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ABSTRACT

Our rapidly changing world is always changing hydrology and environment. Studies
on ecohydrological processes in a changing environment have been the focus of
hydrological science in the 21st century. Among all environmental changes, land
use/cover change and climate change are two most important factors influencing
hydrological conditions of catchments along with geology and topography. Climate
change impact on streamflow and sediment yield has already been accepted. With the
increase of population and rapid economic and social development, human activities have
been seriously accelerating the speed of land use/cover changes, which accelerated
climate change effects. Elucidating the impacts of land use/cover change at different
scales on hydrological process, surface energy balance and surface roughness are not
straightforward but rather complex to warrant any generalizations. Quantitative
assessment of land use/cover and climate changes on streamflow and sediment load of
past and future is a complex and difficult task that requires many aspects to be considered,
including environmental, socioeconomic and institutional issues.

The main objective of this thesis is to develop a framework for quantitative
assessment of environmental changes on streamflow and sediment flow. The developed
framework was demonstrated and discussed in four subsequent sections, where Da River
Basin was selected as a case study:

1. Developing new sediment rating curve considering temporal vegetation cover
changes

A sediment rating curve can describe the average relation between discharge and
suspended sediment concentration for a certain location. However, the sediment load of a
river is likely to be undersimulated from water discharge using least squares regression of
log-transformed variables and the sediment rating curve doesn’t consider changes of
vegetation cover monthly or yearly. The Normalized Difference Vegetation Index (NDVI)
can well be used to analyze the status of the vegetation coverage well. Thus long time
monthly NDVI data was used to detect vegetation change in the past 19 years in this
study. And monthly suspended sediment concentration and discharge from 1988 to 2006
in Laichau station were used to develop and interpret one new sediment rating curve.
Compared with the common sediment rating curve, the new curve can simulate and
predict the suspended sediment concentration much better in the Da river basin. In
addition, we also applied new sediment rating in another two basins and got promising
results. The new curve can describe the relationship among sediment yield, streamflow
and vegetation cover, which can be the basis for soil conservation and sustainable
ecosystem management.



2. Developing model simulation method to quantitatively separate impacts on
streamflow and sediment flow from climate change and human activities

It is critical to quantify the contribution of climate change and human activities on the
change of historical streamflow and sediment flow, which can provide a scientific basis
for future land conservation and river ecological conservation. In this part, Pettitt
mutation method was employed to detect trends and changes in annual streamflow and
1993 was recognized as the mutation year for streamflow. SWAT model simulation
method was then applied to separate different effects from climate change and human
activities. Based on new sediment rating curve, one well fitted curve between sediment
and runoff was introduced to simulate the suspend sediment. Results showed that effects
of human activities on streamflow accounted for more than 50% of total streamflow
changes both in the Laichau and Tabu catchments, which indicated that human activities
are the main factor to affect the changes of streamflow and sediment flow into the Hoa
Binh reservoir.

3. Coupling new sediment rating curve and ecological model to evaluate human-
induced land cover change effect on sediment flow

Sediment load can provide very important perspective on erosion of river basin. The
changes of human-induced vegetation cover, such as deforestation or afforestation, affect
sediment yield process of a catchment. In this last part, we have already known that
human activities are main factors to affect sediment yield. However, we do not know
whether land cover change or vegetation cover change is the main human activities or not.
On purpose of this, a new sediment rating curve considering vegetation cover was
developed to evaluate the impact of vegetation cover changes on sediment yield in Da
River Basin. The Normalized Difference Vegetation Index (NDVI) and leaf area index
(LAI) were used to analyze the status of the vegetation cover well. Thus long time series
NDVI from satellite was applied to represent vegetation cover in the past years. Potential
LAI from ecosystem model (Biome-BGC) was used to explain the vegetation cover
without human activities. Observed streamflow and simulated streamflow from SWAT
model were used to stand for the streamflow with and without human activities effects.
Finally, standardized NDVI and LAI, observed streamflow and simulated streamflow
were inputted into the new sediment rating curve to evaluate human-induced vegetation
cover change effect on sediment load. Results showed effect of human-induced
vegetation cover increased 13.7% of total sediment load in the Laichau station in the
period of 1994 to 2004 and human-induced vegetation cover change was the main human
activities to increase sediment yield. One new method to quantify of human-induced
vegetation cover change impact on sediment load was presented, which may provide
guidance for future similar studies. In addition, evaluation of human-induced vegetation
cover effect on sediment load is critically important in directing efforts in managing land
use, in improving agricultural practices, and in protecting soil erosion in the Da River.

4. Analyzing the impact on streamflow and sediment flow under different future
climatic change scenarios and potential future land cover change scenarios



We have already evaluated that climate change and land cover change changed the
historical streamflow and sediment yield, and land cover change is the main factor. But
future streamflow and sediment yield changes under different future climatic change
scenarios and potential future land cover change scenarios still have not been evaluated
For this purpose, future scenario of land cover change is developed based on historical
land cover changes and land change model (LCM). At the same time, climate change
scenarios are built based on downscaling outputs of GCMs from the IPCC Fourth
Assessment Report. In addition, future leaf area index (LAI) is simulated by ecological
model (Biome-BGC model) based on future land cover scenario. Then future scenarios of
land cover change, climate change and LAI are used to drive hydrological model and new
sediment rating curve. Results showed that the annual streamflow would increase by 17.5%
in Tabu catchment and 19% in Laichau catchment and the annual sediment load would
increase significantly by 33% in Laichau catchment under combined impacts of future
climate and land cover change. The results of this research provide information that
decision-makers need in order to promote water resources planning efforts. Besides that,
this study also makes contribute to the basic framework for assessing climate change
impacts on streamflow and sediment yield that can be applied in the other basins around
the world.

In this thesis, a comprehensive framework was developed for quantitative assessment
of environmental changes on both historical and future streamflow and sediment flow,
which was successfully applied in Da River Basin. In addition, this study is expected to
provide information that decision-makers need for appropriate utilization of water
resources, flood control, soil conservation and ecological protection. Besides that, this
framework will also provide guidance for other potential applications for the other basins
around the world.

Key words: climate change, land cover change, hydrological model, streamflow,
sediment yield, impacts separation, future prediction
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CHAPTERI

INTRODUCTION

1.1. Background

We live in a rapidly changing world. Studies on ecohydrological processes in a
changing environment have been the focus of hydrological science in the 21st century.
Among all environmental changes, Land use/cover change and climate change are two
most important factors influencing hydrological conditions of catchments along with
geology and topography (Ma, 2005; Zheng et al., 2009). Elucidating the impacts of
land use/cover change at different scales on hydrological process, surface energy
balance and surface roughness are not straightforward but rather complex to warrant
any generalizations. Quantitative assessment of land use/cover and climate changes on
streamflow and sediment load of past and future is a complex and difficult task that
requires many aspects to be considered, including environmental, socioeconomic and
institutional issues.

With the increase of population and rapid economic and social development,
human activities have been seriously accelerating the speed of land use/cover changes,
which is human-induced land use/cover change. On the other hand, global patterns in
the vulnerability of ecosystems to vegetation shifts due to climate change (Patrick et al.,
2010), that is climate change-induced land use/cover change. Both human-induced and
climate change-induced land use/cover change are directly linked to changes of
hydrological cycle by altering the balance between rainfall and evaporation (Chomitz
et al., 1998; Costa et al., 2003). Land use/cover change can also alter the velocity of
water, whether in the form of streams or overland flow, by changing slope or gradient
and the roughness encountered by the flow (Wardrop et al., 1998), which modify the
surface resistance and soil erodibility, and consequently impact the sediment yield.

Land cover plays an important role for the hydrological systems in catchments.
Streamflow and sediment load also responds to climate variability and it is necessary to
consider the effect of climate variability in assessing streamflow and sediment load
changes. The Intergovernmental Panel on Climate Change (IPCC) emphasized that
global warming and climate change is unavoidable phenomenon (IPCC, 2007). It has
been generally accepted that climate change have brought great impacts on the
hydrological process of basin scale, especially for streamflow and sediment flow
(Schulze, 2000; Li et al., 2007; Zhao et al., 2009). Climate change has resulted in the
rise of atmospheric temperature and modified pattern of precipitation and
evapotranspiration, which has directly led to alteration in streamflow (Li et al., 2007)
and further affected sediment load.



In view of global environmental changes, faced to complex relationship between
land use/cover change and climate change, quantitative assessment of environmental
changes effect on both streamflow and sediment flow of past and future is essential and
urgent. Investigating their contributions to affect the changes of the eco-hydrological
processes is thus of paramount importance to improve the sustainable development of
water resources and provide ecological conservation measures.

1.2. Necessity of the study

As well known, streamflow and sediment load of one catchment is intimately
related to the geology, topography, climate, and land use/cover within the basin. The
geologic and topographic variables are mostly fixed, but long term changes in climatic
conditions, land use/cover will produce abrupt alterations in hydrological processes
and sediment yield. Both land use/cover change and climate change are the major
controls of water balance and sediment yield in a catchment, however, streamflow and
sediment load changes are affected by climate change and land use/cover change in an
integrated way. In order to evaluate effect of land use/cover change, the climate change
effect assessment is also indispensable.

Generally, assessment effect of land use/cover change and climate change on
streamflow and sediment flow should be studied from two perspectives, historical
evaluation and future prediction assessment. Historical insight into these effects can
not only improve the knowledge of river processes, but also is precondition for
analysis of future environmental changes impacts on streamflow and sediment load. It
IS necessary to first investigate the main factor affecting the changes of historical
streamflow and sediment load. Related to past researches, the most commonly used
methods for estimating impacts of environmental changes on runoff or streamflow are
statistical analysis method and catchment experiment method and to a lesser extent the
hydrological simulation method. Statistical method is simple but lacking of a physical
basis. The paired catchment experiment method is traditionally used for estimating the
effect of forest management practices, such as afforestation and deforestation on
catchment water availability (Hewlett et al., 1969; Garcia-Ruiz et al., 2008). Although
the catchment experiment method is very useful in quantifying the impacts of past land
cover change, paired catchment experiment method is quite costly, time-consuming,
and it is difficult to find one reasonable paired catchment for most studies. Moreover,
studies of paired catchments are typically less than 1 km? in size. Whether the results
from these catchments can be used to larger basins is necessary to further investigate.
The hydrological simulation approach is one growing method considering all these
drawbacks, so it is encouraging to apply the hydrological simulation method for
historical evaluation, complemented by the statistical analysis method.



Quantitative assessment impacts of future land use/cover and climate change on
streamflow and sediment flow is continuation and further extension of historical
changes analysis. Past studies of the impact of climate and land cover changes on
streamflow and sediment load have been paid much attention worldwide. However,
few published studies consider impacts of environmental changes on both streamflow
and sediment load. Most studies have considered the impact of climate change and
land cover change on streamflow (Middelkoop et al., 2001; Phan et al., 2011) or
sediment yield itself (Leh et al., 2011; Wilson and Weng, 2011). Compared with
streamflow, it is more complex and difficult to study changes of sediment yield, which
is strongly affected by surficial materials, topography, rainfall seasonality, and land
cover and can be increased by soil disturbance, which often occurs as the result of land
use (Minella et al., 2009). Besides that, there was no agreement systemic research
framework for quantitative assessment of double effects on streamflow and sediment
load. Moreover, knowledge of the interface between land use-cover/climate, water and
sediment vyield required to undertake adaptation strategies is lacking worldwide.
Consequently, more comprehensive and systemic research or project should be
proposed for combined impacts of climate and land cover changes on both streamflow
and sediment load, especially for sediment load.

1.3. Research objective

The general objective of this thesis is to develop of a framework for quantitative
assessment of environmental changes on streamflow and sediment flow. The specific
objectives of the study are as follows.

(1) To develop new sediment rating curve considering temporal vegetation cover
changes.

(2) To develop model simulation method to quantitatively separate impacts on
streamflow and sediment flow from climate change and human activities.

(3) To couple new sediment rating curve and ecological model to evaluate human-
induced land cover change effect on sediment flow.

(4) To analyze the impact on streamflow and sediment flow under different future
climatic change scenarios.

(5) To analyze the effect of potential future land cover change on streamflow and
sediment flow based on land use change model.



1.4. Organization of the dissertation

This thesis is structured in seven chapters. The brief content and outline of these
chapters is presented as follows:

Chapter 1: Introduction

This chapter discusses general information of climate and land use/cover change
impacts on streamflow and sediment flow, motivation and necessity of the study,
objectives of the research. In addition, the structure of the thesis is also presented. In
this chapter, the organization of dissertation is presented to give the overview of the
study.

Chapter 2: Literature review

This chapter summarizes the main relevant information and previous research
results. They are presented in six topics, including: relationship among land/vegetation
cover, climate, human activities related to streamflow and sediment yield; sediment
flow calculation methods; separation of integrated impacts on historical streamflow
and sediment yield, impact of future climate change on streamflow and sediment flow,
impact of future land cover change on streamflow and sediment flow, combine impacts
of climate and land use/cover change.

Chapter 3: Study area and general research framework

In this chapter, a description of the study area is firstly presented including the
physical features and climate conditions. In addition, general framework of this
research is discussed for the whole thesis, including model development, historical
changes analysis and future changes evaluation.

Chapter 4: New sediment rating curve development and its validation in Asian
river basins

In this chapter, new sediment rating curve which could describe the relationship
among sediment yield, streamflow and vegetation cover, is developed for our
following research. We will firstly check the shortage of common rating curve and find
out the relationship between vegetation cover change and SSC in this study. Then new
sediment rating curves will be carried out and validated in some other East-south Asian
basins.

Chapter 5: Developing model simulation method to separate impacts from
climate change and human activities on streamflow and sediment flow

In this chapter, quantification of climate change and human activities contributions
to changes of historical streamflow and sediment load is partitioned and evaluated.



Firstly, the historical trend of hydro-meteorological data of our study area was
calculated based on the Mann-Kendall test and Pettitt test in the past. Then, SWAT
model is applied and evaluated in our research basin. Finally, the validated SWAT
model and new sediment rating curve are proposed to calculate the individual effects of
climate change and human activities on streamflow and sediment flow. Moreover, land
cover change is determined as the main human activities in this area.

Chapter 6: Coupling new sediment rating curve and ecological model to
evaluate human-induced vegetation cover change effect on sediment flow

In this chapter, one new approach to analyze effect of human-induced vegetation
cover change on the historical sediment load is proposed, which cross validation with
results of chapter 4. On purpose of this, time series NDVI from Global Inventory
Modeling and Mapping Studies (GIMMS) is introduced to analyze the changing trend
of vegetation cover in the past years. In addition, potential LAl is simulated by one
ecosystem model to describe the potential vegetation cover condition without human
activities effects. Based on the relationship between NDVI and LA, they are then
converted into standardized values. Finally, standardized NDV1 and LAI are inputted
into new sediment rating curve to evaluate vegetation cover change effect on sediment
load.

Chapter 7: Analyzing the potential effect of future land cover and climate
change on streamflow and sediment flow based on land use change model and
GCMs

In this chapter, potential effects of future land cover and climate change on
streamflow and sediment flow based on land use change model and GCMs are
presented. Specifically, based on spatial physical and socioeconomic drive factors of
the basin, future potential land cover map is calculated. In addition, future precipitation
from two selected GCMs is downscaled to all stations by different methods. And then,
both future land cover and future precipitation scenario are used to feed hydrological
model. Finally, streamflow and sediment flow response to changes in land cover and
climate are discussed.

Chapter 8: Summary of the study

This chapter summarizes the results and contributions of this study, and then gives
suggestions for the future works.






CHAPTER Il

LITERATURE REVIEW

2.1. Introduction

As well known, streamflow, sediment yield are the integrated product of climate,
geology, soil, land/vegetation cover, human activities and so on. Understanding the
interactions between terrestrial ecosystems and hydrological system are fundamental in
addressing issues of climate change and environmental degradation. However,
quantifying these dynamic interactions both in space and time are compounded by
challenges. Specifically, elucidating the impacts of land use/cover change and climate
change at the basin scales on surface hydrology, water quality as well as sediment load
are not straightforward but rather complex to warrant any generalizations.
Subsequently, many insights into consequences of land use/cover and climate change
on hydrology have been investigated at small spatial, observable scales. However,
extrapolating findings from such small scales to larger scales such as river basins is
confounded by the diversity of land use/cover and climate change as well as
hydrological systems. Not only does the diversity in land use/cover and climate change
complicate such a study, but also quantifying the effect of land use/cover and climate
change on hydrology and sediment load have been considered as the difficult problem
in hydrology.

In this chapter, previous researches related to the six specific objectives addressed
in Chapter 1 have been reviewed. Relationships among land/vegetation cover, climate,
and human activities related to streamflow and sediment yield, and relationship
between streamflow and sediment yield are first reviewed. Followings this, models to
estimate sediment yield of basin scale will be sorted out and analyzed. Based on these
complex interactions, studies on impacts of land/vegetation cover change and climate
change on streamflow and sediment yield will be listed and concluded from view of
historical evaluation and future potential impacts. In addition, land use/cover change
prediction methods to predict future land cover change are also reviewed in this
Chapter.

2.2. Relationships among land/vegetation cover, climate, human
activities related to streamflow and sediment yield

As well known, streamflow, sediment yield are the integrated product of climate,
geology, soil, land/vegetation cover, human activities and so on. As a result, all these
factors could be divided into input group (climate, geology, soil, land/vegetation cover,



human activities) and output group (streamflow, sediment yield). In order to evaluate
impacts of climate change and land cover change on streamflow and sediment vyield,
making this interactive relationships among input group clearer appears necessary and
indispensable, should be firstly investigated. Many studies have already carried out to
investigate the interactive feedback among land/vegetation cover, climate and human
activities.

2.2.1. Researches on relationship between climate change and land or
vegetation cover

Climate change is a significant and lasting change in the statistical distribution of
weather patterns over periods ranging from decades to millions of years. The climate
exerts the dominant control on the spatial distribution of the major vegetation types on
a global scale. In turn, vegetation cover affects climate via alteration of the physical
characteristics of the land surface like albedo, roughness, water conductivity
(biogeophysical mechanisms) and atmospheric gas composition, for example, CO, and
CH, (biogeochemical effects). Faced to this interrelation, most studies have been
conducted in different ways. One way to understand these feedbacks is coupled
vegetation—climate model simulation. For example, Ziegler et al. (2003) made the
strong case for a link between air mass dynamics, consequent climate patterns, and
vegetation distribution, beginning with the Permian and advancing to the present day.
Levis et al. (2004) applied the Community Climate System Model (CCSM2) with
dynamic vegetation model to conclude that soil feedbacks, linked to surface albedo
changes, contributed to the northward advance of the North African monsoon during
the mid-Holocene. Based on the Fast Ocean Atmosphere Model-Lund Potsdam Jena
(FOAM-LPJ), Gallimore et al. (2005) simulated a poleward expansion of boreal forest
cover and an increase in midlatitude grasslands during the mid-Holocene, compared to
simulated vegetation under modern orbital forcings. The expanded boreal forest, by
masking snow cover, led to springtime warming through the albedo feedback. Another
way is to apply observational data to determine the impact of vegetation feedbacks.
Several researches made a conclusion that springtime leaf emergence initiates
discontinuities in numerous meteorological variables (Schwartz 1996; Fitzjarrald et al.
2001), and McPherson et al. (2004) showed that Oklahoma’s winter wheat belt locally
induces feedbacks on temperature and moisture. In addition, with the help of a
satellite-based normalized difference vegetation index (NDVI) and gridded
temperature data, Kaufmann et al. (2003) quantified the effects of inter-annual
variations in vegetation on temperature over North American and Eurasian forests.
They concluded that increased NDVI over North America resulted in warming during
winter and spring and cooling during summer and autumn. The impact on temperature
was strongest during winter, when NDVI was negatively correlated with snow extent
and weakly correlated with vegetation. Liu et al. (2006) estimated the magnitude of
observed global vegetation feedbacks on temperature and precipitation. And results
showed that in the northern mid and high latitudes, vegetation variability is



predominantly driven by temperature, while vegetation also exerts a strong positive
feedback on temperature. They also concluded that, while most tropical and subtropical
vegetation is driven by precipitation, the influence of vegetation on precipitation is not
so strong globally, without any evidence of a dominant positive vegetation—
precipitation feedback. Using high-resolution digital data and remote sensing dataset
across a broad region with a pronounced climate gradient, Smith et al. (2013)
developed empirical relationships between landscape morphology and vegetation cover
with rainfall and runoff. In fact, the coupling between vegetation and climate is so
strong that it has been utilized by scientists to assess climate change and identify
changes in climate patterns (Dunne et al., 2004; Goldblum and Rigg, 2005).

