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CHAPTER 1
INTRODUCTION

1.1 Background

Water is vital for human living and essential for environmental, economic, and
ecological management. In practice, both surface water and groundwater have been
extracted and used for many purposes. For instance, water has been taken to supply
for agriculture, daily consumptions, industrial uses, electricity production, and
maintaining biodiversity. However, a major proportion of water has been extracted

from surface water such as rivers, streams, lakes, and reservoirs.

Due to the growth of the global population, the water demand for food
production and social development towards better living conditions have also been
increasing (Kundzewicz, 1997). Since the amount of water is limited especially in the
dry year while the demand has increased higher, this may lead some areas to face the
problem of water scarcity. In order to cope with the problem, the management of
water resources is essentially required. In recent years, water resources management
has become more focused on mid-term and long-term planning for water demand and
conservation management, water transfer, and diversion (Karamouz et al., 2003). For
riparian countries, the monitoring of flow characteristics in the river basin is the
principal for water resources management responding to the problem of water
scarcity. One of the most essential indicators which are beneficial for flow
characterization is known as “low-flow”. In general, low-flow is defined as a seasonal
phenomenon that naturally occurs as a vital part of the annual water flow pattern of a
basin (Smakhtin, 2001). In some cases, it is also defined as “minimum flow in a river
during the dry period” (Laaha and Bldschl, 2007). During low-flow periods, most
stream habitats are reduced in area and water quality and may also affect biota.
During dry months, the significant increase in water demand for households,
agriculture, recreation, and energy generation can worsen the natural conditions of
low flow. Low-flow characteristics information provides threshold values for different
water-based activities and is required for some water resources management issues

such as irrigation, water supply, and water quality and quantity estimations (Eslamian,



2018). The information is also essential for water supply planning and design, water
quality management, hydropower design, cooling-plant facility design, reservoir
design, sanitary landfill allocation, aquatic conservation, and inter-basin transfers of

water and allowable basin withdrawal decision making (Tasker, 1987).

In the Southeast Asia region, several important rivers contribute significantly to
the growth and development of riparian countries. Particularly, the most vital and
largest river basin in Thailand is the Greater Chao Phraya River basin which is the
heart of business and agriculture and has played an important role in the economic
development of this country (Vatcharasinthu and Babel, 1999). The Greater Chao
Phraya River basin consists of eight river basins including Ping, Wang, Yom, Nan,
Chao Phraya, Sakae Krang, Pasak, and Tha Chin. In the dry season, the river flow is
found insufficient to meet the demand for both agricultural and non-agricultural
sectors which has rapidly increased in recent years and often confronts severe water
scarcities (Gupta, 2001). This clearly shows that the water availability in the Greater
Chao Phraya River basin must be well managed to sustain the socio-economic
development of the country. The Ping River basin is the largest sub-basin among the
eight sub-basins and covers about 24 percent of the total average annual runoff that
feeds the entire Chao Phraya river system (Sharma et al., 2007). This illustrates that
the flow contribution from the Ping River basin is essential for the Chao Phraya River
and if the flow in the Ping River basin decreases much, it will cause a significant
decrease in the flow in the Chao Phraya River and lead to water scarcity or drought

and in turn, obstruct national economy and development.

According to Pratoomchai et al. (2015), Thailand has experienced suffering
from water scarcity many times such as in 1986, 1987, 1990, 1998, 2002, 2005, and
2012 resulting in severe damage throughout the country. To respond to the problems
of water scarcity in the Ping River basin, it is beneficial to assess the magnitude and
frequency of the low flow in the basin. The accuracy of low-flow estimation is mainly
dependent on the available records of observed flow data. The flow data can be
recorded by flow gauges which are installed along the river. However, many sub-
basins in the Ping River basin remain ungauged or with shorter records of data

compared to the recommended periods which are at least 20 years for low-flow



estimation (Laaha and Bloschl, 2005). A lack of suitable data often means that design
or environmental decisions are based on little or no hydrological information (Nathan
and McMahon, 1992). While the short records are unlikely to provide adequate
information for quantifying the reliable frequency of extreme low-flow events,
various techniques for extrapolating beyond the limitations of the observed data and
improving the accuracy of low-flow estimation are likely to be necessary. This is
because the estimation of low-flow is essential for preventing water scarcity and
improving water resources management in the Greater Chao Phraya River basin

where Bangkok, the capital city of Thailand, is located.

This study will focus on assessing different techniques for estimating low-flow
in ungauged sub-basins using the case study of the Upper Ping River basin instead of
the case of the Ping River basin to avoid the strong impacts of anthropogenic
activities such as Bhumibol reservoir operation on the mainstream. The low-flow data
sets of the Upper Ping River basin used in this study are assumed to sufficiently

represent a natural low-flow regime.

1.2 Objectives
The overall purpose of this study is to define the applicable method for low-
flow estimation in ungauged sub-basins of the Upper Ping River basin. To achieve the
overall purpose, the following objectives are required:
- To develop a low-flow characteristics database for the Upper Ping River basin
- To assess the performance of different methods for low-flow estimations in
ungauged sub-basins

1.3 Scopes of Study

- This study is conducted in the Upper Ping River basin which is located in the
northwestern part of Thailand.

- The daily rainfall data between 1995 and 2014 from 43 stations obtained from
the Royal Irrigation Department (RID) and the Thai Meteorological
Department (TMD) are used for low-flow analysis.

- The daily flow data between 1995 and 2014 from 25 stations obtained from
RID and the Department of Water Resources (DWR) are used for the analysis.



- The land use and soil type data are obtained from the Land Development
Department (LDD) and are assumed to have negligible change over the period
of study.

- The Digital Elevation Model (DEM) with a resolution of 30 m downloaded
from Earth data - NASA is used for this study.

- A set of relatively informative low-flow indices are selected in representing
the low-flow characteristics of the study basin.

- Widely used methods of ungauged predictions, e.g., spatial regionalization and
temporal regionalization methods are investigated and compared for low-flow
estimation in the study.

1.4 Overall Framework of Study
The overall framework of the study consists of three main steps which are
briefly described in the following part and the procedure is illustrated in Figure 1.1

below. More details are provided in Chapter 4.

I Data preparation
I.1. Data collection

1.2. Data checking and cleaning

1I. Regionalization of Low-Flow | Indices in ungauged sub-basin

Spatial regionalization Temporal |

IL.1. Regional regression method | [(II.2. Sub-basin similarity method I1.3. Climate adjustment method |,

D M(r) |
o £ ]

regionalization

! ¥
1 k H
NOS,,; =a+bd; +cBs+...+0Ng 0S8,,.. = Z; OD, xw, i !
1 i=

\ I I\ ,

III. Performance measurement (RMSE, R?, NSE)
III.1. Calibration (2000-2014)
II1.2. Validation (1995-1999)

Figure 1.1 Overall framework of the study

> Step |: Data preparation

This step aims to prepare all required data to be ready for use in this study.

I.1. Data collection: all required data such as daily flow, daily rainfall, and the
available basin properties are collected to develop low-flow measures for assessing

low-flow characteristics.



I.2. Data checking and cleaning: applicable data are then selected from the
collected data with filling-in missing data if necessary.

