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WATERSHED-SCALE MODELING FOR WATER RESOURCE SUSTAINABILITY
 IN THE TUUL RIVER BASIN OF MONGOLIA
MAY 2018
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Directed by: Professor Timothy O. Randhir

Water scarcity is a prevalent issue all over the world. Growing water abstractions combined with uncertain effects of climate increase competition for scarce water resources worldwide, especially in arid and semiarid regions. It is crucial to assess and manage available water resources to ensure its sustainability. There is a need for integrated water management at a watershed scale.  Watershed models are a useful tool to support sustainable water management and investigate effects of hydrologic responses at various scales under climate change conditions and to simulate effects of the management decisions. This study aims to assess the sustainability of water resources in the Tuul River Basin in Mongolia using SWAT (Soil Water Assessment Tool) model to understand ecohydrological processes in the basin. The model is used to analyze the trends in water usage on a watershed and subwatershed basis. The water supply and demand dynamics at each sub watershed levels are analyzed to develop a sustainability index based on specific criteria of water sustainability.  Sustainability index was used for better water management by targeting areas of the watershed.
Using the analysis, strategies for water demand management for the Tuul River basin area were developed. I expect the results of the study with transform water resource situation in the region through better information on the dynamics of the system and will help in alleviating water issues in similar regions of the country and of the world. The model can be a useful tool to support decision makers and to simulate and analyze the effects of water management practices.
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[bookmark: _Toc517219516]Introduction:

The massive rise in demand for water to grow food, supply industries and sustain urban and rural populations has led to a growing scarcity of freshwater in many parts of the world (Ali et al. 2014; Dessu et al. 2014; Sahin et al. 2015; Sarzaeim et al. 2017). In many areas, groundwater is being pumped at rates that exceed replenishment, depleting aquifers and the reducing the base flows of rivers. Aquifer depletion, low or almost non-existing river ﬂows, and increasing level of water pollution are visible indicators of water stress (Postel 2000). Due to less water availability in rivers and lakes, the ecosystem is hugely impacted by the water stress and the life dependent on the system are at the risk of degradation and depletion (Navarro-Ortega et al. 2015). As water is the essential resource for life, all activities that rely on water will be profoundly impacted. Shortage of water creates stress on food and energy production and further contributes to lack of access to clean, fresh water for people.
The populations living in water-stressed conditions will increase 39–49 % by 2071–2100 and the water availability will decline by the end of 21st century (Hoekstra and Mekonnen 2012).Water scarcity in arid and semi-arid regions is a tremendous economic, environmental and social problem. It covers one-third of the world’s land area and is inhabited by almost one billion people, and the higher part thereof is among the most impoverished populations in the world (Johannsen et al. 2016; Wu et al. 2013). In these areas, water demand increases but the water availability is the also shrinking significantly. Water scarcity creates a burden on the socioeconomic development of the country as there will be less water available to grow crops, sustain livestock and supply drinking water and adequate sanitation to people (Hanasaki et al. 2013).
This phenomenon will be more prominent in developing countries due to their fast-growing economy and rapid urbanization. The population in the urban areas has increased drastically in last few decades. With rapid population growth, water withdrawals have tripled over the previous 50 years and are predicted to increase by 50 % by 2025 in developing countries (UNESCO 2012).
Currently, 54% of the world’s population lives in urban areas, and it is expected to increase to 66 percent by 2050. Africa and Asia are urbanizing faster than the other regions and are projected to become 56% and 64% urban, respectively, by 2050 (United Nations 2014). As a result, cities will face numerous challenges in meeting the needs of their growing urban populations, especially for housing, infrastructure, transportation, energy, and employment, as well as for basic services such as education and healthcare.  It further creates stress to existing water supply in urban areas. Many of the urban areas are required to find means to satisfy the growing water demand (McDonald et al. 2014).
In addition to increased water demand for population growth and economic development, the climate crisis also has an enormous impact on water resources. Due to the climate uncertainty, processes influencing the water supply changed over years and it has become an extra challenge to estimate and assess available water resources (Hanasaki et al. 2012(Hanasaki et al., 2012)). Climate change is a significant factor influencing water supply. It is projected that there will be 10–40% increase in runoff in eastern equatorial Africa, the La Plata basin and high-latitude North America and Eurasia, and 10–30% decrease in runoff in southern Africa, southern Europe, the Middle East and mid-latitude western North America by the year 2050 (Vecchia et al. 2005). Especially in arid and semiarid regions, climate change is projected to increase water scarcity and increase the recurrence and intensity of droughts (Kahil et al. 2015).
[bookmark: _Toc501355529]As water scarcity is global as well as a local challenge, there is a need for sustainable water management that is best suited for the local context. It requires a holistic approach to analyze the various components of the water supply and demand for the sustainable supply of water.
[bookmark: _Toc517219517]Literature review:
[bookmark: _Toc501355530][bookmark: _Toc517219518]Water scarcity

Freshwater scarcity is growing issue in all over the world. As the world population continues to grow and their improved living standards, increased consumption of natural resources is rising global demand for water (Hanasaki et al. 2013; Hoekstra et al. 2012). There have been numerous studies conducted on water shortages under current conditions (Mekonnen & Hoekstra, 2016; Porkka et al., 2014) and future climate change predictions (Faramarzi et al. 2017; Haddeland et al., 2014; Schewe et al., 2014; Johannsen et al. 2016). Based on the calculation of the current trend of consumptive water use, there will be four billion people living in the watershed that experience water scarcity at least one month in a year (Mekonnen and Hoekstra 2016). With the influence of climate change, 0.5 to 3.1 billion people will be exposed to an increase in water scarcity due to climate change by 2050 (Gosling and Arnell 2016). It will increase the number of people living under absolute water scarcity (<500 m 3 per capita per year) by another 40% (Jacob Schewe et al. 2014).
Lately, there have been many indicators have been developed to facilitate the assessment of the status of water scarcity across the world.  More sophisticated approaches with high spatial resolution have been developed, attempting to incorporate more aspects of water, such as blue water, water quality, green water (soil moisture), and environmental flow requirements (EFR) (Zeng et al. 2013; Mekonnen and Hoekstra 2016). There are several ways to estimate scarcity, such as the ratio of population size to the renewable water supply and the ration of water withdrawals to the renewable supply.
Hoekstra et al. (2012) have used accurate assessment of water scarcity at a global scale using a method that includes estimating consumptive use of water rather than just withdrawals, taken consideration on ecological water needs, and calculated on a monthly basis not yearly at river basin scale for 1996-2005. They compared to water consumption to ecologically available water on a monthly basis. Ecological needs in the river flow were considered as 80% and deducted from the total available water. The water footprints were divided into three main categories; agricultural, industrial and domestic.
-Bluewater print - volume of surface and groundwater consumed as an activity
-Bluewater consumption - the volume of freshwater used and evaporated or incorporated into the product.
They have divided blue water scarcity into four levels (low, moderate, significant and severe). 92% of blue water is consumed by agriculture but vary across water basins and month to month, and the rest is used for industrial and domestic. There are several basins such as Murray Darling have a water shortage in the dry period when as blue water footprint is highest, but the water availability is the lowest. There are 2.72 billion people face water shortage at least one month of the year in one-half of the river basins included in this study. The authors concluded that monthly estimation provides higher accuracy of water scarcity. With severe water scarcity occurring at least one month per year, the results underline the critical nature of water shortages around the world (Hoekstra et al. 2012).
Mekonnen and Hoekstra (2016) conducted the same study at a finer grid cell with more accuracy. As water scarcity is experienced at the local scale, it is calculated as the ratio of the blue water footprint in a grid cell to the total blue water availability in the cell. Total blue water availability is calculated as the sum of the runoff generated within the grid cell plus the runoff generated in all upstream grid cells minus the environmental flow requirement and minus the blue water footprint in upstream grid cells. It thus accounts for the effect of upstream water consumption on the water availability in downstream grid cells. Monthly blue water scarcity (WS) is classified as low if the blue water footprint does not exceed blue water availability (WS < 1.0); in this case, environmental flow requirements are met. Monthly blue water scarcity is said to be moderate 1.0 < WS < 1.5, significant 1.5 < WS < 2.0, and severe if WS > 2.0. They have found that high scarcity level appears in the highly densely populated area or great irrigated land with low water availability. Moreover, they updated that 71% of the global population (4.3 billion people) lives under conditions of moderate to severe water scarcity (WS > 1.0) at least one month of the year. About 66% (4.0 billion people) lives under severe water scarcity (WS > 2.0) at least one month of the year (Mekonnen and Hoekstra 2016).
Jacob Schewe et al. (2014) mentioned that increasing demand of water puts pressure on available water resources increase, but climate variables are putting additional stress on water supply. They had studied the impact of climate change on global water resources using five different global climate model scenarios and found out that 2℃ increases in temperature bring stress to 15% of the global population on water resources which are 40% more compared to just population growth. Jacob Schewe et al. used water crowding index as water scarcity index and water resources to the population at country scale and based on blue water resource, but it does not incorporate the water demand. They have concluded that the population growth and unmitigated climate change plays a significant role in water scarcity and expose a substantial amount of the world population to chronic (1000 m3 per capita annually) and absolute (500 m3 per capita annually) water scarcity (Jacob Schewe et al. 2014).
Hanasaki et al. (2013) executed global water scarcity assessment using high-resolution grid cells. They used Cumulative abstraction to Demand ratio at daily interval under latest socio-economic scenario which includes population, electricity production, and technological change and overall environmental consciousness. The five future situations with substantially different socio-economic conditions were used to analyze water scarcity. These factors were affected by other scenarios such as population, food production, land use, industrial activity, electricity production, technological change, investment in infrastructure, development aid and many others. However, water scarcity, in turn, affects these factors as well. They deducted that mainly due to the economic growth of developing countries, 39-42% of global population will reach severely water-stressed conditions by 2071-2100 (Hanasaki et al. 2013).
There are two types of water scarcity, that are physical which relates to inadequate resources to meet the demand and economical which indicates unaffordability to obtain clean water. Many countries including the U.S., Middle Eastern and North African countries (MENA region) and southeastern European countries, Southern India, Pakistan, Mongolia, Afghanistan, Kazakhstan, Turkmenistan, Uzbekistan, Tajikistan and Western Australia are facing physical water scarcity. Economic water scarcity is experienced in Central and Latin America including Caribbean region, South, and Central Africa, North India, some parts of China and some other Asian countries (Gude 2017).
Zeng et al. (2013) developed an approach for assessing water scarcity considering both water quantity and quality using new water scarcity index and used it for Beijing city in China. They found out that even though Beijing made huge progress regarding the mitigation of the water scarcity by almost 60% from 1999 to 2009, their water scarcity index remained high.
Water scarcity is even more prone to semi-arid regions due to low availability of precipitation. Most of the arid and semi-arid regions are in the developing countries, while the availability of water in adequate quantity and quality is an essential condition to approach sustainable development. There are several studies focused on semi-arid regions of the world (Johannsen et al. 2016; Niu et al. 2014; Rodriguez et al. 2016; Wu et al. 2013).
Kahil et al. (2015) estimated water scarcity in the arid and semi-arid region using a hydro-economic model that links a reduced form hydrological component, with economic and environmental components of the arid and semiarid basin in Southeastern Spain to analyze the effects of droughts and to assess alternative adaptation policies. Results indicate that drought events have significant impacts on social welfare, with the primary adjustments sustained by irrigation and the environment. The authors propose environmental water market policy, where water is acquired for the environment to gather the private benefits of markets while protecting ecosystems. The current water management approach in Spain, based on stakeholders' cooperation, achieves almost the same economic outcomes and better environmental outcomes compared to a pure water market (Kahil et al. 2015).
Rodriguez et al. (2016) analyzed spatial and temporal risks of water shortage in arid and semi-arid regions of Brazil and estimated per capita water use for various levels of risk. They used average monthly water use to assess variation of water availability in the homogenous semi-arid region and found out. This variation of water availability for human consumption in the Brazilian semi-arid region reflects the temporal variability and the spatial variability of rainfall.
Abu-Allaban et al. (2015) used Soil and Water Assessment Tool hydrological model to assess foreseen impacts of climate change on water resources of Mujib, a groundwater basin in Jordan, using ten different scenarios representing dry, normal and wet events. Their findings indicate that dry scenario has a significant impact on annual water precipitation about 20-50% reduction.
Water shortage and scarcity has become colossal challenge all over the world. As water scarcity has temporal and spatial variation, there is a need for better evaluation of the water scarcity at local and regional level. It requires detailed analysis of water supply and demand at watershed and subwatershed level and finds suitable measures to alleviate the water scarcity problems.
[bookmark: _Toc501355525][bookmark: _Toc517219519][bookmark: _Toc501355531]Current approaches and needs

The water demand-supply imbalance requires innovative water management practices. To mitigate the water scarcity related problems and satisfy the growing need of water, the sustainable management of water resource is necessary (Xi and Poh 2013).
There have been two main approaches to match the supply and demand of water. Various practical efforts have been made by water managers such as the expanding of construction of water infrastructures over the past century to increase water supply. Augmenting water supply such that finding additional water resource, using an alternate source of water such as rainwater harvesting (Shadeed and Lange 2010; Steffen et al. 2013), desalinization and extracting water from air moisture, etc. However, this alone would not satisfy the all the growing current water demand. Lately, many researchers are focusing on the demand side of the water management for sustainable water resource management. By controlling the water demand, sustainability of water resources can be enforced. This could include approaches such as increasing water efficiency, adapting to the limited water conditions (Ashraf Vaghefi et al. 2015) and reducing water losses (Bijl et al. 2016; Medrano et al. 2015).
Often these practices are implemented at the municipal or regional level, but we need to consider the water sustainability at watershed scale. As there is spatial and temporal variability of the water availability and usage, it is useful to look at the water supply and demand dynamics at the systems level. Water resources are not necessary located according to the municipal or administrative units; it makes more sense to look at the water sustainability in a watershed scale (Boithias et al. 2014). By analyzing the water supply and demand at watershed scale, watershed managers will be able to understand the spatial as well as temporal variability of the water resources. Therefore, there is a need to analyze both options, water supply augmentation and water demand management at local as well as the national level to understand and find the best suitable opportunities adapted for the local context. Based on the spatial and temporal scale of the water resources and the water demand proper water resource management should be selected to improve the sustainability of the water resources in the watershed.
[bookmark: _Toc517219520]Water supply augmentation

Many countries in both the developed and developing world face significant problems in maintaining reliable water supplies. These problems are aggravated by the uncertainty of global climate. Growing populations will further increase the demand for water, with limited cost-effective water supply augmentation options (Dharmaratna and Harris 2012). Recently water supply systems have become more challenging to model due to both increased complexity and uncertainty of weather. It is important to know how much water is available for use in the watershed to have sustainable water resources.
There are several methods to augment existing water supply in the watershed; traditional and non-traditional. The traditional water resource enhancement approaches include finding additional resources, building dams for reservoirs. Non-traditional approaches include rainwater harvesting and reuse of stormwater for non-potable purposes, replenishment of groundwater, reclaimed water and desalinization, (Klaysom et al. 2013, Kumar et al. 2016, Bhattacharya 2015). There has been a limited reliance on traditional water supplies, and also substantial climate change puts an extra challenge on water supply system planning (Milly et al., 2008).
Several studies have considered incorporating non-traditional water sources as alternatives to traditional water sources in the context of urban water supply planning. A survey on assessing water supply augmentation in Australia found that in the long run, a non-traditional method like desalinization provides a more viable, cost-effective and secure bulk water supply alternative when compared to building large rain-dependent dams in semi-arid regions of Australia(Scarborough et al., 2015).
Paton et al. (2014) examined the different non-traditional water supply augmentation measures and concluded that the rainwater harvesting is an expensive option with little gain and not very feasible for arid and semi-arid regions like Adelaide, Australia.
Kumar et al. (2016) assessed the several water augmentation options including reclaimed water and desalination; inter-basin water transfer and sectoral demand management in the water-stressed Mediterranean area of Northern Spain. They deduced that alternative water resources as the most reliable alternative to medium reclaimed water reuse in industry and agriculture and low to medium use of desalination water in domestic and industrial sectors as the best alternative.
When the economic benefits of groundwater replenishment are compared to the seawater desalinization in the city of Perth, Australia, it is found that the aquifer recharge is more reliable and cost-effective solution to increase the urban water supplies efficiently. The economic analysis shows that aquifer banking provides greatest cost saving where there is little loss of the aquifer banked water (Lei Gao et al. 2014).
However, these types of water augmentation methods are cost intensive and face diverse types of challenges such as economic, legal and social (Ghaffour et al. 2013). Even in expensive cities like Sydney, it is found that premature water supply augmentation can reduce the net present value of the welfare of the households by $ 1900 per household. Unless the water supply augmentation has a long lifetime and low discount rate, there could be large welfare loss (Beh et al. 2014, Grafton et al., 2014).
In developing countries, water supply augmentation is a huge challenge due to limited economic and technical capabilities. (Poustie and Deletic 2014)
Mizyed (2013) studied the challenges in treated wastewater in West Bank which is one of the arid and semi-arid regions of the world. He discusses that even though it is recognized as a strategic option for augmenting water supply, there are many challenges such as legal, socioeconomic implications. It is important to consider economic costs, returns, and benefits of the different qualities of treated wastewater. A social multi-criteria evaluation has been performed to explore the feasibility, desirability, and acceptability of non-traditional water supply technologies in the Metropolitan Area of Barcelona (Spain) and concluded that rainwater harvesting and reclaimed water reuse are the most preferred alternative and the desalination as the least desired option (Domènech et al. 2013).
The water supply augmentation options are challenging and have different output based on the context of the region. In landlocked, precipitation scarce, semi-arid region of Mongolia, water managers should search for sustainable water management options concentrating more on the water demand and efficiency practices that can be suitable for the local context.
[bookmark: _Toc517219521]Water demand management

