.96 -2.53 -1.82  -0.35 -2.06  -0.17
Salyan®® -0.75 -0.23 -0.81 -0.70 1.42 1.39 2.00 3.25 -1.38 -2.63 -1.54 -5.44 0.96 4.42 -1.67 -6.35 -0.04 -0.08 -0.50 -1.35 =202 -0.26 -1.09  0.00
Dandaswara®*? -0.11 0.00 -0.67 -0.49 0.70 1.77 -1.12 234 -140  -6.90 -0.98 -6.89 0.14 2.03 -0.98 -6.13 0.35 3.78 -0.67 -1.98 0.11 0.00 0.12 0.00
Syangja®® -1.49 -0.26 -1.06 -0.18 0.14 0.04 -0.25 -0.18 -0.45 -0.6 -0.95 -1.83 0.55 1.38 -0.66  -1.30  -0.06 -0.12 -0.64  -0.62 -2.68  0.00 -2.54  -0.07
Waling®2 -0.78 -0.11 -0.56 -0.08 1.00 0.41 1.86 1.56 0.39 0.73 -1.46 -5.57 0.68 2.67 -1.61 -4.33 0.04 0.06 0.67 0.00 -1.18  0.00 -0.90  0.00
Table 17. Mann-Kendall trend test results for different seasons of meteorological stations of KG catchment
Station name & ID No. Winter Pre-monsoon Monsoon Post-monsoon Annual
Tau Z-value Sen’s Tau Z-value  Sen’s slope  Tau Z-value  Sen’s slope Tau Z-value  Sen’sslope  Tau Z-value  Sen’s slope
slope

Baglung®® 0.02 0.21 0.09 0.13 1.30 1.38 0.10 0.97 3.46 -0.14 -1.40 -0.92 0.13 1.32 4.89

Bhobang®"® -0.29 -2.67 -1.57 -0.03 -0.24 -0.42 -0.28 -2.57 -12.35 -0.14 -1.31 -0.87 -0.30 -2.71 -15.04

Bega®* -0.10 -0.71 -1.07 -0.03 -0.21 -0.89 0.04 0.25 2.83 -0.24 -1.75 -1.78 -0.09 -0.63 -4.20

Beni®” -0.01 -0.05 -0.00 0.28 3.11 1.41 0.14 1.53 2.37 -0.02 -0.20 -0.08 0.19 2.08 3.63

Bhagara®®’ 0.04 0.29 0.37 0.19 1.33 4.38 0.06 0.42 5.77 0.00 0.00 0.00 0.09 0.67 10.59

Ghorepani®'® -0.20 -1.85 -1.08 0.38 3.61 4.22 -0.13 -1.18 -5.87 -0.13 -1.23 -0.85 -0.09 -0.84 -5.23

Gurjakhani®'® -0.14 -1.21 -0.84 0.06 0.48 0.55 0.00 0.01 0.19 -0.03 -0.24 -0.16 -0.00 0.00 -0.19

Muna®* -0.16 -1.17 -1.50 0.08 0.54 1.10 0.09 0.67 6.56 0.01 0.06 0.08 0.08 0.54 6.88

Tatopaani®® -0.01 -0.10 -0.08 0.17 1.66 1.30 0.17 1.70 3.50 -0.15 -1.47 -0.75 0.18 1.78 4.16

Jhomsom®! 0.11 1.26 0.17 0.13 143 043 0.15 1.64 0.59 -0.06 -0.62 -0.05 0.08 0.91 0.60

Thakmarpha®™ 0.10 1.05 0.18 0.27 2.74 0.78 0.04 0.43 0.26 -0.30 -3.10 -0.62 0.07 0.74 0.56

Karkineta®'? -0.24 -2.23 -1.16 0.06 0.54 0.90 -0.01 -0.04 -0.56 0.13 1.17 0.76 -0.02 -0.13 -0.80

Bhaudare®!? -0.27 -2.22 -2.00 -0.01 -0.09 -0.30 -0.01 -0.06 -0.89 -0.03 -0.21 -0.40 -0.02 -0.15 -3.69

Ghandruk®?! -0.18 -1.72 -1.27 0.21 1.95 4.62 0.21 2.00 22.49 0.00 0.02 0.01 0.24 2.24 25.51

Lumle®!* -0.02 -0.16 -0.20 0.08 0.82 1.26 0.04 0.35 2.44 -0.04 -0.41 -0.54 0.03 0.32 2.27

Pamdur®* -0.11 -0.79 -0.95 -0.07 -0.46 -1.94 -0.15 -1.08 -18.76 -0.19 -1.38 -4.28 -0.22 -1.58 -30.02

Salyan®? -0.14 -1.00 -1.23 0.06 0.42 1.33 -0.12 -0.88 -14.10 -0.15 -1.08 -2.85 -0.16 -1.13 -18.05

Dandaswara®* -0.11 -0.63 -1.01 -0.19 -1.12 -7.28 -0.25 -1.47 -16.74 -0.12 -0.70 -2.68 -0.28 -1.61 -27.40

Syangja®® -0.21 -2.07 -0.85 -0.08 -0.74 -1.21 -0.02 -0.23 -1.06 -0.11 -1.04 -0.92 -0.09 -0.89 -5.11

Waling®** -0.17 -1.28 -0.94 0.18 1.39 3.01 -0.16 -1.25 -7.32 0.08 0.60 0.00 -0.09 -0.64 -6.86
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All seasonal and annual rainfall of remaining stations showed positive and negative trends
statistically non-significant at 95% confidence limit. Additionally, the relationship of
monotonic trend with time in terms of Kendall’s tau value were found weak. Figure 43a,b show
chronically Sen’s slope magnitudes during winter and pre-monsoon whereas Figure 44a,b

shows the Sen’s slope magnitudes during monsoon and post-monsoon.
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Figure 43. Sen’s slope magnitude (a) for winter (b) for pre-monsoon
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Figure 44. Sen’s slope magnitude (a) for monsoon (b) for post-monsoon

Figure 45a shows elevation (Elv.) wise average total annual rainfall in different meteorological
stations located inside the KG basin and Figure 45b shows annual Sen’s slope magnitude of
meteorological stations located inside the KG basin. Overall annual Sen’s slope magnitude for
elevations 1000 m to 1432 m showed highest magnitudes in decreasing trend, whereas stations

having elevations 1960 m, 1970 m and 2330 m showed higher in increasing trend.
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Figure 45. (a) Average annual rainfall (b) Annual Sen’s slope magnitude

The highest rainfall station Lumle (Elv. 1740 m MSL avg. total rainfall 5377 mm/year) showed
the increasing trend of magnitude +2.27 mm/year and the station Ghandruk (Elv. 1960 m MSL,
avg. total rainfall 3589 mm/year) showed highest increasing trend of +25.51 mm/year. In
contrast, the station Pamdur (Elv. 1160 m MSL, avg. total rainfall 4941 mm/year) showed
overall highest decreasing trend of magnitude —30.02 mm/year. The distribution of the annual
rainfall trend revealed that the stations of upper KG catchment have less rainfall events having
rainfall increasing trend with less amount of Sens’s slope whereas the middle part of KG
catchment consists of hilly zone with high rainfall events followed the increasing trend and
down part of KG catchment followed decreasing trends. No any significant trend in downstream
of KG catchment.

