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ABSTRACT

The newly enacted national water policy is envisioned as ensuring water sustainability in Nepal. Despite theoretical pertinence, questions

remain about the effective implementation due to limited studies on key aspects of sustainability, such as water supply and demand, pol-

lution, and impacts of climate change and socio-economic growth. This study analyses the current and future availability of water under

climate change scenarios and determines water resources carrying capacity (WRCC) as the maximum socio-economic growth that can be

supported in a case study on the Kaski District, Nepal. Annual average water availability was estimated to be 11,030.7 million cubic

meters (MCM) for the baseline period (1992–2010), and 7,677.4 and 7,674.2 MCM for the future period (2022–2050) under the representative

concentration pathway (RCP) 4.5 and 8.5 emission scenarios, respectively. For the baseline period, WRCC far exceeds the current population;

therefore, water resources will not be a limiting factor for local socio-economic development. Nevertheless, sustainable water infrastructure

development policies are necessary to ensure a reliable water supply able to cope with increasing seasonal variability and declining future

water availability. A total of 30,049 tons of biological oxygen demand (BOD) loads were estimated based on the economic activities of the

Kaski District in 2011, with the direct and indirect sectoral roles of water pollution determined for the first time. Rather than a single pollution

control strategy based on pollution loads, multiple sector-specific strategies are necessary to effectively implement water pollution control

policies.

Key words: environmentally extended input–output (EEIO), indirect water pollution, polluter pay, water policy, water resources carrying

capacity (WRCC)

HIGHLIGHTS

• A decline in water availability and substantial seasonal variability is projected.

• Investing in water storage facilities and adequate supply systems are necessary for a reliable water supply.

• Sector-specific water pollution control measures should be considered.

• Analysis of direct and indirect sectoral pollution provides a strong basis for effective water pollution control policies.
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GRAPHICAL ABSTRACT
1. INTRODUCTION

Water is vital for humans, and for economic development. Continued population and economic growth means an increased

demand for water worldwide. The global water demand is projected to double to 6,900 billion m3 in.2030 compared with
2005, over 40% higher than the existing reliable, sustainable water supply (Addam et al. 2009). The global water supply is
further constrained by increasing pollution. United Nations (UN)-Water (2021) reported that nearly 2.3 billion people live
in water-stressed countries, of which 733 million people are in high and critically water-stressed countries. Furthermore,

24–700 million people in some arid and semi-arid places are likely to be displaced due to intense water scarcity by 2030
(UN 2014a).

Water availability in the Asia-Pacific region varies greatly due to the wide range of climates, and water scarcity is a critical

issue as this region holds approximately 36% of global water resources but accommodates 60% of the population (UN 2014b).
The situation is further worsened by the rapidly growing economy, where excessive withdrawal of water resources, environ-
mentally unfriendly production, and low levels of wastewater treatment are being practiced. Consequently, nine out of the 10

most polluted rivers are found in the Asia-Pacific region (Asian Development Bank: ADB 2020). The declining water quality
and quantity call into question the continued growth of this region.

Nepal, in South Asia, receives an ample amount of precipitation (average 1,500 mm annually), but its distribution greatly

varies with season and location. The majority (80%) of the total rainfall occurs within 4 months (June–September), resulting
in a temporary excess of water, causing flooding and water-induced disasters. Rainfall in the remaining 8 months is insuffi-
cient and leads to drought and water scarcity in many parts of the country (Merz et al. 2003). As part of the Himalayan range,
Nepal is often referred to as the water tower of South Asia; however, the Himalayas have undergone rapid deglaciation with

climate change. Glaciers serve as important water sources for rivers in Nepal and India, especially during the dry season and
rapid deglaciation is likely to have serious consequences on a regional scale on water resources (Shrestha & Aryal 2011).
Concurrently, the changes in the rainfall pattern and the spatial variation, which is more pronounced in Nepal due to diverse

topography and altitude, have been linked to the potential impacts on socio-economic activities (Panthi et al. 2015).
Climate change has made water resource management more challenging in this region (Aryal et al. 2019), confirming the

need to assess the physical and socio-economic risks (Shrestha & Aryal 2011). Aside from climate change risks, water quality
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is deteriorating with the growth of socio-economic activities. This has reduced clean water availability, with a significant

population forced to use contaminated water (Merz et al. 2003). The large population of this country is confronted with a
poor water environment, and major cities, including the capital, face periodic or chronic water scarcity (Pandey 2021).

Increasing environmental stress is expected with rising socio-economic activities. Comprehensive policies that create a bal-

ance between socio-economic growth and the environment are essential. However, there is growing awareness of resource
and impact decoupling, aimed at reducing environmental stress while increasing economic growth for sustainable develop-
ment (United Nations Environment Programme: UNEP 2011). Despite considerable efforts, Nepal’s attempts to manage
water resources have not been effective, mainly due to a lack of integrated and coordinated approaches, linked to the frag-

mented and weakened institutions with overlapping scopes (Upadhyay & Gaudel 2018).
Nepal recently enacted the National Water Resources Policy (Ministry of Energy Water Resources and Irrigation MoEWRI

2020), emphasising integrated water resource management (IWRM), overcoming the failure of earlier water resources man-

agement plans to undertake coordinated and holistic approaches. This policy implements multiple integrated strategies for
water resource management and recognises the pivotal role of water in socio-economic development. Water is considered
a foundation for national prosperity, and its management is key to achieving several interconnected sustainable development

goals (SDGs). Furthermore, the policy emphasises the need to address the challenges posed by increasing socio-economic
growth and climate change, while ensuring a reliable supply of good quality water to all sectors and households.

