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Summary

The growing water demand of the world’s population burden the renewable freshwater or blue water
resources globally. The supply of blue water reduces locally and becomes more erratic due to climate
change. This combination threatens and has already affected ecosystems in river basins that depend on
blue water resources. The consumption of blue water resources is referred to as the blue water footprint
(BWF). The ecosystems can be protected by setting an upper limit of blue water consumption which ensures
the sustainability of the BWF. The upper limit of sustainable consumption is defined as the natural runoff
minus a certain amount of blue water that is reserved for the environment defined as the environmental
flow requirements (EFR). The upper limit of blue water consumption can be implemented in a river basin
as a policy tool in the form of a BWF cap.

Until recently BWF caps were calculated monthly at river basin level. However, this spatial resolution does
not capture the spatial variability of consumption or generation of blue water. For the practical implication
that captures this variability, the BWF cap needs to be defined at a smaller spatial scale. How to spatially
define the BWF cap remains a point of interest. The objective of this study is to examine the effect on the
blue water scarcity of defining alternative monthly BWF caps at sub-catchment level. Four alternative
allocation principles using two EFR methods for BWF cap setting at sub-catchment level were investigated.
The effect of the allocation principles and EFR methods were evaluated by computing monthly blue water
scarcity at sub-catchment level in a case study for the Yellow River basin (YRB) from 2010 to 2014.

The natural runoff is simulated using the Soil and Water Assessment Tool (SWAT). The SWAT model used
physical characteristics and meteorological data of the basin to determine the natural runoff. The blue
water availability (BWA) for consumption is calculated for every sub-catchment by subtracting EFRs from
the natural runoff. The BWA was allocated over the sub-catchments according to four scenarios for the
calculation of the BWF caps: 1) natural conditions and not accounting for other sub-catchments (default
scenario), 2) presence of reservoirs and not accounting for other sub-catchments (reservoir scenario), 3)
presence of reservoirs and accounting for other sub-catchments based on relative population (population-
based scenario) and 4) presence of reservoirs and accounting for other sub-catchments based on relative
past demand of blue water in the form of BWF (demand-based scenario). All these four scenarios have been
assessed for two different methods to compute EFR: the presumptive standard approach (PRE) and the
variable monthly flow method (VMF).

Blue water scarcity was most prominently present during spring and summer for every scenario and more
so for PRE than VMF. The default scenario showed the largest number of sub-catchments with water
scarcity in the highest category due to mismatch in timing between BWA and BWF. The reservoir scenario
decreased this number by changing the timing of BWA and its spatial distribution over sub-catchments. The
population-based scenario decreased the water scarcity and it was more equally distributed over the sub-
catchments. Finally, the demand-based scenario decreased water scarcity to the lowest level over the sub-
catchments with smaller regional differences between sub-catchments.

The timing of BWA is influenced by its natural temporal and spatial variability, and the operation of
reservoirs. An allocation based on the use-what-is-there principle leads to large regional differences in BWF
caps and water scarcity, increasing from upstream to downstream. An allocation principle that considers
other sub-catchments mitigates regional differences between upstream and downstream BWF caps, and
water scarcity. The allocation considering other sub-catchments and based on past demand shows the most
equal distribution of water scarcity if the pattern of past demand and actual demand correspond.
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List of symbols

BWA,,
B WAdown,x,t

BWAlocal,x,t
BWAypxt

BWE,,
BWEF, cap,x,t
EFR

EFR fracx,t

PRE

Qnat,x,t

ROnat,x,t

AS, ¢
T
Ti,x

VMF

Blue water availability. Sustainable available blue water in sub-catchment x at time t.
BWA that is available downstream of sub-catchment x at time t. This is calculated as
a future value for the demand-based scenario.

Locally generated BWA in sub-catchment x at time t.

BWA entering a sub-catchment x at time t from an upstream sub-catchment. This can
be a mainstream sub-catchment or a tributary sub-catchment.

Blue water footprint in sub-catchment x at time t.

Blue water footprint cap in sub-catchment x at time t.

Environmental flow requirements. The amount of natural runoff that is reserved for
the environment to sustain it.

Fraction of natural runoff to determine the environmental flow requirements in sub-
catchment x at time t.

Presumptive standard approach. A method to estimate the environmental flow
requirements.

Natural streamflow. The amount of water flowing through the river channel in sub-
catchment x at time t without human influence.

Natural runoff. The amount of generated blue water in sub-catchment x that adds to
the streamflow at time t without human influence.

Adjusted storage change of a reservoir located in sub-catchment x at time t.

Travel time through the river channel in sub-catchment x.

Travel time through the river channel from sub-catchment x to i.

Variable monthly flow method. A method to estimate the environmental flow

requirements.
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1. Introduction

1.1.  Problem analysis

The growing water demand of the increasing world population and its increasing consumption levels burden
the renewable freshwater resources around the world more and more (Postel, 2000). The United Nations
(2017) project that the world population will continue to increase towards 2030, 2050, and 2100. This
increases the freshwater consumption globally. In addition, the predicted economic growth and increased
GDP lead to a more water-intensive freshwater consumption pattern (Liu & Savenije, 2008; United Nations,
2019). The projected population and economic growth increase the pressure on the world’s limited
freshwater resources. It is not merely the demand side that affects the pressure on global freshwater
resources. It is also a matter of freshwater supply. The freshwater supply locally reduces and becomes more
erratic due to climate change (Hoekstra, 2013).

The amount of freshwater consumed from ground and surface water bodies in a river basin is referred to
as the blue water footprint (BWF) of the basin. Consumption here relates to loss of water, i.e. the amount
of water that is not returned to the system and should not be confused with water withdrawal (Hoekstra,
2013; Hoekstra et al., 2011). This study focusses on the pressure of human consumption on blue water
resources in riverine systems. This pressure has resulted in four billion people, two-thirds of the world’s
population, facing severe water scarcity for at least one month per year (Mekonnen & Hoekstra, 2016).
Human blue water consumption causes major rivers, or parts of it, around the world to run dry completely
or are reduced to a mere trickle for a number of days each year, e.g. Colorado River in the United States,
Yellow River in China, Indus River in Pakistan and the Ganges River in India (Postel, 1999; Brown, 2006).

This overutilization of blue water resources from rivers affects the ecosystem in and around it (Richter et
al., 2006). The principle of environmental flow requirements (EFR) was introduced as a theoretical measure
for the adverse effects of unsustainable blue water consumption on ecosystems. The EFR indicates what
part of the natural flow should be reserved for maintaining the river’s ecosystem (Richter et al., 2006). The
natural flow or natural runoff (RO,, ;) is the amount of water that would have become streamflow if human
activities would not have altered it (Roos, 1991; Karimi et al., 2012). The EFR indirectly indicates what part
of the natural runoff is sustainably available for consumption or the blue water availability (BWA).

The BWA is defined as the natural runoff minus the EFR (Hoekstra, 2014). The extent of sustainable
consumption can be evaluated by computing the water scarcity. The water scarcity is calculated by dividing
the actual BWF by the BWA (Mekonnen & Hoekstra, 2016). The environment can be actively protected by
setting an upper limit of blue water consumption in a river basin to assure sustainable consumption. This
upper limit of sustainable consumption is the blue water footprint cap (BWF cap). There is still discussion
on setting the BWF cap. The discussion considers the temporal and spatial variability of BWA and the actual
BWF within a basin. For example, annual water scarcity studies hide the intra-annual difference and cause
an underestimation of water scarcity. In addition, water scarcity is often calculated at river basin level and
thereby not accounting for the spatial variation of BWA and BWF (Hoekstra et al., 2012).

Mekonnen & Hoekstra (2016) calculated the global monthly water scarcity at grid level to deal with the
temporal and spatial variability of BWA. Furthermore, Veldkamp et al. (2017) showed that human
interventions like reservoir construction and land-use change over the past decades, reduce water scarcity
in upstream parts of river basins and aggravate it downstream. Zhuo et al. (2019) studied the influence of
the presence of reservoirs on the water scarcity between different sections of the Yellow River basin in
China. In the studies by Mekonnen & Hoekstra (2016) and Zhuo et al. (2019), the BWF cap was determined
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by considering the dependency of the different grid cells or areas of a basin. The dependency was expressed
as water flowing through the flow paths of grid cells or areas. In combination with actual BWF, the amount
of water present was used as the BWF cap. However, the BWF cap can be spatially defined differently than
based on the total BWA present in a certain grid cell or area. BWA in an upstream part of a basin does not
necessarily have to be consumed in that specific part but could also be consumed somewhere downstream
instead. Blue water can be reserved in an upstream part of the basin for consumption downstream, thereby
changing the BWF cap in both locations. It is thus possible to transfer a part of the theoretical BWF cap from
an upstream area to a downstream area. How to spatially allocate water over different areas of a basin
using this possible transfer has not been studied yet.

The objective of this study is to examine the effect on the blue water scarcity of defining alternative monthly
BWF caps at sub-catchment level. The BWF caps are based on four alternative allocation principles and two
EFR methods. Paragraph 1.2. shows the research questions that are used to fulfil the objective. The Yellow
River basin (YRB) from 2010 — 2014 is taken as a case study. The period from 2010 to 2014 is chosen as a
case study for the YRB, because of the detailed level of available BWF and the years cover a variety of
hydrological years, i.e. dry, wet, and average. Information about the YRB is given in paragraph 1.3.
Paragraph 1.4. shows the outline of the report.

1.2. Research questions
The research objective consists of formulating alternative BWF caps and evaluating them by calculating the

blue water scarcity. The former is the result of the research question one to three, and the latter is the
result of research question four. As stated in paragraph 1.1., the BWF cap setting starts with determining
the natural runoff. Leading to the first sub-question:

1. What is the monthly natural runoff of per sub-catchment in the YRB from 2010 to 2014?

Now with the local natural runoff determined, the BWA for each sub-catchment can be estimated to
determine the BWF caps. In this research, the BWA is determined using two different EFR methods to gain
an insight into the effect on water scarcity of applying different EFR methods for setting BWF caps. The
second sub-question is formulated as follows:

2. What is the monthly BWA per sub-catchment using two alternative EFR methods from 2010 to
2014°?

The allocation of BWA over the sub-catchments lead to the BWF cap for each sub-catchment. The way of
allocating the resources affects the BWF caps. In this study, four alternative allocation principles are
proposed. Therefore, the third sub-question:

3.  Whatis the monthly BWF cap per sub-catchment for four alternative allocation principles from 2010
to 20147

The final step in achieving the objective of this study is to evaluate the formulated BWF caps using BWF
data of each sub-catchment and identifying the level of water scarcity, resulting in the fourth and final sub-
question.

4. What is the water scarcity of each sub-catchment per month of the defined BWF caps using BWF
data for the period 2010 — 2014?

UNIVERSITY OF TWENTE.



1.3.  Background information
The YRB is the second largest river basin in China with a drainage area of 7.53 x 10° km?2. The main river
channel’s length is around 5464 km (Wu et al., 2018). The basin is located in the northern area of China,
and its elevation ranges from 1 to 6199 m, decreasing from west to east (Jiang et al, 2016). The YRB’s
location within China and its elevation are displayed in Figure 1.
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FIGURE 1: LOCATION OF YRB IN CHINA (LEFT) AND LONGITUDE AND LATITUDE COORDINATES, AND ELEVATION OF THE
YRB (RIGHT) (WU ET AL., 2018).

In literature the basin is other divided into three reaches. The division of the three reaches is displayed in
Figure 2 (Zhuo et al., 2019). The Yellow River originates on the eastern Tibetan Plateau; this part of the river
is called the Upper Reach of the river basin. The Middle Reach of the river flows across the Loess Plateau,
and the Lower Reach flows across a fluvial plain before discharging into the Bohai Sea. In addition, the river
flows through arid, semi-arid, and semi-humid areas. The temporal and spatial distribution of the
precipitation are heterogeneous. Most precipitation occurs in the period between June and September and
increases from northwest to southeast (Tang et al., 2008a). The average annual natural runoff of the Yellow
River is 58 x 10° m3/year or 77 mm/year, accounting for 2.1% of the total of China’s seven largest rivers.
The freshwater resources of the YRB are important for nature and are the lifeblood of at least nine
important wetlands (Hua & Cui, 2018).

Legend
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FIGURE 2: THE YELLOW RIVER'S UPPER, MIDDLE AND LOWER REACH.
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The importance of the YRB can be illustrated by the 107 million people that are directly supported by it (Liu
et al., 2008). The YRB plays a vital role in China’s agricultural production. The total cultivated area in the
basin is 129.000 km?, 13% of China’s total, but it holds only 2% of the country’s freshwater resources. The
irrigated area increased with 650% from 1950 to 2000. Irrigation, together with the rapid growth of
industrial and municipal water uses, has resulted in dramatic water withdrawals and consumption over the
entire basin (Zhu et al., 2004). After the completion of the irrigation projects and the increase of industrial
and municipal consumption, the Lower Reach of the Yellow River has suffered from extreme low flow
conditions. Eventually leading to the zero-flow phenomenon to occur in the Lower Reach of the basin (Tang
et al., 2008b). The phenomenon started to occur in 1972 (Yang, et al., 2004). A total of 21 events of drying
up in the lower reach have been recorded between 1972 and 1999 (Hua & Cui, 2018). The frequency and
length of the zero-flow phenomenon rapidly increased in the 1990s (Yang, et al., 2009a). The phenomenon
seemed to have disappeared in the 2000s. The strengthening of administrative and water rights
management, employing economic measures to promote water conservation, for example to stimulate the
improvement of agricultural water efficiency, and the development of new water projects to regulate the
streamflow have led to this disappearance (Changming & Shifeng, 2002; Wang et al., 2019b). Nevertheless,
the overconsumption of freshwater resources is still an issue that threatens the YRB and should be
considered (Zhuo et al., 2016; Zhuo et al., 2019).

Additionally, future predictions of climate change and blue water consumption pose an increasing threat
for the YRB. Yin et al. (2017) studied the future blue water scarcity using the 8.5 RCP climate scenario and
ten global gridded hydrological models. They showed that the freshwater resources are expected to
decrease slightly from 1995 to 2035 and increase from 2036 to 2084. The general trend is a slight decrease.
However, they show that blue water consumption is expected to pose a larger threat to blue water scarcity
than climate change. The main reason for this larger threat, is the increase in irrigation and industrial water
consumption. The current blue water scarcity make the YRB a suitable case study for assessing the effect of
alternative allocation principles for BWF cap setting on blue water scarcity.