3.3 Sequential Mann- Kendall trends analysis

The SQMKT was applied for rainfall for determining the approximate year of the beginning of
the significant trends. The point where the progressive, U(t) and retrograde, U'(t) cross each
other indicates the approximate year at which the trend begins, and a significant trend is
detected when the curves exceeded the value £1.96 at the 95% confidence limit on a time series
graph.

3.3.1 Winter, pre-monsoon, monsoon and post-monsoon rainfall

Figure 46a,b show the plot of U(t) and U'(t) statistics of SQMKT z- values against time series
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for winter and pre-monsoon rainfall of Bhaudare®"®, Ghandruk®!, Lumle®"*, Pamdur®®,

Salyan®”, Dandaswarna®*?, Syangja®and Waling®*® stations. SQMKT test results showed

more than one change point for all stations except Bhaudare®!® station during winter and

832

Dandaswarna®“ station during pre-monsoon. The u(t) statistics shows winter rainfall of the

station Ghandruk®”!, Lumle®!* after year 1998 and Syangja®®

after 1980 toward decreasing
trend slowly whereas remaining all other stations show several change points which were

statistically non-significant at 95% confidence limit.
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Figure 46. SQMKT z- values against time (a) for winter and (b) pre-monsoon for Bhaudare®',

Ghandruk®!, Lumle®!*, Pamdur®®, Salyan®?°, Dandaswarna®*?, Syangja®®, Waling®%.

The SQMKT test results for monsoon and post-monsoon rainfall for these stations showed more

than one change point for all stations except Syangja®®> and Waling®?¢

stations during post-
monsoon (Figure 47a,b). The U(t) statistics shows monsoon rainfall of the station Ghandruk®?!
after 1988 toward increasing and Lumle®'* after year 1980 showed increasing trend. In contrast,

830

for monsoon, the station Pamdur®™" showed decreasing trend continuously after 1998.

Remaining all other stations show statistically non-significant at 95% confidence limit.
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Figure 47. SQMKT z- values against time (a) for monsoon and (b) post-monsoon for
Bhaudare®'®, Ghandruk®!, Lumle®¥, Pamdur®’, Salyan®®”, Dandaswarna®*?, Syangja®®,
Waling®%®.

Annual rainfall SQMKT test results for these stations showed more than one change point for

832

all stations except Dandaswarna®~ station (Figure 48). The U(t) statistics shows annual rainfall

814

of the station Lumle®™* after year 1980 toward significantly increasing trend and after 2005

slowly toward significantly decreasing trend whereas station Salyan®*

after 1998 year showed
significantly decreasing trend. Remaining all other stations show several change points which

were statistically non-significant at 95% confidence limit.
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Figure 48. SQMKT z- values against time for annual total monsoon for Bhaudare®!®,

Ghandruk®!, Lumle®!*, Pamdur®®, Salyan®?°, Dandaswarna®*?, Syangja®®>, Waling®%.
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Similarly, SQMKT test results for winter and pre-monsoon rainfall for Baglung®®,
Benibazar®”, Bagara®”®, Ghorepani®!®, Gurjakhani®!®, Muna®?8, Karkineta®'3and Bhobang®'’
stations showed more than one change point for all stations except Karkineta®'3and Bhobang®'

stations during winter have no change points (Figure 49a,b). Moreover, stations Baglung®®and

1609

Beni®” showed one change point whereas Bhagara®®

, Ghorepani®!® showed no changing points

629

during pre-monsoon. The U(t) statistics shows winter rainfall of the station Bhagara® showed

significant positive trend began in the year 2000, whereas stations Ghorepani®! after year 1992

and Gurjakhani®'® after 1995 toward decreasing trend. In contrast, the pre-monsoon rainfall of

609 613

stations Beni®”, Ghorepani®!® and Karkineta®'® showed significantly positive trend began from

the year 1970, 1985 and 1982 respectively. All other stations show several change points which

were statistically non-significant at 95% confidence limit.
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Figure 49. SQMKT z- values against time for (a) winter and (b) pre-monsoon for Baglung®®,

Benibazar®”, Bhagara®?®, Ghorepani®!®, Gurjakhani®'®, Muna®?®, Karkineta®'3, Bhobang®".

Monsoon and post-monsoon rainfall SQMKT test results for same stations showed more than
one change point for all stations except Baglung®® and Bhobang®'’ stations during post-
monsoon (Figure 50a,b). The U(t) statistics shows monsoon rainfall of the station Baglung®®
after year 1972 toward increasing trend whereas from year 1998 began slowly decreasing trend

at 95% confidence limit.
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Figure 50. SQMKT z- values against time for (a) monsoon and (b) post-monsoon for
Baglung®®, Benibazar®”, Bhagara®®®, Ghorepani®!®, Gurjakhani®'®, Muna®®, Karkineta®!?,
Bhobang®"®.

The annual total rainfall SQMKT test results for same stations show monsoon rainfall of the
station Baglung®S from year 1972 and Beni®” from year 1960 toward increasing trend at 95%

confidence limit (Figure 51).
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Figure 51. SQMKT z- values against time for annual total monsoon for Baglung605,

Benibazar®”, Bhagara®?®, Ghorepani®!®, Gurjakhani®'®, Muna®?®, Karkineta®'3, Bhobang®".

In addition, the plot of U(t) and U'(t) statistics of SQMKT z- values against time series for
winter and pre-monsoon rainfall for Jhomsom®"!, Thakmarpha®™, Tatopani®® and Bega%*
stations shown in Figure 52a,b. SQMKT test results showed that winter rainfall of Jhomsom®"!

and Thakmarpha®®* began increasing trend from 1970 at 95% confidence limit.
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Figure 52. SQMKT z- values against time for (a) winter and (b) pre-monsoon for Jhomsom®’!,

Thakmarpha®®*, Tatopaani®®®, Bega®?®.
The U(t) statistics shows monsoon rainfall of Bega®?® after year 2000 toward slow decreasing
trend (Figure 53a,b).
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Figure 53. SQMKT z- values against time for (a) monsoon and (b) post-monsoon for

601 604

Jhomsom®!, Thakmarpha®*, Tatopaani®®®, Bega%*°.

The annual rainfall U(t) statistics shows annual monsoon rainfall of Tatopani®®® and Bega®*
stations from year 1998 toward increasing and decreasing trend at 95% confidence limit

respectively (Figure 54).
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Figure 54. SQMKT z- values against time for annual total monsoon for Jhomsom®’!,
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Thakmarpha®®*, Tatopaani®®®, Bega®?®.

3.4 Rainfall and fluvial discharge comparison

The average daily and monthly rainfall inside KG basin and average daily and monthly fluvial
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discharge of KG River are presented in Figure 55a,b. The increase in average daily/monthly
fluvial discharge perfectly coincides with the average daily/monthly rainfall of KG basin. The

fluvial discharge of KG River increases with the increases in rainfall during monsoonal months.
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Figure 55. Average (a) daily rainfall and fluvial discharge (b) monthly rainfall and fluvial

discharge in KG basin.

Central lines indicate the median and bottom and top edges of the box indicate the 25" and 75"
percentiles respectively. The whiskers extend to the most extreme data points not considered
outliers, the ‘+’ sign represents outliers (1.5-fold interquartile range), and the circle shows the

mean value.