However, several questions remain about the successful implementation of these policies under a paucity of data, especially

for water availability, given the limited research and knowledge on the dynamics of water resources, climate change, and
socio-economic activities. For instance, the current water policy undertakes water allocation strategies to satisfy the sectoral
water demands. Effective implementation of the policy requires information on the local water availability, which usually
varies with space and time. An earlier study reported seasonal and temporal changes in rainfall, with potential impacts on

agriculture and livestock in the Gandaki River basin (Panthi et al. 2015). No research has yet described how changes in pre-
cipitation affect water availability. However, national water policy is concerned with the climate-induced challenges and
highlights the need for further research.

Besides water availability, preserving the water environment and implementation of water pollution control strategies are
equally important for ensuring the supply of good water quality, and the current water policy priorities polluter pay policies to
water pollution controls. The polluter pay model, although a well-known method, has some practical limitations, such as

bringing non-point pollution (agriculture) into the levying system. Furthermore, this system requires strict monitoring and
enforcement for effective implementation (ADB 2008), which has yet to be developed.

Therefore, all adopted strategies must be carefully analysed and supported by detailed studies. A case study was carried out
in Kaski District, Gandaki Province, Nepal, with the aim of providing inputs for decision makers to implement policies for

water security at the local level. This work specifically focuses on (i) estimating water availability and demands, (ii) determin-
ing the water carrying capacity, expressed as the extent of socio-economic growth supported by the available water, (iii)
establishing sectoral roles in water pollution, and (iv) providing policy measures for sustainable water supply and pollution

control.
2. STUDY AREA

Kaski District is one of 77 districts of Nepal, situated in the Gandaki Province. It lies in central Nepal, part of the Gandaki

River Basin (GRB). The basin is party snow fed, contains all agro-ecological zones of the country, and has a very diverse cli-
mate (Panthi et al. 2015), making it vulnerable to the impacts of climate change. Water resources management is crucial for a
reliable water supply as this district is a popular tourist destination and has the largest metropolitan city in Nepal.

Geographically, the district lies 83 °400 to 84 °120 East longitude and 28 °060 to 28 °360 North latitude. It covers an area of

2,088.25 km2, with an elevation of 450–8,091 masl. The district encompasses the country’s largest metropolitan city, Pokhara-
Lekhnath, and four rural municipalities of Rupa, Madi, Machhapuchhre, and Annapurna (Rimal et al. 2018) (Figure 1). Kaski
District has a monsoonal climate that receives an average rainfall of 3,105.6 mm/year, averaged over 1975–2011. Approxi-

mately 80% of the total precipitation occurs in the monsoon season, June–September (Panthi et al. 2015). The Seti, Mardi,
Madi, and Modi rivers (and their tributaries), as well as various lakes (Phewa, Rupa, Begnas, Dipang, Maidi), are the
major water sources of this district (Rimal et al. 2018).
://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2022.105/1073933/jwc2022105.pdf



Figure 1 | Map of the study area of Kaski District in central Nepal. Inset (a) shows the study area location in Nepal and inset (b) shows a
zoomed in version of the discharge station used for model calibration and validation (Devghat station represented by black triangle).

Journal of Water and Climate Change Vol 00 No 0, 4

Uncorrected Proof

Downloaded fr
by guest
on 28 July 202
Water is abundant in this area; however, accessibility for domestic and agricultural use is still limited. For instance, Pokhara
Metropolitan City (PMC), faces water supply shortages: as of 1971, PMC had a water supply of 6.5 and 3.4 million litres per

day (MLD) in wet and dry seasons, respectively, against a demand for domestic water of 8.0 MLD. Similarly, in 2011, the
average daily demand was 42.0 MLD, of which the Nepal Water Supply Corporation (NWSC) could supply 24.5 MLD in
the wet season and 21.3 MLD in the dry season (NWSC 2011).

Agriculture dominates the local gross domestic product (GDP), contributing nearly 23% of the district GDP and providing
40.6% of the local employment (District Statistics Office: DSO 2017). Rice, maize, millet, wheat, and barley are the major
cereal crops and apple, potato, bean, oil seed, and herbal products are the main cash crops. About 52% of the total cultivated
land has access to irrigation, which is predominantly fed by surface water (rivers, lakes, and ponds), as per the national census

of agriculture 2011–2012.
According to the manufacturing census 2011–2012, the district has 193 industrial establishments, engaging 4,205 employ-

ees and contributing 4.6% of the district GDP (DSO 2017). The district is popular with domestic and foreign tourists, and the

tourism sector significantly boosts local socio-economic activities. It has a population of 492,098, per the 2011 Nepal census
(DSO 2017). The district has experienced rapid urbanisation and attracts inter-district migration due to its abundant water
resources, pleasant climate, better job opportunities, and easy access to services (Rimal et al. 2018).

