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A B S T R A C T   

The amount of groundwater and surface water consumed in a river basin constitutes the blue water footprint 
(BWF). To safeguard the environment, it has been suggested to set a cap to the BWF based on blue water 
availability (BWA). BWA depends on the precipitation that becomes runoff and the need to reserve environ-
mental flow requirements. Previous studies determined BWF caps based on the use-what-is-there principle, 
which assumes that all BWA in a sub-catchment may be consumed locally, without the need to reserve water for 
downstream. However, BWA in an upstream sub-catchment does not have to be consumed locally but could be 
consumed downstream instead, thereby mitigating blue water scarcity in downstream areas. Therefore, this 
study aims to investigate the effect of alternative allocation principles – that account for downstream demands – 
to set monthly BWF caps per sub-catchment on BWS levels across a large river basin. We take the Yellow River 
basin for the period 2010 to 2014 as a case study to evaluate four scenarios of BWF cap-setting. We compare the 
‘natural’ and ‘reservoir’ scenario that both apply the use-what-is-there principle to determine the effects of 
reservoirs on BWF caps. We then apply two alternative allocation principles that take relative population size 
(‘population-based’ scenario) and historic blue water demand (‘demand-based’ scenario) as a basis to determine 
BWF caps per sub-catchment and compare the effects against the ‘reservoir’ scenario. Our results confirm pre-
vious findings on the effects of reservoirs on caps. We further find that blue water scarcity increases from up-
stream to downstream under the use-what-is-there principle. Both the population- and demand-based scenarios 
reduce upstream-downstream differences in the degree of blue water scarcity. The demand-based scenario is 
most effective in this respect. On the other hand, the population-based scenario leads to the smallest upstream- 
downstream differences in BWA per capita. The results feed into a discussion on alternative approaches to set 
BWF caps in a large river basin which needs to take place for BWF caps to become effective and practical 
concepts in policy making.   

1. Introduction 

Freshwater scarcity, the competition between different human ac-
tivities and ecosystems over limited freshwater flows, occurs across the 
globe. The ultimate source of freshwater availability is precipitation 
over land, which subsequently feeds rivers, recharges groundwater (blue 
water flows), recharges soil moisture and evaporates from the (vege-
tated) land surface (green water flows). Both green (Schyns et al., 2015; 
Schyns et al., 2019) and blue water are scarce, but here we focus on the 
allocation of blue water resources and blue water scarcity (as further 

discussed in Section 4.2). Severe water scarcity affects many river basins 
around the world (Hoekstra et al., 2012) and four billion people for at 
least one month per year (Mekonnen and Hoekstra, 2016). Water scar-
city can lead to a lack of freshwater for basic human needs and cause 
harm to aquatic ecosystems (Vörösmarty et al., 2010). In recent decades, 
human interventions in river systems have helped to mitigate water 
scarcity to some extent (compared to scenarios without interventions), 
but they also caused downstream areas to be more affected by water 
scarcity compared to upstream areas (Veldkamp et al., 2017). 

Water scarcity is a growing concern, since human freshwater 
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consumption has been consistently increasing and projections show that 
it will continue to grow in the future (Hejazi et al., 2014; Wada et al., 
2014). The extent of the increase in freshwater consumption depends on 
socio-economic aspects, such as population growth and consumption 
patterns. A larger global population consumes more freshwater re-
sources and an increase in prosperity lead to a more water-intensive 
consumption pattern (Hejazi et al., 2014). Water scarcity may also 
intensify as a result of climate change, which is projected to regionally 
lead to reduced and more erratic freshwater availability (IPCC, 2014; 
WWAP, 2020). To assure freshwater for basic human needs and aquatic 
ecosystems, the United Nations included freshwater supply in one of the 
Sustainable Development Goals (SDGs), SDG 6 target 6.4. The target is to 
ensure sustainable withdrawal and supply of freshwater to address 
water scarcity and substantially reduce the number of people suffering 
from water scarcity (UN General Assembly, 2015; United Nations, 
2020). 

The amount of ground and surface water consumed in a river basin 
constitutes the blue water footprint (BWF) of the basin. Consumption 
here relates to loss of water from the catchment, i.e. the amount of water 
that is not returned to the system and should not be confused with water 
withdrawal that also includes return flows (Hoekstra, 2020; Hoekstra 
et al., 2011). This study focusses on the pressure of BWF on riverine 
systems. Overutilization of these blue water resources affects ecosystems 
in and around rivers, and human livelihoods that depend on the rivers 
(Richter et al., 2006). As Poff and Zimmerman (2010) pointed out, there 
are no general, transferrable qualitative relationships between flow 
alteration and ecological responses. However, they also supported the 
statement that the risk of ecological changes increases with flow alter-
ations. Since a site-specific relationship is hard to obtain, general prin-
ciples of environmental flow requirements (EFR) were introduced as a 
measure for the adverse effects of unsustainable blue water consumption 
on ecosystems and to assure some kind of environmental protection. The 
EFR indicate which part of the natural flow should be reserved for 
maintaining the river’s ecosystem (Richter et al., 2006). The natural 
flow or natural runoff (ROnat) is the amount of water that would have 
become runoff if human activities would not have altered the flow 
(Karimi et al., 2012; Roos, 1991). The part of the natural runoff available 
for consumption is referred to as the blue water availability (BWA) and 
defined as the natural runoff minus EFR, thus the BWA is directly 
influenced by how EFRs are defined. 

To assess whether the environment is affected by blue water con-
sumption, the actual BWF can be evaluated using the blue water scarcity 
ratio (BWS). BWS is calculated by dividing the actual BWF by the BWA 
(Hoekstra et al., 2011; Mekonnen and Hoekstra, 2016). When BWS > 1, 
the BWF taps into the EFR. Hoekstra (2014) suggested that sustainable 
blue water consumption can be assured by actively setting an upper limit 
of blue water consumption in a river basin: a blue water footprint cap 
(BWF cap). There is still discussion how to set the BWF cap, given the 
temporal (month to month) and spatial (within a basin) variability of 
BWA and actual BWF. While not explicitly referring to cap-setting, 
Mekonnen and Hoekstra (2016) evaluated BWS by comparing BWF 
and BWA globally at a 30 × 30 arc minute grid. They implicitly set a 
BWF cap equal to BWA, which varied per month and per grid cell. They 
determined BWA in a grid cell as the locally generated blue water minus 
EFR plus non-consumed blue water from upstream grid cells. The latter 
being calculated as the difference between the blue water generated 
minus EFR and the BWF in those upstream cells. This allocation of BWA 
over the grid cells within a basin can be characterized as a use-what-is- 
there principle, since all BWA in a grid cell is considered available for 
consumption, without the need to reserve water for downstream grid 
cells. In a later study focused on the Yellow River Basin in China, Zhuo 
et al. (2019) applied the same principle to calculate monthly BWF caps 
for three basin compartments (upstream, midstream and downstream) 
and evaluated the effects of reservoirs on these caps and BWS. They 
found that reservoirs raise the BWF cap and reduce BWS in the dry 
season when crop water demands are highest, while the filling of 

reservoirs reduces the BWF cap in the flood season. Hogeboom et al. 
(2020) estimated BWF caps for over 11,000 basins worldwide by sub-
tracting monthly EFR (using three alternative methods to determine 
EFR) from monthly blue water flows (according to five different global 
hydrological models). Subsequently, for three basins, they evaluated the 
effects of setting ‘fixed’ (meaning not varying over the years) monthly 
BWF caps in terms of over- and underutilization of BWA. However, 
Hogeboom et al. (2020) did not compare BWF caps with actual BWFs to 
analyse effects on BWS levels. 

