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Abstract

Kathmandu, the capital of Nepal, is under increasing water stress. A rising water demand in the
Kathmandu Valley is initiated by urbanisation with a rate of 4.7 % per year and amplified by a
growing trend of per capita water consumption. At the same time, water availability seems to
deteriorate. However, the severity of the problem is hardly known due to immense data gaps.
This research aims to (1) estimate the urban water demand from literature research, (2) collect
new field data about spring and stream flow, water quality, and ecological stream health, and
(3) analyse remotely sensed data in order to characterize the linkages and inter-dependencies
between land use, hydrology, and water quality in the Kathmandu Valley.

The field data were collected in August and September 2016 and helped to get a decent
picture of the water situation. The landuse classification performed using Landsat 8 images
had an accuracy of 88 % and proved to be a meaningful source of data to link to the other
research topics. Automated SEBAL was attempted to be used for computing evapotranspiration
estimates but cannot successfully be used in mountainous areas yet. Penman-Monteith equation
was used as alternative. A simplified water balance was performed for the months of August
and September 2015. The outcome showed estimates to be 2,2 - 10° %3 for ET, 5.6 - 10° ’”73 for

precipation, 2.0 - 10° ’”73 for the Bagmati outflow and 1.4 - 10 ’”73 for groundwater infiltration. To
be able to comment on long term groundwater depletion, an annual water budget needs to be
performed.

The clearest influence on water quality parameters (pH, DO, EC and Rapid Stream Assess-
ment class) was found to be the presence of developed area. With more than 20 % developed
area within the considered subwatershed, the water becomes of such poor quality that it cannot
be used for any purpose without extensive treatment. In the headwater areas of the Valley, a
significant amount of water with a higher quality (i.e. drinking water) is found in the streams.
In September 2016 the total inflow of drinkable water to the Valley floor was estimated to be at
least 1.0 - 10° %3. This value cannot be considered as fully available for anthropogenic purposes,
as water needs to remain in the streams in order to not jeopardize ecosystem services and other
functions.



Introduction

The Multidisciplinary Project

The Multidisciplinary Project is a project executed by four to six students within the TU Delft
Master curriculum. The students must come from at least two different Master tracks. During
the project students are expected to work together and independently from the university. The
assignment can be done abroad and should motivate students to work together with people from
different educational and cultural backgrounds as well as people external of TU Delft. Further,
the students have the chance to pursue a project according to their interests and are responsible
for the development of the research question, the approach, the execution of the project as well
as its output. One of the results of this Multidisciplinary Project is this document. The report is
written by students for their master programme of TU Delft and is not a consultancy report.

The Team

For this project a team was formed out of Master students in Civil Engineering from the TU
Delft. Figure 1 shows the whole team together with supervisor Jeff Davids. On page 7 the team
members are introduced.

The choice of project

This multidisciplinary project is a great opportunity to get involved in a project in a complete
different context than the well-organised Western world. We wanted to grab this opportunity
to learn about a different culture, while contributing to an ever-growing problem, namely
(drinking) water availability. Vera had been to Nepal several times and reported on the poor
water quality of the Kathmandu Valley. This initiated the idea of going to Nepal, a country that
very much spoke to the other team members’ imagination. Different people were contacted until
Martine Rutte got us in touch with Jeff Davids, a PhD student currently doing his research in the
Kathmandu Valley. He was very interested in supervising a group of students that would link
their research to his work. In order to exploit the specializations of the different team members,
different possible research topics were discussed before we agreed on working on the water
availability of the Kathmandu Valley, focusing on data generation of both hydrological as well
as quality aspects.

Worldwide the application of remotely sensed data is growing rapidly and will be more
and more important. The combination of the eager to learn how to use these data and the poor
quality of the available data in Nepal made us integrate this within the project. Knowing that
the land use has a big influence on quality and flow, we decided that we would use remotely
sensed data to analyse the land use of the Valley. This to consequently find the linkages between
the hydrological, water quality and land use data. With all these aspects combined, the project
was of interest to all team members as well as being of potential value to the people in Nepal.



Felipe Gonzalez Gonzalez

Nationality: Mexican

Field of study: Sanitary engineering

Study experience: BSc Civil Engineering, Tec de Monterrey

MSc Civil Engineering student, TU Delft

What thrilled you most about the project: Knowing that the project

can benefit the Nepalese people and that it can be an example for future initiatives.
The project in three words: Fruitful, positive impact, cultural

Petra Izeboud

Nationality: Dutch

Field of study: Water Resources Management and Hydrology

Study experience: Bsc Mathematics, UvA

MSc Civil Engineering student, TU Delft

What thrilled you most about the project: Combining spatial tools with

ground data to obtain a useful picture of the current water situation in Kathmandu.
The project in three words: Exciting, data processing, teamwork

Clemens von Gronau

Nationality: German

Field of study: Hydraulic Engineering

Study experience: BSc Civil Engineering, ETH Zurich

MSc Civil Engineering student, TU Delft and NUS

What thrilled you most about the project: Delivering outputs that can be

used by Nepalese organizations to further develop the drinking water supply in
the Valley.

The project in three words: Nepalese working adventure

Sven Veldhuis

Nationality: Dutch

Field of study: Water Resource Management and Hydrology

Study experience: BSc Civil Engineering, TU Delft,

MSc Civil Engineering student, TU Delft and UNIBO

What thrilled you most about the project: Doing fieldwork and being able

to have a small contribution in the path to finding more sustainability of water
resources for the people of the Kathmandu Valley.

The project in three words: Challenging, educational, gratifying

Vera Knook

Nationality: Dutch

Field of study: Water Management and Engineering

Study experience: BSc Civil Engineering, TU Delft

MSc Civil Engineering student, TU Delft and ETH Ziirich

What thrilled you most about the project: I have visited the country a lot and

am excited to have a chance to contribute to its development with the knowledge I've
gained over the last years.

The project in three words: Learning, involvement, culture



Figure 1: The team, left to right: Felipe Gonzalez, Vera Knook, Sven Veldhuis, Jeff Davids
(supervisor), Clemens von Gronau and Petra Izeboud

Acknowledgements

Hereby we would like to mention and show our appreciation to third parties who helped and
advised us during the course of our project.

First and foremost we want to thank our local supervisor Ir. ].C. Davids and his family. Jeff
acted as a host, mentor and a fellow team-member and his ideas and professional expertise were
of great value and provided us with much useful input. We are extremely thankful for his time,
effort and hospitality. In addition we want to thank Jeff’s assistant E. Moktan for his help during
the fieldwork and his logistical assistance throughout the project.

Secondly we want to thank some members of Nayaa Aayaam Multidisciplinary Institute
(NAMI), Dr. D.N. Shah and Dr. R.T. Shah for providing us with the SonTek ADV Flowtracker,
and their Environmental Science students A. Pandey and N. Devkota. As interns for J.C. Davids
they were also part of the team and their Rapid Streamflow Assessments (RSA’s) were a very
welcome and significant contribution to our water quality assessment.

Another sign of appreciation goes out to Ir. S. Shrestha of the Groundwater Resources
Development Board (GWRDB) of Nepal’s Department of Irrigation. We are very thankful to him
for sharing his insights and documentation on the groundwater situation of the Kathmandu
Valley and taking us to visit some of the water-spouts in the city.

We want to thank Ir. T. Hessels of UNESCO IHE for his help in trying to make the automated
SEBAL program work successfully in computing ET-values for the Kathmandu Values.

We would like to show our appreciation towards Dr. N.M. Shakya and Mr. A. Nishikori of
Tribhuvan University’s Water Resources Engineering Department for meeting with us to talk
about the on-going research and projects concerning water resources in the Kathmandu Valley,
and to Mr. T.M. Bhandari from Kathmandu Upatyaka Khanepani Limited (KUKL) for providing
us with the helpful documentation on recent work of KUKL and water supply and wastewater
system improvement in the Kathmandu Valley.

Last but not least we would like to thank Dr. Ir. M. Rutten and Dr. Ir. D. van Halem, our



supervisors from Delft University of Technology for their input in getting our project started
and judging our results.



Chapter 1

Background information about the
situation in Nepal

1.1 Socio-economic background

The National Population and Housing Census indicates that the total population of Nepal is
26.5 million people, of which 83 % live in rural areas [8]. The overall life expectancy at birth is
70 years, whereas the life expectancy at birth in The Netherlands is 81 years [67]. The infant
mortality rate is 40.5 deaths within 1,000 live births according to the Nepalese government [72],
but The World Bank determined Nepal’s infant mortality rate to be 29 deaths per 1,000 live
births. In comparison to that the rate for The Netherlands is 3 [68].

Rank Country Adult literacy rate (15+ years)
1 Democratic People’s Republic of Korea  99.999
59 Suriname 95.539
83 Myanmar 93.090
101 Syrian Arab Republic 86.304
111 TIraq 79.722
125  India 72.225
128  Angola 71.164
129  Yemen 69.962
130 Togo 66.538
131  Malawi 65.964
132 Nepal 64.664
133  Madagascar 64.656
134 Timor-Leste 64.066
135  Bhutan 63.907
136 Papua New Guinea 63.434
137  Bangladesh 61.494
138 Haiti 60.689
139  Guinea-Bissau 59.773
147  Ethiopia 49.032
153  Afghanistan 38.168
158  Guinea 30.473
159  Niger 19.103

Table 1.1: Literacy rate as analyzed by the UN (%)
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The UN analysed 159 countries (not including industrialized countries of the western world)
to determine their literacy rate. Nepal is with an adult literacy rate of less than 65 % within
the 30 countries with the lowest literacy rate. A list of other countries for comparison is given
in Table 1.1. UNICEF further provides data that about 95 % of the children enrol for primary
school and about 70 % of this also finish primary school [80]. But The World Bank notices that
especially amongst the poorest families, children do not continue to post-basic education and
additionally, the quality of education at all levels remains a problem [65].

The economic situation of Nepal improved remarkably from 2003 to 2011. The percentage
of people living on less than 1.25 USD a day was more than halved during that time but still
accounted for 25 % of the population in 2011 [65].

Interesting to mention is the low official unemployment rate of 0.8 % of the economically
active population [43], although dependent on the source this varies up to 3.0 % [73]. It is to
mention though that only 54 % of the population count as economically active [43]. A reason for
the low unemployment rate could be the migration of unemployed people to other countries for
employment opportunities as well as engagement in self-employment [13].

Figure 1.1 shows the percentage share of GDP by the three economic sectors Services,
Industry and the Primary Sector, which includes agriculture, fishery, forestry and mining
between 1971 and 2011.

100%
80%
60%
Services
B Industrv
40% B Agriculture
20%
0%

1971 1981 1991 2001 2011
Figure 1.1: Structural transformation of nominal GDP (%) [43]

The Figure 1.1 was created to visualize the structural transformation which is described
in a table of the Population Monograph of Nepal [43]. It has to be mentioned that the data
only gives a snapshot on the situation every ten years. Statements about the development are
therefore difficult to make, even though major trends can be seen. The figure clearly indicates
that the division of agriculture, fishery and forestry decreased by about 30 percent whereas the
service sector increased by 26 percent. Only a small change (in total 5 % growth) can be seen
in the industrial sector. The situation in 2011 is composed of 37 % Agriculture, 15 % Industry
and about 46 % Services. One of the most important contributions to the Nepalese economy
are remittances. According to The World Bank, private remittances contribute to 32.2 % of the
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GDP which is the highest value in the world [69]. Agriculture is another main contributor to
the GDP of Nepal as can be seen in Figure 1.3a. Even though agriculture contributes with only
37 % to the GDP, 64 % of the economically active population works in that sector. Only 9 %
of the population works in the industrial sector and 24 % in the field of services. The missing
percentage to the 100 % is due to the category ‘not stated” in the data of [43]. This relation is also
shown in Figure 1.2.

B Agriculture
B Industry

Services

Figure 1.2: Composition of the Economic Sectors in Nepal. Inner Circle: Percentage of economi-
cally active population working in the different economic sectors. Outer Circle: Percentage of
sector contribution to the national GDP. [43]

It has further been observed that a large group of economically active people moved from
the agricultural sector to the industrial and service sector. The transformation rate to the service
sector is high. A reason why economically active population is diverting from agriculture to
non-agriculture sector may be found in the higher productivity in industrial and service sectors
[43]. The higher productivity can also be concluded from the Figure 1.2 above. Therefore the
economically attractive centres of Nepal like Kathmandu will continue to grow in the near future
[4]. Conflicts additionally accelerating a rural to urban migration within Nepal. The population
of Kathmandu increased by incredible 61.25% during the last decade [54]. The valley contributes
already today to 23.4 percent of the national economy and is therefore the main economic hub
of Nepal [18].

To compare the situation in Nepal with the ratio of the different sectors in other countries
Figure 1.3 has been created based on the statistical data of the Statistic Times [59]. One can
see that Nepal is more dependent on the agricultural sector compared to the other displayed
countries. Especially compared to the United States of America but also to The Netherlands.
The industrial sector in Nepal is the smallest of the four countries in Figure 1.3.

The world bank determines the following current challenges for the further growth of the
country (a selection) [65]:

- Unreliable electrical power and low-quality transportation networks are the country’s
most important economic bottlenecks and hinder job creation and the delivery of services.

- A difficult regulatory environment constrains the private sector as businesses are required
to comply with 130 processes from over 41 ministries and government agencies. A high
degree of informality [...] also prevails and diminishes the quality of goods and services.

- Nepal is heavily vulnerable to climate change and natural disasters. Recent records show
an increasing number of droughts, floods, hailstorms, landslides and crop diseases, mostly

12



(a) Nepal (b) India

(c) The Netherlands (d) United States of America

Figure 1.3: Sector Contribution to the GDP (%). Primary Sector (Agriculture) in blue, Secondary
Sector (Industry) in orange and the Teriary Sector (Services) in yellow. [59]

affecting the livelihoods of the poor. Nepal is located on the edge of a tectonic plate and is
subject to high earthquake risks, particularly in the Kathmandu Valley.

- Nepal still ranks low on international governance indicators such as Transparency In-
ternationals Corruption Perception Index 2014 (126 out of 175 countries) and the World
Governance Indicators (declining trend over the last decade).

1.2 The recent political situation

This abstract tries to give an overview of the current situation in Nepal explaining the events of
the previous ten years. The development during that time is very complex and coverage is not
always clear nor objective. It was tried to catch different views on the development of Nepal’s
politics. The recent development shows that Nepal has an internal crisis while internationally
Nepal seems to be a plaything between the two world powers China and India. This background
is meant to raise understanding why Nepal could not focus on internal issues like for example
the water supply and water management. It was simply of lower priority during the last decades
which explains the alarming state of the water supply system.

In 2006, the House of Representatives unanimously voted to curtail the power of the king of
the Hindu Kingdom Nepal, thereby abolishing the monarchy. The bill declaring Nepal a federal
republic came into force on 28 May 2008 [78]. Additionally, the Comprehensive Peace Agreement
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(CPA) between the Government of Nepal and the Communist Party of Nepal (Maoist) was
signed in November 2006 which comprises a ceasefire between the two rivaling parties. The
CPA ended a decade-long armed conflict between the Government and the Maoist [78]. It
furthermore called for political, economic and social change in the country and adherence to
humanitarian law and human rights principles.

In April 2008, elections to the Constituent Assembly (CA) were held. A second CA finally
delivered a constitution of the Federal Democratic Republic of Nepal in September 2015 [78].
Reactions on the constitution have been diverse [29]. The Madhesi, an ethnic group in the
southern part of Nepal, called the Terai, had the impression that the new constitution could
lead to their political marginalisation and strengthens the Nepalese elites based in Kathmandu
and the hills in the north[47]. As a consequence of that, India interfered in Kathmandu because
it was concerned that the violence could spill over to its bordering provinces with Nepal [39].
While India expressed disappointment about Nepal’s approach in implementing the constitution
and proposed a violent-free dialog, China noted with pleasure that Nepal finally endorsed its
constitution [47] [39].

As a consequence of the unrest in the Terai, in 2015, it came to a blockade of more than four
months at the border between India and Nepal just four days after the new constitution was
announced leading to a shortage of fuel and goods. Nepal relies heavily on imports, especially
food, medicines and fuel, from India, which is its largest trade partner [49]. Nepal suspects
India imposing the blockade and interfering in Nepal’s internal affairs whereas India argues
that truck drivers are concerned about their safety due to the violences in the Terai region ([44],
[26], [25]).

India’s interest in the blockade is described by Stratfor.com as follows: ‘Some in Nepal
believe India had a hand in the blockade as well, and not without reason. [...] If the pro-Indian
Madhesi can gain greater representation in Nepal’s parliament, India will have more influence
over its northern neighbor. India must maximize its influence across the Indian subcontinent and
hamper China’s penetration into Nepal and South Asia’ [60]. The situation is further intensified
by consequences of the severe earthquake in April 2015 which killed thousands of people [49]
[25].

To overcome the fuel crisis the new Prime Minister Oli has turned to China and signed
a deal with Beijing to import as much as a third of its fuel needs, breaking a decades-long
Indian monopoly in the sector [25]. In February 2016 the blockade was ended after the Nepali
parliament approved the first amendment of the constitution in order to address some of the
activists” demands [60]. The Madhesi however called it inadequate and announced to continue
with their protest.

In August 2016 the new Prime Minister Dahal got elected. Some say that Oli was urged
to resign due to Indian influence as a response on Oli’s China-friendly political orientation.
Coverage in the Indian media has mostly sought to place the elections as a victory of the Indian
establishment and a recalibration of Nepal away from Beijing’s sphere of influence and back to
New Delhi’s orbit [29].
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Chapter 2

Analysis of the conditions in the
Kathmandu Valley

The focus area of this project is the Kathmandu Valley. This chapter describes the boundaries
as well as the hydrological seasonality, topographical and geological conditions of the research
area. It describes the hydrological seasonality, topography and geology. These are all important
factors that influence the research project.