To sustain the increasing socio-economic growth of the district, a reliable water supply must be ensured. Due to topo-
graphic, climatic, and socio-economic disparities, the ability of the water supply to sustain communities should be
examined. The new Water Policy of Nepal promotes water resource management plans to be implemented at all levels of
government: local, state, and federal. The Kaski District is used as a case study in this context, while the methods are appli-

cable to other areas to analyse local water availability and pollution.
3. MATERIALS AND METHODS

3.1. Quantitative assessment of water availability

The total available water, water demand, and water carrying capacity, and their calculation methods are discussed in the sub-
sequent sections.
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3.1.1. Total available water

The Soil and Water Assessment Tool (SWAT) hydrological model can simulate a long period with varying watershed sizes,
and has been widely used across Nepal by several researchers (e.g., Aryal et al. 2019; Pandey et al. 2020). The model was

applied to estimate the total water availability for the GRB and then transferred to the entire Kaski District (study area)
using Equation (1). The model was applied for the GRB since no hydrological station exists within the Kaski District, and
this area has similar hydro-meteorological characteristics (Panthi et al. 2015). The input variables: rainfall, temperature, rela-
tive humidity, wind, digital elevation model (DEM), soil map, land use, and land cover were fed into the SWAT model to

simulate the water availability for the baseline period (1992–2010). Water availability is expressed as an average monthly
and annual basis. The average monthly was calculated in two steps, by first averaging each month over the baseline and pro-
jected years, and then, again, calculating the average over a year (i.e., 12 months). In contrast, the average annual availability

of water was determined by calculating the average annual availability over the baseline year and future years.
For calibration and validation of the model, the simulated river discharge was then compared with the data obtained from

the Department of Hydrology and Meteorology (DHM) Nepal for the baseline period. After successful calibration and vali-

dation, the water availability for the near-future (2022–2050) period was estimated. The spatial and temporal characteristics
(e.g., type of variable, source, Spatio-temporal resolution, and time period of acquired data set) of the input variables used in
the SWAT model are provided in Table 1. The future projection was carried out under RCP4.5 (medium) and RCP8.5 (high)
emission scenarios as these are realistic scenarios and serve as a useful tool for quantifying physical climate risk (Schwalm

et al. 2020). River discharge was then estimated by feeding the bias-corrected (quantile mapping) climate data (rainfall, temp-
erature) into the developed hydrological model. A detailed description of the method is available in Aryal et al. (2019).

QKaski ¼ QGandaki
PKaskiAKaski

PGandakiAGandaki

� �n

(1)

where Q, P, and A are the water availability (in MCM: million cubic metres), precipitation (mm) amount, and area (km2),

respectively, of the respective watershed boundaries, that ranges from 0.5 to 0.8 with an increase in unit time.
SWAT is a continuous semi-distributed time-dependent hydrological model to assess the impact of different factors on the

watershed. The model is simple to use and suitable for small to medium-sized watersheds. It has been widely adopted to esti-

mate water availability in many river basins in Nepal (Aryal et al. 2019; Pandey et al. 2020), and is commonly used
worldwide, enabling estimation of all forms of water, that is, surface water, groundwater, and snow water (Equation (2))
in the form of river discharge.

SWt ¼ SWo þ
X

(Rday � Qsurf � Ea �Wseep �Qgw) (2)

where SWt represents the final soil water content (mm), SW0 represents the initial soil water content (mm), Rday represents
the daily precipitation (mm), Qsurf represents the daily surface runoff (mm), Ea represents the daily evapotranspiration (mm),
Wseep represents the amount of water entering the vadose zone daily (mm) and Qgw represents the daily return flow (mm).
Table 1 | Spatial and temporal characteristics of data used in the SWAT model

SN Data type Source Time period Resolution

1 Rainfall DHM, Nepal 1981–2010 Daily

2 Temperature DHM, Nepal 1981–2010 Daily

3 Discharge DHM, Nepal 1992–2010 Daily

4 Land use land cover ICIMOD, Nepal 2010 30 m

5 Digital elevation model SRTM 2010 30 m

6 Geological map DoG, Nepal 2010 30 m

DHM, Department of Hydrology and Meteorology; ICIMOD, International Center for Integrated Mountain Development; SRTM, Shuttle Radar Topography Mission; DoG, Department of

Geology.
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Calibration and validation of the model were performed at the Devghat Station (Figure 1) in 1992–2007 and 2008–2010,

respectively. Three statistical indicators: coefficient of determination (R2), percentage of volumetric bias (PBIAS), and Nash–
Sutcliffe efficiency (NSE) were examined for this purpose. Details of the calibrated parameter are provided in Table S1 of
Supplementary Materials.

3.1.2. Total water demand

The total water demand is estimated from the domestic water demand and productive water demand.

3.1.2.1. Domestic water demand. Domestic water use varies between rural and urban residents. In this study, domestic water
consumption at 100 per capita per day was used for urban residents, following the minimum water requirement of the 2003

national building code (Ministry of Physical Planning and Works: MoPPW 2003), and rural domestic water consumption of
45 L per capita per day, as per the rural water supply and sanitation national policy (MoPPW 2004). Higher daily water use
for the urban areas is estimated due to additional use for sanitation such as toilets and gardening. The total population of
492,098 and national average urban and rural populations of 17.1 and 82.9%, respectively, were used to calculate the

residents for each category (Central Bureau of Statistics: CBS 2014).

3.1.2.2. Productive water demand. Water used for major economic activities is expressed as productive water use. This
includes agriculture and livestock (primary industries), manufacturing (secondary industries), and hotel and restaurants

(tertiary industries). Agricultural water use (irrigated water) was estimated for the major crops (rice, wheat, maize, millet,
and barley) as well as cash crops (potatoes, oilseeds, and beans). The water use (m3/year) for major crops was determined
by multiplying the blue water footprint (m3 per ton) for each crop (Shrestha et al. 2013) and the respective crop yield

(tons/year). The blue water footprint refers to the amount of irrigated water used in a unit of crop yield production (ton).
These values are taken for the district level from Shrestha et al. (2013), and the total crop yield of the district was from
district agriculture statistics. Total water use by livestock was calculated by taking the per capita cattle water use (daily

drinking water and service water) (Mekonnen & Hoekstra 2010) and the total livestock population in the district. The
number of beef cattle, buffalo, goats, pigs, fowl, and ducks, obtained from the district agriculture and livestock statistics,
were included in the calculation.