The average monthly rainfalls of June (14.27£3.76 mm), July (21.55+3.64 mm), Aug
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(19.4743.72 mm) and September (11.5942.82 mm) generated an average of 304.98+125.79,
806.29+162.37, 892.49+138.66 and 625.29+134.66 m’/s fluvial discharge from the KG basin.
A clear anticlockwise hysteresis loop was developed between fluvial discharge (Q) and rainfall
(R) of KG River describe the situation where the rainfall variable increases during rising curve
of the rainfall (Figure 56a). The higher river discharge during post-monsoon compared with the
pre-monsoon for a given rainfall rate. These patterns illustrated that part of the last year’s
rainfall was temporarily reserved within the catchment. The entire rainfall received in
catchment was not transferred directly to the river system during the pre-monsoon and the
monsoon seasons, whereas the storage part was drained during the post-monsoon season
(Andermann, Bonnet, et al., 2012).

3.5 Rainfall and fluvial discharge hysteresis

The hysteresis effect is performed due to glacier and snow melt runoff in river system during
the pre-monsoon and monsoon seasons (Andermann, Bonnet, et al., 2012). In the Himalayas,
higher rainfall during the monsoon is responsible for the recharge of basement aquifers, which
are refilled during the monsoon and released in the post monsoon, leading to the observed
annual hysteresis (Andermann, Bonnet, et al., 2012). The minimum rainfall measured by DHM
in rainfall stations is 1 mm. Out of 20 homogenized rainfall stations, number of rainy days
events in KG basin during May to September showed 100% consistent in terms of rainfall
events occurred inside the basin. The months January to April and October to December showed
inconsistent showing number of rainy days were decreasing from January to February, whereas
increasing trend in March to April. Similarly, the number of rainy days from October to

December also showed in decreasing trend (Figure 56b).
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Figure 56. (a) Rainfall and fluvial discharge hysteresis. (b) Number of rainy days during
different months.

The white filled diamonds with numbers (1 for January, ....... and 12 for December) show the

mean monthly values. The error bars represent standard deviation
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CHAPTER4.0 GENERAL CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusion

In this study, the rainfall trends over KG basin, Himalayas from 1957-2018 were examined
using Mann- Kendall trend test with Sen’s slope estimator, showed that the station Ghandruk
(Elv. 1960 m MSL) performed highest increasing trend (+25.5 mm/year) whereas station
Pamdur (Elv.1160 m MSL) performed highest decreasing trend (-30.0 mm/year). In addition,
sequential Mann- Kendall trend test detected the approximate year of the beginning of the
significant trends inside the KG catchment. The fluvial discharge of KG River increases with
the increases in rainfall during monsoonal months. A clear anticlockwise hysteresis loop was
developed between fluvial discharge (Q) and rainfall (R) of KG River describe the situation
where the rainfall variable increases during rising curve of the rainfall. The higher river
discharge during post-monsoon compared with the pre-monsoon for a given rainfall rate
illustrated that part of the last year’s rainfall was temporarily reserved within the catchment.
The entire rainfall received in catchment was not transferred directly to the river system during
the pre-monsoon and the monsoon seasons, whereas the storage part was drained during the
post-monsoon season. The hysteresis effect is performed due to glacier and snow melt runoff
in river system during the pre-monsoon and monsoon seasons. In the Himalayas, higher rainfall
during the monsoon is responsible for the recharge of basement aquifers, which are refilled
during the monsoon and released in the post monsoon, leading to the observed annual

hysteresis.

4.2 Application of study

This study will help to picturize the rainfall trends in Himalayas, which could be useful for
hydropower reservoir management.

4.3 Recommendations

Rainfall variation within snow fall area is very low compared to rainfall
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dominated hilly region. It is recommended to study the major local rainfall event

responsible for sediment yield.
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PART IV- MECHANISM OF RIPARIAN VEGETATION GROWTH
AND SEDIMENT TRANSPORT INTERACTION IN FLOODPLAIN

ABSTRACT

The ecological dynamics of riparian area interact with sediment transport in river system,
which plays an active role in riparian vegetation growth in the floodplain. The fluvial dynamics,
hydraulics, hydro- meteorological and geomorphological characteristics of river are associated
to sediment transport in river system and around the riparian area. The flood disturbance,
sediment with nutrients and seeds transported by river, deposition and erosion phenomena
which frequently occurred in the floodplain, changed the bare land area to vegetation area and
vice versa. The difference in vegetation is caused by the difference in the sediment supply into
the river channel and sediment particle size distribution with the sediment deposition along the
river channel, which inhibits the recovery of vegetation afterwards in the river floodplain.
Mathematical models describing vegetation growth in short period available in literature, but
long-term modelling and validations are still lacking. In order to cover long-term vegetation
growth modelling, a Dynamic Riparian Vegetation Model (DRIPVEM) was proposed. This
paper highlights the existing modelling technique of DRIPVEM coupled with Dynamic
Herbaceous Model used to establish the interactive relationship of sediment grain sizes and

riparian vegetation in the floodplain.
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CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1 Research background

Riparian vegetation plays a significant role in the ecological balance of a riparian area (Fu et
al., 2016). Riparian area is a transitional semiterrestrial area extended from the edges of water
bodies to the edges of upland communities and regularly interacted with river water, flow
alterations, sediment and nutrients (Camporeale & Ridolfi, 2006; Asaeda & Sanjaya, 2017;
Zhao et al., 2019). Flood disturbance is one of the major cause of vegetation mortality in the
riparian zone either by inundation or bank erosion (Asaeda et al., 2011; Asaeda et al., 2019;
Asaeda, Fujino, et al., 2005). The morphological alterations in riparian area caused by a flood
event either supports or suppresses the riparian vegetation, which depends also on the sediment
grain sizes deposited on original sediment surface or exposed of previous underlying sediment
surface (Asaeda & Rashid, 2014). The flood hydrology affects the hydrochory in the riparian
area during flood time, recruit the seeds and begins colonization of trees (Asaeda et al., 2015).
Water is one of the major principal seed dispersal agent in the floodplain (Biology, 2019). The
number of seeds floating during flood event, magnitude of flood, duration and frequency of
flood occurrence determine the seeds recruitment phenomenon in the riparian area (Lytle &
Poff, 2004; Boedeltje et al., 2004; Vogt et al., 2004). The area of vegetation coverage in the
riparian zone is directly dependent on the availability of water, nutrients available in water and
sediment before and after flood event and exchange of nutrients from atmosphere to the
floodplain (Asaeda & Rashid, 2014).

Phragmites australis, Typha spp. and Phragmites japonica are perennial plants on riparian zone
in Japanese River floodplains, have an extremely high ability to expand their territory by
extending stolons (Asaeda et al., 2008). The floods provide the habitat with nutrient rich water
and sediment in the inundated bar. Sandy sediment sites are preferable for the growth of

herbaceous plants, as moisture and nutrients in the coarse sediment layers are very limited
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(Lippert et al., 1999; Moriuchi & Winn, 2005; Asaeda et al., 2009).