The growing demand for water and a limited supply of water brings the question of how to allocate water resources among competing for demand uses during shortage periods has become a significant issue and has attracted much attention from water managers and researchers all around the world (Speed et al., 2013). There have been many efforts to expand construction of water infrastructure over past century to increase water supply. These efforts have effectively alleviated water stresses and have provided massive benefits regarding greater economic returns and fewer water-related disasters. However, the construction of infrastructures often brings unanticipated adverse effects such as migration relocation, reduced runoff, and species extinction. Along with the dramatically growing water demand, increasing supply to meet the future demand is no longer a cost-effective way towards a sustainable future; more proactive water management techniques are required (Gleick et al., 2003).
Demand management measures and policies can achieve considerable water conservation, thus tackling the effects of water shortages, but even more importantly, contributing in this way towards the longer-term goal of sustainable water resources management. A shift toward demand-side management practices is fundamental in the light of increasing population and changing climatic conditions (Dawadi & Ahmad, 2013).
Water demand management (WDM) is essential being part of the challenge to sustain the water resources. The central principle in WDM is “efficient use of water to maintain vital environment flow and to reduce dependence on costly infrastructure projects.”
As there is a specific trend of water demand increase all over the world, the water demand management that is technically and economically feasible and socially acceptable at local context and is crucial for water sustainability. Water demand management initiatives employ various techniques for conserving and making more efficient use of water. An operational definition of water demand management has five different component such as
reducing the quantity or quality of water required to accomplish a specific task;
adjusting the nature of the mission so it can be achieved with less water or lower quality water;
reducing losses in the movement from the source through use to disposal;
shifting time from application to off-peak periods, and
increasing the ability of the system to operate during droughts. (Brooks, 2006)
Effective water demand management approaches require not only the excellent policy from decision makers but also active public and private participation. (Acheampong et al. 2016)
Kusena et al. (2016) studied the water user participation in water conservation in the city of Gweru, Zimbabwe and reported that the users have significantly low involvement in water conservation training which may have translated into limited water conservation literacy.
Fielding et al. (2013) used smart water metering technology as a tool for behavior change in South East Queensland as to test the effectiveness of demand management interventions which led to significant water savings. But long-term household usage data showed that the reduction in water use resulting from the responses eventually dissipated, with water consumption returning to pre-intervention levels after approximately 12 months.
Lavee et al. (2013) examined the effectiveness of the residential water demand policies in Israel and found that educational policy tools have significant impact water demand, a long-term educational tool had a more substantial effect on residential water consumption than a short-term educational tool. Therefore, the successful education, information, and communication strategies for the public are essential to promote water conservation (Tortajada and Joshi 2013).
There have been several attempts to manage water demand through water conservation and water pricing as well as water policy approaches. Water conservation measures include water metering, installation and retrofitting of water saving technologies in the residential buildings, use of water-efficient technologies and recycling and reusing water (Baki et al., 2018; Ban et al., 2013; Dieu-Hang et al., 2017; Fielding et al., 2013). Water conservation approaches have three main components such as a conservation incentive, conservation measure, and conservation program. A conservation incentive increases customer awareness on the importance of reducing water use. A conservation measure is a device or practice that reduces the demand, and finally, conservation programs include a strategic combination of actions and incentives (Vickers & A.L., 1999). These type of voluntary conservation approaches can have a significant reduction in water demand. However, in the long term, the water consumption can go back to its pre-intervention level approximately after 12 months (Fielding et al., 2013). Therefore, water demand management requires conservation as well as pricing policy together to have more potential impacts.
Steffen et al. (2013) studied the quantity of rainwater harvested at residential parcel and stormwater runoff reduction from the drainage system in 23 cities in seven different climate regions in the United States. They have used water balance approach to estimate water saving efficiency at a daily time step for multiple variations of rainwater cisterns. The performance depends on the cistern size and climate pattern and in semi-arid regions up to 20% of the runoff volume can be reduced. They concluded that the rainwater harvesting could be used as stormwater management technique at the residential level.
In semi-arid regions, water demand management could be an extra challenging issue to water managers as the water supply is already under stress of the climate conditions, but the demand is more in those areas. Dawadi & Ahmad (2013) found out that the water demand exceeds the available supply in the semi-arid region such as Las Vegas, where it is under stress of climate change and population growth if there is no important demand management policy is implemented. However, with water conservation and water pricing policies, it would be able to meet its water demand well into the future, and the water demand was predicted to reduce by 30-50%.
Hence, water demand management requires multiples scopes and consideration from water managers, including policy and regulation, social and educational outreach, technical advancement and pricing structure. The best combination of the strategy and approach that is suitable for the local socio-economic conditions could be a way to solve the water scarcity in the watershed.
[bookmark: _Toc517219522]Water sustainability

There is a wide range of definitions of sustainability and sustainable development. One of the most widely used is that of the Brundtland Report, in which it is defined as a development that meets the needs of the present without compromising the ability of future generations to meet their own needs (WCED, 1987). The International Union for the Conservation of Nature defined sustainability as the development that improves the quality of human life while living within the carrying capacity of supporting ecosystems (IUCN, 1991). Although there are many definitions of sustainability, nearly all contain some perception of the future generation and that human society and economy are intimately connected to the natural environment (Caradonna, 2014).
Gleick (2000) defined a sustainable water use as the use of water that supports the ability of human society to endure and flourish into the indefinite future without undermining the integrity of the hydrological cycle or the ecological systems that depend on it. ASCE and UNESCO (1998) defined water resource system sustainability as those water resource systems designed and managed to contribute to the objectives of society entirely, now and in the future, while maintaining their ecological, environmental and hydrological integrity.
In general, the above definitions can be aggregated and is most often associated with issues related to the economic, social and environmental dimensions, which has become known as the Triple Bottom Line (Mihelcic et al., 2003), as an example of sustainability model shown in Figure 1-1.
Sustainability

[bookmark: _Toc511249178]Figure 1‑1. The Triple Bottom Line of the sustainability
It is essential to adopt practices to manage the water resources availability sustainably without altering the socio-economic development. Sustainable water management is a critical component of sustainable development and accounts for similar issues as sustainability. We consider 'sustainable water management systems' to be those that meet the needs of society over the lifetime of the service while also maintaining fundamental ecological functions that support the long-term provision of ecosystem goods, services, and values, including biodiversity maintenance (Poff et al., 2015)
Russo et al. (2014) reviewed sustainable water management in urban, agricultural and natural systems in developed and developing countries. They suggested that the water management of the natural system is the basis of sustainable urban and agrarian management approaches. In developing countries, the primary goal of sustainable water management in urban areas include equitable delivery, reliability and system flexibility, and growth. The ecosystem in this country requires protection of valued ecosystem services. The challenges for sustainable urban water management in developing countries include intermittent operation, lost or stolen water, rapid urban growth and political conflict. For the ecosystem, economic development priorities constitute a significant challenge. They have also discussed the potential solution for above problems. Institutional improvements, low-tech water capture, and treatment, greywater reuse, cooperation, sharing riparian rights and stakeholder engagement are viable solutions for urban water sustainability, and communication of ecosystem service value is vital for water sustainability (Russo et al. 2014).
Thus, as the water sustainability is complex and challenging phenomena, water managers should have a variety of expertise and systematic approach to consider multiple factors.
[bookmark: _Toc517219523][bookmark: _Toc501355528]Research questions and contribution
Mongolia is facing many water-related problems, such as adverse natural conditions, increasing water withdrawals, limited environmental information and a lack of structures which control the appropriate distribution and protection of water (Menzel et al. 2014). According to the recent study by Government of Mongolia and the Millennium Challenge Corporation (2016), the one of the binding constraint to the economic growth of Mongolia is water and sanitation issues exacerbated by underlying water scarcity issues, driven by an uneven natural distribution of water resources and a semi-arid climate. Domestically, groundwater resources play a vital role in Mongolia’s economy; supporting agriculture, forestry, fishery, livestock production, industrial and domestic water demand and sanitation activities. Water demands are mainly met from the groundwater sources, roughly 80% of the total water consumption (Dolgorsuren, G et al. 2012). The regional effects of global climate change, significant land use changes, a booming mining sector, and growing cities with insufficient and decaying water and wastewater infrastructures result in increasingly unsustainable exploitation. Moreover, contamination of ground and surface water resources is putting at risk both aquatic ecosystems and human health (Karthe et al., 2015).
The country’s capital city Ulaanbaatar is in the Tuul River Basin, and the population growth and industrial activity rapidly intensified during the past two decades. Tuul River Basin has over 46% of the total Mongolian population and is home to 68.4% of entities and organizations that are registered in Mongolia (National Statistical Office 2017). Hence it is the most populated and economically active river basin in Mongolia.
Due to the rapid urbanization, water use increased and the adverse impacts on the environment are running out of control. The Basin suffers from severe degradation including water loss, resource scarcity, and pollution. Ulaanbaatar’s water demand will exceed its existing supply and will be facing water shortages by 2021 under the high-development scenario, and it will be required to draw on additional groundwater sources (Batimaa et al. 2011). Half of Ulaanbaatar’s total water supply is for domestic users, followed by industrial use and agricultural use (Dolgorsuren, G et al. 2012). The population will increase, and the industries will expand, and water demand will continue to grow with these expansions. The supply and demand ratio for water for industrial and domestic use is concerning as current water demand is estimated to double by 2030. Ulaanbaatar is approaching levels where water shortages could become a daily problem (JICA 2010). Therefore, there is an urgent need for an understanding of water supply and demand conditions and assess proper management practices to overcome this problem.
There have been many attempts to study water supply and demand dynamics in at municipal level (JICA 2010) or whole Tuul River basin on an annual basis until 2012 (Batimaa et al., 2011; Batsaikhan et al., 2011; Dolgorsuren G., 2012), but the temporal and spatial deficits in water supply and demand in the basin and sustainability is not well studied. This study will analyze the water demand and supply using the updated water demand estimation (Ministry of Environment and Tourism of Mongolia, 2015) and assess the sustainability of water resources in its subwatersheds of Tuul River Basin and Ulaanbaatar city. Based on the watershed sustainability criteria will be calculated for each subbasin to assess the vulnerability of the water scarcity issue in the basin. The result of the study could be utilized to support the decision-making process to improve the water resource sustainability in the Tuul River Basin.
[bookmark: _Toc517219524]Study objectives

This research aims to understand the current water supply and demand dynamics related to water resource sustainability at subwatershed scale. Tuul River Basin in Mongolia is selected as a study area for being most populated river basin in Mongolia and at substantial risk of water shortage.
The general objective of this study is to develop a watershed model for integrated management to sustain water resources of the Tuul River Basin.

The specific objectives are:
to simulate ecohydrological processes influencing water supplies;
to assess water demand of the basin and its future trend;
to evaluate supply-demand dynamics and sustainability at a watershed and subwatershed scales;
[bookmark: _Toc517219525]Hypotheses (Alternative)

Based on the objectives of the study there are three main hypotheses (alternate) are developed in this study.
The water supply in the Tuul River Basin are influenced by the ecohydrological processes and have a decreasing trend in quantity
The water demand in the Tuul River Basin has spatial and temporal variation and have an increasing tendency
Water supply and demand dynamics have variability based on the subbasins as well as administrative units
[bookmark: _Toc517219526]Thesis outline

In this thesis, five chapters are developed according to each objective and organized as follows. Chapter 1 introduced about the current water scarcity problems in a global context as well as the local context of Tuul River Basin and general approaches to reducing water scarcity problems around the world. It also provides a general framework for this study.
Chapter 2 discusses the simulation of ecohydrological processes that influence watershed systems using SWAT model and its related results and discussion using the model. The water supply systems are modeled at the subbasin level and its water balance components are calculated.
Chapter 3 estimated the current water demand in the watershed as well as administrative units in the Tuul River basin using the current statistical reports and the norms on the water demand for unit industrial products, services and human and livestock consumption as well as crops. The results are provided based on the administrative units in the watershed.
Chapter 4 combines the results of Chapter 2 and Chapter 3 and overlays to see how the water demand and the water supply are balancing. The water sustainability index of each subbasin, as well as administrative units, are calculated, and the potential water management practices are suggested in this chapter.
Chapter 5 provides the overall conclusion of this research and offers some insights on potential implications of this study.



[bookmark: _Toc517219527]CHAPTER 2
[bookmark: _Toc517219528]SIMULATION OF ECOHYDROLOGICAL PROCESSES INFLUENCING WATER SUPPLIES IN THE TUUL RIVER BASIN

[bookmark: _Toc517219529]Introduction

Many countries in both the developed and developing world face significant problems in maintaining reliable water supplies. These problems are aggravated by the uncertainty of global climate. Growing populations will further increase the demand for water, with limited cost-effective water supply augmentation options (Dharmaratna and Harris 2012). It is essential to know quantity water is available for use in the watershed to have sustainable water resources. Water resources systems are complex and influenced many factors such as terrain, precipitation, humidity, air temperature, soil and vegetation type, land use and land cover. Understanding the current hydrologic processes for a watershed is essential to assess future climate and its potential impacts on hydrologic regimes (Hongfu et al. 2012).
Many researchers have been using different methods to assess water resources from simple water balance equations to complex hydrological models that incorporate various components of the water resource system. The development of accurate and informative integrated watershed models that help water managers better understand the issues within their basin at present and in the future is essential. Successful watershed models can lead to the development of timely projects for securing future water resources. Watershed modeling is a standard tool to understand the behavior of a catchment under dynamic processes (Fiseha et al. 2013). The best model is the one which gives results close to reality with the use of least parameters and model complexity. A model consists of various parameters that define the characteristics of the model. It provides an opportunity to simulate the processes in the watershed and to be able to predict for impacts of the climate, land use, management changes (Devia et al. 2015).
This chapter is mainly focused on the simulation of ecohydrological processes in the watershed. The SWAT watershed model is developed to understand the hydrologic processes in the Tuul River Basin and how those hydrological processes influence the water resources. The model was developed by the USDA-Agriculture Research Service and has been widely used throughout the world for planning and management of water resources. The model components include hydrology, weather, erosion/sedimentation, crop growth, nutrients, pesticides, and agricultural management (Arnold et al. 1998).
[bookmark: _Toc517219530]Research questions and contribution
The Tuul River, once known for its immaculate and pristine water and is environmentally degraded in last several decades. The river water is the major water source (max. 94%) in this alluvial aquifer (Tsujimura et al., 2013), which is the major drinking water source for nearly 1.4 million residents of Ulaanbaatar, the capital city of Mongolia. Therefore, water sources and the river flow are the most important for the water supply of Ulaanbaatar city. Unfortunately, the river flow and its floodplain groundwater levels had already shown a decreasing trend over the past two decades as shown in Figure 2-1 (Sukhbaatar et al., 2017).
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[bookmark: _Toc511249179]Figure 2‑1. Tuul River stream flow measurement at hydrological stations
Ulaanbaatar (1970-2015), Terelj (1970-2015)

The other key issues in the Tuul River Basin are presented in the Figure 2-2 below. Upper Tuul River Basin is forested and has issues regarding deforestation due to the expansion of tourism and camping. The Middle Tuul River Basin after Ulaanbaatar city is highly polluted with poorly treated wastewater discharged from Waste Water Treatment Plant(WTP) and in the lower part of the Tuul River Basin, there have been issues regarding overgrazing of livestock and pollution from Zaamar gold mine. (Dolgorsuren et al. 2012).
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[bookmark: _Toc511249180]Figure 2‑2. Key issues in Tuul River Basin (Dolgorsuren et al. 2012)
There have been several studies to assess the water resources in the at headwaters (Sukhbaatar et al. 2017) and groundwater abstraction (JICA 2010, Tsujimura et al., 2013) but the subbasin analysis as well as river basin level analysis was not conducted.
Due to the issues mentioned above in the Tuul River Basin, the author of the study would like to find which are the processes influencing water resources and aims to get a better understanding of those processes in the basin and subbasin scale. By analyzing the ecohydrological processes at the subbasin level in the watershed would help water managers to assess the water resources in the basin better.
[bookmark: _Toc517219531]Objectives
The objective of this chapter is to simulate ecohydrological processes in the Tuul River Basin and subbasins and analyze the influences of those processes on the water resources.
Develop a suitable model to simulate hydrological processes
Analyze the model results at temporal as well as spatial scale
Evaluate the ecohydrological processes influencing the water supply in the Tuul River Basin
[bookmark: _Toc517219532]Hypotheses (Alternative)
Based on the objectives of the chapter, the following hypotheses are developed in this study.
Hydrological models such as SWAT can be used for simulation of processes in the watershed
There is a temporal and spatial variation of water resources in the Tuul River Basin
Ecohydrological processes have an impact on water resources
[bookmark: _Toc517219533]Methodology
[bookmark: _Toc517219534]Study area

Tuul is a river located in central and northern Mongolia. It is 704 km long, with a catchment area of 49,994.3 km2. It flows from east to west, covering central parts of Mongolia and is the freshwater source for the country's capital, Ulaanbaatar (Figure 2-3). The waters of the Tuul River are made up of 25% groundwater, 6% melted snow, and 69 % rainwater (Dolgorsuren et al. 2012).