1.4. Outline report
This report is structured as follows. In chapter 2 the methods and data employed for the simulation and
calculations of the results are described. In chapter 3 the results are presented and briefly reviewed. chapter
2 and 3 follow the order of the research question, i.e. both chapters consist of four sections corresponding
with the research questions. In chapter 4 the study’s methods and its results are discussed. Finally, in
chapter 5 the conclusion and recommendations are presented.
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2. Methods and data

This chapter elaborates on the methods and data used to achieve the objective and answer the research
guestions. Firstly, the method for natural runoff simulation is discussed in 2.1. Second, the method to obtain
the BWA according to two EFR methods in 2.2. Third, the methods for calculation of the four BWF cap
scenarios in 2.3. And fourth, the method for water scarcity calculation in 2.4. Figure 3 shows a summary of
what is explained in each paragraph and how the different paragraphs are related.

[Poputation
Calibrated Natural
ZI SWAT model runoff
i BWFcap
s 1 (4 scenarios)
Presumptive Variable |
standard monthly flow l l l l
; sweeap | [awreap | | SRR || R
BWA. il reservoir allocation allocation
22 (2 scenarios) ‘ ’ | |
[ X I 1]
I
]
Blue water
scarcity
2.4

FIGURE 3: SUMMARY OF METHODS. GREY BOXES REPRESENT EXTERNAL DATA SOURCES, WHITE BOXES REPRESENT
RESULTS/INPUT FROM/FOR OTHER STEPS, AND THE ARROWS INDICATE THE DEPENDENCIES BETWEEN THE DIFFERENT
COMPONENTS. DEM: DIGITAL ELEVATION MODEL, EFR: ENVIRONMENTAL FLOW REQUIREMENT, BWF: BLUE WATER
FOOTPRINT, BWFCAP: BLUE WATER FOOTPRINT CAP.

The natural runoff results are input for the calculation of BWA that is determined according to two EFR
methods. The BWA is used to determine the BWF cap according to four scenarios. Finally, the BWF caps are
evaluated by calculating the blue water scarcity.

2.1. Natural runoff

Studies on water scarcity report two options to determine the natural runoff. Hoekstra et al. (2012) and
Mekonnen & Hoekstra (2016) used the actual, measured streamflow and BWF data to reconstruct the
natural runoff. The other option often applied is using hydrological models to simulate the natural runoff
on a global or local scale (Zang et al., 2012; Zhuo et al., 2016; Zhuo et al., 2019). The natural runoff for this
study is determined using a hydrological model called the Soil and Water Assessment Tool, hereafter SWAT
(Arnold et al., 1998).

SWAT is used for the simulation of natural runoff in the YRB, because it has already proven to yield
satisfactory results in a wide variety of locations around the world both for quantity and quality (Gassman
et al., 2007; Faramarzi et al., 2009; Zang et al., 2012). Secondly, it has been applied successfully for the YRB
or parts of it (Hao et al., 2004; Zhang et al., 2008; Wang et al., 2019c).

2.1.1. SWAT model
SWAT is a conceptual, semi-distributed and computationally efficient hydrological model (Neitsch et al.,

2011). SWAT is a model that divides an entire basin into sub-catchments. Each sub-catchment possesses a
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geographic position in the basin, and the sub-catchments are spatially related to each other, i.e. outflow of
one sub-catchment is the inflow for another sub-catchment. The delineation of the entire basin is based on
a digital elevation model (DEM) and a stream network. The delineation of the sub-catchments is based on
the principle that the entire surface area of a sub-catchment drains to the outlet of the specific sub-
catchment (Neitsch et al., 2004). Outlets are added, and sub-catchments are formed where tributaries enter
the mainstream and at manually assigned locations. Each sub-catchment is further divided into hydrological
response units (HRUs). An HRU is used as the minimum hydrological simulation unit to simulate the various
parts of the water cycle and thereby to optimize the computational efficiency (Wang et al., 2019¢). The
HRUs represent a percentage of the sub-catchments area, possessing unique land use, soil, and slope class
attributes. Not all combinations are considered, only the HRUs that exceed a certain percentage per
characteristic. To assure the entire sub-catchment is part of an HRU, the HRUs are scaled based on their
relative size in the sub-catchment. An HRU is not spatially defined in the sub-catchment, i.e. while the
individual areas with a specific combination of attributes may be scattered throughout the sub-catchment,
the areas are lumped together to form one specific HRU. The natural runoff is simulated separately for
these HRUs and then summed together to obtain the total natural runoff for the sub-catchment (Arnold, et
al., 2012).

The first step in the operation of the land phase of the hydrological cycle is to determine what part of the
precipitation becomes surface runoff, and what part infiltrates into the soil. Once the water enters the soil,
it either evaporates through soil or plant transpiration, enters a shallow aquifer or enters the streamflow
as lateral flow. Water entering the shallow aquifer can percolate further to a deep aquifer, where it is
considered a loss from the system, or it can enter the streamflow as groundwater flow. The surface runoff
enters surface water bodies, e.g. river channel or lakes. There are three options for what happens with
water in the surface water bodies. The water can enter the shallow aquifer through seepage, evaporate, or
in caseitis notin ariver channel it can become streamflow in a river channel. A flowchart of the hydrological
operation is given in Appendix A. A more detailed description of all hydrological processes can be found in
Neitsch et al. (2011). The climatic variables required by SWAT to simulate this hydrologic cycle are daily
precipitation, maximum and minimum air temperature, solar radiation, wind speed and relative humidity.

In this study, the YRB is divided into multiple sub-catchments, and the BWF caps are monthly calculated. To
match the actual timing of BWA at a certain location, the travel time through the different parts of the river
channel are considered. The travel time (T,) through the river channel within sub-catchment x is defined
as the time it takes water to travel from the inlet to the outlet of sub-catchment x. The travel time is
calculated in hours for every time step of the simulation (Neitsch et al., 2011). The travel time is converted
to days for the implementation in this study. Therefore, natural runoff is simulated on a daily scale. The
average travel time over all days of the study period, 2010 — 2014 is taken as the travel time for further
calculations.

2.1.2. Model setup
In this section, the model setup for the YRB and required data are described. The first step is to delineate

the sub-catchments of the YRB. Figure 4 displays the DEM and stream network used for the delineation of
sub-catchments. The DEM is available from the National Elevation Dataset by the United States Geological
Survey (USGS) at 15-sec grid level. Likewise, the USGS provided the data on the predefined stream network
(USGS, 2019).
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Additional outlets are required for calibration, validation and including reservoirs in this study. The
additional outlets are added manually at the location of hydrological stations used for calibration and
validation, and at the location of the reservoirs considered in this study. More detailed descriptions are
given in sections 2.1.3. and 2.3.2,, respectively.
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FIGURE 4: DIGITAL ELEVATION MODEL AND THE PREDEFINED STREAM NETWORK OF THE YELLOW RIVER BASIN (USGS,
2019).

The land use data required for HRU formation is provided by the Resource and Environment Data Cloud
Platform from 2015 at 1x1 km scale (REDCP, 2015). A map of the land use in the YRB is given in Figure 5.
The soil data required is provided by the Harmonized World Soil Database at a scale of 1:1,000,000 (HWSD,
2009). For a map of soil classes in the YRB, see Appendix B.
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FIGURE 5: LAND USE MAP YELLOW RIVER BASIN 1x1 km? (REDCP, 2015).
These inputs lead to the delineated SWAT model in Figure 6, and the HRUs in Appendix C. The basin is
divided into 31 sub-catchments. The mainstream includes 19 sub-catchments and consists of sub-
catchment 31 to 18. The remaining 12 sub-catchments are tributary sub-catchments. See Figure 7 for this
distribution and for the division of sub-catchments over the three reaches. This schematization is used to
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route the available blue water through the sub-catchments using the travel time for the calculation of the

BWF caps.
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FIGURE 6: THE DELINEATED SUB-CATCHMENTS ACCORDING TO SWAT FOR THE YRB.
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FIGURE 7: SCHEMATIZATION OF SUB-CATCHMENTS.
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TABLE 1: TRAVEL TIME SUB-CATCHMENTS.

Mainstream Travel time from previous | Travel time from sub-
sub-catchment nr sub-catchment (day) catchment 31 (day)

31 - -

17 5 5

9 4 9

13 6 15
11 0 15
12 4 19
8 7 26
2 12 34
1 2 36
7 6 42
14 5 47
15 0 47
24 1 48
25 0 48
26 2 50
21 2 52
20 1 53
19 1 54
18 9 63

The travel time through the river channel in a sub-catchments and the time it takes water to flow through
the entire mainstream river channel are given in Table 1. Blue water coming from a tributary sub-catchment
enters a certain mainstream sub-catchment. From there on, it follows the travel time corresponding to the
mainstream sub-catchment it entered.

The daily meteorological data for climatic variables required to simulate the hydrological cycle are provided
by the Chinese National Meteorological Information Center. The data are available for 840 meteorological
stations throughout China (CNMIC, 2019). For this study 112 meteorological stations were considered for
the YRB. The spatial distribution of these meteorological stations is displayed in Figure 8.
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FIGURE 8: SPATIAL DISTRIBUTION OF METEOROLOGICAL STATIONS (CNMIC, 2019).

15
UNIVERSITY OF TWENTE.



This study considers the period from 2010 to 2014. However, a warm-up period is included in the simulation
of natural runoff to provide realistic initial conditions for the simulation of natural runoff from 2010 to 2014.
A period of two years prior to the actual study period is used as suggested by Zang et al. (2012) and Parikh
& Parekh (2019). The model is simulated from 2008 to 2014 to include the warm-up period. Accordingly,
meteorological data from 2008 to 2014 is used for the simulation of the natural runoff.

2.1.3. Model calibration and validation
The SWAT model needs to be calibrated and validated to obtain reliable results (Gassman et al., 2007). The

model used for the simulation of natural runoff has been previously calibrated and validated outside this
study using monthly streamflow data (Xie, et al., 2020). Daily natural runoff data are required for this study.
Therefore, the model is additionally validated using daily streamflow data to assure the reliability of natural
runoff. The model should be validated using observed natural streamflow to assess the daily model
performance for natural conditions. However, observed natural streamflow ( Q4+ ) is somewhat
problematic to obtain for the YRB. The early presence of human interventions and their influence on
streamflow cause a lack of observed natural streamflow data (Gao et al., 2011). A solution to this issue is
presented by Zang et al. (2012). In their study of the Heihe River basin in Northwest China they encountered
a similar obstacle. To circumvent the issue, they selected upstream hydrological stations where human
influence on streamflow was minimal. In addition, the selected upstream area was responsible for a large
part of the generated annual natural runoff, thereby a large part of the natural runoff could be calibrated
and validated for natural conditions.

Thisis applicable for the YRB as well. The area upstream of the Tangnaihai or Source Region has experienced
minimal human influence, see Figure 9. This area in combination with the area between Tangnaihai and
Lanzhou is on average accountable for two-thirds of the total annual generated natural runoff in the YRB
(Li et al., 2008; Gu et al., 2019; Zhuo et al., 2019). However, the area between Tangnaihai and Lanzhou has
experienced more human influence on the streamflow than upstream of Tangnaihai. This should be kept in
mind. The two hydrological stations at Tangnaihai and Lanzhou were used for the initial calibration and
validation using monthly observed streamflow by Xie et al. (2020). The additional daily validation is
performed using these two hydrological stations as well.
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FIGURE 9: HYDROLOGICAL STATIONS FOR MODEL CALIBRATION AND VALIDATION.
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As mentioned in section 2.1.2., these two hydrological stations were considered in the setup of the SWAT
model by adding the locations as outlets. The locations were added to obtain streamflow data from SWAT
at those locations required for the comparison of simulated and observed streamflow data.

The model calibration was performed using SWAT-CUP, a computer program that links different calibration
methods to SWAT. More specifically, SUFI-2 was used for the calibration. SUFI-2 is a semi-automated,
stochastic, inverse modelling procedure for a combined calibration and uncertainty analysis (Abbaspour,
2015). The manual input for the calibration is the parameter ranges. SUFI-2 uses the ranges to find a value
that gives the best calibration results. The parameter ranges are defined by the user and are restricted by
the physical limits of the parameter or the user’s wishes. For a detailed description of SWAT-CUP and SUFI-
2 consult Abbaspour (2015).

Xie et al. (2020) used the Nash-Sutcliffe, E,;, and the coefficient of determination, R?, for the monthly
calibration and validation. Gassman et al. (2007) reviewed over 250 studies reporting on calibration and
validation of streamflow and surface runoff simulated by SWAT using these similar evaluation criteria.
Therefore, these two evaluation criteria are applied in this study. The Nash-Sutcliffe evaluation criterion is
widely used and a reliable criterion for the goodness of fit of the entire hydrograph. E, ; quantifies the
squared error between observed and simulated streamflow and scales this by the variability around the
mean of the observed variability (McCuen et al., 2006). It ranges from —oo to 1, where 1 represent a perfect
fit and 0 or smaller than 0 implies that the mean of the observed data is a better prediction (Gassman et
al., 2007). R? measures how well the simulated versus the observed regression line approaches an ideal
match. It ranges from 0 to 1, where 0 indicates no correlation and a value of 1 represent that the predicted
dispersion equals the measured dispersion (Krause et al., 2005).

The acceptable values of E,;; and R? are based on site-specific in literature reported values. Zhang et al.
(2008) in their study of the source region of the YRB report very good monthly results for E, ¢ and R? for
values above 0.80. Liu et al. (2011) studied the SWAT results in the Upper and the Middle reaches of the
Yellow River and reported monthly values of 0.5 for R? as satisfactory and >0.70 as good results, similarly
for E,,5. Xu et al. 2011 used a SWAT model in their study for the YRB and reported acceptable results for
calibration and validation with values of 0.64 and 0.66 for E,,; and of 0.61 and 0.66 for R2. However, no
daily results are reported for a SWAT model of the YRB. Moriasi et al. (2007) state that there should be a
relaxing of acceptable evaluation criterion values from monthly to daily results. That includes the priorly
found values for the YRB. Based on the previous, the daily validation of the SWAT model is considered
sufficient for E,,; > 0.6 and R? > 0.6. The calibration and validation in the previous study were performed
monthly for the period 2010 — 2014 and 2015 — 2018, respectively and proved to be good and very good
for Tangnaihai, and good and sufficient compared to the previously mentioned values for E,,; and R?, see
Table 2.