In contrast to the use-what-is-there principle that has been applied in 
previous studies (Mekonnen and Hoekstra, 2016; Zhuo et al., 2019), 
BWA in an upstream area of a basin does not necessarily have to be 
consumed in that specific area but could be consumed somewhere 
downstream instead. Blue water can be reserved (not consumed) in an 
upstream sub-catchment for consumption downstream, thereby 
increasing BWF caps downstream at the expense of lowering BWF caps 
upstream. Therefore, we postulate that setting BWF caps per sub- 
catchment – while accounting for downstream demands – can mitigate 
BWS in parts of large river basins. Yet, none of these previous studies has 
evaluated the effects of setting BWF caps per sub-catchment using 
spatial water allocation principles other than the use-what-is-there 
principle. Previous studies have explored alternative principles for the 
allocation of water among countries in transboundary river basins (Van 
der Zaag et al., 2002; Mianabadi et al., 2014; Mianabadi et al., 2015). In 
the current study we apply some of those alternative allocation princi-
ples to the case of monthly BWF cap-setting on the level of sub- 
catchments within a river basin. 

Concretely, this study aims to investigate the effect of alternative 
principles to set monthly BWF caps per sub-catchment on BWS levels 
across a large river basin. The Yellow River Basin (YRB) is taken as a case 
study (Section 2.2). YRB represents an interesting case due to its vast 
size, its importance to the Chinese economy, and the spatial variability 
in land and water uses across the basin; from densely populated urban 
areas to sparsely populated agricultural areas and spatial and temporal 
variability of water supply. The period 2010–2014, including a rela-
tively dry year (2010) and a relatively wet year (2013) (YRCC, 2011; 
YRCC, 2014), is chosen as study period since it represents the inter- 
annual hydrological variability of the YRB and the monthly blue WF 
data at high spatial resolution are available (Xie et al., 2020; Zhuo et al., 
2016). We investigate two allocation principles: use-what-is-there- 
principle and a principle that aims at reserving blue water for down-
stream consumption. In combination with alternative conditions, these 
principles are used to set BWF caps at sub-catchment level according to 
four scenarios: (i) use-what-is-there principle, excluding reservoirs; (ii) 
use-what-is-there-principle, including the operation of reservoirs; (iii) 
cap-setting based on the spatial distribution of the population at present, 
including reservoirs; and (iv) cap-setting based on the spatial distribu-
tion of the water demand in recent history, including reservoirs. 
Compared to the study by Zhuo et al. (2019) that also focused on the 
YRB, we consider an additional method to calculate EFR. 

2. Methods and data 

2.1. Overview of methods 

The applied methods and data are summarized in Fig. 1, each sce-
nario indicated as described in the previous paragraph (i to iv). Monthly 
BWF caps (m3/month) per sub-catchment are determined from monthly 
BWA per sub-catchment and alternative spatial (between sub- 
catchments) water allocation scenarios. 

Monthly BWA is aggregated from water availability accounts per day 
at a high spatial resolution and per hydrological response unit in the Soil 
and Water Assessment Tool (SWAT) model (Arnold et al., 1998). The 
SWAT model used for simulating the hydrological cycle initially was 
successfully calibrated and validated at a monthly time scale by Xie et al. 
(2020). However, for the current study we required daily natural runoff 
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results for the inclusion of travel time. The travel time through the reach 
per sub-catchment – which is in the order of several days – is needed to 
determine when (in which month) BWA in a particular sub-catchment is 
available in sub-catchments further downstream when the cap is 
transferred from upstream to downstream. Consequently, we require 
daily natural runoff to determine the monthly BWF caps. Since it is 
difficult to obtain natural runoff results for calibration and validation 
due to the early human influence on the runoff, an additional daily 
validation was performed for two hydrological stations in the Upper 
Reach of the YRB located at Tangnaihai and Lanzhou for the period 
2010–2014. This area of the YRB has experienced little/less human in-
fluence and better resembles natural runoff. Literature showed that this 
area is on average accountable for two-thirds of the annual generated 
natural runoff in the YRB (Gu et al., 2019; Li et al., 2008; Zhuo et al., 
2019). By using this area, a large part of the natural runoff is validated. 
The results of this validation are displayed in Table 1. 

Daily BWA in a sub-catchment is the sum of local BWA and non- 
consumed BWA flowing in from upstream sub-catchments (Mekonnen 
and Hoekstra, 2016), whereby we consider the travel time in days 
through the river channel in each sub-catchment. The daily BWA is 
calculated at the outlet of each sub-catchment as uniform location for all 
sub-catchments. Local BWA in each sub-catchment is calculated by 
subtracting the EFR from locally generated natural runoff. The EFR are 
calculated according to the variable monthly flow method (VMF) (Pastor 
et al., 2014) as well as the presumptive standard approach (PRE) 
(Richter et al., 2012). In that respect we innovate upon the study by 
Zhuo et al. (2019) that also focused on the YRB, but only applied the PRE 
method. The VMF method determines EFR based on high, intermediate, 
and low flow regimes, at which 30%, 45% and 60% of natural runoff is 
reserved for the environment. The PRE method determines EFR as a 
constant percentage of 80% of natural runoff without distinguishing 
between flow regimes. Pastor et al. (2014) investigated multiple EFR 
estimation methods and compared locally assessed actual 

environmental blue water needs with the results of multiple methods. 
They showed that the VMF’s results were most compatible with actual 
environmental blue water requirements. Therefore, we focus in the 
analysis on our VMF-based results and compare these with the PRE- 
based results in the Supplementary Information (Figs. S6 to S13) in 
general terms. 

We define four scenarios to determine monthly BWF caps per sub- 
catchment, based on three alternative allocation principles to 
distribute monthly BWA over the sub-catchments and the in-/exclusion 
of reservoir operations:  

• The “natural” scenario that applies the use-what-is-there principle, 
but excludes the effects of reservoirs.  

• The “reservoir” scenario that applies the use-what-is-there principle, 
including the operation of reservoirs.  

• The “population-based” scenario that applies cap-setting based on 
the spatial distribution of the population for 2010, including 
reservoirs.  

• The “demand-based” scenario that applies cap-setting based on the 
spatial distribution of the water demand in recent history 
(2000–2009), including reservoirs. 

The reservoir scenario acts as a base case to evaluate the effects of the 
two alternative cap-setting strategies (i.e. allocation principles) 
compared to the use-what-is-there principle. The natural scenario is 
added to show the effects of reservoirs on BWF caps (similar to Zhuo 
et al. (2019)). The population-based scenario takes the relative popu-
lation size per sub-catchment as the basis for water allocation, which 
makes sense from the perspective of equity and fair sharing of natural 
resources. The demand-based scenario takes the historical water de-
mand as the basis for water allocation, which is a realistic option to 
consider for river basin managers aiming to reduce environmental flow 
violations by setting BWF caps. The implementation of these scenarios is 
detailed in Section 2.3. 

Finally, we evaluate monthly BWS levels – defined as the BWF 
divided by the BWF cap (Mekonnen and Hoekstra, 2016) – in all sub- 
catchments by comparing actual BWF estimates with the alternative 
BWF caps, for each month in the period 2010–2014. Following Hoekstra 
et al. (2012) and Mekonnen and Hoekstra (2016) BWS is classified into 
four classes: no or low water scarcity, BWF does not exceed the BWF cap 
(0 < BWS ≤ 1); moderate water scarcity (1 < BWS ≤ 1.5); significant 
water scarcity (1.5 < BWS ≤ 2); and severe water scarcity (BWS > 2). 

Fig. 1. Summary of methods and data. Grey boxes represent external data sources, white boxes represent results/inputs from/for other steps, and the arrows indicate 
the dependencies between the different components. DEM: digital elevation model, EFR: environmental flow requirements, BWF: blue water footprint, BWF cap: blue 
water footprint cap. 