The flood controlling structures such as dam and weir control the natural flood dramatically
(Asaeda et al., 2011; Asaeda, Rashid, et al., 2011) so that the bed shear stress, specific power
and flow velocity of downstream reaches were reduced (Brandt, 2000). The low interacting
flood events in the downstream area also curtail the sediment transport except wash load and
make river channel more stable (Nallaperuma & Asaeda, 2019). This phenomenon gradually
coarsens the downstream active riparian zone. From the sustainable reservoir management
perspective, the intermittently artificial release of sediment with high nutrients deposited in
reservoir through dams has been practiced in Japanese Rivers (Sumi & Kantoush, 2010),
increased the depth of fine sediment in the floodplain, which also alters the inundation pattern
and sediment grain sizes in the riparian zone (Asaeda & Rashid, 2012; Mueller et al., 2017,
Stédhly et al., 2019). The released fine sediments interlocked the coarsen sediment of the bar
after sedimentation in the bar, supporting the vegetation encroachment.

The sediment yield from a catchment depends on numerous parameters including topography,
gradient of river, rainfall in catchment, temperature and soil type of catchment area (Baniya et
al., 2019; Gudino-Elizondo et al., 2019). Fluvial dynamics, hydraulics, hydro- meteorological
and geomorphological conditions of river determine the transport of sediment from its origin
(Mao et al., 2009). The flood events with its magnitude, duration and frequency are associated
with sediment transport (Soler et al., 2007). The morphological characteristics of riparian zone
was altered by flooding, which triggers erosion or deposition in the floodplain (Asaeda, Gomes,
et al., 2011). The floods have influenced on recruitment as well as vegetation colonization.
The interactive parameters for riparian vegetation growth in floodplain are illustrated Figure

57.
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Figure 57. Interactive parameters for riparian vegetation growth in a floodplain

The intermittent floods encountered in floodplain alter morphology of riparian zone and the
vegetation coverage change by erosion or deposition of sediment (Gurnell & Petts, 2006). The
nutrients interchange from atmosphere, human disturbance, flooding play a role for riparian
vegetation growth (Naiman et al., 2000). Primarily, vegetation succession in floodplain starts
from growth of herbaceous plants, which when senescence after completing their life cycle,
decomposed in the form of nutrients to the floodplain. The supportive role of increasing
nutrients by primary succession of herbaceous plants create favorable environment for tree
recruitment in the floodplain. The decomposition of defoliated leaves of trees and above ground
biomass (AGB) and below ground biomass (BGB) of herbaceous plants also increased the
nutrients level of riparian zone. The absence of large floods due to artificial interventions such
as dam, weir and spurs compelled vegetation colonization in the floodplain, which vanishes
natural stony surface resulting a forest community.

The alterations of river hydrology and morphology after dam intervention, changes of sediment
grain sizes with nutrients transport into riparian zone make the floodplain fertile. There are
numerous interactive parameters responsible for changing bare land area to vegetation area.

Numerical simulation describing riparian vegetation growth for long period and validations are
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still limited in the literatures (Nones & Di Silvio, 2016; Perona et al., 2009; Davies - Colley et
al., 2009; Rivaes et al., 2013; Garcia - Arias et al., 2013). It is difficult to address all these
interacting parameters within a single mathematical model. It is important to conduct this study
in floodplain to know the excessive vegetation drivers and to predict the changes in long-term
riparian vegetation coverage area. The objectives of this study are to link the interacting
parameters relationships with vegetation growth in the mathematical model, to elucidate the
mechanisms behind riparian vegetation growth dynamics in perspective of long-term vegetation
growth modelling of riparian area. This study highlights the existing modelling technique of
DRIPVEM (Asaeda & Rashid, 2014; Asaeda et al., 2015; Sanjaya & Asaeda, 2017) coupled
with Dynamic Herbaceous Model used to establish the interactive relationship of sediment

grain size and riparian vegetation in the floodplain.

1.2 Research objectives
The following are the research objectives of this study (Part-1V).
1. To understand the excessive vegetation drivers and to predict the changes in long-term
riparian vegetation coverage area.
2. To link up the interacting parameters relationships with vegetation growth in the
mathematical model.
3. To elucidate effects of sediment particle size on the mechanisms behind riparian
vegetation growth dynamics in perspective of long-term vegetation growth modelling

of riparian area.
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CHAPTER 2.0 MATERIALS AND METHODS
2.1 Study Site Description

(a) Case study I: Narayani River, Nepal

The downstream KG River from dam also passes through the deep canyon through Himalayas
which meets with Trisuli River at about 185 km downstream from KG hydropower dam. After
confluence point, the river named as Narayani River, opens to plain area having mild gradient.
The degradation characteristics of river decreases, and transported sediment deposited on the
floodplain. The floodplain about 1500 mx 570 m is located about 12 km downstream from the

confluence point as shown in Figure 58.

Figure 58. Location map of floodplain located downstream of confluence of KG and Trisuli

Rivers

(b) Case study II: Kuzuryu River, Japan

The Kuzuryu River flows through Fukui Prefecture, Japan and merges in to the sea of Japan
(Figure 59a,b). The length of this river is about 116 Km. Several dams alter the river continuity.
The floodplain is located about 24 km from the river mouth and 56 km downstream from the
Kuzuryu River dam. The river basin has catchment area of 2930 km?. The average annual
discharge of the selected study reach is about 86 m?/s and the average annual rainfall is about
2200 mm. The historical data sourced from Ministry of Land, Infrastructure, Transport and
Tourism (MLIT), Japan recorded the maximum flood height was 7.54 m in October, 2004 and
corresponding discharge was 3221 m%/s (http://www]1.river.go.jp/) in Kuzuryu River study
reach. The floodplain (36°06'23" N, 136°16'06" E) is about 2370 m long and 542 m width
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(Figure 59a-b). The gradient of the study reach is 0.3 %.
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Figure 59. Location map of Kuzuryu River (a) Study reach (b) Magnified view of study reach

The main physiographic characteristics of the Kuzuryu River study reach is presented in Table

18.

Table 18. Main physiographic characteristics of study river reach.

Parameters Descriptions
Floodplain size 2370 m x 542 m
Mean gradient of river 0.3%
Extreme Flood level 7.54 m in Oct 2004; 6.24m in Oct 2002; 6.9 m and 6.82m in Sep 1998 and
from normal water level 1989

(0.000 m elevation)

Extreme Flood Discharge

3221 m¥/sin Oct 2004; 2400 m?/s in Oct 2002; 2517 m?/s and 2144 m?/s in
Sep 1998 and 1989

Ground Elevation ranges from normal
water level (0.000 m elevation)

0.102m-7.334 m

Precipitation

~ 2200 mm/yr
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2.2 Model development

The modelling approach is a technique frequently adopted to predict the vegetation dynamics
in the riparian area which is best tool for long term management perspective of riparian area.
The alterations observed in riparian trees by hydro morphological alterations and climate
changes provided researchers with evidence to be used for developing numerical models
(Vargas - Luna et al., 2015; Nepf & Ghisalberti, 2008). Different mathematical and process-
based approaches were used to express vegetative succession in riparian area (Sekine et al.,
2012; Benjankar et al., 2011; Garcia - Arias & Francés, 2016) and for growth and yield
simulator, planning, decision making and efficient forest management (Salminen et al., 2005;
Mendoza & Vanclay, 2008; Pretzsch et al., 2002). However, coupling of all the interacting
parameters with riparian vegetation growth once at a time within a single mathematical model
is tedious task.

Most of the parameters associated in riparian vegetation growth mechanism were clearly
compiled in mathematical models for spatial distribution of herbs and trees in DRIPVEM by
Asaeda (Asaeda & Rashid, 2014; Asaeda et al., 2015). The growth of herbaceous plants for
monospecific stand in riparian zone was described in Dynamic Herbaceous Model (Asaeda &
Karunaratne, 2000). The DRIPVEM coupled with a Dynamic Herbaceous Model was used to
describe vegetation dynamics in the riparian zone.

