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Abstract

Among various ecosystem services provided by the basin, this study deals with water yield (WY) estimation in the Bagmati basin of Nepal. 

Maps of where water used for different facilities like water supply, irrigation, hydropower etc. are generated helps planning and 

management of facilities. These maps also help to avoid unintended impacts on provision and production of services. Several studies have 

focused on the provision of ecosystem services (ES) on the basin. Most of the studies have are primarily focused on carbon storage and 

drinking water supply. Meanwhile, none of the studies has specifically highlighted water yield distribution on sub-basin scale and as per 

land use types in the Bagmati basin of Nepal. Thus, this study was originated with an aim to compute the total WY of the basin along with 

computation on a sub-basin scale and to study the WY capacity of different landuse types of the basin. For the study, InVEST water yield 

model, a popular model for ecosystem service assessment based on Budyko hydrological method is used along with ArcGIS. The result 

shows water yield per hectare is highest on sub-basin 5 (15216.32 m3/ha) and lowest on sub-basin 6 (10847.15 m3/ha). Likewise, built-up 

landuse has highest WY capacity followed by grassland and agricultural area. The sub-basin wise and LULC specific WY estimations are 

expected to provide scenarios for development of interrelated services on local scales. Also, these estimations are expected to promote 

sustainable land use policies and interrelated water management services.
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GIS기반 InVEST모형을 이용한 네팔 Bagmati유역의 물생산량 산정
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요  지

본 연구는 유역에서 제공하는 다양한 생태서비스 가운데 네팔의 Bagmati 유역의 물생산량(Water yield)을 산정하였다. 물 공급, 관개 수력 등 다

양한 시설에 사용되는 물생산량 지도는 계획 및 관리에 도움이 되며 생태서비스의 공급과 생산에 의도하지 않은 부정적 영향을 줄일 수 있다. 여러 

문헌들은 네팔 Bagmati유역에 대한 탄소저장과 식수공급과 같은 생태서비스 제공 연구에 중점을 두었으나 토양피복별 혹은 소유역별 물 생산량

에 대한 연구는 매우 미흡했다. 따라서 본 연구에서는 네팔 바그 마티 유역에서 소유역 규모와 함께 유역의 총 물생산량을 계산하고 유역의 토지피

복 유형별로 물생산량을 산정하기 위해 시작되었다. 이를 위해, 생태서비스 평가를 위해 가장 많이 사용되는 Budyko 수문학적 방법에 바탕을 둔 

ArcGIS기반 InVEST Water Yield 모형이 사용되었다. 본 연구로부터의 결과는 단위면적(ha)e당 물 생산량이 소유역 5 (15216.32 m3 / ha)에서 

가장 높았으며 소유역 6 (10847.15 m3 / ha)에서 가장 낮았다. 토지피복별 물생산량은 도시화지역에서 가장 높게 산정되었으며, 초원과 농경지

가 도시화지역 다음으로 높게 산정되었다. 본 연구에서 산정된 소유역별, 토지피복별 물생산량은 지역 규모의 상호 관련 서비스 개발을 위한 효율

적인 시나리오를 제공하고 지속 가능한 토지 이용 정책 및 상호 관련된 물 관리 서비스를 촉진시킬 것으로 기대한다.

핵심용어: 생태서비스, 물생산, 토지피복, InVEST, 계획관리
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1. Introduction

Freshwater is a crucial ecosystem service sustaining 

human life and biodiversity. Of the total water on the earth, 

only 3% of the water on the surface is fresh and the remaining 

97% is on the ocean. Of freshwater, 69% is trapped in glaciers, 

30% is underground and less than 1% (nearly 0.007% of all 

water on earth) is available in lakes, rivers and swamps for 

direct human uses (Ebrahimi et al., 2011). Though very 

limited, these freshwaters are an important ecosystem service 

that contributes to the welfare of society in many ways 

ensuring the development of irrigation, agriculture, increased 

population, improved living standards, industry and tourism 

activities (Cudennec et al., 2007). Water yield (WY) is 

defined as the total amount of water that runs off the ground 

(Sharp et al., 2018). Maps of where water used for different 

facilities like water supply, irrigation, hydropower etc. are 

generated helps planning and management as well, it helps 

to avoid unintended impacts on provision and production of 

services.