Table 1 
The Nash-Sutcliffe coefficient (Ens) and coefficient of determination (R2) at 
two hydrological stations after validation of daily natural runoff 
(2010–2014).   

Ens  R2  

Tangnaihai  0.66  0.68 
Lanzhou  0.60  0.66  
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Data sources are described in section 2.4. 

2.2. Study area 

The YRB is the second largest river basin in China with a drainage 
area of 7.53 × 105 km2. The main river channel’s length is 5464 km (Wu 
et al., 2018). The basin is located in the northern part of China, and its 
elevation ranges from 1 to 6199 m (Jiang et al., 2016). The basin is 
commonly divided into three reaches: Upper, Middle and Lower Reach 
(Yin et al., 2017; Zhang et al., 2009; Zhuo et al., 2019). In the current 
study the YRB is divided into 31 sub-catchments that are automatically 
delineated by SWAT based on the evaluation distribution. Fig. 2 gives an 
overview and a schematization of the YRB. Because of the monsoon 
climate, the temporal and spatial distribution of precipitation is het-
erogeneous. Most precipitation occurs in the period between June and 
September, and increases from northwest to southeast (Tang et al., 
2008). The average annual natural runoff is 58 × 109 m3/year or 77 
mm/year (Hua and Cui, 2018). The importance of the Yellow River can 
be illustrated by the 107 million people that are directly supported by 
the river (Liu et al., 2008). The YRB plays a vital role in China’s agri-
cultural production. The cultivated area in the basin is 129 × 103 km2, 
13% of China’s total. However, it only holds 2% of the country’s 
freshwater resources. The combination of the agricultural BWF and the 
BWF of household and industry have led to moderate and severe water 
scarcity during several months per year (Hoekstra et al., 2012; Zhuo 
et al., 2016; Zhuo et al., 2019). 

The current study considers the BWF cap in the situation with and 
without reservoirs. The five major mainstream reservoirs included are: 
Longyangxia, Liujiaxia, Wanjiazhai, Sanmenxia, and Xiaolangdi (loca-
tions in Fig. 2 are adopted from Zhuo et al. (2019)). By the end of 2014 
the total storage capacity of all reservoirs in the YRB was around 1.2 
times the average annual natural runoff or 72 × 109 m3/year (Ran and 
Lu, 2012). The total storage capacity of the five reservoirs is 78% of the 
basin’s total storage capacity. 

2.3. Determination of BWF caps according to four alternative scenarios 

2.3.1. Natural scenario 
The natural scenario considers the current natural circumstances in 

the basin – which is to be understood as the situation with current land 
use and no reservoirs (for the land use map applied see Fig. S1) – and 
applies the use-what-is-there allocation principle. This principle states 
that a sub-catchment’s BWF cap is equal to the total BWA in the sub- 
catchment. The BWF cap calculation for sub-catchment x at time t is 
displayed in Eq. (1). The local component (BWAlocal) is the result of 
locally generated blue water minus EFR in sub-catchment x. The up-
stream component (BWAup) is the amount of blue water that enters the 
sub-catchment from an upstream sub-catchment that remains after 
consumption in the upstream sub-catchment. 

BWFcap,x,t = BWAlocal,x,t +BWAup,x,t (1) 

The upstream component is calculated according to Eq. (2). The 
amount of water that enters sub-catchment x is estimated by subtracting 
the upstream actual BWF from the corresponding BWF cap. The travel 
time through the river section of sub-catchment x, Tx, is included in this 
component. The blue water from the upstream sub-catchment at t − Tx 

corresponds with the BWF cap in sub-catchment x at time t, since it 
travels through the channel in x before it reaches its outlet, where the 
BWA for x is estimated. 

BWAup,x,t = max
(
BWFcap,x− 1,t− Tx − BWFx− 1,t− Tx , 0

)
(2)  

2.3.2. Reservoir scenario 
The reservoir scenario is similar to the natural scenario and applies 

the use-what-is-there allocation principle and considers current land 
use. The addition for this scenario is the operation of the five major 
reservoirs in the main river. The effect of the operation of the reservoirs 
on the BWF cap is influenced by the location of the reservoirs in a sub- 
catchment. The outlets of sub-catchments that contain a reservoir are 
pinpointed as the actual location of the reservoirs. Therefore, the res-
ervoirs are implemented at the outlet of a sub-catchment. 

The operation of a reservoir can directly affect two sub-catchments: 
the sub-catchment it is located in and the sub-catchment directly 
downstream. Blue water retention in a reservoir directly reduces the 
BWF cap in the sub-catchment it is located in, because blue water that is 
being retained is not available for consumption. The blue water reten-
tion indirectly reduces the BWF cap in downstream sub-catchments in 
the month it is retained as well, since less water flows downstream 

Fig. 2. YRB and its schematization with delineated sub-catchments, reservoirs, and characteristic sub-catchments.  
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during that month. Release of blue water from a reservoir does not affect 
the BWF cap of the sub-catchment it is located in, because it is at the 
outlet of the sub-catchment. Thereby, assuming the reservoir supplies 
water to users downstream only. However, reservoir releases directly 
increase the BWF cap in the downstream sub-catchment, and indirectly 
in the sub-catchments further downstream. The effect of the reservoirs 
on the BWF cap in sub-catchment x on day t is summarized in Eqs. (3)– 
(6). The operation of reservoirs is based on observed stored water vol-
ume changes in the reservoirs. These changes are daily implemented by 
dividing the monthly changes uniformly over the days of the month. 

If ΔSx,t ≥ 0  

BWFcap,x,t = max(BWAlocal,x,t + BWAup,x,t − ΔSx,t, 0) (3)  

BWFcap,x+1,t = BWAlocal,x+1,t +BWAup,x,t (4)  

If ΔSx,t < 0  

BWFcap,x,t = BWAlocal,x,t +BWAup,x,t (5)  

BWFcap,x+1,t = BWAlocal,x+1,t +BWAup,x,t − ΔSx,t− Tx+1 (6)  

where ΔS is the storage change adjusted for the effect of net precipita-
tion on the reservoir’s surface area. Note, a positive storage change in-
dicates blue water retention, and a negative storage change indicates 
blue water release. The sub-catchment containing the reservoir is 
denoted with x, and the one directly downstream with x + 1. The timing 
of the blue water release in sub-catchment x for the BWF cap in sub- 
catchment x+1 at time t corresponds with t + Tx+1, where Tx+1 is the 
travel time through the river section in sub-catchment x + 1. The BWF 
cap cannot be negative, hence the maximization function. 

2.3.3. Population-based scenario 
An allocation based on the use-what-is-there principle favours up-

stream sub-catchments since the BWF cap is based on the total BWA 
without considering other sub-catchments. However, the largest part of 
the population in the YRB lives in the downstream area of the basin 
(REDCP, 2010), see Fig. S2. The spatial division of blue water over the 
basin in previous scenarios leads to an unequal distribution of blue water 
over the population. Van der Zaag et al. (2002) proposed a method to 
divide blue water resources equally over the population of riparian 
countries in a transboundary river basin. That method can be translated 
to the sub-catchment configuration of the YRB. The interdependency 
between sub-catchments is expressed as the responsibility of a sub- 
catchment to supply blue water to sub-catchments downstream. The 
amount of water a sub-catchment is entitled to or entitled blue water 
availability (EBWA) depends on the amount of blue water sustainably 
available from sub-catchment x to the most downstream sub-catchment 
n and the relative population size of x compared to the total population 
from x to n. These components are summarized in Eq. (7). BWAdown 
represents the BWA in sub-catchment x and all sub-catchments down-
stream of x (from x to n), illustrated by Eq. (8). 