2.1 Research Area

Kathmandu, the capital of Nepal,
is the focus area of this project.
In many ways this is a special
area in Nepal, not only because
its high population density, but
also because of it’s topographical
location. Although one would
think of Nepal as a water rich
country with its Himalayas and
ever flowing rivers, water is not as
abundant in the Kathmandu val-
ley. This is further explained in
section 2.3.

As hydrological analyses are a
big part of the project, it is chosen
to set the project boundaries by
delineating the watershed. All of Figure 2.1: The Kathmandu valley watershed is set as the
Kathmandu's rivers flow into the Project boundary
Bagmati before entering a gorge
at Chovar. The project boundary is therefore defined by all the area that of which water flows
into this point and can be seen in Figure 2.1

50 0 50 100 150 200 km

2.2 Hydrological seasonality

The weather system of Nepal is influenced by continental and maritime factors and is character-
ized by four distinct seasons [85]:
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Figure 2.2: Top figures: average precipitation, Bottom figures: maximum temperatures

- Spring lasts from March to May, and is warm with rain showers and temperatures around
22°C.

- Summer, from June to August, is the monsoon season when the hills turn lush and green.
Temperatures can get quite warm, up to 30°C and more during heat waves.

- Autumn, from September to November, is cool with clear skies. Temperatures are not too
warm, with daily maximum around 25°C and cool nights with minimum temperatures
around 10°C, it usually does not rain for more than one or two days during the entire
autumn and the winter season.

- In winter, from December to February, it is cold at night with temperatures sometimes
below zero. However, the maximum temperatures can still reach up to 20°C. Then the
mountains are covered with snow including some high hills.

Figure 2.2 shows the big difference between the rainfall and maximum temperatures from
the winter to the summer season.

This seasonality also effects the hydrology of the Kathmandu valley. An obvious influence is
the change of precipitation, but also the temperature influences the hydrology directly through
evaporation. The higher the temperatures, the higher the potential evaporation which causes
that the losses to the atmosphere are higher in the summer months. Figure 2.3 shows the
seasonality of the Kathmandu valley.
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Even though the total water supply might be suffi-
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Therefore melting snow is not a significant part of the
hydrology of the Valley.
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2.3 Topography

{6 etrronis
The Kathmandu valley lies in the middle hills of Nepal
that are also known as the Mahabharata range. The
elevation of the Valley ranges from 800 to 2,700 masl.
The middle hills of Nepal are the first great barrier to
the monsoon winds that produces heavy precipitations
on its southern slope due to orographic effects.[20]
The valley has a bowl shape with it’s high areas on the northern side. Four major mountains
surround Kathmandu, namely Shivapuri, Phulchowki, Nagarjun and Chandragiri. [11]. Because
of the bowl shape, the Kathmandu watershed is a water system on it’s own, having no inflow
from other Nepalese regions like the Himalayas.

Figure 2.3: Seasonality of the Kath-
mandu Valley [11]

24 Geology

Nepal is situated at the base of the Himalayas, occupying the central 800 km extension along
this formation. This well known mountainous system was formed in stages by the collision of
the Indian plate and the Tibetan plate around 30 to 55 million years ago. The Himalayas are
in fact still forming, since the Indian plate is moving approximately 5 cm per year against the
Tibetan plate [52].

Within this mountainous formation, also called the Himalayan range and extending 2,400
km long and 200-300 km wide, a geological variety can be found, and even Nepal is subdivided
into five major tectonic zones [52]:

Gangetic Plain

Sub-Himalayan (Siwalik) Zone

Lesser Himalayan Zone

Higher Himalayan Zone

Tibetan-Tethys Himalayan Zone

Each of these tectonic zones is separated by thrust faults, which can be seen in figure 2.4c.
From left to right the thrust faults are named: MFT Main Frontal Thrust, MBT Main Boundary
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Indian Shield

MFT - Main Frontal Thrust, MET - Main Boundary Thrust, MCT - Main Central Thrust,
STDS - South Tibatan Datachment System, ITSZ - Indo-Tsangpo Suture Zone

(c) Thrust faults in the Himalayan range[52]
Figure 2.4: General geological information about Nepal
Thrust, MCT Main Central Thrust, STDS South Tibetan Detachment System and on the far right
side separating the Tibetan plate is the ITSZ Indo-Tsangpo Suture Zone [52].
Focusing on the area of the Kathmandu Valley, the north part is surrounded by the Higher

Himalayan zone, the south of the Valley by the Tibetan-Tethys Himalayan zone, and exactly on
the big urban spot recent geological deposits are found.

Considering these two previous zones that are of importance to this project, further geological
information can be described [52]:

- Higher Himalayan zone: consists of a very thick layer of strongly metamorphosed coarsed
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grained rocks, such as gneiss, schist and marble.

- Tibetan-Tethys Himalayan zone: composed of sedimentary rocks, such as limestone,
shale and sandstone.

It is important to notice that the different types of rocks that are present in the Kathmandu
Valley, can affect the quality of the water from upstream to downstream. Further details on these
effects will be explained in section 6.2.
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Chapter 3

Problem definition and project scope

3.1 Water Supply in the Kathmandu Valley

3.1.1 Sources of water

There are two sources of water in the Kathmandu Valley: Surface water (rivers and ponds)
and groundwater. These two sources are mainly fed by rainfall [51]. Overall there are 31
surface water resources (rivers, springs, infiltration galleries, etc.) and 73 tube wells to tap
the groundwater in the Valley [4]. The surface sources of water are shown in Figure 3.1. The
numbers in the figure correspond to the different sources which are named below the figure.

Due to the seasonal variability of rainfall in the Valley, the amount of surface water reduces
during dry season. In the majority of the rivers the flow reduces by 30 - 40 % whereas some
rivers carry up to 70 % less water during dry season [4].

Out of the 73 tube-wells 54 are estimated to be functional [4]. The Groundwater Development
Board documented 379 tube wells in the Valley but some estimates go up to 700 tube wells [28].
A problem in determining the amount of tube wells is that only 49 tube wells belong to KUKL.
KUKL is the organization which is nowadays responsible for the water supply and partly as well
the wastewater handling in the Kathmandu Valley urban areas. The rest is privately operated
and therefore extraction is not documented. Furthermore, an increasing amount of private
households, hotels, industries and private water vendors use their own tube wells to guarantee
water supply for their needs because public supply sometime fails to appear for several days in
a row [38] [76].

Table 3.1 shows the surface water sources and the groundwater sources used by KUKL for
the water supply of the Kathmandu Valley.

Source Wet season Dry season
Existing surface sources | 136.8 70.25
Tube wells controlled 4.6 42.3

Table 3.1: Number of water sources used by KUKL. Numbers are given in million litres per day
(MLD).[4]

Besides these two sources, there is another traditional way of accessing water in the Kath-
mandu Valley. The so called dunghe dharas (stone spouts or water tabs) are the primary
alternative to the municipal, piped water supply [83]. These stone spouts are fed by shallow
groundwater (1 - 5 meters below the ground surface) or by so called state canals which met
irrigation needs [51] [83]. But these stone spouts dry up due to the depleting groundwater level
in the Valley (this is described in chapter 10) and represent less and less a reliable source of
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Figure 3.1: Surface water sources in the Kathmandu Valley. Tri Bhim Dhara System: 1 Alley, 2
Boude, 3 Bhandare, 4 Chhahare, 5 Panchmane; Bir Dhara System: 6 Shivapuri, 7 Bishnumati;
Sundarijal System: 8 Nagmati and Syalmati, 9 Bagmati; Kirtipur System: 10 Doodhpokhari,
11 Lohnkot, 12 Simjhwa Hiti; Pharping System: 13 Seshnarayan, 14 Satmul, 15 Kutorimul;
Chapagaun System: 16 Muldol, 17 Charghare, 18 Basuku-1, 19 Basuku-2, 20 Naldu; Bhakta-
pur System: 21 Mahadev Khola; Manohara System: 22 Manohara Infiltration Gallery 1, 23
Manohara Infiltration Gallery 2; Bagmati System: 24 Bagmati sump well, 25 Gokarna sump
well; Nakhu System: 26 Nakhu Khola; Local Pharping System: 27 Dallu, 28 Hitidol; Sankhu
System: 29 Lapsiphedi, 30 Old Sankhu source; Dhungedhara System: 31 Iku Hiti [4]

drinking water [51] [83] [28]. Figure 3.2 shows a traditional stone spout as well as a tube well.

Additionally to the surface water and the groundwater extraction, people use the service of
private companies which supply water by tankers. The tanker brings a load of water directly
to the people’s homes at which they have to store it locally. This situation offers business
opportunities to some and probably brings good money but the situation cannot be solved by
this approach. It is just a measure to cope with the mismatch between supply and demand on a
short term basis. But for exactly the short-term this business will grow:

"According to Matatirtha VDC [Village Development Committee] profile 2010, around 170 trips of
water supply by water tanker that approximates to 1.2 million litres of water, is supplied to different places
of the Kathmandu metropolis as well as to other parts of Kathmandu Valley on a daily basis. The public
service centers such as bus parks, hotels in the city where there is huge demand of water, the residential
areas in Balaju, Thamel, New Road, Baneshwor and Kalanki are considered as the major consumers by
the water entrepreneurs based in Matatirtha’ [54].

The most important supply of drinking water in Kathmandu is done by several private
organizations in the way that they sell bottled drinking water. This industry is the only supplier
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(a) Stone Spout (b) Tube well

Figure 3.2: Shallow water accessing methods present in the Kathmandu Valley. [Own pho-
tographs]

of drinking water that can directly be consumed. All other sources of water require treatment
before use. The bottled water industry is an enormous industry in which global companies like
Nestlé and CocaCola make huge profits and aggressively expand their business to gain a good
market position [55]. The market in Kathmandu counts already 57 suppliers [45] and the poor
water quality of the available water supports the ongoing growth of this industry. The desire to
obtain more money brings vendors on the market that not necessarily have the greater good in
mind:

"The Matatirtha Spring Mineral Water and Beverage Pot Ltd and the Spring Mineral Water of
Matatirtha Pot Ltd were sealed after the authorities found out that they were operating illegally and in a
very poor condition. The industries were operating with dirty water processing plants, according to the
monitoring team. Likewise, the bottles lacked plastic seals necessary for proper packaging’ [61].

The bottled water industry is similar to the tanker industry. It helps to cope with the
current situation but does not offer a solution to the problem. It supplies the people in the
Kathmandu Valley with the necessary water which otherwise would just not be available. But
this business also bears the risk of abuse of confidence when companies sell dirty water. This is
possible because there is no independent monitoring of the drinking water quality. The success
of these businesses shows that the people have lost their faith in a functional water supply
system provided by the government and are happy with the supply of the private companies.
Additionally it indicates that there is a need for clean drinking water, otherwise the population
would not pay for the comparatively expensive bottled water or the tankers. At least in short
term people have to take care of their own water supply. During the research it was found that
also government people working in the field of water make use of the private water supply
services.
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Figure 3.3: Sources of drinking water in the Kathmandu Valley [data from 2011] [2]

Figure 3.3 shows an overview of the contribution of the different sources to the total water
supply in the Kathmandu Valley. Even though more and more other sources of drinking water
supply appear, the piped water provided by the government has by far the largest contribution
to the total water supply.

3.1.2 Responsibilities

According to the Ministry of Water Supply and Sanitation, the population in the Kathmandu
Valley was initially very small. During these times it was possible to obtain the water for daily
needs from natural resources in the Valley which were easily accessible. Due to a growing
population in this area, the natural resources got polluted and were determined to be not
sufficient in order to provide drinking water for everyone. Therefore, the government established
a systematic development of water supply called the Pani Adda in 1973. The organization
was restructured from time to time to meet the demands. In 1990 the Nepal Water Supply
Corporation (NWSC) took over office. The NWSC is an autonomous government body which
provides services to the 20 cities within the country [41]. This system of a monopoly in the water
supply operation caused severe external influences and interventions which affected operational
efficiency [30]. To improve the management of the water supply, different entities were formed
which are shown in Table 3.2. Until today an organization called ‘Department of Water Supply
and Sewerage’ (DWSS), established in 1972 to manage drinking water for urban, semi urban and
rural areas throughout the country is responsible for the rural water supply in Nepal including
the rural areas of the Kathmandu Valley. Figure 6.23 shows the service area of KUKL, the rest is
supplied by DWSS.

Organization Role Established (Date)
Kathmandu Valley Water Supply Management Board (KVWSMB) | Owner 2005/04/14
Kathmandu Upatyaka Khanepani Limited (KUKL) Operator 2008/02/13
Tariff Fixation Commission (TFC) Tariff Fixation | 2008

Table 3.2: Organisations responsible for the water supply in the Kathmandu Valley, founded
after the decision was made to improve the management of the water supply in the Kathmandu
Valley [30].

On the 13th of February 2008 all assets and liabilities were handed over to the Kathmandu
Valley Water Supply Management Board (KVWSMB) and at the same day further to KUKL
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Figure 3.4: Current institutional arrangements in the Kathmandu Valley [30]

for operation on a 30 years lease and license [30]. The Tariff Fixation Commission (WTFC) is
responsible for the pricing. On the website of KUKL one can find the following information
about the company:

[KUKL] operates under the Public Private Partnership (PPP) modality. [...] [The] company has
the objective to undertake and manage the water supply and sanitation system of the Kathmandu Valley
previously operated by NWSC and to provide a quantitative, qualitative and reliable service to its
customers at an affordable price.

[..]

The shareholders of the company, with relative initial shareholdings, are: the Government of Nepal (30 %
), Municipalities in the Valley (50 %), Private Sector Organisations (15 %) [...], and an employee trust
to be paid by the government (5 %). [35]

The strategy of introducing the PPP model in the urban drinking water supply was to achieve
a number of objectives. Mainly to materialize the long awaited Melamchi Water Supply Project
(see section 10.1) and run the urban drinking water supply on a commercial basis [9].

Besides KUKL there are Alternative Service Providers (ASP) which serve urban areas under-
served or un-served by KUKL. The ASP rely on KUKL sources or their own sources of water.
These ASP are not regulated in terms of pricing and water quality but serve 15 % of the urban
and peri-urban population [9]. Figure 3.4 shows the current institutional arrangements in the
Kathmandu Valley.

As one can see from Figure 3.4 above, as well as the description of the institutions involved in
the water supply within the Valley, the situation is very complex. There is a lack of stakeholders’
accountability for the common goal and there is a total lack of interest, collaborating among
the actors and institutions [9]. Chapagain also found during interviews that there is a lack
of political will to improve water related institutions and water service. Furthermore water
sector guidelines are not being followed [9]. Others ascribe the government weak management
capabilities [32].

Additionally, Chapagain determines the following factors as a cause of the poor water supply

[9]:
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- Weak institutional structure in terms of inadequate organizational resources.
- Lack of regulation and monitoring from regulatory bodies.

- Deteriorating and non-scientific infrastructure.

- Unclear supply standard and norms.

- Unsustainable water resources.

- Lack of effective human resource management.

- Conlflicts over water resources.

On the other hand KUKL expresses the following complaints [4]:

- Lack of financial support to undertake projects - especially to augment potential surface
sources, to improve water treatment plants, service reservoirs and distribution pipelines

- Autonomy in taking actions - Regulations to prevent consumers to illegally make connec-
tions and pumping water from distribution pipelines exist but due to political interference
KUKL has not taken any action

- Lack of tools and equipment - There is simply not the right equipment available and spare
parts are missing. Maintenance and construction is therefore difficult

- KUKL cannot raise service tariffs - Another organization is responsible for that

- Lack of skilled manpower

One can get a feeling of the difficulty of the situation. On the one hand it was tried to make
the progress of improvement of the water supply network and its management more effective
by rearranging the organizational structure, on the other hand blame the different parties each
other for the bad situation. The idea of cooperation and a team spirit to solve the drinking water
problem does not seem to be in sight. As a huge problem is the lacking will to improve the
situation assessed. Maybe another problem is existing power structures that survived from
pre-democracy days.

3.2 Water related problems

3.2.1 Water supply issues

In KUKL's first annual report the company describes the situation they found when taking over
office in 2008. Following a selection of points mentioned in this report are listed to give an
impression of the state of the water supply system [34].

- Almost all water production figures are from historical data or are estimated. Only a few
production plants have metering equipment.

- About 130,000 (out of a total of about 160,000) customer connection are metered. 40% of
the customer meters are estimated to be not functional.

- Water is distributed directly to the customer without treatment from tube wells from
which some waters have high content of ammonium, iron and some, arsenic.

- The use of chemicals used to be done according to its availability in stock rather than on
the need for water treatment and disinfection. Properly trained and qualified operators to
conduct disinfection were not available.

- About 48% of the network is older than 25 years.
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- Branches had not updated drawings of the networks.

- Illegal service connections [4]

One gets the impression that one of the major issues is actually the state of the distribution
network. It seems that the system has been expanded in an uncontrolled and unsupervised
manner. The same is valid for urban development which is described as unplanned and
uncontrolled [51]. This uncontrolled urbanization exists on a massive scale and strangulates
efforts to supply drinking water [9].

Additionally only 160,000 customers have a piped connection to the drinking water system
of overall 2.5 million customers. The Asian Development Bank states in its report of 2010 about
the situation in Nepal that two million consumers are connected to the piped system but mostly
water is supplied only for one hour every fourth day [4]. It is very doubtful that the KUKL
managed to connect about 1.8 million consumers to the piped network within such a short
period of time. Especially considering the progress of other building projects in Nepal as well
as the previously mentioned problems within the organizational structure of water supply
organisations. Furthermore, this time was the beginning of KUKL and such a progress in this
time is not plausible.