> Step Il: Regionalization of low-flow indices (LFI) in ungauged sub-basins

This step aims to predict the low-flow indices in ungauged sub-basins by
transferring the information from the gauged sub-basins. The computation of low-
flow indices including ninety-five-percentile flow (Q95), baseflow index (BFI), and
annual minimum 7-day moving average flow with a 10-year recurrence interval
(7Q10) for ungauged sub-basins can be quantified based on the low-flow regionalized
from the flow data in gauged sub-basins. Two regionalization methods which are
spatial regionalization (Regression and Sub-basin similarity methods) and temporal

regionalization (Climate adjustment method) were tested in this study.

I1.1. Low-flow assessment for ungauged sub-basins by using the regression
method: the regression equation used in this study is developed from the gauged sub-
basins as the relationship between each of the low-flow indices and informative basin
characteristics which are chosen based on the stepwise method. The predicted low-
flow indices for ungauged sub-basins are then possible to be calculated by substituting

their basin characteristics into the developed regression equation.

I1.2. Low-flow assessment for ungauged sub-basins by using the sub-basin
similarity method: in similarity-based regionalization, the low-flow indices are
directly transferred from similar sub-basins to the target sub-basin. The integrated
similarity-based approach considering both spatial proximity and physical similarity
is used since Zhang and Chiew (2009) suggested that it performed relatively better

than approaches based on either spatial proximity or physical similarity alone.

I1.3. Low-flow assessment for ungauged sub-basins by using the climate
adjustment method: the prediction of low-flow indices, in this case, is determined by
selecting the neighboring gauged sub-basin with the shortest Euclidean distance
between their centroids as the donor and adjusting the donor’s low-flow index values
using record augmentation techniques. In this study, four overlap periods of 1-yr, 5-
yr, 10-yr, and 15-yr are tested to compare the prediction performance. The overlap
period is referred to the period where the data of the donor and the subject sites are

overlapped.



> Step Ill: Performance measurement

This step aims to define the most applicable method among the selected
methods. In this study, the most applicable method is selected and discussed based on
three statistical indicators such as Nash-Sutcliffe efficiency (NSE), coefficient of
determination (R?), and root-mean-square-error (RMSE) after doing calibration and
validation to represent the performance of regionalization methods used in this study.
Moreover, the period for calibration is selected later than the validation due to there is
a change in land-use data records in the year 2000 and the study would like to assess
the method performance when land-use change especially for the regional regression
method which is known as the method to develop relationship equations between low-
flow indices and basin characteristics. Therefore, the longer period which is from
2000 to 2014 for the calibration and the shorter period from 1995-1999 for the

validation are chosen.

1.5 Expected Output
- Low-flow characteristics database of the Upper Ping River basin.
- Suggested methodology for predicting flow in ungauged sub-basins of the
Upper Ping River basin.

1.6 Expected Outcome
— Understanding of low-flow regime and its roles in basin hydrology.

- Ability to identify key basin characteristics contributing to low-flow.

1.7 Outline of the Thesis

This thesis consists of six chapters. Chapter 1 describes the importance and
rationale behind the research as well as an outline of the main objective of the thesis.
Chapter 2 reviews definitions, theories, methodology, and previous studies in the low-
flow assessment. Knowledge obtained from the literature review in Chapter 2 will be
applied to the selected study site which is the Upper Ping River basin. The description
of the Upper Ping River basin is presented in Chapter 3. The methods which are
evaluated for estimating low-flow characteristics in the Upper Ping River basin are
explained in Chapter 4. Chapter 5 focuses on discussions of the results and chapter 6

is the conclusions and recommendations for further studies.



CHAPTER 2
LITERATURE REVIEW

2.1 Definition of Key Terms
This study focuses on the estimation of the low-flow in ungauged basins of the
Upper Ping River basin. Therefore, a better understanding of the two key terms of

“Low-flow hydrology” and “Ungauged basin” offers insight to this research.

2.1.1 Low-flow Hydrology

Due to the similarity of definition, there are some confusions in differentiating
between “drought” and “low-flow”. Various definitions have been defined depending
on the contexts and focus of the studies. In 1931, the U. S. Weather Bureau defined
the drought as “a lack of rainfall so great and so long continued as to affect injuriously
the plant and animal life of a place and to deplete water supplies both for domestic
purposes and the operation of power plants, especially in those regions where rainfall
is normally sufficient for such purposes” (Havens, 1954). According to Pereira et al.
(2009), another term of droughts is defined as “a natural but temporary imbalance of
water availability which consists of persistent lower-than-average precipitation, of
uncertain frequency, duration and severity, of unpredictable or difficult occurrence,
resulting in diminished water resources availability, and reduced carrying of the
ecosystem”. Another general term of drought from a hydrological point of view is
given in Tallaksen and Van Lanen (2004) as “a sustained and regional extensive
occurrence of below average natural water availability”. Low-flow, on the other hand,
is defined by international glossary of hydrology as “flow of water in a stream during
prolonged dry weather”. However, it seems not yet clearly separated from the
drought. So later on, it has been defined as “a seasonal phenomenon, and an integral
component of a flow regime of any river” (WMO, 1974). According to Smakhtin
(2001), low-flow in some cases is defined as “minimum flow in a river during the dry

periods of the year”.

Based on Beran and Rodier (1985), a differentiation between droughts and low-
flow is made. The main feature of drought is the shortage of water for any specific

objective. Normally, low-flow is experienced during a drought, however, it features



only one element of the drought, which is the drought magnitude. The study of low-
flow is conducted to understand the physical development of flows at a point along a
river. In terms of streamflow deficits, hydrological drought has been studied over a
season or longer periods and in a regional context (Yevjevich, 1967). Zelenhasi¢ and
Salvai (1987), however, clarify that streamflow deficits in the short term (less than a

season) can also be defined as droughts.

2.1.2 Ungauged Basin

According to Bldschl (2006), an ungauged basin is shortly defined as a basin
where no streamflow data are available. This definition seems mainly focused on
quantity without mentioning the quality of data. Sivapalan et al. (2003), on the other
hand, defined the meaning of the ungauged basin from a wider point of view. The
ungauged basin is then defined as a basin with inadequate records (both in terms of
data quantity and quality) of hydrological observations to enable computation of
hydrological variables of interest (both water quantity and/or quality) at the
appropriate spatial and temporal scales and to the accuracy acceptable for practical
applications. An ungauged basin is therefore referred to as both a completely
ungauged and a poorly-gauged basin. A lack of suitable data often means that design
or decisions are based on little or no hydrological data and have high uncertainty
(Nathan and McMahon, 1992).

2.2 Low-flow Assessment in Gauged Basin

There are many low-flow measures to analyze the low-flow regime of a river
depending on the type of data available and the type of required output information.
The term “low-flow measure” refers to the various methods developed for analyzing
the low-flow regime of a river, frequently in graphic form (Smakhtin, 2001).
However, the selection of the most appropriate method is the main challenge for the
hydrologist (Nathan and McMahon, 1992).



2.2.1 Low-flow Measures

According to Gustard et al. (1992), various low-flow measures describe and
quantify different properties of flow regimes and different applications in water use.
The low-flow measures with regime property which they describe, the data employed

in their calculation and application are summarized in Table 2.1. A set of possible

low-flow measures and indices used in this study is selected based on this guideline.