[bookmark: _Toc511249181]Figure 2‑3. Location of Tuul River Basin in Mongolia

The Tuul River flows at the beginning through mountain taiga and forest-steppe region, then down from Ulaanbaatar, the river flows through the steppe region which occupies 80% of the river basin area. The upper part of the river basin has steep rocks and plenty of forests with valleys between mountains of 1-3 km in width. The valley becomes wide at the downstream of Ulaanbaatar and it reaches a width of 8-10 km at Ulaanbaatar city. The geographical coordinates of the point considered as the origin of the Tuul River are 108o13’20” E, 48o30’39” N, the coordinates of the river confluence point are 104o47’52”, 48o56’55”. (Dolgorsuren, G et al. 2012).

[bookmark: _Toc501355537]Climate conditions
The Tuul river basin is highly elevated, far from the sea, surrounded by mountains with an elevation range between 2792m and 773m. (Figure 2-4). Hence the climate condition is determined by differences of day and night temperature, long winter, short summer and the most precipitation falls in summer. Summer is dominated by warm, dry air, and thunderstorms land during the summer. At the end of August and the beginning of September a sudden cold is observed, and in the autumn the precipitation decreases. (Dolgorsuren et al. 2012).
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[bookmark: _Toc511249182]Figure 2‑4. Digital Elevation Map of Tuul River Basin.
The Tuul River basin has the continental climatic features that are characterized by a broad variation of annual, monthly and daily temperatures; a low range of air humidity; non-uniform distribution of precipitation; cold and long-lasting winter and warm summer. The rainy period continues from June to August in the upper Tuul River basin, of which rainfall shares about 90% of the annual precipitation. The Long-term annual average flow of the Tuul River at Ulaanbaatar hydrological station is about 25.6 m3/s. The river freezing in the Tuul River starts during the second week of October, and the maximum ice depth in the river reaches 1.16 m in the middle of February. On average, this phenomenon is sustained for almost 150 days until the middle of April (Dolgorsuren et al., 2012).  Sukhbaatar et al. (2017) used the SWAT model to simulate the hydrological processes and climate change impact in the Upper Tuul River Basin and found that there have been cyclic variabilities such as several wet and dry periods. The latest dry period was observed during 1996-2015 where the average air temperature increased, and the precipitation pattern reduced.
Air temperature
Warming is increasing depending on the geographical location of Mongolia under the global warming pattern, and especially there is high-intensity value in the Tuul river basin. By observation data of meteorological stations in Tuul river basin, the mean annual air temperature increased by 2.0°C from the norm (Figure 2-5). Due to global warming, the number of hot days is increasing. The maximum air temperature since 1940 was observed in the last few years in the Tuul River basin. The annual average air temperature is -0.38 C in the study area. Annual minimum temperature reaches -39.0 C in January, while maximum temperature reaches +37.20 C in July during the summer period (Figure 2-6).
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[bookmark: _Toc511249183]Figure 2‑5. Time series of mean daily temperature(gray), annual mean temperature (red) and the trendline (blue) at Ulaanbaatar meteorological station in Tuul River Basin.

[bookmark: _Toc511249184]Figure 2‑6. Monthly maximum, minimum and mean temperature ℃ at Ulaanbaatar meteorological station in Tuul River Basin (1987-2011)
Precipitation
The Tuul river basin has the total annual precipitation ranges around 253-275 mm. High mountain or runoff forming area precipitation is more than 350 mm per year. About 85-90% of the total precipitation falls in the vegetation period (Dolgorsuren et al. 2012). In the Tuul River Basin, the total precipitation is changed not so much but the duration of rainfall during the summer season is decreased. The time series date of precipitation (1987-2011) is shown in the Figure 2-7.

[bookmark: _Toc511249185]Figure 2‑7. Average monthly precipitation at Ulaanbaatar meteorological station in Tuul River Basin (1987-2011) shown by seasons (grey- winter, green -spring, yellow-summer, orange-fall).


Evaporation
The main reason of the aridity in the Tuul River basin is global warming. Nowadays the increasing evaporation (E) is causing aridity in the basin. The deficiency of the vegetation water supply affects the vegetation cover. The difference in evaporation and precipitation (E-P) is becoming more substantial since 1990. In the period 1991-2008 compared with the period 1961-1990 mean values decreased by 30% in the runoff forming area of Tuul river basin.
Soil
[bookmark: _Toc517216195]Table 2‑1. Percentages of soil types in the Tuul River Basin. Source: Dolgorsuren et al. (2012)
	No
	Soil Type
	Percentage (%)

	1
	Mountain soil
	56.3

	2
	Soil of steppe valley and depression
	26.2

	3
	Low mountains and rolling hills soil
	8.3

	4
	Soil of humid areas
	6.6

	5
	Other soils and bare land/water, sand
	1.4

	6
	Saline soil
	1.1

	7
	Riparian soil
	0.1

	
	Total
	100


Mountain soils occupy more than 50% of the Tuul River basin area; it is distributed evenly. The mountain soils include mountain dernotaiga, soddy taiga, forest dark, mountain meadow, and mountain dark chestnut soil classes. Along the river meadow swamp cryomorphic, meadow cryomorphic and meadow solonchak soils are distributed. The main soil types and their percentages are shown in Table 2-1. The soil types in the Tuul River Basin are shown in the Figure 2-8.
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[bookmark: _Toc511249186]Figure 2‑8. Detailed soil types in Tuul River Basin
Land use
In the Tuul River basin agricultural land occupies 4560.9 thousand ha or 91.2%, forest 338.6 thousand ha or 6.8%, water 16.1 thousand ha or 0.3%, roads 15.2 thousand ha or 0.3%, urban and local settlement land 72.1 thousand ha or 1.4% (Figure 2-9). It was specified according to the unified land classification of the Mongolian Law on Land. In this estimation, the classification of the land for individual needs includes agricultural land, urban and local settlement area, roads, forests and water (Dolgorsuren et al. 2012).

[bookmark: _Toc511249187]Figure 2‑9. Land use types in Tuul River Basin
[bookmark: _Toc510358674][bookmark: _Toc517219535]Conceptual model
Hydrological models are commonly used to understand a watershed system and its hydrological processes better. SWAT (Soil Water Assessment Tool) is comprehensive models to provide a detailed analysis of water resources, and they are easy to modify any changes in the system (Arnold et al. 1998).
SWAT has been increasingly and successfully used throughout the world for various purposes, e.g., assessment of water resources, planning, and management, the study of impacts of climate change or land use change in both hydrology and water quality (Ficklin et al. 2013)  from global to local scales. It is a hydrological model with the several components: weather, surface runoff, return flow, percolation, evapotranspiration, transmission losses, pond and reservoir storage, crop growth and irrigation, groundwater flow, reach routing, nutrient and pesticide loading, and water transfer. SWAT can be considered a watershed hydrological transport model (Devia et al. 2015).
It is a semi-distributed, eco-hydrological model developed to assess the effect of management and climate on water supplies, sediments, and agricultural, chemical yields. The model divides the simulation area into subwatersheds and hydrological response units that incorporate unique land use, soil attributes (Abouabdillah et al. 2014). It uses daily meteorological inputs to replicate the watershed mechanisms; the output could be summarized for the monthly or yearly basis for an extended period of simulation. SWAT model is also commonly used for simulation of ungauged watersheds as there are many countries where the hydrological and meteorological monitoring is limited.
Figure 2-10 shows the methodological framework for hydrological estimation components (e.g., surface runoff, percolation, lateral flow, groundwater flow, evapotranspiration, and transmission losses) in SWAT model. The methodological framework includes set of data, pre-processing, model calibration, validation, and the model performance evaluation, and simulation of the hydrological components.

[bookmark: _Toc511249188]Figure 2‑10. Conceptual model

The SWAT model has vast applications and is widely used in various parts of the world for assessment of water resources (Dessu et al. 2014; Jujnovsky et al. 2017) , water quality  (Abbaspour et al., 2015; Fan & Shibata, 2015), land use changes (Krysanova & Srinivasan, 2015; Neupane & Kumar, 2015; Sajikumar & Remya, 2015; Wang et al., 2014), climate change impacts (Faramarzi et al. 2017; Johannsen et al. 2016).
Although SWAT can require many inputs to simulate the hydrological process, it has been successfully applied in data-limited studies and taking a feasible and useful approach for strengthening water resources management (Fukunaga et al. 2015; Niu et al. 2014).
In this thesis, the following hydrological components were used to simulate hydrology of the study area.
The hydrological model is based on the following water balance equation (Equation 2-1):
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in which and  are the soil water content at the beginning and end of the day i, t is the time interval in days, R, Q, ET, P, and QR are the daily precipitation, runoff, evapotranspiration, percolation, and return flow.
Surface runoff volume. The following SCS curve number equation (Equation 2-2) is used for predicting surface runoff (USDA-SCS, 1972).
 					2‑2
In which Q, R, and s are the daily surface runoff (mm), daily rainfall (mm), and retention parameter. The retention parameter varies (1) with watershed because of land use, soil, management, and slope all range and (2) among time due to the variation of soil water content. The retention parameter associated with the curve number (CN) by the SCS formula (Arnold et al. 1998).
Percolation. This component uses a storage routing technique integrated with a crack-flow model for simulating flow through each soil layer. When water percolates below the root zone, it becomes groundwater as return flow in downstream. The storage routing is based on the following Equation 2-3:
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in which SW0 and SW are the soil water content at the beginning and end of the day, Δt is the time interval (24 h), and TT is the travel time (h) through layer i. by subtracting SW from SW0, the percolation can be calculated (Equation 2-4).
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where O is the percolation rate (mm·d-1).
Lateral subsurface and groundwater flow. In the soil profile from 0.0 to 2 m, lateral subsurface flow is estimated simultaneously with percolation. A kinematic storage model is used to calculate the lateral flow in each soil layer. Whereas, groundwater flow to total stream flow is simulated by creating shallow aquifer storage. Return flow from the shallow aquifer to the stream is calculated by as follows in Equation 2-5. (Arnold et al. 1993).
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In which qlat is lateral flow (mm·d-l), S is drainage volume of soil water (m·h-1), α is slope (mm-1 ), Ѳd is drainable porosity (mm-1 ), and L is flow length (m). When the saturated zone increases above the soil layer, water runs back to the surface.
Evapotranspiration. In the model, three options available for estimating potential ET; Hargreaves (Hargreaves and Samani, 1985), Priestley-Taylor (Priestley and Taylor, 1972) and Penman-Monteith (Monteith, 1965). In this thesis, Penman-Monteith method used for estimating potential evapotranspiration based on the measured and simulated input data (Equation 2-6). This method requires solar radiation, air temperature, relative humidity, and wind speed as the model input.
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where ET0 is the potential evapotranspiration (mm day-1 ), G is soil heat flux (MJ m-2 day1 ), T and u2 are mean air temperature (ºC) and wind speed (m s-1 ) at 2 m,  and  are saturation vapor pressure (kPa) and actual vapor pressure (kPa),  is saturation vapor pressure deficit (kPa), Δ is the slope of  the vapor pressure curve (kPa ºC-1 ), γ is psychrometric constant (kPa ºC-1 ).
Actual evapotranspiration. Exponential functions of soil depth and water content are used for predicting actual soil water evaporation and linear function of potential evapotranspiration and leaf area index is used for simulating plant water evaporation (Arnold et al. 1998).
Snowmelt. When the soil second layer temperature simulated more than 0.0 C, snow may be melted, and the following equation 2-7 is used for simulating snowmelt.
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where SML is the snow melt rate (mm·d-1), SPT is the snowpack temperature (ºC), T is the mean daily temperature (ºC).
Transmission losses. In many semiarid regions, river flow and streamflow hydraulically linked whit alluvial floodplain groundwater. Lane’s method in USDA (1983) is used to simulate transmission losses that can reduce runoff volumes as flood wave travels downstream (Arnold et al. 1998).
[bookmark: _Toc517219536]Data collection
Data used in the assessment include climate data (rainfall, air temperature), hydrological (flow rate), spatial (topography, land use, soil).  The type and sources the data used in this study are provided in Table 2-2.
[bookmark: _Toc517216196]Table 2‑2. Data types and their sources
	Data Type
	Source

	Temperature, precipitation, humidity, wind speed, streamflow
	National Agency for Meteorology, Hydrology and Environment Monitoring(NAMHEM)

	Solar radiation
	MWSWAT Global weather station data

	DEM
	Advanced Spaceborne Thermal Emission and Reflection Radiometer, a spaceborne earth-observing optical instrument (NASA JPL, 2009).

	Soil type
	Harmonized World Soil Database from Food and Agriculture Organization

	Land use
	European Space Agency (ESA). The GlobCover initiative of ESA

	River basin boundary, river network
	Tuul River Basin Authority


[bookmark: _Toc517219537]Model construction

The ecohydrological model for whole Tuul River Basin and its subwatersheds was developed in this study based on the available data.  SWAT (Soil Water Assessment Tool) is used to simulate the hydrological processes in the watershed.
As it has been widely used in scarce data watersheds to simulate the various processes in watersheds, the SWAT model is chosen to simulate and understand the ecohydrological processes in the Tuul River Basin in this study. The SWAT model was previously used for two watersheds in Mongolia. The effect of subarctic conditions on water resources of Kharaa river basin which is located in the northern part of Mongolia was simulated using SWAT model and found that SWAT satisfactorily reflects stream flow for single years but is not reliable for a more extended period (Hülsmann et al. 2015).  Sukhbaatar et al. (2017)  developed the SWAT model for Upper Tuul River basin. They analyzed the impact of climate change on hydrological processes in the watershed and found that the model sufficiently predicts the hydrological processes in the watershed and further concluded that the river flow was primarily influenced by precipitation, although air temperature has been significantly increased throughout the latest dry period.
The Tuul River basin was analyzed based on their unique combination of land use, soil type and topographical data that creates HRUs (hydrological response units). Water resources for the Tuul River Basin were simulated from 1996 to 2011 using observed precipitation, temperature, wind speed and air humidity inputs. The streamflow data from 2 stations (Ulaanbaatar and Terelj) in the basin are used to calibrate and validate the simulated results of SWAT model.
SWAT model was developed using the topography, land use, soil and meteorological data. Figure 2-11 illustrates the spatial inputs a) topography, b) land use/cover, and c) soil) and delineated outputs d) land surface slope and e) subbasins. The topography, based on the global digital elevation model (GDEM), has a resolution of 30*30 m. This is generated from the Advanced Spaceborne Thermal Emission and Reflection Radiometer, a spaceborne earth-observing optical instrument (NASA JPL, 2009). Land use/cover data was obtained from the European Space Agency (ESA). The GlobCover initiative of ESA developed and demonstrated a service for the generation of global land cover maps, based on Envisat MERIS Fine Resolution (300 m) mode data (Arino et al., 2012). The soil map was obtained from MWSWAT which contains Harmonized World Soil Database from FAO (Food and Agriculture Organization). The Basin is divided into 27 subwatersheds based on the unique HRUs (hydrological response units) (Figure 2-11e).