2.2.2. Researches on relationship between human activities and land or
vegetation cover

At the same time, human activities have also directly or indirectly affected
land/vegetation cover in the world. On the one hand, human interference such as
afforestation, deforestation, urbanization or farming activities will modify vegetation
cover pattern. On the other hand, humans have greatly impacted the rates of supply of
the major nutrients that constrain the productivity, composition, and diversity of
terrestrial ecosystems (Taub, 2010). For instance, atmospheric CO, concentrations
have been increased to about 40% above preindustrial levels (IPCC, 2007). Since 1700,
land cover changes have been reported as being human-induced changes. Recently,
David and Clarence (2001) concluded that anthropogenic changes in environmental
limiting factors are likely to cause significant loss of plant diversity. Vescovi et al.
(2002) proposed a new method combined Principal Component Analysis (PCA) and
the vector analysis methods to identify and quantify the type of human-induced
changes in savannah landscapes, which showed that human activities are important
factors to lead to land cover changes. Chaudhry et al. (2008) analyzed that there is
remarkable increase in urban area due to increasing population and
Industrial/Infrastructural development pressure of National Capital.

2.2.3. Researches on separation impacts from climate change and human
activities on land or vegetation cover change

Since land/vegetation cover change is caused by complex climate change and
human activities, a major challenge hinges on how to distinguish between vegetation
changes due to climatic variations and those caused by human land use activities on
broad spatial scales. In particular, the impacts of human activities on vegetation
dynamics can be extremely difficult to be separated out in the area where precipitation
and vegetation cover show large variability (Buyantuyev and Wu 2009).

Faced to this challenge, researchers have already tried to conduct some studies
based one satellite data like long time series of NDVI. Evans and Geerken (2004)
presented a technique to discriminate between climate or human-induced dryland



degradation. In this research, the climate influence was firstly removed based on
evaluations the relation between AVHRR NDVI data and rainfall data, then remaining
changes in NDVI signal were attributed to human influence and those areas displaying
a negative trend over time were considered degrading. Geerken and llaiwi (2004) also
separated the different effects from climate change and human activities caused
rangeland degradation in the Syrian Steppe. Wessels et al. (2007) applied Rain-Use
Efficiency method and Residual Trends method to try to distinguish human-induced
land degradation from the effects of rainfall variability. However, results showed that
Rain-Use Efficiency method was not a reliable indicator of degradation, and the
Residual Trends method also can only identify potential problem areas at a regional
scale, while the cause of negative trends has to be determined by local investigations.
Li et al. (2012) also demonstrated the Residual Trends method provided an effective
tool to distinguish between the effects of climatic factors and human activities on
vegetation changes when plant cover and production are highly coupled with
precipitation, which indicated that land use policies played the main role to affect
vegetation changes. Specifically, results showed that the grassland vegetation in the
Xilingol region of Inner Mongolia deteriorated from the early 1980s to 2000 primarily
because of increased livestock grazing, while the degrading trend in vegetation was
reversed between 2000 and 2006 due to decreased stocking rates, which was
attributable to several new land use policies geared toward grassland conservation and
restoration.

As a conclusion, satellite data like long time series of NDVI plays an important role
for separation impacts from climate change and human activities on land or vegetation
cover change. Even though increasing efforts are being carried out to separate impacts
from climate change and human activities on land or vegetation cover change, the
applicability and effectiveness of above research method still need to be evaluated and,
especially when used in different vegetation zones.

2.3. Relationship between streamflow and sediment yield

2.3.1. Researches on relationship between streamflow and sediment yield

Steamflow is a function of water volume and velocity, which could affect water
quality including suspended sediment in the stream. Stream velocity, which increases
as the volume of the water in the stream increases, affects the amount of silt and
sediment carried by the stream. Suspended sediment load is the particulate material
that moves through the channel in the water column. These materials, mainly silt and
sand, are kept in suspension by the upward flux of turbulence generated at the bed of
the channel. Sediment particles could be physically carried by the stream current.
Stronger the stream current, greater is the particle size (or mass) of the particle that can
be carried, as well as the bedload. The upward stream currents must equal or exceed
the particle fall-velocity (Figure 2.1) for suspended-sediment load to be sustained. The
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upward stream currents velocity which is dependence of sediment flux on the force of
flowing water is expressed as shear stress driving the turbulent flux supporting the
suspension. As a result, sediment introduced to quiet, slow-flowing streams will settle
quickly to the stream bottom. Fast moving streams will keep sediment suspended
longer in the water column.
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(http://www.sfu.ca/~hickin/RIVERS/Rivers4(Sediment%20transport).pdf)
Figure 2.1. Fall velocity in relation to diameter of a spherical grain of quartz

A sediment rating curve is always used to describe the average relation between
streamflow and suspended sediment concentration (SSC) or sediment load for a certain
location. Although there are some other methods for developing sediment rating curves
(Phillips et al., 1999) and some other type of equations may also perform well (Walling,
1984; Hickin, 1989; Asselman, 2000; Horowitz, 2003; Schmidt and Morche, 2006),
but the most common is a power function (regression) that relates SSC to Q (e.g.
Walling, 1977; Crawford, 1996; Phillips et al., 1999; Asselman, 2000). Linear or
second-order polynomial sediment rating curves, with and without a ‘smearing’
correction could also calculate very good results for the annual or longer term
suspended sediment fluxes (Horowitz et al., 2001). The most common sediment rating
curve covers both the effect of increased stream power at higher discharge and the
extent to which new sources of sediment become available in weather conditions that
cause high discharge. Despite its general use several problems are recognized that
regard the accuracy of the fitted curve as well as the physical meaning of its regression
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coefficients. Unfortunately, the most common sediment rating curve is recognized that
the common sediment rating curve method tends to under-predict high, and over-
predict low suspended sediment concentrations (Asselman, 2000; Horowitz, 2003). In
addition, it does not consider temporal dynamic changes of vegetation cover. However,
different vegetation cover should have different effect on soil erosion production and
transport capacity by slowing flow through friction losses (Howe et al., 2005).
Consequently, one new sediment rating curve considering the effect of land/vegetation
cover should be developed to calculate vegetation cover change effect on the sediment

load.
Table 2.1. Sediment rating curves

Format Reference
n
TSL = Z(Qmi. Cot- Pot) Walling, 1984
i=1
Log(SSC) = a + blogQ + d(logQ)*? Hickin, 1989
SSC =c +aQ? Asselman, 2000

Horowitz, 2003; Schmidt and

SSC = a+ bQ° + dQ° Morche, 2006

SSC = aQ® Walling, 1977, De Vries and
Klavers, 1994; Gergov, 1996;
Phillips et al., 1999; Asselman, 2000

Qnmi: the median value of streamflow for the particular discharge class interval

Cni: the concentration associated with Qp, estimated using the common rating relationship

P.: the percentage of the high frequency discharge record associated with the particular flow
class interval

TSL.: total sediment load; Q: instantaneous streamflow
SSC: suspended sediment concentration
a,b,c,d,e: different coefficients in equations

Even though the format of relationship could not be agreement with each other, the
strong relationship does presents between streamflow and sediment flux.

2.3.2. Researches on models to estimate sediment yield of a basin

In general, all these models fall into three main categories: empirical or statistical,
conceptual and physical-based models. The distinction between models is not sharp
and therefore can be somewhat subjective. Merritt et al. (2003) summarized these
models in terms of their classification, scales of application and input data
requirements, and concluded that model components generally contain a mix of
empirical, conceptual and physics-based algorithms. It is difficult to sort these models
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exactly according to physical processes and model algorithms. They are likely to
contain a mix of modules from each of these categories (Merritt et al., 2003). Because
of this, we would like to classify all into models with more parameters and models
with less parameter by amount of model parameters or input requirements.

Among models with more parameters, physical-based models accounts for the main
part. This kind of model could be universally used to predict sediment yield of a
watershed and to provide an indication of the qualitative and quantitative effects of
land use changes or climate change. However, it is always very difficult to determine
value of parameters especially at describing the complex process of erosion and
sediment yield. Due to the requirement that parameter values are determined through
calibration against observed data, these models tend to suffer from problems associated
with the identifiability of their parameter values and non-uniqueness of ‘best fit’
solutions (Jakeman and Hornberger, 1993; Beck et al., 1995; Merritt et al., 2003). In
addition, models with more parameters generally require a lot of detailed information
including hydrological, hydraulic and geological characteristics of the river basin, and
as well as sediment characteristics itself. Preparation of such dataset will be difficult
and costly.

As for models with less parameter, sediment rating curves (Asselman, 2000)
represents a linear or nonlinear functional relationship relates suspended sediment
concentration/load to streamflow are one main type. Among all sediment rating curves,
one power functional relationship is most common one (Horowitz, 2003). Due to
measuring the sediment flux on a river is a time-consuming and expensive operation,
the sediment rating curve provide one considerable way to estimate sediment flux in
the routine measurement of the flow in our rivers. As you might imagine, measuring
the average suspended-sediment concentration in streamflow is no less time-
consuming and expensive and for these same reasons we make considerable use of the
suspended sediment rating curve. Unfortunately, it is recognized that the common
sediment rating curve method tends to over-predict high, and under-predict low
suspended sediment concentrations (Asselman, 2000; Horowitz, 2003). In addition, it
is too simple without considering temporal dynamic changes of vegetation cover.
However, different vegetation cover should have different effect on soil erosion
production by modifying soil erodibility and transport capacity by slowing flow
through friction losses (Howe et al., 2005).

Summarily, for basins without enough input data or no data, sediment rating curve
provide one opportunity to evaluate sediment load. And on purpose of calculating land
cover change effect on the sediment load, new sediment rating curve with few
parameters considering the effect of vegetation cover should be developed (Wang and
Ishidaira, 2013).
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Table 2.2. Erosion/sediment transport models (Modified from Merritt et al., 2003)

Model Type Scale Input/output Reference
Small Input requirements: High Output: runoff
AGNPS Conceptual volume; peak rate, SS, N, P, and COD Young et al. (1987)
catchment .
concentrations
ANSWER . Small Input requirements: High Output:
S Physical catchment sediment, nutrients Beasley et al. (1980)
CREAMS Physical field ﬁ0—400 Input reqmr_em.ents: H_|gh Output: Knisel (1980)
a erosion; deposition
Input requirements: Low Output: runoff, Vertessey et al.
EMSS Conceptual Catchment sediment loads, nitrogen loads and (2001);Watson et al.
phosphorus loads (2001)
Input requirements: High Output: runoff,
HSPF Conceptual Catchment flow rate, sediment load, nutrient Johanson et al. (1980)
concentration
Jakeman et al., 1990,
IHACRES- | Empirical/C Input requirements: Low Output: runoff, Jakeman et al., 1994a
wQ onceptual Catchment sediment and nutrients and Jakeman et l.,
1994b,Dietrich et al.
(1999)
Input requirements: Moderate Output:
IQQM Conceptual Catchment many pollutants including nutrients, DLWC (1995)
sediments, algae.
LASCAM | Conceptual Catchment Input reqwrements: High Output: runoff, Viney and Sivalapan
sediment, salt fluxes (1999)
Input requirements: High Output:
SWRRB Conceptual Catchment streamflow, sediment, nutrient and USEPA (1994)
pesticide yields
. Input: High Output: runoff; sediment Yuetal. (1997);
GUEST Physical Plot concentration Rose et al. (1997)
i . . cadi Takken et al.
LISEM Physical caimént Input: High Outp?(;tl.drunoff, sediment (1999): De Roo and
y Jetten (1999)
PERFECT | Physical Field Input: High O”tp“;igﬁjmﬁ’ Erosion, rop 1 ittlehoy et al. (1992b)
Input requirements: Moderate Output:
SEDNET Empirical/C Catchment _suspended sediment, relative Prosser et al. (2001c)
onceptual contributions from overland flow, gully
and bank erosion processes
. . Input: High Output: water logging, Gutteridge Haskins and
TOPOG Physical Hillslope erosion hazard, solute transport Davey (1991)
USLE Empirical Hillslope Input: High Output: erosion Wlschm(eiggg?d Smith
. Hillslope/ Input: High Output: runoff; sediment
WEPP Physical catchment characteristics; form of sediment loss Laflen etal. (1991)
MIKE-11 Physical Catchment Input: High Ou:ﬁ:é}:ed'mem yield, Hanley et al. (1998)
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2.4. Studies on impacts of land/vegetation cover change and
climate change on streamflow and sediment yield

Generally, impact assessment of land/vegetation cover change and climate change
on streamflow and sediment flow should be studied from two perspectives, historical
evaluation and future prediction. Historical insight into these effects can not only
improve the knowledge of river processes, but also is precondition and foundation for
analysis of future environmental changes impacts on streamflow and sediment load.
Quantitative assessment impacts of future land use/cover and climate change on
streamflow and sediment flow is continuation and further extension of historical
changes analysis.

2.4.1. Studies on separation of integrated impacts on historical streamflow
and sediment yield

The climate change factor and the human activities factor are interacted with each
other to affect changes of streamflow and sediment yield. Since both climate change
and human activities are the major controls of water balance and sediment yield in a
catchment, research towards separation of their effects on streamflow and sediment
yield has become one of the widespread issues of scientific concern. It is important to
determine the main factors and their contributions to affect the changes of the
streamflow and sediment yield to improve the sustainable development of water
resources and provide ecological conservation measures.

Many studies have been conducted for this purpose in different ways. One
traditional way is paired catchments experiment. Change of streamflow and sediment
load among paired catchments are monitored to quantify sediment dynamics response
to land cover change or climate change (Garcia-Ruiz et al., 2008). Although this
approach is very useful in quantifying the impacts, it is quite costly, time-consuming,
and it is difficult to find one reasonable paired catchment for most studies. In addition,
most of these are carried out either based on statistical methods or hydrological models.
However, their limitations are obvious: statistical methods lack a physical basis and
studies based on hydrological models require considerable amount of information
which, in many cases, may not be available. This is especially important in distributed
hydrological models used to improve the accuracy of the separation. Among all exsited
methods, one “fixing—changing” method combined with the hydrological modelling
was most popular one (Wang et al., 2009; Tang et al., 2011). For instance, a lumped
hydrologic model (CHARM) and a distributed hydrologic model (SWAT) were used to
model the impacts of both land-cover change and climate variation on river runoff
during the past four decades in the upper reaches of the Yangtze River (Chen et al.,
2005). The results showed that the contribution of climate variation to the change of
runoff regime makes up 60%—-80%, while that of land cover changes only 20%. Wang
et al. (2009) applied distributed time-variant gain model (DTVGM) at the watershed
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scale to quantitatively identify the impacts of climate changes and human activities on
runoff in the Chaobai River Basin in North China. Comparing the annual precipitation
means over 13 years (before 1980), the means of the second period (1980-2001)
decreased by 5.4% and 4.9% in the Chao River and Bai River basins, respectively.
However, the related annual runoff decreased by 40.3% and 52.8%, respectively, a
much greater decline than exhibited by precipitation. Through the monthly model
simulation and the fixing-changing method, it is determined that decreases in runoff
between the two periods can be attributed to 35% (31%) from climate variations and
68% (70%) from human activities in the Chao River (Bai River). Thus, human impact
exerted a dominant influence upon runoff decline in the Chaobai River basin compared
to climate. Li et al. (2009) indicated that SWAT proved to be a powerful tool to
simulate the effect of environmental change on surface hydrology. Results showed that
both land use change and climate variability decreased runoff by 9.6% and 95.8%,
respectively, and decreased soil water contents by 18.8% and 77.1%. Land use change
increased evapotranspiration by 8.0% while climate variability decreased it by 103.0%.
The climate variability influenced the surface hydrology more significantly than the
land use change in the Heihe catchment during 1981-2000; therefore, the influence of
climate variability should be considered and assessed separately when quantifying the
hydrological effect of vegetation restoration in the Loess Plateau. Tang et al. (2011)
presented a geomorphology-based non-point source pollution (GBNP) model for
separation of land cover change and climate variability effects on streamflow and
water quality, including sediment yield. On the basis of long-term simulation of the
GBNP model, annual runoff presented a decreasing trend from 1980 to 2005, where
precipitation and increase in air temperature were the dominant factors in runoff
decrease. Afforestation, a water—soil conservation practice, positively affected the
reduction of non-point source pollution; however, it also caused a reduction of
streamflow. A comparison between 1980-1998 and 1999-2005 showed that land-use
changes accounted for 6.6% and 9.2% of the decrease in streamflow and sediment load,
respectively, while climate variability accounted for 93.1% and 91.3%. Khoi and
Suetsugi (2012) also used SWAT model to separate impacts of climate and land-use
changes on streamflow, sediment load, and water balance components in Be river basin
of Vietnam. The hydrologic and sediment yield responses to land-use and climate
changes were simulated based on the calibrated model. The results indicated that a 16.3%
decrease in forest land was likely to increase streamflow (1.2%), sediment load
(11.3 %). Climate change in the catchment leaded to decreases in streamflow (26.3%)
and sediment load (31.7%). Furthermore, the results emphasized water scarcity during
the dry season and increased soil erosion during the wet season. Gao et al. (2013) used
double mass curve to detect impact of precipitation and human activity on streamflow
and sediment discharge. Trends and change-points for streamflow and sediment
discharge in the flood season in two major sub-catchments were firstly identified, and
then based on the changing point the impacts of precipitation and human activities on
the changes were analyzed. Results showed the average human activities contribution
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rate for the entire area was 83 %, which is significantly higher than the average
contribution rate of precipitation (17 %) for streamflow. The average human activities
contribution rate to reductions in sediment discharge was 95 % in the Wei River basin,
which was very significantly higher than the contribution rate of precipitation (4.44 %).
Results indicated that human activities played a major role in both streamflow and
sediment discharge reduction in the Wei River basin.

Actually, this “fixing—changing” method has a potential assumption that the total
changes of streamflow or sediment load is caused by i) climate variability and human
activities or ii) climate variability and land cover change. Under the first assumption,
human activities effects could be evaluated, which maybe include combined impacts
from land cover change and dam construction, and so on. Among the part of human
activities effects, it is difficult to separate them in details. In the case of second
assumption, it is not so reasonable because the total change of streamflow or sediment
load may be not only caused by climate variability and land cover change.
Consequently, more research should be proposed to determine their contributions of
environmental changes to affect the changes of the streamflow and sediment yield.

2.4.2. Studies future climate change and its impact on streamflow and
sediment yield

Changes in climate have been observed in the past decades, and more changes have
been projected for the coming decades (IPCC, 2007). Climate models estimate that the
global mean air temperature is likely to increase by 1.8 to 4.0°C by the end of the 21st
century, depending on various greenhouse gas emissions scenarios (GHGES) and
general circulation models (GCMs) (IPCC, 2007). An increase in global temperature is
expected to increase evapotranspiration and to cause precipitation changes (Hu et al.,
2012), which will significantly affect the streamflow and sediment load of many river
systems (Lu, 2005) As a result, Climate change emerged as one of the major forces that
will affect hydrological processes in the future.