The manufacturing sectors comprised 198 establishments and provided a total gross output value of 5,893 million Nepalese

Rupee (NPR) in 2011. The sector engaged 4,268 employees, with 1,992 employed in the food industries, as per the manufac-
turing census of 2011–2012. Water use in this sector was determined based on water use coefficients per employee (Malla
et al. 2019). Hotels and restaurants are the major water users in the emerging tourism sector. Water use values for hotels

and restaurants were obtained by taking water use coefficients as 100 L per bed, guided by the national building code
(MoPPW 2003), and 50 L per restaurant seat.

3.1.2.3. Ecological water demand. The ecological water demand refers to the quantity of water needed to sustain freshwater

ecosystems. This is usually performed by analysing environmental flow requirements and a range of methods are available
including hydrological, hydraulic rating, habitat simulation, and holistic methods, at a regional, national, or continental
level. These methods all require a long-term data set and flow velocity. Pastor et al. (2013) identified that 37% of the

annual discharge is a good representative to estimate the quantity of water needed to meet environmental flow
requirements. In the absence of data, the global average of 37% of annual discharge was adopted to estimate the
ecological water demand. This amount likely varies within the seasons but is an important basis for the estimation.

3.1.3. Water resources carrying capacity

Water resources are a limiting factor for socio-economic development. Water resources are under immense pressure with

increasing socio-economic growth. Therefore, is important to ascertain the maximum socio-economic growth that can be sus-
tained by the available water resources. The quantitative analysis of water resources is often expressed as the water resources
carrying capacity (WRCC), which serves as a useful tool for sustainable development planning in relation to available water

resources (Yang et al. 2015; Yan & Xu 2022). Several definitions and methods are employed in WRCC analyses, which are
broadly grouped into three categories: background analysis, supply and demand balance analysis, and recursive dynamic
simulation (Li et al. 2010).
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Background analysis estimates the carrying capacity of a region by using a comparable area with similar natural and social

background. The approach is limited to a static historical background analysis and cannot be used for a dynamic process
analysis as it is too simplistic and unable to represent complex natural social–economic systems. The ‘supply–demand balance
analysis’ approach is used to determine the water-use quotas based on the total amount of regional water resources, the avail-

able resources, and the demand for water. A recursive dynamic simulation method is employed to reveal the WRCC analysis
through computer simulation with dynamic simulation and mathematical economic analysis (Li et al. 2010). The require-
ments and performance of the methods increase from the first to the third methods, that is, (i) background analysis
method (ii) supply–demand balance method, and (iii) recursive dynamic simulation method

In this study, the supply and demand balance method was adopted, which is widely used due to its simplicity and less data-
demanding nature. Equation (3), following Ming (2011), was used to express WRCC at the population (number) scale:

P ¼ Ws �WE þ PRAAR=PI � RAIAI

RDU � r þ RDA � (1� r)þUP=PI
(3)

where P is the water resource carrying capacity (WRCC), expressed in population; Ws is the water supply, that is, total avail-
able water (m3); WE is ecological water (m3); PRA is the unit area agricultural average output value (NPR)/ha); AR is the area
of agricultural production (ha); PI is the average industrial output value of per unit water (NPR/m3); RAI is the agricultural

water consumption standard of the effective irrigation area (m3/ha); AI is the agricultural effective irrigation area (ha); RDU is
the urban–domestic water consumption standard (l/p/d); RDA is the rural–domestic water consumption standard; UP is the
per-capita industrial and agriculture output value (NPR/cap); and R is the urbanisation rate (%).

3.2. Relationship between water pollution and economy

Besides availability, preserving water quality is becoming more challenging with the rise in socio-economic activities. Increas-
ing water pollution has further challenged water scarcity issues. Water pollution has traditionally been investigated from a

single category approach, which focuses on pollution from discrete economies, for instance, the textile industry, the food
industry, hotels, and restaurants. However, this has not been effective in pollution control. The economy of a region consists
of multiple sectors, interlinked through supply chains. Any changes in the demand of a sector (outputs) will directly influence
other sectors’ economic demands. Thus, the environmental performance of sectors and water pollution needs to be analysed

by going beyond a traditional approach, where the indirect roles of sectors, besides their direct pollution, should be con-
sidered. An environmentally extended input method was employed to establish water pollution and local economic
activities for effective pollution control.

3.2.1. Environmentally extended input–output

Leontief’s input–output (I–O) model is conventionally used to describe the interconnections between sectors (Sanchez-Choliz
2003). The I–O model extended with environmental variables is increasingly used to couple the environmental and economy

(Sánchez-Chóliz & Duarte 2005; Nguyen et al. 2018). In this study, the environmentally extended input–output (EEIO)
method was used to analyse sectoral water pollution using biological oxygen demand (BOD) as a proxy water quality par-
ameter. This method describes the dual roles of a sector as input supplier and receiver in the production process of an

economy. Based on these roles, sectoral pollution is also distinguished into two categories: direct (i.e., a source of pollution)
and indirect (i.e., a cause of pollution). Direct pollution is the pollutant load directly discharged by a sector in the production
of total outputs that satisfy all demands, that is, the intermediate and final demands of an economy. In contrast, indirect pol-

lution is the amount of pollutants discharged by a sector and other sectors to fulfill the inputs it requires. Unlike direct
pollution, a sector’s indirect pollution is mainly caused by the inputs that they receive from the other sectors. This relationship
is captured by the EEIO and assists decision makers in sustainable water pollution control policies.