TABLE 2: MONTHLY EVALUATION CRITERIA RESULTS FOR CALIBRATION (2010-2014) AND VALIDATION (2015 —2018)
(XIE, ET AL., 2020).

Ep R?
Calibration
Tangnaihai 0.81 0.82
Lanzhou 0.69 0.74
Validation
Tangnaihai 0.71 0.72
Lanzhou 0.66 0.78

17
UNIVERSITY OF TWENTE.



The additional daily validation in this study is performed manually for the period 2010 to 2014. The daily
streamflow data at Tangnaihai and Lanzhou hydrological station were provided by the Chinese Ministry of
Resources (MWR, 2019).

2.2. Blue water availability
The BWA is calculated as the natural runoff minus the EFR (Mekonnen & Hoekstra, 2016). The presumptive

standard approach (PRE) and the variable monthly flow method (VMF) are both used as EFR methods to
determine the BWA in this study. The presumptive standard approach is applied in many studies to estimate
EFRs (Hoekstra et al., 2012; Hoekstra, 2014; Mekonnen & Hoekstra, 2016; Zhuo et al., 2016; Zhuo et al.,
2019). However, the presumptive standard approach could be considered precautious because there are
other methods available that reserve a smaller percentage of the natural runoff for the environment.
Examples are Pastor et al. (2014), Yang et al. (2009b), and Smakhtin et al. (2004). All set the EFR at a lower
percentage of natural runoff (Zhuo et al., 2016). For the purpose of comparison, the less precautious
variable monthly flow method is included. The methods to determine the EFRs for the calculation of BWA
are discussed in this paragraph.

2.2.1. Presumptive standard approach
The presumptive standard approach is presented by Richter et al. (2012) to protect the planet’s rivers from

exploitation without limits. They describe that the approach aims at maintaining a certain percentage-based
range around natural or historic flow variability of the river system. The approach states that for moderate
ecological protection, 80% of natural runoff should be reserved for the environment. It then becomes
obvious that a maximum of 20% of natural runoff can sustainably be consumed.

2.2.2. Variable monthly flow
The VMF method presented by Pastor et al. (2014) reserves a certain percentage of the natural runoff for

the environment. The VMF method follows the natural variability of river streamflow in defining EFRs by
distinguishing flow seasons: low, medium, and high. Every month is categorized into one of these flow
seasons. The method was developed to protect ecosystems by reserving 60% of the natural runoff during
the low flow season, 45% during medium flow season, and 30% during the high flow. The remaining blue
water is available for consumption. The reason for the difference in percentages between flow seasons is
that the environment is prone to damage and needs additional protection in those months (Pastor et al.,
2014). The flow seasons are determined based on mean annual flow (MAF) and mean monthly flow (MMF).

For this method, each month is classified in one of the three flow seasons and EFR of the specific month
can be calculated accordingly. The classification of flow seasons and corresponding EFR percentages are
displayed in Table 3.

TABLE 3: EFR FRACTION ACCORDING TO VMF.

Flow season Definition EFR

Low MMEF < 0.4 MAF 0.6 MMF
Medium 0.4 MAF < MMF < 0.8 MAF 0.45 MMF
High MME > 0.8 MAF 0.3 MMF

The EFRs are estimated daily for the BWA calculations. In contrast to the presumptive standard approach,
estimating daily EFR values is less straightforward for the VMF method due to the distinction of flow
seasons. The flow seasons for each sub-catchment are determined for every month. The percentage of
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natural runoff that is reserved for the environment is calculated for each month by taking the monthly sum
of daily natural runoff. The monthly value is compared with the annual, monthly mean according to Table
3. The calculated percentage is assigned to all days of the specific month to obtain daily EFR estimations.

2.3.  Blue water footprint caps
In this paragraph, the BWF caps are determined according to four different scenarios as a function of the

previously calculated BWA. Each scenario based on an allocation principle. First, the BWF cap is calculated
for the sub-catchments under natural circumstances for the YRB, the default BWF cap scenario. The default
scenario is included to compare the influence on BWF caps and water scarcity of the other three allocation
principles. Second, the BWF cap per sub-catchment is calculated with five major reservoirs present in the
mainstream. Third, the BWF cap per sub-catchment is determined based on the relative population size of
a sub-catchment. Finally, the BWF cap per sub-catchment is calculated based on the relative demand of a
sub-catchment. An overview of the different BWF cap scenarios and the data necessary for each BWF cap
calculation is displayed in Table 4. The BWF data from 2010 — 2014 is used in the BWF cap calculations for
all scenarios. These BWF data are included in the BWF cap calculations to determine what part of the blue
water flow to the next sub-catchment after blue water consumption. The BWF data from 2000 to 2009 are
required to determine the past demand of a certain sub-catchment. This past demand is required for
computing an allocation factor for each sub-catchment in the demand-based scenario. More on this
allocation factor can be found in section 2.3.4.

All BWF caps are calculated daily at the outlet of a sub-catchment. To obtain monthly BWF caps, the daily
data are summed for each month after the BWF cap calculations for each scenario is concluded. In addition,
each BWF cap calculation scenario is performed twice, once for each EFR methods.

TABLE 4: BWF CAP SCENARIOS (ROWS) AND THE REQUIRED DATA (COLUMNS).

Natural runoff BWF data Reservoir BWF data Population
and EFR 2010-2014 operation 2000 — 2009 data 2010

Default BWF cap X X
Reservoir BWF cap X X X
Population based X X X X
BWF cap
Demand-based X X X X
BWF cap

The BWF data on agriculture were taken from Wang et al. (2019a) and is monthly available at a grid level of
5 x 5 arcmin. All grid cells within a sub-catchment are assigned to the sub-catchment. The sum of these grid
cells is the sub-catchment’s total monthly agricultural BWF. The BWF of households and industry are
annually available for an area between two hydrological stations and is provided by the Yellow River
Conservancy Commission (YRCC) (YRCC, 2015). The total annual BWF in such an area is divided equally over
the 12 months, because there is no clear indication for an alternative distribution. In addition, the total
monthly values were divided proportionally to the relative surface area of a sub-catchment with respect to
the total surface area. The division of the BWF for household and industry with respect to the hydrological
stations is based on the areas draining to the part of the mainstream between two hydrological stations.
This leads to the division of the YRB displayed in Figure 10. The total BWF per sub-catchment can now be
computed by adding the agricultural BWF and the BWF of household and industry. The BWF data on
agriculture, households and industry are provided from 2000 to 2014 to include the BWF in BWF cap setting
and past demand for the allocation factor. The monthly BWF from 2010 to 2014 is divided equally over the
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days of the month for the daily BWF cap calculations. The population data are provided by the Data Center
for Resources and Environmental Sciences, Chinese Academy of Sciences (REDCP) as population/km?
(REDCP, 2010).
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2.3.1. BWF cap default
The default scenario BWF cap is calculated under natural circumstances. Other sub-catchments are not

taken into account in BWF cap calculations. This means the allowed blue water consumption in a sub-
catchment is equal to the BWA at that moment. Hereafter this is referred to as the use-what-is-there
principle. The natural runoff for a time step in the SWAT simulation is the amount of water that enters the
river channel during that time step (Arnold, et al., 2011). This means the natural runoff enters the river
everywhere along the river channel. Therefore, the travel time of the generated natural runoff in a sub-
catchment to its outlet is not equal to the travel time of the entire river channel in a sub-catchment. This is
illustrated in Figure 11. The travel time of natural runoff generated closer to the outlet of the sub-catchment
is shorter than for natural runoff generated further upstream in the sub-catchment. The average travel time
through the river channel in the sub-catchment to its outlet, is used to account for the spatial component
of the generated natural runoff. The average travel time for the generated natural runoff is equal to half
the travel time for the river channel in the sub-catchment. Hereafter, this is referred to as the internal travel
time of a sub-catchment. The travel time from the inlet to the outlet of a sub-catchment is used for external
water sources and is referred to as the external travel time.

The BWF cap per sub-catchment depends on the local BWA (BW A;y¢q1)- The local BWA of a sub-catchment
is calculated by reserving a part of the natural runoff as EFR (Hoekstra et al., 2011; Hoekstra et al., 2012).
The BWA of sub-catchment x at time t is determined using Equation 1. It includes the previously mentioned

. . . 1 .
internal travel time for the generated natural runoff in sub-catchment x (ET")' EFR is expressed as a

fraction of the natural runoff for sub-catchment x at time t and has a value between 0 and 1.

BWAlocal,x,t = ROnat,x,t—%Tx *(1-— EFRfrac,x,t) (1)
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Since the basin is divided into multiple sub-catchments, the BWF cap of a sub-catchment is influenced by
blue water from other sub-catchments. The blue water that is consumed in an upstream sub-catchment is
unavailable for downstream sub-catchments. However, if the local BWA is not completely consumed, the
leftover BWA flows to the next sub-catchment. Therefore, the BWF cap of a sub-catchment has two
components, the local available blue water and blue water coming from upstream sub-catchments if any is
present (Mekonnen & Hoekstra, 2016). The local BWA and the BWA from an upstream sub-catchment
(BWA,;) determine the BWF cap of sub-catchment x at time ¢, see Equation 2.

BWFcap,x,t = BWAlocal,x,t + BWAup,x,t (2)

BWAyp x+ consists of the upstream sub-catchment’s BWF cap, x — 1, at time ¢t minus the travel time
through the river channel in sub-catchment x, BWFc4p, 51—, and the corresponding actual BWF,
BWFy_1t-r,- These components lead to Equation 3 and determine if any blue water is left after
consumption in the upstream sub-catchment. This component cannot be smaller than zero, or else it would
imply that downstream blue water compensates for upstream blue water shortage. Sub-catchment x can
have multiple BWA,,,, components in case blue water enters the sub-catchment from a mainstream and

tributary sub-catchment(s).
BWAup,x,t = maX(BWFcap,x—l,t—Tx - BWFx—l,t—Tx: O) 3)

2.3.2. BWF cap with reservoirs
The BWF cap in this section is calculated with five of the seven largest reservoirs present in the mainstream

of the Yellow River. Near the end of 2014, there were 29 large and 174 medium-size reservoirs present in
the YRB (YRCC, 2015). The total storage capacity of all reservoirs was around 1.2 times the annual natural
runoff, + 72 * 10° m3 (Ran & Lu, 2011). The reservoirs are included in the study because they have been
proven to influence the BWF caps (Zhuo et al., 2019) and to show what the effect is of the alternative
allocation principles on water scarcity under realistic conditions. The reservoirs considered are the same
reservoirs Zhuo et al. (2019) used in their study to estimate the effect of these reservoirs on the BWF cap
for the three reaches of the Yellow River. The reservoirs considered are Longyangxia, Liujiaxia, Wanjiazhai,
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Sanmenxia, and Xiaolangdi. The total sum of their storage capacity accounts for 78% of the basin’s total

reservoir storage capacity (Zhuo et al., 2019). See Table 5 for the characteristics of the considered reservoirs

and Figure 12 for their locations.

TABLE 5: THE FIVE MAJOR RESERVOIRS IN THE MAINSTREAM (ZHUO ET AL., 2019).

Reservoir Longitude Latitude Storage capacity (10°m?3) | Area (10°m?) | Year of completion
Longyangxia 100°54’57” 36°7’15” 27.6 353 1989
Liujiaxia 111°48'26” 36°7'3” 5.7 113 1974
Wanjiazhai 111°25’42” 39°34'45” 0.9 20 2000
Sanmenxia 111°20'41” 34°49'47" 9.6 120 1961
Xiaolangdi 112°21'37” 34°55'26" 12.7 263 2001

End of month storage data of the reservoirs are provided by the YRCC. The end of month storage changes
are used to define whether the reservoir retains or releases water. Daily data are required for the BWF cap
calculations. Therefore, the monthly values are converted to daily values. There is no indicator to determine
the daily distribution of the amount being retained or released. Therefore, the monthly storage change is
divided equally over the days of the specific month. In addition, retention and release are not the sole
causes of the change in reservoir storage. The evaporation from and precipitation on the reservoir’s surface
area are included to estimate the actual reservoir storage change due to retention or release. Evaporation
has a negative effect on the storage, whereas the precipitation affects the storage positively. The adjusted
storage change is obtained by considering the original storage change and adding evaporation and
subtracting precipitation according to Equation 4.

AS = ASprg + ASepap — ASpre (4)

AS is the adjusted storage change, AS,,., the original storage change, AS,,;, the storage change as a result
of evaporation, and AS,,,.. the storage change due to precipitation. The daily values for evaporation and
precipitation from and on the surface area of the reservoir, are obtained from the meteorological stations
closest to the reservoirs. The location of these meteorological stations is displayed in Figure 12. The
evaporation and precipitation volumes are calculated by multiplying the daily data with the surface area of
the reservoir. The surface area of a reservoir is a variable component and depends on the stored volume in
the reservoir. The surface area of the reservoir is simplified for the purpose of implication in the
calculations. The surface area is set at the principal spillway surface area. This is the surface area when the
stored volume is equal to the regular volume required for water supply, power generation, and possibly
recreation (Neitsch et al., 2011).

The adjusted storage change is implemented in the daily BWF cap calculations using the use-what-is-there-
principle. The locations of reservoirs were manually added to the SWAT model as outlets, i.e. reservoirs at
the end of the sub-catchments. This characterization of the reservoirs in the model causes two solutions to
occur depending on retention or release. Retention is a positive storage change and affects the BWF cap of
the sub-catchment itself because a part of BWA is reserved for retention. It indirectly affects the BWF cap
downstream of the reservoir by reducing the available water flowing downstream. The release is a negative
storage change and affects the BWF cap in the sub-catchment directly downstream of the reservoir due to
release of additional available blue water. The sub-catchments further downstream might indirectly benefit
from the additional released water.
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Two equations are used for the BWF cap calculation for the sub-catchment containing the reservoir,
BWE_qp,x, and two for the sub-catchment downstream of the reservoir, BWF,q x41. Equation 5 and 6 are
used in case of water retention in the reservoir, whereas Equation 7 and 8 are used in case of water release
from the reservoir.