Due to the fact that not even half of the households and just a few plants are metered, the
actual water supply is hard to estimate. Furthermore the old and amateurishly build / fixed
pipe network produces a remarkable amount of leakage. Leakage is accounted for 40 % of
the total water supply [71]. The outdated piped water system does not work efficiently and
is characterized by low water pressure and frequent breakdowns [9]. It is obvious that this
system does not meet the demand. Therefore people depend on trucks which supply water. In
2008 there were 17 tankers in operation which distribute the water on demand. Due to the fact
that almost all tankers are beyond their economical service life, KUKL rents tankers from other
companies in order to provide enough water [34]. Additionally the population has to extract
water from stone spouts, dug-wells and springs [77].

Ground aquifers are the major source for these local water sources. But these local sources
are affected by the groundwater depletion in the Valley [77] [4]. About 50 % of the water supply
during wet season and 60 - 70 % during dry season is extracted from groundwater sources [51].
Annual extraction is exceeding recharge which causes a remarkable depletion of the groundwater
level. Due to inadequate institutional responsibility in monitoring groundwater resources, the
exact figures of how much water is extracted and its effect on the water quality is unknown
[48]. The pressure on the groundwater resources is increasing due to increasing population
and development activities [51]. Researchers found in 1994 that a sustainable withdrawal of
groundwater is about 26.3 mld (million litres per day). In 2000 the actual withdrawal was
estimated to be 58.6 mld which shows that the groundwater in the Valley is over exploited [51].

KUKL further describes in its report from 2008 that many of the wells contain extremely high
amounts of sand and silt which causes very frequent breakdown of the pumping equipment.
Repair and maintenance work is heavily affected by the unavailability of spare parts, tools and
qualified personnel [34]. A study which was conducted by the Environment and Public Health
Organization (ENPHO) monitored the drinking water quality in the Kathmandu Valley along
the supply chain, namely at the source, at reservoirs and at the tap. The results are shown in
Figure 3.5.

Figure 3.5 shows the location at which the sample was taken on the y-axis. The x-axis
represents the percentage of samples taken which values exceed the National Drinking Water
Quality Standards (NDWQS). One can clearly see that it is not safe to drink the tap water.
Household water treatment systems are therefore very essential before consumption [56].
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Figure 3.5: Contamination Parameters of the drinking water within the Kathmandu Valley [56]

Even though piped connections are existent, the supply is still not guaranteed continuously.
Figure 3.6 shows the distribution of water supply frequency within the urban Kathmandu Valley.
One can see that only a minority of the city is supplied by water ‘'more or less every day’. And
from own experience it can be said that the water supply even if it falls under this category is
not available the whole day but only for a few hours a day.

The main issues related to the water supply can be summarized in the following topics:
- Massive over exploitation of the groundwater resources leading to a depletion of the
groundwater level and the resulting dry-up of the traditional stone spouts and dug wells.

- Unknown distribution network due to uncontrolled expansions. The network is not
maintained and therefore in a bad shape. Losses due to leakages are up to 40% of the

supply.
- Quality of the supplied water is not suitable for drinking water purposes.

- A majority of the people is not connected to the piped water supply network.

3.2.2 Wastewater Handling

Regarding the Waste Water Department, the following issues are mentioned in KUKL's annual
report from 2008:

- The department has four treatment plants only one of which was functioning/working
but was in a bad state of operation [34].

- There is no data available on the performance of the plant condition. The last Biological
Oxygen Demand (BOD) sampling and test were conducted some 4 years ago [34].

- The sewer department did not have drawings about the networks and the connection[34].

- About 93,000 customers are connected to the wastewater system.
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Figure 3.6: Map of the frequency of the water supply within the Kathmandu Valley [4]

- No agency is maintaining the constructed sewers in a planned manner. They react only
on public request. The actual condition of existing sewers is not known as even manhole
covers are hard to locate in many locations [4].

The topics mentioned above are self-explaining. One can get an impression of the situation
of the wastewater conditions in 2008. A big problem regarding pollution is that the untreated
sewage is directly discharged into the rivers [71]. Furthermore also solid waste and industrial
effluents are disposed in the streams [51]. Much domestic wastewater seeps into the groundwater
and people often defecate and urinate on open ground [51]. Figure 3.7 shows the BOD and Cl-
trend at two sites of the Bagmati river in the Kathmandu Valley. One site is called Sundarijal
and is located at the headwater in the north of the city. The other site is called Sundarighat
and is located on the city outskirts in the south-west where the river has been flowing through
Kathmandu.

The water quality is very poor at Sundarighat as indicated by the higher BOD and chloride
ion values. The trends of the parameters show that the Sundarighat site is more affected by
anthropogenic factors than the Sundarijal site [71].

The main issues regarding the wastewater handling can be summarized in the following
bullet points:

- Treatment of contaminated water is almost not performed due to not functioning treatment
plants.

- The untreated sewage affects the water quality of the rivers and the groundwater in the
Valley and therefore the sources.

- Maintenance is not done regularly and errors are not detected.
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Figure 3.7: BOD and Chloride trend at two sites of the Bagmati river [71]

- The huge amount of the households that is not connected to the sewage system (30%) [4].

3.3 Outlook of the problem development

The section tries to give an idea of the further development of the existing water situation in the
Kathmandu Valley.

Increasing population. The development of the population in the Kathmandu Valley will
continue to grow in the near future like the population of entire Nepal as can be seen in figure
3.8 from the Central Bureau of Statistics Nepal (CBS).

The latest number about the population in the Kathmandu Valley was published in 2011.
According to the CBS, 2,517,023 people were living in the Kathmandu Valley of which 1,426,641
people lived in the urban area [43] which is about 55 %. The growth rate is expected to be 4.7 %
[37] [51]. Kathmandu is the economical hub of Nepal and will therefore stay attractive for a lot
of people [18]. More information about the development of the population in the Kathmandu
Valley can be found in chapter 6.3.3.1. But the overall development is clear: The more people in
the Valley, the higher the absolute water demand for the region.

Increasing per capita water demand. Additionally to the increase in population, it is expected
that also the per capita water consumption in the Kathmandu Valley will continue to grow.
Technological progress will in a first phase increase the water demand. The beginning of the
use of showers, dishwashers or washing machines contributes to that development. The water
supply organization KUKL expects that increasing of per capita water demand as well (see
chapter 6.3.3.2).
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Groundwater extraction. It was already described in chapter 3.1.1 that due to the mismatch
between water demand and water supply, people are forced to look for alternative water sources
than the supply by the government. This led to a massive use of tube wells and stone spouts.
These are traditional water sources that are fed by deep and shallow ground water respectively.
The poor water quality of these sources (after being used excessively) affects more and more of
these sources and more and more water therefore requires treatment before consumption. This
treatment is mostly done by the people themselves or in local community arrangements.

"Due to the short-supply, in addition to individual households, large volume water consumers like
housing complexes, hotels and industries have been increasingly mining groundwater simultaneously’
[48].

Figure 3.9 summarizes the above mentioned topics: An increase in water demand and an

estimated groundwater extraction. The recharge level for the groundwater stays at the same
level of about ten million cubic meters per year which complies with 27 MLD. As a result the
water level decreases over time. Groundwater depletion causes that more and more tube wells
and traditional stone spouts run dry. The quality of the remaining groundwater is very likely to
decrease as well. Overall it is not a good condition for the Kathmandu Valley having in mind
that the population will continue to grow. It is hard to imagine what happens if the ground
water possibly dries up completely. This scenario should be avoided by all means.
While assessing information about the groundwater level, another big issue was found: A lack
of data regarding all kinds of water management makes it hard to assess the current situation
with certainty. But in order to develop any effective solutions to prevent that the depletion is
ongoing, exactly this accurate assessment is what is necessary.

"Even though nearly half of the total water supply during wet season and 60-70 percent during
dry season comes from groundwater [51], groundwater is being developed without due consideration to
resource distribution over space and time. As a result, annual extraction is exceeding recharge; leading to
tremendous depletion in groundwater levels. However, no one knows for sure, the current exact figures of
how much water is being extracted, how quickly the groundwater level is falling, or how the groundwater
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Figure 3.9: Groundwater development dynamics and its impact on groundwater level. [48]

quality is being affected because of inadequate institutional responsibility in monitoring groundwater
resources and its impact’ [48].

Poor water quality. Under the section poor water supply in this chapter it was already mentioned
that the treatment plants in the Kathmandu Valley all together can treat at maximum 85 MLD.
But treatment of water is necessary due to the bad quality of the available sources. In figure
3.10 one can see that the local population depends on the water, even though it is obviously
not clean enough to clean the dishes in it. The state of the piped distribution network is so bad
that it pollutes clean water as soon as it runs in the network [76] [4]. Additionally, no working
sewage system exists that could prevent that waste water is discharged into the rivers of the
Valley. It has been seen that the tendency develops in the direction that people treat their water
locally in small communities [4]. This also reduces the urgency for the government to provide
clean distribution pipes.

Recently the Bagmati Action Plan was agreed upon. This strategic plan focuses on reviving
the conventional sewerage system’ [4]. Actions include the reviving of two treatment plants,
the extension of treatment capacity of another treatment plant, the development of several new
treatment plants and the “promotion of on-site sanitation with household and community level
septic tank with implementation of faecal sludge management’ [4]. It remains to be seen whether
these measures actually happen and if so what the improvement of the situation will be.

The influence of climate change. The ‘assessment report mentioned that the poor are the most
adversely affected by climate change due to their exposure and the impact of climate change on their
livelihood assets” [12].
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Figure 3.10: A Nepalese girl is cleaning the kitchen pot in the river [24].
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Figure 3.11: Starting and end date of the monsoon in the time of 1968 to 2016. Normal onset
date for the monsoon is the 10th of June each year. [21]

The study mentioned above was conducted in Dhare Khola Basin of Dhading district which
is located in the west of the Kathmandu Valley. The outcomes of this study will be explained
in the following as an example for the impact of climate change on the water resources in the
Kathmandu Valley. People observed that the volume of water in the Dhare Khola reduced by 50
% in the last 15 years [12]. The number of irrigation channels (kulo) using water from the stream
decreased from 21 to only 9 irrigation channels. The amount of land that could be irrigated was
reduced by 40 % [12]. The lack in water supply poses a big challenge to the local population
with regard to their agricultural and domestic water needs.

Figure 3.11 shows the onset and retreat date of the monsoon. The figure shows that especially
the retreat of the monsoon has the tendency to get more and more delayed in the last 30 years.
Additionally the start of the monsoon season was never on the "normal" date since 2008 again.
A slight delay can also be recognized in the past years for the starting date even though it is
not possible to speak of a major trend. The Ministry of Science, Technology and Environment
published that the precipitation during the monsoon season decreased by 0 - 10 % in the
Kathmandu Valley, dependent on the location in the Valley. The only exception is the Shivapuri
National Park in the northern region of the Kathmandu Valley. This area receives annually up
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to 5 % more precipitation [20]. The Dhare Khola Basin lies in the area of 5 to 10 % precipitaion
decrease per year. Additionally the annual temperature increase is in the range of 0.02 and 0.06
°C [20].

The people therefore have to find adaptation methods to deal with the change of the situation
that seems to become more severe:

"The focus of the communities has shifted to subsistence vegetable farming instead of cultivating
cereal crops and intensive farming. Communities were found slowly shifting from three season irrigated
production to seasonal production and irrigated land (khet) as unirrigated land (bari) for maize and millet
cultivation’ [12].

Other measures used to tackle the problem was the construction of water tanks in order
to store water, the use of dripping technique for irrigation purposes or the transportation
of irrigation water in pipes instead of in the open kulos in order to prevent loss of water by
evapotranspiration or leakage [12]. Besides these measures taken, the habit of the people changes
over time in order to save water:

"Less use of water in kitchen, washing utensils and other daily needs is common practices in most of
the houses. Almost 70 % of the households in the watershed area use this measure to cope with drying
up water resource. Some of (5 %) the households started lessening livestock in dry seasons (February to
May) who are totally engaged in domesticating livestock all round year before. The community’s people
(almost 10 %) started going to nearby rivers for bathing, washing clothes during dry season and also 9 %
of the households have been found starting to take livestock to the nearby stream daily’ [12].

Even tough a variety of measures were taken by the local population in order to deal with
the lesser water supply, the coping strategies were evaluated to be 'very poor and insufficient’
[12]. In chapter 1.1 it was mentioned that Nepal’s economy heavily relies on agriculture and 64
% of the population work in that sector [43]. Additionally the water supply system is in a really
bad shape. This makes regions like the Dhare Khole Basin area highly vulnerable to impacts of
climate change on water resources [12]. To approach the problem, the authors propose the so
called "Adaptation Planning Bottom up’ process. This process requires a good relationship to
the local people and also their involvement and commitment to the topic of climate change. The
difficulty will probably be to connect the government level with the local population. Especially
gaining trust and confidence in reaching an aim together can be challenging after the government
bodies were not able to significantly improve the water supply situation in the Kathmandu
Valley yet. Furthermore, corruption and nepotism are difficult to overcome. But it is probably
worth it for the population of the Kathmandu Valley and its environment.

"Coping and adaptation is an essential strategy for reducing the severity and the cost of climate
change impacts. [...] Adaptation Planning Bottom up processes are significant to come to a common
understanding with the community on what are the most major climate risk and hazards, which among
them are urgent and of urgent precedence, and what could be done at local level given the rich local
knowledge and perceptions’ [12].

3.4 The project goal

From the above sections it is clear that there are many issues considering the water situation in
the Kathmandu Valley. Not only the demand seems to be increasingly exceeding the supply,
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also the quality is decreasing and the groundwater is depleting. These issues will have increased
consequences in the future if nothing is done to improve the situation.

Some plans exist to improve this situation, but their effectiveness is doubtful. An important
reason for this is that data is barely available and finding solutions for a problem that is actually
not clear is an impossible mission. We therefore believe that this is the first step towards effective
solutions that can benefit the people in the Kathmandu Valley. A big effort in this is the collection
of representative data.

To better describe the water situation, two aspects need to be considered. At first, it is
essential to know the amount of water that is available. Secondly, the quality needs to be
assessed in order to know for what purposes the available water can be used. These two aspects
are influenced by different factors, of which a few are:

- Water treatment

- Human behaviour (Waste dumping, washing, etc.)

- The influence of land use on the water situation

- Sources of water and their amount (precipitation, groundwater, springs, etc.)
- The (change in) water demand for the urban area as well as agriculture

- The use of water (how much water is used for which purpose)

- Characteristics of the water supply system

- Climate change

We see a chance to improve the data availability, especially with new technologies like
remote sensing in order to gain more insight in the different topics mentioned above. Especially
the influence of land use on the water situation and the water demand in urban areas and
for agriculture use are of our interest. These are also the areas for which we see the greatest
possibility to improve the understanding according to our educational backgrounds and the
different skills and expertise we bring in the project.

The goal of the project therefore is to: Characterize the linkages and inter-dependencies between
land use, hydrology, and water quality in the Kathmandu Valley by (1) estimating the urban water
demand from literature research, (2) collecting new field data about spring and stream flow, water quality,
and ecological stream health, and (3) analysing remotely sensed data. The desired outcome is an increased
understanding of the water budget in the Kathmandu Valley.

3.5 Research Questions

To further specify the research goal, several research questions have been defined:
1. What are the post monsoon flow rates, water quality signatures, and ecological stream
healths of the headwater springs of the Bagmati River watershed?

2. How can these measurement data be used to estimate the water supply of the Valley and
the quality of the streams?

3. How can the land use within the Kathmandu Valley be characterized?

4. How does land use impact water availability in the Kathmandu Valley, mainly focusing
on the quality?
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. What is the current water demand of the Kathmandu Valley?

. To what extent can available literature describe the urban water demand of Kathmandu
metropolitan area?

. What is the evapotranspiration rate of the Valley and to what extent does it describe the
rural water demand?
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Chapter 4

General approach

This chapter gives an overview over the tools that were used to collect and analyze data in order
to answer the previously stated research questions. Furthermore the approach of the fieldwork
is described and a schedule for the research project is presented.

41 Tools

In order to accomplish the project goal, certain tools were needed of which some are measuring
devices used during fieldwork and some are software and applications that support collecting
and analyzing data. First the main measuring tools are explained:

- Flow measuring device: A FlowTracker handheld Acoustic Doppler Velocimeter from SonTek
was used to measure the flow. The device is able to measure the total flow of a river’s
cross section. The device is therefore placed at several locations in the river in a way that
between to measurement stations the flow difference is less than 10 % of the total flow. At
a specific location the velocity is measured by using the acoustic Doppler effect (measuring
the suspended particles). Depending on the depth of the water, the velocity is measured at
a depth of either 0.6 of the total water depth or 0.2, 0.6 and 0.8 of the total water depth.
From the known vertical distribution of the velocity, the total flow of the cross section is
calculated. [57]
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Figure 4.1: FlowTracker Handheld ADV [57]

- Water quality multiparameter meter: This device was supplied by the water laboratory
at the Civil Engineering faculty, TU Delft. It is a Multi-parameter portable meter MultiLine
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that can determine different water quality parameters. The four parameters measured
during the fieldwork with the corresponding probes were dissolved oxygen (DO), electric
conductivity (EC), pH and temperature.

Figure 4.2: Multi-parameter portable meter MultiLine [31]

- Rapid Stream Assessment (RSA): The RSA is a way that allows a quick assessment of
the stream health that is being studied by analyzing mainly micro invertebrates that live
in the different microhabitats in the stream. Scores under a certain criteria are used for
assessing microinvertebrates and other relevant parameters. This scoring process that
determines the stream class requires quite some experience. The classes range from 1 (best)
to 5 (worse). A more detailed description of the RSA can be found in chapter 6.2.7.

