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Abstract: Human and environmental demands for water are both important; therefore, two
approaches are proposed for assessing water scarcity using the water stress index. In one of them,
the human demand for water explicitly includes environmental water as one of the components
(WSIe1), whereas in the other, environmental water is explicitly reserved by subtracting it from the
water availability (WSIe,). The results obtained from using the two approaches in the case of Bang
Pakong watershed correspondingly contribute to the explanation of the existing stress situation,
especially in the dry season. The stressful results were noticed during December to February for
both approaches as a result of less available water and higher environmental water requirement. The
assessment of environmental water requirement (EWR) in this study was quantified according to low
and high flow periods. The two approaches perform well for assessing water scarcity in the Bang
Pakong watershed; however, the result interpretation using the WSl approach is more serious than
the WSl approach in terms of water scarcity potential beyond the critical threshold. In conclusion,
priority of water allocation is the key consideration for selecting the approach. Higher priority for the
environment favors the use of WSI, for policy making whereas for a lower priority, the use of WSI;.
In case of Thailand, the WSI, approach would be recommended in order to put the EWR as the first
priority. Then, water allocation priorities can be rearranged only for human demands for water while
the EWR is already safeguarded by setting it aside.

Keywords: water stress index; environmental water requirement; freshwater use impact; Thailand

1. Introduction

Water crises have been increasingly observed in various parts of the world including Thailand.
All regions of Thailand are being affected by floods and droughts almost every year. This issue is taken
into consideration by assessing the impact of freshwater use on freshwater resources. The same amount
of freshwater used in different areas may create different potential impacts on freshwater resources. To
measure the level of water stress for each area, all demands for water are taken into account along
with the availability of freshwater. Not only do humans need water for satisfying their demands, but
water is also required by the environment, especially a river or watershed system, to maintain its
functions and ecosystem services. This environmental water is affected by the overuse of freshwater
resources as well as water scarcity [1] and it requires concern at different scales of analysis from large
to small [2]. Environmental Water Requirement (EWR) appears to have been concerned at a global
scale when the study of Smakhtin et al. [3] suggested that EWR needs to be addressed seriously in
water resources management and development. Several countries have addressed this by developing
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the environmental flow guidelines to support their water resource management plans [4]. In reality,
EWR varies based on environmental conditions and the period of time for maintaining river functions
and ecosystem services. Accounting for EWR in the characterization of freshwater resource impact has
also been strongly recommended by Fingerman et al. [5].

The water stress index (WSI) proposed by Pfister et al. [6] has been widely applied as
a characterization factor for assessing water scarcity. The WSI was first developed based on the ratio
of water withdrawal to water availability (WTA). Human demand for water is explicitly accounted
for in the water withdrawal while environmental demand for water is implicitly incorporated via the
thresholds of WSI. However, as freshwater is necessary for both human and environmental activities,
environmental demand for water should also be taken into account explicitly in the WSI. Thus,
explicitly accounting for EWR in the WTA will allow the flexibility to change or modify the EWR based
on context. Therefore, this study highlights the importance of EWR as a separate and distinct sector in
the WTA. EWR is the minimum amount of water required for maintaining the desired condition of
rivers and ecosystems for providing their functions and services, especially the regulatory services
to maintain river ecosystem conditions and natural protection. Thailand is divided into 25 major
watersheds, each requiring a different amount of EWR for different purposes at different times. Thus,
to allow changing the EWRs based on the local conditions, the explicit incorporation of EWR in the WSI
and its application for the case of Thailand was studied by Nilsalab and Gheewala [7]. The EWR was
taken into account in the WSI according to the existing practices under the Royal Irrigation Department
(RID) of Thailand. In a later study, two general approaches for the explicit incorporation of EWR in the
WSI were proposed by Nilsalab et al. [8]. One of these two approaches was adjusted specifically for
Thailand in the earlier study [7]; therefore, the other one will be provided in this study. Accordingly,
the proposed two approaches are discussed with the aim to draw out the implications of applying the
two approaches through the assessment of a significant watershed in Thailand. This is a continuing
work to support the use of the WSI with reference to EWR (WSI,) [8] as a characterization factor for
assessing the potential impact of water scarcity due to freshwater use. Freshwater taken from areas
having high WSI. potentially leads to increasing the severity of water scarcity to downstream users.
This gives an idea about how much additional stress or pressure will be generated in that area. The
application of WSI, as a characterization factor for assessing the impact of freshwater use on freshwater
resources was performed first to see how it works. This study focuses on improving the method to
be suitable for a specific country and assist in the selection of an appropriate approach. Lastly, the
influence of climate change is also taken into consideration for the recommended approach. This is
because the spatial and temporal distribution of freshwater resources are expected to be affected by
changes in rainfall and temperature patterns due to climate change [9].