Two sets of data, the I–O table and BOD discharge coefficient of sectors are required for the EEIO. The 2010–2011 national

I–O table (26� 26 sectors), was derived from the supply and use table (SUT) that originally consisted of 81� 60 economic
sectors from the ADB. The national I–O table was downscaled to the district level I–O table by employing the cross-industry
location coefficient (CILC) method (Flegg et al. 1995). The revised I–O table was extended by adding the sectoral BOD dis-

charge coefficient (kg/million NPR). The coefficient for manufacturing sectors was obtained from Chapagain et al. (2020),
whereas other sectors were estimated indirectly by taking multiple pollution discharge variables. For example, the cultivated
area and average BOD export coefficients from agricultural land were used to determine BOD loads from the agricultural
://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2022.105/1073933/jwc2022105.pdf
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sector, while BOD discharge of cattle farming (kg/day/cattle) and slaughtering activities (kg/tons of meat) from total cattle

heads and meat quantity were used to determine the total BOD discharge from the livestock sector. For hotels and restau-
rants, total visitors and restaurant seats, together with BOD load per capita (visitor) per day and per seat were used. The
computation of EEIO and extension of pollution loads in the conventional I–O is described in Chapagain et al. (2022).

A significant challenge of EEIO is the availability of data. This analysis is based on 2010–2011, I–O data, and the latest
data will provide more accurate results. The extension of the I–O table was done by adding the BOD discharge intensity of
the selected sector due to the widely used water quality indicator and relatively easy to estimate. However, it can be
extended with other water quality parameters for characterising sectoral specific pollution. Therefore, developing pollution

intensities for the large sector and the sub-sectoral levels and new water quality parameters will further strengthen such
analyses.
4. RESULTS AND DISCUSSION

4.1. Quantitative assessment of water availability

4.1.1. Model calibration and validation

The hydrological model was calibrated and validated at the Devghat station of the Narayani River (Figure 2). Good model
performance was demonstrated by a set of statistical indicators (Table 2), where the daily R2 value was 0.90 for calibration

and 0.88 for validation. The monthly R2 was 0.96 and 0.95 for the calibration and validation, respectively. The daily PBIAS
was þ4.92% for calibration and �8.8% for validation, þ4.95% for calibration and �0.09% for validation at the monthly scale,
within the permissible limit (Aryal et al. 2019). Furthermore, NSE values for calibration (0.89 and 0.95) and validation (0.87

and 0.94) showed a good agreement of the model at both daily and monthly time scales.
Table 2 | Statistical performance of calibration and validation of the SWAT hydrological model

Variable

Daily basis Monthly basis

PerformanceR2 NSE PBIAS RSR R2 NSE PBIAS RSR

Calibration 0.90 0.89 þ4.92 0.33 0.96 0.95 þ4.95 0.23 Very good

Validation 0.88 0.87 �8.8 0.35 0.95 0.94 �0.09 0.24 Very good

NSE, Nash–Sutcliffe efficiency; PBIAS, percentage of volumetric bias; RSR, root mean to square error (supply) to standard deviation (SD) ratio.

Figure 2 | Calibration and validation of SWAT at the Devghat station, Nepal.
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4.1.2. Total available water and its distribution

Total water availability under baseline and future emission scenarios is depicted in Figure 3. Monthly water availability in the
baseline period was 12,152.1 MCM, while estimated availability was 16,951.6 MCM and 17,321.3 MCM under RCP4.5 and

RCP8.5 emission scenarios, respectively. At the annual scale, average water availability for the baseline period was 11,030.7
MCM, while future projections were 7,677.4 MCM and 7,674.2 MCM under RCP4.5 and RCP8.5 emission scenarios, respect-
ively. At the monthly time scale, water availability in the district increased by 4,799.5 MCM under the RCP4.5 emission
scenario and by 5,169.2 MCM under the RCP8.5 emission scenario. This is likely due to the short-term effect of rising temp-

erature, where accelerated melting takes place in the lower Himalayas. Such process is described as ‘short seasons melting
snow’ and is considered to increase the stream flow for a short period of time (a month), and the effect is called as ice albedo
feedback (Tandon 2021). However, at the annual scale, water availability was reduced by 3,353.3 MCM and 3,356.5 MCM

under RCP4.5 and RCP8.5 emission scenarios, respectively.
The historical and projected monthly water availabilities are shown in Figure 4. Water availability increases during both

high (June–September) and low flow periods (March and April), and also reduces during the remaining low flow period

(November–February) under the RCP4.5 emission scenario. However, under the RCP8.5 emission scenario, water availability
in the district is projected to reduce during the low flow period (October–December) and increase in the rest of the months
(including both low and high flow months). It is interesting to observe that different scenarios are projected to have different
water availability during the low flow period. Such variations are likely due to the use of a large number of climate models to

simulate the future climate under the lack of complete knowledge of the climate system (Aryal et al. 2019; Maharjan et al.
2021). During the baseline period, the monthly water availability in the Kaski District ranged from 1,976 to 36,715.8
MCM, corresponding to January and August, respectively, while it ranged from 1,113.6 MCM (January) to 48,405.3 MCM