The following list contains some software and applications that were used:

- ODK android app and online free database: ODK stands for Open Data Kit, it is a
free open-source tool used for collecting data for future management, visualization and
analysis in convenient formats. The data can be either manually inserted online or via an
android mobile app, which is then sent to the server [19]. ODK was used in this project
for capturing information from the field measurements. Two applications were used,
ODK and GeoODK. The first one was used to record flow measurements, water quality
measurements and RSA classes; the GeoODK application was used for collecting land
uses because this app also allows to record GPS tracks and poloygons. A huge benefit was
found in using these applications as it automatically stores all data in a convenient way,
including a link to a map that shows all measuring locations as a GPS coordinate must be
recorded on site. Furthermore the handling is very intuitive which makes it an easy tool to
use for citizen science (see chapter 9.2.3).

- Quantum Geographic Information System (QGIS): QGIS is an open source tool for
Geographical Information System (GIS) information [50]. In order to analyse the spatial
data it was chosen to use QGIS. The version used is QGIS 2.14.6 with Grass 7.0. Grass is a
plugin for QGIS that is used for its extensive options of raster and vector manipulations.
The benefit of using this program is not only its many options for watershed analysis,
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but also the powerful functionality of visualising the data. This enabled us to create clear
tigures that helped us to analyze and further understand the data collected.

- Surface Energy Balance Algorithm for Land (SEBAL): Based on the surface energy bal-
ance, SEBAL is a method developed for computation of hydrological aspects such as
evapotranspiration, water deficit and soil moisture. Satellite images and basic meteo-
rological data are required as input. Initially developed for flat areas, UNESCO-IHE is
developing an automated version which will be capable of also dealing with hilly terrain.
This (still under development) automated version of SEBAL will be (unofficially) trialed
for computation of ET-estimates.

4.2 Fieldwork

After knowing the tools and equipment needed for realizing the project and obtaining results,
the fieldwork took place.

In order to do the field measurements, the working plan was done according to the following
steps:

1. Initial set-up of the field work: To get the necessary data for our ideas of the project, flow,
water quality and RSA measurements had to be done within the Kathmandu Valley. We
selected the tributaries of the Bagmati river and appointed different sites for different days,
usually a river per day. Even though we could determine the area of the springs roughly,
the exact location was still unclear, because available maps are not detailed enough. It was
therefore expected that the finding of the spring locations could include longer hikes. For
the time of the field work we rented a jeep that could bring is to even remote areas within
the Valley.

2. The measuring procedure: We started by searching for the springs of each river on the
outer parts of the Valley. With support of the local population we could identify the
perennial streams. The idea was to start with a stream in the headwaters in the morning.
After it was confirmed that the stream found was flowing perennially, the measurements
were performed from the source to the downstream parts before the river flows into the
Bagmati. This procedure was chosen to have similar conditions along the river. Due to the
fact that it was still raining from time to time, the conditions varied significantly from day
to day. Even tough we tried to follow a river in one day it was not always possible due to
weather conditions or simply the time.

3. At the measurement sites: Once we found the springs, we would proceed with splitting
into teams and measuring the water quality parameters, doing the RSA, capturing the
different land uses nearby and taking a flow measurement. After obtaining and captur-
ing all the results with the ODK and GeoODK applications, we would decide how far
downstream we would go to do the next set of measurements.

4. After getting used to measuring on site: At one point of the fieldwork, the presence of
every team member was not needed, so we would take turns and go in couples or by three
teammates.

On the last days of the fieldwork, some measurement sites hadn’t been done or had missing
data by mistake (very few of them), so we rescheduled them and took turns again to finish them.
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4.3 Timeline and schedule of the project

Finally, in order to follow our tasks and finishing them on time and in an efficient way, a schedule
was made, which is shown below and illustrated on a timeline on Figure 4.3:

Week 10

Finalizing report and
presentation

Week 2 Week 4 .,atﬁﬁf;‘fﬁ.g " Week 8

Fieldwork Fieldwork report structuring Trekking

Intro to Nepal and the Fieldwork Fieldwork Trekking
project

Finalizing report

Figure 4.3: General timeline of the project

- Week 1 (29 Aug-4 Sept): Initial meeting for an introduction of the project, defining and
shaping goals into concise activites. Nepali language lessons

- Week 2 (5-11 Sept): First week of fieldwork, after logistics were done in order to know
which places to visit strategically in the Kathmandu Valley. First field measurements.
Beginning in turns with first literature research and compilation

- Week 3 (12-18 Sept): Continuation of fieldwork and writing initial parts of the report.
Selecting, analyzing and emptying literature in the report

- Week 4 (19-25 Sept): Continuation of fieldwork and more initial preparations on the report
- Week 5 (26 Sept-2 Oct): Last week of fieldwork
- Week 6 (3-9 Oct): Data analysis and report structuring

- Week 7 (10-16 Oct): Trekking week on the Anapurna circuit. Isotopes samples were taking
when possible while going upstrem

- Week 8 (17-23 Oct): Second trekking week
- Week 9 (24-30 Oct): Analysis of the data and discussion of results

- Week 10 (31 Oct-4 Nov): Finalizing report and PPT presentation for meeting with TU
Delft supervisors

Sticking to the schedule was the key for realizing every task well and on time. Even though
timings in Nepal are more flexible and sometimes counter-productive due to the local culture,
we were able to follow the proposed schedule.
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Chapter 5

Quality of the data collected

After the data was collected during the field work, it is important to analyze the data and check
its reliability. Only if the accuracy of the data is in an acceptable range a further analysis of the
measurements is reasonable. Therefore the flow measurement device and the water quality
device are checked for their accuracy. Human influence on the measurements is also discussed
for both measurement types.

5.1 Flow measurements

In this abstract issues regarding the quality of the data are discussed. Most of the quality issues
are also covered in the FlowTracker Manual from 2007 [57]. This manual was used as a basis for
the data information and assessment and is therefore not mentioned for all citations individually.

As already described a FlowTracker Handheld ADV from SonTek/YSI Inc. was used to do
the flow measurements related to this project. First the quality control parameters and their
influence are discussed. Second, the focus will be on the influence that the person performing
the measurement can have on the accuracy of the measurement.

5.1.1 Description of the Quality Control (QC) parameters
Signal-to-noise ratio (SNR)

The signal-to-noise ratio (SNR) is a measure of the strength of the reflected acoustic signal relative to the
ambient noise level of the FlowTracker. SNR is the most important quality control data provided by the
FlowTracker.

The manual suggests that the SNR value should be higher than 10 dB to reach the best
operating conditions. But the device is able to work reliable with SNR as low as 4 dB. For a 2D
system a low SNR of either beam means that all velocity data is affected even if the other beam
shows a higher SNR value. Therefore the FlowTracker gives an alert at the end of a measurement
if the SNR of any beam is below 4.0 dB. The SNR value is directly related to the amount of
suspended material in the water. Low values are shown in water with little suspended material.
According to the manual most field applications have sufficient natural scattering material. This
is also what could be observed within the measurements taken during the multidisciplinary
project.

Standard Error of Velocity (V)

The standard error of velocity is a direct measure of the accuracy of the mean velocity data.
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The standard error is calculated as follows:
standard deviation of the one-second samples

oV = (5.1)

y/number of samples

The standard error is normally dominated by real variations in the flow and will vary
depending on the measurement environment. During the measurement the standard error
of the velocity at that particular point (x) is shown (¢Vx). When this cVx is greater than the
standard error threshold for that measurement, this may indicate that there is interference from
an underwater obstacle, a highly turbulent environment, or highly aerated water. If there are
any obstacles influencing the flow one should remove them in order to obtain higher accuracy
measurements. In case the flow is just turbulent at that position, one can also continue and take
that into account.

Boundary adjustment (Boundary QC)

The FlowTracker has a potential for acoustic interference from underwater objects. The system tries to
avoid this interference, but you must be aware of system limitations.

Reflections can occur from the bottom, the water surface, or submerged objects (e.g., rocks).
The FlowTracker records any changes required to avoid acoustic interference. It reports this
as Boundary QC. This value describes the effect (if any) of the boundary adjustments on
performance. To some extend the FLowTracker gives still accurate results even though an
obstacle is close to the sampling volume. In case the influence of that obstacle gets too big,
the FlowTracker notifies the user before the measurement is started in order to make eventual
modifications before starting the measurement.

Spike filtering

Spikes in velocity data occur with any acoustic Doppler velocity sensor such as the FlowTracker. Spikes
may have a variety of causes - large particles, air bubbles, or acoustic anomalies.

Spikes are filtered based on all velocity components. If values fall outside the above limits,
these samples are not used to determine the mean velocity. The number of spikes is recorded
and displayed at the end of each measurement.

Velocity angle

The velocity angle is defined as the direction of flow relative to the X direction. For an ideal measurement
site, flow should be perpendicular to the tag line used to define the cross section.

The FlowTracker’s x-axis is always held perpendicular to the tag line. The ability of the
FlowTracker to measure the 2D flow eliminates the need to estimate the flow direction with each
measurement which reduces a potential source for error in velocity measurements. The manual
states that a good measurement site typically contains flow variations with angles up to 20 — 30°

Maximum section discharge

Most agencies monitoring discharge expect that no individual station should contain more than a certain
percentage of total discharge. The Maximum Section Discharge criterion (default 10%) alerts you if this
standard is exceeded.

The maximum section discharge is checked when the End Section key is pressed and gives a
notification in case any station exceeds the predefined percentage of discharge. If desired one
can go back in the measurement and add more stations.

41



Maximum depth change
The Max Depth Change criterion is intended to avoid data entry errors.

It is assumed that the depth changes between stations will be gradual. If the entered depth
is different from a reference by more than a pre-set maximum, an alert occurs to be sure that the
depth was entered correctly.

Maximum location change
The Max Location Change criterion is intended to avoid data entry errors.

It is assumed that the spacing of adjacent stations is nearly constant across the river. Therefore
the FlowTracker gives a warning in case the spacing between two stations has changed more
than a pre-set maximum. Per default this maximum is 100% which means that the new station
spacing must be more than two time the previous station spacing in order to trigger the alarm.

Furthermore, any time a station location is changed, the location is compared to the starting
edge location in order to check whether the new location is outside the starting edge.

5.1.2 Uncertainty analysis

The FlowTracker is provided with a software package that performs some data analysis. In this
case the "Statistical” uncertainty calculation is used. According to the Manual it ‘provides the
most reliable indicator of measurement quality’.

The Statistical calculation includes the uncertainty in the depth measurement and the effect
of changes in depth between stations. For the velocity also the uncertainty in the measurement
and the effect of changes between locations is taken into account.

The average uncertainty in the measurements that were taken during this multidisciplinary
project, is 4.9% according to the Statistical uncertainty calculation. The maximum uncertainty is
15.3% the minimum only 1.9%.

Overall 13 % of the stations show a change of the flow to the previous station of more
than 10%. But the general impression of the data and its analysis is a good one. An average
uncertainty of the data of about 5 % is in an acceptable range.

5.1.3 External influence

The influence of not holding the measuring pole upright is negligibly small. Assuming that the
measuring tape is about 50 cm above the river bed and a maximum angle of 10° is assumed in
case the person performing the measurement wants to keep the pole vertically. The resulting
maximum deviation from the actual location is therefore 9 cm. If the measuring tape is higher
than 0.5 meters, the river is most likely to be wider as well which makes the influence relative to
the river width not more severe.

Other influences that more severely affect the measurement are the time of the measurement.
In Nepal, especially in the monsoon season, the flow is higher shortly or during a rain event, than
after a longer dry period. These differences can be even visible without a measuring device. It
sometimes happened that during the measurement the flow increased or decreased remarkably
due to human water use a bit upstream of the measurement location. These influences seem
to affect the data more than the actually measured flow. Even tough we paid a lot attention in
scheduling the measurements to avoid exactly these effects but the time was simply to short to
wait for the monsoon to be over completely. But we managed to keep these influences as low as
possible during the month of fieldwork.
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Finally an important influence of the measuring person is the choice of the river stretch
in which the measurement is performed. It is wise to choose a spot in which the water flows
parallel to the river banks over the whole cross section. Additionally turbulent flow should be
avoided as it will influence the quality of the measurement due to highly variable velocities.

5.2 Water Quality measurement

5.2.1 Influence of the measuring location on the accuracy of the data

To perform the water quality measurements, water from a stream has been collected with a
bucket in which the measurement probes were placed. The following Figure 5.1 shows the
differences between the measurement in the bucket itself and the measurement directly in the
river. Additionally the influence of the position of the measurement device within the bucket
was analyzed. Therefore the device was placed once in the middle of the bucket, in order to
have as little influence of the walls as possible. The other extreme is a measuring position at the
bottom edge of the bucket with as much influence of the walls as possible.
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Figure 5.1: Measurements of the same water at three different locations: In the river itself, in the
middle of a bucket (filled with water from the river) and on the most possible edge of the same
bucket. (The orange point in the temperature figure is at the exact same location as the blue one
and therefore not visible)

The analysis shows (Figure 5.1) that the differences of the different measurement locations
do not really matter for the temperature, Dissolved Oxygen and the pH measurement. The
only obvious difference can be seen in the electric conductivity (EC) measurement: The value
measured directly in the river is lower than the values measured in the bucket. This is due to
the characteristic of the measurement. The moving water has an influence on the measurement
of the EC. Because of disruptive effects in the moving water, the conductivity will always be
determined lower than in still water where the conductivity rate is more constant during the
measurement.

5.2.2 Analysis of the accuracy of the water quality measuring device

Additionally to the influence of a measuring location on the results, the accuracy of the measure-
ment device is tested. Therefore a number of ten samples was taken from the same water. The
resulting box-plots are shown in Figure 5.2.
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Figure 5.2: Box-plots for the water quality parameter

One should look carefully at the scale of the box-plots. Because the distance between the
whiskers is little, the scale was adjusted that the data can be analyzed properly. For the EC
(Figure 5.2a) the scattering of the data is large between the median and the lower whisker.
The upper 50 % of the data is relatively close. The difference between the minimum and the

maximum is only 1.9 uS/cm and the standard deviation is with 0.7 negligibly small.

The pH shows almost a normal distribution of the values (see Figure 5.2b) with a median at
7.59. The standard deviation is with 0.02 very little. The measuring device seem to display the

reality quite accurately.

The box-plot of the DO (Figure 5.2c) shows a relatively wide scatter in the upper whisker.
But also for this measurement, the difference between highest and lowest value is only 0.25

mg/1. The standard deviation is with 0.08 also relatively small.
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Finally the temperature measurements (Figure 5.2d) show that the median is at the line of
the 75 % quartile. The distribution is therefore very little. Only one value with 21.6 °C was
measured. The standard deviation of 0.08 proves that.

In overall it can be concluded that the measurement device works properly and does not
give any reason to question the accuracy of the data measured by the device.
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Chapter 6

Focus areas of the project

The project looks at the interlinkages between land use and the water quality and quantity of
the streams. The focus areas are determining water quality in the Valley, determining flow along
the course of the rivers in the Kathmandu valley, and making a landuse map of the Valley. The
methods used and the results from each of these focus areas will be discussed in this chapter.

6.1 Land use analysis

The aim of this focus area is to make a recent, detailed land-use image of the Kathmandu valley
so that it can be evaluated and complemented by the field research done in the first month
(September) of our project. Using watershed delineation, this map will be used to generate
statistics of the upstream landuse of the different measuring points. These can be combined
with the results obtained from the water quality measurements and flow measurements from
the same time period.

6.1.1 Methododlogy of Landuse classification

For the classification of different land-uses, remotely sensed data are used. The available images
were Landsat 8 images from the last 3.5 years. These were analysed and processed in QGIS.
Different land use classes were selected from the standardized classes as proposed by the USGS
[81] and is a refinement of the classes proposed by Anderson et al (1976). The selection, and
sometimes aggregation, of these classes is based on additional criteria further explained in
section 6.1.1.4.

This section will give detailed information about the data used, the landuse classes selected,
the approach to connect the chosen landuse classes to pixels on the Landsat images, the iterative
approach of making the classified maps and the validation method.

6.1.1.1 Remotely sensed data used for classification

In this project, the remotely sensed data that was used includes Landsat 8 images, a preprocessed
Normalized Difference Vegetation Index (NDVI) product and Google Earth visual map. The
NDVI map dates from 7 October of 2015, and both this and the Landsat images were obtained
from the USGS [81]. The Google Earth images are freely available and the map used dates from
30th of April, 2016. Landsat 8 images from of the 7th of Okotber, 2015 were used. Landsat 8
has eleven bands, representing different ranges of the electromagnetic spectrum. The bands
2-4 are in the ranges that show colours visible for humans and are called the red green and
blue sensors (4, 3 and 2 respectively) and combining them gives a real-colour image. An
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explanation of the the different bands and how they were used to determine land use classes
looking at the remotely sensed data is given in section 6.1.1.5. The Landsat 8 satellite has a
spatial resolution of 30 square meters, with one band having an even finer resolution of 15
square meters. The radiometric resolution, which describes the range and number of brightness
values the satellite can distinguish of Landsat 8 is 12-bit [82]. This means there are potentially
4096 distinct grey levels, important for the precision with which it can identify spectral features
for the identification of the land use classes.

The corresponding wavelengths and resolutions are shown in figure 6.1a. Figure 6.1b
compares the functioning of the OLI spectral bands of Landsat 8 (OLI is the sensor that collects
the data for the visible, short wave infrared and and near infrared spectral bands [27]) with the
ETM+bands of Landsat 7 (Where ETM+ is the Enhanced Thematic Mapper consisting of the 8
bands that Landsat 7 produces). It shows the atmospheric transmission at different wavelengths
and gives an impression what is captured by the different bands.