2. Methodology Approach

The Bang Pakong watershed (see Figure 1), divided into four sub-watersheds covering over
Nakhon Nayok, Chonburi, Chachoengsao, Prachinburi, and Saraburi, was selected as the case study
for applying the WSI with reference to EWR, or WSI,, proposed by Nilsalab et al. [8]. The Bang Pakong
watershed has experienced progressive seawater intrusion and a decline in water quality [10-12].

The proposed two approaches for accounting EWR in the demand to availability (DTA) ratio of
the WSI, are based on a human perspective (the water demand explicitly includes EWR as one of the
components, WSI.1) and an environmental perspective (EWR is explicitly reserved by subtracting
it from the water availability, WSI.,). For both the approaches, the stress situation is defined to
start occurring after the demands for water are equal to the water availability. This implies an
impact on freshwater resources and its potential is measured directly from the excess demand instead
of the predefined threshold. The WSI,; (based on human perspective) includes both human and
environmental demands for water. When these demands are equal to the water availability, the stress
situation occurs because there is no available water for any excess demand. This is not the same when
applying the WSI, (based on the environmental perspective) because the environmental water is
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potentially available for the excess demand of humans (though at the expense of the environment);
thus, the impending stress situation is defined. Accordingly, it could be implied that the severity of
stress situation by WSI,; would be more serious than that assessed by WSI,. Furthermore, water
allocation is generally based on a priority setting scheme for the water demand sectors. Applying
the two approaches implies that the lowest priority sector will be the first sector suffering from the
stress situation.

25 watersheds of Thailand
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Figure 1. Bang Pakong watershed.

The stress situation is defined by the DTA ratio and calculated with a logistic function to obtain
continuous values of the WSI,, the ranges obtained are 0.01 to 2 for the WSI,; and 0.01 to 1 for the
WSl resulting from different ways of the EWR incorporation. The occurrences of stress situation
or a critical point are indicated at DTA equal to 1 for the WSI,; and 0.5 for the WSI;. Hence, the
levels of stress situation are classified at the values of WSI,; and WSI; ranging from 1 to 2 and 0.5
to 1, respectively (see Table 1). Three levels of approaching stress are categorized below and three
beyond the critical point [7]. The severity of a stress situation is classified into three levels based
on the proposed water pressure ranges in Frischknecht et al. [13]. Three levels before approaching
the critical threshold, especially watch and warning levels, are established from the minimum and
maximum of EWR in Pastor et al. [14]. The variable monthly flow (VMF) method of Pastor et al. [14]
is developed based on a hydrology-based method which is the most used one for calculating the
EWR [15]. The VMF method is verified with three renowned hydrology-based methods including the
Smakhtin, Tennant, and Tessmann methods and 11 local case studies using model simulation.
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Table 1. Classifications of WSI,; and WSI,.

WSI, 1 WSI,» Level of Approaching Stress
0<WSI.q <0.12 0<WSI, <0.06 No stress
0.12 < WSl 1 <040 0.06 < WSl <0.20 Watch
040 <WSI,1 <1 0.20 < WSl <0.5 Warning
1<WSl,; <1.72 0. <WSI» <0.86 Moderate
1.72 <WSI,; <1.88 0.86 < WSI,» < 0.94 Severe
1.88 <WSI,1 <2 0.94 <WSI,» <1 Extreme