Facilities like water supply, hydropower, irrigation etc. are 

designed to account for annual variability in water volume, 

given the likely levels for a given basin but are equally 

vulnerable to extreme variations caused by Land Use and 

Land Cover (LULC) changes (Sharp et al., 2018). LULC 

change has direct impacts on ecosystems and their associated 

services, particularly on WY. Fluctuations on WY impacts 

the hydrological balance of the basin. Sharp increase may 

cause flooding and decrease may result in water scarcity (De 

Groot et al., 2002). Likewise, studies have demonstrated that 

LULC change can alter the hydrologic cycle, affecting patterns 

of evapotranspiration, infiltration and water retention, (DeFries 

and Eshleman, 2004; Foley et al., 2005; Woldesenbet et al., 

2017) changing the timing and volume of water that is 

available for services like dams, water supply or hydropower 

production (World Commission on Dams 2000; Ennaanay, 

2006). Thus, recognition of ecosystem services based on land 

use types is crucial for the sustainability of the provision of 

services. 

Interest in measuring ecosystem services have increased 

dramatically in recent years (Daily, 1997; MA, 2005). 

Ecosystem services entailing freshwater (e.g., flood control, 

the provision of hydropower, and water supply), as well as 

carbon storage and sequestration, have received the greatest 

attention in both scientific and on-the-ground applications 

(Vigerstol and Aukema, 2011). Various hydrological models 

like Soil and Water Assessment Tool (SWAT) (Arnold et al., 

1998; Arnold and Fohrer, 2005), Precipitation Runoff 

Modelling System (PRMS) (Leavesley et al., 1983) and 

mapping tools like InVEST, Artificial Intelligence for 

Ecosystem Services (ARIES) (Villa et al., 2009) etc. are in 

wide use. The selection of model depends on data availability, 

user expertise and desired outputs. If the users are interested 

in comparing multiple ecosystem services on various 

scenarios or are interested in a quick examination of specific 

hydrological services requiring minimal data, the simplified 

ecosystem services specific tools like InVEST or ARIES are 

most appropriate (Vigerstol and Aukema, 2011). 

The study area, Bagmati basin of Nepal incorporates 

capital city Kathmandu and major cities like Bhaktapur and 

Lalitpur in the upper part of the basin. As a result, service and 

facilities like education, health, economic activities are 

centralized and hence, anthropogenic activities are ever- 

increasing. LULC conversion is prominent and the provision 

of ecosystem services is on the verge of deterioration. In the 

recent decade, the basin has faced severe problems due to 

urban flood, inadequate water supply and the issues like 

unsystematic irrigation is hampering the crop production. 

This study was thus initiated in Bagmati basin to evaluate the 

total WY and to study the impacts of LULC conversion on 

it. Many researchers have studied impacts of landuse change 

on flow of Bagmati basin using sophisticated tools like 

SWAT (Pokhrel, 2018; Davids et al., 2018). The focus of 

most of the study has been on total discharge or WY response 

to typical LULC types such as forest or built-up area but little 

attention has been given to the quantitative evaluation of WY 

capacities of different LULC types. In this context, the 

objectives of this study are: 1) to estimate the total WY of the 

basin along with computation on a sub-basin scale and 2) to 

determine the water yield based on land use and land cover 

types. The quantification of WY based on individual LULC 

type improves the predictability of WY response to LULC 

dynamics which promotes future integration of LULC 

planning and water resources management. 
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2. Methodology

2.1 Study Area

The study area, Bagmati Basin lies at middle mountain 

region of Nepal at latitude 26°42´ to 27°50´ N and longitude 

85°22´ to 85°58´E with a total area of 3750 km2 (Fig. 1). The 

Bagmati river originates from the north of capital city 

Kathmandu at Shivapuri (Bagdwar) at an altitude of 2,690 m. 