It can be seen that Landsat 8 provides two very precise new bands. The first is the coastal
band, which can collect specific blue light. This is very hard to capture because blue light is
easily scattered by the dust and water in the air (this is why the sky looks blue). The other
special band we see is band 9, the cirrus bands, which is reflected by cirrus clouds which are
undetectable by other bands but can alter the observation easily up to ten percent [42]. The
functionality of the different bands are briefly explained below, since this is of importance to
understand which false colour maps were created for the identification of landuses via visual
inspection of the Landsat 8 data.

- Band 1: coastal/aerosol band senses deep blues and violets. The band is mainly used for
detecting shallow waters or very small particles. In this project, Band 1 contrasted against
Band 2 is used to determine the location of shallow streams and ponds. However, later on
water was discarded as land-use class and the band was used to make the signature file,
but not to identify the training polygons as explained in section 6.1.1.2 and 6.1.1.4.

- Band 2, 3, 4: visible blue, green and red. The true-colour map obtained by combining
these three bands is used in this project to make a rough estimate of the land-uses present.
This map is then refined by the process of pansharpening, making it into a map with a
resolution of 15 square meters.

- Band 5: near infrared band reflects green plants because the leaves scatter the wavelength.
This band can be compared with other bands to obtain for example the NDVI. In this
project, the band is combined with bands 4 and 3 to create a false colour map emphasizing
build up area.

- Band 6 and 7: shortwave infrared bands (SWIR). These bands can differentiate between
wet and dry soil and between different kinds of rocks, which in other bands are often hard
to distinguish.

- Band 8: panchromatic band. This band has a bigger wave length as seen in Figure 6.1b
and because it 'sees’ more light at once it can produce the very nice, finer resolution of only
15 meters. Combined with the bands for visible light (a process called pan sharpening),
true-colour images with very small resolution are obtained to investigate further details of
the land use in this project (see Section 6.1.1.5).

- Band 9: cirrus band. This band has a very small range of wavelengths which almost all
gets absorbed in the atmospheres as can be seen in Figure 6.1b. The only reflection comes
from some particular clouds. These clouds are called cirrus clouds and are high with really
soft edges. It is these characteristics that makes it hard to see them on the images of the
other bands. However, measurements through these clouds are disturbed and can easily
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Band Number Hm Resolution

1 0.433-0.453 30m
2 0.450-0.515 30m
3 0.525-0.600 30m
4 0.630-0.680 30m
5 0.845-0.885 30m
5] 1.560—-1.660 30m
7 2.100-2.300 30m
8 0.500-0.680 15 m
9 1.360-1.390 30m
10 10.6-11.2 100 m
11 11.5-12.5 100 m
(a) Wavelengths of the Landsat 8 bands
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(b) Comparing bands of Landsat 8 (upper) and Landsat 7 (lower)[27]

Figure 6.1

be a couple percent off. This band is therefore used to ensure that the training maps (as
explained in 6.1.1.2) made to automate the landscape classification are not "trained” on
areas covered by these clouds.

- Bands 10 and 11: thermal infrared bands (TIR). These bands show the temperature of
the ground, and will not be used for the land-use classification.

The Landsat images used for the classification were selected with the criteria of low cloud
cover, recent in time and in the period closest to September. The period of the year was chosen
so that the areal images would, as closely as possible, match the groundtruthing data and so
that it would be possible to distinguish between two main agricultural uses of mais and rice.
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Since September was still very close to rain-season in Nepal, it appeared to be very difficult to
find any Landsat images from August or September with less than 10% cloud cover. In fact,
there are not any from June to September dating at least as far back as 2012. When one goes back
too far in time, the ground-truthing will be unreliable. This is why was chosen for the option of
7 Oktober 2015, with 0 % cloud cover, and relatively close to the ground period, to make the
detailed land-use map used for comparison with the water quality and demand.

6.1.1.2 Supervised classification in QGIS

The landuse map was made using a semi automated approach in QGIS. This approach combines
the knowledge and interpretation of the analyzer with the quantitative analysing power of the
computer [53]. This has as advantage that the spatial information can be used in a qualitative
sense by the interpreter; prior knowledge, visual interpretation and ground observations can be
taken into account. For example, the human mind can use its knowledge of characteristics of
landuses such as shape, location and contiguity.

The quantitative analysis by the computer can complement these advantages. Firstly, it
has as advantage that the computer can work on pixel size for the whole valley, while for the
human analyzer this would only be possible if the area under research would consist of just a
few pixels. Secondly;, it allows to use the full range of information supplied by the Landsat 8
images. Humans can distinguish only a limited number (approximately 16) of brightness values
of a pixel, whereas a computer can distinguish all 4096 given by Landsat 8. Not only can it
use all brightness values, also all the multi-spectral bands can be used, while this is limited for
human interpretation [53].

Band 7 |~ Each pixel has a distinc brightness
o .
/7 value in each band
Band 6
o
Band 5 L ]
Water Vegetation
Band 4 ",/

Classification

Map of Labels/Signature File

Satellite Image Data

Figure 6.2: The process of supervised classification

The semi automated approach that was used is called supervised classification. The framework
of the approach works by assigning a probability distribution to each spectral (landuse) class in
the multi-spectral space [53]. The method works by following the next practical steps:

1. Decide on the land use classes in which the Valley should be segmented.

2. Choose pixels that represent the different classes, these form the training data.

49



3. Use the training data to estimate parameters (often called signatures of the class) that
represent the classes.

4. The signatures are used in a probability model to classify every pixel of the area under
research.

5. Summaries in tables and thematic (class) maps are made that show the results of the
classification.

This process is described in more detailed below. A visual description of the process of assigning
signatures is given in Figure 6.2 and of the making of a probability model in 6.3.

Probability of each |

pixel belonging to
each class

Water

WVegetation
Decision Boundaries

Band 7

Figure 6.3: Two dimensional multi-spectral space with three spectral classes and probability
distribution

Determining spectral signatures for the classes is done by analyzing the vectors containing
the brightness values of the pixels that are pre-assigned to a certain class. The multi-spectral
space is formed by the different bands of the Landsat 8 satellite. This means that the probability
distribution will be a multi-variable distribution (mostly the Gaussian distribution [53]), with
the number of dimensions coinciding with the number of Landsat bands. An example of this
process for a two dimensional multi-spectral space (in this case formed by bands 5 and 7) with
three spectral classes (water, soil and vegetation) is given in Figure 6.3. The combination of the
brightness information of the different bands assigns the probability to belong to a certain class.
After this, the determination of all pixels to classes is done using a normal distribution given
by the mean vector of these brightness values of all eleven Landsat 8 bands and the covariance
matrix [53]. Mathematically, this gives

1

Ly —1(y_
pix) = 2r)N2|g[1/2° 2 (r=m) 27 () (6.1)

7

in which x is the vector of brightness values in the N dimensional space of the pixel and m is the
mean position of the landuse class (i.e the different brightness values of each band the respective
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landuse class is most likely to have). The covariance matrix X describes the spread of the classes
in the pixel space of the (Gaussian) distribution.

Assigning classes to pixels is done by using the spectral signatures for the landuse classes.
Once the mean vectors and covariance matrices are calculated for all the different landuse
classes, relative likelihoods that a pixel belongs to a certain class can be calculated. The pixel is
then assigned to the class in which it has the highest probability. This means that as soon as m
and X are known for all the spectral classes, the automated classification of any image with any
resolution can be done automatically.

The decision boundaries that are shown in Figure 6.3 represent the points at which a pixel
has equal chances for both classes. In that sense, these boundaries divide the space into (in the
case of this project 11 dimensional) regions that can be linked to the different selected landuse
classes. Within these boundaries, it is clear to which class a pixel should be classified. Outside
these boundaries, or when the pixel values give a low likelihood to all classes, the classification
is uncertain. This method of classification however, assigns an available class to the pixel,
irrespective of how small the likelihood of the pixel belonging to that class is. This will give
uncertainties in the final results when there are many regions within the multi-spectral space
that do not belong to one of the spectral classes. A two dimensional example (wWhen only two
bands would be used for determining the spectral classes) of this problem is shown in Figure
6.4a.

w2

wl w3

t i
Classified as w1 Classified as w3
(questionable) (questionable)

Classified as w2
(reasonable)

Unclassified regions

(a) Process of assigning class (b) Threshold for classification

Figure 6.4: The problem when classifying with low probabilities

To minimize this problem, two options are discussed here. The first is using an iterative
approach of validation and training to minimize the number of pixels forced to be assigned
to a class in which their liklihood is very low. The second option (which could be combined
with the first) is to add a threshold to the process. This would discard all the pixels that have
a low probability for every class and leave them un-classified, as shown in Figure 6.4b. The
combination would of course give the most reliable results. To combine this with the rest of our
measurements on flow and watershed analysis it is however not ideal of the surface areas of the
watersheds and the landuse in that watershed do not add up. This is why it was chosen here to
use extensive training and careful validation to minimize this problem.

Making a trainingsmap In order to find the mean brightness values m and the covariance
matrix X, some pixels must be assigned beforehand to the desired landuse classes. The pixels
that are linked by the interpreter to the landuse classes are called the training set because they
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"train” the computer to recognize the spectral characteristics of the different landuse classes. The
assigning of the pixels by the analyser is called the supervised learning [53].

To allow for proper training, the minimal number of samples for an N dimensional multi-
spectral space is N + 1 to allow the calculation of the inverse matrix [53]. Besides technical
necessities, it is clear that more training samples will give a better distribution. A practical
minimum of 10N samples per spectral class is recommended as minimum and a number of
100N as highly desirable if possible. When selecting 6 land use classes in combination with the
eleven Landsat 8 bands, this gives a number of 660 training polygons as absolute minimum,
and number of at least 6600 (pixels) as desired. It is also a great improvement if many different
sample sites are used. These all need to be determined and manually drawn by the analyser.
The approach to select the trainings set and the number of trainings-polygons made is discussed
in Section 6.1.1.5.

6.1.1.3 Iterative approach for classifying and validating

In order to obtain good results, the process described above was repeated five times. After
classification, the results were evaluated. First, visual errors were very clear; too much water
classified, problems in distinguishing between subclasses due to either too little training data/p-
resence in the Kathmandu valley, or because of doubtful visual assigning of the classes in the
training polygons. After the first three classified maps, the landuses were finalised and more
training polygons were drawn for the critical classes and validation was done by looking into
detail at the map. Comparing it to the validation points and google earth images. The final
landuse map of the Valley and the validation of this map are found in sections 6.1.3 and 6.1.4
respectively.

6.1.1.4 Landuse classes selected

The Landuse classes are selected and grouped based on the classification system called NLCD 92
system, introduced by The USGS Land Cover Institute [81]. It is important to use standardized
classification systems in order to compare land use maps to other areas, other existing land use
maps of the same area, and to be able to aggregate available data. It also makes the produced
maps easier to be used for different researches.

Criteria the final selected classes needed to fulfil were;

- Presence and importance in the Kathmandu Valley.

- The final classified map should be able to identify the landuse classes within a 85%
accuracy interval. Furthermore, the accuracy of the different land use classes should be
approximately equal for the different classes.

- It has to be possible to use the same classification system in previous and future years in
the Kathmandu Valley.

- The classes should be chosen in such a way that they are as detailed as possible, and such
that they can represent activity in the Valley.

- The classes should be flexible when first defined, such that subclasses can be used for
ground-truthing and the option to aggregate different classes remains possible until the
final automated classification made after the iterative process of validation and classifica-
tion.

In order to fulfil the criteria, subclasses were introduced to allow for a wide range of options
for the ground-truthing. After a month of fieldwork, a feeling for the dominant landuses was
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(c) Forest (d) Shrubland

(e) Rice (f) Mixed Planted

Figure 6.5: Ground photos of different landuse classes, taken during fieldwork

developed and some of the subclasses were merged together. The classes used for landuse
identification during the ground-truthing are shown is shown in Table 6.1. The final selected
classes used for the landuse image are shown in Table 6.2. To give an impression of the classes
on the ground, for each class a representative photo of the fieldwork measurements is included
in Figure 6.5.

Reasons for aggregation and elimination of landuse classes. The main reason for elimination
of landuse classes was simply that their presence in the Kathmandu Valley was very limited. This
holds for wetland, evergreen forest and mixed forest. Fallow planted and barren land deserve a
separate mention here. Their presence was basically non-existent in the (post) monsoon months
of September and October, making it impossible to make enough training polygons for the
signature map to classify them. However, if one would want to make a landuse map for the
period between December and May;, this class should be added again.

For the elimination of the water landuse class, the reason was different. Water was the
class of which most ground-truthing was done, since most measurements sites were near rivers.
Furthermore, water was easy to identify using the many ground data and Google Earth for the
location of the water. The problem was in the size of the water bodies. Since the water bodies in
Kathmandu are very small except the lower part of the Bagmati river, most pixels of the Landsat
8 contain water as well as land. This gives a signatures for that class with a very large standard
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Subdl. for Number
Main classes for ground truthing ubciasses 1ot Description of field
ground truthing
data
Water Open water or permanent ice/snow cover of at least 75% 36
Developed Low . 30%-80% constructed 16
Density
High Density 80% - 100% 9
Infrastructure >3_0 /.o constructed, without many Pe?ple 4
residing there, e.g. commercial buildings, roads, factory, etc.
>75% barren soil, e.g natural rocks, brick
Barren . 5
factories, recently cleared land
Decideous >25% of the land covered by trees, where >75%
Forested . . . . 14
forest of the trees is decideous, e.g. loses its leaves during a season.
>25% of the land covered by trees, where >75% of the
Evergreen forest | trees is evergreen, e.g. keep there leaves all year round. 1
Typically fine needles.
Mixed Forest Both evergreen and decideous trees, with a tree 0
cover of >25%
Natural vegetation less than 6 meters tall.
Shrubland Shrubs cover >25% 6
Natural Grassland Grasses cover >75% 6
Planted Rice Rice covers up >75% 23
Corn >75% is corn agriculture 5
Grain >75% is grain agriculture 3
Fallow >75% is normally farmed but currently barren 0
Orchard e>tC75 % orchard vegetation, like apple trees 2
Recreational grass >75% covered by planted vegetation, e.g. 2
Parks, golf courses, etc.
>75% agriculture, but of a mixed type or that does
Mixed, other not fit the other catagories, e.g. greenhouses, cabbage, 7
small mixed patches.
Wetland >25% vegetation with periodic water present 2
Total 141
Table 6.1: First selection of classes and subclasses
. Measurements
Class Description Ground measurements 1
used for validation
Developed Low 30%-80%build up area 17 3
Developed High 80%-100% build up area 13 4
>25% covered by trees
Deciduous) forest . . o 15 5
( ) of which >75% is deciduous
>75% natural vegetation,
Shrublands o & 14 4
with hights of less than 6 m.
Rice fields >75% rice fields 23 4
>75% is planted agriculture or
. recreation, with <75% rice fields,
Mixed Planted N 19 4
e.g. orchards, parks, corn fields and
mixed agricultural patches.
Total 101 24

Table 6.2: Final selection of landuses for classification
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deviation because the pixels include part water, but also part of all the other classes since water
is present near all these classes. As a result, many pixels containing some combination of the
bands are classified as water, which resulted in a heavy overestimation of the amount of water
present in the Valley. On the other hand, if only the lower section of the Bagmati was used for
training, hardly any water pixels could be used for the training which could lead to a decrease
in accuracy of the classified map. Hence, it was chosen to discard the class for water. Water will
likely not take up more than a percent of the land use in the Valley, so this was considered to be
a reasonable alteration.

The reason for aggregation of the separate subclasses had two main reasons. In the first
case they were too hard to distinguish on the aerial information by the interpreter when no
ground measurements were there to allow for a definite classification. In the second case the
visual classification was possible but the resulting signatures were too similar to ensure a proper
distinction during the automated process. For example, it proved impossible to recognize the
difference between corn and grains from the aerial images. On the other hand, the difference
between natural grass and parks was possible using Google earth, but were mixed up during
the automated classification. In the end it was decided to split the planted classification up in
rice and mixed planted, resulting in the the six final landuse classes shown in Table 6.2.

Legend

Watershed
® Measurement points &8
® Validation points %

Figure 6.6: Location points of ground measurement points during fieldwork, September 2016

6.1.1.5 Visual inspection of landuse classes

The biggest uncertainty of making a landuse map is in defining the training set. Since all
quantitative calculation is based on the selected training pixels, the accuracy of the classification
depends strongly on the ability of the analyser to make true and representative trainings
polygons [23]. This can be a most difficult task, especially for untrained image interpreters [53].
In order to minimise this uncertainty as best as possible, a ‘learning” base for the analyst was set
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up by making field observations. During the fieldwork, a 141 landuse measurements were taken
of the different selected classes. After further inspection and aggregation of some subclasses,
101 usable ground measurements remained. Of these, 77 are used for the training, the other 28
for validation. This includes four groundpoints of subclasses that were eliminated and added
for the validation points to see how they are classified after the elimination of their classes.The
final selected subclasses and the number groundmeasurements and validation points per class
are shown in Table 6.2. The location of the measurement points and the ones used for validation
are shown in Figure 6.6.

The ground observations used for the training were not merely used as training polygons.
Their main importance was in training the interpreter to recognize the different classes on the
different aerial data, since for every class many more trainings polygons needed to be drawn.
This training was done by comparing the aerial footage with the found classes of the ground
data to be able to recognize their signatures on the aerial images. This was especially useful for
learning to recognize the differences between the classes that are rather similar; shrubland and
forest, high and low developed urban area and mixed planted and rice. The aerial data used for
determining the landclasses was obtained from Google Earth and different combinations of the
Landsat 8 bands in the form of true and false colour maps, as can be seen in Table 6.3.