[bookmark: _Toc511249189]Figure 2‑11. SWAT model simulation. a) DEM, b) Land use, c) Soil type, d) Slope and e) Subbasins
[bookmark: _Toc517219538]Model calibration and validation

The SWAT model performance of calibration and validated by using multiple statistics
i.e., the coefficient of determination (R2), RMSE observations standard deviation ratio (RSR) (Moriasi et al. 2007), and Nash-Sutcliffe model efficiency (NSE) (Nash and Sutcliffe, 1970).
The R2 value describes the degree of collinearity between simulated and measured data.
R2 ranges from 0 to 1, with higher values indicating less error variance. (Equation 2-8)
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Coefficient of determination  where  is a variable (e.g., discharge), and  and  stand for measured and simulated,  is the  measured or simulated data.
NSE: It determines the relative magnitude of the residual variance (“noise”) compared to the measured data variance (“information”). NSE ranges between -∞ and 1.0, NSE=1 is the optimal value. (Equation 2-9)
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Nash-Sutcliffe (1970), where  is a variable (e.g., discharge), and  and  stand for measured and simulated, respectively, and the bar stands for average.
RSR: RMSE observation standard deviation ratio (RSR) also used, and it is one of the commonly used error indexes. RSR standardizes RMSE using the observations standard deviation of measured data. RSR incorporates the benefits of error index statistics and includes a scaling/normalization factor so that the resulting statistic and reported values can apply to various constituents. The lower RSR (Equation 2-10) is the better the model simulation performance (Moriasi et al. 2007).
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Where  is a variable (e.g., discharge), and  and  stand for measured and simulated values. It varies from 0 to large positive values. The lower the RSR the better the model fit (Moriasi et al., 2007).
[bookmark: _Toc517216197]Table 2‑3. Performance rating for parameters
	Performance
	R2
	NSE
	RSR

	Very Good
	>0.60
	0.75 < NSE ≤1.00
	0.00 ≤RSR ≤ 0.50

	Good
	
	0.65 < NSE ≤ 0.75
	0.50 ≤ RSR ≤ 0.60

	Satisfactory
	
	0.50 < NSE ≤ 0.65
	0.60 ≤ RSR ≤ 0.70

	Unsatisfactory
	<0.60
	NSE ≤ 0.50
	RSR > 0.70



Santhi et al. (2001) suggest that the results of the SWAT calibration are acceptable of R2 and NSE. In addition to that, Moriasi et al. (2007) also summarized overall performance rating for recommended statistics for a monthly time step as shown in Table 2-3.
The SWAT model calibration was conducted using SWAT-CUP (SWAT Calibration Uncertainty Procedures), a program designed explicitly for calibration and validation, sensitivity and uncertainty analysis of SWAT model (Arnold et al. 2012; Abbaspour, 2015). Several methods linked with SWAT-CUP and Sequential Uncertainty Fitting version 2 (SUFI2) algorithm (Abbaspour et al., 2007) was used for the model sensitive analysis and calibration in this research. The sensitive analysis was conducted to define the influence a set of parameters on river flow in the study area. The obtained model is calibrated and validated using streamflow data from 2 hydrological gauges (Terelj and Ulaanbaatar station) in the headwaters. As there are hydrologic as well as land use changes in the last several years in the basin, the model calibration and validation were conducted using the same period with two hydrological station data. The model was calibrated with 1990- 2011 data using the discharge data from the Ulaanbaatar station using statistical methods as provided earlier in Table 2-3. The model validation was conducted using the Terelj station data ranging from 1990-2011 as internal validation. The typical parameters for SWAT model calibration are provided in Table 2-4.












[bookmark: _Toc517216198]Table 2‑4. Parameters for calibration
	
	Parameter
	Description

	1
	r__CN2.mgt
	SCS curve number for moisture condition II

	2
	v__ALPHA_BF.gw
	Baseflow alpha factor: a direct index of groundwater flow response to changes in recharge

	3
	v__GW_DELAY.gw
	Groundwater delay time (days): the lag between the time that water exits the soil profile and enters the shallow aquifer.

	4
	v__GWQMN.gw
	Threshold depth of water in the shallow aquifer required for return flow to occur. Groundwater flow to the reach is allowed only if the depth of water in the shallow aquifer is equal to or greater than GWQMN

	5
	v__GW_REVAP.gw
	Groundwater revap coefficient: controls the movement of water from the shallow aquifer to the root zone in response to an overlying unsaturated zone

	6
	v__ESCO.hru
	Soil evaporation compensation factor: determines the depth distribution used to meet the evaporative soil demand

	7
	v__CH_N2.rte
	Manning’s “n” value for the main channel

	8
	v__CH_K2.rte
	Effective hydraulic conductivity in the main channel alluvium

	9
	r__SOL_AWC(1).sol
	Available water capacity of the soil layer: plant available water calculated by subtracting the fraction of water present at the permanent wilting point from that present at field capacity

	10
	r__SOL_K(1).sol
	Saturated hydraulic conductivity: a measure of the ease of water movement through the soil; reciprocal of the resistance of the soil matrix to water flow

	11
	r__SOL_BD(1).sol
	Soil bulk density

	12
	v__SFTMP.bsn
	Snowfall temperature



[bookmark: _Toc517219539]Results and discussion

The SWAT model simulated the hydrological processes in each subwatershed for 25 years (1987-2011) period based on the availability of the meteorological station data on a monthly basis, taking initial three years as a warm-up period. After running the model annual and monthly average basin values are obtained as well as monthly water balance components at every 27 subwatersheds.
The calibration model using the values of the simulated and observed discharge data at Terelj and Ulaanbaatar stream gages are shown in Table 2-5. The model performance of calibration and validation were evaluated using multiple statistics, i.e., the coefficient of determination (R2), RMSE observations standard deviation ratio (RSR), and Nash-Sutcliffe model efficiency (NSE). The statistical values generated during calibration were good (R2, NSE, and RSR) and satisfactory (PBIAS).
[bookmark: _Toc517216199]Table 2‑5. Calibration and validation of SWAT model results
	
	R2
	NSE
	RSR

	Ulaanbaatar (calibration)
	0.66
	0.66
	0.58

	Terelj (validation)
	0.70
	0.66
	0.59



The parameter global sensitivity analysis is conducted in the SUFI2, and the most sensitive parameters are SOL_AWC(1) .sol, GW_DELAY.gw, SOL_K(1).sol, ESCO.hru, CH_N2.rte, and CH_K2.rte. (Figure 2-12).

[bookmark: _Toc511249190]Figure 2‑12. Global sensitivity of calibrated parameters
 
The streamflow was calibrated on a monthly basis, and comparisons for the observed and the simulated streamflow at Terelj and Ulaanbaatar watershed are shown in the Figure 2-13. The according to the model results, average annual water balance components in the Tuul River Basin are given below. Average annual basin values:
Precipitation = 277.5 mm, Snow fall =   46.26 mm, Snow melt = 45.79 mm, Sublimation = 0.12 mm, Surface runoff Q = 0.44 mm, Lateral soil Q = 58.14 mm, Groundwater (shallow aquifer) Q = 4.50 mm, Groundwater (deep aquifer) Q = 0.24 mm, revap (shallow aquifer => soil/plants) = 0.66 mm, Deep aquifer recharge = 0.24 mm, Total aquifer recharge = 4.73 mm, Total water yield = 63.31 mm, Percolation out of soil = 4.73 mm, ET = 214.3 mm, PET = 696.0mm, Transmission losses = 0.00 mm, Septic inflow = 0.00 mm and Total sediment loading = 0.16 t/ha. The model simulated precipitation = 277.5 mm and snowfall =   46.26 mm which falls within the range reported by Dolgorsuren et al. (2012) and Sukhbaatar et al. (2017). Moreover, the Tuul River Basin Average has 45.15 annual basin water stress days and 133.79 temperature stress days.

[bookmark: _Toc511249191]Figure 2‑13. Comparisons of the observed and simulated streamflow for the Terelj and Ulaanbaatar watershed

The average monthly basin values are calculated and shown in the Figure 2-14. The maximum amount of rain is simulated in July 76.16 mm which further contributed to the maximum amount of surface runoff 0.12 mm, lateral flow 14.44 mm and water yield 14.77 mm in July and the lowest value of precipitation was observed in January.
The average annual water yield (water yield = surface runoff + groundwater flow + lateral soil flow) was 63.31 mm.
The Hamon PET is calculated based on the day length and air temperature. There are some variations observed in the actual and potential ET measurements as Hamon PET is calculated based on day length and air temperature only, whereas actual ET is also influenced by other factors such as solar radiation, relative humidity, and wind. ET gradually decreased starting from September to January, about deciduous trees shedding of their leaves, reduced demand for ET in September-October and air temperature drop.
When the dormant season started, ET further decreased and reached its minimum in January which can be explained by snow cover accumulated on evergreen trees and ground. As days get warmer in spring and day length increases, ET also increases starting from February.
Then when growing season starts in May, demand for ET increases rapidly. The highest potential ET was observed in July. Starting from July, ET again decreased as air temperature subsided and days get shorter.

[bookmark: _Toc511249192]Figure 2‑14. Annual water balance components in Tuul River Basin
The time series of average monthly discharge, as well as monthly mean air temperature and average monthly precipitation in the Tuul River Basin, are shown in the Figure 2-14. According to the simulation results of the average monthly discharge values in the Tuul River Basin, 1993-1995 was a wet year and starting from 1996 onwards the simulated discharge values are lower than the previous years due to the warmer temperature and lower precipitation.

[bookmark: _Toc511249193]Figure 2‑15. Monthly average discharge, precipitation and mean air temperature values at Tuul River Basin (1990-2011).
The time series of monthly average discharge values at each subbasin in the Tuul River Basin is provided in the Figure 2-15. There is a decreasing trend of monthly discharge over the years since 1996. The annual average monthly discharge values at each subbasin outlets are shown in the Figure 2-16.

[bookmark: _Toc511249194]Figure 2‑16. Time series of monthly average discharge values at each subbasin in the Tuul River Basin
The annual average discharge at each subbasin is spatially represented in the Figure 2-17. The discharge values increase along the river and reach its highest value in subbasin one which is the whole basin outlet.

[bookmark: _Toc511249195]Figure 2‑17. Annual average discharge m3/sec at each subbasin outlets in the Tuul River Basin

[bookmark: _Toc511249196]Figure 2‑18. Annual average discharge m3/sec at each subbasin outlets in the Tuul River Basin
[bookmark: _Toc517219540]Conclusions
In this study, the performance of the widely-used SWAT model was evaluated on the Tuul River Basin using split-location calibration and validation techniques on monthly intervals. The model was calibrated at the Terelj and Ulaanbaatar watershed outlets. Calibration and validation were performed with SUFI2 within SWAT-CUP. Both graphical and statistical techniques were used for hydrologic calibration results evaluation. The R2, PBIAS, RSR, and NSE results for the model showed that the SWAT model was able to replicate annual, monthly streamflow values.
A spatial and temporal variation in the discharge in the TRB was observed by the model simulation. The annual average discharge values range from 0.3 m3/s to 96.87m3/s in the basin.
The river flow was primarily influenced by precipitation and air temperature which has been significantly increased. However, the contribution of precipitation into the actual ET increases and decreases in river flow because of a relatively higher water atmospheric demand (evaporative demand). Therefore, a change in the contribution of precipitation in actual ET and river flow due to a decrease in precipitation has the additional effect of reducing river flow in the study area.


[bookmark: _Toc517219541]CHAPTER 3
[bookmark: _Toc517219542]SPATIAL AND TEMPORAL WATER DEMAND IN THE TUUL RIVER BASIN
[bookmark: _Toc517219543]Introduction
In many countries of the world, water demand has increased over the last several decades because of demographic and economic growth, changes in lifestyle, and expanded water supply systems (Ali et al. 2014; Bijl et al. 2016; Johannsen et al. 2016; Yates et al. 2005). Globally agricultural water withdrawal amounts to nearly 70% of total water withdrawal, industrial and domestic water withdrawals are about 18% and 13% of total water withdrawal, respectively (Gleick 2014).
Water demand is defined as the volume of water required by users to satisfy their needs. It is calculated as water withdrawal minus the return flow from the surface fresh water. The total blue water demand for given period of the year is the sum of sectorial demands (livestock, irrigational, industrial and domestic), the potential consumptive use from available resources. Gross water demand is subsequently reduced to net blue water demand by considering green water availability for irrigation and recycling ratios for the industrial and the domestic sector (Bjil et al. 2016).
The most common water use indicators are water withdrawal and water consumption. Withdrawal is determined as the amount of water removed from the ground or diverted from a water source for use, while water consumption refers to the amount of water that is transpired, evaporated, incorporated into products or crops, or otherwise removed from the water environment (Kenny et al., 2009).
There are several ways to assess water demand. Wada et al. (2011) have calculated the water demand for the year with monthly variation and compared it with water supply estimation. With monthly water demand estimation, water-stressed condition increased by 40% compared to the calculation on an annual basis that indicates the importance of in year variability of water demand.
De Graaf et al. (2014) explored the dynamic attributes of water demand to simulate global water availability which accounts for feedbacks such as return flows of unconsumed water and recharge. In their study, total water demand for irrigation, industry, and domestic use and defines the total abstraction if sufficient water is available. It is mentioned that the abstraction and feedback to river system strongly influence water allocation, especially in irrigated areas (de Graaf, I E M et al. 2014).
Bjil et al. (2016) analyzed non-agricultural water demand using end-use oriented model for electricity, industry and municipal sectors. Since water demand in these sectors is used for different purposes, it is more appropriate to deal with them separately. They included new features such as thermal and water use efficiency and developed two scenarios for 26 regions and concluded that the water demand would increase in developing countries drastically (Bjil et al. 2016).
Dessu et al. (2014) used a defined index method to evaluate water resources concerning demand for limited data watershed of Mara River Basin and analyzed temporal and spatial distribution. They have used SWAT hydrologic system model (Arnold et al., 1998) to estimate water demand and assess water resources to evaluate current water supply and demand status. They estimated the consumptive water demand for six different sectors (residential, livestock, wildlife, tourism, irrigation and industry) and further reclassified as basic, normal and flood demand using daily consumption estimation. The authors defined the primary demand as the minimum amount of water consumed by humans and wildlife. The normal demand is composed of enhanced human demand, livestock demand, and tourism. The enhanced human demand is the residential water demand more than the basic human need. Flood demand contains irrigation water use and industrial water demand. The assessment of sub-basins' total available monthly volume with the total monthly consumptive demand suggests the natural wildlife reserve and the commercial irrigation areas are highly stressed for six or more months of the year (Dessu et al. 2014).
Boithias et al. (2014)  have used supply and demand ratio and estimated under global change (human and climate impact) considering environmental demand under nine global change scenarios and at five spatial scales in Mediterranean basin, Ebro basin in Northern Spain. They have calculated water balance across the basin and highlighted the spatial and temporal mismatches of water supply and demand. Their study shows that water scarcity is usually a local issue (sub-basin to region), but that all demands are met at the most significant considered spatial scale (basin).
The environmental water demand is a key factor determining the proper functioning of riverine ecosystems and associated wetlands. The environmental water demand is the rate of water inflow required for appropriate physical, chemical and biological functioning of an aquatic ecosystem (Sarzaeim et al. 2017).
Sarzaeim et al. conducted the assessment of environmental demand and used representative concentration pathways (RCPs) and (2) downscaling methods and created six different climatic scenarios for Karkheh river in Iran. Their result indicates that there will be an increase of 0.9-7.7% in average flow under all scenarios. Temporal variation of monthly environmental demand would change under climate change conditions.
As water demand management has multiple components and involves various stakeholders, it requires an integrated tool to represent its complexity fully.
[bookmark: _Toc517219544]Research questions and contribution
There have been several studies on water demand assessment in the Tuul River Basin (Dolgorsuren et al. 2012 and JICA).  As industrial and drinking water in Ulaanbaatar depend entirely on alluvial floodplain groundwater of the Tuul River. The current exploitable groundwater resources and new measured/indicated/inferred resources will be probably sufficient to supply water demand in Ulaanbaatar until 2021 (Dolgorsuren et al. 2012; KOICA, 2012; Ranen et al. 2014). Therefore, numbers of researchers and feasibility studies have been conducted to define a new water resource that can be sustainable and sufficient for future water demand in Ulaanbaatar. Research on groundwater resources has been conducting within the Tuul River Basin and surrounding river basins, such as Kherlen and Kharaa rivers. The future water demand for Ulaanbaatar has been projected based on the three economic development scenarios—low, medium and high economic development by Dolgorsuren et al. (2012). They concluded that in the Tuul River Basin, future water demand in 2021 is projected to increase by 20 percent, 49 percent and 101 percent in the low, medium and high economic development scenarios respectively. The main drivers for this increase are predominantly the rising industrial water demand, followed closely by the increased necessity of providing drinking water for the population. The study used the norms and requirements that have been issued in 2009 and using the statistics from 2008-2010. There has not been any study on the water demand assessment in the TRB using the updated water demand requirements with current statistical reports.
This chapter could serve as an update to the previous water demand estimation. The water demand in the TRB will be calculated based on the administrative units and sectors.
[bookmark: _Toc517219545]Objectives
The objective of this chapter is to assess water demand in the Tuul River Basin to analyze the spatial and temporal variability of it.
Assess the water demand of each water utilizing sector in the basin
Assess the sectorial water demand by administrative units
Evaluate the total annual water demand in the Tuul River Basin
[bookmark: _Toc517219546]Hypotheses (Alternative)
Based on the objectives of the chapter, the following hypotheses are developed in this study.
There is spatial and temporal variation in the sectorial water demand
There is a temporal and spatial variation of water demand in the Tuul River Basin
Water demand in the Tuul River Basin has an increasing tendency in quantity

[bookmark: _Toc517219547]Methodology
[bookmark: _Toc517219548]Study area

Tuul is a river located in central and northern Mongolia. The Tuul River Basin covers the territories of 7 districts of Ulaanbaatar city, 37 soums of 5 aimags and occupies a total area of 49774.3 km2. The Tuul River basin covers 65.5% of the Ulaanbaatar city area, 39.8% of Tuv aimag, 20.8% of Bulgan aimag, 6.0% of Uvurkhangai aimag, 4.4% of Arkhangai aimag, 2.2% of Selenge aimag (Figure 3-1).