It consists of many tributaries such as Bishnumati, Manohara 

and Tukucha. Bagmati is a spring and monsoon rain-fed river. 

For the study, only the area above Pandere Dhovan gauge 

station is considered owing to good data availability, thus for study 

2768.917 km2 area is considered which is shown in Fig. 2. The 

upper part of the basin covers the whole of Kathmandu valley. 

The lower part of the basin is comparatively flat than the upper 

part. As well, according to LULC map (Fig. 3), cultivated land 

is dominant in the upper part of basin whereas, in the middle 

and lower part of basin, the forest is dominant. As the capital 

city lies in the upper part, most of the built up area of basin 

is concentrated on upperpart. 

2.2 Model description

The Integrated Valuation of Environmental Services and 

Tradeoffs (InVEST) is a suite of free and open-source 

software (NatCap Project, 2018) developed by the natural 

capital project of Stanford University. The models are 

designed to inform decisions about natural resource 

management. InVEST’s modular design provides an 

effective tool for exploring the likely outcomes of alternative 

management and climate scenarios and for evaluating 

trade-offs among sectors and services. 

The InVEST WY model is based on the Budyko 

hydrological method and estimates the relative contributions 

of water from different parts of a landscape, offering insight 

into how changes in landuse patterns affect annual surface 

WY and related services (Sharp et al., 2018). The model runs 

on a gridded map and it represents explicitly the spatial 

variability in precipitation, potential evapotranspiration 

(PET), soil depth, and biophysical characteristics of different 

LULC. It acquires input on raster format and produces 

Fig. 1. Location of study basin

Fig. 2. Sub-basin of Bagmati basin

Fig. 3. LULC map of Bagmati basin
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spatially explicit output which can be interpreted in ArcGIS 

for various scenario comparisons. 

For this study, WY model of InVEST 3.6.0 version is used. 

The model is based on the Budyko curve and annual average 

precipitation. The annual WY Y(x) for each pixel on the 

landscape x is determined as Eq. (1) (Sharp et al., 2018). 

    
    (1)

where AET(x) is the annual actual evapotranspiration for 

pixel x and P(x) is the annual precipitation on pixel x. For 

vegetated LULC types, the evapotranspiration portion of the 

water balance, 
 
 

 is based on an expression of the 

Budyko curve proposed by Fu (1981) and Zhang et al. (2004) 

given as Eq. (2). 
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Here, PET(x) is potential evapotranspiration calculated as 

Eq. (3) as defined in user guideline (Sharp et al., 2018), ω(x) 

is a non-physical parameter that characterizes the natural 

climatic-soil properties. 

       (3)

Where,    is the reference evapotranspiration from 

pixel x and     is the plant evapotranspiration coefficient 

associated with the LULC   on pixel x. 

ω(x) is an empirical parameter and is determined as the 

expression proposed by Donohue et al. (2012) as Eq. (4) 

below.

  
 
 

 (4)

It is related to plant available water content (PAWC), 

precipitation and the Z constant which captures the local 

precipitation pattern and additional hydrogeological 

characteristic (Sharp et al., 2018). AWC(x) is the volumetric 

(mm) plant available water content. 

2.3 Data preparation

The InVEST WY model requires data on precipitation, 

land use and land cover, average annual potential evapo-

transpiration, soil depth, plant available water content, 

watersheds, sub watersheds, a bio-physical table with 

attributes of each land use and land cover, and the seasonality 

factor Z. 

Daily rainfall and temperature data of 23 meteorological 

stations in and around Bagmati basin (Fig. 4) for 30 years, 

1984-2013 was obtained from Department of hydrology and 

meteorology (DHM), Nepal. The annual mean precipitation 

raster was generated using an ordinary method of Kriging 

interpolation method in Arc GIS. This study assumed constant 

unknown mean only over the search neighborhood of the 

estimation location. In this regard, the ordinary Kriging was 

selected in this study. The temperature-based Hargreaves 

equation was used to compute reference evapotranspiration 

as it generates superior results than the Pennman-Montieth 

method given the limited long-term data (Hargreaves and 

Samani, 1985). The Hargreaves equation is given as Eq. (5). 