EBWAx =
(
BWAup,x +BWAdown,x

)
*

px
∑n

i=xpi
(7)  

BWAdown,x =
∑n

i=x
BWAlocal,i (8) 

The index of summation, i, denotes which sub-catchments are 
considered for either the relative population size or BWAdown. In both 
cases the sub-catchments considered are sub-catchment x and all sub- 
catchments downstream of x (from x to n). 

The method by Van der Zaag et al. (2002) is intended for the allo-
cation of blue water on an annual scale and between riparian countries 
along the mainstream of a river. We apply two adjustments to their 
method to allocate BWA on a monthly scale and between sub- 
catchments. A third adjustment is needed to properly account for the 

effect of reservoirs. 
The first adjustment is to include the travel time of water through the 

river. Allocating water from upstream to downstream sub-catchments 
implies that upstream sub-catchments reserve water intended for 
downstream areas. When reserving water in sub-catchment x in timestep 
t we should take into account the time it takes for the water to arrive in 
downstream sub-catchment i. Hence, when determining a sub-catch-
ment’s EBWA, BWAdown refers to water that is in the downstream sub- 
catchments at later time steps. The BWA in downstream sub- 
catchment i is considered in the EBWA calculation for sub-catchment 
x at the same moment the water from x will arrive at i. Local BWA in 
downstream sub-catchment i is considered in the EBWA calculation for 
sub-catchment x at t + Ti.x, time t plus the travel time from the outlet of x 
to the outlet of i. This calculation is done for every sub-catchment 
downstream of x until the most downstream sub-catchment n, and the 
contributions are then summed to obtain BWAdown for sub-catchment x. 

The second adjustment follows from the schematized delineation of 
sub-catchments in Fig. 2. The schematization indicates the presence of 
tributary sub-catchments. BWA entering the mainstream from these sub- 
catchments adds to the estimation of BWAdown for sub-catchment x. Blue 
water that enters the mainstream depends on the BWF cap and the actual 
BWF in the tributary sub-catchment. Since this blue water influences 
BWAdown for mainstream sub-catchments, the BWF cap of tributary sub- 
catchments must be calculated before BWF caps of sub-catchments along 
the mainstream can be calculated. A tributary sub-catchment is 
considered as the most upstream sub-catchment of its river system for 
the calculation of the BWF cap. This river system consists of the tributary 
sub-catchment, the first sub-catchment in the mainstream and all 
downstream mainstream sub-catchments. BWAdown of an upstream 
tributary sub-catchment thus depends on BWA from downstream trib-
utary sub-catchments that enter the mainstream. Therefore, the BWF 
cap of tributary sub-catchments is calculated in downstream to upstream 
order. 

The third adjustment is the inclusion of reservoirs. The inclusion of 
reservoirs has a two-sided effect on the calculation of sub-catchments x’s 
BWF cap (see Section 2.3.2.). It influences BWAup by retention or release 
in an upstream reservoir and it influences BWAdown by retention or 
release in a downstream reservoir. The influence in BWAup is straight-
forward, either a decrease or an increase due to retention or release. 
However, the influence on BWAdown is more complex. BWAdown is not 
merely the sum of local BWA from the sub-catchments and storage 
changes of reservoirs. This would imply that local BWA in a downstream 
sub-catchment can be considered for retention in an upstream reservoir, 
which is incorrect because water only flows downstream. We have 
assumed that local BWA in a sub-catchment affects the retention of the 
first reservoir downstream (Section 2.3.2.). Therefore, we calculate 
BWAdown for six different sections (j) of the mainstream determined by 
looking at the location of the five reservoirs (Fig. 2). The BWA of every 
section is calculated to determine BWAdown of sub-catchment x. The first 
step in calculating the BWA of section j is to determine the location of 
section j with respect to the location of sub-catchment x. There are three 
possibilities: section j is upstream of x, x is within section j, or section j is 
downstream of x. These options and their effect are displayed in Fig. 3. 
In the schematization m represents the most downstream sub-catchment 
in section j and h the most upstream sub-catchment in section j. 

The first option results in a BWA in section j to zero. The second 
option can be translated to Eq. (9), where BWA is the sum of the local 
BWA from x to the most downstream in the section, sub-catchment m, 
plus blue water entering from the tributary sub-catchments in the sec-
tion, and minus the possible retention (positive storage change) of the 
reservoir in m.   

The third option can be translated to Eq. (10), where the BWA is the 
sum of the local BWA from the most upstream sub-catchment h to the 
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most downstream sub-catchment m, plus blue water entering from 
tributary sub-catchments in section j, minus possible retention (positive 
storage change) and minus possible release (negative storage change) of 
the reservoir in h. 

BWAdown,x,t,j = max

(∑m

i=h

(
BWAlocal,i,t+Ti,x + BWAtributary,i,t+Ti,x

)
−

max
(
ΔSj,t+Tm,x , 0

)
− min

(
ΔSj− 1,t+Th,x , 0

)
, 0

)

(10) 

The total BWAdown is the sum of the BWA in all six sections, where the 
BWA in each section is estimated by one of the three possibilities. 

The final adjustment is to convert the EBWA of a sub-catchment to an 
actual BWF cap. This adjustment is to check EBWA with the actual BWA 
present in sub-catchment x at day t, BWAx,t . This ensures that no more 
blue water is allocated than present in the sub-catchment. Resulting in 
Eq. (11) for the population-based BWF cap. 

BWFcap,x,t = min
(
(
BWAup,x,t + BWAdown,x,t

)
*

px
∑n

i=xpi
,BWAx,t

)

(11) 

The sum of the calculated BWAup and BWAdown is multiplied with a 
population-based allocation factor similar to the factor in Eq. (7). 

2.3.4. Demand-based scenario 
The demand-based allocation scenario aims to allocate water to the 

sub-catchments with the largest blue water consumption, which are not 
necessarily the most populated sub-catchments. The largest blue water 
consumer in the YRB is agriculture and it is considerably larger than the 
consumption of household and industry, see Fig. S3. The land use map in 
Fig. S1 shows that agricultural areas are not necessarily near the most 
densely populated sub-catchments. 

The demand-based allocation factor is determined using a multi-year 
average of the BWF of a sub-catchment in recent history. The BWF data 
used for this multi-year average is from a 10-year period from 2000 to 
2009. The monthly multi-year averages are used to determine a monthly 
demand-based allocation factor per sub-catchment. Eq. (12) shows the 
calculation of the BWF cap according to the demand-based scenario. 

BWFcap,x,t = min
(
(
BWAdown,x,t + BWAup,x,t

)
*

BWF2000− 2009,x,m
∑n

i=xBWF2000− 2009,i,m
,BWAx,t

)

(12)  

where BWF2000− 2009,m,x is the average BWF of sub-catchment x in month 
m over the period 2000 – 2009. This is divided by the summation of 
monthly average BWF from 2000 to 2009 from sub-catchment x to most 
downstream sub-catchment n. The other components are the same as the 
components in Eq. (11). 

2.4. Data 

The SWAT model requires a Digital Elevation Model (DEM), land use 
map, soil class map, and meteorological data for the simulation of nat-
ural runoff in the YRB. The DEM was obtained from the National 
Elevation Dataset from the United States Geological Survey (USGS) at 
15-sec grid level (USGS, 2019). The land use data was taken from the 
Resource and Environment Data Cloud Platform at 1x1 km resolution 
(REDCP, 2015). The soil class map was obtained from the Harmonized 
World Soil Database at a scale of 1:1,000,000 (HWSD, 2009). The daily 
meteorological data (precipitation, maximum and minimum air tem-
perature, solar radiation, wind speed and relative humidity) required to 
simulate the hydrological cycle in SWAT were obtained from the Chi-
nese National Meteorological Information Centre (CNMIC, 2019). The 
monthly reservoir storage changes were collected from the Yellow River 
Conservancy Commission (YRCC, 2015). Data on the population per 
square km were retrieved from the Resource and Environment Data 
Cloud Platform (REDCP, 2010). The BWF data of household and in-
dustry in the YRB from 2000 to 2014 were available at subarea level 
between two hydrological station in the basin from the YRCC (YRCC, 
2015). Dividing the total basin in seven areas, see Fig. S4. Finally, the 
BWF data of agriculture from 2000 to 2014 at 5 arc-minute resolution 
were obtained from Wang et al. (2019). 