2.2.1 Dynamic Herbaceous Model for monospecific stand

The herbaceous plants P. australis, Typha and P. japonica are some of the dominant herbaceous
perennial plants in riverine wetlands. These plants can grow on sandy and stony habitats on the
floodplains. Particle grain size of floodplain plays an important role in the growth of these
plants. Dynamic Herbaceous Models were developed to simulate the growth dynamics of a
monospecific stand of P. australis, Typha spp. and P. japonica in freshwater ecosystems. The

mathematical models were formulated by Asaeda (Asaeda & Karunaratne, 2000) and the results
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were validated in Czech Republic, Australia and Japan (Asaeda & Karunaratne, 2000), U.S.A.
(Asaeda, Hai, et al., 2005), Egypt (Eid et al., 2012) and Japan (Asaeda et al., 2011).

In this Dynamic Herbaceous Model, meteorological data such as daily temperature and daily
solar radiation are the input parameters (Figure 60). In case of lacking meteorological data,
latitude of the study site is considered as input for calculating the temperatures and solar

radiation.

Input data

Initial rhizome & root biomass

remobilization for spring
growth R ..
> > respiration
shoots .
» mortality
4 r 3
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photosynthesis
v supply for root growth "l roots
old rhizomes
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Figure 60. Schematic structure of Dynamic Herbaceous Model

The model consists of five different equations for shoots, inflorescence, roots, old rhizomes and
new rhizomes (Asaeda et al., 2011; Asaeda & Karunaratne, 2000). The initial rhizome and root
biomass are also given as input variables for initiation of growth. The net growth of the whole
plant is the combined effect of photosynthesis, respiration, mortality and transfer of assimilated

materials.
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The growth of P. japonica is based on the model developed by Asaeda and Karunaratne (2000)
and Asaeda et al. (2005) for growth of P. australis and Typha spp., respectively. The modal
consists of five different equations of shoots, inflorescence, roots, old rhizomes and new
rhizomes. The initial rhizome and root biomass, daily total global irradiance and daily mean
air temperature are given as input data

The net growth of the whole plant is the combined effect of photosynthesis, respiration and
mortality during life cycle of plant. Each organ of plant is associated to respiration and
mortality, and the translocation from and to other organs. Shoots undertake photosynthesis,
too. Then, five different material budget equations (IV.1) to (IV.5) were formulated for each
plant organ following these processes. Shoot was stratified into 1 cm-thick horizontal layers,
for which the photosynthesis rate was calculated separately corresponding to the light intensity
at each height. Each growth equation was solved simultaneously for each layer using the Fourth
order Runge—Kutta method with a daily time step.

The output of the modal are daily growth of total shoots, inflorescence, roots, old rhizomes and

new rhizomes.

aB i=i max i=i max

a;hi =-R,,—D,, —Rhif Xf, . +y Z Euby (D fg T Z €, Ph,, (Df, (Iv.1)
i=l i=1
oB
= Grrfrt _th_Drt + 'XRhl-f X frhi (IV2)
ot :
aB i=imax . i=i max .
E)tn - _Rn_D" +d- y) Z 8“‘”]9“’1 (l)fsht +(d- y) z 8/7/1 Phxlu (l)fph (IV3)
i=l i=1
abxahtl‘(i) = Ph sht (i)_R"”(i)_DW (i) + (I = x)Rhif X fr“"{bg (i)]_el\-hrb.\-hr (i)f.\-hr -
oY (IV.4)
€ Pl () fp = (b, (DDe, = Phy (Dk)f - G,,f,-/[ 5 (I)J
sht
aB i=i max i=i max
TR, ()= DD+ 3 Phy, (DX + 3 €, by (). IV.5)
i=l i=1

ot

99



where B (g/m*day) and b (g/m%day/1 cm height) are the total and layer wise biomass,
respectively and subscripts, rhi, rt, n, sht, and p indicates rhizomes, roots, newly-formed
rhizomes during the year, shoots, and panicles, respectively; fn =1when ¢, < t < t,, otherwise
0; fsw=1 when t,<t, otherwise 0; f,:=1 when t, <t <t,, otherwise 0; & and ¢y, are the
fractions reallocated from the shoots and current photosynthesis to the below ground plant

organs, respectively, are the functions of habitat particle size and related as followed equations.
esn= 0.002x(Ds0)"?% (R*=0.96) (IV.6)
epn=0.2878%( Dsp)*?738 (R?>=0.97) (IV.7)
The fraction y of & and g, was allocated to the old rhizomes and the rest to the new rhizomes;
fr=1 when t, <t < t,otherwise 0; (i) represents the quantity in the i layer; ff=1 when t; <t
otherwise 0; #5: the commencement of growth; 7. : the formation of new roots; z. : the ending of
mobilization from rhizomes to shoots and roots; 7, : the commencement of translocation of
current photosynthesized material to below-ground plant organs; ¢ : the appearance of
panicles; ¢, : commencement of shoot senescence; imax is the maximum number of layers in
the plant stand; k and ¢, are the fractions of contribution of the current photosynthesis and
accumulated shoot dry matter to the formation of panicles; Ry is the mobilization of stored
material from rhizome to roots and shoots during the initial stage of growth; x is the fraction of
Rujr allocated for root growth and the rest for shoots. The amount of material mobilized from

the rhizomes was taken to be proportional to its biomass and daily mean temperature.

The photosynthesis rate of shoots is given by

Pane (i) = Py, 0720 2ar®__ o Tage _p (IV.8)

Kpar+lpar(@® ~ (Kage+Agesn) "
where P, , maximum photosynthesis rate is a decreasing function of particle size as
P = 0.2702%(Dso) %% (R?=0.96) (IV.9)
where K., is the conversion constant of carbon dioxide to ash free dry weight, Ipr is
photosynthetically active radiation in the i”* layer, Kpar and K are the half saturation

coefficients of photosynthetically active radiation (PAR) and age, respectively.
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Rhif = a0 T29B,; (IV.10)
where a1 is a coefficient of translocation of rhizome and is given as ani=as.ix(initial rhizome)
030 (Asaeda et al 2000) where i is the soil coefficient and depends on the habitat particle
size. This was related with sediment particle size as

50it=0.4971x(Ds0) % (R*=0.99) IV.11)
where R and D are the respiration and mortality (g/m? per day), respectively, which are
proportional to their biomasses (Hootsmans, 1994) and the mean daily temperature, such as
R, = ,0729B,, D, =y,0"29B, , wherey, and f8, are the specific rates of mortality and
respiration at 20°C; @ is the Arrhenius constant; 7 is the daily averaged temperature; subscript
a represents old rhizome, new rhizome, root, panicle or shoot.

The supply of photosynthesized material for root growth (G) is given by

Krt

G = 6 (T_ZO)
rt Gm Krit+Agert

By (Iv.12)

where g, shows the allocation to roots as a function of sediment particle size as

gm= 0.0414x(Ds0)*#18 (R?=0.82) (IV.13)
where K}, is the half saturation coefficient of root age as a function of sediment particle size as
Kyt =72.784%(Ds0)"%% (R?=0.98) (Iv.14)
Where Age,: is the age of roots in days from the start of root growth. The total shoot biomass
is given by the sum of the shoot biomass in each layer.