[bookmark: _Toc511249197]Figure 3‑1. Administrative units in the Tuul River Basin.
Tuv aimag occupies the largest part of the basin area: 59.3% and Selenge aimag occupy the smallest part of the basin area: 1.6%. The administrative units and the percentage of the area of aimags, soums, and cities, which are in the TRB, are presented in Table 3-1.
[bookmark: _Toc517216200]Table 3‑1. Administrative units in the Tuul River Basin and their respective area percentages.  Source: Dolgorsuren et al. (2012)
	
	Aimag name
	Soums or districts name
	Percentage of aimag area in the TRB, %
	Percentage of soums or districts area in the TRB, %

	1
	Arkhangai
	Khashaat
	5
	83.6

	2
	
	Ugiinuur
	
	17.6

	3
	
	Ulziit
	
	0.02

	4
	Bulgan
	Bayannuur
	20.5
	100

	5
	
	Buregkhangai
	
	57.9

	6
	
	Dashinchilen
	
	100

	7
	
	Gurvanbulag
	
	100

	8
	
	Khishig- Undur
	
	39.4

	9
	
	Mogod
	
	22

	10
	
	Rashaant
	
	100

	11
	Uvurkhangai
	Bayan-Undur
	7.3
	14.4

	12
	
	Burd
	
	92.7

	13
	
	Kharkhorin
	
	11.2

	14
	
	Yusunzuil
	
	21.8

	15
	Selenge
	Orkhontuul
	1.6
	28

	16
	Tuv
	Altanbulag
	59.3
	94

	17
	
	Argalant
	
	86.7

	18
	
	Batsumber
	
	0.04

	19
	
	Bayan- Unjuul
	
	46.8

	20
	
	Bayanchandmani
	
	5.6

	21
	
	Bayandelger
	
	13.1

	22
	
	Bayankhangai
	
	100

	23
	
	Bayantsogt
	
	90.2

	24
	
	Bornuur
	
	0.3

	25
	
	Buren
	
	20.2

	26
	
	Delgerkhaan
	
	0.1

	27
	
	Erdene
	
	50.7

	28
	
	Erdenesant
	
	74

	29
	
	Jargalant
	
	0.2

	30
	
	Lun
	
	100

	31
	
	Mungunmorit
	
	0.4

	32
	
	Sergelen
	
	29

	33
	
	Tseel
	
	23.5

	34
	
	Ugtaal
	
	90.4

	35
	
	Undurshireet
	
	100

	36
	
	Zaamar
	
	100

	37
	
	Zuunmod
	
	100

	38
	Ulaanbaatar
	Bayangol
	6.3
	100

	39
	
	Bayanzurkh
	
	100

	40
	
	Chingeltei
	
	100

	41
	
	Khan- Uul
	
	100

	42
	
	Nalaikh
	
	100

	43
	
	Songinokhairkhan
	
	31

	44
	
	Sukhbaatar
	
	100



Ulaanbaatar City: 7 out of 9 districts of the capital are located in Tuul River Basin. The territory of Bayangol and Khan-Uul districts totally, 98.6-99.9% of the territory of Bayanzurkh, Nalaikh, Sukhbaatar and Chingiltei districts, and 31% of the territory of Songinokhairkhan district belongs to the basin. When estimating socio-economic indicators, the above first six districts are included totally, and Songinokhairkhan district is included except Jargalant village.
Tuv aimag: Zuunmod city as aimag center of Tuv aimag and 11 other soum centers like Altanbulag, Sergelen, Bayan-Unjuul are located in the basin. The territory of Bayankhangai, Undurshireet, and Lun soums totally; 86.7-99.9% of the territory of Altanbulag, Argalant, Bayantsogt, Ugtaal and Zaamar soums; 20.2-74% of the territory of Bayan-Unjuul, Buren, Tseel, Sergelen, Erdene and Erdenesant soums; 0.1-13.1% of territory of 6 other soums belong to the basin. For the economic analysis demography and economic data were used of Zuunmod city and 16 soums, that have more than 5% of pasture located in the Tuul RB.
Uvurkhangai aimag. 11.2-92.7% of the territory of Kharkhorin, Bayan-Undur, Yusunzuil and Burd soums is located in the basin. The socio-economic estimation was conducted based on these soums. Selenge aimag. The center of Orkhontuul soum and 28% of the soum area are located in the basin. This soum is located near the confluence of the Tuul and Orkhon rivers. This soum is important regarding water management.
The socio-economic analysis of the Tuul River Basin was conducted based on seven districts of Ulaanbaatar City, Zuunmod soum, and 28 other soums, which have more than 5% of pasture land inside the basin as suggested by Dolgorsuren et al. (2012).
Population: The population growth in Ulaanbaatar city and Tuv aimag is provided in the Figure 3-2. The population of Ulaanbaatar city was increasing at a constant rate from 1967 – 1990 and rapidly increased in last 20 years. As the other aimags have less area under the Tuul River Basin and have remote areas, the population in those aimags are very less compared to Ulaanbaatar and Tuv aimag. There are three main types of settlements in the basin; apartments which is connected to central heating and plumbing services and continuous access to water and sewerage, houses which is not connected to the central infrastructure, but has access to public water mains and ger which do not have direct access to water services, so the residents need to travel distances to fetch their water.
[image: ]
[bookmark: _Toc511249198]Figure 3‑2. Population growth of Ulaanbaatar city in Tuul River Basin (1935-2017). Source: NSOM
Economics: The Tuul River Basin is the most populated and economically active river basin in Mongolia. Water demand in the basin varies by location and time, productivity, and affordability. The main economic and industrial activities are gathered around the Ulaanbaatar city. Tuv and Bulgan aimags have a higher percentage of agricultural operations. Moreover, the economic activities in the Ulaanbaatar city are steadily increasing. The Gross Domestic Product(GDP) in the Ulaanbaatar city and Tuv province are shown in the Figure 3-3. It was growing steadily since 2000 and beginning from 2009 the GDP increased drastically in last several years.
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[bookmark: _Toc511249199]Figure 3‑3. Gross Domestic Product in Ulaanbaatar city and Tuv aimag (in a million tugrugs). Source: NSOM
Agriculture: As the main agricultural activity in the Tuul River basin is pastoral farming, the number of livestock in the Tuul River Basin is also in a tendency to increase. The main type of livestock includes camel, horse, cow, sheep, and goat (Figure 3-4). Due to the easier access to the infrastructure and markets, the number of livestock in the basin is increasing, and in 2013 the livestock density was 7.36 livestock/km2 but it drastically increased to 9.09 livestock/km2 in just after 3 years which creates overgrazing problems in the basin and puts pressure on existing water resources (Dolgorsuren et al., 2012). Also, there are several pig and chicken farms in the basin which supply most of the egg and pork products to the Ulaanbaatar city.  
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[bookmark: _Toc511249200]Figure 3‑4. Number of livestock in the Tuul River Basin. Source: Tuul River Basin Authority
Farming is one of the essential agricultural production sectors in the basin. The basin is located close to the market. This region has a suitable condition regarding economy and weather. The farming activities are concentrated in the Tuv aimag and Selenge aimag. In 2015, grains, cereals, and fodder crops were planted in 96236.4 hectares, and potato and vegetables were planted in 1672.7 hectares in the Tuul River Basin. (NSOM, 2017)
Services and public utilities. The number services, as well as type and diversity of service providers, are increasing in the Tuul River Basin (NSOM, 2017). Most of the services and public utilities are concentrated in the Ulaanbaatar city and some limited amount in the Tuv aimag. There are almost 95785 children are in the kindergartens, 397419 students are studying in 112 school or 180 universities, 242 researchers are working in the research institutions and laboratories, 430200 patients receive treatment in the hospitals, 1683 public bathhouses, 1495 cafeterias and 1849 restaurants and bars are serving daily for the residents of the basin. (NSOM, 2017)
[bookmark: _Toc517219549]Methods

The different type of water users (household, industrial, commercial and ecosystems) have different demand based on their needs. This study analyzed the demands of different type of users and their water-related behaviors. Based on the “Norms on water required to achieve the production of the unit product, work and services” issued by MNET (2015) and population growth, land use, the water demand was estimated for various scenarios.
To facilitate estimation of consumptive water demand, the six consumptive water demand sectors (human population, livestock population, large-scale irrigation, lodges and tent camps, mining) proposed by Hoffman et al. (2011) were modified to residential, industrial and agricultural, public services, livestock and environmental and instream flow requirement based on the water requirement of unit product.
The water demand for each sector is analyzed by its subsectors and using the demographic and statistical data. The annual water demand is calculated based on the “Norms on water demand for the unit product, service, and work” which is issued by the Minister of Nature, Environment, and Tourism in 2015. Due to the data availability of the each soums and aimags in the basin, the statistical data of 2015 was used in this study to estimate the annual total water demand of the Tuul River Basin. The annual total water demands for each aimags and Ulaanbaatar city are calculated then further aggregated to estimate the annual total water demand of the Tuul River Basin. The conceptual model is provided in the Figure 3-5.
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[bookmark: _Toc511249201]Figure 3‑5. A conceptual model of the water demand estimation in the Tuul River Basin
[bookmark: _Toc517219550]Data collection

For the estimation of the water demand per sector and administrative units, the statistical data was collected from National Statistical Office of Mongolia, Statistics Department Implementing Agency of the Governor’s Office, Statistics Department of Arkhangai, Tuv, Selenge, Bulgan and Uvurkhangai aimags. The norm on water demand for the unit product, work, services was obtained from MNET. The statistics for each administrative unit; soums and districts were calculated and adjusted based on the area percentage of the soums and district in the Tuul River Basin, and whether the soum center is in the Tuul River Basin.


[bookmark: _Toc517219551]Results and discussion

Annual water demand in the Tuul River Basin is calculated using the water demand for each administrative units and sectors. The water demand has spatial and time variability based on the sector. The sectorial demands are discussed in detail further below.
Residential water demand. The total residential water demand in the Tuul River Basin is 53207 thousand m3/year. The 77.2% of total residential water demand corresponds to the apartment residents in Ulaanbaatar city which is 39% of the total population in the basin as their average daily water demand is 200 liters per person. The 21.1% of the total residential water demand is for the ger area residents which is 58.9% of the total population in the basin as they use much less water daily, 25 liters per person due to the limited access to water supply. (Figure 3-6)

[bookmark: _Toc511249202]Figure 3‑6. Annual residential water demand by aimags (2015)


Industrial water demand

Population growth and an intensive increase of buildings in Ulaanbaatar city are followed by a boost of energy and heat use. As the city rapidly expanded and many industrial, social and apartment buildings were built, energy and heat demand are increasing. In the basin coal fed thermo-power plant are supplying electricity as well as heat. Water supply for the technological demand of the existing thermo-power plants is from some 44 wells established in the alluvial aquifer of the Tuul River floodplain. The highest amount of water demand corresponds to the energy and heat production sector in the Basin which is 22696.5 thousand m3/year. The food production industry is the second largest water user in the industry which is 7937.77 thousand m3/year. Food production industries mainly consist of meat and dairy processing and beverage production. As livestock husbandry is one of the main activity in the basin, 550.46 thousand m3/year water is required for the wool, cashmere, and fur processing sector. (Figure 3-7)

[bookmark: _Toc511249203]Figure 3‑7. Annual industrial water demand by sector in 2015
Agricultural water demand
Livestock husbandry – According to the Norm by MNET (2015), there is seasonal variability in livestock water demand. In the warm summer season, livestock requires more water compared to the frigid winter season.  The seasonal water demand for the different type of livestock is provided in the Figure 3-8. Horse, camel, cow have higher unit water demand compared to goat and sheep. For example, an adult horse requires 42 liters of water a day, but water demand for an adult goat or sheep is 3.7 liters per day in summer. Hence, even though the number of horse and cow (340406 and 309374 respectively) are much less than the number of goat and sheep (409468 and 2245232 respectively) water demand for horse and cow are higher due to the almost ten times higher unit water demand.
Therefore, the total water demand for a horse is highest 982455.6 m3 in the summer. As pigs and chicken are in the concentrated farms, they have no seasonal variation in the water demand.

[bookmark: _Toc511249204]Figure 3‑8. Livestock seasonal water demand per livestock type (2015)
According to the administrative units, Tuv aimag has the most number of livestock, hence the higher water demand for livestock. The horse has highest water demand in the Tuv aimag, and the water demand for the cow was the highest in the Ulaanbaatar city. As in Orkhontuul soum of Selenge province, there is a swine farm, the water demand for pig comes higher than the other livestock types. Arkhangai, Bulgan, and Uvurkhangai provinces have similar variation in water demand for the other kind of livestock, water demand for a horse is the highest followed by the sheep and cow. (Figure 3-9)

[bookmark: _Toc511249205]Figure 3‑9. Annual water demand for livestock by administrative units (2015)

Farming – Another water demand intensive activity is farming. In last several years, the Mongolian government has been supporting farmers and promoting farming products. In many areas small-scale farming, greenhouse vegetable planting has taken place in the basin. The most sown plants are grains, cereals, fodder crops, and vegetables. As grains, cereals and fodder crops are not irrigated and depend on the precipitation and weather condition of the growing period only irrigation for the potato and vegetables are calculated in the water demand for irrigation. The highest water demand for irrigation is in Ulaanbaatar city 2205.975 thousand m3/year, followed by the Tuv province 1988.498 thousand m3/year, the minimum was in Arkhangai aimag 51.173 thousand m3/year. The total irrigation water demand 4638.954 thousand m3/year in the Tuul River Basin. (Figure 3-10)

[bookmark: _Toc511249206]Figure 3‑10. Annual water demand for irrigation by aimags in the Tuul River Basin (2015)
Public services
As main public services are centered in Ulaanbaatar city and some in Tuv province, the water demand for public services is negligible in other aimags. Education facilities such as kindergarten and schools have the highest demand for water in the basin followed by restaurant and cafeteria services. The other types of public services such as tourist camps, museums, shops, department stores were not included in the calculation as there is no available data, information on the water demand. The total water demand for public services was calculated based on the available data and was 3136 thousand m3/year. Figure (3-11)

[bookmark: _Toc511249207]Figure 3‑11. Water demand for the public sector in Tuul River Basin (2015)

Annual total water demand in the Tuul River Basin was calculated by aggregating the sectorial water demand and presented in the Figure 3-12. The residential water demand was the highest contributing water demand in the water basin which constitutes 46% of the total water demand in the Tuul River Basin. The water demand for the energy and heat production sector was the second highest, 37% of the annual total water demand. Water demand for livestock is 9% of the total water demand and the third highest on the list. The other types of water demand constitute the remaining 8% of the total water demand.


[bookmark: _Toc511249208]Figure 3‑12. Annual water demand by sector in the Tuul River Basin
The water demand calculated was further estimated based on the administrative units. Annual total water demand in the Tuul River Basin by administration units and sector is provided in the Figure 3-13. As shown in the Figure 3-13, Ulaanbaatar city has the highest water demand especially for residential and energy, when compared to other aimags and 77.6% of total water demand in the basin. Tuv aimag has the second highest water demand in the basin and 17.6% of the total water demand. The annual water demand by administrative units is presented in the Figure 3-14 with respective amount represented by the blue bubble. As shown in the graph Ulaanbaatar city has the highest amount of water demand despite the comparatively smaller area in the basin.



[bookmark: _Toc511249209]Figure 3‑13. Annual total water demand by sector and administrative units in the Tuul River Basin
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[bookmark: _Toc511249210]Figure 3‑14. Total water demand by aimags (blue bubbles)
[bookmark: _Toc517219552]Conclusion
In this chapter, the water demand in the TRB is assessed using demographic and statistical data, and government-issued water demand norms. There is a spatial and temporal variation in the sectorial water demand.
The study found that there is a temporal and spatial variation of water demand in the Tuul River Basin. The residential water demand in the TRB was found to be the highest and followed by the water demand for energy and heat production. As those demands are concentrated in the Ulaanbaatar city, the water demand for the city is the highest, 77.6% of the total water demand in TRB. Due to the population and economic growth in the Ulaanbaatar city and its neighboring areas, the water demand in the TRB is expected to increase further.