Fig. 3. Schematization of downstream BWA calculations per section. Three options exist for BWA in a section depending on the location of sub-catchment x with 
respect to section j. 

BWAdown,x,t,j = max

(
∑m

i=x

(
BWAlocal,i,t+Ti,x + BWAtributary,i,t+Ti,x

)
− max

(
∆Sj,t+Tm,x , 0

)
, 0

)

(9)   
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3. Results 

3.1. Natural runoff 

The natural runoff represents the hydrology of the YRB under the 
current land use conditions without human water abstractions and acts 
as a reference in evaluating the effects of BWF caps on spatiotemporal 
blue water allocation. The annual average (2010–2014) simulated nat-
ural runoff in the YRB is 64 × 1010 m3/year. The monthly average 
natural runoff with each sub-catchment’s contribution is depicted in 
Fig. 4. The Upper Reach provides a large part of the natural runoff 
during the dry months (December to May) of the year. During the wet 
months (June to October) of the year, the other parts of the basin have a 
proportionally larger contribution to the natural runoff. 

3.2. Monthly BWF caps under alternative BWF cap scenarios 

The effect of alternative water allocation scenarios within the YRB on 
the monthly BWF caps determined using the VMF method to estimate 
EFR are visualized in Fig. 5 for four characteristic sub-catchments (see 
Fig. 2 for their location). Sub-catchment 17 (Fig. 5a) characterizes an 
upstream sub-catchment with a small population size and low blue 
water demand (both relative to the other sub-catchments) and contains a 
reservoir. Sub-catchment 2 (Fig. 5b) characterizes a sub-catchment in 
the middle stream with a medium population size and high blue water 
demand. Sub-catchment 23 (Fig. 5c) characterizes a tributary sub- 
catchment with a medium population size and medium blue water de-
mand. Sub-catchment 18 (Fig. 5d) characterizes the most downstream 
sub-catchment with a large population size and high blue water demand. 
As indicated in section 2, we focus our analysis on the VMF-based results 
and elaborate upon differences with the PRE method in the discussion 
(section 4). 

In the natural scenario, the BWF caps follow the pattern of natural 
runoff, but are lower because the caps account for EFR. The BWF caps 
decrease from upstream to downstream. This is expected, since this 
scenario applies the use-what-is-there principle meaning that upstream 
sub-catchments can use BWA without reserving parts of it for down-
stream sub-catchments. Consequently, during dry periods of the year the 
downstream BWF caps approach zero. 

In the reservoir scenario, the operation of the reservoirs alters the 
timing of BWA. Also, in this scenario because of the use-what-is-there 

principle we observe that the BWF caps decrease from upstream to 
downstream. The effects of reservoirs on the BWF caps depend on the 
location of sub-catchments with respect to the reservoirs. The upstream 
sub-catchment 17 (Fig. 5a), retains water in a reservoir, but does not 
benefit from releases from upstream reservoirs (since there are none 
present). Therefore, the BWF cap in the reservoir scenario (and the other 
scenarios that contain reservoirs operations) is always below the cap in 
the natural scenario for this sub-catchment. The operation of reservoirs 
has no effect on the BWF cap of tributary sub-catchments (Fig. 5c) 
because we only considered five reservoirs in the mainstream. For 
middle stream and downstream reservoirs, we confirm the findings of 
Zhuo et al. (2019) that reservoirs increase the BWF cap in the dry season 
(because of reservoir releases) and decrease the cap in the wet season 
(because of reservoir retention). 

In the population- and demand-based scenarios, BWF caps are moved 
from upstream to downstream sub-catchments compared to the other 
scenarios (which are based on the use-what-is-there principle). Water is 
reserved (not consumed) in upstream sub-catchments for the benefit of 
downstream sub-catchments. Sub-catchment 17 (Fig. 5a) has both a 
small population size and a low historical blue water demand and must 
therefore reserve BWA for downstream sub-catchments in both the 
population- and demand-based BWF cap scenarios. The result is excep-
tionally low BWF caps in this sub-catchment compared to the natural 
and reservoir scenarios. Sub-catchment 2 (Fig. 5b) has a medium pop-
ulation size but a high historical blue water demand and is therefore 
allocated more blue water (i.e., has a higher BWF cap) in the demand- 
based than in the population-based scenario. The downstream sub- 
catchment 18 (Fig. 5d) with both a large population size and high his-
torical blue water demand clearly benefits from the population- and 
demand-based scenarios in terms of increasing BWF caps, particularly in 
the dry season (when blue water demands peak) where in the natural 
and reservoir scenarios the BWF caps are close to zero. The tributary 
sub-catchment (Fig. 5c) has a medium population size and historical 
blue water demand, leading to similar BWF caps. The decrease in BWF 
caps for the population- and demand-based scenarios compared to the 
natural and reservoir scenarios show that tributary sub-catchments also 
reserve BWA for downstream sub-catchments. 

In sub-catchments 2 and 18 (Fig. 5b and d), which both have a 
relatively high historical blue water demand compared to other sub- 
catchments, one can see that the BWF caps in the demand-based sce-
nario have – as expected – the best match with actual blue water demand 

Fig. 4. Monthly average simulated natural runoff with each sub-catchment’s contribution indicated. Period 2010–2014.  
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(BWF). This does not mean that the actual BWF is always below BWA 
(see Fig. 5b in particular) in the demand-based scenario, because BWA is 
constrained by natural runoff minus EFR. Furthermore, there is some 
minor difference between the historical BWF (2000–2009) that was used 
to determine the height of the caps and the BWF in the more recent 
period of 2010 – 2014 that was used to evaluate the caps with respect to 
blue water demand (see Fig. S5). 

3.3. Water scarcity levels across the YRB under alternative BWF cap 
scenarios 

As illustrated for four sub-catchments in Fig. 5, monthly exceedance 
of the BWF cap varies among the scenarios and exceedance of the BWF 
cap occurs in all scenarios during parts of the year. Generally, BWS is 
most pronounced in summer months due to the mismatch between BWA 
(which is low) and the actual BWF (which rises due to crop’s irrigation 
needs). The effect of alternative BWF cap scenarios on the spatial dis-
tribution of the water scarcity in the summer months is displayed in 
Fig. 6. BWS is calculated per month. Fig. 6 depicts the average BWS ratio 

Fig. 5. BWF caps for each allocation scenario for VMF method to estimate EFR with the natural streamflow and actual BWF for four characteristic sub-catchments.  
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during the summer months (June to August) in 2010–2014. Similar 
figures for the other seasons (spring, autumn, and winter) are shown in 
Figs. S6–S8, respectively. 