Bgne = X% (bgpe (i) (IV.15)

The net production of herbaceous plant is calculated by using Equation (IV.16).

__dBy
Net production = e

t
V.1
= Ph(i) - z (Respiration) — Z (Mortality) + z (Translocation) (

i=layer organ organ organ

6)

Where Yi_jayer PR(1) is sum of layer by layer photosynthesis performed by leaves of herbaceous

plant, ¥ ,.0an(Respiration) is total loss of biomass due to respiration, ¥, ,oan(Mortality) is total
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loss of biomass due to dead of plants organ such as shoots, inflorescence, roots, old rhizomes
and new rhizomes of herbaceous plants. Y...,(Translocation) is transfer of assimilated
materials. + sign indicates the upward transfer of assimilated materials from BGB to AGB and
— sign indicates the downward transfer from AGB to BGB.

2.2.2 DRIPVEM coupled with Dynamic Herbaceous Model

For long-term modelling perspective and incorporation of numerous interacting parameters
with riparian vegetation succession subjected to both herbaceous plants and trees, Asaeda
(Asaeda & Rashid, 2014; Asaeda et al., 2015) developed a dynamic model which can predict
the vegetation succession and interaction with floods, riparian morphology, nutrients, sediment
size etc.

Figure 61 shows the schematic diagram of DRIPVEM coupled with Dynamic Herbaceous
Model. The DRIPVEM consists of HYDRO, TREE, HERB and NUTRIENTS modules with
their interactive roles (Asaeda & Rashid, 2014; Asaeda et al., 2015). The HYDRO module is
used to link up flood hydrology to TREE and HERB modules which occurred in floodplain.
The flushing effects of flood is also considered in the model. The TREE module calculates the
spatial tree distribution in the floodplain by considering initial colonization after flooding. The
sediment particle sizes are connected to determine the initial tree recruitment and also linked to
determine the herbs biomass. The allometric relations with diameter at breast height (DBH) and
age were also included in the model to predict the biomass growth of tree species such as Salix
gilgiana, Robinia pseudoacacia and Albizia julibrissin (Asaeda & Rashid, 2014; Asaeda et al.,
2015; Asaeda et al., 2010). The HERB module calculates the herbaceous plants biomass with
its spatial distribution in the floodplain in which particle size, shading effects of tree canopy as
well as the nutrient interactions and effects of floods are incorporated in the model. The
NUTRIENTS module depicts the soil nutrients budget by interacting atmospheric nitrogen,

flood nitrogen, nitrogen release after decomposition of litter biomass and N- fixation process
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of rhizobium bacteria with soil in floodplain. Important equations employed in the herb biomass
are summarized in the Table 19. The outputs of DRIPVEM were validated for Japanese steep

rivers (Sanjaya & Asaeda, 2017).

Table 19. Some important equations employed in the herb biomass calculation

Factor Herbs

TN effect (gDW/m?) AGBG=AGB,1.:x(TN*/(0.04>5+TN?))
Particle size Dsp (gDW/m?) AGBG=AGB,::x(2.5%/(2.5°+(2+log(Dsp))*)
Sky view factor SVF=1-2xCy

Shading effect AGBg= AGBg x (SVF*%)

The allometric relationship used to calculate biomass of trees are summarized in the Table 20.

Table 20. Allometric relationships and conditions employed for trees

Salix spp. Robinia sp.
Initial sprout density (Nos./m?) 30 0.3
Effective floods May August-September

Canopy D = Trees isp X(Leaf It
Canopy coverage, Canopy D (Capl2)®)

Treesrob = Trees age=oX (8%/

Self-thinning rate Trees sa = Trees age—0/ AGE® 8*+AGE")
Diameter of breadth height, DBH (cm), Tree
age AGE (year) DBH = 0.278AGE"*® DBH = 0.169AGE**
Tree height, H (cm) H =229 AGE'® H=118.7 AGE*™
Canopy diameter, Cap (cm) Cap = 122DBH"#16 Cap = 94.6 DBH"%3
Aboveground biomass, AGB (except leaves)
(kgDw) AGB = 0.08DBH>?’ AGB = 0.08DBH*?
Belowground biomass, BGB (kgDw) BGB =0.11DBH'"° BGB =0.11DBH'"°
Leaf biomass, Leaf (kgDW) Leaf=0.0147DBH*"3 Leaf =0.0147DBH*'3

In HERB module of DRIPVEM, the maximum herb biomass is one of the input parameters. In
the absence of observed data of maximum herb biomass in floodplain, Dynamic Herbaceous
Model is used to calculate the maximum herbs biomass in the floodplain. The output value of
maximum biomass simulated by Dynamic Herbaceous Model transfers to HERB MODULE
which is one input parameter of DRIPVEM. This is a new technique to couple DRIPVEM
model with Dynamic Herbaceous Model to describe the vegetation growth in riparian zone

(Figure 61).
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Figure 61. Schematic structure of Dynamic Riparian Vegetation Model (DRIPVEM) coupled

with Dynamic Herbaceous Model.

P. japonica, a pioneering perennial species on floodplains in East Asia, has an extremely high
ability to expand its territory by extending stolons for more than 10 m in a year with its high
plasticity. Although floods provide the habitat with nutrient rich water, the soil of flood plain
is still unsuitable for P. japonica, as moisture and nutrients in the coarse sediment layer are
very limited. Little moisture retained in the coarse sediment apparently restricts the growth of
P. japonica, as the uptake of the same and nutrients is highly limited. Moisture content in fine
sediment is higher than in coarse sediment as water vapour transfer is far smaller for fine beds
compared with coarse beds. Therefore, sandy sediment sites are preferable for the growth of P.
Jjaponica, compared with stony sites. Total biomass difference was more than twice between
fine and coarse sediment sites.

As indicated by the dynamic model of plants, the net growth of the plant stand is the integral
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effect of photosynthesis, respiration, mortality and translocation of assimilated materials
between shoots and belowground organs. Therefore, the change in biomass is highly affected
by the balance of the biomass partitioning, in addition to photosynthesis and respiration and
mortality losses. In the case of perennial plants, the translocation between the aboveground and
belowground biomass differentiates their morphology depending on their plasticity. The
shortage of moisture and nutrients restricts at coarse sediment sites the growth of plants, while
the belowground organs grow more for higher access to water and nutrients. The allocation of
biomass to the belowground organs, however, does not contribute to the photosynthesis
production, thus the total biomass becomes lower than the case of fine sediment sites. In the
model, effects of plasticity were successfully described by changing values of translocation

coefficients.
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CHAPTER 3.0 RESULTS

3.1 Case study (Nepal)

3.1.1 Historical evidence of growth of herbs and trees in floodplain

Figure 62a-d show the historical aerial images in chronological sequence of development of
vegetation growth in Narayani River floodplain from 2004 to 2020. The sediment deposition
area decreased and riparian vegetation area increased year by year. The noticeable riparian
vegetation coverage established after 16 years interaction of flood and sediment in riparian

area.