Table 2.1 Summary of low-flow measures (Gustard et al., 1992)

Measures

Property Described

Data Employed

Flow duration curve

Proportion of time a given flow is

exceeded

Daily flow or flows averaged over

several days, weeks, or months

Baseflow hydrograph

Flow exists in the stream without the
contribution of direct runoff from
the rainfall

Daily flow or flows averaged over

several days, weeks, or months

Low-flow frequency
curve (annual

minimum)

Proportion of years in which the
mean discharge over a given

duration is below a given magnitude

Annual minimum flow daily or

averaged over several days

Low-flow spells
(duration of
deficiency periods)

Frequency with which the flow
remains continuously below a

threshold for a given duration

Periods of low flows extracted from
the hydrograph followed by a
statistical analysis of duration

Deficiency volumes

Frequency of requirement of a given
volume of make-up water to

maintain a threshold flow

As for gpells except the analysis
focuses on the volume below the

threshold

Storage yield

Frequency of requirement for a
given volume of storage to supply a
given yield

Daily flows or flows averaged over

geveral days or monthly flow

Time to accumulate

runoff volume

Time to accumulate a given volume
of runoff with a given frequency of

occurrence

Accumulated runoff volume starting
at different pomnts of the year
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1) Flow Duration Curve

A flow duration curve that has been widely used in hydrological practice is one
of the most informative methods of displaying the complete range of river flows from
low to flood flows (Gustard et al., 1992). It is a cumulative frequency curve that
demonstrates the percentage of time specified discharges were equaled or exceeded
during a given observation period (Searcy, 1959). In other words, it is known as the
relationship between the magnitude and frequency of streamflow. The curve is much
beneficial and simple tool for indicating the flow characteristic of a stream throughout
the range of flow, without concern for the sequence of occurrence (Nathan and
McMahon, 1992). However, this measure is sensitive to the length of the streamflow
record (Carthaigh, 1987). To construct a flow-duration curve, all complete years of
record can be selected; not necessarily to be continuous, but the selected records
should be for years in which physical conditions in the basin, such as diversions,
artificial storage, or other anthropogenic impacts, were the same. For the partial years

of records, they are recommended to be excluded (Searcy, 1959).

Flow durations are determined by arranging the value of daily average flows for
the recording period from the highest to the lowest and ranking each value starting
from 1 to the highest order. The frequencies of exceedance are then calculated based
on the statistical probability of extreme event such as the Weibull formula (Eqg. 2.1) to
determine the plotting position where P is the probability that a given flow is equaled
or exceeded; m is the ranking position and n is the number of events for the period of
record (Helsel and Hirsch, 1992):

P=—o Eq. 2.1

2) Baseflow Hydrograph

The total streamflow is technically divided into two important components
which are direct flow and baseflow. In general, the baseflow originates from
groundwater storage or other delayed sources. It can be characterized by various
baseflow separation techniques based on its hydrograph deriving from the total

streamflow hydrograph (Smakhtin, 2001). A variety of baseflow separation
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techniques have been used for separating baseflow from the total streamflow. One of
the frequently used separation techniques is called the local-minimum technique.
Examples of this technique can be found in White and Sloto (1990) and Sloto and
Crouse (1996). In the local-minimum technique, each day in the window of 2N-1 days
is checked to determine whether its flow is the lowest in that interval and whether the
lowest flow is a local minimum. If the day meets these criteria, it is linked by straight
lines to adjacent local minimums. The flow values for each day between local
minimums are calculated by using the slope of the connecting line on each day. The
technique can be visualized as connecting the lowest points on the hydrograph with
straight lines to define the baseflow hydrograph.

3) Low-flow Frequency Curve

A low-flow frequency curve demonstrates the proportion of years when a flow
is equaled or exceeded. In another word, it shows the average interval in years (return
period or recurrence interval) that the river falls below a given discharge (Smakhtin,
2001). Extreme value frequency analysis is a predictive statistical tool commonly
applied in hydrology to make inferences concerning the probability of occurrence of
low flows. A series of observed annual flow minima is used in the low-flow
frequency analysis. In the analysis, a statistical distribution representing the
relationship between the magnitudes of the events and the exceedance probabilities
are fitted to the observed low-flow data, and the parameters of the probability
distribution are estimated. The commonly used distributions in low-flow frequency
analysis are the Pearson Type Ill, Log-Pearson Type IllI, Gumbel, Weibull, Log-
Normal, and Gamma distributions. The fitted distribution is then able to be used to
predict the magnitude associated with a specific non-exceedance probability. The
available fitted probability distribution allows extrapolation beyond the range of the
probabilities of the observed data series, which is limited by the recorded length
(Quarda et al., 2008). However, the frequency curves produced by the distribution in
some cases do not fit the observed data at many stations, the observed data is
therefore sometimes fitted using graphical curve-fitting techniques instead (Zalants,
1991).
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2.2.2 Low-flow Indices

Low-flow is characterized by indices which are the single numbers describing
an aspect of the low-flow behavior at a site or in a region. Table 2.2 summarizes the
low-flow indices, the definitions, and the research in which they were applied.

Table 2.2 Summary of low-flow indices

Low-flow Indices Definitions Applied Research
Ninety-five- Q95  Flow that is equaled or exceeded for 95 (Laaha and Bléschl,
percentile Flow percent of the observation period. 2005)

Baseflow Index BFI  Non-dimensional proportion which is (Zhang et al., 2013)

defined as the baseflow volume divided
by the total streamflow volume

Annual minimum 7Q10  Awverage flow that can be expected for (Arihood and Glatfelter,
N-day moving N-consecutive days, every recurrence 1991)
average flow interval (year)
7Q2
(NQY) 0

Sustained low-flow  SLF  The lowest flow which is not exceeded (Carthaigh, 1987)
for 7 consecutive days in any year

1) Ninety-five-percentile Flow

A ninety-five-percentile flow is known as one of the most practical indices to
characterize the low-flow of a river. It represents flow that is equaled or exceeded for
95 percent of the observation period and can be easily determined from the flow
duration curve (WMO, 2008). Q95 can be used for establishing low-flow criteria for
stream standards in some countries. On the other hand, it can also be used as a
reference streamflow level to differentiate streamflow drought flows from
nondroughted flows (Zelenhasi¢ and Salvai, 1987).

2) Baseflow Index

The baseflow index is a non-dimensional index which is defined as the baseflow
volume divided by the total streamflow volume. The values range between 0 and 1.
The high index of baseflow indicates that the river flow can be sustained by the basin
during a prolonged dry period. For some approaches of baseflow separation, the

baseflow index is sensitive to missing data since one missing day may lead to erasing
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several days of data from the baseflow separation. Therefore, the missing data should
be filled-in before applying baseflow separation techniques (WMO, 2008). BFI can be
estimated for every year or the entire observation period. It was recommended to be a
good indicator of the effects of geology on low-flow. For that reason, it is widely used

in many regional low-flow studies (Gustard et al., 1992).
3) Annual Minimum N-day Average Flow with a Recurrence Interval

Low-flow statistics that describe the magnitude and frequency of low-flow
events are presented as minimum average streamflow over some recurrence interval at
a flow gauging site. 7Q10 which represents the annual minimum 7-day moving
average flow with a 10-year recurrence interval is one of the most common low-flow
statistics (Riggs, 1985). Annual minima can be derived from a daily flow series by
selecting the lowest flow every year and the average of the minima calculated. The
annual minima may be utilized to determine a distribution function for assessing the

frequency or recurrence interval of low-flow (WMO, 2008).