In recent years, the impact of future climate change on streamflow and sediment
yield has gained considerable attention through numerous studies in many regions
around the world. For instance, Arnell (1999) analyzed that there would be substantial
changes in regional hydrology in snow-affected areas under global warming, due to
changes in the month of maximum runoff and early snowmelt. Middelkoop et al. (2001)
and Chang et al. (2002) also got similar results in the Rhine basin and southwestern
Bulgaria respectively. A change in sediment flux from —0.7 to 13.7 % as a result of
changes in rainfall ranging from —0.7 to 17.8 % and temperature fluctuation of 0.03—
2.4°C (Zhu et al., 2008) were found in the Longchuanjiang catchment of the Upper
Yangtze River, China. In addition, Phan et al. (2011) have also estimated that 1 to 3 %,
3910 11.4 % and —1.1 to —5.3 % changes in mean annual, wet season and dry season
streamflows respectively and 1.2 to 4.7 %, 3.6 to 15.3 % and —1.3 to —7.7 % changes in
mean annual, wet season and dry season sediment yields respectively maybe happened
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in the Song Cau watershed in northern Vietnam due to the changes in precipitation and
temperature under B1, B2, and A2 climate change scenarios.
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Figure 2.2. General approach for evaluation of future climate change impact on streamflow
and water quality

Based on recent studies on future climate change impact on streamflow and water
quality, as well as sediment yield, one general approach (Figure 2.2) could be
concluded easily, including input (future scenarios generation), model application and
output (future change analysis). To investigate the future changes impacts, future
climate change scenarios should be first generated. The future scenarios presented in
the Special Report on Emission Scenarios (Figure 2.3) in the Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment Report (AR4) (IPCC, 2007) have been
widely applied to investigate hydrological responses to climate change (Moradkhani et
al., 2010; Praskievicz and Chang, 2011; Yoshimura et al., 2009). However, the spatial
resolution mismatch between GCMs outputs and the data requirements of hydrology is
a major obstacle (Xu, 1999). It is therefore necessary to perform some post-processing
to downscale these global-scale models for impact studies. There are already some
downscaling methods, such as delta method, dynamical downscaling (regional climate
models, RCMs) and statistical downscaling of GCMs models (Chen et al., 2011). Delta
method involves adjusting the observed time series by adding the difference (for
temperatures) or multiplying the ratio (for precipitation) between future and present
climates as simulated by the RCMs or GCMs. The most significant drawbacks are that
the temporal sequencing of wet and dry days, and that the variances of temperatures
are unchanged (Minville et al., 2008; Chen et al., 2011). And RCMs are developed
based on dynamic formulations using initial and time-dependent lateral boundary
conditions of GCMs to achieve a higher spatial resolution at the expense of limited
area modeling (Caya and Laprise, 1999). The main problem of RCMs is the time
consuming and computational cost (Solman and Nunez, 1999; Chen et al., 2011).
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Statistical downscaling techniques have been developed to overcome these challenges,
which are computationally cheap and relatively easy to implement. They involve
linking the state of some variables representing a large scale (GCM or RCM grid scale,
the predictors) and the state of other variables representing a much smaller scale
(catchment or site scale, the predictands). Several Statistical downscaling models have
already been developed for GCMs output downscaling, such as SDSM (Wilby et al.,
2002) and ASD (Hessami et al., 2008). Therefore, statistical downscaling techniques
were the most often used and powerful downscaling tools for future climate change
scenarios generation.
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Figure 2.3. Scenarios for GHG emissions from 2000 to 2100 in the absence of additional
climate policies (IPCC,2007)

With the help of downscaling process, future climate change scenarios mach with
hydrological simulation scale could be generated, which will be used to feed
hydrological models to simulate hydrological impacts of climate change. Hydrological
modeling is useful to better understand and explain hydrological processes, such as
runoff and transport of sediment and pollutants in a catchment. At present, there are
many hydrological models, such as Soil and Water Assessment Tool (SWAT), the
Agricultural Non-point Source Pollution Model (AGNPS), Hydrologic Simulation
Program Fortran (HSPF), MIKE SHE, and Block-wise use of TOPMODEL
(BTOPMC). Of these, SWAT model has been employed widely to evaluate the impact
of climate change on streamflow and sediment yields. For instance, Githui et al. (2009)
evaluated how the potential future climatic changes would affect streamflow on the
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Nzoia catchment in the Lake Victoria basin by simulation model SWAT. Results
showed that the range of change in mean annual rainfall of 2.4-23.2% corresponded to
a change in streamflow of about 6-115%. The analysis revealed important rainfall-
runoff linear relationships for certain months that could be extrapolated to estimate
amounts of streamflow under various scenarios of change in rainfall. Shrestha et al.
(2013) applied swat model to evaluate the impact of climate change on sediment yield
in the Nam Ou basin located in northern Laos, combined with four general circulation
models (GCMs). The simulation results showed that the changes in annual stream
discharges are likely to range from a 17% decrease to 66% increase in the future,
which would lead to predicted changes in annual sediment yield ranging from a 27%
decrease to about 160% increase. Changes in intra-annual (monthly) discharge as well
as sediment yield are even greater (—62 to 105% in discharge and —88 to 243% in
sediment yield). A higher discharge and sediment flux were expected during the wet
seasons, although the highest relative changes are observed during the dry months.
Chien et al. (2013) also applied SWAT model to evaluate assess the potential impacts
of climate change on future streamflow in the Rock River (RRW), Illinois River (IRW),
Kaskaskia River (KRW), and Wabash River (WRW) watersheds in the Midwestern
United States. In his research, the potential impacts of climate change on future water
resources are assessed using SWAT streamflow simulations driven by projections from
nine global climate models (GCMs) under a maximum of three SRES scenarios (A1B,
A2, and B1). Results showed that predicted future streamflow based on climate change
scenarios would tend to increase in the winter but decrease in the summer. According
to 26 GCM projections, annual streamflows from 2051-2060 (2086-2095) were
projected to decrease up to 45.2% (61.3%), 48.7% (49.8%), 48.7% (56.6%), and 41.1%
(44.6%) in the RRW, IRW, KRW, and WRW, respectively. In addition, under the
projected changes in climate, intra- and inter-annual streamflow variability generally
did not increase over time. And there are still a huge mass of simular research (Ficklin
et al.,, 2009; Setegn et al., 2010; Li et al., 2011; Mengistu and Sorteberg, 2012).
Because SWAT model need too much inputs and parameters, some other hydrological
models such as BTOP model were also applied to evaluate the impact of climate
change on streamflow and sediment yield for catchments with limited data. Phan et al.
(2011) used BTOPMC model to predict future (2011-2034) river discharge in the
Kone River basin located in Central Vietnam. Results showed that discharge volume
would slightly increase by 3% under the A1B scenario in the Kone River basin in the
future, while discharge during the flood season would tend to decrease by about 18.6%
relative to the period 1980-1999. Bastola et al. (2011) also attempted to assess the
hydrological impacts of future climate change using a multi-model approach
combining multiple emission scenarios, GCMs and four hydrological models
(including BTOPMC model) at the catchment scale.

To date, a number of hydrological applications to study hydrology and sediment
transport response to climate change in different scale catchments have been
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undertaken in different regions of the world. The previous studies of hydrological
model application and the acceptable results could provide us more experiences
support to research of climate change impact on streamflow and sediment yield.

2.4.3. Studies on land use/cover change prediction and its impact on
streamflow and sediment yield

Climate change has been affecting hydrological processes worldwide. Land cover
changes at local scale may exacerbate or alleviate climate change effects. Thus it is
important to evaluate impact of future land cover change on streamflow and sediment
yield. Assessing impacts of land cover changes on hydrology and sediment yield is the
basis for watershed management and ecological restoration.

In order to evaluate impact of future land cover change on streamflow and sediment
yield, future land cover change scenarios should be first investigated. Take a wide view
of recent studies, two main approaches ware carried out. The first method is very
simple. Future land cover scenarios could be developed according to historical land
cover change trend within the catchment (Qi et al., 2009), just like assuming one land
use type into another. To obtain potential or future land cover change, land use/cover
change models is another more complex and reasonable way. Several land use/cover
change models (Table 2.3) have been developed for predicting land use change, such
as CLUE-S (Verburg et al., 2002), Dinamica EGO (Soares et al., 2002), GEOMOD
(Pontius et al., 2001) and Land Change Modeler (LCM) (Kim, 2010). However, the
empirical models (Verburg and Veldkamp, 2004) have frequently been used to study
the change in land use/cover because they provide a mechanism for analyzing detailed
case studies and can help in identifying the key driving factors for land use/cover
changes (Aspinall, 2004). In the first step, these programs compute a “changing trend”
by comparing land cover maps at two different dates. In the second step, they derive a
transition potential map (per-pixel probabilities of shifting from a one land cover type
to another type) using different statistical methods and spatial factors (Figure 2.4).

Table 2.3. Algorithm of land use/cover change models

MODEL Principium & algorithm Scale

Deriving a transition potential map using empirically quantified Regional
CLUE-S : 2
relations between land-use and its driving factors

Deriving a transition potential map based on a set of
Dinamica EGO | explanatory variables and past trends involving some degree of
expert knowledge

Regional

Deriving a transition potential map based on a statistical Regional

GEOMOD deduction approach (maximum power principle)

Deriving a transition potential map based upon neural networks | Global/Regional

LCM algorithm
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Figure 2.4. Overview of the general land use/cover change modeling procedure

Different LUCC models have their strong point and weak point. Follador et al.
(2008) evaluated four land use/cover change models based on satellite dataset and
concluded that it is difficult to compare the performances of numerous LUCC models
because we have to consider many different aspects during the LUCC modelling.
Many studies have been carried out to predict land use/cover change. Kim (2010)
applied GEOMOD Modeling and Land Change Modeler (LCM) to predict future land
cover in Chiquitan B, Bolivia. Results showed GEOMOD lacked the potential to model
multiple transitions, and the LCM's logistic regression seemed the most suitable LUCC
module to construct a Reducing Emissions from Deforestation and Forest Degradation
(REDD) baseline in this case. Azucena et al. (2011) evaluated maps of change
potential produced by two spatially explicit models (LCM and Dinamica EGO) and
then applied to a Tropical Deciduous Forest in western Mexico. Results indicated that
the potential transition map generated using LCM was more accurate because neural
networks outputs are able to express the simultaneous change potential to various land
cover types more adequately than individual probabilities obtained through the weights
of evidence method. As a result, we could not speak which model is the best and model
selection should depend on our research purpose.

Many studies have been carried out to predict land use/cover change based on
LUCC models (McRae et al., 2008; Alcamo et al., 2011; Guan et al., 2011). And, it is
also started to link LUCC model with hydrological model to evaluate LUCC effect on
hydrology and water quality, as well as SSC. Recently, several studies have already
been proposed. Yu-Pin Lin et al. (2007) developed an approach for simulating and
assessing land use changes and their effects on land use patterns and hydrological
processes at the watershed level. This study provided a novel approach that combines a
land use change model, landscape metrics and a watershed hydrological model with an
analysis of impacts of future land use scenarios on land use pattern and hydrology in
the Wu-Tu watershed in northern Taiwan. The results show that the variability and
magnitude of future hydrological components were significantly and cumulatively
influenced by land use changes during the simulation period, particularly runoff and
groundwater discharge. Ying Chen et al. (2009) combined an empirical land use
change (CLUE-S) and an event-scale rainfall-runoff model (HEC-HMS) to quantify
the impacts of potential land use change on the storm runoff generation in the Xitiaoxi
basin, upstream of Taihu Lake watershed. The results indicated that the future land use

22



scenarios were projected to increase the total runoff as well as the peak discharge, and
that the magnitude of increment relates to the expansion rate of built-up area. Ofate-
Valdivieso and Sendra (2010) applied LCM model to predict future land use map using
logistic regression (Reg-Log) and Multi-layer perceptron Neural Networks (MPL) in a
binational hydrographic basin in South America. resultas showed biophysical variables
had the most explicative power with a better performance of the model based on
logistic regression than the one made by using neural networks, which could be further
feed hydrological model. Leh et al. (2011) evaluated the impact of rapidly changing
land use on erosion and sedimentation in a mixed land use watershed in the Ozark
Highlands of the USA, which combined a geographic information system-based soil
erosion modeling approach with LCM model to quantify the influence of changing
land use on erosion risk. Results supported previous reports of increased urbanization
leading to increased soil erosion risk and highlighted the interaction of changes in land
use with soil erosion potential. Based on LCM model and SWAT model, Wilson and
Weng (2011) predicted the future total SSC under different future land use scenarios
between 2010 and 2030 within Des Plaines River watershed, Illinois. The analysis
results denoted that middle and high density residential development can reduce excess
TSS concentration, while the establishment of dense commercial and industrial
development might help ameliorate high phosphorus levels.

More studies were focused on linking land use/cover change model with
streamflow, which could support more experience for our future research. However,
only few studies were extended to sediment yield or water quality, so it is necessary to
pay more attention to combining LUCC model with water quality, as well as sediment
yield.

2.4.4. Combine impact of future climate and land use/cover change on
streamflow and sediment yield

The previous SRES scenarios for the Fourth Assessment Report (AR4) of the IPCC
are only forced by greenhouse gas and aerosol from artificial climate change factors.
However, the Fifth Assessment Report (AR5) of the IPCC which will be published in
2014 will include new scenarios based on various technical developments. These new
scenarios, called representative concentration pathways (RCPs), are a set of
greenhouse gas concentration and emissions pathways designed to support research on
the impacts of and potential policy responses to climate change, which also considered
to include impacts caused by LUCC (Riahi et al., 2011; Van Vuuren et al., 2011).

Although studies of the combined impact of future climate and land use/cover
changes on hydrology and sediment yield are desirable, most published studies
consider only one type of change (climate change or land-use change) or one type of
impact (hydrology or sediment yield). Few studies have analyzed the effect of future
climate and land use/cover changes on streamflow and sediment yield as well as water
quality. For instance, Tu (2009) investigated the combined impact of climate and land
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use changes on streamflow and water quality by using AVGWLF model (Generalized
Watershed Loading Function with an ArcView geographic information system
interface) to simulate the future changes in streamflow and nitrogen load under
different climate change and land use change scenarios in Eastern Massachusetts, USA.
Result showed that climate change and land development had more impact on
changing the seasonal distributions of the streamflow and nitrogen load than on
altering average annual amounts of the streamflow and nitrogen load. Khoi and
Suetsugi (2012) investigated the responses of hydrology and sediment yield with
impacts of land-use and climate change scenarios in the Be River Catchment, Vietnam,
using the SWAT hydrological model. The results indicated that a 16.3% decrease in
forest land was likely to increase streamflow (0.2 to 0.4%), sediment load (1.8 to 3.0%).
Climate change in the catchment leaded to decreases in streamflow (0.7 to 6.9%) and
changes in sediment load (-5.3 to 4.4%). The combined impacts of land-use and
climate changes decreased streamflow (2.0 to 3.9%) and sediment load (2.0 to 7.9%).

It is becoming necessary to quantitatively assess combined impacts of land
use/cover and climate changes on streamflow and sediment load of past and future,
which is a complex and difficult task that requires many aspects to be considered,
including environmental, socioeconomic and institutional issues.
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CHAPTER I

STUDY AREA AND GENERAL RESEARCH FRAMEWORK

3. 1. Study Area Description

3.1.1 General description

Red river, with its overall sediment load previously classed 9th in the world, has
received increasing attention with many eco-hydrological problems, such as
hydrological changes in the upper reaches and lower reaches, sediment changes and
biodiversity disappear (He et al., 2005). The Da River Basin (Figure 3.1) located in
humid region is the biggest branch of the Red River which gets its name from the
reddish-brown color caused by its high sediment load rich in iron dioxide, with the
basin area of 55000 km?. The Red River originates from the mountainous region in
Yunnan Province of China, at an elevation of nearly 2500 m. The river cross sections
are narrow, with a steep slope of 0.37. Then, it runs through Vietnamese provinces and
flows into the South China Sea. The Red River basin is located in the tropical monsoon
region, with the latitude from 20N to 26N and the longitude from 100<E to 106.5E.
The total area of the Red River basin is about 169000 km?, including 48% in China, 1%
in Laos, and 51% in Vietnam. In Vietnam territory, the Red River basin covers surface
lands of 26 provinces and cities including the Hanoi capital and Red River delta. The
Red River comprises of three main upstream tributaries Da, Thao, and Lo River, and
its delta forms near the capital Hanoi (Dang, 2000). The river delta has a triangular
form with the apex near to Viet Tri, which is the junction of three main tributaries
(Nguyen et al, 2001).

The population in the Red River basin is about 24 million people of which 15
percent live in urban areas. With almost 17 million people living in the delta, the Red
River delta is one of the most densely populated rural areas in the World — about more
than 1000 persons/km? (Tinh, 2001). The delta comprises two big cities of Vietnam:
the national capital Hanoi and a big seaport city Hai Phong. It is an important area for
the socio-economic development of Vietnam.

The altitude varies from 3620 m to 10 m with the direction from northwest to
southeast in Da River Basin (Figure 3.2). The slope of the basin can be divided into
three levels. A slope from 0 to 10% accounts for 30% of the total area, one from 10 to
20% accounts for 46% of the area, and one greater than 20% accounts for 24% of the
area. Most of the slope is more than 10%, which shows the study basin is located in the
steep area. The area with the slope more than 20% are mainly distributed in the center
of the basin and the areas with a slope less than 10% are located in the downstream and
edge of the basin (Figure 3.2).
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Figure 3.1. Location of the study area and the meteorological stations
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Figure 3.2. (a) DEM and (b) Slope maps of the Da River Basin

It is an important area for the socio-economic development of Vietnam. Moreover,
the biggest reservoir in Vietnam (HoaBinh reservoir) is also located on the downstream
of Da River Basin. It is one of the largest (V=9.5 km®) dams in South-East Asia, which
was completely finished in 1993. The reservoir is designed to keep the peak flood level
of the most extreme historical flood that occurred in 1971 at Hanoi below 13.3 m.
Besides flood control, the reservoir is expected to produce on average 7.8 billion kWh
per year corresponding to 40 percent of Vietnam’s electricity (Tinh, 2001).
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3.1.2 hydro-meteorological condition

Generally, the climate of the Red River basin is subtropical, and it is mainly
affected by the eastern Asia monsoon wind. It is necessary to point out that the
seasonal variation of rainfall is significant in the Red River basin (Figure 3.4). Only 10%
to 20% of the annual rainfall occurs in the dry season (November to March), while the
other 80% to 90% of total annual rainfall concentrates in the rainy season (April to
October). The mean annual rainfall in the upper basin (China territory) is
approximately 1200 mm per year, while about 1900 mm per year in the Vietnam
territory. The amount of precipitation during storms can reach to more than 300
mm/day. The annual mean rainfall is about 1320 mm for the Da River basin, 85% of
which falls during wet rainy season. In addition, the delta region is affected by
typhoons from June to October, especially in July and August with a maximum wind
speed recorded to about 180 km/h (Binnie et al., 1995). In terms of spatial distribution
of rainfall, the highest precipitation is distributed in the center of the basin (Figure 3.3).
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Figure 3.4. Monthly mean rainfall in the Da River Basin
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Figure 3.5. Annual runoff (left) and SSC (right) in the Da River Basin

The annual river runoff of the Red River basin is around 130 billion m?
representing an average discharge of about 3700 m*/s. As for the Da River Basin, the
annual mean runoff is about 1168 m®/s from 1988 to 2004 at Laichau station,
associated with the total annual sediment load about 40.1>10° t/yr. In terms of annual
trend of runoff in the Da River Basin, it shows one increasing trend from 1986 to 2004.
And the sediment concentration also shows one increasing trend in the past in Da River
Basin. The variations of streamflow in the upstream affected the utilization of water
resources and sediment flow into the Hoa Binh reservoir. Furthermore, changes of
sediment inflow induced reservoir siltation and increase or decrease the flood risk of
the downstream region.

3.1.3 Land use/cover and soil condition
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Figure 3.6. Land cover map (left) and soil map (right) in the Da River Basin

As shown in Figure 3.6, forest cover spread over almost half of the total Da River
Basin, in which evergreen broadleaf forest and mixed forest are dominant vegetation
types. In addition, cropland is also important land cover type in both upstream
(Chinese part) and downstream (Viennese part). The soil map shown in Figure 3.6 is
extracted from SOIL-FAO databases from the Food and Agriculture Organization of

28



the United Nations (FAO, 1995). According to the survey report (Khiem and Poel,
1993), the soils in the Da River Basin have experienced strong ferralitic processes,
which decrease with increasing altitudes. Above 2,000 m altitude there is almost no
ferralitic process. The majority of the soils is acid and has low nutrient contents. Their
fertility depends mainly on the humus content and vegetation cover. Humus content
increases with increasing altitude. In the Russian soil system, soils over 900m altitude
are called humic soils. Based on the Russian system, red yellow soils, red humic soils
and brown red soils are major soil types in the Da River Basin, which lead to red color
of the river.

Deforestation has become an issue of increasing concern in Red River Basin.
According to UNEP and World Bank, deforestation has been intense in Red River
Basin especially in the mountainous area, where the percentage of forest cover
decreased from 95% in 1943 to 17% in 1991. Since 1995, the forest area of Vietnam
has increased thanks to forest plantation programs. However, due to poor accessibility
in DRB, plantation forests are limited in the Northwest areas (Forest Science Institute
of Vietnam, 2009). In addition, deforestation reached its peak in the beginning of
1990s for the Chinese part of DRB, and Chinese government called off the felling of
nature economic forest and launched forest plantation program from 1998. However,
compared with original nature forest, young man-made forest has lower canopy density,
shallower root depth, so cannot play the equal role of soil conservation. Deforestation
had intensified soil erosion (Ren et al., 2007) and increased the sediment load in the
Red River Basin.

3. 2. General research framework

Model development set-up

Climate data GIS data Streamflow NDVI/LAI Streamflow | Sediment load

Hydrological model development New sediment rating curve development

Historical changes analysis Future changes prediction

Trend & Change point detection GCM LCM
‘Fixed-changing’ approach Future climate Future land use

Separating effects of historical climate
change, land cover change and other human
activities on streamflow and sediment yield
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Figure 3.7. The general framework of the thesis
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The overall framework of the study is presented in Figure 3.7, including following
components:

The hydrological model was first set up, calibrated, and validated to model the
rainfall-runoff process in the study basin and then used to simulate the streamlow. In
addition, one new sediment rating curve considering temporal dynamic changes of
vegetation cover was also attempted to be developed for our study area, which was
used to simulate sediment yield. The simulation outputs from these two models were
then used to evaluate the effects of climate change and land use/cover change on
streamflow and sediment yield in the past and future.