The effect of the use-what-is-there principle is visible in Fig. 6a and b: 
BWS increases from upstream to downstream since upstream sub- 
catchments can use BWA without having to reserve (not consume) 
parts of it for downstream sub-catchments. Comparing Fig. 6a and b one 
can see that reservoirs reduce BWS, particularly in sub-catchments 
downstream of the first and second reservoir up to the reservoir in the 
northeast of the YRB. The two most downstream reservoirs cause a local 
reduction of BWS in the sub-catchments just downstream. The reason for 
BWS reduction in the entire area between the second and the third 
reservoir, instead of just local reduction like for the two most down-
stream reservoirs, is the size and corresponding release of the two most 
upstream reservoirs. These two reservoirs account for approximately 
60% of the total storage capacity of the five reservoirs. As a result, the 
reservoirs can release large amounts of water. In combination with a 
smaller upstream BWF, the released water travels further downstream 
than for the other reservoirs, causing BWS to decrease. Reservoirs 
release water in summer, which causes severe BWS to occur further 
downstream compared to the natural scenario. 

Compared to the natural and reservoir scenario (Fig. 6a and b), 
which are based on the use-what-is-there principle, we see that when 
water is reserved for downstream uses in the population- and demand- 
based scenarios (Fig. 6c and d) the BWS levels in the upstream part of 
the YRB increase, while BWS levels decrease in the lower reach and 
some sub-catchments in the middle reach. This means that regional 
differences in the degree of BWS between upstream and downstream 

reduce. Fig. 6 shows BWS according to the common classification 
scheme and consequently does not show changes in BWS within classes, 
particularly in the class BWS > 5. Therefore, the BWS ratio per reach per 
cap-setting scenario for each of the four seasons and as an annual 
average are shown in Table 2. 

a) Natural b) Reservoir

c) Population-based d) Demand-based

Fig. 6. Average blue water scarcity ratio (BWS) during summer (June – August) per sub-catchment of the YRB (2010–2014) using VMF based BWF caps according to 
a) natural scenario, b) reservoir scenario, c) population-based scenario, and d) demand-based scenario. 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 interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Seasonal areal weighted average BWS (2010–2014) for the three reaches of the 
Yellow River Basin for three cap-setting scenarios. The BWS of tributary sub- 
catchments is excluded from the BWS averages to display the effect of the 
allocation scenarios best. Some tributary sub-catchment, regardless of the allo-
cation scenarios, exhibit remarkably large BWS values during some months of 
the year. In these months the natural runoff is negligible. Any BWF causes large 
values that cloud the effect of the allocation scenarios.   

Scenario Upper Reach Middle Reach Lower Reach 

Spring Reservoir  0.90  41.09  3.86 
Population-based  1.59  14.16  1.48 
Demand-based  1.28  11.66  1.47 

Summer Reservoir  0.98  36.71  3.93 
Population-based  1.24  16.75  0.58 
Demand-based  1.03  7.67  0.59 

Autumn Reservoir  0.10  0.17  0.17 
Population-based  0.38  0.22  0.17 
Demand-based  0.25  0.13  0.17 

Winter Reservoir  0.06  0.05  0.24 
Population-based  0.65  0.34  0.20 
Demand-based  0.31  0.22  0.20 

Annual Reservoir  0.51  19.48  2.05 
Population-based  0.97  7.87  0.61 
Demand-based  0.72  4.92  0.17  
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In the Upper Reach BWS increases from the reservoir scenario to the 
population and demand-based scenarios since water is reserved for 
downstream sub-catchments. Consequently, BWS reduces in the Middle 
and Lower Reaches. This effect is somewhat stronger in the demand- 
based than the population-based scenario, especially in the Middle 
Reach. Differences in BWS between the Upper, Middle and Lower Rea-
ches are smallest for the demand-based scenario. 

Despite the partial mitigation of BWS in parts of the river basin as a 
result of alternative BWF cap-setting, BWS > 1 in spring and summer 
and BWS ≫ 1 during these seasons in the Middle Reach. This means that 
in these cases environmental flow violations occur. The mismatch be-
tween blue water availability and demand in the YRB during the spring 
and summer is too large to mitigate blue water scarcity by the alterna-
tive BWF cap-setting scenarios alone. 

When the actual BWF exceeds the cap (indicating environmental 
flow violation), this effect propagates downstream. The BWF cap in a 
sub-catchment partly depends on the BWA coming from the sub- 
catchment directly upstream. Whenever an upstream sub-catchment 
consumes the entire cap (BWS ≥ 1), the subsequent sub-catchment 
does not receive the upstream part of non-consumed BWA. This effect 
is strongest for the sub-catchments just before the reservoirs and the end 
of the Middle Reach (Sanmenxia and Xiaolangdi, see Fig. 2 and are 
furthest away from the reservoir at the start of the Middle Reach 
(Wanjiazhai, see Fig. 2). 

The population-based allocation principle aims for equal water 
sharing amongst the population within the river basin. To evaluate the 
effectiveness of the cap-setting in this respect, Table 3 shows the water 
availability per capita for the three reaches in the YRB per cap-setting 
scenario. The population-based allocation indeed leads to the most 
equal distribution of blue water availability per capita over the three 
reaches. The reservoir scenario, which is based on the use-what-is-there 
principle, translates to the largest upstream–downstream differences in 
blue water availability per capita. The demand-based scenario also leads 
to smaller upstream–downstream differences in blue water availability 
per capita compared to the reservoir scenario. The numbers in Table 3 
can be contextualized with the blue water crowding index of Falken-
mark et al. (1989). According to this indicator, areas are said to expe-
rience ‘water stress’ with blue water availability of 1000 – 1700 m3/ 
capita/year, ‘water scarcity’ with 500 – 1000 m3/capita/year, and ‘ab-
solute water scarcity’ with <500 m3/capita/year (Rijsberman, 2006). 
When comparing changes in this indicator from the reservoir scenario to 
the population- and demand-based scenarios, the Upper Reach moves 
from ‘no water stress’ to ‘water stress’, the Middle Reach remains clas-
sified as ‘water stressed’ – although per capita water availability in-
creases in the population- and demand-based scenarios – and the Lower 
Reach moves from ‘water scarcity’ to ‘water stress’. 

4. Discussion 

We have postulated that setting BWF caps per sub-catchment – while 
accounting for downstream demands – can mitigate BWS in parts of 
large river basins. We assessed this for the case of the YRB and found 
indeed that severe BWS in parts of the YRB can be mitigated by setting 
BWF caps per sub-catchment based on relative (with respect to other 
sub-catchments) population size or historical blue water demand. Since 

these two allocation principles, in contrast to the use-what-is-there 
principle, account for downstream water demands, BWS levels down-
stream reduce while they increase in upstream sub-catchments, such 
that upstream–downstream differences in the severity of BWS reduce. 

4.1. Allocation scenarios and implementation 

One can argue that accounting for downstream uses resulting in a 
reduction of upstream–downstream differences in the severity of BWS is 
more equitable than the use-what-is-there principle, because it implies 
that the burden of BWS (in terms of environmental damages or benefits 
foregone as result of water limitations) is more equally spread between 
upstream and downstream areas in the basin. The demand-based sce-
nario is somewhat more effective in this respect that the population- 
based scenario. On the other hand, the population-based scenario ach-
ieves the smallest differences in blue water availability per capita across 
the Upper, Middle and Lower reaches. Both allocation scenarios thus 
generate in different ways a more equitable water allocation in the YRB 
than the use-what-is-there principle. In that sense both scenarios have 
potential for policy implementation. 

The implementation of BWF caps in policy is not common and 
several challenges need to be tackled for BWF caps to become effective 
and practical concepts in policy making, as discussed by Hogeboom et al. 
(2020) and Grafton et al. (2014). The alternative principles to determine 
BWF caps and their effects on blue water scarcity and per capita water 
availability, as evaluated in this study, can feed such discussions towards 
implementation of BWF caps. On this note, we would like to make two 
remarks regarding the demand-based scenario. First, the allocation 
scenario is only effective when the spatiotemporal pattern of the current 
demand matches that of the historical demand. Second, this scenario 
entitles more water to a sub-catchment with a large historical water 
demand. As such, it dis-incentivizes measures to reduce water demand. 
Therefore, it could be more appropriate to use an estimated reasonable 
water demand for a sub-catchment as a basis for BWF cap-setting at the 
sub-catchment level. That reasonable amount could be estimated as the 
total water demand in the case that all activities in the sub-catchment 
would reduce their process BWF to certain benchmark levels set by 
the best available practices or achieved by the most efficient water users 
in the sub-catchment (Hoekstra, 2020). 