 






max min





max

min
 (5)

Where  is extraterrestrial radiation (in mm/day), Tmax is 

daily mean maximum temperature and Tmin is daily mean 

minimum temperature in degree Celsius. 

Fig. 4. Location of meteorological stations used in the study
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Landuse and landcover map of 2010 is obtained from the 

ICIMOD Nepal Geospatial Portal, regional database system 

which is prepared using public domain Landsat TM data 

(ICIMOD, 2018). LULC of the study basin consists of 7 

attributes; Forest, grassland, shrubland, agriculture, built-up, 

waterbody and barren land. 

A GIS raster dataset with an average soil depth value for each 

cell was generated based on Soil and Terrain (SOTER) database 

of Nepal. SOTER for Nepal is available from the International 

Soil Reference and Information Centre, ISRIC data hub (ISRIC  

Data Hub, 2017). Plant available water content (PAWC) is a 

fraction obtained from the standard soil map. It is the difference 

between the fraction of volumetric field capacity and 

permanent wilting point. It is obtained by dividing volumetric 

value (mm) of plant available water content by soil depth. 

Based on a digital elevation model (DEM) the basin and 

sub-basins were generated using ArcSWAT and required shapefile 

formats. Each sub-basin was given only one identification number. 

The whole basin is delineated on 7 sub basins.

The biophysical table reflects the attributes of each LULC 

type containing LULC code, descriptive name of LULC, the 

maximum root depth for vegetated land use classes in 

millimeters and the plant evapotranspiration coefficient for 

each LULC class. The root depth of main vegetation types 

was obtained following Chen et al. (2008). As well, the 

evapotranspiration coefficient of each LULC type is based 

on Allen et al. (1998) and the InVEST user guide. The Z value 

was tested and verified based on 10 years average annual 

streamflow.

3. Results

The results of WY are highly affected by the value of Z 

parameter which represents hydrogeological characteristics 

of the basin. For the validation of the model, as per user 

guideline of InVEST WY model, the total annual WY is 

compared with observed streamflow at the outlet of basin. 

The total simulated WY of the basin is 3.380*109 m3 which 

is very close to the amount of 3.375*109 m3 which is 10 years 

average annual streamflow at the outlet stream gauge 

station. The WY is computed on a sub-watershed scale (Fig. 

5). Having greatest area, sub-basin 2 has the highest WY 

volume of 7.82*108 m3 and sub-basin 7 with the lowest area 

has the lowest WY volume of 2.6*108 m3. WY per hectare 

is highest on sub-basin 5 (15216.32 m3/ha) and lowest on 

sub-basin 6 (10847.15 m3/ha). The Bagmati Basin is 

rain-fed basin and the highest WY per hectare on sub-basin 

5 is directly related to the highest precipitation compared to 

Table 1. Sub-basin (SB) wise WY distribution

Sub-basin Area (ha) Elev (m) Precip (mm) PET (mm) AET (mm) WY/pixel (mm) WY_Vol (m3) WY/ha (m3/ha)

SB1 21,393.24 1,575.59 1,672.57 1,060.32 567.19 1100.44 2.35*108 11004.42

SB2 66,396.00 1,312.25 1,671.57 782.36 493.46 1178.17 7.82*108 11781.68

SB3 43,520.56 1,970.20 1,850.32 1,082.82 564.20 1282.69 5.58*108 12826.91

SB4 35,195.92 722.57 1,758.57 1,132.97 558.92 1201.05 4.23*108 12010.52

SB5 36,103.44 247.20 2,045.25 1,051.61 525.27 1521.63 5.49*108 15216.32

SB6 52,777.16 436.26 1,612.82 1,129.04 529.72 1084.72 5.72*108 10847.15

SB7 21,510.80 179.97 1,755.11 1,152.31 550.54 1207.47 2.6*108 12074.69

Sum 27,6897.1 3.38*109

PET-Potential evapotranspiration; AET-Actual evapotranspiration; WY/ha-Water yield per ha land

Fig. 5. Water yield distribution on Sub-basins
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other basins. Fig. 5 shows WY distribution throughout the 

basin, whereas Table 1 and Fig. 6(a) represents WY value and 

on each sub basins.