For the historical changes analysis in streamflow and sediment yield, we firstly
developed the ‘fixed-changing’ approach to separate the effects of historical climate
change, land use/cover change and other human activities on streamflow and sediment
yield. On the one hand, Pettitt mutation method was employed to detect changing point
in annual streamflow, which divided our research period into two periods: pre-change
and post-change period. SWAT model was then applied to separate different effects
from climate change and human activities on streamflow in these two periods. Based
on new sediment rating curve, impacts from climate change and human activities on
sediment yield were also separated. On the other hand, the satellite Normalized
Difference Vegetation Index (NDVI) and Potential leaf area index (LAI) from
ecosystem model (Biome-BGC) were inputted into the new sediment rating curve to
evaluate human-induced vegetation cover change effect on sediment yield.

For the future changes prediction in streamflow and sediment yield, future climate
change scenarios were firstly generated based on different GCMs and downscaling
methods, and future land cover/use scenarios were also obtained with the help of land
change model and past land use/cover maps. All these scenarios were used to drive
hydrological model and new sediment rating curve. Finally, future streamflow and
sediment yield would be predicted under different future climate change and land
use/cover scenarios.

As for the details methodology, we will introduce in the following chapters.
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CHAPTER VI

NEW SEDIMENT RATING CURVES DEVELOPMENT AND
ITS VALIDATION IN OTHER ASIAN RIVER BASINS

Suspended sediment concentration of a river can provide very important perspective on
erosion or soil loss of one river basin ecosystem. The changes of land use and land
cover, such as deforestation or afforestation, affect sediment yield process of a
catchment through changing the hydrological cycle of the area. A sediment rating
curve can describe the average relation between discharge and suspended sediment
concentration for a certain location. However, the sediment load of a river is likely to
be undersimulated from water discharge using least squares regression of log-
transformed variables and the sediment rating curve doesn’t consider changes of
vegetation cover monthly or yearly. The Normalized Difference Vegetation Index
(NDVI) can well be used to analyze the status of the vegetation coverage well. Thus
long time monthly NDVI data was used to detect vegetation change in the past 19
years in this study. And monthly suspended sediment concentration and discharge from
1988 to 2006 in Laichau station were used to develop and interpret one new sediment
rating curve. Compared with the common sediment rating curve, the new curve can
simulate and predict the suspended sediment concentration much better in the Da river
basin. In addition, we also applied new sediment rating in another two basins and got
promising results. The new curve can describe the relationship among sediment yield,
streamflow and vegetation cover, which can be the basis for soil conservation and
sustainable ecosystem management.

4.1. Introduction

The issue of soil erosion of the watershed is one of the hot spots, which currently
causes the global widespread attention. River sediment load is affected by climate
change and land cover change within its drainage basin in an integrated way (Maria et
al.,, 2007; Rustomji et al., 2008). With the increase of population and rapid
development of economics and society, human activities have been seriously affecting
the watershed land cover, which in turn affect sediment yield response of a catchment
through modifying the surface gradient, surface roughness and soil erodibility
(Wardrop and Brooks, 1998). In addition, sediment load also responds to climate
variability and effect of climate change in assessing sediment load changes could not
be negligible. In the face of intricate impacts from land cover change and climate
change, it is necessary to make it clear that how much land cover change could affect
sediment loads.
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To evaluate how much land cover change could affect sediment loads, useful
sediment yield model is needed. Physical based models based on erosion processes and
transport mechanisms, and conceptual models are two main categories for estimating
sediment yield. In practice, physical models need more parameters that are often very
difficult to determine especially at describing the complex process of erosion and
sediment yield. Therefore, they must be integrated with experience means to execute
parameter calibration. Problems with a lack of identifiability of model parameters can
be expected (Beck et al., 1995; Merritt et al., 2003).Among all conceptual models,
sediment rating curve(Asselman, 2000) represents a power functional relationship
relates suspended sediment concentration/load to streamflow is most common one
(Horowitz, 2003). Unfortunately, it is recognized that the common sediment rating
curve method tends to over-predict for high, and under-predict for low suspended
sediment concentrations (Asselman, 2000; Horowitz, 2003). In addition, it is too
simple without considering temporal dynamic changes of vegetation cover. However,
different vegetation cover should have different effect on soil erosion production by
modifying soil erodibility and transport capacity by slowing flow through friction
losses (Howe et al., 2005). For that reason, one new sediment rating curve with few
parameters considering the effect of vegetation cover with limitation information will
be firstly developed to calculate land cover change effect on the sediment load in this
study.

4.2. Dataset and methodology

4.2.1. Data Description and validation basins

In addition to Da River Basin, another two target basins in East-south Asian were
selected to develop news sediment rating curves: Chiang Sean basin in the upper part
of Mekong River basin and Nam muc basin in Red river basin (Figure 4.1). The basic
characters of basins are showed in Table 4.1.

Table 4.1. Basic characters of our selected basins

Basins R and SSC time span Area (km?) Characters
Da River Basin 1988-2004 55000 No big dam in the upstream
monthly before 2004
Main vegetation cover: forest
Chiang Sean basin 1986-1991 185,000 No big dam before 1992
monthly Main vegetation cover: Grass
and forest
Nam muc basin 1997-2006 2,200 No big dam existed
monthly Main vegetation cover: Forest

In addition to the basic hydrological data showed in Table 4.1, other spatial dataed
were also used for our research. SRTM 90m DEM data was provided by the CIAT-CSI
(http://srtm.csi.cgiar.org). Global 1km Land Cover data in the year of 1992 obtained

32



from the U.S. Geological Survey's National Center for Earth Resources Observation
Science was also employed in the study. The GIMMS NDVI data set including a 25
years period from 1981 to 2006 was used to analyze the vegetation changes in a long

time period for the study area.
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Figure 4.1. Location of another two validation basins

4.2.2. Methodology
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Figure 4.2. The research framework for developing new sediment rating curve

As reviewed before, we have already known that common sediment rating curve
without considering temporal dynamic changes of vegetation cover is not so reasonable
and generally could not get agreement simulation results. In addition, the physical-
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based sediment yield calculation model can give better results. However, these kinds of
models have more parameters to identify and need more input dataset.

The common sediment rating curve3),16) generally represents a power functional
relationship, relating suspended sediment concentration to streamflow:

SSC = aQP 4.1
SL=Q % SSC 4.2

in which Q (m%s) is discharge, SSC (g/m®) is suspended sediment concentration, SL
(g/s) is sediment load.

According to Figure 4.3, we will firstly check the shortage of common rating curve
and find out the relationship between vegetation cover change and SSC in this study.
Then new sediment rating curves will be developed and evaluated in several East-south
Asian basins. Two statistics are introduced to evaluate new sediment rating curves:
coefficient of determination (R?) and the mean absolute error (MAE). The use of these
statistics is to provide a more comprehensive evaluation of the model performance.
Finally, more suitable sediment rating curve will be developed for our river basin.

4.3. Results

4.3.1. Limitation of common sediment rating curve

In order to check out the limitation of common sediment rating curve, common
sediment rating curve was first developed in Da River Basin (Figure 4.3). The mean
absolute error (MAE) between simulated and observed SSC was also calculated for
high and low values, as shown in Table 4.2. Results showed that the common sediment
rating curve method under-predicted low and whole SSC, and over-predict high SSC
values in Da River Basin, which kept agreement with previous research.

Table 4.2. Statistics analysis between monthly observed SSC and simulated SSC from
common sediment rating curve

SSC(g/m°) Obs Simu MAE

High value 1265 1313 48 overpredict
Low value 416 296 -120 underpredict
Average 629 551 -78 underpredict

Obs: monthly observed SSC; Simu: simulated SSC from common sediment rating curve
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Figure 4.3. Comparison of monthly observed SSC and simulated SSC from common
sediment rating curve

4.3.2. Relationship between NDVI and SSC
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Figure 4.4. Comparison among annual SSC, runoff and NDVI in Da River Basin

As shown in Figure 4.4, the similar change trend between SSC and runoff indicates
that SSC is mainly controlled by runoff. However, some years shows inverse trend,
such as 1996, 2005 and 2006. In these three years, SSC shows lower values even
though runoff become higher because the higher NDVI could reduce the soil erosion
production and transport capacity. In addition, the negative correlation coefficient
between SSC and NDVI (-0.31) also make the inverse relation more clear between
NDVI and SSC. This inverse relationship between NDVI and SSC could also explain
the reason of the limitation of common rating curve simulation. Different vegetation
cover should have different effect on soil erosion production and transport capacity by
slowing flow through friction losses. In the wet season and wet year, vegetation cover
is better and the soil erosion production and transport capacity should be lower. The
facts in the dry season are just the opposite.

4.3.3. New sediment rating curve development

Previous studies combining results from different watersheds provided physical
interpretations of the two parameters in the common sediment rating curve (Walling
and Webb, 1985; Asselman, 2000; Horowitz, 2003). The common sediment rating
curve coefficient ‘a’ may give information on the soil erodibility and transport capacity
for the whole basin; and ‘b’ may represent the erosive power of the river and its
sediment transport capacity. As a result, vegetation cover should only affect coefficient
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‘a’ in a river basin. Based on the inverse relationship between NDVI and SSC, we tried
to add vegetation cover information (NDVI) into coefficient ‘a’ and carried out three
following types of new sediment rating curves. All these three kinds of new sediment
rating curves could reflect the inverse relationship between SSC and vegetation cover.

SSC = a (c-NDVI) Q° 43
SSC = a/(c+NDVI?) Q° 4.4
SSC = a (1-NDVI%) Q° 45

in which Q (m%s) is discharge, SSC (g/m®) is suspended sediment concentration and
Parameter of a, b, ¢ and d for are determined from data via least squares method.

Then three calibrated new sediment rating curves were developed for Da River
Basin as following:

B: SSC =0.17(1.75-NDVI)Q*’ 4.6
C: SSC = 0.28/(1.3+NDVI**)Q¥’ 47
A: SSC = 0.234(1-NDVI>¥)QM*¥ 4.8

Table 4.3. Comparison of simulation results from three new sediment rating curves and
common sediment rating curve in Da River Basin

Common Trial A Trial B Trial C

SSC(g/m?) Obs
Sim | MAE | Sim | MAE | Sim | MAE | Sim | MAE

High value 1265 1313 48 1283 18 1306 41 1274 9

Lowvalue | 416 | 206 | -120 | 325 -91 328 -88 343 .73
Total 629 | 551 .78 564 -65 572 57 580 -49
average
R? no 0.821 0.845 0.847 0.852

High value: SSC from July to September; Low value: SSC from remaining months.

As shown in Table 4.3, three new sediment rating curves also under-predicted low
and average SSC, and over-predict high SSC, however, all these new rating curves
reduced the mean difference between simulated SSC and observed SSC in various
degrees. In addition, all the coefficient of determination of three new sediment rating
curves are also higher than common one, which indicates that vegetation cover
information could improve the common sediment rating curve in Da River Basin.
Among three new sediment rating curves, type ¢ could improve common one most and
get best simulation results. Consequently, type ¢ is considered as the most agreement
sediment rating curve in Da River Basin.

36



Moreover, we compared new sediment rating curve simulation result with SWAT
model simulation result, as showed in Figure 4.5. The coefficient of determination of
SWAT model simulation is lower than new sediment rating curve results. In addition,
SWAT model trends to over-predict SSC very much in the DRB. Based on above,
Figure 4.5 indicated that new sediment rating could simulate SSC better than SWAT
model in DRB.
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Figure 4.5. Scatterplot of observed and simulated monthly SSC from SWAT (left) and new
sediment rating curve (right) in the Laichau station

4.3.4. Validation in other river basins

To further confirm the performance of the best new sediment rating curve, we
select another two basins to validate it. Similarly, inverse relationship between NDVI
and SSC are also found out in other basins even though the correlation coefficient

between SSC and NDVI is different (Figure 4.6).
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Figure 4.6. Relationship between annual SSC and NDVI
Simulation results comparison from new sediment rating curve and common
sediment rating curve in another two basins are listed in Table 4.4 & 4.5. Not only the
coefficient of determination of new sediment rating curve is higher than common one,
but also MAE is lower than common one, which showed that new sediment rating

curve also performed better than common one in these two basins. All simulation
results further confirmed that vegetation cover information (NDVI) can improve the
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sediment rating curve and new sediment rating curve could simulate better in these
East-South Asian basins.

Table 4.4. Comparison of simulation results from new sediment rating curve and common

sediment rating curve in Chiang Saen basin

SS_C(g/m3) Obs Common New One (Trial ¢)
(Chiang Saen) Sim MAE Sim MAE
High value 927 1030 103 1011 84
Low value 312 244 -68 252 -60
Average 517 506 -11 508 -9

R 0.80 0.86

High value: SSC from July to September; Low value: SSC from remaining months.

Table 4.5. Comparison of simulation results from new sediment rating curve and common
sediment rating curve in Nam Muc basin

SSC(g/m®) Common New One (Trial c)
(Nam Muc) Obs
Sim MAE Sim MAE
High value 401 410 9 405 4
Low value 110 76 -68 102 -8
Average 207 190 -17 204 -3
R’ 0.74 0.75

High value: SSC from July to September; Low value: SSC from remaining months.

4.3.5. Discussions

Results above showed that vegetation cover information could improve simulation
results. However, the improvement is different in different basins. Summary of
improvement was listed in Table 4.6, which showed that improvement of correlation
coefficient in basin with large area was higher than small catchment. For large basins,
more vegetation cover information could be obtained, which maybe improve the
simulation results better. As a result, more accurate and high precision vegetation
cover information seems more useful to improve simulation result. Actually, several
previous studies have already been carried out to calculate the sediment load in terms
of vegetation cover change. Guzman et al (2013) tried to develop different sediment
rating curves based on normalization of fractional cropland for each part of the rainy
season (early, middle, late) in three watersheds, which indicated that vegetation cover
in different seasons have different effects.

Because the new sediment rating curve only has few parameters and inputs which
could be applied to simulate sediment yield for basins without enough dataset. The
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most point of this new sediment rating curve is not only to improve the common
sediment rating curve, but to describe the relationship among vegetation cover, runoff
and sediment load. Hence the new sediment rating curve has its potential application
related to vegetation cover change. For example, in order to evaluate reservoir
sediment trapping, we have to know actual reservoir sediment outflow and potential
sediment outflow without considering dam effect. According to many researches, the
common sediment rating curve was used to predict the potential sediment flow.
Unfortunately, the potential sediment flow from common sediment rating curve does
not consider vegetation cover change effects because the common curve does not
consider vegetation cover change effect. As a result, the reservoir sediment trapping
result looks like not so reasonable. Another potential application is to evaluate
vegetation cover change impacts on sediment yield change, which would be discussed
in Chapter 6.

Table 4.6. Summary of improvement compared with common rating curve in three basins

R2
Basin Agrea 2
(0°kmY) | common | new improvement
Chiang Saen 185 0.80 0.86 6%
Laichau 52 0.82 0.85 3%
Nam muc 2.2 0.74 0.75 1%

Although our new sediment rating curve has already been proved better than
common one, we still could not conclude that it is universal for all the basins
worldwide. More validation should be carried out in basins with different area,
vegetation cover types and climate conditions in the future.

4.4. Conclusions

In this study, we successfully considered vegetation cover information in sediment
simulation and developed new sediment rating curve in Da River Basin. Main
conclusions are as follows.

1) The common sediment rating curve tends to over predict the high, and under
predict the low SSC in all the three basins.

2) Vegetation cover (NDVI) can improve the sediment rating curve. Among the
three new sediment rating curves, the third one is the better sediment rating curve for
our research basin.
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3) The new sediment rating curve can simulate better in these three Asian basins,
but for different scale basin, vegetation cover (NDVI) improved the sediment rating
curve differently.

4) The most point of this new equation is not only to improve the common
sediment rating curve, but describe the relationship among vegetation cover, runoff and
sediment load.
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CHAPTER V

DEVELOPING MODEL SIMULATION METHOD TO
SEPARATE IMPACTS FROM CLIMATE CHANGE AND
HUMAN ACTIVITIES ON STREAMFLOW AND SEDIMENT
FLOW

Impacts of human activities and climate variability on streamflow and sediment have
long been an issue for concern. It is critical to quantify the contribution of climate
change and human activities on the change of streamflow and sediment flow, which
can provide a scientific basis for future land conservation and river ecological
conservation. In this study, Pettitt mutation method was employed to detect trends and
changes in annual streamflow. SWAT model simulation method was then applied to
separate different effects from climate change and human activities. Based on new
sediment rating curve, one well fitted curve between sediment and runoff was
introduced to simulate the suspend sediment. Results indicated that effects of human
activities on streamflow accounted for more than 50% both in the Laichau and Tabu
catchments. Human activities are the main factor to affect the changes of streamflow
and sediment flow into the Hoa Binh reservoir.

5.1. Introduction

It has been generally accepted that climate change has brought great impacts on the
hydrological process in river basins (Schulze, 2000). With the increase of population
and rapid development of economics and society, human activities have been seriously
affecting the watershed land use and water cycle. The changes of land use and land
cover affect runoff response of a catchment through changing the balance between
rainfall and evaporation (Costa et al., 2003). In addition, the sediment yield of one
catchment is intimately related to the geology, topography, climate, vegetation cover
and land use within the basin. The geologic and topographic variables are fixed, but
long-term changes in climatic conditions, vegetation cover and land use will produce
abrupt alterations in erosion processes and sediment vyields. It is necessary to
investigate main factors affecting the changes of streamflow and sediment yield.

Red river, with its overall sediment load previously classed 9th in the world, has
received increasing attention with many eco-hydrological problems, such as
hydrological changes in the upper reaches and lower reaches, sediment changes and
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biodiversity disappear (He et al., 2005). Hoa Binh reservoir, the largest reservoir in
Vietnam, established on the Red River, with an important role for flood control,
hydropower generation, and irrigation, has caused a significant decrease of sediment
loads in the downstream of reservoir (Le et al., 2007). The variations of runoff in the
upstream affect the utilization of water resources and sediment flow into the Hoa Binh
reservoir. Furthermore, changes of sediment inflow can induce reservoir siltation and
increase or decrease the flood risk of the downstream region. Therefore, analyzing on
the effect of climate change and human activities on streamflow and sediment flow
into the Hoa Binh Reservoir and determining the main factors and their contributions
to the total changes are critical for the appropriate utilization of water resources, flood
control, soil conservation and ecological protection.

The change of streamflow in the Red River basin has been paid much attention in
the past years and some results had been raised. For the Vietnamese part of Red River
basin, Tuan (1993) concluded that the peak discharge and the total of runoff volume
increased clearly as the forest cover area decreased in the past in the Hoa Binh
Reservoir basin. For the upstream of the basin, Mann-Kendall method and cluster
technique method were used to analyze the variability of the 45-year runoff series at
Manhao station in the Red River, and got an increasing trend for annual runoff in the
past years (Ye et al., 2008). Therefore, they concluded that the jump of runoff was
mainly influenced by vegetation cover change. On the other hand, the changed
discharge and vegetation cover change will further affect the sediment load in the basin.
Some researchers had got some similar results of changing sediment load in the Red
River basin. Ren et al (2007) analyzed annual sediment load of different periods in
Yuan Jiang, the main branch of red river. Results showed that annual sediment load in
the 1980s was less than it in the 1990s and forest cover and sediment load showed the
inverse relationship. In addition, Dang et al (2010) simulated sediment load and a
significant decrease of sediment load after 1990 was detected in the downstream of
reservoir, which indicated that the Hoa Binh dam reduced annual sediment by half.

Increasing efforts are being made to quantify the consequences of environmental
change for the hydrological cycle in the Red river basin. However, contribution of
climate change and human activities on changes in both water and sediment flux are
still not well evaluated. In this study, quantification of climate change and human
activities contributions to changes of streamflow and sediment load was partitioned
and evaluated. Firstly, Pettitt mutation method was employed to detect the abrupt year
in annual streamflow. Then, SWAT model was applied and evaluated in the Da River
basin. Lastly, the validated SWAT model and well fitted sediment rating curve were
proposed to calculate the individual effects of climate change and human activities on
streamflow and sediment.
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5.2. Dataset and methodology

5.2.1. Data Description

Da River Basin was also selected as the target basin of this study. Streamflow data
at Laichau (LC) and Tabu (TB) stations were selected in the Da River basin, which
were available from 1960 to 2008. Suspend sediment concentration data at Laichau
station is available from 1988 to 2004. There are 16 rainfall or meteorological stations
located in or around the basin. These stations are spatially well distributed, which can
reflect the characteristics of regional climate. Hydrologic data is from the China
Meteorological Data Sharing Service and Vietnam Academy of Science and
Technology, which has been checked by the primary quality control. SRTM 90m DEM
data was provided by the CIAT-CSI (http://srtm.csi.cgiar.org). Global 1km Land Cover
data in the year of 1992 obtained from the U.S. Geological Survey's National Center
for Earth Resources Observation Science was also employed in the study. The GIMMS
data set including a 25 years period spanning NDVI data from 1981 to 2006 was used
to analyze the vegetation changes in a long time period for the study area (Tucker et al.,
2005).