The monthly WSI,; result of the Bang Pakong watershed was directly obtained from Nilsalab and
Gheewala [7] and the obtained data from this study were further used for calculating the annual WSl
and both the annual and monthly WSI,,. The two approaches proposed by Nilsalab et al. [8] were
adjusted specifically for the case of Thailand by using the country data. The annual equation of the
W6l is expressed in Equation (1) [6,7]. Equations (2) and (3) are the annual and monthly equations of

the WS, [6,8,16].
2

+ (6—1.82(DTA§1)) (ﬁ _ 1) @

annual WSl (tpa) =

where

annual WSl (tHA) means water stress index with reference to environmental water requirement
where the water demand explicitly includes EWR;

DTAZ; means the DTA.; in relation to precipitation variation and flow regulation.
If flow is regulated by dam, strong regulation flow (SRF) is defined and the
DTA}, is calculated as DTA}; = v/VF x DTA¢;. If flow is not regulated by dam,
non-strong regulation flow (non-SRF) is defined and the DTAY; is calculated as
DTA?; = VF x DTAy;

VF (variation factor) means precipitation variation quantifying from the
arithmetic standard deviations of the log-transformed values of monthly

* 2 * 2
(Smontn) and annual rainfall (Sj,,) as VF = e\/h‘ (Stmonth) " +In (Sjear) .

DTA¢ means the demand to availability where the water demand explicitly

includes EWR as one of the components;

WD+EWR
DTA, = WEEWR

WD is water demands for agriculture, industry, household, and livestock;

EWR is environmental water requirement;
WA is water availability

1

+ (e—l.sz(DTAgz)) (ﬁ _ 1)

@

annual WSIeZ(THA) =

where

annual WSl (tHA) means water stress index with reference to environmental water requirement
where the water availability explicitly excludes EWR;

DTA}, means the DTA, in relation to precipitation variation and flow regulation.
If flow is regulated by dam, strong regulation flow (SRF) is defined and the
DTA}, is calculated as DTAY, = v/VF x DTAy. If flow is not regulated by dam,
non-strong regulation flow (non-SRF) is defined and the DTAY, is calculated as
DTA}, = VF x DTA;
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VF (variation factor) means precipitation variation quantifying from the

arithmetic standard deviations of the log-transformed values of monthly
* 2 * 2

(Smontn) and annual rainfall (Sje,,) as VF = e\/ln (Stmonen)” 10 (Syear) ;

DTA¢; means the demand to availability where EWR is explicitly reserved by
subtracting it from the water availability;
DTAe2 =z Fwr

WD is water demands for agriculture, industry, household, and livestock;

EWR is environmental water requirement;

WA is water availability

1

14 (e73.84(DTA;2’month) ) ( E 1) (3)

monthly WSl rpj0) =

where

monthly WSIeytHa) means water stress index with reference to environmental water requirement
where the water availability explicitly excludes EWR;

DTAZZ,month means the DTAg month in relation to variability of annual rainfall which is

calculated as DTAY, o = S;‘,ear X DTAe2 months

Sjear means the geometric standard deviation of annual rainfall;

DTA¢ month means the demand to availability where EWR is explicitly reserved
by subtracting it from the water availability;

_ monthly WD
DTAEZ,mODth ~ monthly WA—monthly EWR

monthly WD is water demands for agriculture, industry, household,
and livestock on a monthly basis;

monthly EWR is environmental water requirement on a monthly basis;
monthly WA is water availability on a monthly basis.

The two approaches proposed by Nilsalab et al. [8] were adjusted basically from the annual and
monthly WSI of Pfister et al. [6] and Pfister and Bayer [16]. Hence, the term DTA{ is also associated
with a variation of rainfall (VF) and a river flow regulation [6]. Accordingly, the term DTA] is equal to
the product of VF and DTA.. The VF is calculated by means of the arithmetic standard deviations of the
log-transformed values of monthly and annual rainfall. Then, the river flow regulation linked to obtain
the values of DTA; is used to account for flow regulations by water reservoirs or dams. If a watershed
has a substantial alteration of flow regimes by dams, the value of VF will be reduced by applying
square root. In the case of the monthly DTA(, the river flow regulation is not taken into account and
the VF is replaced by the variability of annual rainfall (sj.,,), a geometric standard deviation of the
log-transformed values of annual rainfall [16].

Other than the adjustment of WSI. for the case of Thailand, the calculation of EWR for all
25 watersheds including the Bang Pakong watershed in this study was based on the VMF method of
Pastor et al. [14] similar to Nilsalab and Gheewala [7]. The methodology described above is illustrated
through a flowchart in Figure 2.
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Figure 2. Flowchart of methodology.