If 05, >0
BWF qpxe = max (BWAjocqixe + BWAypxt — ASyt, 0) (5)
BWFeapxi1,e = BWAocaixs1,e ¥ BWAyp 1t (6)
If 05, <0
BWFcapxt = BWAocarx,: + BWAyp ¢ (7
BWFeapx+1,e = BWAcaixs1,e + BWAupxt — ASx i1, (8)

The travel time through the river channel in the sub-catchment downstream of the reservoir is only included
in Equation 8. In that situation, the sub-catchment downstream of the reservoir benefits from the

additionally released blue water. This blue water travels like BWA,,,, through the river channel in sub-

up
catchment x before it reaches its outlet. Therefore, travel time is included. Retention of blue water does
not include travel time, because it occurs at the outlet of the reservoir’s sub-catchment. The BWF cap can
never be smaller than zero, hence the max-function in Equation 5 to set the minimum after retention at

zZero.

2.3.3. BWEF cap population-based
The previous BWF cap scenarios favored upstream sub-catchments by applying the use-what-is-there

principle. However, as indicated by Figure 13, the population density is larger further downstream in the
basin. Therefore, a population-based allocation scenario is introduced to divide the blue water resources
more equally over the population. The total population per sub-catchment is determined by multiplying the
average population density by the surface area of the sub-catchment.
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FIGURE 13: POPULATION DENSITY YRB 2010 (REDCP, 2010).

The allocation for the population-based BWF cap scenario is based on the work of Van der Zaag et al. (2002).
They propose an allocation principle that aims at dividing annual blue water resources equally over the
serial configurated riparian countries of the basin and their population. The interdependency between
countries is expressed as the responsibility of a country to supply blue water to countries downstream. The
share of blue water a country is entitled to is calculated according to Equation 9. The share is calculated by
taking all blue water that is sustainably available from country x to the most downstream country n. That
includes the generated blue water in that area and the blue water available from an upstream country. The
right to the amount of blue water is then calculated by multiplying the available blue water in the system
by the relative population of country x. The relative population is calculated by dividing the population of
country x by the entire population that depends on the blue water, so the sum of the population from
country x to n. This is referred to as the population allocation factor.

Px

n
i=x pi

n
Share, = (BWAup,x + 2 BWAlocal,x> * (9)
X
In this study, an adjusted version of this method is applied. First, the scale of the calculation is translated to
daily instead of annually. Second, reservoirs are added to the system and the equation. Third, the
configuration of the sub-catchment is not merely serial, but a combination of serial and parallel. And fourth,
the share a sub-catchment is entitled to is translated to a BWF cap.

The first adjustment is a transition from an annual to a daily scale. To determine the amount a sub-
catchment is entitled to, the amount of water that is going to be available in the system is calculated. This
means that the downstream BWA (BW A4, ), from sub-catchment x to n, is integrated as a future value.
The local BWA in a downstream sub-catchment i is calculated at the same moment the water from sub-
catchment x would arrive at the outlet of sub-catchment i. This future value is determined by using the
travel time through each sub-catchment between x and i. The downstream local available blue water in
sub-catchment i for sub-catchment x is available at t + T; ,, time ¢ plus travel time from x to i.

The second adjustment is the inclusion of reservoirs. This inclusion of reservoirs has a two-sided effect on
the calculation of the BWF cap. On the one hand, it influences BWA,,, by retention or release in an
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upstream reservoir. On the other hand, it influences the downstream BWA by retention or release in a
downstream reservoir. The influence on BWA,,,, is straightforward, either a decrease or an increase due to
retention or release. However, downstream availability is more complex. The downstream availability is not
merely the sum of the local BWA of all downstream sub-catchments and storage change of the reservoirs.
Local BWA cannot be considered for retention in an upstream reservoir, i.e. water only flows downstream
and does not affect upstream retention. The method in this study assumes that local BWA in a sub-
catchment affects the retention of the first downstream reservoir. This suggests that the downstream BWA
should be determined by looking at different sections of the mainstream individually. The sections are

illustrated in Figure 14.
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FIGURE 14: RESERVOIRS AND SIX SECTIONS FOR DOWNSTREAM BWA.
The mainstream is divided into six sections based on the locations of the five reservoirs. The BWA of every
section is calculated to determine BW A ,,n Of sub-catchment x. This is the sum of the BWA in all six
sections. The first step in calculating the BWA of a section is to determine the location of a certain section
with respect to sub-catchment x. There are three possibilities: the section is upstream of x, x is within the
section is, or the section is downstream of x. These options are given in Figure 15 and denoted by 1 to 3.

Downstream
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sub-catchment x
¥
Six sections, EBWA,-
(j=1:6)

I

Section j
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upstream of x
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FIGURE 15: SCHEMATIZATION OF DOWNSTREAM BWA CALCULATION PER SECTION. THREE OPTIONS FOR THE BWA IN A
SECTION DEPENDING ON THE LOCATION OF SUB-CATCHMENT X WITH RESPECT TO SECTION J.
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A visualization of the locations of the sub-catchments indicated by the letters x, m and h in Figure 15 is
given in Figure 16. The section considered for the calculation of its BWA is referred to as section j. In case
the entire section is upstream of x it is not considered in BW A ,». The generated blue water and effect
of consumption are present in the BWA,,,, component of the BWF cap calculation. The second option is
that x is located within j. For BW A ., the local BWA from sub-catchment x to m is summed, where m is
the most downstream sub-catchment of section j and contains a reservoir (4S5;). The most downstream
section, section 6, is the exception because there is no reservoir. The amount of BWA in this section
available for consumption depends on the retention of the reservoir in sub-catchment m. If this reservoir
releases water instead of retaining it, it is not considered since the release affects the BWA in the next
section. In case the entire section j is downstream of x the third option applies. For this option, the sum of
the local BWA from the first sub-catchment of the section, h, to m is taken. The amount of water available
for consumption in section j depends on the retention in reservoir at m, but is influenced by the reservoir
in section j — 1 (4S;_;) as well. However, the reservoir in j — 1 solely affects the BWA in j if it releases
water. Retention of the reservoir influences the BWA in the section upstream of j — 1. This is not applicable
to the most downstream section, section 1, because there is no reservoir upstream of this section.
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FIGURE 16: LOCATION SUB-CATCHMENTS H,X AND M FOR SECTION J BETWEEN LIUJIAXIA AND WANJIAZHAI RESERVOIRS,
WHERE X IS LOCATED IN J, OPTION 2. X CAN BE DOWNSTREAM OF M OR UPSTREAM OF H FOR OPTION 1 AND 3,
RESPECTIVELY.

The three options for BWA in section j are translated to equations for the implementation in the
population-based BWF cap calculation. For the first option, the downstream BWA is 0 because the section
is not downstream of x. The second option is translated to Equation 10.

m
BW Agouncej = max( ) BWAicargesr,, — max(8je4r,.,,0),0) (10)
1=X

The summation of local BWA starts at x and ends at m. Since the downstream BWA in a sub-catchment is
implemented as a future value the travel time is added to time t. T; , represents the travel time from a sub-
catchment downstream, i in the summation, to sub-catchment x. The second component in the equation
is the retention of section j’s reservoir in sub-catchment m and includes the travel time from this sub-
catchment to x T, . A negative storage change means a release and is excluded by the max-function. The
overall max- function is added to assure a positive value for BWA. The third option is translated to Equation
11.
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m
Z. h BWAlocal,i,t+Ti_x -
i=
max(4S;e4r,,,0) = min(AS;_ 147, ,,0),0

(11D

BWAjownxt,j = max

The additional component in this equation compared to the previous, is the influence of possible release
from the reservoir in section j — 1 entering section j at sub-catchment h. This reservoir is included with a
min-function to assure only negative storage change is considered. The travel time for the additional
released water is implemented as the travel time from h to x.

The third adjustment is changing the configuration from serial to serial and parallel. The parallel parts of
the configuration are the tributary sub-catchments. For the serial and parallel configuration see the
schematization in 2.1.2. The tributary sub-catchments are considered as the most upstream sub-catchment
of their river system. This river system consists of the tributary sub-catchment, the first sub-catchments in
the mainstream and all mainstream sub-catchments further downstream. The tributary sub-catchments
contribute to the blue water availability in the mainstream. The amount of blue water coming from a
tributary sub-catchment is part of the BW A o, Of sub-catchment x. An example is illustrated in Figure 17.

FIGURE 17: SCHEMATIZATION OF DOWNSTREAM BWA FOR MAINSTREAM AND TRIBUTARY SUB-CATCHMENTS.

The three colors indicate the sub-catchments that are included in the BWA,, calculations for the
corresponding sub-catchment. The BWA ;.. of sub-catchment 9 depends on the blue water from sub-
catchments 10 and 27 and the mainstream sub-catchments. Therefore, the BWF cap of all tributary sub-
catchments is calculated firstly. The BWF cap of tributary sub-catchment 10 depends on the water entering
the mainstream from sub-catchment 27. This shows that the BWF cap of sub-catchment 27 must be
calculated before the BWF cap of sub-catchment 10 can be calculated. This indicates that the BWF cap for
the most downstream tributary sub-catchment is calculated firstly, then the second most downstream
tributary sub-catchment and so on till the most upstream one. The amount of blue water entering the
mainstream from these tributary sub-catchments depends on their local BWA, calculated BWF cap and
actual BWF. The BWF cap in the population-based scenario considers other sub-catchments in BWF cap
setting and is not necessarily equal to the BWA. The BWA from a tributary sub-catchment that enters and
adds to the BWA in sub-catchment x, is calculated by subtracting the minimum of the BWF cap and actual
BWF from the BWA according to Equation 12. The BWA entering x depends on the BWA in the tributary at
time t — T, and the minimum of the BWF cap and actual BWF at the corresponding moment. The min-
function indicates that calculated cap is the maximum amount that is consumed in the tributary sub-
catchment.

BWAtributary,x,t = BWAtributary,t—Tx - min(BWFcap,tributary,t—Tx' BWFtributary,t—Tx) (12)
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After the BWF caps for tributary sub-catchments and the BWA entering the mainstream are determined,
the BWF caps for the mainstream sub-catchments are from upstream to downstream.

Equation 10 and 11 are adjusted for the inclusion of tributary sub-catchments in the BWA 4, of x for
section j. BWA from tributary sub-catchments if any is present, is included as the amount entering sub-
catchment i. Equation 13 shows the calculation of BWA ;,,,, for when x is within section j.

m

BWAdown,x,t,j = max (z (BWAlocal,i,t+Ti_x + BWAtributary,i,HTilx) - max(ASj,t+Ti‘x: 0): 0) (13)
=x

i=

Equation 14 displays the calculation of BWA ;,,,» for when section j is downstream of x.

m

BWAdown,x,t'j — max Zi:h(BWAlocal,i,t+Ti,x + BWAtributary,i,t+Ti,x) - (14)

max(AS; ¢4r,,,0) — min(AS;_y ¢47, . 0),0

The total downstream available blue water is given in Equation 15. With j as the section, having a value
from 1 to 6 and being one of the three options for the calculation of BWA ;4n.

6
BWAdown,x,t = Z BWAdown,x,t,j (15)

j=1
The BWF cap according to this allocation principle is not equal to the BWA in a sub-catchment, because
other sub-catchments are taken into account for the BWF cap setting. Therefore, the upstream blue water
entering sub-catchment x depends on the BWA and the minimum of the calculated BWF cap and actual
BWF in x — 1, see Equation 16.

BWAup,x,t = BWAx—l,t—Tx - min(BWFcap,x—l,t—Tx: BWFx—l,t—Tx) (16)

The final adjustment is converting the right a sub-catchment is entitled to, to an actual BWF cap. This
adjustment is to test the rightful amount of a sub-catchment with the actual BWA in sub-catchment x at
time £, BWA, ;. This ensures that no more blue water is allocated to the BWF cap than present in the sub-
catchment. Resulting in Equation 17 for the population-based BWF cap.

. p
BWFqp ¢ = min ((BWAup,xlt + BWAgown,cotxt) * Z"—x BWAx,t> 17)

i=x i

The sum of the calculated BWA,,;, and BW A 4,4, is multiplied with a population-based allocation factor.

This factor is the same as proposed by Van der Zaag et al. (2002) in Equation 9.

2.3.4. BWF cap demand-based
The demand-based BWF cap scenario is based on a similar allocation principle as the population-based

scenario. The main difference is the allocation factor applied for calculating the BWF cap. The assumption
for this scenario is that the BWF is not necessarily highest for sub-catchments with the largest population.
This assumption is illustrated in Figure 18 and the land use map in Figure 5. Figure 18 shows that the BWF
of agriculture is in general larger than the BWF of household and industry. Blue water consumption of
household and industry primarily occurs in more populated areas. Figure 5 indicates that agriculture does
not always occur in more populated areas. By allocating the blue water resources over the population, a
mismatch between BWF cap distribution and actual BWF might follow.
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FIGURE 18: BWF DIVISION AGRICULTURE AND HOUSEHOLD & INDUSTRY YRB (WANG ET AL. 2019A; YRCC, 2015).

The demand-based allocation factor is determined using a multi-year monthly average of past BWF for each
sub-catchment. The BWF data used for this monthly multi-year average is from a 10-year period from 2000
to 2009. The calculation of the monthly BWF cap is explained in 2.3. The monthly multi-year averages are
used to determine a monthly demand factor per sub-catchment. Equation 18 shows the calculation of the
BWF cap according to the demand-based scenario.

. BWF2000—2009, A
BWF_ g = min| (BWAgownxr + BWAyp ) * = = BWA,, (18)
Zi:x BWF2000—2009,i,m
Where BWF,400-2009,m is the average BWF in month m over the period 2000 —2009. This is divided by the
summation of average BWF from 2000 to 2009 of all sub-catchments x is responsible for, from sub-
catchment x to most downstream sub-catchment n. All other components are similar to the components

in Equation 17.