2.3 Spatial Regionalization of Low-flow Characteristics in Ungauged Basins

For ungauged basins, the streamflow records are generally not available or
available with short periods at the site of interest. When the observed records are
unavailable or inadequate for frequency analysis, other approaches must be applied
(Ouarda et al., 2008). Prediction in Ungauged Basins (PUB) is an important task for
water resources planning and management but remains a fundamental challenge for
the hydrological community (Sivapalan et al., 2003). Regionalization refers to a
process of transferring hydrological information from gauged to ungauged or poorly
gauged basins to estimate the streamflow (Razavi and Coulibaly, 2013). The selection
of a donor (gauged) basin is a common technigue for predictions in ungauged basins
and thus for assessing low-flow characteristics at an ungauged basin. The technique
includes subjectivity in the choice of donor basins and how to transfer the low-flow

characteristic from the donor to the ungauged basin.
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2.3.1 Regional Regression Methods

Multiple regression is a frequently used method to develop a relationship
between the low-flow statistic of interest and an optimal set of basin characteristics
which is established using stepwise linear regression for homogeneous subregions to
predict low-flow characteristics in ungauged basins. If the study area is large or very
heterogeneous in terms of the low-flow processes, it is beneficial to separate the
region into multiple homogeneous regions. For the various regions, a regression
model is fitted independently between specific low-flow statistics and basin
characteristics and performing cross-validation (Laaha et al., 2013). The most
appropriate classification procedure to define homogeneous regions depends mainly
on the climate and physical basin characteristics. The basin characteristics which are
most commonly related to low-flow characteristics include basin area, mean annual
precipitation, basin slope, stream density, percentage of open water and forests,
various soil types, length of the mainstream, basin shape, watershed perimeter, and
mean elevation (Engeland and Hisdal, 2009). As stated in Nathan and McMahon
(1992), a common form of prediction equations can be simplified as Eq. 2.2 below:

Low-flow characteristics = f (basin characteristics) Eq. 2.2
1) Stepwise Regression Procedure

The problem of selecting a subset of independent variables in regression
analysis has led to various subset selection procedures. In general, the procedure
selects the independent variable that maximizes the squared partial correlation
coefficient with the dependent variable (Bendel and Afifi, 1977). Stepwise regression
is a popular technique to produce a regression model with satisfactory performance. If
a nonsignificant basin characteristic is observed, it will be removed from the model.
The application of the stepwise regression does not require selecting the regressive
subjectively. Through the method, all the possible influential variables are put into the
disposal plan and optimally picked out for the independent variables which have a
great influence on the dependent variable. The method offsets the weakness of
multiple regression analysis, i.e. the shortcoming of selecting the regression variable
manually and obtaining the more ideal forecasting result (Lan and Guo, 2008).
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2.3.2 Nearest Basin Method

The nearest basin method consists of transferring parameters from neighboring
basins to the ungauged basin. The rationale is that basins that are close to each other
should have similar behavior since climate and basin conditions should vary evenly in
space. Although this approach depends on the density of the gauged basin network, it
is intuitively attractive (Oudin et al., 2008). The method avoids using basin
characteristics explicitly and simply focuses on the geographical similarity between
the basins. As a geographical proximity approach, the method establishes a model for
an ungauged basin by simply using the parameter values from the nearest gauged
basin. The use of only geographical locations makes the nearest basin method avoid
misspecification of regional models and data uncertainty of basin characteristics (Li et
al., 2010). As far as it is known, the nearest basin method is typically limited to the
case where some ungauged basins are far away from any gauged basins. It is easily
understood that the method is also unable to work efficiently where numerous gauged
basins are nearby but share substantially different parameter values. Considerable
heterogeneity within a region causes the problem of robustness. The basic assumption
of the nearest basin method is that nearby basins share similar hydrological behavior,
but it is not necessarily true in a large study region (Post et al., 1998).

2.3.3 Basin Similarity Method

The concept of this method is to transfer hydrological parameters from gauged
to ungauged basins based on the similarity of their physiographic basin
characteristics. The basic assumption is that hydrological processes are linked to basin
physiography, so the flows from similar physiographical basins may experience
similar effects of the climatic variable. The obstacle to the donor selection technique
is that the information on basin similarity probably consists of numerous basin
characteristics and it is not easy to find a similarity measure that uses the most
relevant characteristics information. Similar to the regional regression method, the
relevant basin characteristics may be selected by applying a stepwise regression
analysis between low-flow indices and the basin characteristics and then weighted
them depending on the coefficients in the regression model (Laaha and Bléschl,
2005).
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According to Razavi and Coulibaly (2013), basins are firstly grouped according
to their physical or non-hydrological similarities. Multivariate statistical analysis is
normally used to group the basins. It is recommended that one use a ranked proximity
technique if basin attributes have different units and ranges. Then, the parameters of
gauged basins are computed, and the parameters located in the same group are
arranged (e.g., by using the arithmetic mean, to obtain the regional parameter set).
That parameter set is then used to generate flow in the ungauged basin which has
physical similarities. Zhang and Chiew (2009), on the other hand, indicate that the
integrated similarity-based approach considering both spatial proximity and physical
similarity performs slightly better than approaches based on either spatial proximity

or physical similarity alone.

2.4 Temporal Regionalization of Low-flow Characteristics in Ungauged Basins
Due to the variability of climate conditions and other sources of variability that
occur over short time scales, low-flow characteristics estimated from a few years of
flow records deviate from the long-term average (Tallaksen and Van Lanen, 2004).
An attempt to account for temporal change of low-flow characteristics has been

developed using the climate adjustment method which is summarized below.

2.4.1 Climate Adjustment Method

The estimation of low-flow from short streamflow records has become a
common problem for hydrologists (Vogel and Kroll, 1991). According to Laaha and
Bloschl (2005), the climate adjustment method is one of the applicable methods to
deal with the problem of low-flow estimation from a short streamflow record. The
method consists of two steps which are the donor site selection and the record

augmentation.
1) Donor Site Selection

Donor site selection can be specified into two types which are downstream site,
and basin similarity.

a) Downstream Site

Downstream site selection is referred to the technique using the nearest
downstream gauged site as the donor. The rationale of this technique is that the donor
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site and the subject site would have some overlap in the basin area. Therefore, they
may have similar characteristics of climate and hydrology. However, considering only
one gauge as a donor is the main obstacle to this technique. Hence, the method is
maybe less robust than the others using more than one gauge as the donor, especially
for basins where the changes of land use or the presence of some constructions have
taken place at the stream. The selection procedure comprises only one step which is
the selection of adjacent downstream gauge at the same stream as a donor.

b) Basin Similarity

In the basin similarity technique, the donors are selected based on the similarity
of physiographic basin characteristics. The basic assumption of this technique is that
hydrological processes are linked to basin physiography, so the flows from similar

physiographical basins may experience similar effects of the climatic variable.