3. Results and Discussion

The WSI, values of the Bang Pakong watershed using the two approaches are presented in Table 2.
The annual water stress results revealed the same level of classification for both the approaches as
the Bang Pakong watershed needs attention to monitor the stress situation; therefore, these annual
results cannot be used to evaluate the implications of applying the different approaches. Explicit
incorporation of EWR in the two approaches can be seen from the monthly results.

Table 2. WSl values based on the two approaches for explicitly including environmental water

requirement (EWR).
Bang Pakong Annual Monthly
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
M WsIy 0.39 1.83 1.15 0.76 0.47 0.14 0.26 0.39 0.48 0.22 0.17 0.78 137
Watch Severe  Medium Warning Warning Watch ~ Watch ~ Watch ~ Warning Watch ~ Watch ~ Warning Medium
@ WSl 0.09 0.99 0.64 0.22 0.05 0.02 0.06 0.11 0.16 0.05 0.03 0.28 0.79
Watch Extreme Medium Warning No No Watch ~ Watch ~ Watch No No Warning Medium
stress stress stress stress
©3)
. Seawater Event occurred Event occurred
intrusion
@) Reduce
water Event occurred
pollution

(@ Based on human perspective; @ based on environmental perspective; ®) record water events [10]; @ literature
[17]. The grey background color means no data records found.

The stress situation was revealed in January for both approaches; however, the levels of stress
were different as a severe level of stress situation is indicated by the WSI,; whereas an extreme level
of impending stress situation is predicted using the WSI,. Based on the water events recorded by
the Hydro and Agro Informatics Institute (HAII) [10], the stress situation and seawater intrusion
occur in the Bang Pakong watershed mainly in the dry season. Less rainfall and water allocation
based on limited available freshwater in the dry season can lead to the impossibility to satisfy all
human and environmental demands for water. Although the environmental water is regulated at
the minimum flow, this minimum EWR is not enough for alleviating the effect of seawater intrusion
and the problem of water quality. The Royal Irrigation Department (RID) reported that 26.5 and
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97.8 million m? of freshwater were recorded for pushing down the seawater at the Kgt. 3 station and
the station at Tambon Paknum, Chachoengsao province during November to February [18]. During
December 2007 to February 2008, the stored water in the Klong Si Yad, Khun Dan Prakan Chon and
Phra Prong reservoirs located in the upstream of the Bang Pakong watershed released around 71, 29
and 10 million m? to increase the environmental water for slowing down the seawater intrusion in
the downstream [12]. Moreover, different EWRs of the Bang Pakong watershed have been estimated
by three different organizations at 19.8 million m3/month [19], 147.44 million m3/ year [20] and
42 million m3/year [11]; all claiming to be based on the minimum flow of historical monthly runoff.
However, the impact of seawater intrusion still gets worse in the dry season due to the lack of water for
pushing down the seawater as mentioned in the studies of the Royal Irrigation Department [19] and
HAII [20]. Additionally, the strategic plan on Thailand’s water resources management recommends
increasing EWR during the dry season through constructing small to medium scale water reservoirs
in the sub-watersheds, especially in the watersheds affected by the estuary tide [11]. Accordingly,
this somehow matches with the results from both the WSI.; and WSI,.

The EWR of Bang Pakong watershed accounted for in these two approaches is calculated by
using the VMF method of Pastor et al. [14] which is developed to deal with improper allocation of
environmental flow during the high and low flow periods. As a result, the EWR in the dry season
particularly during November, December and January is higher than the requirement in the wet season.
Although there is more water available for human demand in the wet season, a more stressful situation
is revealed by using the WSI¢;1. On the other hand, as the WSI,, approach gives the first priority to the
EWR, the results may provide useful new insights regarding the importance of EWR on policy and
future plan for water resource management.