2.4. Blue water scarcity
The monthly blue water scarcity is computed for four scenarios and for two EFR methods per sub-catchment
to evaluate the effect of applying alternative allocation principles and EFR methods. The general calculation
for blue water scarcity is given by Mekonnen & Hoekstra (2016) and is defined as the monthly BWF divided
by the monthly BWA. The blue water scarcity in this study is calculated according to Equation 19, where
BWA is replaced by the BWF cap. The blue water scarcity is determined from 2010 to 2014.

BWF,,

WS, = ——7F""
ot BWE, cap,x,t

(19)
The blue water scarcity classification is given in Table 6. No or low water scarcity occurs if water scarcity is
equal or smaller than 1, indicating blue water consumption does not exceed the BWF cap. Moderate water
scarcity occurs for a value between 1 and 1.5, significant between 1.5 and 2. If the blue water consumption
is equal to or larger than twice the BWF cap, severe water scarcity occurs.
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TABLE 6: BLUE WATER SCARCITY CLASSIFICATION (MEKONNEN & HOEKSTRA, 2016).

WS category WS

Low <1.0
Moderate 1.0-1.5
Significant 1.5-2.0

Severe >22.0

The effect of the BWF cap scenarios on the blue water scarcity is visualized by maps with seasonal average

water scarcity per sub-catchment. The seasonal average is computed by taking the monthly average blue

water scarcity for the period 2010 — 2014. These monthly values are averaged over the months of a season.
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3. Results

Results are presented in sequential order similar to the research questions. Natural runoff in paragraph
3.1., BWAin 3.2, BWF caps according to the four scenarios in 3.3. and evaluation of the BWF caps in 3.4.

3.1. Natural runoff
In this paragraph, natural runoff results are displayed. Section 3.1.1. shows the results of the additional
daily validation and section 3.1.2. the actual natural runoff results for the sub-catchments from 2010-2014.

3.1.1. Additional daily validation
The SWAT model proved to be calibrated and validated sufficiently. However, an additional validation is

performed to check its daily accuracy. The additional validation is performed for 2010 — 2014 using daily
streamflow data.

TABLE 7: ADDITIONAL DAILY STREAMFLOW VALIDATION RESULTS (2010-2014).

Ep,s R?
Tangnaihai 0.66 0.68
Lanzhou 0.24 0.46

Table 7 shows the daily validation results. See 2.1.3. for the criteria for unsatisfactory, satisfactory, and
good values of E,;; and R?. The results for Tangnaihai indicate satisfactory simulated daily streamflow and
insufficient for Lanzhou. The reason for the unsatisfactory results at Lanzhou can be explained by the human
influence of reservoirs and BWF on the observed streamflow. Appendix D shows the simulated and
observed daily streamflow at Tangnaihai and Lanzhou in combination with reservoir operation and BWF.
These human influences are larger at Lanzhou. Reservoir retention and BWF cause the observed streamflow
to decrease, whereas reservoir release causes an increase. This leads to a situation where the observed
time series do not represent the natural streamflow.

The reservoir storage change and BWF are added to the observed streamflow to circumvent the issue of
human influence in the area between Tangnaihai and Lanzhou on the additional validation. These
adjustments to the observed streamflow generate new adjusted observed streamflow time series. The
resulting adjusted streamflow is given in Figure 19. The adjusted streamflow time series are used to validate
the SWAT model a second time. Now both the observed and simulated time series present the streamflow
under natural conditions since human influences are eliminated from the data.

TABLE 8: ADJUSTED DAILY STREAMFLOW VALIDATION RESULTS (2010-2014).

E, R?
Tangnaihai 0.66 0.68
Lanzhou 0.60 0.66

Table 8 displays the E,s and R? results for Tangnaihai and Lanzhou using the adjusted observed
streamflow. The results indicate that the simulated daily streamflow is validated satisfactorily. The values
at Tangnaihai for the adjusted daily streamflow are similar because the human influence is minimal.
Lanzhou shows a clear improvement. This corresponds with the larger human influence on the daily
streamflow at Lanzhou. There is more to the graphs of observation and simulation than these two
evaluation criteria as both E,,; and R? have their drawbacks. E,,; prioritizes the model performance during
peak flows and deprioritizes it during low flows. For R? only the dispersion is quantified for the model
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performance. The two evaluation criteria are not sensitive to systematic over- or underestimation (Krause
et al., 2005).

The timing of the peaks for the daily simulated streamflow correspond with the observed streamflow at
Tangnaihai and Lanzhou, as shown in Figure 19. In general, the timing of the peaks in the simulated and
observed streamflow agree, but the simulated peaks are smaller. This indicates that there is less water
available in the wet season than in the actual situation. The streamflow values during the regression part
of the hydrograph show a different pattern. This part of the simulated hydrograph has a structural delay
compared to the observed hydrograph. The issue is visible at both locations, but more strongly present at
Tangnaihai. This causes a structural overestimation of streamflow in the low flow season. This means that
more water is available during the dry season compared to the actual situation
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FIGURE 19: A) MONTHLY AND B) DAILY OBSERVED (OBS ORIGINAL), ADJUSTED OBSERVED (OBS ADJUSTED), AND
SIMULATED STREAMFLOW AT LANZHOU.

3.1.2. Natural runoff per sub-catchment
The natural runoff for the entire basin and per reach is displayed in Figure 20. The natural runoff is displayed

per reach instead of for every sub-catchment for the purpose of overview. The reaches are the same as
mentioned in paragraph 1.3. The graphs indicate that the absolute natural runoff contributions are largest
in the Upper and the Middle Reaches. The monthly average absolute contribution of the natural runoff and
its spatial distribution over the basin are displayed in Appendix E. The results in Appendix E show that the
area upstream of Lanzhou is important for the natural runoff generation in the YRB, especially the most
upstream sub-catchment 31. However, this is not true for all months. From June to September, the sub-
catchments in the other reaches become more important. During those months, the precipitation is largest
for all reaches and natural runoff depends more on precipitation than during other months. After
September, the importance of the area upstream of Lanzhou increases again. The graphs in Figure 20
confirm these findings.
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FIGURE 20: NATURAL RUNOFF PER REACH AND FOR THE ENTIRE BASIN.

The Upper and the Middle Reaches are considerably larger than the Lower Reach. In order to say something
more meaningful about the natural runoff in the reaches, the areal average monthly precipitation and
natural runoff are displayed in Figure 21. The natural runoff generation is expected to be the largest in the
Source Region, the area upstream of Lanzhou. This component was added to the graphs to compare the
natural runoff in the other areas. The graph for the Upper Reach still includes the Source Region. This implies
that the other part of the Upper Reach does not have a large contribution to the natural runoff.
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FIGURE 21: A) PRECIPITATION AND B) NATURAL RUNOFF PER REACH OF THE YRB AS AREAL AVERAGE BASED ON THE SURFACE
AREA, WHERE SOURCE REGION IS THE AREA UPSTREAM OF LANZHOU IN MM/MONTH.

The precipitation graphs confirm that the year is divided into a wet and dry period. The natural runoff
follows that division. In general, the precipitation peaks in the Lower Reach are relatively largest. The peaks
in the natural runoff for the Lower Reach are relatively even larger. That indicates that a larger part of
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precipitation becomes natural runoff in the Lower Reach than in the other reaches because the relative
difference is larger. This is a curious result. This result is supported by the average monthly natural runoff
in mm maps in Appendix F. The maps show that the values of Lower Reach, represented by sub-catchment
18, are among the largest if not the largest for every month even during the dry months. During the dry
months of the year, the precipitation approaches zero for all areas. The natural runoff in the Upper Reach
but mainly in the Source Region during those months appears to be more important than during the rest of
the year. This corresponds with the findings from the absolute contributions. The reason for the increased
relative importance of the Source Region during the dry months is the significant snowmelt process in the
area (Zhang et al., 2008). The relative importance of snowmelt in the Source Region increases during the
months there is little precipitation in the basin. This is why the areal average and absolute natural runoff of
the Upper Reach and Source Region never approach zero during dry months.
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FIGURE 22: ESTIMATED ANNUAL NATURAL RUNOFF YRB ACCORDING TO SWAT AND THE YRCC (YRCC, 2015).

Figure 22 shows the comparison of the annual natural runoff from SWAT with the estimations by the YRCC
from 2010 to 2014.The YRCC estimations are systematically smaller than the natural runoff computed by
the SWAT model for the same period. However, the graphs exhibit a similar pattern over the years. The
YRCC estimates the natural runoff by assuming the actual streamflow (Q,.:) and adjust it for total surface
water withdrawal (W;,tq;) and reservoir storage change (AS), see Equation 20 (Li et al., 2001). Here the
surface water withdrawal is the amount of water that is withdrawn from surface water in the YRB and is
not completely equal to the BWF of the basin. The difference between methods could cause the
systematical difference between the two methods.

ROyt = Qact + Wiotar + AS (20)
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3.2. Blue water availability
The blue water availability result for the two EFR methods are displayed in Figure 23. The PRE method is

more precautious and reserves 80% of the natural runoff for the environment. The VMF method reserves
60, 45, or 30% of the natural runoff for the environment depending on the flow season, either low, medium,
or high flow. July to September comprises the high flow season, December to April the low flow season,
and May, June, and October the medium flow season. The smaller percentage of natural runoff reserved
for the environment in the VMF method results in a larger BWA than for the PRE method. This becomes
clear during the high flow season, where the VMF line is relatively larger than during the other months of
the year. This can be explained by the fact that the EFR percentage for the VMF method is relatively smaller
than the 80% for the PRE method during the high flow season. This is in line with the assumption of this
method based on the distinction of flow seasons.
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FIGURE 23: BLUE WATER AVAILABILITY AS A PART OF THE NATURAL RUNOFF, RONAT, ACCORDING TO THE PRESUMPTIVE STANDARD
APPROACH (PRE) AND THE VARIABLE MONTHLY FLOW METHOD (VMF) FOR THE A) ENTIRE BASIN B) UPPER REACH C) MIDDLE REACH D)
LOWER REACH.
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3.3. Blue water footprint caps
The blue water footprint cap results for the four scenarios and both EFR methods are displayed in this

paragraph. First, the default scenario in 3.3.1. Second the reservoir scenario in 3.3.2. Third the population-
based scenario in 3.3.3. And fourth the demand-based scenario in 3.3.4.

Showing the results for 31 sub-catchments causes a lack of overview. Therefore, five representative sub-
catchments are chosen to show the results for the BWF caps, indicated by the black boxes in Figure 24. Sub-
catchment 31 is the most upstream sub-catchment with a large generation of blue water and a small
population and demand and is located in the Upper Reach. Sub-catchment 17 has a small population and
demand and is located in the Upper Reach and is included to show the effect of reservoir retention. Sub-
catchment 2 has a relatively small population and a large demand, and experiences upstream reservoir
operation. This sub-catchment is expected to show the difference in population- and demand-based BWF
cap scenario and is located in at the end of the Upper Reach. Sub-catchment 23 represents the tributary
sub-catchments and is located in the Middle Reach. Finally, sub-catchment 18 is the most downstream sub-
catchment with a large population and demand and experiences upstream reservoir operation. This sub-
catchment is expected to show the effect of the population- and demand-based scenarios. Sub-catchment
18 comprises the entire Lower Reach. Sub-catchment 18 is expected to benefit from the allocation
principles that take other sub-catchments into account in BWF cap setting.

Upper Reach

m Lower Reach

FIGURE 24: SCHEMATIZATION SUB-CATCHMENTS. BLACK BOXES REPRESENT THE FIVE REPRESENTATIVE SUB-CATCHMENTS.
BLUE PENTAGONS ARE RESERVOIRS.
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3.3.1. BWF cap default
Figure 25 shows the BWF cap decreases downstream and approaches zero in the dry months. This illustrates

that this scenario favors upstream sub-catchments because there is less influence of blue water
consumption on the BWF cap. The BWF caps follow the natural temporal and spatial variability of the BWA
in combination with upstream blue water consumption. This results in a BWF cap that is close to the BWA
without consumption for sub-catchments 31 and 17, because there is little consumption in that area.
Further downstream, the BWF cap reduces during dry months due to intensive blue water consumption
and a smaller BWA. In sub-catchment 18 this leads to a BWF cap that approaches or becomes zero. Tributary
sub-catchment 23 depends completely on its local BWA. Therefore, the BWF caps have a comparable
pattern to sub-catchment 31, because both sub-catchments have no sub-catchments upstream. The
difference between the two EFR methods is obvious. Upstream they display a similar pattern, but
downstream their patterns differ mainly during dry months. This is caused by the indirect effect the EFR
methods have on the BWF cap. In addition to the direct effect on local BWA, they indirectly affect the BWF
cap by the amount of water that flows from a sub-catchment to the next. Thereby they influence the
available blue water in the system. The default BWF cap for every sub-catchment individually is given in

Appendix G.
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FIGURE 25: DEFAULT SCENARIO BWF CAPS FOR FIVE REPRESENTATIVE SUB-CATCHMENTS AND TWO EFR METHODS. Q,,,+ REPRESENTS
THE STREAMFLOW UNDER NATURAL CONDITIONS AND RO, ,; REPRESENTS THE AMOUNT OF GENERATED BLUE WATER THAT ADDS TO
THE STREAMFLOW UNDER NATURAL CONDITIONS. SUB-CATCHMENT 31 IN UPPER REACH, 17 IN UPPER REACH AND CONTAINS A
RESERVOIR, 2 IN END OF UPPER REACH, 23 TRIBUTARY IN MIDDLE REACH, AND 18 COMPRISES THE ENTIRE LOWER REACH.
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3.3.2. BWF cap with reservoirs

The graphs in Figure 26 indicate that the highs and lows in the BWF caps are flattened in the reservoir
scenario. Sub-catchment 31 and tributary sub-catchment 23 do not experience any influence from
reservoirs. Reservoir retention can be distinguished in the BWF caps of sub-catchment 17. The months
where the BWF caps do not follow the pattern of the natural streamflow are months when water is being
retained. This mainly occurs during high flow months and is expressed as a drop in BWF cap. On some
occasions, the BWF cap becomes zero indicating that the volume of retention is equal to or larger than the
BWA. Hereby, the reservoirs can lead to water scarcity during wet months since there is little or no blue
water available for consumption. The water scarcity in wet months corresponds with the findings by Zhuo
etal. (2019). Reservoir retention affects downstream BWF caps as well. In comparison with the default BWF
cap scenario, the BWF cap during wet months is smaller for sub-catchments located downstream of
reservoirs, 2 and 18. The effect of reservoir release is present in the BWF caps of sub-catchment 2 and 18
during dry months. In sub-catchment 2 this results in the BWF caps to approach the natural streamflow
during those months. A similar pattern applies to sub-catchment 18. The BWF caps are larger in the dry
months than for the default scenario but do not approach the natural streamflow. The BWF caps in do still
approach zero during the dry months due to the unlimited upstream consumption. The reservoir scenario
BWEF cap for every sub-catchment individually is given in Appendix H.
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FIGURE 26: RESERVOIR SCENARIO BWF CAPS FOR FIVE REPRESENTATIVE SUB-CATCHMENTS AND TWO EFR METHODS. Q,,,¢ REPRESENTS