5.2.2. Analysis of change point in annual series

A change in observed mean annual streamflow 40" can be resulted from climate
variability 40°"™ and human activities 40™™. However, it is difficult to identify the
timing of change by manual judgment in streamflow for a catchment (Li et al, 2007;
Zhao et al., 2009).

AQtOt :AQC|Im+AQhUm 5.1

In the study, nonparametric Pettitt method, which was firstly proposed to detect
change point for a long time series in 1979 (Pettitt, 1979), was widely-used to detect
the time of the change in time series (Pettitt, 1979; Zhao et al., 2009). This approach
can detect a significant change in the mean of annual streamflow when the exact time
of the change is unknown. Based on an adaptation of the rank-based Mann-Whitney
test, it considers one time series as two samples represented by X; ...x; and X1, ...xn,
and define one statistical index Uy :

U,=U_, +3asgn(x-x ) (t=2,...N) 59

in which sgn(x)=1, for x>0; sgn(x)=0, for x=0; sgn(x)= -1, for x<0.

A time series with no change point would result in a continually increasing value of
‘Ut,N
point and then begin to decrease. This change point may occur several times in a time

. Otherwise, if there is a change point then ‘Um would increase up to the change

is maximum. The

series, the most significant change point t where the value of ‘Ut,N
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probability of a change point being at the year where ‘Um IS maximum is

approximated by
P=1—exp{-6(U,)* /(N +N?)} 5.3

Since a significant change point was found, the total streamflow series can be
divided into two periods (Figure 5.1). The first period is pre-change period,
representing the baseline with no significant human activities, and the second period is
post-change period associated with significant human activities.

0 pre-change period | post-change period
I

change point Time

Figure 5.1. Schematic diagram of AQ and different period separation

5.2.3. Model simulation method

The SWAT model is considered as one of the most suitable models for predicting
long-term impacts of land management measures on water, sediment, and agricultural
chemical yield (nutrient loss) in large complex watersheds with varying soils, land use,
and management conditions.

SWAT is a continuous, long-term, and distributed parameter model based on water
balance (Figure 5.2), designed to evaluate the impact of climate and land use change
on the hydrology, sediment transport in watersheds. The relationship between input
and output variables is described by regression equations. The SWAT model integrates
all relevant eco-hydrological processes including water flow, nutrient transport and
turn-over, vegetation growth, and land use and water management at the sub-basin
scale. Consequently, the watershed is subdivided into sub-basins based on the number
of tributaries. Size and number of sub-basins is variable, depending on stream network
and size of the entire watershed. Sub-basins are further disaggregated into classes of
Hydrological Response Units (HRU), whereby each unique combination of the
underlying geographical maps (soils, land use, etc.) forms one class. HRU are the
spatial unit where the vertical flows of water and nutrients are calculated, which are
then aggregated and summed for each sub-basin. Water and material from HRU in sub-
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watersheds are routed to the sub-watershed outlet. The HRU in SWAT are spatially
implicit, their exact position in the landscape is unknown, and it might be that the same
HRU covers different locations in a sub-basin. The water balance for each HRU is
represented by the four storages snow, soil profile, shallow aquifer and deep aquifer.
The soil profile can be subdivided in up to ten soil layers. Soil water processes include
evaporation, surface runoff, infiltration, plant uptake, lateral flow and percolation to
lower layers (Neitsch et al., 2005). The model predicts the hydrology at each HRU
using the following water balance equation:

t
S\/\/t = SWO + ,31:( Rday.i - qurf,i - Ea,i _Wseep,i - ng,i ) 5.4
where SW; is the final soil water content (mm), SWj is the initial soil water content
on day i (mm), tis the time (days), Rday is the amount of precipitation on day i (mm),
Qsurs is the amount of surface runoff on day i (mm), E; is the amount of
evapotranspiration on day i (mm), Wseep IS the amount of water entering the vadose
zone from the soil profile on day i (mm), and Qg is the amount of return flow on day i

(mm).

Evaporstion and
Transpiration

Root Zone

Vadose (unssturated)
Zone

Ravap from shalow aquifer Parcalation to shallow aguiser

Shallow (unconfined)
Aquifer

Confining Layer

Deep (confined)
Aquifer

Figure 5.2. Hydrologic cycle considered by SWAT model (from Neitsch et al., 2001)
The soil water processes include infiltration, percolation, evaporation, plant uptake,
and lateral flow. Percolation is modeled with a layered storage routing technique
combined with a crack flow model. Potential evaporation can be calculated using
Hargreaves, Priestly-Taylor or Penman-Monteith method (Arnold et al., 1998). The
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surface runoff from daily rainfall is estimated with a modification of the SCS curve
number method from United States Department of Agriculture-Soil Conservation
Service (USDA SCS) and Green & Ampt infiltration method (Neitsch et al., 2001).
Peak runoff rate is estimated using a modification of the Rational Method (Chow et al.,
1998). Flow is routed through the channel using a variable storage coefficient method
(Williams, 1969) or the Muskingum routing method (Cunge, 1969).

The sediment from sheet erosion for each HRU is calculated using the Modified
Universal Soil Loss Equation (MUSLE) (Williams, 1975). Details of the USLE
equation factors can be found in Neitsch et al. (2005). The sediment concentration is
obtained from the sediment yield, which corresponds to flow volume within the
channel on a given day. The transport of sediment in the channel is controlled by
simultaneous operation of two processes: deposition and degradation. Whether channel
deposition or channel degradation occurs depends on the sediment loads from the
upland areas and the transport capacity of the channel network. If the sediment load in
a channel segment is larger than its sediment transport capacity, channel deposition
will be the dominant process. Otherwise, channel degradation occurs over the channel
segment. Theory and details of hydrological and sediment transport processes
integrated in SWAT model are available online in SWAT documentation
(http://swatmodel.tamu.edu/).

Generally, the SWAT model set-up involved the following five steps: (1) data
preparation; (2) sub-basin discretization; (3) HRU definition; (4) parameter sensitivity
analysis; and (5) calibration and validation. Sensitivity analysis was carried out to
identify the most sensitive parameters for the model calibration using Latin Hypercube
One-factor-At-a-Time (LH-OAT), an automatic sensitivity analysis tool implemented
in SWAT (Van Griensven et al, 2006). These sensitive parameters were calibrated
using the auto-calibration tool that is currently available in the SWAT Interface (Van
Liew et al. 2005). In addition, SWAT-cup also supported another three automatic
calibration methods (SUFI2, GLUE, and ParaSol), specially designed for SWAT
model.

In this part, SWAT model was applied to evaluate the effects of climate change and
human activities on streamflow. Following recommendations (Moriasi, 2007), four
statistics are used to indicate the accuracy of SWAT model: coefficient of
determination (R?), Nash- Sutcliffe efficiency (NSE), percent bias (PBIAS) and the
mean absolute error (MAE). The use of these statistics is to provide a more
comprehensive evaluation of the model performance.

n : 2
' 1(Qobs; — Qsim;)

NSE =1 -—2=2 < 5.5
i=1(Qobs; — Qobs)?
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?:1(Q0bsi - QObS)(QSimi — Qsim)

R? = 5.6
(221 Qobs, ~ Gob) 5, 0sim; ~ Gsim)
sim — Qobs
PBIAS = [0 Qobs| *100% 5.7
Qobs
MAE = |Qsim — Qobs| 5.8

where Qsim is simulated discharge, Qobs is observed discharge, Qsim is average
simulated discharge, Qobs is average observed discharge

SWAT model was firstly calibrated and validated for the pre-change period and then
applied the calibrated model to the post-change period with changed underlying
surface conditions to model streamflow that would occur if there were no human
activities. The effect of human activities on streamflow is calculated by the differences
between simulated and observed streamflow for the post-change period, and the effect
of climate change is the remaining (Figure 5.1).

AQhum — onbs_ stim 5.9

AQcIim — stim_ Qobs 5.10

Moreover, based on the new well fitted sediment rating curve, the effect of human
activities on sediment load can be calculated by the differences between simulated and
observed value for the post-change period and the effect of climate variability is the
remaining part of the total change.

——sim

ASL*"=SL, —SL, 5.11
ASI* =SL, —SLy 5.12

in which ASL™™ and ASLEY™ are the change of sediment load by human activities and
climate change respectively. SLI?S is the observed sediment load in the first period,
SLSPS and SL3™ are the observed and simulated sediment load in the second period,
respectively.

5.3. Results

5.3.1. Determination of research period

Pettitt mutation detection method was employed to detect the approximate time of
the change in discharge at Laichau and Tabu stations over the period from 1960 to
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2008. Figure 5.3 shows graphically the result of Pettitt mutation test. The curves
indicate a change point in annual discharge occurring in 1993 at the 10% of
significance level for Laichau and Tabu hydrologic stations, which shows a significant
upward trend from 1993. Based on the Pettitt test, the period of the discharge record is
divided into two parts: a pre-change period (1960-1993), representing discharge under
natural conditions, and a post-change period (1994-2008), representing discharge
under human activities control. However, limited by the short precipitation series
(1988-2004), the pre-change point period from 1988 to 1993 is used as the calibration
and validation periods in SWAT model and the period from 1994 to 2004 is used as
post-change period.
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Figure 5.3. Pettitt mutation test of annual streamflow. The horizontal dotted and solid lines
represent the critical values of the 5% and 10% significance level respectively.

5.3.2. Effects of human activities and climate variability on streamflow

In order to evaluate human activities and climate change effects on streamflow,
SWAT model should firstly be calibrated and validated to prove its applicability in the
DRB. As shown in Table 5.1, four statistics to evaluate the SWAT model mentioned
above give agreement results. For example, the high NSE presents better results with
the value of greater than 0.85 which indicate that SWAT model is reasonable in this
basin. In addition, from the viewpoint of comparison between the simulated and
observed monthly streamflow during the pre-change period, results indicate that the
simulated streamflow by using SWAT model has a good match with the observed
values, and are satisfactory at Laichau and Tabu stations, as showed in Figure 5.4. The
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results shown in Table 5.1 and Figure 5.4 can comprehensively explain that the SWAT
model can predict streamflow accurately during the pre-change period.

Table 5.1. Evaluation of model simulation during the pre-change period for the catchments
controlled by Laichau and Tabu stations in the DRB

Laichau Tabu
Calibration Validation Calibration Validation
R? 0.91 0.87 0.95 0.88
NSE 0.89 0.85 0.88 0.85
MAE(mm) 3.56 4.29 2.83 3.91
PBIAS (%) 0.331 0.398 0.203 0.283
Laichau P - Qsim —— Qobs
7000 T T b T T T w LA LI B 0
I||| | I |||I|| I ||| || |||| |||”|| ||| |||
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Figure 5.4. Comparison of observed and simulated monthly streamflow in the DRB

Table 5.2. Effects of human activities and climate change on the annual streamflow (mm)
across catchments controlled by hydrological stations in the DRB
(subscript 1: 1988-1993; subscript 2:1994-2004)

Hum Clim

obs obs sim ot hum
Q»  Qr Qn 4Q" 4Q % %
LC 1054.2 12311 11355 176.9 95.6 54 46
B 1364.6 1738.0 15134 3734 223.6 60 40
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The total difference in streamflow between the two periods was calculated and The
SWAT model built during the pre-change period was then applied to quantify the
effect of human activities on streamflow and the results are listed in Table 5.2. The
effect of human activities on streamflow is represented by the difference between
simulated and observed streamflow for the post-change period, and the proportion of
this difference to changes of streamflow (%). The results show that total increase of
streamflow in the Tabu catchment is larger than Laichau catchment and the proportions
of human activities effect to changes of streamflow across two catchments are a little
different. Human activities contribution rate are 54% in the Laichau catchment, 60% in
the Tabu catchment, at the same time, climate change only accounts for 46% and 40%
of the total effects on streamflow in Laichau and Tabu catchments respectively.

5.3.3. Effects of human activities and climate change on sediment load

The increased streamflow will further change the sediment load for the DRB. To
evaluate human activities and climate change effects on sediment load, one well fitted
new sediment rating curve (Figure 5.5) for Laichau station was firstly proposed based
on the monthly SSC data in pre-change period, as Equation 5.13.

SSC = 0.234(1-NDVI>?)Q™* 5.13
4 7 log(SSC)
35 - o
3 % ¢ oo go"" ® %"%9%@‘%033’
o ° % & - D0
© o0 ® Coo o 0 oRT R 0 °
- - & ©
2.5 . o:g %;%? ““6“3{2; o% °
2 1 éf‘t%% °°£‘2§8 Koo o o0
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Figure 5.5. Relation between observed Q and SSC in the DRB

Table 5.3. Performance of New sediment rating curve for Laichau

Catchment  R? MAE(g/m®) PBIAS (%)
Laichau  0.83 6.67 1.03

Table 5.4. Effects of human activities and climate change on the annual sediment load (10°
ton/yr) of Laichau station

obs obs sim ot hum HUm Cllm
SL™ SL SLY ASL™ asL — T
LC 35.1 42.9 37.9 7.8 5.0 64 36
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As shown in Table 5.3, three statistics to evaluate the sediment rating curve
mentioned above give the agreement results. A high R? (0.83), low PBIAS and MAE in
Table 5.3 indicate that this sediment rating curve can evaluate SSC accurately in
Laichau station. According to Equation 5.13, simulated SSC from 1994 to 2004 was
then calculated where the simulated discharge by SWAT model in the same period was

as the input. Finally, SL™*, SL** and SL" can be gotten based on Equation 4.2. The

total difference in sediment load between the two periods was then calculated, which
showed an increase after 1993. As a result, effects of human activities and climate
change on the annual sediment load of Laichau was estimated and listed in Table 5.4.
The results show that the proportions of human activities effect to total change of
sediment load accounts for 64% and climate change is 36% in Laichau.

5.3.4. Discussions

Quantification of individual impacts of climate change and human activities is
difficult. In this study, streamflow of Tabu station close to Hoa Binh reservoir can
stand for the inflow into the reservoir. As for sediment load data, it was not available at
Tabu station, so sediment load at Laichau station which drains 2/3 area of the DRB
was considered as most of the sediment load into the reservoir. The results indicate
both the streamflow and sediment load into the Hoa Binh reservoir increased. Human
activities effects on sediment load are stronger than streamflow. Therefore, human
activities effects on sediment load were more sensitive than on streamflow and human
activities were largely responsible for the upward trends of streamflow and sediment
load into the Hoa Binh reservoir after the transition year in the DRB.

During the study period, there was no big reservoir built in the upstream of Hoa Bin
reservoir. As a result, the vegetation cover changes, such as deforestation may be the
main human activities, which produced abrupt increase in streamflow and sediment
yield. Annual accumulated values of NDVI can be used as an indicator for detecting
inter-annual of vegetation activities (Box et al., 1990). In order to detect changes of
vegetation cover, the GIMMS data set including 25-year period NDVI data from 1982
to 2006 was introduced to analyze the changes of the vegetation cover. Two kinds of
changes were used to evaluate the temporal and spatial vegetation changes in the study
area (up to Tabu station), one is the difference of average annual accumulated NDVI
between two periods, the other is the linear slope of annual accumulated NDVI from
1982 to 2006, as showed in Figure 5.6. Both maps indicate similar spatial changes that
NDVI of most area shows a downward trend, and part of north area displays upward
trend, which reflects that vegetation cover have changed and decreased from 1982 to
2006. Some researchers got similar result in the study area. Ye et al (2008) analyzed
the relationship between total sum of squares of deviations and breakpoint of annual
NDVI which indicated that vegetation in the Chinese part of Red River basin was
destroyed so severely in 1993. In the other hand, from data of UNEP (1990) and
Review of World Bank (1996), deforestation has been intense in Red River Basin
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especially in the mountainous area in 1990s. As a result, forest cover was degraded
very severely in the past and became the worst situation in about 1993, which keeps
agreement with the detected changing point of streamflow in 1993 and vegetation
cover change is one main factor for the changes of streamflow and sediment load into
the Hoa Binh reservoir.
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Figure 5.6. (a) Difference between annual accumulated NDVI from 1982 to 1993 and from
1994 to 2006; (b) Linear slope of annual accumulated NDVI from 1982 to 2006

As a result, due to the reservoir siltation and increasing sediment flow into reservoir,
the useful lifetime of the Hoa Binh reservoir would be shorten quickly, which would
cause the flood risk increasing, hydropower generation reduction in the Red River
region.

From the results above in this paper, vegetation cover change can change the
streamflow and sediment load and human activities are the key factor for the changes
in the Da River basin.

5.4. Conclusions

In conclusion, an upward trend has been found for annual streamflow into Hoa Binh
reservoir, with an abrupt change identified in 1993. It is also found out that NDVI
changed very much before and after 1993. Effects of climate change and human
activities on the increase of streamflow and sediment flow into Hoa Binh dam were
estimated in DRB. The separation of climate change and human activities effects were
also investigated.

Main conclusions are as follows. Firstly, an increase of streamflow and sediment load
from 1988 to 2004 was detected. Secondly, effect of human activities on streamflow
was stronger in the Tabu station of downstream than Laichau station of upstream.
Effect of human activities on streamflow accounted for about 60% both in Laichau and
Tabu catchments which is higher than effect of climate change. And human activities
contribution rate on sediment increase was also stronger than climate change. Thirdly,
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vegetation change was the main human activities, which was more sensitive to
sediment yield than streamflow. Summarily, human activities are the main factor to
affect the changes of streamflow and sediment flow into the Hoa Binh Reservoir.
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CHAPTER VI

COUPLING NEW SEDIMENT RATING CURVE AND
ECOLOGICAL MODEL TO EVALUATE HUMAN-INDUCED
VEGETATION COVER CHANGE EFFECT ON SEDIMENT
FLOW

Sediment load can provide very important perspective on erosion of river basin. The
changes of human-induced vegetation cover, such as deforestation or afforestation,
affect sediment yield process of a catchment. In this study, a new sediment rating curve
considering vegetation cover was developed to evaluate the impact of vegetation cover
changes on sediment yield in Da River Basin. The Normalized Difference Vegetation
Index (NDVI) and leaf area index (LAI) can be used to analyze the status of the
vegetation cover well. Thus long time series NDVI from satellite was applied to
represent vegetation cover in the past years. Potential LAI from ecosystem model
(Biome-BGC) was used to explain the vegetation cover without human activities.
Finally, standardized NDVI and LAI were inputted into the new sediment rating curve
to evaluate human-induced vegetation cover change effect on sediment load.

6.1. Introduction

The issue of soil erosion of the watershed is one of the hot spots, which currently
causes the global widespread attention, especially for Red River with its overall
sediment load previously classed 9th in the world. Red River has received increasing
attention with many eco-hydrological problems, such as sediment changes and
biodiversity disappear. It has been generally accepted that vegetation cover change has
brought great impacts on the sediment yield process in river basins. As concluded in
Chapter 5, many researchers have already carried out to investigate the sediment load
changes in Red River Basin (Ren et al, 2007; Dang et al., 2010; Wang and Ishidaira,
2012). In Chapter 5, we used model simulation method to conclude that human
activities are the main factor to affect the changes of sediment flow and vegetation
cover change is the main human activities in Red River Basin. However, it is not
clarified yet that how much human-induced vegetation cover change could affect
sediment loads. This study provides a different research view on effects of vegetation
cover change on sediment loads.
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The calculation of sediment loads requires both discharge and concentration data in
river basins. The discharge data can be relative easier to obtain than sediment in situ
measurement. On the other hand, sediment concentration data typically result from
manually collected individual samples taken at fixed temporal intervals and was still
absent at most hydrological stations especially for developing country. In the absence
of actual sediment concentration measurements, researchers have used different
models to estimate suspended sediment concentration (SSC). In Chapter 4, one new
sediment rating curve considering the effect of vegetation cover has already been
developed to calculate vegetation cover change effect on the sediment load (Wang and
Ishidaira, 2012). In addition, it could consider impact of temporal dynamic changes of
vegetation cover on sediment load, which is really suitable for the objective of this
chapter.

For one fixed catchment, the sediment load is intimately related to the geology,
topography, climate, vegetation cover within the basin. The geologic and topographic
variables are fixed in the short term, but long-term changes in climatic conditions or
vegetation cover will produce abrupt alterations in erosion processes and sediment
loads (Maria et al., 2007). Vegetation cover change plays an important role in altering
surface flow and sediment yield. To evaluate the effect of vegetation cover change on
sediment load, vegetation cover temporal dynamic should firstly be investigated.
Nevertheless, vegetation cover over longer time periods is difficult to obtain directly.
NDVI and Leaf area index (LAI) are two of the most widely used vegetation indexes,
due to the good performance of explaining the status of vegetation coverage. Time
series of observed vegetation index derived from remote sensing data provides an
opportunity to study vegetation cover. However, NDVI or LAI obtained from remote
sensing data only can explain the current vegetation cover with dual influence of
climate change and human activities. To investigate potential vegetation cover (e.g.,
potential LAI) under assumed or future climate scenarios without human activities,
ecosystem simulation models are required. In addition, ecosystem models have the
advantage of considering effects of not only climatic condition but also carbon dioxide
concentrations.