Currently, RID explicitly takes EWR into account as one of the water demand sectors as human
and environment are both important. Thus, the WSI.; approach corresponds to the consideration
of RID and should be preferred for the case of the Bang Pakong watershed and the water allocation
priorities could be rearranged accordingly [7]. However, as this study would like to highlight and
emphasize the importance of EWR in the case of Thailand, applying the WSI; approach would be
recommended rather than the WSI,; approach. Then, water allocation priorities can be rearranged
only for human demands for water while the EWR is already safeguarded by setting it aside (cannot
be allocated to any human demand).

Consequently, maintaining river functions and ecosystem services is given as the most important
responsibility and the highest priority is given to the environmental sector. The WSl where the
available water associated with the EWR, especially following the monthly basis is recommended.
Thus, the monthly WSI,, (Equation (3)) was further applied for calculating the results for 25 watersheds.
The results are illustrated in Figure 3 and the values of WSI,, are presented in Table 3. Although the
stress situation does not yet exist based on the interpretation of the WSI, approach, we still need to
pay attention to the critical areas which are seen in two regions (Figure 3); the central part during
the dry season (from November to April) and the northeastern region during the wet season (from
May to October). This is because there is intensive crop cultivation in the central region especially in
irrigated areas, and of course the agricultural sector is the most water intensive sector of the country.
The amount of rainfall in the northeastern region is lower than other regions because of the geography.
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Table 3. Results of Thailand’s monthly water stress index with reference to environmental
water requirements.

Wl;:/t[:rI;;he d Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Salawin 0.02 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Kok 0.14 0.09 0.08 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.02
Ping 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01
Wang 0.03 0.03 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.02
Yom 0.92 0.96 0.50 0.02 0.01 0.04 0.05 0.04 0.03 0.02 0.02 0.04
Nan 0.03 0.04 0.05 0.01 0.01 0.02 0.03 0.02 0.02 0.01 0.01 0.01
Khong 0.05 0.06 0.04 0.03 0.01 0.04 0.03 0.03 0.03 0.02 0.02 0.02
Chi 0.05 0.04 0.02 0.02 0.01 0.06 0.08 0.05 0.06 0.02 0.01 0.02
Mun 0.05 0.06 0.02 0.02 0.01 0.09 0.08 0.08 0.07 0.02 0.01 0.02

Chao Phraya 1.00 1.00 0.99 0.08 0.02 0.12 0.31 0.27 0.07 0.03 0.32 0.98
Sakae Krang 0.24 0.05 0.08 0.03 0.02 0.04 0.10 0.17 0.08 0.02 0.04 0.03
Pasak 0.47 0.20 0.06 0.02 0.02 0.03 0.06 0.05 0.04 0.03 0.04 0.05
Thachin 1.00 1.00 0.90 0.04 0.02 0.10 0.20 0.23 0.07 0.02 0.05 0.53
Mae Klong 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01
Phetchaburi 0.09 0.49 0.07 0.02 0.01 0.02 0.03 0.03 0.02 0.01 0.01 0.02
Wesc’;uCltf)ast 0.15 0.19 0.19 0.05 0.02 0.04 0.05 0.04 0.02 0.02 0.02 0.09
Prachin Buri 0.61 0.15 0.06 0.02 0.01 0.03 0.03 0.03 0.02 0.02 0.02 0.08
Bang Pakong 0.99 0.64 0.22 0.05 0.02 0.06 0.11 0.16 0.05 0.03 0.28 0.79
Tonle Sap 0.02 0.03 0.03 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Easésl‘;a“ 004 014 012 009 002 002 001 002 001 002 005 005
Pe““éso‘;l;EaSt 005 006 004 020 003 004 003 005 003 002 001 001
Tapi 001 001 001 002 002 002 002 003 002 002 001 001
Thale sap 002 002 001 008 003 003 002 004 003 002 001 001
Songkhla
Pattani 001 001 001 002 001 002 001 001 001 001 001 001
Peninsula 003 004 001 011 002 002 002 002 002 002 002 001
West Coast

The availability of water depends on rainfall; therefore, climate change can bring about a change
in rainfall pattern which will affect the water availability (in both spatial and temporal dimensions).
Rainfall patterns change to more intense rainfall on rainy days and more dry days in a year.
Additionally, increased temperature can lead to the increase in crop water requirement in order
to compensate the increased evaporative loss. All these effects will lead to potential changes in
the results of water stress levels. In this study, we used the forecasted rainfall in Thailand during
2020-2025 under the RCP 4.5 scenario for investigating its influence and contribution on the results
of water stress level using the proposed index. The RCP 4.5 was selected because it represents an
intermediate pathway considering the implementation of a climate policy with aims at stabilizing CO,
concentrations. The forecasted rainfall data is supported by another project on water footprinting of
food, feed and fuel for effective water resource management [21]. The monthly WSI, results under
climate change condition are presented in Figure 4 and Table 4.
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Figure 4. Maps of monthly water stress index with reference to environmental water under climate change.
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Table 4. Results of Thailand’s monthly water stress index with reference to environmental water
requirements under climate change.