The procedure for selecting a donor for the basin similarity method is presented
in Laaha and Bldschl (2005) and can be described as below:

1. Select all stations within the same seasonality zone as possible donors

2. Perform a stepwise regression between LFI and basin characteristics to
determine the most relevant basin characteristics for assessing the similarity

3. Weight the selected basin characteristics by the coefficients of the
regression

4. Calculate Euclidean distances between the subject site and all possible
donors in the space of weighted basin characteristics

5. Select the most similar site with the shortest Euclidean distance as a donor.

2) Record Augmentation Techniques

Streamflow record augmentation techniques can effectively increase the length
of short streamflow records by exploiting the cross-correlation among nearby longer
records (Vogel and Kroll, 1991). Once the suitable donor is selected, the predicted
LFI at the subject site can be extrapolated by transferring the information from the
donor based on two record augmentation techniques. The first technique adjusts the
low-flow indices at the subject site by scaling with the ratio of LFI calculated from

the entire observations period and LFI calculated from the overlap period (Eqg. 2.3).
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QSpred :QSOI(QQ_E?] Eq 23

where:

QSprea - the adjusted value of LFI at the subject site

QS, : LFI at the subject site determined from the overlap period
QD, : LFI at the donor site determined from the overlap period
QD . LFI at the donor site determined from the entire observation period.

The second technique applies the same principle but includes a weighting
coefficient M(r), which is the function of the length of overlap period in years and the
correlation coefficient, to strengthen the correlation between subject and donor sites
(Eq. 2.4).

QD M (r)
—j Eq. 2.4

QS pred 7 Qso : ( QDO

3) Combination of Adjusted Values from Multiple Donors

In the case of multiple donors, the adjusted values for each of the selected
donors can be combined as a single adjusted value. Robson and Reed (1999)
recommended using a weighted geometric average which seems to be more reliable to
the presence of outliers in the adjusted values than an arithmetic average. The weights
(w) are computed from the distance between the donor and subject sites. The formula

of the weighted geometric average is as shown in the following Eqg. 2.5:

W /2w,

QS e =f[(QS§2€d) Eq. 2.5

i=1
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2.5 Previous Study of Estimating Low-flow Characteristic in Ungauged Basins
The estimation of low-flow in an ungauged basin is the big challenge in water
resources planning and management to respond to the problem of water scarcity. A
comparison study of regionalization approaches for the ungauged basin was
conducted by Oudin et al. (2008) based on 913 basins in France. Spatial proximity
(nearest basin), physical similarity (basin similarity), and regression were the selected
regionalization approaches for the study. The comparison demonstrated that in
France, where a dense network of gauging stations is available, spatial proximity
provides the best regionalization solution while the physical similarity approach and

the regression approach are intermediary and the least satisfactory, respectively.

Another comparison of the regionalization approach was studied by Samuel et
al. (2011) to estimate continuous streamflow in the ungauged basin across Ontario,
Canada. In this study, different regionalization methods including spatial proximity
(i.e., kriging, inverse distance weighted (IDW), and mean parameters), physical
similarity, and regression-based approaches were applied. The results indicated that
spatial proximity (IDW and kriging) produced better model performances than the

remaining three.

A study of temporal regionalization was conducted by Laaha and Bldschl
(2005) to analyze the relative performance of different climate adjustment methods
for assessing low-flow characteristics from short streamflow records. In this study,
132 basins in Austria with basin areas ranging from 9 to 479 km? were selected. Q95
which is the flow that is equaled or exceeded on 95% of the observation period was
chosen as the low-flow index in the comparison study. The results illustrated that the
downstream donor selection method performs the best. The method vyields the
smallest RMSE, the largest R2, and the fewest outliers if the adjusted Q95 flow
estimates from shortened records are compared to estimates from the full 20-year
record. As opposed to the downstream donor method, the method of basin similarity
yields larger errors on most statistical indicators. The result also defined that the

selection of record augmentation techniques is less important than the donor site.
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CHAPTER 3
STUDY AREA

3.1 Location and Topography

The Upper Ping River basin is situated in the northwestern part of Thailand. It
stretches from latitude 17°00°N to 19°48°N and from longitude 98°05°E to 99°23’E as
shown in Figure 3.1 and covers the area of 26,674 km? (Table 3.4).
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Figure 3.1 Location and elevation of Upper Ping River basin
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The basin borders Myanmar at the north, Salawin basin at the west, Wang, and
Kok basins at the southeast and the northeast, respectively. The topography of the
basin includes hilly and mountains, valleys, and lowland plains (Reda et al., 2015).
The elevations range from 195 meters to 2577 meters above the mean sea level
(Figure 3.1). The Bhumibol dam was built within the north boundaries of Tak
province and separated the Upper Ping River basin (Chiang Mai and Lamphun
provinces) from the Lower Ping River basin (Kamphaeng Phet and Nakhon Sawan

provinces) as shown in Figure 3.2.

97°0'0"E 98°0'0"E 99°0'0"E 100°0'0"E
=Z 1 1 1 1 :Z
= S
= =
= R
Z Z
= o
= =l
5 :
z &
= S
& S
= 2
% &
= S
%l S
& =
TAK
Legend KAMPHAENG PHET,
z [|[_] CHIANG MAI - A z
£4[C_] KAMPHAENG PHET i SO\ [
] LampHUN A ‘ \\ -
NAKHON SAWAN ") NAKHON SAWAN
- .
» - Ping Major River -
g . . . 1:2,500,000 v g
o U P R b > ’ : " o
24 vz 'ppel . ing 1\.fer asin Kilometers -2
5 Ping River basin 0 25 50 100 150 o)
T T T T
97°0'0"E 98°0'0"E 99°0'0"E 100°0'0"E

Figure 3.2 Ping River basin provinces
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3.2 Streamflow

The number of 25 flow gauged stations with the study period of 20 years
between 1995 and 2014 is selected according to the trade-off between the number of
gauged stations, record length, and the ratio of missing data to the total periods (Table
3.1). This study will use the data from 1995 to 2014 with the highest number of flow
stations and missing data not exceeding 20%. Figure 3.4 summarizes the data

availability of the selected 25 stations.

Table 3.1 Number of flow stations with record periods and the ratio of missing data

Number of stations with varying ratios of

Periods missing data to the total periods
<30% <20% <10%

1995-2013 27 22 20

1995-2014 28 25 19

1995-2015 27 24 6

1995-2016 27 24 6

1995-2017 27 18 6

The information on the location of the flow gauge is as shown in the following
Table 3.2 and Figure 3.3.

Table 3.2 Selected flow stations in Upper Ping River basin

No. Station Lat. Lon. Source No. Station Lat. Lon. Source
1 P.1 18.7858 99.0081 RID 14 060403 19.379 98.696 DWR
2 P.4A  19.1208 98.9475 RID 15 060701 18.957 99.239 DWR
3 P.20  19.3525 98.9736 RID 16 060804 18.665 98.632 DWR
4 P.21  18.9247 98.9428 RID 17 060806 18.795 98.725 DWR
5 P.24A 184169 98.6747 RID 18 060807 18.652 98.692 DWR
6 P.56A 19.2839 99.1903 RID 19 060808 18.608 98.857 DWR
7 P.67  19.0197 98.9617 RID 20 061001 1854 98595 DWR
8 P.73  18.2883 98.6531 RID 21 061004 18.363 98.535 DWR
9 P.75 19.1478 99.0100 RID 22 061006 18.283 98.529 DWR
10 P.77  18.4325 99.0833 RID 23 061301 18.546 98.355 DWR
11 060201 19.3211 98.9344 DWR 24 061302 18548 98.358 DWR

=
N

060301 19.4506 99.2178 DWR 25 061501 17.386 98.471 DWR
060302 19.3740 99.2490 DWR

[N
w
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Statio
n

P
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6.23%

Figure 3.4 Available and missing data of the 25 flow stations from 1995 to 2014

(Blue: Available data, Gray: Missing data)

3.3 Rainfall

The weather in the Upper Ping River basin is mainly affected by the southwest

and northeast monsoon. Furthermore, the depression from the South China Sea also

influences the basin during July and September which results in abundant rainfall

from May to October. The climate is mainly characterized by the average annual

rainfall of 1097 mm and the average annual temperature of 26.7°C (Sharma and
Babel, 2014).