[bookmark: _Toc517219553]CHAPTER 4
[bookmark: _Toc517219554]EVALUATION OF WATER SUSTAINABILITY AT A WATERSHED AND SUBWATERSHED SCALES
[bookmark: _Toc517219555]Introduction
Over the years, population growth and urbanization, industrialization and the expansion of irrigated agriculture are rapidly increasing water demands and put pressure on the water resources (Rees, 1998).  Many countries are in a quest for additional water resources to meet their needs.
[bookmark: _Hlk510360126]It is essential to adopt practices to manage the water resources availability sustainably without altering the socio-economic development. Sustainable water management is a critical component of sustainable development and accounts for similar issues as sustainability. We consider 'sustainable water management systems' to be those that meet the needs of society over the lifetime of the service while also maintaining critical ecological functions that support the long-term provision of ecosystem goods, services, and values, including biodiversity maintenance (Poff et al., 2015).
Russo et al. (2014) reviewed sustainable water management in urban, agricultural and natural systems in developed and developing countries. They suggested that the water management of the natural system is the basis of sustainable urban and agrarian management approaches. In developing countries, the primary goal of sustainable water management in urban areas include equitable delivery, reliability and system flexibility, and growth. The ecosystem in this country requires protection of valued ecosystem services. The challenges for sustainable urban water management in developing countries include intermittent operation, lost or stolen water, rapid urban growth and political conflict. For the ecosystem, economic development priorities constitute a significant challenge. They have also discussed the potential solution for above problems. Institutional improvements, low-tech water capture, and treatment, greywater reuse, cooperation, sharing riparian rights and stakeholder engagement are viable solutions for urban water sustainability, and communication of ecosystem service value is essential for water sustainability (Russo et al. 2014).
We can select the suitable method based on the Local variations, data availability, and socio-political objectives. It is particularly useful for determining estimates of thresholds for sustainable use and allocation.
A sustainability assessment provides scientific support in the decision making for selecting amongst competing for sustainability-enhancing options. Its outcomes can be utilized in a decision-making process that is solution focused, participative, iterative and transparent in its definition of sustainability (Zijp et al., 2016).
For developing countries, Indicator methods are commonly used for evaluating urban water management. Developing successful indicator methods requires continued efforts to quantify the relationships between urban water management and environmental sustainability. Water capture, storage, and reuse are becoming common aspects of sustainable water management systems (Kumar et al., 2016). While traditional capture and treatment systems may be cost-prohibitive for many developing regions, there are low-cost, low-technology treatment systems including constructed wetlands or layering with indigenous rock materials which can be useful for treating water for reuse (Greenway, 2005). Local conditions and capacity for operation require evaluation to determine the feasibility of a site by site basis.
The governments should aim to develop a holistic framework where policy choices for water management consider the impacts of one sector may have on other sectors and the overall growth and economic development of the country.
Van Leeuwen, (2013) analyzed urban water cycle services in 11 cities; 9 cities in Europe and two cities in Africa using City Blueprint method and calculated the Blue City Index to assess the sustainability of urban water cycles. The results varied among cities, and it was positively related to the Gross Domestic Product(GDP) per person, interest, and involvement of stakeholders in sustainability practices and voluntary participation index and governance indicators.
Venkatesh et al., (2017) argued that simulation and optimization method can be used to find a suitable strategy for long-term operation of the urban water system. They developed WaterMet2 model which can quantify and assess water values of some pre-defined performance indicators by simulating the UWS operation. The established approach is used to the UWS of Kerman City located in the south-eastern part of Iran, which is suffering from decreasing water resources due to overexploitation of groundwater resources.
As there are several methods to assess water sustainability and techniques to improve it, we should consider some options that are suitable for arid and semi-arid regions and low cost and potentially low-tech solutions. Moreover, the proposed alternatives could face additional characteristics such as they should be feasible in the local context, socio-economically viable and politically acceptable.
[bookmark: _Toc517219556]Water sustainability assessment methods
Over the last several decades, there have been multiple attempts to develop methods and indicators to assess the relationship between water consumption and freshwater resources due to the overexploitation of water resources.
The Falkenmark indicator (Falkenmark 1989), which measures per capita water availability, was one of the first attempt to assess water security around the world. While the indicator is straightforward and easy to calculate, it does not account for regional differences by assuming a uniform distribution of water demand globally or within each country. More importantly, it does not account water stress caused by increasing demands from economic development.
Then several studies have assessed water scarcity status at the global scale by comparing per capita water share to the water supply required to achieve food self-sufficiency (Rockström et al. 2009, Kummu et al. 2014, Gerten et al. 2011). Also, a number of indices based on withdrawal-to-availability (WTA) (Vörösmarty et al. 2005, Averyt et al. 2013) or consumption-to-availability (CTA) ratio (Hoekstra et al. 2012, Brauman et al. 2016) have been developed to measure the relationship between human water use and freshwater availability.
In last several years, there have been concerns over freshwater habitat degradation hence the concept “environmental water requirement” (EWR) emerged (Smakhtin et al. 2005). Previous WTA- or CTA-based indicators were modified by allocating a portion of runoff or streamflow as the EWR (Hoekstra et al. 2011, Smakhtin et al. 2005, Wada 2013). The difficulty of including EWR in water availability indicators is that the exact quantity of water needed to sustain freshwater ecosystems is highly fluctuating, depending on the region and the flow season (Pastor et al. 2014).
Boulay et al. (2014) divided indicators into three main categories on the basis of use-to-resource ratios (WTA or CTA). The categories are anthropocentric, ecocentric and hydrocentric. The anthropocentric indicators take consideration of human use by water availability. The ecocentric indicators compare human consumption with available water after deducting the environmental flow requirement. The hydrocentric indicators use total demand by renewable water availability. Although the Hydrocentric category seems most promosing, measurement of renewable water availability at spatial and temporal scales are difficult to estimate, because of the time delay in flow return and broad geospatial variations. Likewise, the Ecocentric category requires assessing the ecosystem/environment water requirement, which often varies and hard to measure consistently. In general, most existing blue and green water availability accounting methods can be classified as either Anthropocentric or Ecocentric indices.
[bookmark: _Toc517219557]Objectives
The objective of this chapter is to assess water supply and demand dynamics in the TRB to analyze the spatial and temporal variability of it.
Evaluate the water demand and supply in each subbasin
Assess the water demand and supply in each administrative unit
Evaluate the water resource sustainability in the TRB
[bookmark: _Toc517219558]Hypotheses
Based on the objectives of the chapter, the following hypotheses are developed in this study.
There is spatial and temporal variation in the sectorial water supply and demand dynamic at subbasin
There is spatial and temporal variation in the sectorial water supply and demand dynamic at administrative units
Water sustainability in the Tuul River Basin is under stress
[bookmark: _Toc517219559]Methods
The results of Chapter 2 and Chapter 3 will be analyzed to assess the sustainability of the watershed and subbasins based on the assessment of water resources availability and demand, and it will be conducted for whole watershed and its subwatersheds. Average monthly flow volumes that are estimated at the outlet of each sub-basin using calibrated SWAT model will be used as water supply. Then the water supply in the Tuul river basin is aggregated into annual basis. The values are assigned to corresponding subbasins in the GIS shapefile.
Annual water demand values classified by administrative units are joined into the GIS shapefile as well.
GIS overlay tool was used, shapefiles of 27 subbasins with water supply data and six administrative units with water demand data are overlapped to create a new polygon that has both water supply and demand values. The water supply and demand values for the newly created polygons are further calculated based on the area percentage.
Then, the water demand and available water in each polygon are compared to obtain demand and supply deficit at each subwatershed and administrative unit on an annual basis.  Then the water resource indicators as shown below are calculated for each subbasin.
In this study, water demand-supply ratio (WDSR) is given in the Equation 4-1 and calculated for each watershed
			4‑1
Where i, which is the fraction of water supply (WS) used for water demand (WD) by each sector j. Moderate and severe water stress occurs above the respective thresholds of 20% and 40%, commonly known as the critical ratio (Alcamo et al., 2000).
The environmental flow requirement (60% of the total water supply) is incorporated into the water supply demand ratio calculation, and when the water demand exceeds the 40% of the total water supply there is a substantial risk of water stress which affects the environmental need for water.
A weighting factor is applied to the WDRS calculated for each watershed to account for variations in monthly or annual flows. Water stress begins when withdrawals rise above 10% of Q. Therefore, it assumed that if WDSR is higher than 0.2, then water stress can be a limiting factor for economic growth. When WDSR is higher than 0.4, water stress is considered elevated risk (Table 4-1).

[bookmark: _Toc517216201]Table 4‑1. Classification of Water Supply Demand Ratio values
	Risk category
	Index

	Low
	<0.1

	Moderate
	0.1–0.2

	Medium
	0.2–0.4

	High
	>0.4


[bookmark: _Toc517219560]Results and discussion
Water scarcity index and water withdrawal to availability ratio are calculated as follows. (Table 4-2). As shown in the table there is variation in the total water supply as well as total water demand by the subbasin. Water supply ranges from 1931.463-611036 m3/year, and water demand ranges from 2.989 m3/year to 39610.121 m3/year. Using the water supply and water demand values at each subbasin, WDSR is calculated using the Equation 4-1. The WDSR values for the subbasins range from 0.01 to 0.59, and the highest value was observed in the Ulaanbaatar city watershed. Ulaanbaatar subbasin and its surrounding areas are under stress based on the water demand and supply ratio. Based on the indicators, subbasin 18 was under high risk of water stress, subbasin 3 and 19 are at medium risk, subbasin 2, 16 and 23 are at moderate risk (Figure 4-1).


[bookmark: _Toc517216202]Table 4‑2. Water Demand Supply Ratio by subbasin
	Subbasin
	Total Supply thousand m3/year
	Total Demand 
thousand m3/year
	WDSR

	1
	611036.000
	287.581
	0.09

	2
	450254.000
	23.154
	0.13

	3
	18497.091
	259.555
	0.29

	4
	34458.749
	1339.139
	0.00

	5
	63852.073
	458.371
	0.00

	6
	36246.200
	628.914
	0.02

	7
	23206.801
	244.409
	0.02

	8
	430940.000
	10.675
	0.02

	9
	416864.000
	91.867
	0.02

	10
	414116.000
	191.328
	0.05

	11
	382903.000
	44.109
	0.03

	12
	1931.463
	130.414
	0.03

	13
	45923.000
	516.506
	0.03

	14
	11501.000
	84.138
	0.02

	15
	101724.044
	170.206
	0.02

	16
	164414.102
	39610.121
	0.11

	17
	67904.000
	2.989
	0.02

	18
	194859.790
	23851.717
	0.59

	19
	25569.170
	1787.941
	0.29

	20
	3253.707
	42.253
	0.03

	21
	14515.380
	272.160
	0.03

	22
	334610.276
	836.501
	0.02

	23
	278957.500
	3849.121
	0.10

	24
	64659.398
	72.999
	0.03

	25
	18153.600
	16.925
	0.02

	26
	15090.900
	565.792
	0.01

	27
	25337.646
	24.350
	0.02



When the water demand-supply ratio is calculated based on the administrative units to get a detailed analysis of the water supply and demand dynamics, the Ulaanbaatar city and its surrounding areas have high values of vulnerability (Figure 4-2).
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[bookmark: _Toc511249211]Figure 4‑1. Water demand by supply ratio by subbasins in the TRB

[bookmark: _Toc511249212][image: ]Figure 4‑2. Water demand by supply ratio by administrative units in the TRB
[bookmark: _Toc517219561]Strategies for improving water resource sustainability
Based on the analysis of the WDSR, and the variability of water supply and demand in the basin, water managers should seek integrated approach to solve the water resource sustainability issues. There should be different methods to improve water sustainability in the basin based on the condition of the water supply system and the type of water user.
The author of the study is proposing two main strategies to improve water resources in the Tuul River Basin as mentioned in Chapter 1.2. The strategies should aim to improve the water resources system without creating a burden on a different type of users. Water supply augmentation and water demand management strategies are enforced through best management practices (BMP) and behavioral changes (Figure 4-3).
[image: ]
[bookmark: _Toc511249213]Figure 4‑3. Model strategies to improve water sustainability
As the water supply and demand in the Tuul River Basin vary spatially and temporally, the approaches could be selected based on the priority. The strategies and their suitable locations are presented in Table 4-3.
[bookmark: _Toc517216203]Table 4‑3. Strategies to improve watershed sustainability in Tuul River Basin
	Strategy
	Action
	Location

	Water Supply Augmentation
	Find new source
	Ulaanbaatar 

	
	Land acquisition and protection in the groundwater recharge zones 
	Headwater

	
	Recycling grey water in commercial and apartment buildings
	Ulaanbaatar

	
	Recharging groundwater using water harvesting techniques
	Ulaanbaatar and Tuv 

	
	Reestablishing forest cover and natural vegetation
	Ulaanbaatar and Tuv, and in the headwater

	
	Building subsurface dams to improve groundwater recharge
	Headwaters

	Water demand management
	Installation of water efficient technologies in residential buildings
	Ulaanbaatar and Tuv

	
	Improved pricing strategy
	Tuul River Basin

	
	Use of incentives for installation and/or retrofitting of water-efficient equipment;
	Tuul River Basin

	
	Leak detection and reduction in unaccounted water
	Ulaanbaatar and Tuv

	
	Public education
	Tuul River Basin



In the headwaters of the Tuul River Basin:
According to the analysis of this chapter, increasing water supply is one of the essential methods for improving water sustainability in the Tuul River Basin. Starting with finding newly available sources to meet the increasing demand and improve groundwater recharge. Even though the headwater is under the protection of Terelj Natural Park, the groundwater recharge zones should be protected from pollution and human intervention. As the headwaters in the Tuul River Basin is the region with the highest water yield, the percolation, and recharge of groundwater should be the main priority. Building groundwater dam could improve the groundwater recharge and found to be effective as there is minimal evaporation, no major changes to valuable land and generally lower microbiologically contamination concerns (Jamali et al., 2014). Also, the forest cover and natural vegetation could be reestablished to reduce surface runoff and increase the infiltration of surface water.  It has been found that moderate tree cover can improve groundwater recharge, and that tree planting and various tree management options can improve groundwater resources (Ilstedt et al., 2016).
In Ulaanbaatar city and its neighboring regions:
As the 77% of the total water demand is concentrated in the Ulaanbaatar city the main water improving strategy should be focused on this region. The main approach ought to be focused on reducing the residential water use. But there is a disparity between residential water users, the water demand reduction strategies should be applied to apartment residents. The demand in the apartment buildings could be reduced by installing water-efficient technologies such as low-pressure shower heads and dual flush toilet. In new apartment and commercial buildings, installation and use of greywater treatment system should be emphasized to reduce the use of potable water for non-drinking purposes. 
Also, there could be incentive policies for installation and application of these types of water-efficient technologies for apartments and commercial buildings to encourage users to further conserve water.  This should be complemented by continuous education and promotional activities for users.
[bookmark: _Toc517219562]Conclusion
[bookmark: _Hlk510399217]Water supply and demand dynamics of the TRB was analyzed in this chapter. The analysis shows that there is a variability in water supply and demand at subbasin scale. Ulaanbaatar subbasin, the surrounding areas are under stress based on the water demand and supply ratio.
The WDSR values were calculated based on the subbasins as well as administrative units. WDSR values were at high risk in Ulaanbaatar subbasin and moderate to medium risk in the neighboring area of Ulaanbaatar. Subbasin 3 where the mining activities are concentrated was at medium risk. 
Therefore strategies for water sustainability is essential in this areas. The potential strategies are discussed in this chapter. There could be two main type of strategies such as water demand management and water supply augmentation, both through best management practices and behavioral change.