Wl;:/t[:rI;;he d Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Salawin 0.05 0.11 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.02
Kok 0.99 1.00 0.19 0.01 0.01 0.02 0.18 0.14 0.10 0.02 0.01 0.06
Ping 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.02 0.03 0.01 0.01 0.01
Wang 0.06 0.06 0.02 0.01 0.01 0.01 0.05 0.03 0.03 0.01 0.01 0.02
Yom 1.00 1.00 0.47 0.02 0.01 0.04 0.88 0.41 0.63 0.03 0.02 0.08
Nan 0.04 0.04 0.05 0.01 0.01 0.03 0.19 0.12 0.18 0.02 0.01 0.01
Khong 0.06 0.52 0.07 0.02 0.01 0.05 0.97 0.69 0.78 0.04 0.02 0.02
Chi 0.06 0.09 0.03 0.02 0.01 0.09 0.98 0.81 0.98 0.03 0.01 0.02
Mun 0.04 0.10 0.02 0.02 0.01 0.27 1.00 0.99 1.00 0.04 0.01 0.02

ChaoPhraya 100 100 100 008 002 034 100 100 100 011 010 097
SakaeKrang 071 088 018 004 002 009 099 08 098 007 002 004
Pasak 061 084 008 002 001 004 08 047 095 006 002 005
Thachin .00 100 098 003 002 034 100 099 100 008 003 050
MaeKlong 002 002 002 00l 00l 002 003 003 003 002 00l 001
Phetchaburi 044 067 013 002 001 003 036 013 013 002 001 002
Wesct;ucl‘f)a“ 012 019 066 005 006 013 069 017 009 010 002  0.04
PrachinBuri 021 096 009 006 002 034 100 095 099 007 001  0.02
Bang Pakong 100 100 096 024 007 066 100 099 099 014 006 032
Tonle Sap 002 017 005 008 003 037 100 087 099 009 001 001

Easésl‘;a“ 004 097 077 047 007 023 072 034 040 010 003 003
Pe““éso‘;l;EaSt 067 077 095 063 018 053 092 076 073 017 012 0.9
Tapi 001 001 001 003 004 005 010 009 007 003 002 002
Thale sap 003 007 005 036 013 024 030 028 024 005 003 002
Songkhla
Pattani 001 001 002 003 003 003 003 002 002 001 001 001
Peninsula 004 013 004 076 043 083 100 094 091 015 006  0.03
West Coast

The comparison of the monthly water stress map under climate change condition and the current
water stress map revealed a significant increase in water stress during January to March in the dry
season and during July to September in the wet season. This is because the forecasted rainfall in 2025
decreased in every watershed leading to changes in the level of water stress in several watersheds based
on the existing demands for water. The potential effect of climate change on the availability of water in
the future, especially in the wet season which could potentially have less rainfall, should be considered
in the long-term plans on water resource management and agriculture. This is the same as other studies
on the impact of climate change on water availability which revealed that the impact of climate change
becomes a significant factor influencing changes in precipitation and temperature [9,22,23]. Although
the levels of water stress in some watersheds increase due to less rainfall, their environmental water is
already safeguarded as the first priority is given to the environmental water in the WSl approach.