(August) under the RCP4.5 emission scenario and from 3,256.3 MCM (January) to 41,349.0 MCM (August) under the
RCP8.5 emission scenario. The intra-annual water availability varied from �43.6 to þ102.6% under the RCP4.5 emission
scenario and from �8.9 to þ245.2% under the RCP8.5 emission scenario. Noticeably, high water availability is observed

during high flow months in the future, likely due to short-term extreme precipitation. A slight reduction in water availability
is projected to occur during November (�1.4%) under the RCP4.5 emission scenario and October (�8.9%) under the RCP8.5
emission scenario, which is likely caused by increased evaporation as a result of rising temperatures. In addition, the results

show variation in the water availability in the study area under different emission scenarios. The water availability is reduced
under the RCP8.5 emission scenario compared with the RCP4.5 emission scenario and increased when compared to the base-
line period. The variation in the monthly water availability under the different emission scenarios is the result of the
uncertainties in the climate models simulation (Pandey et al. 2020).
Figure 3 | The average annual and monthly water availability (MCM: million cubic metres) in Kaski District, Nepal, for a future period (2022–
2050) under RCP4.5 and RCP8.5 emission scenarios compared with baseline (1992–2010).
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Figure 4 | Monthly water availability (million cubic metres) in Kaski District, Nepal, for baseline (1992–2010) and future (2022–2050) periods.
For future periods, water availability is projected under RCP4.5 and RCP8.5 emission scenarios.
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The inter-annual water availability for baseline and future periods is shown in Figure 5. Total water availability during the
baseline period is declining at the rate of 11.9 MCM per year. In contrast, the annual water availability is increasing at the rate
of þ165.85 MCM and þ35.55 MCM per year under RCP4.5 and RCP8.5 emission scenarios. However, mean annual water

availability under RCP4.5 and RCP8.5 emission scenarios is projected to decrease by 35.44 and –31.83%, respectively, in com-
parison to the baseline period. The variability among the climate models is a plausible cause for the difference in the total
water availability between the current and future scenarios. Moreover, the reduction in total water availability is also
likely due to the melting snow across the Himalayas as a long-term effect, which in turn reduces the water supply, resulting

in low water availability over time. Besides distinct wet and dry seasons pronounced under the climate change is also respon-
sible to cause a high average monthly water availability than the annual average water availability.

4.1.2.1. Seasonal water availability. Future seasonal water availability shows an increasing trend compared with
the baseline (Figure 6). Average water availability for the baseline period is 471.6 (December, January, February: DJF),
Figure 5 | Annual water availability (million cubic metres) in Kaski District, Nepal, for baseline (1992–2010) and future (2022–2050) periods
under RCP4.5 and RCP8.5 emission scenarios.
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Figure 6 | Seasonal water availability in different administrative units for (a) baseline (1992–2010) and future (2022–2050) periods (b) under
the RCP4.5 scenario and (c) the RCP8.5 scenario.
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628.94 (March, April, May: MAM), 5,521.72 (June, July, August, September: JJAS), and 1,888.24 MCM (October, November:
ON). For all seasons, Madi rural municipality has the highest water availability in the district, followed by Machhapuchhre
rural municipality, which may be due to the high snow fed coverage area. Similarly, for all the seasons, Rupa rural

municipality had the least water available in the district. The seasonal water availability ranged from 332.56 (DJF) to
7,887.95 MCM (JJAS), and from 770.81 (DJF) to 7,672.22 MCM (JJAS) under RCP4.5 and RCP8.5 emission scenarios,
respectively. Numerous studies show the variability in seasonal water availability in different river basins of Nepal. They

state that variation in precipitation and temperature contribute to future water availability in the study region. Research
carried out in the Mahakali and Karnali River basin found that the annual discharge is projected to increase by 8.2%
(2021–2045) and 6.4% (2040–2069), which corresponds to seasonal water availability.
4.1.2.2. Spatial water distribution. Aside from the seasonal variation, water availability also varies spatially within the

district’s administrative units (Figure 7). The average monthly water availability results show that Madi rural municipality
has high levels of water availability (3,282.44 MCM), followed by Machhapuchhre rural municipality (3,177.09 MCM) in
the baseline period. The monthly average water availability in PMC, Annapurna rural municipality, and Rupa rural

municipality were 2,702.69; 2,437.17; and 5,52.71 MCM, respectively. In the high flow month (August), water availability
among the administrative units ranged from 1,669.92 MCM (Rupa rural municipality) to 9,917.41 MCM (Madi rural
municipality). In a low flow month (January), water availability among the administrative units ranged from 89.87 MCM
(Rupa rural municipality) to 533.77 MCM (Madi rural municipality). Higher water availability was observed during the

monsoon season in the northern regions of the district compared with the southern regions. The future spatial distribution
of seasonal water availability is high at Madi and low in Rupa rural municipality. The large variation in spatial
distribution needs to be addressed in the policies for equitable water distribution so that SDG targets are achieved.