The false colour maps are made because they have the ability to emphasize different charac-
teristics that do not show up on a true-color image by the use of different landsat bands like the
thermal band or the near infrared band (used to detect vegetation). Using the visual inspection,
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Figure 6.7: Training polygons based on the fieldwork measurments and aerial images

a total number of 305 locations were assigned to a class and used as a training polygon. The
locations of these polygons are shown in Figure 6.7. Per class, the number of polygons, average
pixel size, standard deviation and total trained area are given in Table 6.4. The area per landuse
class is calculated by multiplying the number of pixels per class by the size of the pixel, which
for the Landsat 8 is 900 m?. Note that there are no unclassified pixels since no threshold was
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Map visual Map name Date Discription

Google earth is a very detailed virtual globe map. The map
is a combination of satellite imagery and aerial photography.
Many ‘ground’ photos are available in the map, which are
also used to improve the estimations.

Google Earth 30/04/2016

Combination of the visual bands of Landsat 8 gives a true

True Color Map 07/10/2015 . - L .
colour image, giving an intuitive impression

A False colour map emphasizing healthy vegetation, most
commonly used to see changes in vegetation. The plants
reflect much more near infra-red light (band 5) while
absorbing the green, making the vegetation seem red

Falsel;gcl;lg);?,Map 07/10/2015  is this picture. The darker red the vegetation, the denser the
plant growth. Cities and bare ground show up as grey or
blueish and clear water is black. However if the water is
muddy or contains other solids, it will show up as blue.
Brighter blue will indicate less clear water.

A false colour map emphasizing differences in vegetation. In

False Color Map the true colour image, all vegetation has a similar olive colour.

RGB1073 09/10/2015 In this image, the thermal bands helps showing the shrubland
as peach coloured, while woodland gives a redder color.
Urban area appears as pink.
A false color map emphasizing differences in build up area.
Flas;é(})}l;g 4Map 10/10/2015 The denser the brljlild Ep area, %he more of the short wzve bands

is absorbed, hence the more blue (band 4) it appears in this image.

A combination of the near-infrared band and the red visual

band, emphasizing vegetation growth. This image

was readily available for day 280 of 2015, and was left black
NDVI 11/10/2015  and white because it appeared easier to recognize different

features that way. Build-up area and the difference between

agriculture and forestry vegetation can be clearly

distinguished here.

Table 6.3: Images assisting the visual classification

used, as explained in 6.1.1.2. The size and variation in the trainingspolygons illustrates the
difference per class; forest is rather easy to classify and is bulked into big areas of the same
landuse, with an average size of 352 pixels per trainings-polygon. The ground measurements
would often indicate a GPS coordinate, with an indicated buffer of the extend of the forest,
making it easy to draw big polygons with high certainty. For the agriculture, especially the
mixed planted was a very different story. These mixed planted lands usually contain very small
patches and are often near light densely populated areas, making it often impossible to draw big
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Polygons | Total Pixels Average Pixel Stand Dev Total. Area 2
per Polygon classified (km?)
Developed Low 93 8713 94 189 7.8
Developed High 58 3251 56 180 2.9
Forest 29 10236 352 735 9.2
Shrubland 10 438 43 78 0.39
Rice 51 3224 63 49 2.90
Mixed Agriculture 64 1646 26 59 1.48
Total 305 28517 93 285 25.67

Table 6.4: Statistics of the trainings polygons

areas containing the same landuse. The total assigned area per class exceeds the desired number
of trainingareas imposed by Richards et al. as explained in 6.1.1.2 for all classes and fulfils it for
the shrubland classification.

6.1.2 Methodology of Watershed Delineation

During the fieldwork 60 water quality measurements and 83 flow measurements have been
performed. In order to link these to the classified landuse map, area statistics of the delineated
watersheds of those measuring points are generated. This section explains the methodology for
the watershed delineation.

The program used to generate the delin-
eated watersheds is QGIS 2.14.6 with Grass
7.0. QGIS is an open source tool for Geo-
graphical Information System (GIS) informa-
tion. [50] Grass is a plugin for QGIS that is
used for its extensive options of raster and
vector manipulations.

A grass location is set up in the same coor-
dinate system as the landsat images. This co-
ordinate system is the WGS 84 UTM 45N sys-
tem. The grass region is bound between the
coordinates 3080000°N, 3045000°S, 358000°E |
and 319000°W. This includes the whole Kath-
mandu Valley watershed in which we are in-

Legend
terested. The base map for the watershed Elevation

Il 598 m

analysis is a Digital Elevation Model (DEM)
map. An Shuttle Radar Topography Mission
(SRTM) map is used from USGS. The resolu-
tion is 30 meters and it is converted to the
right coordinate system by saving it within
QGIS in the project’s system, see Figure 6.8.
Using the Grass module r.watershed, a Drainage Direction Map is generated. For every
rasterpoint this module chooses the rasterpoints with the lowest elevation out of the eight
neighbouring rasterpoints and gives it a number accordingly. This allows the same module to
create a drainage accumulation map, which, for all rasterpoints, counts the number of points
that flow into it. This information is used to generate streams by setting a certain threshold,

(S

Figure 6.8: DEM from SRTM used for watershed
analysis. Resolution is 30 meters
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giving a value of 1 only to the rasterpoints that pass this threshold. By vectorizing this layer
(r.to.vect module), a continuous line can be created, representing the streams that are expected
from the DEM. The streams with threshold 600 are shown in Figure 6.9a. This threshold is
used for in the figures throughout the report as it visually has the right amount of detail. The
only further use for the stream vector file is to determine the coordinates in order to find the
watersheds as described in the next section.

Legend 2
Streams Threshold=600

[ Kathmandu Valley

I Nakhu Watershed

Legend
Streams Threshold=600 |\
[ Kathmandu Valley

25 10 /25 5 75 Mokm

(a) Streams generated from the DEM (b) Watershed of the Nakhu River

Figure 6.9: Delineation of watersheds. The boundary shows the Kathmandu Valley watershed

The Grass module r.water.outlet uses the drainage direction map to determine all the points
that flow into a given coordinate. It creates a new rastermap with value 1 for all these rasterpoints.
This rastermap can consequently be vectorized using module r.to.vect which creates a vectormap
of the watershed. The watershed of the Nakhu river until it flows into the Bagmati river is given
as an example in Figure 6.9

Using the Grass module r.stats with the option "area’, a csv file with statistics from the
given rasterfile is created. This module is used to derive the total areas of the different landuse
categories from the landuse map. In order to get the statistics from a specific watershed only, a
mask is created from the watershed rasterfile, which then masks the raster compilation of the
r.stats and gives the landuse statistics only of this watershed.

The above procedure is performed for all the GPS coordinates of the RSA measurements
done. As these points lie not exactly on rivers, let alone on the streams generated by Grass, the
points are manually moved onto these streams. This in order to include the whole subwatershed
instead of only a small side area. For this step, a stream map with threshold 100 is used, as this
has a lot more detail than the map with threshold 600 that is used for the illustrations. Writing
a python script allows to loop through all the 60 coordinates and consequently store them in
one csv file which can later be used for the analysis. This script can be found in 11 and after
arranging the data loops through the following Grass commands:

- r.water.outlet; Input=Drainage Direction Map, Output=Watershed Rasterfile.

- r.to.vect; Input=Watershed Rasterfile, Output=Watershed Vectorfile, type=area.
- r.mapcalc; MASK for Watershed Rasterfile=1.

- rstats; input=Landuse Map, Output=stats csv file, options=area

- r.mask; options=remove

The results generated are sorted using script 11.2 in appendix 11 and will be used for further
analysis.
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Figure 6.10: Landuse Map classified by the use of remotely sensed data

6.1.3 Results

This section describes the results of the Landuse classification and the statistical analysis of the
delinearized subwatersheds.

6.1.3.1 Results of Landuse classification

In figure 6.10 the final Landuse map is shown. As can be seen, the city area is mostly situated
in the centre of the Valley, which is in line with what is expected, as this is the flatter part of
the Valley. Different areas with deciduous forest can be distinguished in the outer areas of the
watershed. Between the developed area and this forest, a clear presence of rice cultivation is
found. Having Figure 6.9a in mind, it is clear that the built-up area is developed along the rivers
showing the preference of people to live close to a water source.

6.1.3.2 Statistical analysis of the landuse within the subwatersheds.

The distribution of the landuse classes for the whole Kathmandu valley watershed is illustrated
in figure 6.11. Of the total area only 26 % is built area, while 33 % is natural vegetation and
41 % is planted area. Almost 60 % of this planted area is rice. All delineated watersheds are
illustrated in Figure 6.12. The areas are accumulated meaning that a downstream watershed
includes all upstream watersheds. Table 6.5 sums up the total areas of the landuse categories per
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subwatershed. That the developed area increases towards the centre of the Valley, can be read
from table 6.5 as well, as the percentage of developed area increases for the watersheds more
downstream. Furthermore it can be seen that in the most upstream watersheds, the landuse
consists mainly of deciduous forest.

A particular subwatershed that
shows some interesting results is the wa-
tershed of the Nakhu river. This river
is formed in between two close ridges,
which makes that the watershed is very
narrow for a long stretch. This makes
that the percentage of the developed
area stays relatively low.

B Developed Low (16 %)
M Developed High (10 %)
M Decideous Forest (22 %)
® Shrubland (11 %)

I Rice (24 %)

B Mixed Planted (17 %)

Figure 6.11: Distribution of the different landuse
classes over the complete Kathmandu Valley
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Watershed | siteID DevLow DevHigh (Dec)Forest Shrubland Rice MixPlanted Total
Nakhu 16090502 | 0 0 (0%) | 408  (98%) | 6 1%) |3 1%) |0 (0%) | 417
16090507 | 310 0 (0%) | 3610  (53%) | 1202  (18%) | 1388  (21%) | 250  (4%) | 6760
16090511 | 2827 3 (0%) | 16068 (43%) | 9162  (21%) | 11208 (24%) | 2706  (5%) | 27120
16092610 | 5446 1803  (3%) | 16826 (31%) | 9540  (17%) | 15386 (28%) | 5882  (11%) | 54883
16090512 | 5446 1803 (3%) | 16826 (31%) | 9540  (17%) | 15386 (28%) | 5882  (11%) | 54883
Kodkhu 16091406 | 82 0 (0%) | 986 (34%) | 982 (34%) | 724 (25%) | 129 (4%) | 2903
16082702 | 2776 155 (1%) | 3597 (17%) | 2617  (13%) | 7705  (37%) | 3909  (19%) | 20760
16082703 | 4167 492 (2%) | 3670 (15%) | 2627  (11%) | 8044  (33%) | 5417  (22%) | 24416
16093001 | 7962 2235 (7%) | 3681  (11%) | 2628  (8%) | 8639  (26%) | 7647  (23%) | 32792
Hanumante | 16091619 | 145 0 (0%) | 3453 (52%) | 2190  (33%) | 802  (12%) | 99 (1%) | 6688
16091614 | 4118 823  (3%) | 4851 (20%) | 1858  (8%) | 8685  (36%) | 3471  (15%) | 23806
16091610 | 5489 1120 (%) | 9312  (17%) | 6881  (13%) | 22120 (41%) | 9036  (17%) | 53958
16091603 | 12366 2872 (3%) | 12232 (13%) | 8888 (9%) | 37870 (40%) | 20455 (22%) | 94683
Godavari 16091502 | 0 8 (0%) | 3809 (91%) | 280 (7%) | 102 2%) |2 (0%) | 4200
16091503 | 8 0 (0%) | 1298  (82%) | 251  (16%) | 20 (1%) |0 (0%) | 1577
16082701 | 8 0 (0%) | 1748  (79%) | 397  (18%) | 46 %) | 26 (1%) | 2225
16091505 | 724 53 (0%) | 11743 (58%) | 2798  (14%) | 3480  (17%) | 1412 (7%) | 20212
16091506 | 2196 175  (0%) | 15785 (44%) | 4450  (12%) | 8717  (24%) | 4711  (13%) | 36033
16091605 | 3523 260 (1%) | 16302 (35%) | 4707  (10%) | 12956 (28%) | 8497  (18%) | 46246
Manohara 16091706 | 422 0 0%) | 2642 (25%) | 4618 (44%) | 2479 (24%) | 237 (2%) | 10398
16091709 | 4538 88 (0%) | 10261 (18%) | 16012 (28%) | 14775 (26%) | 11465 (20%) | 57138
16092704 | 6025 126 (0%) | 10409 (16%) | 16175 (26%) | 15622 (25%) | 14983 (24%) | 63339
16092716 | 7802 569 (1%) | 10515 (15%) | 16191 (24%) | 15852 (23%) | 17444 (26%) | 68373
16091601 | 9963 1178 (2%) | 10524 (14%) | 16191 (22%) | 15920 (22%) | 19077 (26%) | 72853
Bagmati 16090905 | 3 0 (0%) | 198  (98%) | 2 1%) |0 (0%) |0 (0%) | 202
16091002 | 0 0 (0%) | 243  (78%) | 67 (21%) | 3 (1%) |0 (0%) | 313
16091004 | 0 0 (0%) | 8631  (94%) | 504  (5%) |27 (0%) |6 (0%) | 9168
16091005 | 29 0 (0%) | 11762 (92%) | 1030  (8%) | 157  (0%) |9 (0%) | 12987
16090901 | 67 0 (0%) | 1627  (62%) | 819  (31%) | 85 (3%) |6 (0%) | 2604
16091101 | 291 0 (0%) | 8398  (60%) | 4387  (31%) | 931 7%) | 24 (0%) | 14032
16090801 | 330 0 (0%) | 8951  (56%) | 5341  (34%) | 1193  (8%) | 44 (0%) | 15860
16093004 | 627 0 (0%) | 24470 (69%) | 8255  (23%) | 1878  (5%) | 268 (1%) | 35498
16092905 | 3483 61 (0%) | 26755 (48%) | 12395 (22%) | 6795  (12%) | 6233  (11%) | 55722
16092903 | 8820 2471 (4%) | 27816 (42%) | 12506 (19%) | 7102  (11%) | 8245  (12%) | 66960
160924 | 10839 4979 (7%) | 28072 (39%) | 12509 (17%) | 7161  (10%) | 8713  (12%) | 72273
16091302 | 221 0 (0%) | 440  (21%) | 476  (23%) | 886  (42%) | 68 (3%) | 2091
16091303 | 65 0 (0%) |5 (1%) |21 (6%) | 250  (66%) | 38 (10%) | 379
16091304 | 1041 0 (0%) | 3327  (33%) | 1397  (14%) | 3559  (36%) | 628  (6%) | 9952
16092604 | 2188 638 (5%) | 3470 (25%) | 1514 (11%) | 4307  (31%) | 1710 (12%) | 13827
Dhobi 16092103 | 0 0 (0%) | 3610  (99%) | 30 1%) |9 0%) |6 (0%) | 3655
16092401 | 831 79 (1%) | 6577  (62%) | 994 (9%) | 1321 (13%) | 744 (7%) | 10546
16092504 | 1870 102 (1%) | 7154  (45%) | 1656  (11%) | 3183  (20%) | 1799  (11%) | 15764
16092508 | 5255 3234 (13%) | 7219 (29%) | 1721  (7%) | 3870  (16%) | 3502  (14%) | 24800
Bishnumati | 16091904 | 0 0 (0%) | 164  (96%) | 8 @%) |0 (0%) |0 0%) | 172
16091903 | 304 0 (0%) | 4217  (58%) | 1090  (15%) | 1566  (21%) | 125  (2%) | 7301
16092804 | 785 3 (0%) | 5131 (43%) | 1505 (13%) | 3873 (32%) | 677 (6%) | 11975
16092811 | 5700 1838  (5%) | 10570 (31%) | 2928  (8%) | 8812  (26%) | 4620  (13%) | 34469
16092606 | 18453 16089 (16%) | 24036 (24%) | 6994  (7%) | 23378 (23%) | 11853 (12%) | 100803
16091901 | 50 0 (0%) | 519  (44%) | 341  (29%) | 256  (22%) | 12 (1%) | 1178
16091902 | 1328 43 (%) | 377  (7%) | 373  (7%) | 2232 (41%) | 1123  (21%) | 5477
16092406 | 1041 8 (0%) | 2450 (26%) | 1304 (14%) | 3981 (42%) | 781 (8%) | 9564
16092413 | 4118 823  (3%) | 4851 (20%) | 1858  (8%) | 8685  (36%) | 3471  (15%) | 23806
16091614 | 4118 823  (3%) | 4851 (20%) | 1858  (8%) | 8685  (36%) | 3471  (15%) | 23806
16092606 | 18453 16089 (16%) | 24036  (24%) | 6994  (7%) | 23378 (23%) | 11853 (12%) | 100803
Balkhu 16090708 | 484 33 (1%) | 1293 (26%) | 835  (17%) | 1787  (36%) | 566  (11%) | 4999
16090706 | 1414 195 2%) | 4719 (39%) | 1188 (10%) | 3220 (26%) | 1424 (12%) | 12160
16092601 | 4080 733 (3%) | 9277  (33%) | 2328  (8%) | 7698  (28%) | 3864  (14%) | 27980
Complete | 16092901 | 96084 56425 (10%) | 130877 (22%) | 65911 (11%) | 138609 (24%) | 99074 (17%) | 586980

Table 6.5: Total area’s of the different landuse categories per subwatershed in 10° m?
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6.1.4 Validation

Validation of the classified landuse map is done in three ways. Firstly, 28 validation points from
the fieldwork were compared to the classified map. Secondly, detailed parts of the landuse
map are compared to google earth. Thirdly, the map is compared to landuse results from other
sources.