As corresponding to the selected flow stations, the rainfall data from 43 stations

are also selected from 1995 to 2014 with missing data not exceeding 20%. The

information indicating the location of stations is as shown in the following Table 3.3

and Figure 3.5. Figure 3.6 summarizes the availability of data from the selected

rainfall stations.



Table 3.3 Selected rainfall stations in Upper Ping River basin

25

No. Station Lat. Lon. Source No. Station Lat. Lon. Source
1 07013 18.8397 989756 RID 23 327004 18.869 99.141 TMD
2 07022 18.7133 99.0414 RID 24 327006 19.363 99.205 TMD
3 07032 18.7442 99.1244 RID 25 327007 18.498 98.365 TMD
4 07042 18.8475 99.0483 RID 26 327008 17.801 98.358 TMD
5 07052 18.8689 99.1394 RID 27 327009 18.846 98.735 TMD
6 07082 18.6269 98.8989 RID 28 327011 18.713 99.041 TMD
7 07122 19.3644 99.2047 RID 29 327012 18.848 99.045 TMD
8 07132 19.3647 98.9667 RID 30 327014 18.628 98.899 TMD
9 07142 18.8478 98.7358 RID 31 327016 19.365 98.968 TMD
10 07152 18.4983 98.365 RID 32 327020 18.806 98.923 TMD
11 07162 17.7958 98.36 RID 33 327021 18.801 98.903 TMD
12 07182 184158 98.6797 RID 34 327022 17.933 98.683 TMD
13 07242 18.8028 98.925 RID 35 327024 18.614 98.902 TMD
14 07252 19.2686 98.9756  RID 36 327025 19.095 99.087 TMD
15 07262 18.8067 98.9033 RID 37 327501 1879 98.977 TMD
16 07282 18.1503 98.3931 RID 38 329002 18.461 99.138 TMD
17 07292 186111 98.9006  RID 39 329003 18.524 98.944 TMD
18 07391 18.7892 99.0169  RID 40 329005 18.314 98.821 TMD
19 07472 179167 98.6833 RID 41 329006 17.634 98.781 TMD
20 07502 19.0667 99.2167 RID 42 329201 18.567 99.033 TMD
21 07731 17.7836 98.3753 RID 43 376010 17.344 98.657 TMD
22 327003 18.4161 98.68 TMD
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Station
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Figure 3.6 Available and missing data of the 43 rainfall stations from 1995 to 2014

(Blue: Available data, Gray: Missing data)
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3.3.1 Rainfall Consistency Test

Testing the consistency of the rainfall data over a long period of record is
important for further analysis. Double Mass Curve (DMC) is a popular technique to
check the consistency of the hydrologic data to ensure that any trends detected depend
on the meteorological causes and not to change by other causes such as methods for

observation, exposure, or location of gauge.

In this study, the DMC is used to adjust inconsistent rainfall data by comparing
data for a single station with that of a pattern composed of the data from surrounding
stations. If the data are proportional to each other, these two variables are plotted as a
straight line. In contrast, a change in slope of the DMC refers to the inconsistency of
the data and the variation of the slope defines the level of change in the relation. In
this study, the quality of the 43 observed rainfall stations which are located inside the
Upper Ping River basin from 1995 to 2014 is tested.

As shown in Figure 3.7, the test result indicated that 42 out of the 43 stations
are found to be consistent over the period of records except for station 07391 which
captured a significant break in slope from 2006 to 2008 before returning to the earlier
trend (Figure 3.8 (a)). The break from 2006 to 2008 seems to be occurred due to any
non-meteorological cause. Therefore, adjusting the slope of the DMC would be
beneficial for the reliability and accuracy of further analysis. The break in slope can

be adjusted by using Eq 3.1.

p=2p Eq. 3.1

where P, is the adjusted annual rainfall, P, is the observed annual rainfall, a, is the
DMC slope for 1995-2006 (before changing in slope), and a, is the DMC slope for
2006-2008 (after changing in slope). The change that occurred over the rainfall record
length was believed to be caused by temporary change. Therefore, the proportion of
a; over a, was used for adjustment. The result of the adjusted DMC of the

inconsistent rainfall station (07391) is shown in Figure 3.8 (b).
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Figure 3.7 Consistency test by the double mass curve of the 42 rainfall stations
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3.4 Land Use

Figure 3.9 shows the distribution of land-use types in the Upper Ping River
basin. Land use can be classified into five main different types, such as Forest (F),
Agriculture (A), Urban (U), Open water (W), and Mixed land-use (M). The major
land use of the Upper Ping River basin is the forest which covers the area of 21,235
km? or equal to 80.1% of the total area. The second majority is known as agriculture
which covers another 14.4% of the total area while the Urban, Open water, and Mixed

land-use areas show a minor proportion to the total area as also describe in Table 3.4.
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Figure 3.9 Land-use type in the Upper Ping River basin
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Table 3.4 Total and percentage area of land-use type in the Upper Ping River basin

Land-use Type Area (km?) Area (%)

Forest F 21,235 80.1
Agriculture A 3,823 14.4
Mixed land-use M 370 1.4
Urban U 735 2.8
Open water W 337 1.3

Total 26,674 100

3.5 Soil Type

Figure 3.10 demonstrates the distribution of soil types in the Upper Ping River

basin. There are thirty-six soil types in the area. However, only four types among the

total show the major value in terms of proportion to the total area. The first majority is

Soil type group 62 which distributes 69.5% and can be found almost everywhere in

the basin while the second and third majorities are Soil type group 48 and Soil type

group 20 which distribute 9.4% and 3.4% to the basin, respectively. Another majority

that distributes about 3.2% to the basin is Soil type group 29. The information of the

soil type group is described in Table 3.5.

Table 3.5 Description of soil type group in the Upper Ping River basin (LDD, 2014)

Group - - Area Area
of Soil Distinct Characteristics (km?) (%)
Very deep siltstone sandy soil group developed from
Group the distributary sediment, the soil reaction is neutral 912 34
20 or base, bad to rather bad drainage, low to moderate ’
fertility
Grou Deep to very deep clay soil group developed from the
29 P fine mass parent material, good to moderate good 854 3.2
drainage, low fertility
Grou Shallow soil group to rock fall or rock waste layer and
48 P may find rock wall layer within 150 cm. Depth from 2,499 9.4
the ground surface, good drainage, low fertility
Complex slope area having slope more than 35%, this
Grou vicinity area has not been studied, surveyed, and
P Classified because the area is high steep regarded as 18,541  69.5
62 . .
difficult for management and preservation for
agricultural purpose
Other - 3,868 145
Groups
Total 26,674 100
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CHAPTER 4
METHODOLOGY

The methodology applied in this research to achieve the overall objectives is
presented in this chapter. The overall framework consists of three main steps,
including (1) data preparation, (2) regionalization of low-flow indices in ungauged
sub-basin, and (3) performance measurement as briefly shown in Section 1.4. The
detailed procedure is described in the following sections.