The spatial change in future water availability (provided in Figure S1 and Figure S2 of Supplementary Materials) shows a
reduction between November and February under the RCP4.5 emission scenario and between October and November under
the RCP8.5 emission scenario. This change is projected to alter by �301.2 to þ3,886.9 MCM under the RCP4.5 emission
://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2022.105/1073933/jwc2022105.pdf



Figure 7 | Spatial distribution of monthly water availability (MCM: million cubic metres) for the baseline period (1992–2010). Here (A) Rupa
Rural Municipality, (B) Pokhara Metropolitan city, (C) Madi Rural Municipality, (D) Machhapuchhre Rural Municipality, and (E) Annapurna Rural
Municipality.
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scenario and by �432.8 to þ5,746.1 MCM under the RCP8.5 emission scenario. The maximum reduction is projected to

occur in December in Machhapuchhre rural municipality, while the maximum increase is projected in June in Madi rural
municipality under the RCP4.5 emission scenario. Similarly, under the RCP8.5 emission scenario, the maximum reduction
and increase are projected to occur in Madi rural municipality in November and June, respectively. On average, the

change in future water availability is projected to range from þ962.6 to þ1,296.4 MCM under the RCP4.5 emission scenario
and from þ235.1 to þ1,396.3 MCM under the RCP8.5 emission scenario. The increase in the future water availability in the
district might be attributed to the melting of ice and glaciers. Further, the future change in land use and the land cover pattern

will also have a significant impact on water availability. Similar findings were found in a snow fed region of the Thuli Bheri
River basin in Northwest of Nepal (Maharjan et al. 2021). The research clearly shows the Spatio-temporal variability in total
water availability under climate change scenarios in the study site. Together with the national level, an appropriate water
policy needs to be envisioned to cope with the challenges exerted by climate change at a local level.
4.1.3. Total water demand

Freshwater demand for various sectoral activities and domestic use in Kaski District is presented in Table 3. The agricultural

sector is a major user that requires about 158.28 MCM, corresponding to 90.8% of the total water use. Agriculture requires a
huge amount of water, and more than 80% of the population engages in agriculture in Nepal, accounting for 35% of the coun-
try’s gross domestic product (Kong et al. 2019). The agricultural water demand will potentially increase with the expansion of

irrigated land since the present coverage of irrigated land is about 52% of the total cultivated land (DSO 2017). At the same
time, there is also increasing competition for water and the diversion of water for agriculture to domestic water use. There-
fore, water allocation and management are crucial in this area.

Water use by livestock is estimated as 2.72 MCM. The manufacturing withdraws, which is about 0.33 MCM. The district

contains 198 industrial establishments, with 4,268 employees, contributing 4.6% of the district’s GDP in 2011–2012 (DSO
2017). The food and beverage industries are the major water-consuming industries, accounting (0.19 MCM) for more than
half of the total water consumption of all the sectors. In the service sector, about 0.2 MCM water is utilised by hotels and

restaurants annually. With rising socio-economic activities in the district, hotels, restaurants, and manufacturing sectors
are growing rapidly, which is likely to increase the demand for water. Besides water quantity, there will be an increasing con-
cern for maintaining high quality water while increasing the supply for domestic and industrial purposes.
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Table 3 | Estimated water demand in the Kaski District

SN Category Water demand (MCM) Variable

1 Domestic water 9.77 Total population: 492,098

Rural residents 3.07 Urban population: 17.1%

Urban residents 6.70 Rural population: 82.9%

2 Agriculture and livestock 161

Agriculture 158.28 Irrigated area: 12,182 ha

Livestock 2.72 Beef cattle head: 70,340
Buffalo head: 118,683
Pig head: 9,123

3 Manufacturing industries 0.33 Number of establishments: 198
Number of employees: 4,268
Gross output: 5,892.5 (million NPR)

Food industries 0.11

Beverage industries 0.08

Fabricated metal industries 0.07

Textile industries 0.01

Others 0.06

4 Hotels and restaurants 0.20 Number of hotel beds: 7,240

5. Ecological water 4,081 37% of the total annual water supply
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4.1.4. Water carrying capacity

The WRCC was determined by Equation (3), using average annual water availability for the baseline period as input. The
analysis determined the WRCC population to be 127 million, 254 times higher than the existing population of the Kaski Dis-
trict. This clearly shows that water is not a limiting factor for the socio-economic development of this district. The findings

confirm that water is abundant in this region, and quantifies the extent of socio-economic growth that can be supported by the
available water resources. These results can guide local water policies and provide an example of how a similar approach can
be adopted in other parts of the country.

Despite the large WRCC, the current water supply for domestic and productive use is still limited in this case study. This

situation is likely to be more pronounced with diverse seasonal and spatial variations in rainfall, and the wide range of inter-
seasonal discharges, that is, high flow and low flow in the future. To ensure a consistent and reliable supply of water through-
out the areas and seasons, water storage facilities are necessary. The Global Water Partnership: GWP (n.d.) reported that

Nepal has one of the lowest dam storage capacities in Asia, and the country’s water services are hindered by inadequate infra-
structure and low investments. This study emphasises that investment in sustainable water infrastructure is necessary to
ensure an adequate supply of water in the future.
4.2. Water pollution and economic sectors

A total of 30,049 tons of BOD was produced by economic activity in Kaski in 2011. Agriculture and livestock contributed the
largest amount of direct BOD discharge (29,930 tons); 99.6% of the total discharge. The huge contribution of this sector is
mainly due to its high BOD loading coefficient, and as a dominant sector in the local economy. The significant role of live-
stock is globally recognised; however, pollution levels vary with livestock farming methods and treatment practices (Wen

2016). Hotels and restaurants discharged 74.3 tons of BOD, the second largest BOD loading sector. Manufacturing sectors
released 41.6 tons of BOD, among which, the food, textile, and paper industries produced a dominant share.