The objective of this study is ultimately to design one new approach to analyze
effect of human-induced vegetation cover change on the sediment load. On purpose of
this, time series NDVI from Global Inventory Modeling and Mapping Studies
(GIMMS) was introduced to analyze the changing trend of vegetation cover in the past
years. In addition, potential LAl was simulated by one ecosystem model to describe the
potential vegetation cover condition without human activities effects. Based on the
relationship between NDVI and LAI, they were then converted into standardized
values. Finally, standardized NDVI and LAI were inputted into new sediment rating
curve to evaluate vegetation cover change effect on sediment load.
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6.2. Dataset and methodology

6.2.1. Data Description

Da River Basin was also selected as the target basin of this study. Streamflow data
and suspend sediment concentration data at Laichau station is available from 1988 to
2004, which is from Vietnam Academy of Science and Technology. We used 0.25
degree gridded daily precipitation and average temperature data from APHRODITE's
Water Resources Project (Yasutomi et al., 2011). 0.5 degree gridded monthly average
daily maximum and minimum temperature data from Climatic Research Unit (CRU)
was introduced to calculate the diurnal temperature range (DTR), which was applied to
transform daily average temperature from APHRODITE into daily maximum and
minimum temperature.

1km elevation data was provided by GTOPO30 from U.S. Geological Survey
(USGS). Global Digitized Soil Map and effective Soil Depth of FAO-UNESCO with a
spatial resolution of 5*5 arc minutes were used to obtain the soil properties. Global
1km Land Cover data obtained from the USGS National Center for Earth Resources
Observation Science was employed and the land cover was reclassified into the
following seven types: evergreen needle-leaf forest, evergreen broadleaf forest,
deciduous broadleaf forest, deciduous needle-leaf forest, evergreen shrubs, C3 and C4
(photosynthesis type) grassland in the study. The GIMMS data (Tucker et al., 2005) set
including a 25 years period spanning NDVI data from 1982 to 2006 was used to
analyze the vegetation cover and develop the new sediment rating curve in our study
area. All the geographic data were re-gridded into the same spatial resolution of 0.25
degree.

In addition, a 30+ year long global data sets of vegetation leaf area index (LAI3Q)
which derived from the third generation GIMMS NDVI3g data set was applied to
validate Biome-BGC model. The dataset is at 1/12 degree resolution, 15-day
composites and span the period July 1981 to December 2012. A set of neural networks
were first trained on best-quality and significantly post-processed MODIS LAl
products and AVHRR GIMMS NDVI data for the overlapping period (2000 to 2009).
The trained neural networks were then used to produce the LAI data sets (Zhu et al.,
2013).

6.2.2. Ecological model (Biome-BGC)

Biome-BGC is a biogeochemical point simulation model developed by the
University of Montana (Running and Gower, 1991) to estimate the storage and fluxes
of carbon, nitrogen and water within terrestrial ecosystems, which was applied to
calculate the potential LAI under present climate conditions without human activities
effects. Biome-BGC is a computer program that estimates fluxes and storage of energy,
water, carbon, and nitrogen for the vegetation and soil components of terrestrial
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ecosystems. As mentioned above, the primary biogeochemical cycles represented in
Biome-BGC are the C, N, and H,0 cycle (Figure 6.1). In conjunction with these cycles,
Biome-BGC models the physical processes of radiation and water disposition. Biome-
BGC partitions incoming radiation and precipitation and treats the excess/unused
portions as outflows. The primary physiological processes modeled by Biome-BGC are
photosynthesis, evapotranspiration, respiration (autotrophic and heterotrophic),
decomposition, the final allocation of photosynthetic assimilate, and mortality. To
model these processes, Biome-BGC first models the phenology of the systems based
on the input meteorological data.
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Figure 6.1. Conceptual Diagrams of Biome-BGC model

The model uses a daily time-step. This means that each flux is estimated for a one-
day period. Between days, the program updates its memory of the mass stored in
different components of the vegetation, litter, and soil. Weather is the most important
control on vegetation processes. Flux estimates in Biome-BGC depend strongly on
daily weather conditions. Model behavior over time depends on the history of these
weather conditions, the climate. It requires: daily climate data, information of the
general environment (i.e. soil, vegetation type and site conditions) and parameters
describing the eco-physiological characteristics of vegetation. As is usual for such
models, Biome-BGC needs “spin-up” simulations (Figure 6.2) to achieve equilibrium
conditions where the initial soil and plant compartment pools actually match the mass
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balance equations. Biome-BGC emphasizes leaf area index (LAI) as a key structural
output, calculated by multiplying carbon allocated to leaves times the specific leaf area.
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Figure 6.2. Conceptual diagram showing Biome-BGC general model structure

In this study, Biome-BGC was applied to calculate the potential LAI under present
climate conditions without human activities effects. It requires: daily climate data,
information of the general environment (i.e. soil, vegetation type and site conditions)
and parameters describing the eco-physiological characteristics of vegetation. The
missing daily meteorological data, not available from APHRODITE or CRU dataset,
were estimated by the MTCLIM model (Thornton et al., 2000). As is usual for such
models, Biome-BGC needs “spin-up” simulations to achieve equilibrium conditions
where the initial soil and plant compartment pools actually match the mass balance
equations. Biome-BGC emphasizes leaf area index (LAI) as a key structural output,
calculated by multiplying carbon allocated to leaves times the specific leaf area. Ichii
et al (Ichii et al., 2005) applied this model to simulate the carbon fluxes and gross
primary productivity in Amazonian, African and Asian area and got reasonable
estimates of these parameters. As a result, we also used the model to simulate potential
LAI since our study basin is one part of Asian area. In order to obtain LAI values for
all grids, we developed the grid-based Biome-BGC model instead of previous point
simulation vision for DRB, with the spatial resolution of 0.25 degree.

6.2.3. Standardization of LAl and NDVI

The NDVI is one of the most extensively used as vegetation proxy for LAI. NDVI
increases almost linearly with increasing LAI especially for not so large range of LAI
and NDVI (Fan et al., 2009). For the purpose of comparison LAI with NDVI equally,
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LAI and NDVI were transformed to standardized value using this linear relationship in
our research.

M,., =(NDVI -NDVI_ )/(NDVI_ -NDVI _ ) 6.1

X

M, =(LAI-LAl _)/(LAI _-LAI )=M 6.2

X min NDVI

where Mnpvi/Lar IS the standardized value for NDVI or LAL NDVlginvmax and
LAlminmax are the minimum and maximum NDVI or LAI value respectively. Then
NDVI or LAI can be changed into Mypviar to develop the new sediment rating curve.

6.2.4. New modified sediment rating curve

Based on our new sediment curve, time series of MnpviLa) instead of NDVI/LAI
were applied to develop the new sediment rating curve and to estimate sediment loads
from the streamflow and vegetation cover in this study. The new modified sediment
rating curve represents as follows:

SSC=a (1-MNDV|/|_A|C) Qb 6.3

in which Q (m%s) is discharge, SSC (g/m®) is suspended sediment concentration and
MnpviLal 1S standardized NDVI or LAI. Parameter of a, b and c for are determined
from data via least squares method. Then, sediment load can be calculated by:

SL=Q xSSC 6.4
in which SL (g/s) is sediment load.

To provide a more comprehensive evaluation of the model performance, three
statistics are used to indicate the accuracy of this curve: coefficient of determination
(R%), percent bias (PBIAS) and the mean absolute error (MAE). Based on the well fitted
sediment rating curve, the effect of human-induced vegetation cover change on
sediment load can be calculated by the difference value (ASL® ) between observed SL
(SL™ ) and simulated SL from potential LAI (SL™ ).

LAl

6.3. Results

6.3.1. Determination of research period

In order to evaluate human-induced vegetation cover change effects on sediment
load, we should first determine which period was the period of most strong human
activities. According to the previous study, the period after 1993 was recognized as the
most serious period of human activities effect in DRB compared with the period before
1993. And we also analyzed the change of NDVI from 1982 to 2006 and detected one
obvious downward shift. Additionally, the average NDVI before and after 1993 also
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indicate vegetation cover affected by human activities was more serious after 1993
(Figure 6.3). As a result, the same period from 1994 to 2004 is selected as the target
period to evaluate human-induced vegetation cover change effects in this research and
it is also more convenient to compare results with the previous study.

0.6 1 NDvI ——NDVI
o5 4 N average NDV1(1982-1993)
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Figure 6.3. Change of annual maximum NDVI in the upstream of laichau station (1982-
2006)

6.3.2. Biome-BGC simulation results

Since post-change period from 1994 to 2004 is considered as more human activities
effects. So we assume pre-change period from 1982 to 1993 without serious human
activities and select this period for this ecological model calibration period. Even
though, it is still difficult to calibrate ecological because human activities maybe also
affect vegetation cover change in the pre-change period.
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Figure 6.4. Scatterplot of satellite and simulated monthly basin average LAI

As mentioned before, the point Biome-BGC model was first developed into grid-
based model for the basin scale to evaluate vegetation cover change effects on
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sediment load. From the viewpoint of comparison between the simulated and observed
monthly basin average LAI from 1982 to 1993, results display that the simulated LAI
from ecological model has a good match with the satellite observed values, as showed
in Figure 6.4. In addition, the high R? value (0.772) also suggests that this ecological
model can simulate LAI reasonably.
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Figure 6.5. Comparison between simulated and satellite annual maximum LAl

Moreover, we compared simulated and satellite annual maximum LAI from 1982 to
2006 (Figure 6.5). It is obvious that the annual simulated LAI has a good match with
the satellite observed values before 1994 and there is some partial difference in the
post-change period.

Based on results above, biome-BGC ecological model was successfully applied in
our river basin and could be used for potential LAI simulation without human activities
effects in this research.

6.3.3. NDVI and potential LAl analysis

Grid maximum monthly and annual potential LAI were generated from the model
to analyze the potential vegetation cover conditions. The linear trend of annual NDVI
from GIMMS and potential LAI from Biome-BGC forced by real climate data alone
were calculated with significance level of 0.05 (Figure 6.6 & 6.7), which express some
inverse trend between NDVI and potential LAI from 1982 to 2006. Almost all the area
in the basin shows one obvious decreasing trend for the NDVI whereas most grids had
one increasing slope for potential LAI. On the other hand, the maximum decreasing
trend of NDVI is 0.12/year, much higher than the increasing slope of 0.01/year. And
the maximum increasing trend of LAI is 0.13/year, much higher than the decreasing
slope of 0.05/year. This unsymmetrical result above also shows that human actives
aversely changed trend of vegetation cover.

After the process of potential LAl and NDVI standardization, standardized
potential LAl and NDVI were compared to explain human-induced vegetation cover
change. From the standpoint of comparison between the average My and Mypvi
during our study period, results show that Ma; is larger than Mypy, not only for
almost all the months but also for wet and dry season (Figure 6.8). As shown in Table
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6.1, two statistics are used to evaluate the changes of vegetation cover without human
actives effect. The changes between My, and Mypy, for wet season, dry season and
annual average are different, which indicate vegetation cover changed most serious and
human activities affected the vegetation cover stronger in the dry season. Results
showed in Table 6.1, Figure 6.6 and Figure 6.7 can comprehensively explain that
human activities affected a lot to the vegetation cover from 1994 to 2004 in DRB.
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Figure 6.6. Linear slope of actual annual maximum NDVI from GIMMS (1982-2006)
(Significant: passed significance level of 0.05)
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Figure 6.7. Linear slope of potential annual maximum LAI from Biome-BGC model (1982-
2006) (Significant: passed significance level of 0.05)

6.3.4. New modified sediment rating curve development

To apply the M_a; and Mypy, to evaluate human-induced vegetation cover change
effects on sediment load, according to Eq.6.4, one well fitted new sediment rating
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curve for Laichau station was firstly proposed based on the monthly SSC data from
1994 to 2004, as Eq.6.5.

SSC = 0.4(1-Mnpwi *")Q+% 6.5

From the viewpoint of comparison between the simulated and observed monthly
SSC, results display that the simulated SSC from the new sediment rating curve has a
good match with the observed values, as showed in Figure 6.9. In addition, as shown in
Table 6.2, three statistics to evaluate the sediment rating curve mentioned above give
the agreement results. The high R? (0.894), low PBIAS and MAE better than the
common sediment rating curve result suggest that this new sediment rating curve can
evaluate SSC more accurately in Laichau station and can be further used to evaluate
human-induced vegetation cover change effects on sediment load.

Table 6.1. Statistic results of MLAI and MNDVI from 1994 to 2004

Wet season Dry season Annual average
M_ai 0.783 0.635 0.696
Mnpvi 0.756 0.548 0.636
MAE 0.027 0.087 0.06
PBIAS(%) 3.57 15.88 9.43
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Figure 6.8. Comparison of season and month average standardized potential LAl and
NDVI from 1994 to 2004
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Figure 6.9. Scatterplot of observed and simulated monthly SSC in the Laichau station
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Table 6.2. Effects of human-induced vegetation cover change on month average sediment
load (10°ton/month) at Laichau station

Laichau SL™ S  ASL™  PBIAS (%)

Wet season 7.95 6.81 1.14 14.3

Dry season 0.49 0.43 0.05 10.2
Annual 3.57 3.08 0.49 13.7

6.3.5. Effects of human-induced vegetation cover change on sediment load

As well known, the calculation of sediment loads requires both discharge and
concentration data. According to Eq. 6.5, simulated SSC™ from 1994 to 2004 was

LAI

calculated from time series of My s, and the simulated discharge without human
activities effect from our previous study. Finally, SL™ and SL™ can be gotten based on

Al

Eq.6.4. The total difference between SL™ and SL was then calculated. As a result,

effects of human-induced vegetation cover change on the sediment load of Laichau
was estimated and listed in Table 6.3. The results showed that the proportions of
vegetation cover change effect on annual sediment load accounted for 13.7% in
Laichau station. Besides that, the increase in sediment load for wet season, dry season
and annual average were different, which indicated human-induced vegetation cover
change affected the sediment load stronger in the wet season.

6.3.6. Discussions

The interaction and feedback between sediment load and vegetation cover is not so
easy to diagnose and quantify. On purpose of this, one new approach was first
proposed in our research, which may support guide for some other similar research.

Two vegetation parameters were introduced to explain the temporal and spatial of
vegetation cover in this study. The potential LAI from Biome-BGC ecological model
expressed one inverse trend compared with realistic vegetation cover change, as
showed in Figure 6.6 and Figure 6.7, which illustrated a situation that human activities
affected the vegetation cover very much and even reversed the changing trend in the
last 25 years. Some research also got similar result in our study area.

Considering the results from Table 6.1 and Table 6.3, we could find vegetation
cover changed stronger in the dry season than wet season whereas sediment load
changed more in the wet season, which implied that changes of vegetation cover are
more sensitive to SSC in wet season. Compared with the previous results, human
activities caused 11.7% changes of sediment load lower than 13.7% of this research.
Previous research used the common sediment rating curve without considering the
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effect of vegetation cover change; however, this study considered dual effects from
changed discharge and human-induced vegetation cover change. Besides, cross-
validation of the results from these two studies could further explain that vegetation
cover change truly induced the increasing sediment load in DRB in the past.

Laichau station draining 2/3 area of the DRB was considered its sediment load as
most of the sediment flow into HoaBinh reservoir the biggest reservoir in Vietnam. So
changes of sediment in the upstream of this reservoir play a key role for reservoir
operation. Therefore, due to increasing sediment flow into reservoir and the reservoir
siltation itself, the useful lifetime of the HoaBinh reservoir would be shorten quickly,
which would cause the flood risk increasing, hydropower generation reduction in the
Red River area.

From the results above, quantify of human-induced vegetation cover change impact
on sediment load was successfully carried out and analyzed for the Da River basin
based on one new research review.

6.4. Conclusions

In our research, one new method to quantify of human-induced vegetation cover
change impact on sediment load was proposed and successfully applied in the Da River
Basin. In conclusion, the NDVI and potential LAl from ecological model were
investigated and effect of human-induced vegetation cover change on the increase of
sediment flow into HoaBinh dam was estimated in DRB.

Main conclusions are as follows. Firstly, an obvious downward trend of NDVI and
upward trend of potential LAI were detected. Secondly, one new sediment rating curve
considering changes of vegetation cover was used to estimate sediment loads from the
streamflow and vegetation cover. Thirdly, vegetation cover changed stronger in the dry
season than wet season whereas sediment load changed more in the wet season, which
implied that changes of vegetation cover are more sensitive to wet season. Effect of
human-induced vegetation cover changed 13.7% of sediment load in the Laichau
station.

The present paper presented one new method to quantify of human-induced
vegetation cover change impact on sediment load, which may provide guidance for
future similar studies. In addition, evaluation of human-induced vegetation cover effect
on sediment load is critically important in directing efforts in managing land use, in
improving agricultural practices, and in protecting soil erosion in the Da River.
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CHAPTER VI

ANALYZING THE POTENTIAL EFFECT OF FUTURE LAND
COVER AND CLIMATE CHANGE ON STREAMFLOW AND
SEDIMENT FLOW BASED ON LAND USE CHANGE MODEL
AND GCMS DOWNSCALING MODEL

We have already evaluated that climate change and land cover change changed the
historical streamflow and sediment yield, and land cover change is the main factor. But
future streamflow and sediment yield changes under different future climatic change
scenarios and potential future land cover change scenarios still have not been evaluated
For this purpose, future scenario of land cover change is developed based on historical
land cover changes and land change model (LCM). At the same time, climate change
scenarios are built based on downscaling outputs of GCMs from the IPCC Fourth
Assessment Report (2007). In addition, future leaf area index (LAI) is simulated by
ecological model (Biome-BGC model) based on future land cover scenario. Then
future scenarios of land cover change, climate change and LAI are used to drive
hydrological model and new sediment rating curve. The results of this research provide
information that decision-makers need in order to promote water resources planning
efforts. Besides that, this study also contributes a basic framework for assessing
climate change impacts on streamflow and sediment yield that can be applied in the
other basins around the world.

7.1. Introduction

Studies on hydrological processes in a changing environment have been the focus
of hydrological science in the 21st century. Red river, with its overall sediment load
previously classed 9th in the world, has received increasing attention with many eco-
hydrological problems, such as hydrological changes, sediment changes and
biodiversity disappear. The variations of runoff in the upstream affect the utilization of
water resources and sediment flow into the Hoa Binh reservoir. Furthermore, changes
of sediment inflow can induce reservoir siltation and increase or decrease the flood risk
of the downstream region. Therefore, analyzing on the effect of future climate change
and land use/cover change on streamflow and sediment flow into the Hoa Binh
Reservoir is critical for the appropriate utilization of water resources, flood control,
soil conservation and ecological protection.
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Recently, a variety of studies have been performed on the impact of climate change
or land use/cover change on streamflow (Chang et al., 2002; Githui et al., 2009;
Bauwens et al., 2011) and sediment yield (Li et al., 2011; Phan et al., 2011; Shrestha
et al., 2013). In addition, few researches were related to double impacts of climate
change and land use change on both streamflow and sediment yield (Tu, 2009). As for
Red River Basin, several studies related to impacts of climate change and land cover
change on streamflow or sediment yield have also been carried out. For example, Tuan
(1993) analyzed the variability of annual runoff changing trend in the past years by
Mann-Kendall method and cluster technique method in the Red River and concluded
that the jump of runoff was mainly influenced by vegetation cover change. Dang et al
(2010) simulated sediment load and detected a significant decrease of sediment load
after 1990 in the downstream of reservoir, which indicated that the Hoa Binh dam
reduced annual sediment by half. Wang et al. (2012) applied model simulation method
to separate different impacts of climate change and human activities on streamflow and
sediment flow in Da River Basin and concluded that human activities are major factors
to modify the streamflow and seiment flow into Hoa Binh reservoir. Wang et al. (2013)
also quantitatively evaluated effects of human-induced vegetation cover change on
sediment flow using satellite observations and terrestrial ecosystem model and found
historical vegetation cover decrease raised sediment yield by 13.7% in Da River Basin.
However, most researchers focused on historical changes analysis of streamflow or
sediment yield in Red river basin, rare studies about future land use change and climate
change on hydrology and sediment load were conducted. Consequently, quantitative
assessment of future land use/cover and climate changes on streamflow and sediment
load of is necessary to carry out not only for red river basin, but also for other basins in
the world.