THE STREAMFLOW UNDER NATURAL CONDITIONS AND RO, ,; REPRESENTS THE AMOUNT OF GENERATED BLUE WATER THAT ADDS TO THE

STREAMFLOW UNDER NATURAL CONDITIONS. SUB-CATCHMENT 31 IN UPPER REACH, 17 IN UPPER REACH AND CONTAINS A RESERVOIR,
2 IN END OF UPPER REACH, 23 TRIBUTARY IN IMIDDLE REACH, AND 18 COMPRISES THE ENTIRE LOWER REACH.
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3.3.3. BWEF cap population-based
The application of an allocation principle that takes other sub-catchments into account for BWF cap setting

based on population leads the graphs in Figure 27. The effect of the allocation principle on upstream sub-
catchments can be seen in the BWF caps of sub-catchment 31 and 17. The BWF caps decreases to such an
extent that they are hardly visible compared to the natural streamflow. The decrease of the upstream BWF
cap leads to a larger downstream BWF cap. This is mainly visible for the BWF caps of sub-catchment 18
during the low flow months. During these months, the BWF caps approach and even exceed the level of
natural streamflow. The peaks in BWF caps during high flow months remain at the same level. The BWF
caps in sub-catchment 2 decreases because, sub-catchments in the Middle and the Lower Reach are
considered in BWF cap setting. This indicates that a large part of upstream blue water is reserved for this
sub-catchment and that the population in this sub-catchment is relatively large. This corresponds with the
population map in 2.3.3. Tributary sub-catchment 23 shows a decrease of the BWF caps as a result of the
population-based allocation principle. These sub-catchments are the most upstream sub-catchment of the
river system. Therefore, the allocation algorithm considers downstream sub-catchments in the BWF cap
setting, causing the BWF cap to decrease compared to the previous scenarios. The BWF caps hardly changes
during the wet months of the year because of the relatively large BWA and relatively small BWF. The
population-based scenario BWF cap for every sub-catchment individually, is given in Appendix .
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FIGURE 27: POPULATION-BASED SCENARIO BWF CAPS FOR FIVE REPRESENTATIVE SUB-CATCHMENTS AND TWO EFR METHODS. Q.4+
REPRESENTS THE STREAMFLOW UNDER NATURAL CONDITIONS AND RO, ,; REPRESENTS THE AMOUNT OF GENERATED BLUE WATER THAT
ADDS TO THE STREAMFLOW UNDER NATURAL CONDITIONS. SUB-CATCHMENT 31 IN UPPER REACH, 17 IN UPPER REACH AND CONTAINS

A RESERVOIR, 2 IN END OF UPPER REACH, 23 TRIBUTARY IN MIDDLE REACH, AND 18 COMPRISES THE ENTIRE LOWER REACH.
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3.3.4. BWEF cap demand-based

The BWF cap graphs in Figure 28 show a similar pattern as for the population-based scenario. The upstream

BWF caps decrease and as a result, downstream BWF caps increase. The patterns of the population- and

demand-based scenarios are expected to correspond, because the allocation principles applied only differ

in the allocation factor employed. This difference is caused by the relative population and relative demand

of a sub-catchment. This is visible in the BWF caps in sub-catchment 2 and 23, where the BWF caps are

larger than in the population-based scenario implying that the relative demand is larger than the relative

population. The BWF caps in the other sub-catchments appear to be the same. The demand-based scenario

BWF cap for every sub-catchment individually is given in Appendix J.
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FIGURE 28: DEMAND-BASED SCENARIO BWF CAPS FOR FIVE REPRESENTATIVE SUB-CATCHMENTS AND TWO EFR METHODS. Q¢
REPRESENTS THE STREAMFLOW UNDER NATURAL CONDITIONS AND RO, ,; REPRESENTS THE AMOUNT OF GENERATED BLUE WATER THAT
ADDS TO THE STREAMFLOW UNDER NATURAL CONDITIONS. SUB-CATCHMENT 31 IN UPPER REACH, 17 IN UPPER REACH AND CONTAINS

A RESERVOIR, 2 IN END OF UPPER REACH, 23 TRIBUTARY IN MIDDLE REACH, AND 18 COMPRISES THE ENTIRE LOWER REACH.
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3.4. Water scarcity

In this paragraph, the temporal variability of blue water scarcity is displayed first as the time series of the
BWF cap according to the four scenarios versus the time series of the actual BWF. Second, the spatial
component of the water scarcity is expressed in average seasonal water scarcity maps. The BWF caps to
express the water scarcity in this paragraph are calculated according to the VMF method. The BWF caps are
presented according to the VMF method. This method is more sophisticated, includes the distinction in flow
season which is proven to be essential, and the PRE method could be considered too precautious (Pastor
et al., 2014; Zhuo et al., 2016). The results for the BWF caps based on the PRE method are given in Appendix
K and L for the temporal distribution and spatial distribution, respectively.

The areal average water scarcity for the 31 sub-catchments from 2010 to 2014 per scenario and the
decrease compared to the default scenario are given in Table 9. The water scarcity values are remarkably
large for both EFR and the four BWF cap scenarios. This is caused by the water scarcity values in the tributary
sub-catchments. During the dry months of the year, the generated natural runoff can be negligible in some
tributary sub-catchments. Any BWF during those months results in extremely large water scarcity values,
leading to these large areal average values. Including reservoirs for the calculation of water scarcity causes
the largest decrease in water scarcity. The application of the population- and demand-based allocation
principle on the situation with reservoirs causes the water scarcity to decrease further with the lowest
values for the demand-based scenario. Furthermore, the effect of the EFR methods on the water scarcity is
as expected based on percentages used for EFR.

TABLE 9: AREAL AVERAGE WATER SCARCITY PER SCENARIO.

Areal average Decrease from
water scarcity [-] default [%]

VMF

Default scenario 423 -

Reservoir scenario 38.5 9

Population scenario 36.9 12

Demand scenario 36.6 13
PRE

Default scenario 171.3 -

Reservoir scenario 93.8 45

Population scenario 87.2 49

Demand scenario 82.3 52

3.4.1. Temporal distribution
The four calculated BWF caps and the actual BWF for the five representative sub-catchments using the VMF

method are displayed in Figure 29. The BWF cap and the actual BWF are compared to observe the effect of
the alternative BWF cap scenarios on the possible exceedance of BWF cap by the actual BWF. An overview
of all four BWF cap scenarios according to both the VMF and PRE EFR method in combination with the
actual BWF for every sub-catchment individually is given in Appendix K.

The exceedance and non-exceedance of the BWF caps in the default scenario display the difference
between upstream and downstream, and between the dry and wet periods. The BWF cap largely exceeds
the actual BWF for sub-catchment 31 and 17, whereas downstream the actual BWF regularly exceeds the
BWEF cap. There are two sides to this exceedance further downstream. First, upstream there is little blue

water consumption and large blue water generation. Further downstream, this is not the case and the
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opposite is true. Second, the natural variability of the BWF cap does not match the variability of the actual
BWEF.

The reservoir BWF cap scenario mitigates the regional differences of the BWF caps. The five reservoirs are
located all over the mainstream of the Upper and the Middle Reach. Their location enables an equal
distribution of the available blue water over the sub-catchments. In addition, the reservoirs partly deal with
the mismatch in timing between BWF cap and actual BWF. In general, the high values from the default BWF
cap are flattened, and in return, more blue water is available in dry periods to better match the actual BWF.
However, there are still some upstream and downstream differences in BWF cap exceedance due to the
use-what-is-there-principle and the resulting unlimited upstream consumption. Tributary sub-catchments
are not affected by reservoirs. Therefore, their BWF caps and the possible exceedance remain the same.
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FIGURE 29: THE FOUR ALTERNATIVE BWF CAPS (BASED ON VMMF), AND THE ACTUAL BWF (AcT BWF), FOR THE FIVE REPRESENTATIVE SUB-
CATCHMENTS. SIMILAR GRAPHS FOR ALL SUB-CATCHMENTS AND PRE ARE INCLUDED IN APPENDIX J. SUB-CATCHMENT 31 IN UPPER REACH, 17
IN UPPER REACH AND CONTAINS A RESERVOIR, 2 IN END OF UPPER REACH, 23 TRIBUTARY IN MIDDLE REACH, AND 18 COMPRISES THE ENTIRE
LOWER REACH.

The population-based BWF cap scenario alleviates the upstream and downstream differences further. In
this scenario highs and lows are less prominently present in the BWF caps of the sub-catchments. The BWF
caps for the default and reservoir scenario are considerably larger than the population-based BWF cap in
sub-catchment 31 and 17. A more detailed analysis of the population-based BWF caps in sub-catchment 31
and 17 is given under Figure 30. The population-based BWF cap graph for sub-catchment 2 in Figure 29,
shows that the number of months the actual BWF exceeds the BWF cap in sub-catchment 2 decreases
compared to the default scenario. However, it remains at the same level compared to the reservoir
scenario. The level of exceedance increases from the reservoir to the population-based scenario, because
BWEF cap setting in sub-catchment 2 considers downstream sub-catchments. Tributary sub-catchment 23
reserves water from the default BWF for the population-based BWF cap for downstream sub-catchments.
However, the major cause for exceedance of the BWF cap is the mismatch between BWA and actual BWF.
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The main beneficiary in case of these five representative sub-catchments is sub-catchment 18. During dry
months, the actual BWF does not exceed the BWF cap or at least the level of exceedance decreases.
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FIGURE 30: BWF CAP POPULATION- AND DEMAND-BASED SCENARIOS FOR SUB-CATCHMENT 31 AND 17 ACCORDING TO THE
VMF METHOD.

Figure 30 shows the BWF cap for the population-based scenario in sub-catchment 31 and 17. The BWF cap
in sub-catchment 31 decreases to such an extent that the little blue water consumption there is, exceeds
the BWF cap for a few months each year. The BWF cap in sub-catchment 17 displays a few exceedances as
well, but these exceedances can be attributed to reservoir retention rather than the reservation of blue
water for downstream sub-catchments.

The findings for the demand-based scenario are similar to the population-based findings. However, the
demand-based scenario appears to be a better match for the actual BWF. The graphs in Figure 30 show that
the BWF cap in sub-catchment 31 is less often exceeded and the BWF cap corresponds more with the actual
BWEF in sub-catchment 17. In addition, the graphs in Figure 29 show the BWF cap better matches the actual
BWEF of sub-catchment 2 and 23 as well. This implies that the relative demand is larger than the relative
population in those four sub-catchments. The BWF cap for sub-catchment 18 corresponds with the
population-based BWF cap, because the relative population and relative demand are large for this sub-
catchment. However, the timing component of the BWF cap and the actual BWF remains an issue. A reason
for the mismatch in timing for the demand-based scenario could be that the past BWF data for the BWF
cap setting are different from the BWF data for the study period. Figure 31 rejects this claim because it
shows that the pattern of actual BWF has not changed over the two periods. An explanation for the
difference between the timing of BWF cap and actual BWF, is the fact that the timing of BWA is not
influenced by allocation principles. The timing is determined by the natural variability of BWA and the
operation of reservoirs. The two scenarios only determine how available blue water is allocated over the
31 sub-catchments. To adjust the timing of BWA and BWF cap the operation of reservoirs could be adjusted.
However, the operation of reservoirs cannot be based on adjusting the timing of BWA alone, because it
depends on hydroelectricity generation, flood control, ice prevention, and sediment flushing as well (Zhuo
et al., 2019).
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FIGURE 31: COMPARISON OF AVERAGE MONTHLY BWF FOR THE YRB BETWEEN 2000-2009 (ReD) AND 2010-2014
(BLUE).
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3.4.2. Spatial distribution
This section shows the effect of the four allocation scenarios on the spatial distribution of water scarcity.

The presented water scarcity results are seasonal averages for 2010 — 2014.

Figure 32 illustrates the spatial distribution of water scarcity over the sub-catchment for spring. The default
scenario shows the previously mentioned spatial differences between upstream and downstream sub-
catchments. The reservoir scenario displays the effect of reservoirs on the temporal and spatial component
of BWA. Additional blue water is released corresponding with the timing of the increasing BWF. This causes
severe water scarcity to start further downstream compared to the default scenario. The effect of the
spatial component on BWA is visible in the sub-catchments all the way downstream and is expressed as a
decrease in water scarcity compared to the default scenario. The distribution of water scarcity is more equal
for the population- and demand-based scenarios. Upstream reserved blue water leads to a local increase
of water scarcity but causes a decrease in water scarcity downstream. A more equally distributed water
scarcity indicates smaller extreme values, both high and low. This means that the regional differences in
the severity of environmental damage due to blue water consumption decrease. The distribution of water
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FIGURE 32: AVERAGE BLUE WATER SCARCITY SPRING (IMARCH — MAY) PER SUB-CATCHMENT OF THE YRB (2010 — 2014)
USING BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) RESERVOIR SCENARIO, C) POPULATION-BASED SCENARIO, AND
D) DEMAND-BASED SCENARIO USING VMF. THE CLASSES < 0.5 AND 0.5-1 INDICATE LOW, 1-1.5 MODERATE, 1.5-2
SIGNIFICANT, AND 2-3, 3-5 AND > 5 SEVERE WATER SCARCITY. FOR PRE RESULTS, SEE APPENDIX L.
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scarcity is more equal for the demand-based scenario than for the population-based scenario. The maps of
the two scenarios indicate that the BWF cap based on population show the mismatch of population and
actual BWF. This is visible as the larger regional differences in water scarcity for the population-based
scenario. In general, tributary sub-catchments experience severe water scarcity in spring, because they
completely depend on local BWA. Finally, the water scarcity in spring is caused by the little generation of
blue water and BWF. The former is the main cause of water scarcity. Appendix E shows the natural runoff
in spring is still small, while Figure 31 indicates the BWF is increasing but has not reaches its peak yet.