4.1 Data Preparation

4.1.1 Data Collection

The daily rainfall and daily streamflow with a period of 20 years between 1995
and 2014 are obtained from RID, DWR, and TMD. The 20 years is divided into two
sub-periods for calibration and validation of the low-flow estimation methods. The
calibration period is from 2000-2014 and the validation period is from 1995-1999.
There are 43 rainfall and 25 flow stations used in this study. The soil types and land
use are obtained from LDD. The Digital Elevation Model (DEM) with a resolution of
30 m, which is an important input to delineate the sub-basins in this study, is obtained
from Earth data-NASA.

4.1.2 Data Checking and Cleaning

As mentioned in sections 3.2 and section 3.3, there are some missing data in the
streamflow and rainfall records. In general, the missing streamflow data can be filled
in by various techniques, for instance, streamflow modeling such as HEC Flow which
can generate the flow for filling into the missing records. However, the missing data
of both streamflow and rainfall records in this study are filled in by applying the
simple average of the records on the same day and month in the years in which the
data are available as applied in Kimhuy (2018). The records from gauging stations

that are suspicious to have data quality issues were excluded from the analysis.

4.2 Regionalization of Low-flow Indices in Ungauged Sub-basin
For each regionalization method, the value of various record lengths is assessed

by using hypothetically shortened records. This represents the case of without record
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or only short records being available at the subject/ungauged site. However, the full
record length for all subject sites is available in this study, so the adjusted low-flow
indices for hypothetically shortened records with the observed low-flow indices

estimated from the complete records can be compared.

As mentioned in section 1.4, the development of low-flow measures from the
flow data in gauged sub-basins is necessary to be done to quantify the selected low-
flow indices including ninety-five-percentile flow (Q95), baseflow index (BFI), and
the annual minimum 7-day moving average flow with a 10-year recurrence interval
(7Q10) before moving forward to the next procedure of regionalizing the low-flow
indices for ungauged sub-basins. In this study, the regionalization methods are
grouped into two which are the spatial regionalization (Regression and Sub-basin

similarity methods) and temporal regionalization (Climate adjustment method).

4.2.1 Low-flow Indices

Based on their importance and data availability, three recommended and widely
used low-flow indices, such as Q95, BFI, and 7Q10, mentioned in Pyrce (2004) and
Gustard et al. (1992) are selected to represent the low-flow characteristics in this
study. The calculation of the selected low-flow indices is performed according to the

steps explained in the following sections.
1) Ninety-five-percentile Flow

The ninety-five-percentile flow which is known as the most often used low-flow
index in the academic study is defined as the flow equaled or exceeded during 95
percent of the observation period (Pyrce, 2004). It could be noticed that if the value of
Q95 is high, the stream seems to have more water most of the time. So, the high value
of Q95 represents a lower risk of water scarcity compared to other stations with the
lower value of Q95. In contrast for the station with the low value of Q95, the stream is
most likely to be dried more often which lead to a higher risk of water scarcity
compared to other station with a higher value. Therefore, the station with the low Q95
should be monitored more closely to reduce the severity produced by water scarcity or

drought.
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Q95 of the 25 selected flow gauged stations in this study is determined from the
flow duration curve which is plotted based on the continuous daily streamflow records
between 1995 and 2014. The obtained values of Q95 are then assumed to represent
the long-term averages of Q95.

In this study, the flow duration curve which illustrates the percentage of time
that specified streamflow is equaled or exceeded during a given observation period is
plotted between the magnitude of daily streamflow and the exceedance probability
based on the procedure as summarized below:

1. Arranging the daily mean flows for the recording period from the highest

value to the lowest value

2. Ranking each streamflow value starting from 1 to the largest order.

3. The exceedance probabilities are then determined using the Weibull formula

(Eg. 4.1) to compute the plotting position.

P=— Eq. 4.1

where:
P : probability that a given flow is equaled or exceeded
m :ranked position
n : number of events for the period of record.
2) Baseflow Index

The baseflow index is known as a non-dimensional index which is defined as
the baseflow volume divided by the total streamflow volume (Eq. 4.2). BFI represents
the slow or delayed contribution and may be influenced to a significant extent by
basin geology. The value of BFI ranges from 0 to 1. If the value is close to 1, it
represents the high contribution of groundwater or/and other delayed sources to
streamflow and, in contrast, if the value is close to 0, the contribution to the
streamflow is low. Hydrology (1980) recommended it to be a good indicator of the

effects of geology on low-flow.
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_ Baseflow volume
Total streamflow volume

Eqg. 4.2

In this study, the BFI is determined using the method of local minimum as

described in White and Sloto (1990) and can be summarized as below:

1. The daily streamflow time series Q; are grouped using a moving window
length of fifteen days and a window overlap of fourteen (Q4, Q,, Qs, ..., Q15),
(Q2,Q3, Q4 -, Q16)» ---» (Qn-14) Qn—13, Cn12, -, @n)-

2. Local minimum, QB;,QB,, QB;,...,QB,, are identified by selecting the
minima of each block obtained from step 1.

3. The QB; are then connected with the straight lines to define the baseflow
hydrograph.

4. The volume under baseflow hydrograph Vj is calculated between the first
baseflow QB; and the last baseflow QB,,

5. The volume under streamflow hydrograph V, is calculated for the same QB;
period.

6. The baseflow index is then can be calculated by Vg /V,

3) Annual Minimum 7-day Moving Average flow with a 10-Year

Recurrence Interval

Annual minimum 7-day moving average flow with a 10-year recurrence interval
(7Q10) is known as the most commonly used single low-flow indices (Pyrce, 2004).
As similar to the Q95, the value of 7Q10 is beneficial for indicating the level of risk
which could be caused by water scarcity. 7Q10 can be determined from the annual
series of minimum 7-day moving average flows at the selected 25 flow stations. The
average flow for each consecutive 7-day period is calculated from the daily records,
and the lowest average value for each year represents that year in the annual series.
The 7-day minimum average flows are fitted to three distributions namely Normal,
Gumbel, and Log-Pearson type Il distributions using “L-moment ratio diagram for
the goodness of fit test” to define the applicable distribution for determining the

annual minimum 7-day average flow with a recurrence interval of 10 years.
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The following Eq. 4.3 is used to estimate the 7Q10. Fitting the Log-Pearson
type 111 distribution requires determining the mean, standard deviation, and skewness

coefficient of the logarithms.
logQ; = X +KS Eq. 4.3

where:

Q7 :annual minimum 7-day moving average flow with a 10-year recurrence
interval (7Q10), T = 10 years

X :logarithms mean of the annual minimum 7-day average streamflow
K :skewness coefficient
S : logarithms standard deviation of the annual minimum 7-day average

streamflow.