The overall objective of this study is to investigate changes in streamflow and
sediment load response to land cover change and climatic change in the Da River
Basin. The specific objectives are: (1) to simulate responses of streamflow and
sediment yield to future climate change; (2) to simulate responses of streamflow and
sediment yield to future land cover change; and (3) to investigate the combined impact
of future climate and land cover changes on streamflow and sediment yield. For this
purpose, future scenario of land cover change is developed based on historical land
cover changes and land change model (LCM). At the same time, climate change
scenarios are built based on downscaling outputs of GCMs from the IPCC Fourth
Assessment Report (2007). In addition, future leaf area index (LAI) is simulated by
ecological model (Biome-BGC model) based on future land cover scenario. Then
future scenarios of land cover change, climate change and LAI are used to drive
hydrological model and new sediment rating curve. The results of this research provide
information that decision-makers need in order to promote water resources planning
efforts. Besides that, this study also contributes a basic framework for assessing
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climate change impacts on streamflow and sediment yield that can be applied in the
other basins around the world.

7.2. Dataset and methodology

7.2.1. Data Description

Da River Basin was also selected as the target basin of this study. Streamflow data
at Laichau (LC) and Tabu (TB) stations were selected in the Da River basin, which
were available from 1990 to 2000. Suspended sediment concentration data at Laichau
station is available from 1990 to 2000. There are 16 rainfall stations located in or
around the basin. These stations are spatially well distributed, which can reflect the
characteristics of regional climate. Hydrologic data is from the China Meteorological
Data Sharing Service and Vietnam Academy of Science and Technology, which has
been checked by the primary quality control. In addition, the baseline period was
defined as 1991 to 2000 and the future period was assumed as 2046 to 2066 in this
study.

To feed with hydrological model (BTOPMC), GTOPO30 1km elevation data from
U.S. Geological Survey (USGS), global Digitized Soil Map and effective Soil Depth
from FAO-UNESCO with a spatial resolution of 5*5 arc minutes and global 1km Land
Cover data in the year of 2001 obtained from MODIS annual land cover data
(MCD12Q1) was also employed in this study.

In order to drive land change model (LCM), a series of spatial drivers were selected,
which include the following dataset: GTOPO30 elevation data, global gridded
population density in 2000 produced by the Columbia University Center for
International Earth Science Information Network (CIESIN) and Centro International of
Agricultural Tropical (CIAT), global roads open access data Set (QROADS) provided
by Center for International Earth Science Information Network (CIESIN)/Columbia
University and Information Technology Outreach Services (ITOS)/University of
Georgia, basin river network from Vietnam Academy of Science and Technology,
global human footprint from Wildlife Conservation Society (WCS) and Center for
International Earth Science Information Network (CIESIN)/Columbia University,
basin slope calculated from elevation data, basin rainfall trend calculated from TRMM
satellite product. In addition, the MCD12Q1 land cover data from 2001 to 2011 were
used to estimate historical land cover change map by LCM model.

The GIMMS data set including a 25 years period spanning NDVI data from 1981
to 2006 was used to analyze the current vegetation changes for the study area. At the
same time, future LAl was simulated from the validated ecological model (Biome-
BGC) driven by future climate change scenario and future land cover change.
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Table 7.1. Dataset summary for different models

Models Spatial dataset Point dataset
Hydrological model Elevation, land cover, soil map, NDVI Rainfall, streamflow
Elevation, land cover, population density,
Land change model road, river network, slope, human

footprint, rainfall trend

Rainfall, maximum and

Ecological model Elevation, land cover, soil map .
minimum temperature

7.2.2. Research framework

Based on previous research experience, research framework was presented as
Figure 7.1. Firstly, future land cover change scenario was prepared based on LCM
model and future climate change scenario was obtained by downscaling GCMs. Then,
future land cover change and climate change scenarios were used to drive Biome-BGC
model to predict future LAI. After this, all kinds of scenarios were applied for driving
BTOPMC model and new sediment rating curve to assess future streamflow and
sediment yield in the Da River Basin.

Future climate Eﬂj Future land use
change scenario

change scenario

Future LAI scenario

GCMs Drive factors Chapter 6
QU ! | ! g
i | Downscaling LCM model | @ | Calibrated !
| 3 7 | Biome-BGC |

Calibrated hydrological model Calibrated new sediment rating curve
Il Il
Future streamflow Future sediment
evaluation yield evaluation

Figure 7.1. The research framework of Chapter 7

7.2.3. BTOPMC model

The BTOPMC model is a grid-based distributed hydrological model developed by
the University of Yamanashi (Japan) for hydrological simulations in large river basins
since 1999 (Takeuchi et al., 1999; Ishidaira et al., 2000; Ao et al., 2003a,b). In this
paper, this model is applied to predict future streamflow under future land cover
change and climate change scenarios. The runoff generation module is based on
extended TOPMODEL concepts (Takeuchi et al., 1999; Zhou et al., 2006a, 2006b).
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BTOPMC model divided the whole basin into a number of blocks/sub-basins, each
blocks/sub-basins may consist of several hill slopes. Water shared between hill slopes
in each block, no water exchange between blocks. The topographic index v is redefined,
which is effective in the grid based applications, especially for large basin analysis:

qpi = laif (a))r]/ao; 7.1
aif(aj)/ap;
Vi = nTﬁiO 7.2

where f(a;) (0< f(a;) <1) is the effective contributing area ratio, which is the
ratio of the net upstream catchment area that contributes to the discharge from the grid
cell i to the total upstream area a;. qp; (m day™) is the specific base flow of the grid
cell i to the local stream segment per unit grid cell area (rather than per unit contour
line), r, (m day™) is the spatially homogeneous recharge rate over the block Kk,
a;f(a;)r, (M?) is the effective contributing area of the grid cell (a fraction of its
drainage area), and a,; (m?) is the area of the grid cell i. Similar with the infiltration
excess overland flow or saturation excess overland flow, ground water discharge
occurs not only from the hillslope outlet but also from any grid cell in the sub-basin,
ground water discharge ability D is also redefined:

sD;
qpi = Ditanfiexp (——) 7.3

where g,; is the discharge generated at the grid cell outlet, Di (m day™) is the
groundwater discharge ability, the subscript i refers to the grid cell i and a block-
average value is used for m, the discharge decay factor.
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Figure 7.2. BTOPMC Runoff Generation Structure

The runoff routing is using the Muskingum-Cunge method in BTOPMC model. The
vertical column includes vegetation zone, root zone, unsaturated zone and saturation
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zone. The runoff generation in each grid cell is shown by Figure 7.2, where P is the
gross rainfall, ET, is the interception evaporation, Imax IS the interception storage
capacity, | is the interception state, Insmax is the infiltration capacity, P, is the net
rainfall on the land surface, ET is the actual evapotranspiration, Simax IS the storage
capacity of the root zone, S, is the soil moisture state in root zone, SD is soil moisture
deficit in unsaturated zone, S, is the soil moisture state in unsaturated zone, g IS the
overland runoff, gis is the saturation excess runoff, g, is the groundwater recharge, and
Op is groundwater release. Oy, O, 05 are soil water content at wilting point, field
capacity and saturation respectively. The Shuttleworth-Wallace (S-W) model is
developed for potential evapotranspiration from the interception and the soil water of
root zone. The spatial resolution of grid cell is 2 minutes and the computation time step
is daily.

As for model calibration and validation, coefficient of determination (R?), percent
bias (PBIAS) and the mean absolute error (MAE) are also applied to indicate the
accuracy of BTOPMC model. The use of these statistics is to provide a more
comprehensive evaluation of the model performance.

7.2.4. Land use/cover change prediction

The Land Change Modeler (LCM) for Ecological Sustainability available in Idrisi
Andes software (Clark Labs, Worcester, MA) was used to predict future land use/cover
change scenarios in this study. The LCM is a useful tool that can be used to rapidly
assess gains and losses in land cover classes, land cover persistence, transitions
between categories, and to make LULC change predictions. LCM uses a three-stage
(change assessment, transition potential modeling and change prediction) process to
model land cover change between two time periods and to predict the future land cover.

Key features of Land Change Modeler that we will use in this study are listed as
following.

1) Land Change Analysis

Quickly generate graphs and maps of land change, including gains and losses, net
change, persistence and specific transitions; Uncover underlying trends of complex
land change with a change abstraction tool.

2) Land Transition Potential Modeling

Model land cover transition potentials that express the likelihood that land will
transition in the future using one of three methodologies—a multi-layer perceptron
neural network with full reporting on the explanatory power of driver variables,
logistic regression, and SimWeight, a modified machine-learning procedure;
Incorporate into the prediction model dynamic or static environmental variable maps
that might drive or explain change.
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3) Land Change Prediction

Incorporate planning interventions, incentives and constraints, such as reserve areas
and infrastructural changes that may alter the course of development in the change
prediction process; Conduct scenario mapping by creating either a hard prediction map
based on a multi-objective land competition model with a single realization or a soft
prediction map that is a continuous map of vulnerability to change; Validate the quality
of the prediction land cover map in relation to a map of reality. Through a 3-way cross
tabulation, hits, misses, and false alarms are reported.

In this study, setting the 2001 and 2008 land use layers as inputs, we modeled the
LULC change within that time period. We computed the contribution of each of the
land use classes to net change and assessed gains and losses of land use classes. In the
transition potential stage, the variables that influence the transitions of interest are
identified and how they influence future change is modeled. In the final stage, the
relative amount of transition to a future date is calculated (Clark Labs, 2009). This was
done by modeling each transition potential using a multi-layer perception (MLP)
neural network. The transition potential modeling helped to determine the transition
potential of each land cover class. The model was built by exploring the potential
power of a set of drive variables that potentially contributed to land cover change. The
land cover likelihood was a map that showed how likely a particular LULC would
occur if that area experienced transition. The strength of the model was evaluated by
kappa index and mean error between simulated and observed land cover map of 2011.

7.2.5. Climate change scenarios generation

According to one result from CREST project (Development of well-balanced urban
water use system adapted to climate change), CCCMA47 from Canadian Centre for
Climatic Modelling & Analysis and ECHAM5 from Max Planck Institute for
Meteorology, Germany, were evaluated as most suitable models for our research area.
As a result, we introduced these two GCM models to generate future climate change
scenarios in our research. And based on scenarios for GHG emissions of IPCC, A1B is
a balance scenario where balanced is defined as not relying too heavily on one
particular energy source, on the assumption that similar improvement rates apply to all
energy supply and end-use technologies. Then A1B is selected in this case.

While GCMs demonstrate significant skill at the continental and hemispheric
spatial scales and incorporate a large proportion of the complexity of the global system,
they are inherently unable to represent local subgrid-scale features and dynamics
(Carter et al., 1994). The conflict between GCM coarse spatial scales and the needs of
high-resolution meteorological inputs required for modelling hydrological processes
could be solved by downscaling techniques. In this study, Statistical Downscaling
Model (SDSM) and Automatic Statistical Downscaling model (ASD) were applied to
generate high-resolution meteorological inputs required for hydrological model.
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1) SDSM

SDSM (Statistical DownScaling Model) is a decision support tool for assessing
local climate change impacts using a robust statistical downscaling technique. SDSM
facilitates the rapid development of multiple, low-cost, single-site scenarios of daily
surface weather variables under current and future regional climate forcing.
Additionally, the software performs ancillary tasks of predictor variable pre-screening,
model calibration, basic diagnostic testing, statistical analyses and graphing of climate
data. SDSM permits the spatial downscaling of daily predictor-predictand relationships
using multiple linear regression techniques. The predictor variables provide daily
information concerning the large-scale state of the atmosphere, while the predictand
describes conditions at the site scale. For a more detailed introduction to SDSM, see
the SDSM User Guide (Wilby et al., 2004; Dawson and Wilby, 2007) for all details.
The SDSM software reduces the task of statistically downscaling daily weather series
into five key steps

Quality control and data transformation: Few meteorological stations have 100%
complete and/or full accurate data sets. Handling of missing and imperfect data is
necessary for most practical situations. Simple Quality control checks enable the
identification of the gross data error, specification of missing data codes and outliers
prior to model calibration.

Screening of the predictor variables: Identifying empirical relationships between
gridded predictors (such as mean sea level pressure) and single site predictands (such
as station precipitation) is central to all the statistical downscaling methods. The main
purpose of Screen Variables operation is to assist the user in the selection of
appropriate downscaling predictor variables.

Model calibration: The Calibrate Model operation takes a user-specified
predictand along with a set of predictor variables, and computes the parameters of
multiple regression equation.

Weather generator: The weather generator operation generates ensembles of
synthetic daily weather series given observed (or NCEP re-analysis) atmospheric
predictor variables. The procedure enables the verification of calibrated models (using
independent data) and the synthesis of artificial time series for present climate
conditions.

Scenario generations: The Scenario Generator operation produces ensembles of
synthetic daily weather series given atmospheric variables supplied by a climate model.

2) ASD
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The Automated Statistical Downscaling (ASD) tool is an easy to use graphical user
interface for the statistical downscaling of GCM outputs to regional or local variables
(Hessami et al., 2008). This tool has been developed by the team of the Canada
Research Chair on the Estimation of Hydro-meteorological variables (Pr. T. Ouarda) at
INRS-ETE, in collaboration with the Adaptation and Impacts Research Division
(Environment Canada, i.e. Dr. Philippe Gachon). ASD runs on all platforms that
support MATLAB. ASD is a hybrid of a stochastic weather generator and regression-
based downscaling methods and facilitates the rapid development of multiple, low-cost,
single-site scenarios of daily surface weather variables under current and future climate
forcing. ASD is designed to help the user identify those large-scale climate variables
(the predictors) which explain most of the variability in the climate (the predictand) at
a particular site and statistical models are then built based on this information.
Statistical models are built using daily observed data — local climate data for a specific
location for the predictand and larger-scale NCEP data for the predictors — and these
models are then used with GCM-derived predictors to obtain daily weather data at the
site in question for a future time period.

Selected predictand < Station data

Difference between |44 Selected predictors [+ NECP data
SDSM and ASD I

Set model structure

ol ll'b - Station and
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Figure 7.3.Technological process of SDSM and ASD model

ASD also needs the same five key steps with SDSM to generate future climate
change scenarios. However, the difference between SDSM and ASD is methods for
selection of predictors. In SDSM (Wilby et al., 2004), selection of predictors is an
iterative process, partly based on the user’s subjective judgment. In the ASD tool, two
automated methods based on backward stepwise regression and on partial correlation
coefficients are implemented to select the predictors. Backward stepwise regression
starts with all the terms in the model and removes the least significant terms until all
the remaining terms are statistically significant. The partial F-test is used for either
adding a predictor to the F-test equation or removing a predictor from the equation. For
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a more detailed introduction to the software, see the ASD Brief Introduction Document
and the User Guide (Hessami et al., 2008) for all details on this model.

7.3. Results

7.3.1. Land cover change scenarios generation

In order to predict future land cover change, the historical land change was firstly
investigated based on land cover map 2001 and 2008. Figure 7.4 presents that gains
and losses of land cover between 2001 and 2008, which shows that croplands, forest,
shrublands and grasslands changed more than others in the past. The net land cover
changes between 2001 and 2008 are showed in Figure 7.5, which indicates that
croplands have an obvious increase by 4%, grasslands and forest had a decrease by -
1.2% and -3.0%. In addition, other kinds of land cover only have very slight changes.
So gains of croplands should come from forest and grasslands losses.

Based on land cover changes above and our selected drive factors (Figure 7.6),
potential land cover transition maps will be generated by multi-layer perceptron neural
network method, which present land cover transition possibilities between different
land cover types. For example, transition possibilities map from forest to shrublands in
Figure 7.7 shows that there is a high possibility in the bottom and center of our basin
and Figure 7.8 presents transition possibilities from shrublands to croplands and shows
that there is a high possibility in the up part of our basin.

In order to validate the accuracy of LCM model, land cover map in 2011 obtained
through neural networks is presented in Figure 7.9. The map forecasted changes,
observed between 2001 and 2008, for 2011. The map obtained can be visually
compared to the land cover map of the 2011 image in Figure 7.9, which shows an
agreement spatial simulation.

Comparing the map obtained through neural network with the map extracted from
the 2011 image, we can observe a great similitude in the areas with water, forest,
croplands and urban; however, there is an overestimation (14.8%) of the areas covered
by shrublands and a certain underestimation (-15%) of the areas of grasslands (Table
7.2). In addition, the high kappa index of 0.94 (Table 7.2) also indicates that simulated
map has a good match with the reference map. These values reach acceptable levels
that guarantee the adjustment between the calculated model and the reference map. All
these facts make us assume that the neural networks may show agreement results if it is
applied in creating the map of land cover by 2050.
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Figure 7.4. Gains and losses of land cover between 2001 and 2008
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Figure 7.5. Net land cover change between 2001 and 2008
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Figure 7.8. Potential map for transition from shrublands to croplands
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forest shrubland grassland wetland cropland

Figure 7.9. Reference (left) and simulated (right) land cover map of 2011

Table 7.2. Difference between the reference map of 2011 and the simulated map 2011

Land cover | Reference | Simulated | Mean error | Percent Kappa

2011(pix) | 2011(pix) (%) index
Water 869 842 -27 -3.1
Forest 184701 177657 -7044 -3.8
Shrublands 60433 69411 8978 14.8

Grasslands 10743 9126 -1617 -15.0 0.94

Wetlands 825 896 71 8.6
Croplands 58871 58403 -468 -0.8
Urban 1618 1725 107 6.6

wetland

cropland urban

grassland

water forest shrubland

Figure 7.10. Predicted future land cover map of 2050

80



Table 7.3. Future land cover changes of 2050 created through neural networks compared with
the baseline map of 2001 image in DRB (area percent: %)

Land cover Baseline 2001(%) Predicted 2050(%) Changes (%)
Water 0.06 0.05 -0.01
Forest 70.91 49.57 -21.34

Shrublands 155 25.47 9.97

Grasslands 0.72 0.16 -0.56

Wetlands 0.19 0.34 0.15

Croplands 12.57 24.27 11.7

Urban 0.06 0.14 0.08

Finally, the scenery of land use projected for 2050 is carried out by applying neural
network; it can be observed in Figure 7.10. The land cover changes between 2001 and
2050 are summarized in Table 7.3. Results indicate that forest area would have an
obvious decrease of about 26% of the total area in 2050, and shrublands, croplands and
urban area would have some obvious increase, especially for croplands which
increased about 19% of total area.

7.3.2. Climate change scenarios generation

CCCMA47 and ECHAMS were downscaled to station scale by SDSM and ASD
respectively. Followed downscaling process of SDSM and ASD model (Figure 7.3),
predictors were firstly selected for all the rainfall stations through different methods.
Then statistical models between rainfall and selected predictors were calibrated and
validated in the period from 1961 to 1980 and from 1981 to 2000, respectively. The
range of explained variances for all rainfall stations is from 0.10 to 0.18, which shows
that a reasonable result for rainfall according to acceptable range from 0.1 to 0.15
(Wilby and Wigley, 1997). At the same time, the low explained variance is very typical
for precipitation and is most likely due to the fact that we have to transform the data
and the resulting distribution, while normal, is not as statistically "elegant” as the
temperature distribution  (http://www.cccsn.ec.gc.ca/?page=faq). The explained
variance of ASD model is higher than it of SDSM model for most stations, which
indicate that results from ASD model may be better than SDSM model.

Finally, daily time series of future rainfall scenarios were constructed from
CCCMA47 and ECHAMS5 based SDSM and ASD model. Basin average monthly
rainfall changes from 2046 to 2055 (2050s) compared with baseline period from 1991
to 2000 is presented in Figure 7.11. As shown in Figure 7.11, the rainfall change in
different month is different, for example, rainfall of most months generated from
CCCMAM47 for would increase and rainfall of all the months from ECHAMS5 would
increase in the period of 2050s. Although the basin average annual precipitation will
increase about 8% for CCCMA47 and 38% for ECHAMS in the 2050s under Alb
scenario, we still could not get the agreement increase in rainfall for considering the
spatial distribution (Figure 7.12). In addition, although different downscaling models
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give various changes for different stations, however future rainfall for most stations
show shift trend (Figure 7.12). Compared the two downscaling method, although the
changing amplitude of rainfall was different, the changing trend of basin average
monthly rainfall was the same.