[bookmark: _Toc517219563]CHAPTER 5
[bookmark: _Toc517219564]CONCLUSION

Due to climate change and increasing water demand as results of growing populations, pressure on available water resources and already exceeds the sustainable amount of water resource utilizing in Ulaanbaatar, the capital of Mongolia. Ulaanbaatar is the highest water usage in the country, and industrial, and drinking water supplies are entirely depending on alluvial floodplain groundwater, which is recharged by the Tuul River water. However, the river flow has been declined in upstream of the river basin and run dry during low flow period surrounding Ulaanbaatar where groundwater production wells occasionally concentrated since 1997. This research contributes to a better understanding of water supply and demand dynamics in the Tuul River Basin. With the available measured long-term records (precipitation, and river flow), a response of the Tuul River flow to changes in precipitation and a near-surface air temperature of the Tuul River Basin have been investigated using Soil Water Assessment Tool (SWAT). The model has been shown to provide a valuable and reliable approach. Moreover, the model could be used as a feasible and appreciate approach for strengthening water resources management in Ulaanbaatar city. According to the SWAT model simulation of the Tuul River Basin, precipitation and temperature and ET were main processes influencing water resources in the TRB. Due to a decrease in precipitation and increase in air temperature during the latest dry period, the study area has suffered by a reduction in the streamflow.
The water demand in the TRB is assessed using demographic and statistical data, and government-issued water demand norms and a spatial and temporal variation in the sectorial water demand is observed. The residential water demand in the TRB was found to be the highest and followed by the water demand for energy and heat production. As those demands are concentrated in the Ulaanbaatar city, the water demand for the city is the highest, 83.7% of the total water demand in TRB.
Therefore, there is a need for urban water management specifically focused on population and energy and heat production sector. The residential demand management is an ongoing process since 2008, and there have been several approaches to reduce. The methods include pricing policy such as block tariffs and installing water meters. However, there have not been much done in the energy and heat production sector.
Water supply and demand dynamics of the TRB was analyzed based on the administrative units and subbasins. The analysis shows that there is a variability in water supply and demand at subbasin scale. Ulaanbaatar subbasin, the surrounding areas are under stress based on the water demand and supply ratio. To improve the sustainability of the water resources several approaches are discussed based on the locality of the problem.


[bookmark: _Toc517219565]REFERENCES

Abbaspour, K. C., Vejdani, M., Haghighat, S., & Yang, J. (2007). SWAT-CUP calibration and uncertainty programs for SWAT. In MODSIM 2007 International Congress on Modelling and Simulation, Modelling and Simulation Society of Australia and New Zealand (pp. 1596-1602).
Abbaspour, K. C., Rouholahnejad, E., Vaghefi, S., Srinivasan, R., Yang, H., & Kl�ve, B. (2015). A continental-scale hydrology and water quality model for Europe: Calibration and uncertainty of a high-resolution large-scale SWAT model. Journal of Hydrology, 524, 733–752. https://doi.org/10.1016/j.jhydrol.2015.03.027
Abouabdillah A, White M, Arnold JG, De Girolamo AM, Oueslati O, Maataoui A, Lo Porto A (2014) Evaluation of soil and water conservation measures in a semi‐arid river basin in Tunisia using SWAT 30:539-549. doi: 10.1111/sum.12146
Abu-Allaban M, El-Naqa A, Jaber M, Hammouri N (2015) Water scarcity impact of climate change in semi-arid regions: a case study in Mujib basin, Jordan. Arab J Geosci 8:951-959. doi: 10.1007/s12517-014-1266-5
Acheampong E, Swilling M, Urama K (2016) Sustainable Urban Water System Transitions Through Management Reforms in Ghana. Water Resources Management 30:1835-1849. doi: 10.1007/s11269-016-1256-3
Alcamo J, Henrichs T and Rösch T. (2000). World Water in 2025 - Global modeling and scenario analysis for the World Commission on Water for the 21st Century Kassel World Water Ser. 2 47
Ali MF, Saadon A, Rahman NFA, Khalid K (2014) An Assessment of Water Demand in Malaysia Using Water Evaluation and Planning System. In: Anonymous InCIEC 2013, Springer, Singapore, , pp 743-755
Allen R G, Pereira L S, Raes D and Smith M. (1998). Crop evapotranspiration: Guidelines for computing crop requirements Irrig. Drain. Pap. No. 56, FAO 300 http://www.kimberly.uidaho.edu/water/fao56/fao56.pdf
Arnold JG, Srinivasan R, Muttiah RS, Williams JR (1998) Large Area Hydrologic Modeling and Assessment Part I: Model Development1 34:73-89. doi: 10.1111/j.1752-1688.1998.tb05961.x
Arthington AH, Bunn SE, Poff NL, Naiman RJ (2006) The challenge of providing environmental flow rules to sustain river ecosystems. Ecol Appl 16:1311. doi: TCOPEF]2.0.CO;2
ASCE and UNESCO. (1998). Sustainability criteria for water resource systems prepared by the Task Committee on Sustainability Criteria, Water Resources Planning and Management Division, American Society of Civil Engineers and the working group of UNESCO/IHP IV Project M4.3. Reston, VA : American Society of Civil Engineers, cop. 1998.
Ashraf Vaghefi S, Mousavi S, Abbaspour K, Srinivasan R, Arnold J (2015) Integration of hydrologic and water allocation models in basin-scale water resources management considering crop pattern and climate change: Karkheh River Basin in Iran. Regional Environmental Change 15:475-484. doi: 10.1007/s10113-013-0573-9
Asres MT, Awulachew SB (2010) SWAT based runoff and sediment yield modelling: a case study of the Gumera watershed in the Blue Nile basin 10:191-199. doi: 10.2478/v10104-011-0020-9
Averyt K, Meldrum J, Caldwell P, Sun G, McNulty S, Huber-Lee A and Madden N. (2013). Sectoral contributions to surface water stress in the coterminous United States Environ. Res. Lett. 8 35046 http://stacks.iop.org/1748-9326/8/i=3/a=035046?key= crossref.4f01a2b76dcbfc7ef86b2274f8f8643f
Baki, S., Rozos, E., & Makropoulos, C. (2018). Designing water demand management schemes using a socio-technical modelling approach. Science of The Total Environment, 622–623, 1590–1602. https://doi.org/10.1016/J.SCITOTENV.2017.10.041
Ban, N. C., Mills, M., Tam, J., Hicks, C. C., Klain, S., Stoeckl, N., et al. (2013). A social–ecological approach to conservation planning: embedding social considerations. Frontiers in Ecology and the Environment, 11(4), 194–202. https://doi.org/10.1890/110205
Batimaa P, Myagmarjav B, Batnasan N, Jadambaa N, Khishigsuren P (2011) URBAN WATER VULNERABILITY TO CLIMATE CHANGE IN MONGOLIA. UNEP, http://hdl.handle.net/20.500.11822/7941
Batsaikhan, N., Woo, N. C., & Nemer, B. (2011). Groundwater quality & sustainability in Ulaanbaatar, the fast growing capital of Mongolia. American Geophysical Union Fall Meeting, 2011, 1334.
Bayart J B, Bulle C, Deschênes L, Margni M, Pfister S, Vince F and Koehler A. (2010). A framework for assessing off-stream freshwater use in LCA Int. J. Life Cycle Assess. 15 439–53
Beh EHY, Dandy GC, Maier HR, Paton FL (2014) Optimal sequencing of water supply options at the regional scale incorporating alternative water supply sources and multiple objectives. Environmental Modelling & Software 53:137-153. doi: 10.1016/j.envsoft.2013.11.004
Bichai F, Ryan H, Fitzgerald C, Williams K, Abdelmoteleb A, Brotchie R, Komatsu R (2015) Understanding the role of alternative water supply in an urban water security strategy: an analytical framework for decision-making. Urban Water Journal 12:175-189. doi: 10.1080/1573062X.2014.895844
Bijl DL, Bogaart PW, Kram T, de Vries, Bert J M, van Vuuren DP (2016) Long-term water demand for electricity, industry and households. Environmental Science & Policy 55:75-86. doi: 10.1016/j.envsci.2015.09.005
Bhattacharya S (2015) Traditional Water Harvesting Structures and Sustainable Water Management in India: A Socio-Hydrological Review 37:30-38. doi:10.18052/www.scipress.com/ILNS.37.30
Boithias L, Acuña V, Vergoñós L, Ziv G, Marcé R, Sabater S (2014) Assessment of the water supply:demand ratios in a Mediterranean basin under different global change scenarios and mitigation alternatives. Science of The Total Environment 470-471:567-577. doi: 10.1016/j.scitotenv.2013.10.003
Boulay A-M, Bare J, Benini L, Berger M, Michael J.Lathuilliere, Manzardo A, Margni M, Motoshita M, Núñez M, Pastor A V., Ridoutt B, Oki T, Worbe S and Pfister S. (2016). The WULCA consensus characterization model for water scarcity footprints: Assessing impacts of water consumption based on available water remaining (AWARE), submitted
Brauman K A, Richter B D, Postel S, Malsy M and Flörke M. (2016). Water depletion: An improved metric for incorporating seasonal and dry-year water scarcity into water risk assessments Elem. Sci. Anthr, 4(83) http://elementascience.org/article/info:doi/10.12952/journal.elementa.000083
Brooks DB (2006) An Operational Definition of Water Demand Management 22:521-528. doi: 10.1080/07900620600779699
Caradonna, J., L. (2014). Sustainability a History. New York: Oxford University Press.
Chung G, Lansey K, Bayraksan G (2009) Reliable water supply system design under uncertainty. Environmental Modelling & Software 24:449-462. doi: 10.1016/j.envsoft.2008.08.007
D. Lavee, Y. Danieli, G. Beniad, T. Shvartzman, T. Ash (2013) Examining the effectiveness of residential water demand-side management policies in Israel. Water Policy Aug 2013, 15 (4) 585-597; DOI: 10.2166/wp.2013.146
Dawadi, S., & Ahmad, S. (2013). Evaluating the impact of demand-side management on water resources under changing climatic conditions and increasing population. Journal of Environmental Management, 114, 261–275. https://doi.org/10.1016/J.JENVMAN.2012.10.015
de Graaf, I E M, van Beek, L P H, Wada Y, Bierkens MFP (2014) Dynamic attribution of global water demand to surface water and groundwater resources: Effects of abstractions and return flows on river discharges. Advances in Water Resources 64:21-33. doi: 10.1016/j.advwatres.2013.12.002
Dessu SB, Melesse AM, Bhat MG, McClain ME (2014) Assessment of water resources availability and demand in the Mara River Basin. CATENA 115:104-114. doi: 10.1016/j.catena.2013.11.017
Devia GK, Ganasri BP, Dwarakish GS (2015) A Review on Hydrological Models. Aquatic Procedia 4:1001-1007. doi: 10.1016/j.aqpro.2015.02.126
Dharmaratna D, Harris E (2012) Estimating Residential Water Demand Using the Stone-Geary Functional Form: The Case of Sri Lanka. Water Resources Management 26:2283-2299. doi: 10.1007/s11269-012-0017-1
Dieu-Hang, T., Grafton, R. Q., Martínez-Espiñeira, R., & Garcia-Valiñas, M. (2017). Household adoption of energy and water-efficient appliances: An analysis of attitudes, labelling and complementary green behaviours in selected OECD countries. Journal of Environmental Management, 197(Supplement C), 140–150. https://doi.org/10.1016/j.jenvman.2017.03.070
Dolgorsuren, G., Chagnaa, N., Gerelchuluun, J., Puntsagsuren, Ch., Linden, W., Bakey, A., Dalai, J., Borchuluun, U., Davaa, G., Oyunbaatar, D., Jadambaa, N., Demeusy, J., Baldangombo, I., Tumurchudur, S., Khishigsuren, P., Batjargal, D., Tsogzolmaa, Kh., Davaanyam., T. & Odsuren, B. (2012) Tuul River Basin Integrated Water Resources Management Assessment Report&nbsp; Ulaanbaatar
Domènech L, March H, Saurí D (2013) Degrowth initiatives in the urban water sector? A social multi-criteria evaluation of non-conventional water alternatives in Metropolitan Barcelona. Journal of Cleaner Production 38:44-55. doi: 10.1016/j.jclepro.2011.09.020
Falkenmark M. (1989). The massive water scarcity now threatening Africa -- why isn't it being addressed? Ambio 18 112–8 http://www.jstor.org/stable/4313541
Fan M, Shibata H (2015) Simulation of watershed hydrology and stream water quality under land use and climate change scenarios in Teshio River watershed, northern Japan. Ecol Ind 50:79-89. doi: 10.1016/j.ecolind.2014.11.003
Faramarzi M, Abbaspour KC, Adamowicz WL(, Lu W, Fennell J, Zehnder AJB, Goss GG (2017) Uncertainty based assessment of dynamic freshwater scarcity in semi-arid watersheds of Alberta, Canada. Journal of Hydrology: Regional Studies 9:48-68. doi: 10.1016/j.ejrh.2016.11.003
Fielding KS, Spinks A, Russell S, McCrea R, Stewart R, Gardner J (2013) An experimental test of voluntary strategies to promote urban water demand management. Journal of Environmental Management 114:343-351. doi: 10.1016/j.jenvman.2012.10.027
Ficklin DL, Luo Y, Zhang M (2013) Watershed modelling of hydrology and water quality in the Sacramento River watershed, California 27:236-250. doi: 10.1002/hyp.9222

Fiseha BM, Setegn SG, Melesse AM, Volpi E, Fiori A (2013) Hydrological analysis of the Upper Tiber River Basin, Central Italy: a watershed modelling approach 27:2339-2351. doi: 10.1002/hyp.9234
Fukunaga DC, Cecílio RA, Zanetti SS, Oliveira LT, Caiado MAC (2015) Application of the SWAT hydrologic model to a tropical watershed at Brazil. CATENA 125:206-213. doi: 10.1016/j.catena.2014.10.032
Gerten D, Heinke J, Hoff H, Biemans H, Fader M and Waha K. (2011). Global water availability and requirements for future food production Journal of Hydrometeorology. 12 885–99 http://journals.ametsoc.org/doi/abs/10.1175/2011JHM1328.1
Ghaffour N, Missimer TM, Amy GL (2013) Technical review and evaluation of the economics of water desalination: Current and future challenges for better water supply sustainability. Desalination 309:197-207. doi: 10.1016/j.desal.2012.10.015
Gleick, P., H. (2000). The Changing Water Paradigm - A look at Twenty-first Century Water Resources Development. Water International, 25(1), 127-138.
Gleick, P. H., Haasz, D., Henges-Jeck, C., Srinivasan, V., Wolff, G., Cushing, K. K., & Mann, A. (2003). Waste Not, Want Not: The Potential for Urban Water Conservation in California. Retrieved from https://www.colorado.edu/geography/class_homepages/geog_4501_sum14/Western c