4. Conclusions

Two approaches were considered for explicitly incorporating EWR into the WSI for the purpose
of prioritizing EWR in water scarcity calculations. Both the approaches for incorporating EWR into
the WSI were seen to work well for assessing the stress situation in Thailand during the dry months
as confirmed by comparison of the predicted results with the actual situation. The WSI,; based on
human perspective puts lower emphasis on environment (water resources) than the WSI,. Therefore,
the selection of the approach will depend on the priority level of water for the country. Based on
the national agenda, higher priority for the environment implies the use of WSI,; for policy making
whereas a lower priority favors the use of WSI.;. EWR estimated by the variable monthly flow method
showed a good correlation with the actual situation in Thailand. Moreover, the WSI,, approach would
be highly recommended in order to maintain the EWR as the first priority. Additionally, climate change
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and its variability cause significant impacts on water resources especially in the wet season which
could potentially have less rainfall. Although the levels of water stress in some watersheds increased
due to less rainfall, their environmental water is already safeguarded as the first priority is given to the
environmental water. However, there would potentially be high risk of water scarcity for agriculture
which mainly relies on rainfall in Thailand. The results of applying the WSI., approach could help to
select the areas that have less water scarcity, and to shift crop cultivation for alleviating the impact of
water scarcity. The proposed approach could easily be adopted by other countries using their specific
precipitation data.

Author Contributions: PN. and S.H.G. conceptualized this manuscript. P.N. prepared data and information,
and wrote this manuscript. S.H.G. assisted in reviewing and correcting the manuscript.

Funding: This study obtained financial support from King Mongkut’s University of Technology Thonburi
(KMUTT) and the National Science and Technology Development Agency (NSTDA), Thailand.

Acknowledgments: This research has been jointly carried out under the post-doctoral program of KMUTT and
the project “Network for Research and Innovation for Trade and Production of Sustainable Food and Bioenergy”
supported by NSTDA.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Navarro-Ortega, A.; Acufa, V.; Bellin, A.; Burek, P; Cassiani, G.; Choukr-Allah, R.; Dolédec, S.; Elosegi, A.;
Ferrari, F,; Ginebreda, A.; et al. Managing the effects of multiple stressors on aquatic ecosystems under water
scarcity, The GLOBAQUA project. Sci. Total Environ. 2015, 503-504, 3-9. [CrossRef] [PubMed]

2. Smakhtin, V.U. Environmental Water Needs and Impacts of Irrigated Agriculture in River Basins: A Framework for
a New Research Program; Working Paper 42; International Water Management Institute: Colombo, Sri Lanka,
2002.

3. Smakhtin, V.; Revenga, C.; Doll, P. Taking into Account Environmental Water Requirements in Global-Scale
Water Resources Assessments; Comprehensive Assessment Research Report 2; Comprehensive Assessment
Secretariat: Colombo, Sri Lanka, 2004.

4. Kauriqi, A.; Rivaes, R.; Sordo-Ward, A.; Pinheiro, A.N.; Garrote, L. Comparison and Validation of Hydrological
E-Flow Methods through Hydrodynamic Modelling. In Proceedings of the General Assembly Conference
(EGU), Vienna, Austria, 23-28 April 2017; Volume 19, p. 13634.

5. Fingerman, K.R.; Torn, M.S.; O’'Hare, M.H.; Kammen, D.M. Accounting for the water impacts of ethanol
production. Environ. Res. Lett. 2010, 5, 014020. [CrossRef]

6. Pfister, S.; Koehler, A.; Hellweg, S. Assessing the environmental impacts of freshwater consumption in LCA.
Environ. Sci. Technol. 2009, 43, 4098-4104. [CrossRef] [PubMed]

7. Nilsalab, P.; Gheewala, S.H. Potential Impact on Freshwater Resources from Agrofuel Feedstock Cultivation
in Thailand: Implications of the Alternative Energy Development Plan 2015. Water 2017, 9, 919. [CrossRef]

8. Nilsalab, P.; Gheewala, S.H.; Pfister, S. Method Development for Including Environmental Water Requirement
in the Water Stress Index. Water Resour. Manag. 2018, 32, 1585-1598. [CrossRef]

9. Taye, M.T.; Dyer, E.; Hirpa, F.A.; Charles, K. Climate Change Impact on Water Resources in the Awash Basin,
Ethiopia. Water 2018, 10, 1560. [CrossRef]

10. HAIL Record Water Events: Summary of Drought Event in Year 2013 to 2016 (November 2013-April 2014).
Hydro and Agro Informatics Institute (HAII). Available online: http://www.thaiwater.net/v3/archive
(accessed on 20 February 2018).