2014/10/25 ~ o 2020/05/09

Figure 62. Historical aerial images in chronological sequence illustrating vegetation growth in
Narayani River, Nepal (a) 2004 (b) 2010 (c) 2014 (d) 2020

The annual flood and sediment interaction depict the floodplain area, herb area and tree area,
which are extracted from the historical aerial images (Figure 63a-d). The red boundary shows
the floodplain area. The faint green boundary shows the herb area whereas the dark green

boundary shows the tree coverage area in the Narayani, River floodplain.
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Figure 63. Riparian area calculation from historical aerial images in chronological sequence in
Narayani River, Nepal (a) 2004 (b) 2010 (c) 2014 (d) 2020

The riparian area shows increasing function with sediment deposition area shown in Figure 64a.
The herb area was existed during 10 years since 2004, and tree species were introduced after
10 years period. The riparian area was interacted with floods and sediment continuously up to
10 years so that a forest area was permanently established after 16 years in the floodplain

(Figure 63 and 64b).
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Figure 64. (a) Relationship between riparian area and floodplain area (b) Tree and herb

coverage arca

3.1.2 Prediction of vegetation growth by using DRIPVEM coupled with dynamic herbaceous

plants model

The vicinity area is dominated with riverine grassland species Saccharum, Narenga and
Themeda and riverine forest Shorea rubusta occupy old and new floodplain terraces with a
variety of soil moisture conditions (Lehmkuhl, 1994).

In case of prediction of riparian vegetation growth in Narayani River floodplain, the DRIPVEM
should be calibrated in the context of Narayani River floodplain (Nepal) which requires field
observations of riparian vegetation in the floodplain. This broad research area is now an
emerging field in developing countries like Nepal and prospect an immense research scope in
future. For calibration of coupled DRIPVEM model, species wise biomass of herbs and trees
such as above ground and below ground biomass growth in the floodplain are needed with the
sediment particle size deposited in the floodplain. The nutrients available in the sediment is also
major governing factor during calibration of the model. The field observation of riparian
vegetation and application of this coupled DRIPVEM for this river floodplain at this moment

would be future perspective of the study.
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3.2 Case study (Japan)

The historical monthly maximum flood levels (1969-2014) in Kuzuryu River study reach is

shown in Figure 65a (http://www].river.go.jp/). The riparian area is divided in to 10 m x10 m

meshes having elevations ranges from 0 (normal water level) to 7.33 m. The upstream riparian
zone consists of highest elevations and more than 50% riparian area composed of low

elevations from 0.1 m to 3 m (Figure 65b).
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Figure 65. Kuzuryu River (a) Historical flood level (b) Floodplain elevation

3.2.1 Seasonal growth of herbaceous plants

The monthly mean observed AGB and BGB of P. japonica on the floodplain in sandy habitat
is higher than gravelly habitat (Figure 66a,b). The morphology of this plant such as plant
density and height of plant are higher in sandy soil compared to gravelly soil. Flood disturbance
and sediment interaction in the riparian zone alter the morphological conditions of riparian
zone such that the vegetation growth changes in the floodplain. The monthly mean observed
AGB was significantly higher than at gravelly site (two sample t-test, p < 0.05). Similarly, the
monthly mean observed BGB at sandy sites was significantly higher than at gravelly site (two
sample t-test, p < 0.05). The observed maximum AGB was 1406 g/m? at 0.13 mm sediment
grain size (sandy site) whereas its value was 400 g/m? at 15.2 mm sediment grain size (gravelly

site). Similarly, the observed BGB was 1147 g/m? in sandy site and 808 g/m? in gravelly site
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respectively. The AGB is easily removed subjected to floods and thereafter the photosynthesis
is curtailed throughout the rest growth periods of the year, although the secondary shoots grow
if the flood occurs early in the growing season (Asaeda et al., 2006; Asaeda & Rajapakse,
2008). The Dynamic Herbaceous Model predicted that the maximum AGBs were 1347 g/m? at
sandy site and 462 g/m” at gravelly site. Similarly, the model predicted the maximum BGBs
were 853 g/m? at sandy site and 541 g/m? at gravelly site. The comparison of observed and
simulated AGB (R?=0.92) and BGB (R? = 0.85) at sandy soil and AGB (R?=0.51) and BGB

(R? = 0.66) at gravelly soil (Kumagaye, Japan) are shown in Figure 66a,b.
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Figure 66. Observed and simulated biomass P. japonica at different habitants (a) Above ground
biomass (AGB) (b) Below ground biomass (BGB).

3.2.2 Historical evidence of growth of herbs and trees in floodplain

Figure 67a-d show the historical aerial images in chronological sequence of development of
vegetation growth in Kuzuryu River study reach from 1982 to 2018. From the historical
imagery observations, one can notice that the sediment deposition area decreased and riparian
vegetation area increased year by year. A major flood of 2144 m?/s with flood level 6.82 m
occurred in September 1989. This major flood changed the morphology of river and increased

the riparian zone coverage rapidly. After 9 years, another major flood of discharge 2517 m%/s
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with flood level 6.9 m occurred in September 1998. Similarly, a high flood of discharge 2400
m?/s with 6.24 m flood level encountered in the study reach in October 2002 and a highest
flood of discharge 3221 m?/s with inundation level 7.54 was encountered in October 2004

(Figure 65a). These major floods changed the morphology of the floodplain.

i S s S

Figure 67. Historical aerial images in chronological sequence illustrating vegetation growth in
Kuzuryu River, Japan (a) 1982 (b) 1994 (c) 2004 (d) 2018

(Source: Geographical Information Authority of Japan https://mapps.gsi.go.jp/maplibSearch.do#1 and Google Earth 2018).

3.2.3 Prediction of vegetation growth by using DRIPVEM coupled with dynamic herbaceous
plants model

Figure 68a,b show the simulated spatial distribution of herb biomass on the floodplain after 49
years of simulation in sandy (Dsp = 1 mm) and stony (Dso = 50 mm) site. After large flood,
nearly all area of riparian zone was inundated except for few high elevated areas whereby they
retain the herbs biomass as well as the soil TN concentrations on each meshes. Herbs were
easily washed away and soil TN concentration also decreases in flood affected areas (Asaeda
& Rashid, 2014). After completing life cycle of herbaceous plants, the AGB parts senescence
and decomposed so that nutrients were released into the floodplain. The retained nutrients were

used for the next growing seasons for herbaceous plants and creates favorable condition for
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tree growth. The DRIPVEM results after 49 years of simulation, showed that spatial
distribution in sandy site performed minimum 700 g/m? and maximum 1100 g/m? of
herbaceous biomass whereas in stony site ranges from 220 g/m? to 400 g/m>. Out of 8639
number of meshes, 7661 number of meshes are covered with herbs in 2018 and the DRIPVEM

generated 4224 meshes were covered with herb biomass (R?= 0.55).
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Figure 68. Simulated spatial distribution of herbs in floodplain (a) Dso= 1 mm size (b) Dso=

50 mm size.