40°0'0"N

35°0'0"N

Legend

Legend
@ Reservoir

— River e et

F WS [-]

40°00'NY <05

Emos-1

[1-15

[ l15-2

P! N

[ ERE :

B3

35°0'0"N

40°0'0"N

35°0°0"NA

0 125 250 500 750 1,000 0 125 250 500 750 1,000
—— Km —— Km
T T T T T T T T
100°0'0"E 105°0'0"E 110°0'0"E 115°0'0"E 100°0'0"E 105°0'0"E 110°0'0"E 115°0'0"E
a) Default b) Reservoir
Legend Legend
@ Reservoir I @ Reservoir _
—— River A ‘ e —— River —~ - i
I N ; .
Ws[] F WS [-] R
<05 A0OUNT <05
os-1 os-1
1-15 1-15
[115-2 [115-2
o -
[z-3 - 23 ik
-5 -5 (

X

X

35°0°0"NA

0 125 250 500 750 1,000 0 125 250 500 750 1,000
— Km — Km
100“;]‘0"!2 1US°lI]'0“E 110“2)‘0”E 115“2)‘0”E 100“;]‘0"!2 1US°lI]'0“E 110“2)‘0”E 115“2)‘0”E
¢) Population-based d) Demand-based

FIGURE 33: AVERAGE BLUE WATER SCARCITY SUMMER (JUNE — AUGUST) PER SUB-CATCHMENT OF THE YRB (2010 — 2014)
USING BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) RESERVOIR SCENARIO, C) POPULATION-BASED SCENARIO, AND
D) DEMAND-BASED SCENARIO USING VMF. THE CLASSES < 0.5 AND 0.5-1 INDICATE LOW, 1-1.5 MODERATE, 1.5-2
SIGNIFICANT, AND 2-3, 3-5 AND > 5 SEVERE WATER SCARCITY. FOR PRE RESULTS, SEE APPENDIX L.

Figure 33 shows the average water scarcity results in summer. The summer water scarcity results are
remarkably similar to the water scarcity results during spring. In general, the water scarcity values are lower
in summer than in spring. This is caused by the larger generation of blue water than during spring, see
Appendix E. This is visible as a decrease in water scarcity locally for the default scenario. The reservoir
scenario alleviates a part of the water scarcity due to timing of BWA and location of reservoirs compared
to the default scenario. The most upstream reservoir, Longyangxia, shows an increase in water scarcity due
to reservoir retention. This is visible as an increase in water scarcity from the default to the reservoir
scenario. In combination with blue water reservation in this sub-catchment for the population- and
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demand-based scenarios, the retention causes severe water scarcity. The population and demand-based

scenarios lead to a more equal distribution of water scarcity, where the distribution for the demand-based

scenario is more equal. Tributary sub-catchments mainly experience extreme water scarcity in summer as

well. However, during summer the water scarcity values are smaller due to the larger blue water

generation. The large water scarcity in summer is mainly caused by a high BWF. The natural runoff is large,

but simultaneously the BWF in the basin is at its peak.

The maps in Figure 34 illustrate that blue water scarcity in autumn is hardly present. The mainstream sub-

catchments experience no water scarcity, whereas certain tributary sub-catchments show severe water

scarcity. The effect on the four allocation scenarios on water scarcity is least present during this season.

Even for the default scenario, there is little water scarcity present in the YRB. The population- and demand-

based scenarios affect the water scarcity values for some of the tributary sub-catchments and cause them

to increase. The overall decrease in blue water scarcity is attributed to the large generation of blue water

and the decreasing BWF.
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FIGURE 34: A BLUE WATER SCARCITY AUTUMN (SEPTEMBER — NOVEMBER) PER SUB-CATCHMENT OF THE YRB (2010 -
2014) usING BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) RESERVOIR SCENARIO, C) POPULATION-BASED SCENARIO,
AND D) DEMAND-BASED SCENARIO USING VMF. THE CLASSES < 0.5 AND 0.5-1 INDICATE LOW, 1-1.5 MODERATE, 1.5-2

SIGNIFICANT, AND 2-3, 3-5 AND > 5 SEVERE WATER SCARCITY. FOR PRE RESULTS SEE APPENDIX L.
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Figure 35 shows the average water scarcity during winter. The spatial distribution differs not much among
the four scenarios. The small BWF is the main reason for low water scarcity in the mainstream. However,
compared to the results in autumn, there is more water scarcity in the tributary sub-catchments. This can
be ascribed to the distribution of blue water generation in winter. The generation of blue water in the basin
is smallest during winter and a large part is generated in the Source Region, see Appendix E. The sub-
catchments in the mainstream benefit from this generated blue water. Since there is little blue water
consumption indicate by the graphs in Figure 31, the generated blue water reaches the most downstream
sub-catchment. The tributary sub-catchments do not benefit from this upstream blue water and depend on
their little locally generated blue water for the small BWF in winter. Leading to severe water scarcity in the
highest class (> 5).
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FIGURE 35: AVERAGE BLUE WATER SCARCITY WINTER (DECEMBER — FEBRUARY) PER SUB-CATCHMENT OF THE YRB (2010 -
2014) uSING BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) RESERVOIR SCENARIO, C) POPULATION-BASED SCENARIO,
AND D) DEMAND-BASED SCENARIO USING VMF. THE CLASSES < 0.5 AND 0.5-1 INDICATE LOW, 1-1.5 MODERATE, 1.5-2
SIGNIFICANT, AND 2-3, 3-5 AND > 5 SEVERE WATER SCARCITY. FOR PRE RESULTS SEE APPENDIX L.

In all four seasons, the water scarcity in tributary sub-catchments increases between scenarios applying the
use-what-is-there principle and the scenarios that consider other sub-catchments. This is a curious result.
The results for the PRE EFR method in Appendix L, show a similar pattern as the results in this paragraph.
The main difference is that the general water scarcity is larger for PRE than for VMF.
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4. Discussion

In this chapter, the results from this study are compared with results from previous studies in 4.1. The
limitations of the study are discussed in 4.2. Finally, the practical implications of the BWF cap are discussed
in4.3.

4.1. Comparison with previous studies
The average annual natural runoff estimated by SWAT in this study is within the reported range of the

estimates in other studies of the YRB. Table 10 shows the comparison of the annual natural runoff between
this study and other studies. The reconstructed method is a method similar to the one the YRCC uses as
described in 3.1.2. Even though the annual average natural runoff in this study is larger than most of the
averages from other studies, it is still within the range of reported studies.

TABLE 10: AVERAGE ANNUAL NATURAL RUNOFF FOR ENTIRE YRB COMPARED TO OTHER STUDIES.

Average annual natural Study Period Method
runoff
5.31 % 1010 m3 YRCC 2010 - 2014 Reconstructed
5.33 %1010 m3 Wang et al. (2019b) 1956 — 2016 Reconstructed
5.97 * 1010 m3 Cong et al. (2009) 2001 — 2005 Hydrological model
6 *101° m3 Ran & Lu (2011) 1950 — 2009 Reconstructed
6.12 * 1010 m3 Li & Yang (2004) 2000 — 2009 Reconstructed
6.24 * 1010 m3 Yuan et al. (2018) 1986 — 2011 Hydrological model
6.36 * 101 m3 This study 2010-2014 Hydrological model
7.31 % 1010 m3 Zhuo et al. (2019) 2002 - 2005 Hydrological model

Table 11 illustrates the difference between the distribution over the three reaches of this study and the
initial expectations based on Zhuo et al. (2019) and Wang et al. (2019b). As mentioned in 3.1.2., the
distribution of generated annual natural runoff over the three reaches does not comply with the
expectations. The Lower Reach shows an exceptionally large natural runoff in mm per month compared to
the Upper Reach, which is the largest contributor to the natural runoff. Although Wang et al. (2019b) show
the Upper Reach generated relatively less and the Middle Reach a bit more compared to Zhuo et al. (2019),
they both agree on the small contribution to the natural runoff of the Lower Reach.

TABLE 11: AVERAGE PERCENTAGE OF GENERATED ANNUAL NATURAL RUNOFF PER REACH.

This study Zhuo et al. (2019) Wang et al. (2019b)
Upper Reach 50 67 60
Middle Reach 37 31 39
Lower Reach 13 2 1

The difference in percentages can be explained by the large precipitation events in the Lower Reach, but
mainly by the fact that a larger part of this precipitation becomes natural runoff. The precipitation is
relatively large in the Lower Reach compared to the other reaches, but this corresponds with other studies
(Zhang et al., 2014; Yuan et al., 2017). The amount of this precipitation that becomes runoff is determined
by SWAT. This is larger in the Lower Reach than in other reaches. The absolute average annual natural
runoff per reach from this study is compared with studies by Zhuo et al. (2019) and Wang et al. (2019b).
The comparison indicates that the natural runoff in the Upper Reach is comparable, the Middle Reach is
slightly larger, and the Lower Reach considerably larger. The overestimation of the Lower Reach and, to a
smaller extent of the Middle Reach, could be attributed to the partial calibration and validation of the SWAT
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model. The the Middle and Lower Reach are not included in the calibration. The method of partial
calibration and validation were based on the assumption that two-thirds of the annual natural runoff is
generated in the area upstream of Lanzhou. Thereby, assuring the reliability of two-thirds of the natural
runoff results. The different annual natural runoff distribution in this study could decrease the reliability of
the natural runoff results. However, it should be kept in mind that the studies by Zhuo et al. (2019) and
Wang et al. (2019b) were performed for a different study period and used other methods to estimate the
natural runoff. Either an alternative hydrological model or the method of reconstructing the natural runoff.

To assure the robustness of results, the natural runoff of this study is altered according to the reported
distribution. The natural runoff of the Upper and Middle Reach were considered to be 98% of the total
average annual natural runoff. This amount is used to scale the natural runoff in the Lower Reach as 2% of
the total. The alternative distribution is 57%, 41%, and 2% for the Upper, Middle and Lower Reach. The total
annual natural runoff becomes 5.64 * 101° m3. The distribution matches the reported distributions closer,
and the natural runoff is within the reported range and closer to the YRCC estimations. The daily distribution
of natural runoff from SWAT in the Lower Reach is used to recalculate the BWF caps and blue water scarcity.
The overall findings of the study do not change. The use-what-is-there principle only affects the water
scarcity in the Lower Reach. The water scarcity increases, because upstream sub-catchments do not
consider the Lower Reach. Therefore, the effect of a smaller BWA locally, only affects the water scarcity in
the Lower Reach. The population- and demand-based scenarios show a smaller increase in water scarcity
in the Lower Reach since these principles consider all blue water in the system for BWF cap setting. The
areal average water scarcity in the whole basin from 2010 to 2014 increases by 1.2, 0.9, 0.7, and 0.3% for
the default, reservoir, population-based, and demand-based scenario, respectively. An allocation principle
that considers all blue water in the system compensates for less blue water downstream by lowering the
BWEF cap in the whole basin. This leads to a smaller overall increase in areal average water scarcity than
when the decrease in blue water is confined to one location and the corresponding larger local water
scarcity.

The water scarcity findings correspond with other studies for the YRB by Zhuo et al. (2016) and Zhuo et al.
(2019). The water scarcity results of PRE default scenario are compared with Zhuo et al. (2016) and Zhuo et
al. (2019). Zhuo et al. (2016) calculated the water scarcity at a 5x5 arc min grid level. The spring (April) and
summer (July) water scarcity results show a similar pattern of water scarcity and show a large part of the
basin exhibits severe water scarcity. The water scarcity worsens from upstream to downstream, and the
water scarcity decreases from spring to summer. Zhuo et al. (2019) divided the basin according to the three
reaches. The basin experienced severe water scarcity for four months, moderate for one, and low for seven
months per year. The number of months of severe water scarcity increased from upstream to downstream.
The water scarcity results of the PRE reservoir scenario are compared with Zhuo et al. (2019). They
calculated the water scarcity for the situation with reservoirs as well. The number of months the basin
experienced severe water scarcity changed to severe water scarcity for three, significant for one, moderate
for four, and low for four. The differences in water scarcity between the three reaches decreased compared
to the situation with no reservoirs. These findings above correspond with the results of this study.

The EFRs are determined using the PRE and VMF methods which are both developed to protect the
environment in and around rivers with no site-specific requirements (Richter et al., 2012; Pastor et al.,
2014). There are considerable differences in the amount of water that should be reserved for the
environment between the two EFR methods, and many more are methods available. In a perfect situation,
the EFR is estimated based on onsite measurement of streamflow and the environment’s response (Poff,
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et al.,, 2010). For the YRB, an estimate of EFR was formulated by Yang et al. (2009b) based on classification
and regionalization of the ecosystem, multiple ecological management objectives and spatial variability of
the EFR. They reported an annual minimum EFR of 55% of the annual natural runoff. This value exceeds the
annual average over all sub-catchment for VMF of 46% but is reasonably smaller than the 80% according to
PRE. In general, literature agrees that BWA increases from the application of PRE to VMF as EFR method
(Hogeboom et al., 2020; Sharma & Dutta, 2020). The BWF cap and water scarcity follow the trend of BWA
and decrease from the application of PRE to VMF.

4.2. Limitations

The water scarcity for the tributary sub-catchments paints a picture of almost constant water scarcity in the
highest category. However, this might be an exaggeration of the actual situation because more reservoirs
are present than the five included in this study. This includes reservoirs in tributary sub-catchments as well.
The five major and large reservoirs in this study account for 78% of the total storage capacity and the
reservoirs in the tributary rivers account for 6% of the storage capacity (Ran & Lu, 2011). The reservoirs in
tributary sub-catchments would mainly influence the local BWA instead of the BWA in mainstream sub-
catchments due to the small storage capacity percentage compared to the mainstream reservoirs.
However, as shown in 3.3. & 3.4., reservoirs substantially influence the timing of BWA and thereby water
scarcity. This applies at a local level for tributary sub-catchments as well and could significantly alter the
water scarcity in tributary sub-catchments.