The annual WY shows considerable variation with respect 

to various kind of LULC. WY per hectare is highest on the 

built-up area (13231.21 m3/ha) and lowest on water body 

(6718.37 m3/ha). Table 2 and Fig. 6(b) shows the WY 

capacities of different LULC of the basin. Sub-basin 1 and 

sub-basin 2 has similar intensity of rainfall but WY per hectare 

is significantly high on sub-basin 2 compared to sub-basin 1. 

The concentration of built-up area on sub-basin 2 is the cause 

of increased WY as the potential evapotranspiration is lower. 

Likewise, agriculture area also has significantly high WY per 

ha (12798.67 m3/ha). As per landuse map of 2010, 64.45% 

of the study area is covered by forest area and hence forest 

has highest WY in terms of volume, followed by agriculture 

area and built-up area which occupies 25.29% and 6.23% of 

area, respectively. 

4. Discussion and limitations

For the spatial mapping of WY in the Bagmati basin, InVEST 

WY model is applied. The model is based on Budyko theory 

and it requires low amounts of data, making it superior to other 

sophisticated models when the objective is to provide 

information for decision and policymaking on the local scale. 

Nevertheless, the model is very sensitive to precipitation and 

evapotranspiration and hence careful selection and preparation 

of input parameters is must for accuracy of the results. The WY 

simulated by InVEST represented natural streamflow, 

however, it is of great importance to note that the observed river 

flow at the watershed outlet or hydrological station is altered by 

human activities (Wei and Zhang, 2010). The water extracted 

for various human uses like for irrigation, industrial purpose 

or water supply may not flow back to rivers. This part of 

consumption is not well captured by the InVEST model and it 

should be recalculated and added as recorded runoff, then 

resulting in an estimation of the natural runoff (Li et al., 2018).

(a) Water yield by sub-basin (b) Water yield by land use

SB and LU indicate sub-basin number and landuse type in Table 1 and 2, respectively

Fig. 6. Water yield distribution (unit: m3/ha)

Table 2. WY capacity of each land use and land cover

Landuse No. Type Area (ha) WY/pixel (mm) WY_Vol (m3) WY/ha (m3/ha)

LU1 Built-up area 17,211.80 1323.12 2.27*108 13231.21

LU2 Grassland 5,402.48 1301.69 7.03*107 13016.94

LU3 Agriculture area 69,777.56 1279.87 9*108 12798.67

LU4 Shrubland 662.92 1254.36 8.93*106 12543.61

LU5 Barren area 5,003.60 1238.22 6.19*107 12382.25

LU6 Forest 177,803.92 1187.40 2.11*109 11874.04

LU7 Water body 1,034.84 671.84 6.95*106 6718.37
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The subwatershed wise WY results from the model can 

provide an estimation of water available for different services 

like water supply, irrigation and hydropower. Maps of where 

WY used for services are produced can help implementation 

of better landuse planning for facilities of national priorities 

and such maps can also be used to inform investments in 

restoration or management that downstream stakeholders, 

such as hydropower companies make in hopes of improving 

or maintaining water yield (Sharp et al., 2018). The InVEST 

WY model determines the WY in each cell of the landscape 

as the precipitation minus the actual evapotranspiration 

which is determined by LULC vegetation characteristics. 