4.2. Assumptions and limitations 

This study has a few assumptions and limitations that deserve further 
clarification. First, our results depend on the chosen method to deter-
mine EFR and hence BWA. There are no governmental regulations of 
EFR for the YRB, thus we chose to use EFR estimation methods to 
determine the EFRs in the basin (Zhuo et al., 2019). To investigate how 
BWS depends on the chosen EFRs, we used two EFR estimation methods. 
We have decided to present the results based on the variable monthly 
flow method (VMF) to estimate EFR instead of the presumptive standard 
approach (PRE) (see section 2). VMF distinguished between flow re-
gimes and between 30% and 60% of natural runoff is reserved for the 
environment, where 30% corresponds with a high flow regime and 60% 
with a low flow regime. PRE does not consider flow regime and 
constantly reserves 80% for the environment. The effect of the two 
methods to estimate EFR is expressed as the difference in BWF caps and 
BWS. Generally, the BWF caps are larger for VMF than for PRE, where 
the difference is largest for the high flow regime due to the largest dif-
ference between the VMF and PRE percentage to determine EFR. The 
effect on BWF caps applying PRE to estimate EFR is displayed in Fig. S9. 
The BWS differences are in line with differences in BWF caps. The spatial 
pattern of BWS for PRE correspond with the pattern for VMF, but the 
BWS values are more severe. The maps based on PRE for the four sce-
narios are displayed in Figs. S10–S13, respectively. 

A second limitation of the study is that we only included five 
mainstream reservoirs, because we did not have data on reservoir 

Table 3 
Annual average (2010–2014) blue water availability per capita (m3/cap/year) 
for the three reaches of the Yellow River Basin in three cap-setting scenarios.   

Upper Reach (24% 
of YRB population) 

Middle Reach (65% 
of YRB population) 

Lower Reach (11% 
of YRB population) 

Reservoir 1982 854 728 
Population- 

based 
1176 998 1390 

Demand- 
based 

1047 956 1561  
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changes for other reservoirs. As a consequence, we probably over-
estimate BWS in sub-catchments downstream of reservoirs that were not 
included in this study. This applies for both mainstream and tributary 
sub-catchments. For sub-catchments in the mainstream, we expect this 
error to be small, since the reservoirs we included account for 78% of the 
total storage capacity in the YRB (Ran and Lu, 2012), and all mainstream 
sub-catchments downstream of the included reservoirs benefit from 
their effect on BWA. For tributary sub-catchments that have reservoirs in 
place, this could have led to a significant overestimation of BWS (we 
indeed observe high BWS values in tributary sub-catchments). The res-
ervoirs in the tributary rivers account for only 6% of the storage capacity 
based on the location of reservoirs from Ran and Lu (2012) within 
tributary sub-catchments defined in this study. However, in a tributary 
sub-catchment with little blue water demand a small reservoir could 
already alleviate BWS significantly. By excluding them in the current 
study the BWS in tributary sub-catchments probably is overestimated. 

A third limitation of the study is the configuration of tributary sub- 
catchments in the population- and demand-based scenarios. Currently, 
these tributary sub-catchments are considered as the most upstream sub- 
catchment in their river system and are responsible for blue water in 
downstream sub-catchments. However, they are fully dependent on the 
local BWA as opposed to mainstream sub-catchments. The responsibility 
to supply water to downstream mainstream sub-catchments causes BWS 
to increase in the scenarios that do not consider other sub-catchments in 
blue water allocation compared to the two scenarios that do. While 
tributary sub-catchments often already experience (severe) BWS in the 
natural and reservoir scenarios, BWS increases in de population- and 
demand-based scenarios. This occurs in seasons when mainstream sub- 
catchments do not necessarily require BWA from tributary sub- 
catchments. This is caused by the fact that population- and demand- 
based allocation principles consider other sub-catchments in deter-
mining the right to blue water (EBWA) and not necessarily the need of 
blue water of the mainstream sub-catchments. This could be prevented 
by applying the use-what-is-there principle locally for tributary sub- 
catchments. However, this is not a general solution since the relation 
between tributary and mainstream sub-catchments might be different in 
other basins. Another solution could be to include a component that 
accounts for the actual BWF of a downstream sub-catchment or the ef-
fect on BWS of a certain blue water distribution. This component could 
be used to allocate blue water to the sub-catchment that benefits most. 

A fourth assumption that needs to be pointed out is that the operation 
of the five major reservoirs is taken as the observed stored water volume 
changes for the reservoir, population- and demand-based scenarios. 
These three scenarios consider the same amounts of water being 
released or retained by the reservoirs as input for the cap-setting. Our 
model did not allow for the optimization of reservoir operations to 
possibly achieve a more desirable water allocation according to relative 
population size of historical water demand. However, such an optimi-
zation would be rather hypothetical anyway, since reservoir operations 
are in practice tuned to fulfil a range of purposes next to water supply, 
including hydroelectricity generation and flood control (Zhuo et al., 
2019). 

A final note of attention is that in this study, in contrast to some of the 
allocation scenarios in Van der Zaag et al. (2002), we do not explicitly 
account for the availability of green water – the precipitation water in 
the unsaturated zone of the soil that can be made productive in agri-
culture and forestry – in the allocation of blue water resources. In the 
demand-based scenario, we do implicitly account for green water, 
because the historical blue water demand of agriculture has been esti-
mated with a crop growth model that accounts for green water when 
estimating blue water needs (Wang et al., 2019). Although we endorse 
the relevance of green water in the economy (Schyns et al., 2015; Schyns 
et al. 2019), we had a couple of reasons not to explicitly incorporate 
green water in our blue water allocation scenarios. The argument to 
consider green water in blue water allocation is that a sub-catchment 
rich in green water can use that water to grow crops and timber and 

to sustain grazing systems and therefore is less in need of additional blue 
water. However, the technical implementation of this idea in a method 
for BWF cap-setting is problematic. First, the question arises how to 
value green versus blue water, since green and blue water cannot be 
made productive in the same way and for the same uses. For example, 
blue water can be taken from rivers and groundwater bodies and used in 
irrigated agriculture, industries and households elsewhere. Green water 
is land-bound and can only be made productive in the economy for 
biomass growth in agriculture or forestry. This is the reason why green 
water use generally has lower opportunity costs than blue water use 
(Aldaya et al., 2010). This is also reflected in the assessment by Van der 
Zaag et al. (2002) who assume that green water has half the value 
compared to blue water, and acknowledge that this is an important 
variable to reach consensus between riparian countries in the context of 
transboundary water sharing. Second, it is not straightforward to 
determine green water availability for each sub-catchment, since green 
water availability not only depends on the size of the green water flows 
(which follows from a hydrological model like SWAT that we used), but 
also on where these flows can actually be made productive in agriculture 
and forestry (Schyns et al., 2019). Part of the green water flows will 
occur in areas unsuitable for agriculture or forestry, because of bio-
physical constraints (e.g. too steep slopes, too extreme temperatures or 
infertile soils) or because they need to be preserved for terrestrial eco-
systems, similarly to EFR which are subtracted from natural blue water 
runoff. Future research may tackle these challenges and focus on how to 
best account for green water in blue water allocation and BWF cap- 
setting. 