The dependency on local BWA of tributary sub-catchments cause them to be prone to water scarcity. The
population- and demand-based scenarios increase the water scarcity of tributary sub-catchments.
According these scenarios the tributary sub-catchments are responsible for blue water in downstream sub-
catchments, because the underlying allocation principles use the right to blue water to calculate the BWF
cap. Thisimplies that a tributary sub-catchment must reserve blue water for downstream, mainstream sub-
catchments. Even though the tributary sub-catchment already experiences water scarcity itself for the
reservoir scenario. In some cases, blue water from tributary sub-catchment is reserved for mainstream sub-
catchments while the mainstream sub-catchments do not require this additional blue water. However, the
reservation of the additional blue water leads to an increase in water scarcity in the tributary sub-
catchments. This could be prevented by assigning the local BWA to the tributary sub-catchment and thus
applying the use-what-is-there principle locally. However, this is not a general solution since the
relationship between mainstream and tributary sub-catchment can be different in other basins. An
additional component to the population- and demand-based allocation principle could be implemented.
This additional component could include the actual BWF of a downstream sub-catchment or the effect on
water scarcity of a certain allocation of blue water. The BWF for the first option determines if a downstream
sub-catchment requires additional water from a tributary sub-catchment. This BWF is different from the
BWEF for the allocation factor in the demand-based allocation principle, because the latter BWF is past
demand to determine the allocation factor. The second option for the additional component would
determine the effect on water scarcity of a certain blue water distribution and allocate blue water to the
sub-catchment that benefits most. This, in combination with the reservoirs, provides a more realistic
representation of water scarcity in tributary sub-catchments.

Literature has not provided a value for the travel time of a sub-catchment or a value for the total travel
time through the mainstream river channel. Therefore, the (total) travel time through the river channel of
the sub-catchments cannot be compared. The travel time outcome from SWAT is directly used without
validation in the BWF cap calculations. The travel time is an important component for the timing of the BWF
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cap to match reality as closely as possible. The use of unvalidated travel time affects the reliability of the
BWEF caps’ timing negatively. To assure the timing of BWF caps, the travel time should be validated.

The components in the demand-based allocation principle are not tailored for the YRB specifically and are
therefore applicable to all basins. Simulation of the natural runoff is not limited to SWAT. Another
hydrological model or the reconstruction of natural runoff could be used. However, SWAT is convenient for
the delineation of sub-catchments. In addition, the reservoirs are implemented at the outlets of sub-
catchments. The equations for the calculation of BWF caps in demand-based scenarios are based on this
configuration. Therefore, SWAT is advised as the hydrological model for the BWF cap calculations according
to this scenario. Furthermore, the EFR methods to estimate BWA are not limited to VMF and PRE. The
findings in the study can be interpreted more broadly than the YRB. The effect of accounting for other sub-
catchments in BWF cap setting has a clear effect on the water scarcity distribution in this basin. This
distribution is not based on YRB specific characteristics other than population and demand. The effect on
the water scarcity distribution will show in other basins as well, using their population and demand.

4.3. Practical implications of BWF cap
The BWF cap in this study is calculated monthly at sub-catchment level to deal with the temporal and spatial

variability of BWA. However, bringing the BWF cap to practice as a policy instrument is not as
straightforward as implementing these calculated BWF caps in this study. The BWF caps calculated in this
study are based on previous data, e.g. meteorological and actual BWF data. To actively protect the
environment, a BWF cap should be implemented as the future upper limit of consumption based on
previous BWA and BWF. The inter- and intra-annual variability of BWA in the YRB as presented in 3.2.
complicate BWF cap setting. Hogeboom et al. (2020) point out that choosing a certain BWA is a tradeoff
between underutilization of the actual BWA and violating the EFR. On the one hand, if the actual BWA is
larger than the chosen BWA, additional blue water is available that is not utilized. On the other hand, if the
actual BWA is smaller than the chosen BWA, the EFR is violated in BWF cap setting. A balance between the
two is achieved by taking the average BWA over several years. The threat of water scarcity in the YRB
requires protection of the environment by setting a BWF cap. The potential underutilization of selecting a
relatively small BWA may not be feasible for the YRB due to the large demand. A BWF cap that on average
protects the environment is already a major improvement of the current situation and should be based on
the average BWA over several years. The average BWA for the BWF cap should capture the effect of climate
change. Climate change is an ongoing and gradual process, but abrupt climate change could occur within a
few decades (IPCC, 2007; IPCC, 2018). In order to capture the intra- and inter-annual and the effect of
climate change, the average BWA should be based on the previous BWA of a 15 to 20-year period.

The BWF cap setting should apply the demand-based allocation principle or an adjusted version of it to
allocate the average BWA. The demand-based scenario showed the lowest water scarcity and the most
equal spatial distribution over the sub-catchments of the four scenarios. The allocation based on past blue
water demand matches the actual BWF best. However, this is only true if the pattern of past demand
matches the pattern of actual BWF. Therefore, the allocation factor of demand should be updated each
year to include the previous year in the allocation of the coming year. Instead of considering a long-term
average like for blue water availability, the factor should be based on recent spatial patterns of demand to
better match the actual demand. The average over five years includes the recent spatial pattern and
excludes the possibility of a non-representative allocation factor based on a shorter period.
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To increase the likelihood of enforcing BWF caps, they should be defined at administrative jurisdictions
(zhou et al., 2019). The administrative jurisdiction would know how much blue water is available for
consumption and divide it over its users. Agreements between countries in a transboundary basin are
required for the BWF cap setting to be successful. In fact, there are many more aspects that could influence
BWF cap setting like existing legal and governance structures such as BWF permits that already have been
issued (Hogeboom et al., 2020). However, the allocation algorithm itself is not hindered by boundaries and
administrative jurisdictions. Therefore, it can be applied in all basins.
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5. Conclusion and recommendations

In this chapter, the main findings and conclusion are presented in 5.1. The recommendation following from
these findings and the discussion are displayed in 5.2.

5.1. Conclusion
The objective of this study was to examine the effect of defining alternative monthly BWF caps at sub-
catchment level on the blue water scarcity for the YRB from 2010 — 2014. The BWF caps are based on four
alternative allocation principles and two EFR methods.

The first of the four allocation principles, expressed as four scenarios, was the default allocation scenario.
The effect of the other three allocation scenarios was compared with the default scenario. The scenario is
based on the natural temporal and spatial variability with the application of the use-what-is-there principle.
The second scenario included five major reservoirs and applied the same principle. The operation of the
reservoirs changed the timing of BWA by retention and release. The location of reservoirs changed the
spatial distribution of BWA. Thereby, the reservoirs changed the timing and spatial distribution of the BWF
cap as well. The third and fourth scenario continued with the reservoirs and accounted for other sub-
catchments in the BWF cap calculation. The BWF cap was calculated as a right to blue water by using either
the relative population or blue water demand size, respectively. The BWA for allocation is determined using
two EFR methods, VMF and PRE. The BWA was larger for VMF than for PRE because PRE is a more
precautious method. This inversely affected the water scarcity.

The use-what-is-there principle favors upstream sub-catchments because they can consume all sustainable
blue water present without considering downstream sub-catchments. This resulted in an increasing blue
water scarcity from upstream to downstream, especially in dry seasons when the BWF is large. The addition
of reservoirs in the second scenario caused a decrease in blue water scarcity and the difference of blue
water scarcity between upstream and downstream sub-catchments due to their temporal and spatial
influence on BWA.

However, the application of the use-what-is-there principle still leads to spatial differences in blue water
scarcity, because a sub-catchment can consume all blue water that is sustainably available. The third and
fourth scenarios allocate the available blue water more evenly over the sub-catchments, thereby
decreasing the difference in blue water scarcity between sub-catchments. The other sub-catchments are
taken into account by limiting the blue water consumption in some upstream sub-catchments, i.e. lowering
the BWF cap. This enables an increase in BWF cap in other downstream sub-catchments. The scenario that
considered the relative demand lead to lower overall blue water scarcity and the smallest differences
between sub-catchments than the scenario that considered the relative population.

The timing of BWA is influenced by its natural temporal and spatial variability, and the operation of
reservoirs. An allocation based on the use-what-is-there principle leads to large regional differences in BWF
caps and water scarcity, increasing from upstream to downstream. An allocation principle that considers
other sub-catchments mitigates regional differences between upstream and of the BWF caps and water
scarcity. The allocation considering other sub-catchments and based on past demand shows the lowest
water scarcity values and the most equal distribution of water scarcity if the pattern of past demand and
actual demand correspond.
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5.2. Recommendation
Based on the results of this study, it is recommended to carry out future research on BWF cap setting and
blue water scarcity by continuing to include reservoirs. Reservoirs in tributary sub-catchments should be
included in future research as well to obtain a more complete picture of water scarcity in these sub-
catchments.

In some cases, the population- and demand-based scenarios lead to an increased water scarcity in tributary
sub-catchments with respect to the default and reservoir scenarios. The allocation principle in the
population- and demand-based scenarios calculates the right to the blue water of a sub-catchment to set
the BWF cap irrespective to the needs of a sub-catchment. A future application of these allocation principles
could include the needs of a sub-catchment as an addition to the calculation of the right to a certain amount
of blue water. This could be implemented as a validation to check whether a downstream sub-catchment
requires the reservation of upstream blue water. An alternative solution could be to check what sub-
catchment would benefit more from the allocation of a certain amount of water.

For the implementation of the BWF cap, it is recommended to use the demand-based allocation principle
based on the average BWA over a period from 15 to 20 years. The demand-based principle assumes that
past demand matches the actual demand in the YRB. The allocation factor that is applied in this principle
should be based on a 5-year period prior to the year of BWF cap setting, to capture the change and the
most recent spatial distribution in demand. Furthermore, it is recommended to use VMF as EFR method. It
is a sophisticated method that captures the natural variability in a river basin and has proven its worth in
many types of basins around the world.
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Appendices

Appendix A — Hydrologic operation SWAT
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FIGURE 36: HYDROLOGIC FLOW CHART SWAT MODEL (ARNOLD ET AL., 1998).



Appendix B — Soil classes
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Appendix C —HRUs
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FIGURE 38: HRUS USED BY SWAT FOR THE SIMULATION OF NATURAL RUNOFF

64

UNIVERSITY OF TWENTE.



Appendix D — Additional validation
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FIGURE 39: A) DAILY AND B) DAILY WITH HUMAN INFLUENCE AS BWF AND SIMULATED STREAMFLOW AT TANGNAIHALI.
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Appendix E —Monthly average natural runoff

%10° Monthly average natural runoff contribution per sub-catchment (2010-2014)
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FIGURE 42: AVERAGE MONTHLY NATURAL RUNOFF PER SUB-CATCHMENT IN M3 PER MONTH (2010 —2014).
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Appendix F — Natural runoff in mm/month
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Appendix G — BWF cap default scenario
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FIGURE 44: DEFAULT SCENARIO BWF CAP PER SUB-CATCHMENT INDIVIDUALLY FOR PRE AND VIMF METHOD INCLUDING
NATURAL STREAMFLOW (Q,,4¢) AND NATURAL RUNOFF (RO, 4;)-
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Appendix H— BWF cap reservoir scenario
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%102 Sub-catchment 29
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FIGURE 45: RESERVOIR SCENARIO BWF CAP PER SUB-CATCHMENT INDIVIDUALLY FOR PRE AND VIMF METHOD INCLUDING
NATURAL STREAMFLOW (Q,,4¢) AND NATURAL RUNOFF (RO, 4;)-
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Appendix | — BWF cap population-based scenario
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FIGURE 46: POPULATION-BASED SCENARIO BWF CAP PER SUB-CATCHMENT INDIVIDUALLY FOR PRE AND VMIF METHOD
INCLUDING NATURAL STREAMFLOW (Q,,,:) AND NATURAL RUNOFF (RO, 4¢)-
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Appendix ] — BWF cap demand-based scenario
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FIGURE 47: DEMAND-BASED SCENARIO BWF CAP PER SUB-CATCHMENT INDIVIDUALLY FOR PRE AND VMF METHOD
INCLUDING NATURAL STREAMFLOW (Q,,,:) AND NATURAL RUNOFF (RO, ¢)-
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Appendix K—Temporal time series water scarcity

K.1. Variable monthly flow method
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FIGURE 48: VMF METHOD BWF CAPS PER SUB-CATCHMENT INDIVIDUALLY FOR ALL FOUR SCENARIOS WITH THE ACTUAL
BWEF As BARS.
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K.2. Presumptive standard approach
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FIGURE 49: PRE METHOD BWF CAPS PER SUB-CATCHMENT INDIVIDUALLY FOR ALL FOUR SCENARIOS WITH THE ACTUAL BWF
AS BARS.
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Appendix L — Seasonal water scarcity maps presumptive standard approach
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FIGURE 50: AVERAGE BLUE WATER SCARCITY SPRING (IMIARCH — MIAY) PER SUB-CATCHMENT YRB (2010 — 2014) USING
BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) SCENARIO CONSIDERING RESERVOIRS, C) POPULATION-BASED
SCENARIO, AND D) DEMAND-BASED SCENARIO USING PRE EFR METHOD.
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FIGURE 51: AVERAGE BLUE WATER SCARCITY SUMMER (JUNE — AUGUST) PER SUB-CATCHMENT YRB (2010 —2014) USING
BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) SCENARIO CONSIDERING RESERVOIRS, C) POPULATION-BASED
SCENARIO, AND D) DEMAND-BASED SCENARIO USING PRE EFR METHOD.
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FIGURE 52: AVERAGE BLUE WATER SCARCITY AUTUMN (SEPTEMBER — NOVEMBER) PER SUB-CATCHMENT YRB (2010 —
2014) uSING BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) SCENARIO CONSIDERING RESERVOIRS, C) POPULATION-
BASED SCENARIO, AND D) DEMAND-BASED SCENARIO USING PRE EFR METHOD.
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FIGURE 53: AVERAGE BLUE WATER SCARCITY WINTER (DECEMBER — FEBRUARY) PER SUB-CATCHMENT YRB (2010 —2014)
USING BWF CAPS ACCORDING TO A) DEFAULT SCENARIO, B) SCENARIO CONSIDERING RESERVOIRS, C) POPULATION-BASED
SCENARIO, AND D) DEMAND-BASED SCENARIO USING PRE EFR METHOD.
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