Figure 69a shows the simulated density wise spatial distribution of trees on the floodplain after
49 years of simulation in sandy site. The density wise distribution of trees varied from 0.05
Nos/m?to 0.5 Nos/m? consisting of different ages of trees varied from 2 to 18 years old (Figure
68b). Out of 8639 number of meshes, 7217 number of meshes are covered with trees in 2018
and the coupled DRIPVEM calculated 4224 meshes were covered with trees (R?=0.65). The
discrepancies were expected due to the external factors for example: hydraulic factors,
temperature, human disturbance at higher elevations and environmental factors change after

flood events.
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Figure 69. Simulated spatial distribution of trees in sandy floodplain (a) Density wise

distribution (b) Age wise distribution.
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CHAPTER 4.0 DISCUSSION

4.1 Growth of herbaceous plants in the riparian zone

The dynamic herbaceous plants model performed that the net growth of the plant stand is the
integral effect of photosynthesis, respiration, mortality and translocation of assimilated
materials between shoots and belowground organs (Asaeda et al., 2011; Asaeda & Karunaratne,
2000; Hootsmans, 1994; Soetaert et al., 2004). The transfer between the aboveground and
belowground biomass in the case of perennial plants differentiates their morphology depending
on their plasticity (Asaeda et al., 2006; McConnaughay & Coleman, 1999; Funk, 2008). The
limiting of moisture and nutrients in coarse sediment sites decreases the growth of plants
whereas the available moisture and nutrients in sandy sites increases the growth of herbaceous
plants so that the total biomass in fine sediment was more than coarse sediment.

The aboveground part of herbaceous plants begin in the mid spring with the expense of reserve
rhizomes by the upward translocation (Tursun ez al., 2011). This upward translocation continues
up to early summer and rhizome biomass decreases so that above ground biomass continuously
increases. When upward translocation at near stopping stage, photosynthesized material starts
download translocation to rhizomes reserving for next growing season. Also, biomass of shoot
continues grow and maximum AGB occurs at autumn (Votrubov et al., 2008). The aboveground
parts die or are removed by the flood flow. The photosynthesis production is highly curtailed
during the flooding period in the year, although secondary shoots grow if the flood occurs early
in the growing season (Asaeda & Rajapakse, 2008). The sediment trapping behavior of
herbaceous plants deposited sediments in the upstream of herbaceous plants and scour formed
behind the vegetation with changing flow velocity profile (Li ef al., 2018). The sediment
trapped zone around the herbaceous plants (Gomes & Asaeda, 2009) supports the floodplain

enrich with nutrients. Herbaceous plants subjected to annual floods, therefore, gradually shrinks
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year after year, particularly if floods occur when the plants are in active growth stage.

The flushing of suspended sediments through dams also transported high nutrients in to the
downstream area (Kantoush32 et al., 2010). These interactive relationships between flooded
water, erosion or deposition area, sediment and nutrients contributed in creating riparian zones
more fertile (Gurnell & Petts, 2006), which created the favorable condition for rapid growth of

riparian vegetation.

4.2 Growth of trees in the riparian zone

The substrate texture of floodplain changes after flood flows. Thus, in case of low flow
disturbance and shallow inundation, the substrate texture changes from coarse to fine, as fine
sediment deposits on the top surface of floodplain (Steiger et al., 2001) such that the growth of
herbaceous plants are enhanced. Subjected to high flow disturbance and deep inundation,
existing fine sediments of top surface of floodplain wash away exposing the underlying coarse
textures on the floodplain, suppresses the growth of herbaceous plants. Atmospheric nitrogen,
nutrients release after decomposition of AGB and BGB parts of herbaceous plants (Standish e?
al., 2004) also supports to increase nutrients in the riparian zone, creates the favorable
conditions for trees growth. The vegetation was colonized after the large floods, therefore
gradually covered with trees year after year resulting nearly whole sediment deposited area was
covered with herbs and mature trees.

The coupled DRIPVEM considered most of the physical, chemical and biological interactive
parameters for examples: flood disturbance, riparian morphology, median sediment sizes (Dso),
erosion depth, deposition areas, allometric relationships of trees growth, shading effects of trees
canopy, self-thinning phenomenon, availability of nutrients in water and sediment with riparian
zone etc. The simulated results of spatial distribution of herbs (R?>= 0.55) and trees (R?>=0.65)

by using coupled DRIPVEM tool have an acceptable agreement.
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CHAPTER 5 GENERAL CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

The interactive parameters associated in fluvial flow, erosion and deposition area of floodplain,
nutrients availability support riparian vegetation growth in the floodplain. The long-term
riparian vegetation growth in the floodplain is quantified by using mathematical models.
Dynamic Herbaceous Model can predict the maximum biomass of herbs in the floodplain,
which links to DRIPVEM as an input part. The DRIPVEM coupled with Dynamic Herbaceous
Model can simulate the spatial distribution of herbs and trees in respect of biomass as well as

age-wise distribution of trees in the floodplain.

5.2 Application of the model

The potential use of this study is to predict the long-term riparian vegetation changes in
floodplain. The model could be used in mixed forests in different scenarios and locations by
incorporating allometric observations of different species wise growth of trees and availability
of water and sediment with nutrients on floodplain with elevation wise sediment grain sizes
(D50) and morphology of riparian zones. This model could be very useful tool for long-term
forest planning, decision making and forest management perspective.

5.3 Recommendations

The model is tested in context of Japanese River. It is recommended to link the quantity of
deposited or eroded suspended sediment during flood events and alteration of riparian
topography. For calibration of coupled DRIPVEM in context of Nepalese River, observations
of herbs and trees (above and below ground) biomass are needed. The flood hydrology,
sediment particle sizes with the nutrients availability are also needed for calibration of the
model. The riparian biomass observation and calibration of coupled DRIPVEM for Nepalese

River recommended as future perspective.
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Overall conclusion and recommendation

The water budget within the catchment are dependent on the temperature, evaporation, rainfall,
amount of snow fall and melt inside the catchment. It is concluded that the hydraulic parameters
such as bed shear stress (7»), specific stream power (w), and flow velocity (v) are associated
with maximum boulder size transport and quantity of sediment transport in the river system.
Sediment yield from a catchment is a complex phenomenon of weathering, land sliding, glacial
and fluvial erosion which depends on catchment area, topography, the slope of the catchment
terrain, rainfall, temperature and soil characteristics. As rainfall during pre-monsoon (March-
May) and monsoon (June-September) increases, fluvial discharge in tributaries and main river
increases so that high amount of suspended sediment transport in the fluvial system. Clockwise
hysteresis loops were generated between suspended sediment concentration and fluvial
discharge in a catchment due to increasing sediment concentration more rapidly in rising limb
with increasing fluvial discharge which indicated that a source of sediment close to the
monitoring point. However, anticlockwise hysteresis loops were generated between specific
discharge and rainfall which illustrated that part of the last year’s rainfall was temporarily
reserved within the catchment and the storage part was drained during the post-monsoon season.
The flood events and cross section topography of riverbed are associated to magnitude of the
hydraulic parameters. The erosion of sediment from a catchment transported by fluvial flow
and deposited the sediment into another location changes the topography of the riparian area.
The spatial distribution of riparian vegetation in river floodplain is highly dependent on the
parameters such as sediment particle size (Dso), fluvial flow disturbance, erosion and deposition
area of floodplain, nutrients availability in the floodplain. Higher the finer mean sediment
particle size (Dso) of the riparian zone, higher the vegetation coverage in the floodplain
compared with vegetation growth in coarse sized sediment. The long-term riparian vegetation

growth in respect of herbs biomass, trees biomass as well as density-wise and age-wise spatial
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tree distribution in the floodplain are predicted by DRIPVEM coupled with Dynamic
Herbaceous Model.

The coupled DRIPVEM is tested by the available vegetation data in Japanese River floodplain.
It is highly recommended a specific riparian vegetation observation and calibration of this

model in Nepalese River floodplain as future perspective.
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