6.1.4.1 Validation using groundtruthing

The ground data obtained by the fieldwork include for every measurement a GPS location,
photos and a description of the landuse and the surroundings that can be seen. When possible,
a buffer is indicated giving an impression of the extend of the observed landuse. An example of
such a measurement is given in Figure 6.13b and Table 6.6. In order to compare the validation
points to the classified map, snapshots of the landuse map were made and analyzed. This
was not a simple True or False validation, looking merely at the class given by the ground
measurement and comparing it to the pixel class at that GPS location. The image was interpreted
with and compared to the photos and comments of the landuse measurement. Quite some
times, the classes at the corresponding pixel did not match while the ‘wider” classified image
showed that the classification actually was done right. A reason for this phenomenon is that the
GPS recording is often done at the edge of the landuse. For example in the case of a rice field
measurement: instead of walking into the rice field, the location point is taken from the edge,
often a road and hence classified as low developed. Having the locationpoint at the edge of
the landuse mainly happened for the landuse classes consisting of smaller areas; Rice, Mixed
Planted and Shrubland. Forest is a class that is often very homogeneous and has this problem
very little. Another reason not compare only the one-pixel at the measurment location, is that
the GPS measurements are too inaccurate. The precision of the point measurements using smart
phones ranges between the 3 and 20 meters, which could cause the actual landuse to be in a
different pixel even though the measurement was taken at the right point. All together, if a 1
pixel analysis would be applied the validated accuracy of the landuse map would give an unfair
(low) impression.

(a) Validation point on the Classified map (b) Ground image at validation point

Figure 6.13: Comparing validation point 16091507 with the classified map. The arrow indicates
the direction in which the photo was taken. The numbered polygons are used to compare the
images in the text.

To illustrate the validation, the validation of a random ground measurement point is ex-
plained. The randomly chosen validation point is shown in Figure 6.13a and is classified (at pixel-
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Classified as Rice. Exact pixel value: Mix Planted. Comments written with the measurement are:

"We can see rice but also other plants. In the back as far as can be seen tomato plats with a roofstructure
(greenhouse-like).”

‘Boundary is the river on the right hand side (looking downstream), the road on the left. The rest of the boundary is
houses. ’

"Closest village: Lubhu. Buffer: Along the river rice fields continue for at least 500 meter.”

Table 6.6: Comments during fieldwork at ID 16091507

level) as Mixed Agriculture by the automated classification and as Rice by the groundtruthing.
When we look at the comments and the photo of the landuse measurement (Figure 6.13b and
Table 6.6), we read that the measurement was taken from the road right next to a stream. This
resulted in a measurement location on the edge between Low developed, Rice and Mixed
Planted. When the line of sight from the photo (given by the arrow) is followed, we see that the
classification corresponds to the photo: Location 1 (indicated by the cirlce with a 1 in Figure
6.13a) shows the rice field as shown in the photo. Location 2 shows Mixed Planted, a class that
also includes greenhouses, corresponding to the photo as well. Behind the greenhouses we see
houses, corresponding to the Low Developed shown in 6.13a. The rest of the comments of the
ground measurement can also be found within the classified map: One can see that the ricefields
indeed extend along the river at location 4 and that houses indeed form a boundary at location
5. This method of validation for every point is summarized in Table 6.7.

Of the 28 validation points, only three were classified wrongly and one unknown. This is of
course too small a test group to draw any statistics on, but the general outlook is very good with
a percentage of good classified landuse of 88 %.

The three wronly classified validation points could not distinguish between Shrubland and
Mixed Planted, Rice and Mixed Planted and Developed High and Developed Low. Little can be
concluded from this number of mistakes. However, since Mixed Planted is a very broad class
it seems logical pixels witch does not show the perfect signature of the rice or shrubland class
will be classified as Mixed Planted. This might increase the area of this class significantly. The
problem appears to be be small enough to obtain the desired accuracy of 85 % as explained in
6.1.1.4 so the distinction between the classes should be kept.

The difference between High Developed and Low Developed is hard to validate using
ground data. By the method of classification used, the class is solely determined on the signatures
of that pixel. This causes that there is no homogenous classified area of High Developed; as soon
as there is a grass field next to a house, or a small agricultural land that is found throughout the
city, the pixel is classified as Low Developed. This is not necessarily a problem but can raise
some questions when looking at the landuse map or when comparing the classified map to the
ground data. Note here that Developed Low is defined as built up area taking up 30-80 % of
the landuse. This is therefore still easily found in the city center of Kathmandu. Most roads are
also classified as Developed Low. When doing ground validation, the groundtruthing is made
based on the general view of the city or the village; Not the fact that you are standing next to a
river, or a small unpaved area. Looking at Google Earth images, the general distinction between
Developed High and Developed Low seems to be good. Even though distinction between these
two classes can be difficult, it seems unnecessary to aggregate the two classes.

6.1.4.2 Comparing the Landusemap with Google Earth

A second source used for validation was comparing a detailed area of the Valley in Google
Earth to the classified map. Google Earth uses a combination of many satellite images in
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Measurement Class assigned | Classified by Right? Righjr after‘ Comments during validation
ID at Fieldwork | Landuse map consideration
Using Google Earth, it does seem Low Developed because there
16092404 Dev High Dev Low No Yes are many gardens behind the houses. This can be hard to estimate
standing on the road at the front of the houses.
16091507 Rice Rice Yes Yes Fieldwork comments of surrounding are also perfectly visible
16090501 Forest Forest Yes Yes
16092703 Rice Mix Planted | No No Some Rice, but mainly classified as Mixed Planted.
16092706 Mix Planted Mix Planted | Yes Yes

According to fieldwork comments and photos, the river is surrounded by
16091603 Water Dev High Impossible | Yes garbadge and 3 to 4 story buildings and an asfalt road. Since water is not an
option for classification, Dev High is the proper classification

16091302 Dev Low Dev Low Yes Yes
The fieldwork comments say this was a ‘small patch of grass in the

16092715 Shrubland Dev Low No Yes village of 30 by ?70 m’. This can easily bg classified as quDev?loped when
the pixels contain part of the surrounding houses. This is considered
correct.

16091613 Rice Rice Yes Yes

The fielwork comments said that it is a ‘not natural barren/grassy field
16092719 Barren Planted Mix | Impossible | Yes for sports’. Since Barren is a non existend class, this should indeed be
classified as Mixed Planted, which includes planted fields.

The comments say ‘Light coniferous forest/Shrubs’. In the landuse map we

16090709 Forest Forest Yes Yes see that the GPS location indeed lies at the edge between forest and shrubs.
. . Comments and photos are too unclear to determine the dominant

16091618 Water Rice Impossible | Unknown .
surroundings of the water.

16092605 Dev High Dev High Yes Yes

16091701 Shrubland Shrubland Yes Yes

16091703 Forest Forest Yes Yes Big buffer given in the fieldwork comments can be seen in the landuse map
The location on the Landuse map is classified as Planted Mix instead of

16092902 Shrubland Mix Planted No Yes shrubs. In the landuse map, thg pixel is cleseA to shrubé, §(1me F(.)re§tA an@
some Dev Low. The landuse picture also indicates a similar variability in
the classes, so the classification is correct

16091005 Forest Forest Yes Yes Eig buffer. of 500 meters given in the fieldwork comments. The GPSpoint is
indeed widely surrounded by forest in the Landusemap
The fieldwork comments say the following: ‘Beautiful unknown white plants

16091709 Water Mix Planted | Impossible | Yes ?t River bed. Some mai§ and grass as‘well’. This’implie’s Mixed Planted would
indeed be the best possible classification for the "Water” ground
measurement.
Comments of thefieldwork state:

16092503 Shrubland Mix Planted No No "Mostly shrubland, single trees in between” , which should indicate real
shrubland and not Mix Planted.

16092802 Mix Planted Mix Planted | Yes Yes

16091202 Dev Low Dev Low Yes Yes

16091902 Dev Low Dev Low Yes Yes Very clear classification, corresponding with the allround buffer of 60

meter given in the ground data.

The Low Developed classiefied at the GPS is surrounded by High Developed
land. Google earth shows a patch of grass near the location point, making the
16093003 Dev High Dev Low No Yes classification Dev Low, but the landuse map shows the right general visual of
Dev High. Therfore the classification

is considered correct.

16091506 Dev Low Dev Low Yes Yes
16092805 Mix Planted Mix Planted | Yes Yes
16091708 Rice Rice Yes Yes
16091617 Mix Planted Mix Planted Yes Yes Very clear, only Mixed Planted surrounding the GPS-point, as indicated by

the fieldwork comments.

Showing on the photos and comments of the fieldwork, this was a slum-like
16091602 Dev High Dev Low No No village. Densly populated, but streets of soil and no concrete present,
probably the cause for the classificaiton of Low Developed.

Table 6.7: Results of validation using the fieldwork measurements

combination with aerial photographs and is considered a very accurate source. When comparing
a recognizable part of the Kathmandu valley, the good accuracy also found in the validation
with the ground data was confirmed again. As example, the area surrounding the airport was
chosen because this has many recognizable features. The google earth image and landuse map
are zoomed in on the same part are displayed in Figure 6.14. At first sight, the main features are
clear; the runway is visible and rightly classified as Developed Low. A forest appears in the left
upper corner, even the road intersecting it can be found in the picture. The green areas around
the runway and at the lower right corner also follow the same outline. The water that is visible
in the Google Earth image is mainly classified as its surroundings; Low Developed in the city
and Mixed Agriculture when the surroundings are non-urban. Roads are mainly classified as
Developed Low.
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Figure 6.14: Comparing Google Earth and the Landuse map of the area around the Kathmandu

Airport

In order to really visualize what is classified, some locations are marked and discussed in
more detail in Table6.8. The location 1 to 9 are selected because they display the most interest-
ing/surprising features. Even though the comparisson was done critically, the results were very
convincing and the general conclusion is that the classification shows the true signatures of the
image. The same holds for other visually compared parts of the Kathmandu Valley compared to

Google Earth.
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Succesful
Number  Classifi- Comparisson with the Landuse map
cation?

Detailed Aerial
photo

The classified map shows a mixture with mainly forest, some urban area

and some general planted and a very small part of rice. This coincides with
the picture for the largest part. The small houses within the forest are

nicely shown, as well as the urban area around the edges. The Mixed Planted
is present, the small rice that is classified is actually park ground and

should have been Mixed Planted.

1 Yes

The classified map shows a mixture of urban, forest, rice and mixed
agricultue. Urban in the lower left corner and some in the middle. Forest in
the right corner. The mixed agriculture that is seen indeed corresponds with
the Golf course that is situated there.

2 Yes

The main landuse class given by the classified map is low developed urban
3 Yes area. As can be seen, this corresponds with the stationing of the airplanes
and the airport itself.

The little area of low developed shown in the Landuse map at 4
corresponds to another depot of the airport. This little houses and paved
surfaces are indeed surrounded by grassland, as also shown in the Landuse
map.

4 Yes

The bright green corner given at 5 corresponds to a mixture of some

houses and mainly ricefields as can be seen in the picture. As can be seen by
the colour change in the agriculture in the right of the pixture, there is

some mixed agriculture. This is also classified in the Landuse map

5 Yes

The park surrounding the runway at 6 is clearly visible in the Landuse

6 Yes map as well, starting the developed area at the same point.

The difference in High and Low Developed area is hard to recognize from
the google earth photo with the scale of Figure 6.14a and it seems as

7 Yes if everything should be high developed. However, the detailed photos show
that there is indeed a difference between the development in 7 and 8, and
that it is classified correctly.

Looking more in detail, we indeed that in the lower left corner of 7 is Low

Developed, corresponding to some agriculture and more green in

between the houses in the picture. For 8 holds the same, the left upper corner has some
High Developed, corresponding to the more densely packed housing in the picture.

8 Yes

The Planted Mixed that is classified hier is very clearly reflected in
9 Yes the picture. One pixel is classified as forest, which could have to do with
the trees that are sparsely present in the picture.

Table 6.8: Comparing the classified map in detail with the Google Earth image.
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6.1.4.3 Validation using historical landuse classification results

Another way the classified map was validated was by comparing it to historical landuse maps of
was

the Valley. The research of Uddin
The complete and a detailed image of the pro-
duced map of the landuse are shown in Figure
6.15 together with the produced landuse map of
this project for comparisson. This landuse analysis
was done for the whole country of Nepal, instead
of the Kathamandu Valley and more clases were
used. Unfortunatly, no statsitics of the Kathmandu
Valley itself are available from this map since the
focus of the research was only of Nepal. Visual
inspection does give a similar image as the one
created in this project. A first thing to notice is
that the assumptions of eliminating the classes of
water and barren land are in agreement with this
map, since they are difficult to find at all in the de-
tail of Kathmandu Valley showed in Figure 6.15b.
Of the 9 classes used in the research by Uddin at
all. only three are dominantly present in the Kath-
mandu Valley: forest, agricultural land and rice;
corresponding to the findings in this project.

The forested areas are smaller in the landuse
map made by this project, mostly replaced with
agricultural land. The forest does follow the same
outline and a decrease in forest can be explained
by deforestation that is likely to have occured in
the last six years.The agricultural landuse in both
maps is very similar and gives an encouraging
notion of the correctness of the landuse maps.

The build up area also follows the same out-
line, but extends further to the east in Figure 6.15b.
This difference is not likely because the city will
have not decreased in size over the last six years.
For the image of Uddin et al. Landsat TM satellite
images with a resulutoin of 30 meters were used,
coinciding with the resolution of this projects map.
This indicates that it is not the lack in spatial res-
olutoin causing the additional build up area. The
difference is most likely caused by the methodol-
ogy used for classification. Uddin et al. use a GEO-
BIA classification technique, which is based on
machine-interpretation by spectral, spatial, contex-
tual and hierarchical properties [75]. This method
is not pixel-based but uses segmentation of satel-
lite images instead. The landuse map produced in
this project determines the classes really per pixel,

[75]

used for the comparison.
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Figure 6.15: Land use map of 2010 [75]

while the GEOBIA method groups the classificaiton in broader parts. This gives a possible
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explanation for the difference in classificaiton since the developed area is also present in this
corner in this projects’ map, but only more mixed with agricultural lan. Overall, the comparison
with the landuse map of Uddin et al. shows good results.

6.1.5 Discussion

A general discussion about possible uncertainties or options that could have been implemented
to obtain better landuse results is given here.

The chosen landuses The landuses were aggregated in such a way that it is known that
some available classes in the Valley are not represented. This includes water and barren land,
whose percentage of the area is very small and therefore will not have an big influence on the
classification. Barren land is not much present in the Kathmandu Valley but should definitely be
added to the classification if done for a different season. The aggregation of the other subclasses
into a bigger class was necessary since not enough validation data or training data were available
for a preciser classification. However, this would be possible for some of the classes if there is
more time to do groundtruthing and validation. The classes that could still be implemented
as subclasses are the classes that are present enough. These include corn, greenhouses and
fallow for the planted class. Natural grassland could be combined with parks as a new class.
Furthermore, an additional subclass for Developed could be added, in order to distinguish
between medium developed and low developed. The classified map shows a big percentage
of low developed, but since this class is defined from 30% to 80% build up area, this consists
of most of the build up area, where the low developed area changes from really villages, to
buildup areas in the center of Kathmandu with relatively many gardens. When looking at trends
between water quality and developed land, or when trying to estimate an urban water demand,
it would be better to have these classes more precise.

Chosen method for classification Another part for discussion is the method used for the
classification. The supervised classification is the method used here. There are many methods
available, some complementing to this method, others following a complete different approach.
Some methods exclude the use of parameters and distributions, called non-parametric methods,
and have their own set of advantages. These methods are discussed in [46]. Some methods do
not use pixel based classification but let the computer segment the data into landuse classes.
This was done in the landuse map made by Uddin et al.[75], and gives a different kind of map as
result where the landuses are grouped together more. The reason the supervised classification
method was chosen was because it is most common for supervised classification in remote
sensing analysis [53] and it allows to use the knowledge the interpreter has of the area under
investigaton.

Options for unsupervised classification also exist, in these there is no foreknowledge about
the classes and they are assigned without names. This is for example useful when one wants
to determine the number and location of the (yet unknown) spectral classes. The analyst’s
task comes then after the automated classification, using the knowledge to assign the classes a
posteriori [53]. This method is often applied in remote sensing analysis as a first impression of
the composition of the landscape, before proceeding to the more detailed process of supervised
classification. From literature research and a month of fieldwork, there was already a reasonable
idea of the outlook of the landscape classes in the Valley. Taking the time limit of the project
into account, it was chosen to limit the approach to just the process of supervised classification.
However, if the landuse map should be refined or if more time is available to make a landuse
map, this would be interesting to include. When more time for analysis is available, it would be
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interesting to use the same data with the different methods to do the classification in order to
truly compare the results.

Uncertainties within automated the classification The method of supervised classification
forces every pixel to be classified within one of the six classes that were chosen. This means
that even when the liklihood of a pixel belonging to any of the classes is very low, it will
still be classified as one. With the approach used now, there is no way of knowing what the
liklihood is that a pixel actually belongs to its assigned class. This increases the uncertainty of
the classification. An option to reduce this uncertainty would be to include a threshold for the
classification, as explained in section 6.1.1.2. This would allow to investigate the uncertainties of
the different classes. By using different thresholds and comparing the size of the unclassified
area, one can determine which classes show the biggest uncertainties.

Uncertainties in the validation and results Using the grounddata for validation gave the
very good impression of a certainty of 88%. However, this number was derrived from only
28 validation points. With only 101 usable fieldwork measurements taken, there was not
much room for more validation points, reducing the meaning of the number 88% for accuarcy
estimation.
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6.2 Water Quality

Water availability is not only important in quantitative terms, but also in qualitative ones.
The goal of this section is to give an overview of what was achieved regarding water quality,
explaining the different measurements that were done during fieldwork and giving an insight
of what they are about, among other important topics that are related to this section.