Apart from direct pollution, the indirect role of each sector in BOD production, either from itself or other sectors in acquir-

ing its inputs was analysed. BOD distribution among major sectors in Kaski District is provided in Table S2 of the
Supplementary Materials. Indirect pollution is often overlooked in conventional studies, however, evaluating a sectoral per-
formance considering the supply chain is increasing in environmental planning. In Kaski District, agriculture had high
://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2022.105/1073933/jwc2022105.pdf
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indirect pollution, with 58.7% of the total BOD discharge (30,049 tons), followed by the manufacturing sector, and hotels and

restaurants, responsible for 27.6 and 3.3% of total BOD, respectively.
The agriculture and livestock sector has a major role in pollution, being the highest contributor to both direct and indirect

BOD discharge The high indirect BOD discharge of the sector reflects its heavy reliance on its own sector, characterising it as

a self-polluting sector. On the other hand, the manufacturing sectors had a much greater role in BOD discharge indirectly,
which was linked to the high dependence on other sectors for raw materials. Similarly, hotels and restaurants released
3.3% of the total BOD indirectly, much higher than the amount of BOD released directly. Since the sector relies on the agri-
culture and livestock sector and manufacturing industries for its inputs. Other service sectors such as transportation, finance,

and administrative, contributed 10.4% of total BOD discharge indirectly, while their direct BOD discharge was much lower
(0.002%).

The agriculture and livestock sector is the major water polluter in the district; however, most efforts concentrate on waste-

water discharge from other sectors such as manufacturing industries, hotels, and restaurants. These results indicate that
targeting manufacturing sectors by introducing stringent standards will not be sufficient for achieving a good water environ-
ment. Therefore, all economic activities, including both point and non-point polluters, should be targeted. Nepal’s recent

water resource policy (MoEWRI 2020) emphasises that the polluter pay policy complies with the discharge standards,
while polluters are subjected to fees and penalties for not meeting these standards. The policy is widely used in wastewater
discharge, however, it is not equally fair for all economic sectors. The study results show that agriculture and livestock are a

major polluters, but the polluter pay model might be difficult to apply to this sector due to its non-point pollution nature. If the
sector is brought under the criteria, and pollution fees are determined by estimating BOD loads based on their BOD discharge
coefficient, it would not fair and competitive due to the much higher cost per unit sectoral output compared with the man-
ufacturing and service sectors. Therefore, alternative strategies should be sought that encourage polluters to reduce their

pollution loads. For agriculture and livestock, good agricultural practices and proper waste handling should be targeted.
We recommend that policy should focus on turning livestock waste into compost or biogas, for which technical and financial
assistance should be given. This EEIO analysis provides a backdrop for decision makers to consider several measures, being

aware of the close link between agriculture and livestock to other sectors. For indirect water pollution, all economic activities
should be looked at from a broad perspective and multiple measures should be opted in pollution control policies.
5. CONCLUSIONS AND POLICY RECOMMENDATIONS

This study explores current and future water availability and analyses the relationship between water pollution and the econ-
omy for sustainable water management in Kaski District, Nepal. Several new insights are presented which will contribute to

the effective management of water resources. The average annual water availability for baseline periods was 11,030.7 MCM,
while future predictions are 7,677.4 and 7,674.2 MCM under RCP4.5 and 8.5 emission scenarios, respectively. Annual water
availability is projected to be reduced in the future, while the difference between high and low flows will be more pronounced.

Water availability data were used for determining WRCC as a decision-making tool, in conjugation with water demands and
socio-economic variables. The high WRCC demonstrates that water is not a limiting factor in this area in the near-future.
However, due to declining water availability and more pronounced high and low flows in the future, investment in water sto-

rage facilities and adequate supply systems are recommended to ensure a reliable water supply.
Water pollution was investigated by coupling BOD discharge and sectoral activities, for both direct and indirect discharge.

The agriculture and livestock sector was a major BOD polluter, accounting for 99.6% of the total BOD discharge, followed by

hotels and restaurants, and manufacturing industries. The manufacturing sector and hotels and restaurants caused greater
indirect pollution discharge compared with their direct BOD discharge, due to their high dependence on agriculture and live-
stock. Pollution controls must focus on the agriculture and livestock sector (i.e., major polluters), which is often ignored. The
polluter pay policy is difficult to apply to major polluters as non-point pollution is harder to track and quantify. If the sector is

brought into polluter pay criteria, then, considering their pollution per unit outputs, the fee will be very high, and may not be
affordable. Better consideration of appropriate strategies for all sectors and sub-sectors in controlling water pollution is
necessary, whereby policymakers must consider multiple control measures for specific sectors. For example, technological

solutions such as turning livestock waste into biogas and animal feedstuffs, and providing technical and financial support
to facilitate this, are necessary. Moreover, providing awareness and training to local farmers to opt for the right dose and
mode of fertiliser application is helpful. In the case of wastewater from manufacturing industries and hotels and restaurants,
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clean technologies should be encouraged, and polluter pay policies with strict wastewater discharge standards could be

employed. Sectors such as construction, transportation, and finance do not cause pollution directly, however, they cause sig-
nificant water pollution indirectly. This provides a new avenue for decision makers to reconsider and expand pollution
control measures, however, the addition of more water quality parameters and sub-sectoral levels will further enhance the

analysis. We recommend similar studies representing large water basins and socio-economic activities to complement and
foster the implementation of sustainable water resource management policies.
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