Grafton, R. Q., Chu, L., Kompas, T., & Ward, M. (2014). Volumetric water pricing, social surplus and supply augmentation. Water Resources and Economics, 6(Supplement C), 74–87. https://doi.org/10.1016/j.wre.2014.07.001
Gleick PH (2014) The World's Water Volume 8: The Biennial Report on Freshwater Resources. Island Press, 
Greenway, M. (2005). The role of constructed wetlands in secondary effluent treatment and water reuse in subtropical and arid Australia. Ecological Engineering, 25(5), 501–509. https://doi.org/10.1016/J.ECOLENG.2005.07.008
Gude V (2017) Desalination and water reuse to address global water scarcity. Rev Environ Sci Biotechnol 16:591-609. doi: 10.1007/s11157-017-9449-7
H.M.L. Chaves, S. Alipaz (2007) An integrated indicator based on basin hydrology, environment, life, and policy: the Watershed Sustainability Index Water Resour Manag, 21 (5) (2007), pp. 883-895
Haddeland, I., Heinke, J., Biemans, H., Eisner, S., Flörke, M., Hanasaki, N., et al. (2014). Global water resources affected by human interventions and climate change. Proceedings of the National Academy of Sciences of the United States of America, 111(9), 3251–3256. https://doi.org/10.1073/pnas.1222475110
Hanasaki, N., Fujimori, S., Yamamoto, T., Yoshikawa, S., Masaki, Y., Hijioka, Y., et al. (2012). A global water scarcity assessment under shared socio-economic pathways -- Part 2: Water availability and scarcity. Hydrology & Earth System Sciences Discussions, 9(12), 13933–13994. https://doi.org/10.5194/hessd-9-13933-2012
Hanasaki N, Fujimori S, Yamamoto T, Yoshikawa S, Masaki Y, Hijioka Y, Kainuma M, Kanamori Y, Masui T, Takahashi K, Kanae S (2013) A global water scarcity assessment under Shared Socio-economic Pathways 17:2393. doi: //dx.doi.org/10.5194/hess-17-2393-2013
Hargreaves, G. H., & Samani, Z. A. (1985). Reference crop evapotranspiration from temperature. Applied engineering in agriculture, 1(2), 96-99.
Hoekstra A Y, Chapagain A K, Aldaya M M and Mekonnen M M. (2011). The Water Footprint Assessment Manual (London; Washington, DC: Earthscan) http://www.waterfootprint.org/?page=files/WaterFootprintAssessmentManual
Hoekstra AY, Mekonnen MM, Chapagain AK, Mathews RE, Richter BD (2012) Global Monthly Water Scarcity: Blue Water Footprints versus Blue Water Availability 7:e32688. doi: //dx.doi.org/10.1371/journal.pone.0032688
Hoekstra AY, Mekonnen MM (2012) The water footprint of humanity. PNAS 109:3232-3237. doi: 10.1073/pnas.1109936109
Hoekstra AY, Mekonnen MM, Chapagain AK, Mathews RE, Richter BD (2012) Global Monthly Water Scarcity: Blue Water Footprints versus Blue Water Availability 7:e32688. doi: //dx.doi.org/10.1371/journal.pone.0032688
Hoekstra A Y. (2016). A critique on the water-scarcity weighted water footprint in LCA Ecol.Indic.66564–73ttp://linkinghub.elsevier.com/retrieve/pii/S1470160X16300474
Hongfu M, Jing L, Jing W, Cui Q, Ke F (2012) Simulation of Eco-hydrological Process in Hani Terrace wetland 5:230-236. doi: 10.1016/j.proeps.2012.01.040
Hülsmann L, Geyer T, Schweitzer C, Priess J, Karthe D (2015) The effect of subarctic conditions on water resources: initial results and limitations of the SWAT model applied to the Kharaa River Basin in Northern Mongolia. Environ Earth Sci 73:581-592. doi: 10.1007/s12665-014-3173-1
Ilstedt, U., Bargués Tobella, A., Bazié, H. R., Bayala, J., Verbeeten, E., Nyberg, G., et al. (2016). Intermediate tree cover can maximize groundwater recharge in the seasonally dry tropics. Scientific Reports, 6(1), 21930. https://doi.org/10.1038/srep21930
IUCN, U. (1991). WWF (1980) World conservation strategy: Living resource conservation for sustainable development. IUCN, Gland, Switzerland. 
Jamali, I. A., Mörtberg, U., Olofsson, B., & Shafique, M. (2014). A Spatial Multi-Criteria Analysis Approach for Locating Suitable Sites for Construction of Subsurface Dams in Northern Pakistan. Water Resources Management, 28(14), 5157–5174. https://doi.org/10.1007/s11269-014-0800-2
Japan International Cooperation Agency (2010) Preparatory survey report on the Ulaanbaatar water supply development project in Gachuurt in Mongolia. Japan International Cooperation Agency, 東京
Johannsen I, Hengst J, Goll A, Höllermann B, Diekkrüger B (2016a) Future of Water Supply and Demand in the Middle Drâa Valley, Morocco, under Climate and Land Use Change 8:313. doi: 10.3390/w8080313
Jujnovsky J, Ramos A, Caro-Borrero Á, Mazari-Hiriart M, Maass M, Almeida-Leñero L (2017) Water assessment in a peri-urban watershed in Mexico City: A focus on an ecosystem services approach. Ecosystem Services 24:91-100. doi: 10.1016/j.ecoser.2017.02.005
Juwana I, Muttil N, Perera BJC (2012) Indicator-based water sustainability assessment — A review. Science of The Total Environment 438:357-371. doi: 10.1016/j.scitotenv.2012.08.093
Kahil MT, Dinar A, Albiac J (2015) Modeling water scarcity and droughts for policy adaptation to climate change in arid and semi-arid regions 522:95-109. doi: 10.1016/j.jhydrol.2014.12.042
Karthe, D., Heldt, S., Houdret, A., & Borchardt, D. (2015). IWRM in a country under rapid transition: lessons learnt from the Kharaa River Basin, Mongolia. Environmental Earth Sciences, 73(2), 681–695. https://doi.org/10.1007/s12665-014-3435-y
Kenny, J. F., Barber, N. L., Hutson, S. S., Linsey, K. S., Lovelace, J. K., & Maupin, M. A. (2009). Estimated use of water in the United States in 2005 (No. 1344). US Geological Survey.
Kim NW, Chung IM, Won YS, Arnold JG (2008) Development and application of the integrated SWAT–MODFLOW model. Journal of Hydrology 356:1-16. doi: 10.1016/j.jhydrol.2008.02.024
Kiniouar H, Hani A, Kapelan Z (2017) Water Demand Assessment of the Upper Semi-arid Sub-catchment of a Mediterranean Basin. Energy Procedia 119:870-882. doi: 10.1016/j.egypro.2017.07.140

Klaysom C, Cath TY, Depuydt T, Vankelecom IFJ (2013) Forward and pressure retarded osmosis: potential solutions for global challenges in energy and water supply. Chem Soc Rev 42:6959-6989. doi: 10.1039/C3CS60051C
Kounina A, Margni M, Bayart J-B, Boulay A-M, Berger M, Bulle C, Frischknecht R, Koehler A, Milà I Canals L, Motoshita M, Núñez M, Peters G, Pfister S, Ridoutt B, van Zelm R, Verones F and Humbert S. (2012). Review of methods addressing freshwater use in life cycle inventory and impact assessment Int. J. Life Cycle Assess. 18 707–21. http://link.springer.com/10.1007/s11367-012-0519-3%5Cnhttp://www.scopus.com/inward/record.url?eid=2-s2.0-84874671838&partnerID=tZOtx3y1
Krysanova, V., & Srinivasan, R. (2015). Assessment of climate and land use change impacts with SWAT. Regional Environmental Change, 15(3), 431–434. https://doi.org/10.1007/s10113-014-0742-5
Kumar V, Del Vasto-Terrientes L, Valls A, Schuhmacher M (2016) Adaptation strategies for water supply management in a drought prone Mediterranean river basin: Application of outranking method. Science of The Total Environment 540:344-357. doi: 10.1016/j.scitotenv.2015.06.062
Kummu M, Gerten D, Heinke J, Konzmann M and Varis O. (2014). Climate-driven interannual variability of water scarcity in food production potential: A global analysis Hydrol. Earth Syst. Sci. 18 447–61
Kusena W, Desai S, Heinz B, Abel C (2006) Assessing Public Participation in Water Conservation and Water Demand Management in Water Stressed Urban Areas: Insights from the City of Gweru, Zimbabwe. Hamburg review of social sciences 1:30-43
Lavee, D., Danieli, Y., Beniad, G., Shvartzman, T., & Ash, T. (n.d.). Examining the effectiveness of residential water demand-side management policies in Israel. https://doi.org/10.2166/wp.2013.146
van Leeuwen, C. J. (2013). City Blueprints: Baseline Assessments of Sustainable Water Management in 11 Cities of the Future. Water Resources Management, 27(15), 5191–5206. https://doi.org/10.1007/s11269-013-0462-5
Lei Gao, Jeffrey D Connor, Peter Dillion (2014) Water. World Scientific, Singapore [u.a.]
Liverman DM, Hanson ME, Brown BJ, Merideth RW (1988) Global sustainability: Toward measurement. Environmental Management 12:133-143. doi: 10.1007/BF01873382 
Mays L. W. 2007. Water resources sustainability. McGraw-Hill, New York.
McDonald RI, Weber K, Padowski J, Flörke M, Schneider C, Green PA, Gleeson T, Eckman S, Lehner B, Balk D, Boucher T, Grill G, Montgomery M (2014) Water on an urban planet: Urbanization and the reach of urban water infrastructure. Global Environmental Change 27:96-105. doi: 10.1016/j.gloenvcha.2014.04.022
[bookmark: _Toc510358696]M.C. Zijp, L. Posthuma, A. Wintersen, J.Devilee, F.A. Swartjes. (2016). Definition and use of solution-focused sustainability assessment: a novel approach to generate, explore and decide on sustainable solutions for wicked problems. Environ. Int., 91 pp. 319-331
Medrano H, Tomás M, Martorell S, Escalona J, Pou A, Fuentes S, Flexas J, Bota J (2015) Improving water use efficiency of vineyards in semi-arid regions. A review. Agron  Sustain  Dev 35:499-517. doi: 10.1007/s13593-014-0280-z
Mekonnen, M. M., & Hoekstra, A. Y. (2016). Four billion people facing severe water scarcity. Science Advances, 2(2), e1500323. https://doi.org/10.1126/sciadv.1500323
Menzel L, Trnros T, Marberg I (2014) Climate change and water resources in northern Mongolia 16:15992
Mihelcic, J., R. , Crittenden, J., C. , Small, M., J. , Shonnard, D., R. , Hokanson, D., R. , Zhang, Q., . . . Schoor, J., L. . (2003). Sustainability Science and Engineering: The Emergence of a New Metadiscipline. Environmental Science & Technology, 37(23), 5314-5324.
Mizyed, N. R. (2013). Challenges to treated wastewater reuse in arid and semi-arid areas. Environmental Science & Policy, 25(Supplement C), 186–195. https://doi.org/10.1016/j.envsci.2012.10.016
Monteith, J. L. (1965). Evaporation and environment. In Symp. Soc. Exp. Biol (Vol. 19, No. 205-23, p. 4).
Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L., Harmel, R. D., & Veith, T. L. (2007), Model evaluation guidelines for systematic quantification of accuracy in watershed simulations. American Society of Agricultural and Biological Engineers, 50(3), 885-900.

P.C.D. Milly, J. Betancourt, M. Falkenmark, R.M. Hirsch, Z.W. Kundzewicz, D.P.Lettenmaier, R.J. Stouffer (2008) Climate change – stationarity is dead: whither water management?. Science. 319 (5863). pp. 573-574. http://dx.doi.org/10.1126/science.1151915
NASA, J. (2009). ASTER Global Digital Elevation Model [Data set]. NASA JPL.
Nash, J. E. & Sutcliffe, J. V. (1970), River flow forecasting through conceptual models: Part 1. A discussion of principles. J. Hydrology 10(3), 282-290
National Secretariat for the Second Compact Agreement between the Government of Mongolia and the Millennium Challenge Corporation of the, USA (2016) MONGOLIA CONSTRAINTS ANALYSIS
National Statistical Office (2017) &nbsp;Population, by regions, aimags and the Capital, Urban and Rural, 1935-2016. http://www.1212.mn/statHtml/statHtml.do#
Navarro-Ortega A, Acuña V, Bellin A, Burek P, Cassiani G, Choukr-Allah R, Dolédec S, Elosegi A, Ferrari F, Ginebreda A, Grathwohl P, Jones C, Rault PK, Kok K, Koundouri P, Ludwig RP, Merz R, Milacic R, Muñoz I, Nikulin G, Paniconi C, Paunović M, Petrovic M, Sabater L, Sabater S, Skoulikidis NT, Slob A, Teutsch G, Voulvoulis N, Barceló D (2015) Managing the effects of multiple stressors on aquatic ecosystems under water scarcity. The GLOBAQUA project. Science of The Total Environment 503-504:3-9. doi: 10.1016/j.scitotenv.2014.06.081
Neupane, R., & Kumar, S. (2015). Estimating the effects of potential climate and land use changes on hydrologic processes of a large agriculture dominated watershed. Journal of Hydrology, 529, 418–429. https://doi.org/10.1016/j.jhydrol.2015.07.050
Niu G, Troch PA, Paniconi C, Scott RL, Durcik M, Zeng X, Huxman T, Goodrich D, Pelletier J (2014) An integrated modelling framework of catchment-scale ecohydrological processes: 2. The role of water subsidy by overland flow on vegetation dynamics in a semi-arid catchment 7:815-827. doi: 10.1002/eco.1405
Pastor A V., Ludwig F, Biemans H, Hoff H and Kabat P. (2014). Accounting for environmental flow requirements in global water assessments Hydrol. Earth Syst. Sci. 18 5041–59
Paton FL, Dandy GC, Maier HR (2014) Integrated framework for assessing urban water supply security of systems with non-traditional sources under climate change. Environmental Modelling & Software 60:302-319. doi: 10.1016/j.envsoft.2014.06.018
Pedro-Monzonís M, Solera A, Ferrer J, Estrela T, Paredes-Arquiola J (2015) A review of water scarcity and drought indexes in water resources planning and management. Journal of Hydrology 527:482-493. doi: 10.1016/j.jhydrol.2015.05.003
Pfister S, Boulay A M, Berger M, Hadjikakou M, Motoshita M, Hess T, Ridoutt B, Weinzettel J, Scherer L, Döll P, Manzardo A, Núñez M, Verones F, Humbert S, Buxmann K, Harding K, Benini L, Oki T, Finkbeiner M and Henderson A 2017 Understanding the LCA and ISO water footprint: A response to Hoekstra. (2016). "A critique on the water-scarcity weighted water footprint in LCA" Ecol. Indic. 72 352–9
Poff, N. L., Brown, C. M., Grantham, T. E., Matthews, J. H., Palmer, M. A., Spence, C. M., et al. (2015). Sustainable water management under future uncertainty with eco-engineering decision scaling. Nature Climate Change, 6(1), 25. https://doi.org/10.1038/nclimate2765
Policy Research Initiative (2007) Canadian Water Sustainability Index. Retrieved on Dec 15,2017 from http://policyresearch.gc.ca/doclib/SD_PR_CWSI_web_e.pdf  , 
Postel SL (2000) Entering an Era of Water Scarcity: The Challenges Ahead 10:941. doi: 10.2307/2641009
Poustie M, Deletic A (2014) Modeling integrated urban water systems in developing countries: case study of Port Vila, Vanuatu 43:1093-1111. doi: 10.1007/s13280-014-0538-3
Priestley, C. H. B., & Taylor, R. J. (1972). On the assessment of surface heat flux and evaporation using large-scale parameters. Monthly weather review, 100(2), 81-92.
Ranen, B., Jennifer, M.-G., Wim,  van der L., Olga, K., Dr. Matthias, R., Sriram, S., & Christian, E. (2014). Mongolia: Targeted Analysis On Water Resources Management Issues. 
Rees, J. (1998). Global Water Partnership, Technical Advisory Committee. Regulation and Private Participation in the Water and Sanitation Sec Tor.1 (TAC Background Papers No.1).
Rockström J, Falkenmark M, Karlberg L, Hoff H, Rost S and Gerten D. (2009). Future water availability for global food production: The potential of green water for increasing resilience to global change Water Resour. Res. 45W00A12 http://www.agu.org/pubs/crossref/2009/2007WR006767.shtml
Rodriguez R, Pruski F, Singh V (2016) Estimated Per Capita Water Usage Associated with Different Levels of Water Scarcity Risk in Arid and Semiarid Regions. Water Resour Manage 30:1311-1324. doi: 10.1007/s11269-016-1236-7
Russo T, Alfredo K, Fisher J (2014) Sustainable Water Management in Urban, Agricultural, and Natural Systems 6:3934-3956. doi: //dx.doi.org/10.3390/w6123934
Sahin O, Stewart R, Helfer F (2015) Bridging the Water Supply-demand Gap in Australia: Coupling Water Demand Efficiency with Rain-independent Desalination Supply. Water Resources Management 29:253-272. doi: 10.1007/s11269-014-0794-9
Sajikumar, N., & Remya, R. S. (2015). Impact of land cover and land use change on runoff characteristics. Journal of Environmental Management, 161, 460–468. https://doi.org/10.1016/j.jenvman.2014.12.041
Santhi, C., Arnold, J. G., Williams, J. R., Dugas, W. A., Srinivasan, R. & Hauck, L. M. (2001), Validation of the SWAT model on a large river basin with point and nonpoint
Santhi, C., Arnold, J. G., Williams, J. R., Dugas, W. A., Srinivasan, R. & Hauck, L. M.
(2001), Validation of the SWAT model on a large river basin with point and nonpoint
sources. J. American Water Resources Assoc. 37(5), 1169-1188.
Sarzaeim P, Bozorg-Haddad O, Fallah-Mehdipour E, Loáiciga H (2017) Environmental water demand assessment under climate change conditions. Environ Monit Assess 189:1-18. doi: 10.1007/s10661-017-6067-3
Scanlon BR, Jolly I, Sophocleous M, Zhang L (2007) Global impacts of conversions from natural to agricultural ecosystems on water resources: Quantity versus quality. Water Resour Res 43:W03437. doi: 10.1029/2006WR005486
Scarborough, H., Sahin, O., Porter, M., & Stewart, R. (2015). Long-term water supply planning in an Australian coastal city: Dams or desalination? Desalination, 358(Supplement C), 61–68. https://doi.org/10.1016/j.desal.2014.12.013
Schewe, J., Heinke, J., Gerten, D., Haddeland, I., Arnell, N. W., Clark, D. B., et al. (2014). Multimodel assessment of water scarcity under climate change. Proceedings of the National Academy of Sciences of the United States of America, 111(9), 3245–3250. https://doi.org/10.1073/pnas.1222460110
Shadeed S, Lange J (2010) Rainwater harvesting to alleviate water scarcity in dry conditions: A case study in Faria Catchment, Palestine. Water Science and Engineering 3:132-143. doi: 10.3882/j.issn.1674-2370.2010.02.002
Smakhtin V, Revenga C and Döll P. (2005). Taking into Account Environmental Water Requirements in Global-scale Water Resources Assessments International Water Management Institute Online: https://core.ac.uk/download/pdf/6405183.pdf
Speed, R. Yuanyuan, L. Le Quesne, T. Pegram, G. Zhiwei, Z. (2013). Basin Water Allocation Planning: Principles, Procedures and Approaches for Basin Allocation Planning. Asian Development Bank, GIWP, UNESCO, and WWF-UK.