11. DWR. The Strategic Plan on Thailand’s Water Resources Management; Department of Water Resources (DWR):
Bangkok, Thailand, 2015.

12. RDPB. Project introduction: Khun Dan Prakan Chon Dam and its role in pushing down the seawater. Royal
Development Projects Board (RDPB). RDPB J. 2009, 3, 35-40.

13.  Frischknecht, R.; Steiner, R.; Jungbluth, N. The Ecological Scarcity Method—Eco-Factors 2006: A Method for
Impact Assessment in LCA; Environmental Studies no. 0906; Federal Office for the Environment: Bern,
Switzerland, 2009; 188p.


http://dx.doi.org/10.1016/j.scitotenv.2014.06.081
http://www.ncbi.nlm.nih.gov/pubmed/25005236
http://dx.doi.org/10.1088/1748-9326/5/1/014020
http://dx.doi.org/10.1021/es802423e
http://www.ncbi.nlm.nih.gov/pubmed/19569336
http://dx.doi.org/10.3390/w9120919
http://dx.doi.org/10.1007/s11269-017-1892-2
http://dx.doi.org/10.3390/w10111560
http://www.thaiwater.net/v3/archive

Sustainability 2019, 11, 152 13 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pastor, A.V,; Ludwig, E; Biemans, H.; Hoff, H.; Kabat, P. Accounting for environmental flow requirements in
global water assessment. Hydrol. Earth Syst. Sci. 2014, 18, 5041-5059. [CrossRef]

Kuriqi, A.; Pinheiro, A.; Sordo-Ward, A.; Garrote, L. Trade-off between environmental flow policy and
run-of-river hydropower generation in Mediterranean climate. Eur. Water 2017, 60, 123-130.

Pfister, S.; Bayer, P. Monthly water stress: Spatially and temporally explicit consumptive water footprint of
global crop production. J. Clean. Prod. 2014, 73, 52-62. [CrossRef]

Keawka, T. PCD insists on releasing water from paddy field to irrigation canals and Prachinburi river due
to paddy harvesting (November 25, 2016). National News Bureau of Thailand. Available online: http://
thainews.prd.go.th/website_th/news/news_detail/ TNEVN6011250010004 (accessed on 20 February 2018).
RID. Project on Developing Plans for Minimizing Hydrological Impacts and Bark Erosion Resulted from Bang Pakong
Diversion Dam in Chachoengsao Province; Royal Irrigation Department (RID): Bangkok, Thailand, 2002.

RID. Project Report on Systematic Planning of Development on Irrigation System at the Watershed Level: Bang
Pakong Watershed; Royal Irrigation Department (RID): Bangkok, Thailand, 2010.

HAIL Project Report on Collecting and Analyzing Data for Developments of 25 Watersheds Database and Flood
and Drought Model: Bang Pakong Watershed; Hydro and Agro Informatics Institute (HAII): Bangkok,
Thailand, 2012.

Gheewala, S.H.; Silalertruksa, T.; Nilsalab, P.; Lecksiwilai, N.; Sawaengsak, W.; Mungkung, R.; Ganasut, J.
Water Footprinting of Food, Feed, Fuel and Fibre for Effective Water Resource Management (Phase II) (Report No.
RDG5620052); Thailand Research Fund: Bangkok, Thailand, 2013.

Herrera-Pantoja, M.; Hiscock, K.M. Projected impacts of climate change on water availability indicators in
a semi-arid region of central Mexico. Environ. Sci. Policy 2015, 54, 81-89. [CrossRef]

Liu, Z.; Wang, R.; Yao, Z. Climate change and its impact on water availability of large international rivers
over the mainland Southeast Asia. Hydrol. Process. 2018, 32, 3966-3977. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.5194/hess-18-5041-2014
http://dx.doi.org/10.1016/j.jclepro.2013.11.031
http://thainews.prd.go.th/website_th/news/news_detail/TNEVN6011250010004
http://thainews.prd.go.th/website_th/news/news_detail/TNEVN6011250010004
http://dx.doi.org/10.1016/j.envsci.2015.06.020
http://dx.doi.org/10.1002/hyp.13304
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology Approach 
	Results and Discussion 
	Conclusions 
	References