This phenomenon emphasizes that while precipitation 

determines how much water is provided by nature, it is the 

LULC that determines the amount of water converted to WY 

and water storage. LULC change can modify hydrological 

regimes of evapotranspiration, infiltration and water 

retention, and the water available to rivers and groundwater 

resources (Sanchez-Canales et al., 2012). For example, 

conversion of vegetated landuse to the built-up area could 

increase WY intensity, especially during storm periods 

because impervious surface reduces the infiltration and 

concentration-time (Liu et al., 2013). Increased WY comes 

up with high chances of nitrogen export to the streams from 

agricultural areas and a higher risk of soil erosion during 

flood periods. Such impacts are also of high concern when 

evaluating ecosystem services of the watershed. Studies from 

researchers Yang et al. (2013) and Zhao et al. (2016) also have 

highlighted that urbanization increases flooding while 

vegetated land could transfer water to the soil. 

This study basically focused on water availability on 

sub-basin scales with an aim that sub-basin evaluation of 

water yield can estimate surplus or deficit amount of water 

required for regional water plans. As well, the quantitative 

capacities of each LULC for water yield is focused. This study 

has shown that built-up area has highest WY and vegetated 

land use has the lowest WY capacity. For the optimum 

utilization of WY at present, well-positioned infrastructure 

for water collection, delivery and treatment are necessary. 

The WY if not maintained systematically, increases floods 

and water scarcity problems. In recent years, urban flooding 

and water shortages are the frequent cases on the upper part 

of Bagmati basin which has come up as a cost of rapid 

urbanization and insufficient stormwater management 

facilities. As Nepal is a growing economy and infrastructural 

development or on verge of blooming, priorities should be 

given to ecosystem-based “green” infrastructures, such as 

wetlands, well-structured soils, and forest patches, which 

could greatly enhance water storage and flood regulation in 

long term period. WY capacities of each LULC and sub basins 

can provide an overview of regional WY and hence can 

facilitate future landuse, infrastructure and water resources 

management. 

Though a relatively new model, InVEST models are 

widely applied to evaluate ecosystem services under various 

scenarios. The model is very sensitive to input parameters and 

careful attention have been given on preparation of data based 

on previous studies and comparison with observed data. Still, 

there some uncertainties resulting from the model itself. It is 

based on annual averages, which neglects extreme events. 

The model assumes all WY from a pixel reaches the point of 

interest, and therefore does not distinguish between surface 

and sub-surface water. Also, the model does not consider 

complex land use patterns and underlying geology, which 

may induce complex water balances. Also, the detail 

sensitivity analysis of the parameters and validation with 

comparison to results of other hydrological models is needed 

for accurate results. Despite model and data limitations, the 

results from the study provide an overview of general 

tendency and are expected to help in decision making and 

scenario analysis. 

5. Conclusion

The provision of fresh water is an ecosystem service that 

contributes to the welfare of society in many ways including 

water supply, irrigation and hydropower production. Most 

of these services come from the watershed-fed system. 

Calculation and mapping of water yield is thus of great 

importance for design, protection and sustainable management 

of water resources and related facilities. In this study, 

sub-basin wise and WY capacity of each LULC of the 

Bagmati basin is computed using InVEST WY model. The 
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model is based on simple Budyko hydrological process and 

requires data on precipitation, evapotranspiration, LULC, 

soil depth, plant available water content and a biophysical 

table reflecting the attributes of each LULC. The total annual 

WY was estimated to be 3.38*109 m3 and sub-basin 5 has the 

highest WY followed by sub-basin 3 and sub-basin 7. The 

analysis of the WY capacity showed that the built-up LULC 

has highest WY followed by the grassland and the agriculture 

area. The information on WY capacity of basins and each 

LULC can be used for prediction of surplus or deficit WY 

in future landuse scenarios. The sub-basin wise WY 

computation is expected to assist management of small water 

supply, flood control as well as hydropower production in the 

area. Also, the LULC specific WY estimations can be used 

to evaluate benefit-cost ratio between development works 

and environment protection. Thus, the outcomes of this study 

are expected to assist future land-use and water-related 

ecosystem services management. 
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