4.2.2 Regional Regression Method

The regional regression method applied in this study was similar to that has
been previously used by Samuel et al. (2011). Firstly, all input data are standardized
to eliminate the effects of a different order of magnitude that may exist in the sub-
basin characteristics. Next, the regression coefficients were computed using the
stepwise regression procedures in which all selected sub-basin characteristics are
included in the analysis. Then, out of the selected sub-basin characteristics, only a set
of the characteristics that are statistically significant or associated with the largest
regression coefficients for each station are selected for predicting streamflow in
ungauged sub-basins. The rationale of this selection is that only a large correlation
coefficient may be a good indicator of the predictive power of the sub-basin
characteristics. A common equation that relates the most significant sub-basin
characteristics to the low-flow indices in gauged sub-basin can be written in the form
of Eq 4.4:

QD=a+bA+cB+...+0N Eq. 4.4

where:
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QD : predicted low-flow indices in gauged sub-basin (donor)
a : regression constant

b,c, ...,0 : regression coefficients

A B, .., N : gauged sub-basin characteristics

The predicted low-flow indices in ungauged sub-basin are then calculated by
substituting the sub-basin characteristics of the ungauged sub-basin into the regression
equation deriving from the gauged sub-basins. Therefore, the equation to predict low-

flow indices in the ungauged sub-basin can be transformed to the following Eq. 4.5:

QS =a+0A; +CB +...+0Ng Eq. 4.5

where:
QSprea - predicted low-flow indices in ungauged sub-basin/subject site

Ag, Bs, ..., Ng  :ungauged sub-basin characteristics
1) Sub-basin Characteristics

The relationships between low-flow indices and sub-basin characteristics have
to be developed based on sub-basins with good quality of data and relatively natural

flow regimes (Gustard et al., 1992).

There are 51 available sub-basin characteristics to be considered in this study:
Sub-basin area
Sub-basin elevation (min, mean, and max)
Sub-basin slope (min, mean, and max)
Annual rainfall (wet, dry, and total)

The proportion of 36 soil type groups of sub-basins

o o~ w bdPF

The proportion of 5 land-use types of sub-basin.

To avoid redundancy in the regression equation, only the independent sub-basin
characteristics which are selected from the 51 basin characteristics mentioned above
should be pre-selected for the stepwise regression procedure. In the process of pre-
selection, if two basin characteristics within the same group are found to have a high
correlation coefficient between each other, one of them will be removed and another

one will be kept for stepwise regression.
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4.2.3 Sub-basin Similarity Method
Figure 4.1 demonstrates the procedure for assessing the low-flow indices in

ungauged sub-basin by the regional regression method.

Weight of each basin Number of donor site Inverse spatial distance
descriptor wed; selection “ Isd

i\

A 4

Inverse physical

distance Ipd > Physical weight w), Spatial weight w,
i
e - W v
g‘ﬂm’ = Z( 0D, x W}:) < Integrated weight w;
9 =1 J

Figure 4.1 Low-flow regionalization by sub-basin similarity method

In this method, the integrated similarity-based approach considering both the
spatial proximity and physical similarity as applied in Bao et al. (2012) is used in this
study because the literature suggested that it outperformed other methods (Zhang and
Chiew, 2009). The method can be summarized as follows:

The weights for donor sub-basins are estimated from a combination of inverse
physical distance and inverse spatial distance for each ungauged sub-basin. The
inverse physical distance is a function of the sub-basin descriptors of the donor and
the subject site while the inverse spatial distance is a function of the distance between
the donor site, which is selected according to the physical weight, and the subject site.
According to the study of Bao et al. (2012), the most suitable number of donors for
regionalization was five. Moreover, our coarse basin network is not suitable for

donors of more than five. Therefore, the number of donors from one to five is tested.

In the sub-basin similarity method, the various impacts of sub-basin
characteristics or descriptors on the low-flow indices are first considered. The
absolute values of the correlation coefficients (r;;) between sub-basin descriptors and
low-flow indices are regarded as the weight (wcd;) for each sub-basin descriptor. The

formula to determine wcd; is as shown in Eq. 4.6:
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) D, Abs(r )

wed, =
| ZLZLAbS(ﬁ,j) w40
where:
m : number of sub-basin descriptors
n : number of low-flow indices

For the physical distance estimation, the fifteen physical descriptors of the sub-
basin are all standardized to eliminate the impacts of different units. The physical
weight (wp;) of each donor sub-basin is estimated from the inverse physical distance
(Ipd;) between the donor sub-basins and the ungauged sub-basin for each
standardized sub-basin descriptor considering the wed. The Ipd; and wp; can be

calculated by using Eq. 4.7 and 4.8, respectively.

1
Ind; = =5 Eq. 4.7
Zj:lAbs(cLj —Cy ;) xwed,
Ipd.,
WP == Eq. 4.8
2P
where:
Cij : descriptors of the donor sub-basins
Co,j - descriptors of the ungauged sub-basin
k : number of donor sub-basins

The spatial weight (ws;) of each donor sub-basin is estimated from the inverse
spatial distance (Isd) between the donor sub-basins and the ungauged sub-basin and

can be calculated by Eq. 4.9:

Isd. 1
WS, = —, Isd. =— Eq. 4.9

l k
Zi:l |Sdi S
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where:
S; : spatial distance between the donor and the ungauged sub-basins

Considering both the physical weight and the spatial weight, the integrated

weight (w;) of each donor sub-basin can be estimated by using Eq. 4.10:
Wp. + WS,
WAL

| Z:‘:l(wpi +ws; )

Next, the low-flow indices in the ungauged sub-basin are transferred from the

Eq. 4.10

donor sub-basins with the integrated weights and can be calculated by Eq. 4.11. The

streamflow could then be simulated with @S,..4 in the ungauged sub-basin.

k
QS = Zizl(QDi XW) Eq. 4.11
where:
QSprea - predicted LFI at the subject (ungauged) sub-basin

QD; : LFI at the donor sub-basin

4.2.4 Climate Adjustment Methods
The climate adjustment method (CAM) which is one of the applicable methods
to deal with the problem of estimating low-flow from short streamflow records

described in Laaha and Bloschl (2005) is applied in this study.

The approach to this method consists of two steps:
1. Selection of appropriate donors for each subject site.
2. Application of record augmentation techniques to predict the low-flow

indices for the subject site from the donor site.
1) Donor Selection

In this study, the donor is selected based on the shortest Euclidean distance
between the centroid of the donor (gauged) sub-basin and the centroid of the subject

(ungauged) sub-basin.
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2) Record Augmentation Techniques

Once the suitable donor has been selected, the predicted low-flow indices at the
subject site can be adjusted by transferring the information from the donor based on
two record augmentation techniques. In the first technique, the low-flow characteristic
is adjusted at the subject site by scaling with the ratio of low-flow indices calculated
from the entire observations period and low-flow indices calculated from the overlap
period of the donor. In this study, four overlap periods of 1-yr, 5-yr, 10-yr, and 15-yr
are selected to test the predictive performance. The predicted low-flow indices at the

subject site can be extrapolated using the following Eq. 4.12:

QS =QS, X(S_DDJ Eq. 4.12

where:

QSprea - predicted LFI at the subject site

QS, : LFI at the subject site calculated from the overlap period
QD, : LFI at the donor site calculated from the overlap period
QD : LFI at the donor site calculated from the entire observation period.

The second technique applies with the same principle, but a weighting
coefficient M (r) is included to account for the robustness of the correlation between
subject and donor sites. The predicted low-flow