Table 7.4. Explained variances (RZ) of rainfall stations in calibration of ASD and SDSM

. CCCMA47 . ECHAMS5
Station SDSM | ASD Station SDSM | ASD
Baoshan 0.162 | 0.166 | Baoshan 0.140 | 0.146
Chuxiong 0.126 | 0.135 | Chuxiong 0.11 0.1
Dali 0.174 | 0.18 Dali 0.163 | 0.172
Jiangcheng | 0.143 | 0.153 | Jiangcheng | 0.120 | 0.136
Jiongd 0.151 | 0.150 Jiongd 0.140 | 0.143
Kunming 0.121 | 0.130 | Kunming 0.112 | 0.111
Lincang 0.123 | 0.125 Lincang 0.145 | 0.149
Baoshan 0.162 | 0.171 Baoshan 0.11 | 0.115
Simao 0.11 0.12 Simao 0.10 0.11

Yuanj 0.10 | 0.011 Yuanj 0.10 0.11
Yuanmou 0.10 0.10 Yuanmou 0.11 | 0.114
Yuxi 0.11 0.11 Yuxi 0.114 | 0.116

Mengz 0.125 | 0.128 Mengz 0.157 | 0.167
Pingb 0.173 | 0.172 Pingb 0.159 | 0.161
Wensz 0.148 | 0.158 Wensz 0.143 | 0.146
Sinho 0.151 | 0.159 Sinho 0.149 | 0.160
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Figure 7.11. Basin average monthly rainfall changes from 2046 to 2055 compared with
baseline from 1991 to 2000(up: CCCMA47 model; bottom: ECHAM5)
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Figure 7.12. Average annual rainfall changes from 2046 to 2055 compared with baseline
from 1991 to 2000 for different stations (up: CCCMA47 model; bottom: ECHAMS5)

Even though results from different months, different stations, different GCM
models and downscale models show some uncertainty, however the overall results
indicate one increase trend for rainfall in the red river basin in the period of 2050s.

7.3.3. Future LAI prediction

In Chapter 6, Biome-BGC ecological model has already been validated as suitable
for our research basin. So this model driven by future climate change and land cover
scenarios is directly applied to predict future LAI in the period of 2046 to 2055.
Compared future standardized LAI with current standardized NDVI, results show that
future LAI would decrease especially for dry season due to deforestation.
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Figure 7.13. Comparison between current basin average vegetation cover (M qvi1991-2000)
and future basin average vegetation cover (Myai2046.2055)

7.3.4. BTOPMC model simulation (1991-2000)

As shown in Table 7.5, four statistics to evaluate the BTOPMC model mentioned
above give agreement results. For example, the NSE presents better results with the
value of greater than 0.60 which indicated that BTOPMC model is reasonable in this
basin. In addition, from the viewpoint of comparison between the simulated and
observed monthly streamflow during the baseline period, results indicate that the
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simulated streamflow by using BTOPMC model has a good match with the observed
values, and are satisfactory at Laichau and Tabu stations, as showed in Figure 7.14.
The results shown in Table 7.5 and Figure 7.14 can comprehensively explain that the
BTOPMC model can predict streamflow accurately during the baseline period.

Table 7.5. Evaluation of model simulation during the baseline period for the catchments
controlled by Laichau and Tabu stations in the DRB

Laichau Tabu
Calibration Validation Calibration Validation
NSE 0.75 0.70 0.70 0.60
R2 0.83 0.77 0.76 0.72
MAE(mm) 0.74 0.80 0.77 0.91
PBIAS (%) 6.2 7.2 7.0 7.8
2 - .
%1 Q(mars) Tabu station ——Qobs  ——Qsim
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0 .
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Figure 7.14. Comparison of observed and simulated daily streamflow in the DRB
(calibration period: 1991-1995, validation period: 1996-2000)

7.3.5. New sediment rating curve (1991-2000)

Based on previous study, new sediment rating curve was applied in the period from
1991 to 2000. Here, we will not show the calibration and validation process since the
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detailed process had already been presented in Chapter 4 and Chapter 6. Finally, new
sediment rating curve in this Chapter is showed as the following equation:

SSC = 0.41(1-M_a QM 6.5

7.3.6. Future climate change impacts on streamflow and sediment yield

Considering the uncertainties of GCMs and downscaling method, we took the
average rainfall scenarios of results from two GCMs and two downscaling models, and
then applied the averaged rainfall scenarios to evaluate the future rainfall impacts on
streamflow and sediment yield.
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Figure 7.15. Changes in future monthly, seasonal annual streamflow under the A1B
scenario for Laichau station and Tabu station

Figure 7.15 illustrates the effects of projected climate change on monthly, seasonal
and annual streamflow of different stations under the A1B scenario. Compared with
the baseline period, the predicted annual streamflow is expected to increase, with
changes of 15.5% in the Tabu catchment (downstream), 17.1% in the Laichau
catchment (upstream). Regarding seasonal change, it also shows obvious increase for
both wet season and dry season even though the magnitude of change in wet season
was higher than in dry season. The predicted annual streamflow change varies from 4.9%
to 28.2% in different months, where it shows very high changes in April, May, June
and September. Compared streamflow changes in the upstream with downstream of
DRB, changes in the upstream are slightly higher due to higher rainfall increase in the
up part of DRB. As for the streamflow changes under different downscaling models,
the increase under SDSM model is stronger than under ASD model which indicate that
uncertainties existed in different downscaling methods.
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Figure 7.16 shows the effects of projected climate change on monthly, seasonal and
annual sediment load under the A1B scenario. Compared with the baseline period, the
predicted annual sediment load is expected to increase, with changes of 29.7% in the
Laichau catchment. As for seasonal change, it also shows obvious increase for both
wet season and dry season with different magnitude of change, 33.7% in wet season
and 15.8% in dry season. The future annual sediment load changes varies from 9.5% to
49.5% in different months, where it also shows very high changes in the same months
with sediment load. Compared sediment changes with streamflow changes, changes of
sediment load are obvious higher than changes of streamflow, which indicate that
sediment load is more sensitive to climate change in the future. Generally, the
responses of streamflow and sediment yield to climate change occur in the same
direction clearly.
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Figure 7.16. Changes in future monthly, seasonal annual streamflow and sediment load
under the A1B scenario for Laichau station

7.3.7. Future land cover change impacts on streamflow and sediment yield
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Figure 7.17. Changes in monthly, seasonal annual streamflow under land cover changes
in 2050 for Laichau station and Tabu station
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The land cover map in 2050 obtained by Land Change Model is applied to evaluate
the future land cover change impacts on streamflow and sediment yield. Changes in
monthly, seasonal annual streamflow under land cover changes in 2050 for Laichau
station and Tabu station are showed in Figure 7.17. Compared with the baseline period,
the predicted annual streamflow is expected to increase, with changes of 3.1% in the
Laichau catchment and 4.0% in the Tabu catchment. As for seasonal change, it also
shows increase for both wet season and dry season with different magnitude of change.
The future annual streamflow changes vary from 1.1% to 9.5% in different months,
where it also shows special high changes in April and May. Compared streamflow
changes in the upstream with downstream of DRB, changes in the downstream are
slightly higher than in upstream of DRB, which indicates that land cover change
impacts in the downstream is stronger than in the upstream.

m streamflow m sediment load

Changes (%)
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Figure 7.18. Changes in future monthly, seasonal annual streamflow and sediment load
under land cover change scenario in 2050 for Laichau station

Figure 7.18 shows the effects of projected climate change on monthly, seasonal and
annual sediment load under future land cover change. Compared with the baseline
period, the predicted annual sediment load is expected to increase, with changes of 4.6%
in the Laichau catchment. As for seasonal change, it also shows obvious increase both
for wet season and for dry season with different magnitude of change, 5.7% in wet
season and 3.0% in dry season. The future annual sediment load changes varies from
2.0% to 7.1% in different months, where it also shows very high changes in April, May
and June. Compared sediment load changes with streamflow change, changes of
sediment load are obvious higher than changes of streamflow, which indicates that
sediment load is more sensitive to land cover change in the future. Generally, the
responses of streamflow and sediment yield to land cover change also occur in the
same direction obviously, which keep agreement with impact direction of climate
change.
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7.3.8. Combined impacts of future climate and land cover change impacts on
streamflow and sediment yield

In order to investigate the combined impacts of land cover and climate changes, the
streamflow and sediment yield under land cover change in 2050 and under the A1B
climate change scenario for the 2050s period are compared to the corresponding
current conditions in the baseline period (1991 to 2000). The results are presented in
Figure 7.19 and 7.20.
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Figure 7.19. Changes in monthly, seasonal annual streamflow under land cover changes
and climate changes in 2050s for Laichau station and Tabu station
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Figure 7.20. Changes in monthly, seasonal annual streamflow and sediment load under
land cover changes and climate changes in 2050s for Laichau station

Changes in monthly, seasonal annual streamflow and sediment load under land
cover changes and climate changes in 2050s for Laichau station and Tabu station is
showed in Figure 7.19 and 7.20. The annual streamflow increases by 17.5% in Tabu
catchment and 19% in Laichau catchment. And the annual sediment load increases
significantly by 33% in Laichau catchment. In general, the separate impacts of climate
and land cover change complement each other. Therefore, when climate and land cover
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changes occur concurrently, the streamflow will increase and sediment load will be
intensified more seriously. In terms of monthly change, increases in streamflow (by 6.5
to 30%) and increases in sediment load (by 13 to 52%) are predicted. As for seasonal
change, it shows obvious increase both for wet season and for dry season with different
magnitude of change, 21% in wet season and 8% in dry season for streamflow, 42% in
wet season and 18% in dry season for sediment load. Considering the upstream and
downstream changes in streamflow, changes of several months in the upstream are
higher than in the downstream and some months perform inversely. However, changes
of wet season, dry season and annual streamflow in the upstream always higher than in
the downstream.

7.4. Conclusions

The BTOPMC model was successfully applied to the Da River Basin in order to
investigate the effects of climate change and land cover change on streamflow,
sediment load.

In order to predict future land cover change, LCM model was successfully applied
in the Da River Basin. Based on land cover changes above and our selected drive
factors, the scenery of land use projected for 2050 was carried out by applying neural
network. Results showed that forest area would have an obvious decrease of about 26%
of the total area in 2050, and shrublands, croplands and urban area would have some
obvious increase, especially for croplands which increased about 19% of total area.
Compared with the baseline period, the predicted annual streamflow under land cover
change in 2050 is expected to increase, with changes of 3.1% in the Laichau catchment
and 4.0% in the Tabu catchment. And the predicted annual sediment load is expected
to increase, with changes of 4.6% in the Laichau catchment.

To generate future climate change scenarios, ASD and SDSM downscaling models
were applied to downscale the GCMs output to station scale. The explained variance of
ASD model was higher than it of SDSM model for most stations, which indicated that
results from ASD model may be better than SDSM model. Compared the two
downscaling method, although the changing amplitude of rainfall was different, the
increasing trend of basin average monthly rainfall was the same. Even though results
from different months, different stations, different GCM models and downscale models
showed some uncertainty, however the overall results indicated one increase trend for
rainfall in the Da River Basin in the period of 2050s. Climate change under A1B
scenario in 2050s in the DRB leads to increase streamflow and sediment load. The
future annual streamflow is expected to increase, with changes of 15.5% in the
downstream, 17.1% in the upstream compared with the baseline period. And the
predicted annual sediment load is expected to increase, with changes of 29.7% in the
Laichau catchment.
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Analyses of the combined impacts of climate and land cover change indicate that
the impacts of climate change and land cover change on streamflow, sediment vyield,
were also carried out. The annual streamflow increases by 17.5% in Tabu catchment
and 19% in Laichau catchment. And the annual sediment load increases significantly
by 33% in Laichau catchment. In general, the separate impacts of climate and land
cover change complement each other.

Generally, the streamflow and sediment yield will increase in 2050s in both wet
season and dry season under future climate change and land cover change. Streamflow
change in wet season is higher than in dry season, which indicated that flood would
become more severe. In addition, sediment load increase in 2050s in wet season
emphasize the importance of building adaptation to climate and land cover changes to
avoid soil erosion in the wet season. The results obtained in this study could be useful
for managing water resources and ecological protection in this region by enhancing the
understanding of the impact of various climate and land cover change scenarios on
streamflow and sediment yield.
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CHAPTER VIl

SUMMARY OF THE STUDY

8.1. Conclusions

In this thesis, a comprehensive framework was developed for quantitative
assessment of environmental changes on both historical and future streamflow and
sediment flow, which was successfully applied in Da River Basin. In addition, this
study is expected to provide information that decision-makers need for appropriate
utilization of water resources, flood control, soil conservation and ecological protection.
Besides that, this framework will also provide guidance for other potential applications
the other basins around the world. The main conclusions of this thesis are as following:

1) New sediment rating curve considering vegetation cover change information in
sediment simulation was developed for several Asian Basins. The Normalized
Difference Vegetation Index (NDVI) can well be used to analyze the status of the
vegetation coverage well. Thus Long time monthly NDVI data was used to detect
vegetation change in the past 19 years in this study. And monthly suspended sediment
concentration and discharge from 1988 to 2006 in Laichau station were used to
develop and interpret one new sediment rating curve. Results showed that vegetation
cover (NDVI) can improve the sediment rating curve. Among the three new sediment
rating curves, the third one was the better sediment rating curve for our research basin.
And the new sediment rating curve can simulate better in three selected Asian basins,
but for different scale basin, vegetation cover (NDVI) improved the sediment rating
curve differently. In addition, new sediment rating curve could simulate better than
SWAT model in Da River Basin. The most point of this new equation is not only to
improve the common sediment rating curve, but to describe the relationship among
vegetation cover, runoff and sediment load, which can be the basis for soil
conservation and sustainable ecosystem management.

2) Quantifying the contribution of climate change and human activities on the
change of historical streamflow and sediment flow was carried out, which can provide
a scientific basis for future land conservation and river ecological conservation. An
upward trend has been found for annual streamflow into Hoa Binh reservoir, with an
abrupt change identified in 1993. SWAT model simulation method was sucessfully
applied to separate different effects from climate change and human activities. Based
on new sediment rating curve, one well fitted curve between sediment and runoff was
introduced to simulate the suspend sediment. Effect of human activities on streamflow
accounted for about 60% both in Laichau and Tabu catchments which is higher than
effect of climate change. And human activities contribution rate on sediment increase
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was also stronger than climate change. In addition, vegetation change was the main
human activities, which was more sensitive to sediment yield than streamflow.
Summarily, human activities are the main factor to affect the changes of streamflow
and sediment flow into the Hoa Binh Reservoir.

3) One new approach to quantify of human-induced vegetation cover change
impact on sediment load was proposed and successfully applied in the Da River Basin.
The NDVI and potential LAI from ecological model were investigated and effect of
human-induced vegetation cover change on the increase of sediment flow into
HoaBinh dam was estimated in DRB. Main conclusions are as follows. Firstly, Biome-
BGC model was successfully applied in our river basin, and then potential LAI from
the model was used to explain the vegetation cover without human activities. Results
presented an obvious downward trend of NDVI and upward trend of potential LAI.
Secondly, one new sediment rating curve considering changes of vegetation cover was
used to estimate sediment loads from the streamflow and vegetation cover. Thirdly,
vegetation cover changed stronger in the dry season than wet season whereas sediment
load changed more in the wet season, which implied that changes of vegetation cover
are more sensitive to wet season. Effect of human-induced vegetation cover changed
13.7% of sediment load in the Laichau station. In conclusion, the new method
presented to quantify of human-induced vegetation cover change impact on sediment
load may provide guidance for future similar studies. In addition, evaluation of human-
induced vegetation cover effect on sediment load is critically important in directing
efforts in managing land use, in improving agricultural practices, and in protecting soil
erosion in the Da River.

4) Future streamflow and sediment yield changes under different future climate
change scenarios and potential future land cover change scenarios were evaluated in
this step. Future scenario of land cover change was developed based on historical land
cover changes and land change model (LCM). At the same time, climate change
scenarios were built based on downscaling outputs of GCMs from the IPCC Fourth
Assessment Report (2007). And future leaf area index (LAI) was predicted by
ecological model (Biome-BGC model) based on future land cover scenario. Then
future scenarios of land cover change, climate change and LAI are used to drive
hydrological model and new sediment rating curve. Results showed that the
streamflow and sediment yield will increase in 2050s in both wet season and dry
season under future climate change and land cover change. Streamflow change in wet
season is higher than in dry season, which indicated that flood would become more
severe. In addition, sediment load increase in 2050s in wet season emphasize the
importance of building adaptation to climate and land cover changes to avoid soil
erosion in the wet season. The results obtained in this study could be useful for
managing water resources and ecological protection in this region by enhancing the
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understanding of the impact of various climate and land cover change scenarios on
streamflow and sediment yield.

The results of this research provide information that decision-makers need in order
to promote water resources planning efforts. Besides that, this study also contributes a
basic framework for assessing climate change impacts on streamflow and sediment
yield that can be applied in the other basins around the world.

8.2. Contributions

1) New sediment rating curve considering vegetation cover change was developed
for some Asian basins, which showed better results than common rating curve. The
important point of this new sediment rating curve is not only to improve the common
sediment rating curve, but describe the relationship among vegetation cover, runoff and
sediment load.

2) One new approach to quantify of human-induced vegetation cover change
impact on sediment load was firstly proposed and successfully applied in the Da River
Basin. This method solved out the limitation of traditional model simulation method
and improved it.

3) A comprehensive framework was developed for quantitative assessment of
environmental changes on both historical and future streamflow and sediment flow. In
this framework, we firstly developed the ‘fixed-changing’ approach to separate the
effects of historical climate change, land use/cover change and other human activities
on historical streamflow and sediment yield. Based on historical changes, we further
evaluated future potential land cover change and climate change impacts on
streamflow and sediment yield. This framework was successfully applied in Da River
Basin, which is expected to provide information that decision-makers need for
appropriate utilization of water resources, flood control, soil conservation and
ecological protection. In addition, this framework will also provide guidance for other
potential applications the other basins around the world.

8.3. Recommendations for future research

From the present study, a comprehensive framework was developed for
quantitative assessment of environmental changes on both historical and future
streamflow and sediment flow. However, some limitations are also existed.
Consequently, followings are recommended for further research:

1) One limitation in this study is the unavailability of many kinds of data. Due to
the lack of sediment load data, the sediment simulation is calibrated and validated at a
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monthly time step, whereas hydrological modeling is better to be calibrated and
validated at a daily time step. In addition, the few number of rainfall gauges also
contributes to decreased accuracy of the simulation. Therefore, in order to improve the
simulated results, more rainfall data and daily sediment load data should be prepared in
the future work in order to improve model performance in simulations of streamflow
and sediment yield.

2) It is necessary to make new sediment rating curve more generalization. The new
sediment rating curve considering vegetation cover change was developed in this study
for several Asian Basins, which could describe the relationship among sediment yield,
streamflow and vegetation cover. But it is still not clear of its performance in other
basins worldwide, so more target basins should be selected to validate this new
sediment rating curve and check the range of the parameters. In addition, many factors
could affect sediment yield, but we only consider vegetation cover in this case. In order
to make this new sediment rating curve more generalization, many other factors should
be taken into account. So field experiment is necessary to define the meaning of the
parameters for future research.

3) In this study, we only used two GCMs to generate future scenarios, which maybe
exists uncertainties in climate change scenarios. As for our future research, more
GCMs should be evaluated and generated ensemble future scenarios to evaluate future
climate change impacts. Moreover, we only considered rainfall scenarios in this study.
Then more meteorological scenarios should be considered in the future research.

4) A comprehensive framework was developed for quantitative assessment of
environmental changes on both historical and future streamflow and sediment flow.
However, it is only applied in Da River Basin; as a result, we could not claim that this
framework could work for all the basins in the world. It is necessary to further validate
this framework in other basins in the future research. Another research challenge is
how to apply this framework to evaluate other water quality factors, such as total
nitrogen and water temperature.
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APPENDICES

Appendix Tables

Table A.1. Available predictors from NECP, CCCMA47 and ECHAM5

Predictor Predictor description

p_fas Surface airflow strength
p_uas Surface zonal velocity
p_vas Surface meridional velocity
p_zas Surface vorticity

p_thas Surface wind direction
p_zhas Surface divergence

p5_fas 500 hPa airflow strength
p5_uas 500 hPa zonal velocity
p5_vas 500 hPa meridional velocity
p5_zas 500 hPa vorticity

p500as 500 hPa geopotential height
p5thas 500 hPa wind direction
p5zhas 500 hPa divergence

p8_fas 850 hPa airflow strength
p8_uas 850 hPa zonal velocity
p8_vas 850 hPa meridional velocity
p8_zas 850 hPa vorticity

p850as 850 hPa geopotential height
p8thas 850 hPa wind direction
p8zhas 850 hPa divergence

s500as Specific humidity at 500 hPa
s850as Specific humidity at 850 hPa
shumas Surface specific humidity
tempas Mean temperature at 2 m
mslpas Mean sea level pressure
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Appendix Figures

Figure B.2. Potential for transition from forest to croplands
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Figure B.3. Changes in monthly, seasonal annual streamflow under the A1B scenario

downscaled by SDSM and ASD (up:Laichau station, down: Tabu station)
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