5. Conclusion 

We have investigated alternative allocation scenarios to determine 
monthly BWF caps per sub-catchment of the YRB and evaluated the 
effects on BWS levels experienced across the YRB. This study confirms a 
number of findings of previous studies on BWS in the YRB: (i) BWS is 
most severe in spring and summer (Zhuo et al., 2016); (ii) reservoir 
releases in the dry season reduce BWS levels in these months, while BWS 
levels increase in the wet months when water is needed to fill the res-
ervoirs (Zhuo et al., 2019); (iii) BWS increases from upstream to 
downstream when the use-what-is-there principle of water allocation is 
applied (Zhuo et al., 2019). We have shown that this third point is no 
longer true when a different water allocation principle is applied that 
considers downstream sub-catchments in BWF cap-setting by means of 
relative population sizes or relative historical demand. In those cases 
regional differences between upstream and downstream BWF caps and 
BWS reduce. The demand-based scenario results in the smallest 
upstream–downstream differences in BWS. The population-based sce-
nario also reduces upstream–downstream differences in BWS compared 
to the use-what-is-there principle and results in the smallest 
upstream–downstream differences in water availability per capita. We 
thus conclude that setting BWF caps per sub-catchment can mitigate 
water scarcity in parts of a large river basin. It remains to be investigated 
what are the most appropriate (combinations of) allocation principles 
and how these can be translated to river basin policy and management. 
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A., 2012. Global monthly water scarcity: Blue water footprints versus blue water 
availability. PLoS ONE 7 (2), e32688. https://doi.org/10.1371/journal. 
pone.0032688. 

Hogeboom, R.J., Bruin, D. De, Schyns, J.F., Krol, M.S. (2020). Capping Human Water 
Footprints in the World ’ s River Basins Earth ’ s Future. 1–14. https://doi.org/ 
10.1029/2019EF001363. 

Hua, Y., Cui, B., 2018. Environmental flows and its satisfaction degree forecasting in the 
Yellow River. Ecol. Ind. 92, 207–220. https://doi.org/10.1016/j. 
ecolind.2017.02.017. 

HWSD. (2009). Harmonized World Soil Database. http://westdc.westgis.ac.cn/.. 
IPCC. (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 

II, III to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. IPCC, 151. 

Jiang, S.-h., Zhou, M., Ren, L.-L., Cheng, X.-R., Zhang, P.-j., 2016. Evaluation of latest 
TMPA and CMORPH satellite precipitation products over Yellow River Basin. Water 
Sci. Eng. 9 (2), 87–96. https://doi.org/10.1016/j.wse.2016.06.002. 

Karimi, S.S., Yasi, M., & Eslamian, S. (2012). Use of hydrological methods for assessment 
of environmental flow in a river reach. 549–558. https://doi.org/10.1007/s13762- 
012-0062-6. 

Li, L., Hao, Z., Wang, J., Wang, Z., Yu, Z., 2008. Impact of Future Climate Change on 
Runoff in the Head Region of the Yellow River. J. Hydrol. Eng. 347–354 https://doi. 
org/10.1061/_ASCE_1084-0699_2008_13:5_347. 

Liu, Q., Yang, Z., Cui, B., 2008. Spatial and temporal variability of annual precipitation 
during 1961–2006 in Yellow River Basin, China. J. Hydrol. 361 (3–4), 330–338. 
https://doi.org/10.1016/j.jhydrol.2008.08.002. 

Mekonnen, M.M., Hoekstra, A.Y., 2016. Sustainability: Four billion people facing severe 
water scarcity. Sci. Adv. 2 (2), 1–7. https://doi.org/10.1126/sciadv.1500323. 

Mianabadi, H., Mostert, E., Pande, S., & Giesen, N. Van De. (2015). Weighted Bankruptcy 
Rules and Transboundary Water Resources Allocation. 2303–2321. https://doi.org/ 
10.1007/s11269-015-0942-x. 

Mianabadi, H., Mostert, E., Zarghami, M., van de Giesen, N., 2014. A new bankruptcy 
method for conflict resolution in water resources allocation. J. Environ. Manage. 
144, 152–159. https://doi.org/10.1016/j.jenvman.2014.05.018. 

Pastor, A.V., Ludwig, F., Biemans, H., Hoff, H., Kabat, P., 2014. Accounting for 
environmental flow requirements in global water assessments. Hydrol. Earth Syst. 
Sci. 18 (12), 5041–5059. https://doi.org/10.5194/hess-18-5041-2014. 

Poff, N.L., & Zimmerman, J.K.H. (2010). Ecological responses to altered flow regimes : a 
literature review to inform the science and management of environmental flows. 
194–205. https://doi.org/10.1111/j.1365-2427.2009.02272.x. 

Ran, L., Lu, X.X., 2012. Delineation of reservoirs using remote sensing and their storage 
estimate: An example of the Yellow River basin, China. Hydrological Processes 26 (8), 
1215–1229. https://doi.org/10.1002/hyp.8224. 

REDCP. (2010). Population density Yellow River basin. http://www.resdc.cn/. 
REDCP. (2015). Chinese Academy Of Sciences, Resources and Environment Data Cloud 

Platform. 
Richter, B.D., Davis, M.M., Apse, C., Konrad, C., 2012. A presumptive standard for 

environmental flow protection. River Res. Appl. 28 (8), 1312–1321. https://doi.org/ 
10.1002/rra.1511. 

Richter, B.D., Warner, A.T., Meyer, J.L., Lutz, K.I.M. (2006). A collaborative and adaptive 
process for developing environmental flow recommendations. 318(January), 
297–318. https://doi.org/10.1002/rra.892. 

Rijsberman, F.R., 2006. Water scarcity: Fact or fiction? Agric. Water Manag. 80 (1–3 
SPEC. ISS.), 5–22. https://doi.org/10.1016/j.agwat.2005.07.001. 

Roos, M.D. (1991). A trend of decreasing snowmelt runoff in northern California. 
Proceedings of The 59th Annual Western Snow Conference, 29–36. sites/ 
westernsnowconference.org/PDFs/1991Roos.pdf. 

Schyns, J.F., Hoekstra, A.Y., Booij, M.J., 2015. Review and classification of indicators of 
green water availability and scarcity. Hydrol. Earth Syst. Sci. 19 (11), 4581–4608. 
https://doi.org/10.5194/hess-19-4581-2015. 

Schyns, J.F., Hoekstra, A.Y., Booij, M.J., Hogeboom, R.J., Mekonnen, M.M., 2019. Limits 
to the world’s green water resources for food, feed, fiber, timber, and bioenergy. 
PNAS 116 (11), 4893–4898. https://doi.org/10.1073/pnas.1817380116. 

Tang, Q., Oki, T., Kanae, S., Hu, H., 2008. Hydrological cycles change in the Yellow River 
basin during the last half of the twentieth century. J. Clim. 21 (8), 1790–1806. 
https://doi.org/10.1175/2007JCLI1854.1. 

UN General Assembly. (2015). Transforming our world: The 2030 agenda for Sustainable 
Development. A/RES/70/1. 

United Nations, 2020. Sustainable Development Goals. Sustainalbe Development, 
Department of Economic and Social Affairs https://sdgs.un.org/goals/goal6.  

USGS. (2019). United States Geological Survey. https://hydrosheds.cr.usgs.gov/. 
Van der Zaag, P., Seyam, I.M., Savenije, H.H.G., 2002. Towards measurable criteria for 

the equitable sharing of international water resources. Water Policy 4 (1), 19–32. 
https://doi.org/10.1016/S1366-7017(02)00003-X. 

Veldkamp, T.I.E., Wada, Y., Aerts, J.C.J.H., Döll, P., Gosling, S.N., Liu, J., Masaki, Y., 
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