6.2.1 Methodology

By using the Multi-parameter portable meter MultiLine that measures four different basic water
quality parameters (pH, DO, EC and Temp), we were able to obtain a series of results from the
different measuring points around the Kathmandu Valley. These results are compared to the
water quality assessment obtained by the RSA (Rapid Stream Assessment) method in order to
find a relation. Furthermore, the results obtained are also analysed together with the land-use
and the water flow at the measuring points in order to find any trends and relations which are
shown in chapter 7.

The following subsections explain in detail what each water quality parameter can potentially
say about the measured water source, the RSA methodology used, and a geological justification
on some water quality results obtained from the field work.

6.2.2 Dissolved Oxygen (DO)

Dissolved oxygen is one of the most important parameters when assessing the quality of a water
body. Even though a chemical oxygen demand (COD) measurement was not carried out in this
project, DO could be used to initially assume that organic loads were present in the different
rivers; however, some crucial factors had to be taken into account to better understand this
assumption.

The following factors are important to consider when analyzing the DO in a certain water
body:

- Aeration process: Along the river due to natural or artificial means (wind, waterfalls,
rocks, weirs, water velocity and turbulence, etc.) aeration takes place. This factor can
speed up the process of oxygen dissolving into the water from the air [14].

- Temperature: The warmer the water, the less dissolved oxygen is required to reach 100%
air saturation (this saturation means that the water is holding enough dissolved oxygen
molecules as the atmosphere at that altitude does, being both water and air at balance),
and vice versa, the colder the water, the more dissolved oxygen required to reach 100% air
saturation. So this is also affected by the water depth, since shallow waters can be affected
by solar radiation more rapidly than deeper waters, which are normally colder [14].

- Aquatic plants photosynthesis by-product: Due to this natural process, O, is produced
as a ‘'waste’ by plants, meaning that plants that are submerged in water and can obtain
sunlight can contribute to an increase in dissolved oxygen in water [14].

- Salinity: The more saline the water, the less dissolved oxygen it can contain because of
the higher particle density due to the salts [14].

- Pressure: Both atmospheric and hydrostatic pressure are factors. Water at lower altitudes
can hold more dissolved oxygen than water at high altitudes, and also deeper water
compared to shallow water behaves in the same way [14].
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6.2.3 Electric Conductivity (EC)

This parameter measures the capability of water to pass electrical flow, which is directly related
to the concentration of ions in water, such as dissolved salts and inorganic materials, like alkalis,
chlorides, sulfides and carbonic compounds. The higher the EC, the higher the concentration of
anions and cations (negatively and positively charged respectively) [16].

It is important to consider the temperature of the water where the EC is measured in order
to be able to compare different EC values from different water sources, and 25°C is the standard
temperature at which this comparisons are made since the conductivity ratios change with
temperature. The specific conductance is made at or corrected to 25°C [16].

Electrical conductivity can be translated as the presence of dissolved solids, meaning that
the less the Total Dissolved Solids (TDS) in a water body, the less the conductivity [16].

Agricultural run-off and sewage inflow into a body of water are common ways of polluting
and increasing the EC of the measured water source because of the addition of nutrients and
salts, such as nitrates, phosphates and chloride; whereas the addition to a water body of oils and
organic compounds would pollute and decrease the EC, since this pollutants cannot dissolve
and break down into ions [16].

Naturally, EC comes from dissolved minerals (ions) from the surrounding geology. For
instance, superficial and underground water flow through clay and limestone soils will dissolve
these contributing minerals, whereas through granite bedrocks they won’t. Groundwater flow
can then contribute to the EC of a stream flow if the geology allows it [16]. Table 6.9 shows the

average EC values for different water sources [16]:

Source uS/cm
Distilled water 0.5-3
Melted snow 2-42

Tap water 50 - 800
Potable water in the U.S. | 30 - 1500
Freshwater streams 100 - 2000
Industrial wastewater 10000
Seawater 55000

Table 6.9: Average EC values for the different water sources in the Kathmandu Valley

As expected, freshwater has a wide range of EC values due to the influence of various
geological formations.

6.24 pH

pH is used to measure how acidic or base a body of water is by using a scale from 0 to 14. pH
expresses the concentration of hydrogen ions (H") and hydroxide ions (OH ™). The lower the
value, the more acidic the water body, taking 7 as a neutral value, and above 7 as basic, the
higher the more basic [15].

pH is calculated with the molar concentration of the hydrogen ions. By calculating the
negative logarithm of the hydrogen ions we obtain the pH value on a scale from 0 to 14. In other
words, the higher the concentration of hydrogen ions with respect to hydroxide ions, the lower
the value of pH, making the body of water more acidic. Therefore, neutral water with a pH
value of 7 has the same molar concentration of hydrogen ions and hydroxide ions, that is 10~7.
Regardless of the pH value, the sum of both concentration of ions will always give 10~1* [15].
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A base then would dissolve into water and release a OH' ion, and an acid would dissolve
and release an H™ ion, but also a hydrogen ion can be released by an acid compound and
accepted by a basic compound, meaning that both can cancel each other [15].

Furthermore, alkalinity is a term used to describe the capacity of a body of water to resist pH
changes due to the presence of an acid, or in other words, the capacity to buffer an acid. This
capacity is increased naturally by soils rich in carbon and limestone, and decreased by sewage
inflow and aerobic respiration. Natural water bodies that have an almost neutral pH and have
an already high alkalinity due to the presence of carbonic materials, can stand acidic or basic
intrusions and can keep the actual pH; however, some water bodies can still increase their pH a
little due to further carbonate material addition, creating a slightly basic water body [15].

Figure 6.16: Example of sedimentary rocks at a spring measurement site in the Nakhu watershed,
southeast of the Kathmandu Valley

pH is important in water bodies because if it goes too high or too low it can seriously affect
the aquatic organisms living in them. Furthermore, changes in pH can improve the solubility of
toxic compounds and their mobility in water, being able to be absorbed more easily by aquatic
species. The preferable pH for aquatic species survival is between 6.5 and 9, however, there are
some species that can tolerate outer range values for pH [15].

Also, big changes in pH can increase the solubility of nutrients that trigger eutrophication.
These changes can attributed to man activity, for instance, agricultural and industrial run-off, as
well as sewage discharges, which all contain chemicals [15].

In conclusion, alkalinity in a water body is an important factor to be considered if pH changes
want to be avoided. This alkalinity can help aquatic species remain on healthy conditions and
keep an ecological balance [15].

6.2.5 Temperature

In simple words, temperature is a physical parameter that expresses how cold or warm the
water is with the use of three different numbered scales: Kelvin, degrees Fahrenheit and degrees
Celsius [17]. Previously mentioned, temperature alters water quality, and in this case, dissolved
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oxygen, electric conductivity and pH can be affected by variations in water temperature.

Other parameters that affect water qual-
ity and aquatic species is metabolic rates and
photosynthesis production, compound toxi-
city, among others [17]. For instance, some
aquatic species increase their metabolic rate by
two times with a 10°C increase in water tem-
perature, whereas other species are more tol-
erant to this changes. Some toxic compounds
can increase their solubility at higher water
temperatures [17].

Dissolved oxygen is important for the TEMPERATURE (°C)
aquatic species. The warmer the water, the
less dissolved oxygen in can retain [17], thus (a) Temperature vs. Metabolic rate [17]
affecting and even killing the species, as just
showed in Figure 6.17b.

Electric conductivity can be affected by
temperature in two ways: first by making wa-
ter less viscous and allowing ions to move
more; and second by making some salts more
soluble and increasing the ionic concentration.
Conductivity increases 2-3% per each degree
Celsius that increases [17]. Regarding pH vari-
ances, when water increases its temperature,
the H* and OH™ ions decrease in concentra-
tion, thus increasing the pH, and vice versa,

the colder the water the more of these ions
present in water and the lower the pH [17]. (b) Temperature vs. Oxygen Content [17]
However, this doesn’t mean that a solution is
more or less acidic or basic, in only means that 76
the neutral pH shifts up or down, since the 7.4 s o SR o
ratio of both kinds of ions remains the same o SIS SO SV
[17]. For instance, water at 25°C has a neutral et e TN e L e
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As introduced in the geology section 2.4, the
Kathmandu Valley consists of mainly 2 types
of tectonic zones: the Higher Himalayan zone, ~ (¢) Neutral pH at different temperatures [17]
which consists of metamorphosed coarsed
grained rocks like gneiss, schist and marble;
and the Tibetan-Tethys Himalayan zone, com-
posed of sedimentary rocks, such as limestone,
shale and sandstone [52]. These types of rocks
are important to mention because some field
measurements on water quality done on the springs in the outer parts of the Kathmandu Valley
presented electric conductivity results with higher values than the average values we obtained
on other measuring points.

Figure 6.17: Temperature in relation to other
water quality parameters.
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Figure 6.18: Location of the high and low EC values in the Kathmandu Valley for the RSA Class
1

In principle the electric conductivity is a way of mea- ID EC
suring an electric flow in a solution through anions and 16090502 331
cations: the more the ionic concentration, the more the 16091503 228
electric conductivity [16]. The previously mentioned 16090507 213
kinds of sedimentary rocks are know for releasing salts 16082701 210
when water flows through them (e.g. underground wa- 16091502 193
ter flow), which dissolve in the water and increase the 16090801 59.3
concentration of ions, thus, increasing the electric con- 16091004 50.7
ductivity, and just the opposite happens with the meta- 16091619 49
morphic rocks, they do not contribute to and increase 16091101 34.3
in the EC (electric conductivity) [16]. The following 16092103 32.3
table 6.10 contains the measured values for EC in all the 16091904 27.8
measuring points throughout the Valley of Kathmandu 16093004 25.3
that were assessed with an RSA class 1, in other words, 16090901 22.1
mainly all the springs measured right where they begin 16091002 17.7
to flow out of the ground or close enough to this point. 16090905 16.2

The higher values (193-331 uS/cm) correspond to
the southern part of the Kathmandu Valley, where sed- Table 6.10: High and low EC values for
imentary rocks can be found, whereas the lower values RSA Class 1 measurement sites
(16.2-59.3 uS/cm) correspond to the northern part of
the Valley, where metamorphic rocks are found as already explained in section 2.4.

6.2.7 Rapid Stream Assessment

Doing water quality measurements is not always enough to assess the quality of a certain river,
especially with the only four parameters measured during this project (DO, EC, pH and Temp).
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Physical/chemical parameters can tell actual conditions in a water body but might not be able
to tell the overall status of the river, since some effects in the river ecosystem can last long after
the physical/chemical parameters have returned to their normal values. Furthermore, there
are many more chemical contaminants that are rarely or never measured because they are just
not commonly found in waters, but diverse land uses can increase the possibility to find them,
such as organic micropollutants and pharmaceuticals. These pollutants in high concentrations
can cause adverse health effects on the aquatic species and the living species that rely on that
polluted water body, including us humans. Therefore, in the last years there has been a change
in methods for assessing the health status of a water body, and that is a biological assessment
[22]. However, the physical/chemical measurements done in this project are of great help to
support the information obtained from the Rapid Stream Assessments (RSA) and vice versa:
they help pre-classify the river segments and have a rough calibration of the biological results
[22]. The Rapid Stream Assessment is a method used in this project that evaluates the health
of a segment of a river by analysing its biological status. The principle behind this assessment
is studying the biota in the water bodies, that is the animal and plant life in a certain stream
segment, so that a class can be assigned to that part of the river studied and a general water use
can be concluded when necessary [22]. There are 5 different classes used in the RSA for this
project, and they’ve been described by the University of Natural Resources and Applied Life
Sciences in Vienna [22] as follows:

Class 1 - None to very slight organic pollution:

- Clean and clear water with low concentration of organics and nutrients.
- High and healthy concentrations of oxygen for the biota, around 8 mg/L O, or more.

- No ferro-sulphide reduction phenomena occurs, fine sediments are of light or brownish
colour.

- Not many filamentous algae, more common algae, mainly diatoms.
Class 2 - Moderate organic pollution:

- Moderate concentration of organics and nutrients
- Still clear water with the exception of natural turbidity.
- O, concentrations above 6 mg/L

- Little reduction phenomena occurs, top sediment layers of light/brownish colour, whereas
deeper layer are grayish or blackish because of oxygen depleting organic matter.

- Filamentous algae is more abundant, common algae present as well.
Class 3 - Critical organic pollution

- Visible organic and nutrient loads
- Water sometimes slightly turbid due to the organics in it.
- Oy concentrations around 4 mg/L, but can fluctuate due to localized water aeration.

- Upper fine sediment layers still light/brownish colour, deeper layers sometimes dark
colour, stones might have black spots beneath them.

- Diversity of microorganisms is sometimes reduced.

- More abundant green algae and high abundance of filamentous algae and macrophytes
due to the nutrient increase in the water.

- Sewage bacteria can be recognized.
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Class 4 - Heavy organic pollution

- High organic and nutrient loads

- Turbidity noticeable locally, and streams might have different colours due to industries,
smell could be detected.

- Putrefactic conditions on fine sediment layers on places with no flow (stagnant), muddy
dark brownish layer soils where water flows, deeper layers are blackish, and stones have
larger black spots beneath them.

- O concentrations from 2 to 4 mg/L or even lower, but may vary due to localized water
aeration.

- High abundances of filamentous algae and macrophytes, specially on calm water areas
(stagnant). Sewage bacteria (fungi) totally visible.

- Poor fauna of high abundance, tubificid worms and bloodworms can be found on calm
water areas.

Class 5 - Very heavy to extreme organic pollution

- Very heavy loads of organics, oxygen-depleting substances appear and the O, concentra-
tions can go below 1 mg/L and close to zero, as a general rule it’s almost always a few
mg/L.

- Anoxic conditions can exist, water is very turbid due to sewage income. Deeper substrate
layers are black coloured, and can release bad odours due to hydrogen sulphide. Upper
side of stones in calm water areas can even be black from ferro-sulphide reduction.

- Abundant filamentous sewage bacteria in water flowing areas, algal covers is reduced in
both quantities and quality, and abundance of tubificid worms and bloodwormes.

- Presence of fish is not possible in this class.

In order to assess a water body according to the 5 previously described RSA classes, the
standardized procedure for the Hindu Kush Himalayan region was used. At the measurement
sites, the following assessments [22] were done and put in a table with numerical values that
add up for each class so that the highest number of each sum stands for the final RSA class of
that measuring (Detailed explanation on the criteria needed for assessments and the scoring on
each one of them will not be described since is not in the scope of this report):

1. Sensory features: Turbidity, colour, foam, odour and wastes.

2. Ferro-sulphide reduction for three different flow velocities: <0.25 m/s, 0.25-0.75 m/s and
>0.75m/s

3. Bacteria, fungi and periphyton: Bacteria and sewage fungi are mainly for class 4 and 5;
periphyton and filamentous green algae for class 3; and lower concentrations of green
algae for class 1 and 2.

4. Benthic macro-invertebrates: focusing on the species richness, abundance, number of
sensitive species and number of tolerant species. Due to the physical/chemical require-
ments for freshwater macro-invertebrates and their specific microhabitats needed for their
survival and reproduction, these species are an excellent way of reflecting the general
conditions of a certain site.
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After classifying the streams in the Kathmandu Valley at different measuring sites, recom-
mendations of uses for the five different classes can be done, nevertheless, they are only intended
to be included in the report for practical purposes and not to be considered as official guidelines.
It's important to mention that other important water quality parameters were not measured,
which are crucial for assigning water uses more precisely. These parameters include biological
presence (bacteria, viruses and protozoa), toxic compounds (e.g. arsenic), hardness, etc. The
recommended water uses for each RSA class are explained below.

- Class 1: Drinking water purposes: the organic and nutrient loads are very low, no dis-
charges from industries or households, therefore barely any organic micropollutatns.
Waterborne pathogenic microorganisms could be found due to animal faeces around the
water source area. A simple sand filtration followed by chlorination can be used to ensure
a biological reliability.

- Class 2: Drinking water purposes: organic and nutrient loads are still not very high. Water-
borne pathogens are more probable to be present, the more downstream the measurement,
the more probable the cattle presence and small sewage discharges. Again, a simple sand
filtration followed by chlorination can be used.

- Class 3: Agricultural purposes (irrigation, feeding animals): Since higher organic loads are
present, sandfiltration followed by a biological treatment (i.e. activated sludge treatment)
would be needed, therefore the water can be directly used for the mentioned purposes.
It’s important to mention that the nutrient loads serve as fertilizers for the irrigated crops.
Sand filtration is recommended in order to remove bacteria and protozoa, but not viruses.

- Class 4: Agricultural purposes, however, a biological pre-treatment is recommended in
order to decrease the organic concentrations. Activated sludge treatment can conserve
the nutrients which are good for irrigating crops. Already organic micropollutants can
be found in higher concentrations, a post-filtering step could be recommended such as
activated carbon.

- Class 5: No direct use before a proper treatment is recommended. These waters can be
highly concentrated with organic micropollutants, pharmaceuticals, pathogens, organics,
inorganics, etc.

6.2.8 Conclusion on results

From the fieldwork, a set of water quality measurements was done and organized in Excel in
order to be analyzed. Trends could be found and conclusions were drawn.

It is clear from Figure 6.19 that as the RSA Class increases, all the water quality parameters
worsen due to organic pollution and other factors mainly coming from sewage discharges.
Nevertheless, the second picture in Figure 6.19 does not really follow a trend, but what can be
concluded from it is that the value ranges get more narrow when the RSA class increases.

On the other hand, dissolved oxygen, electric conductivity and temperature worsen in
general along the river stretch.

The amount of measuring points was good enough to show understandable behaviors for
each water quality parameter except pH. This parameter seems to fluctuate a lot within a very
small range, so it is difficult to conclude on this parameter.

Further trends and conclusions are done in chapter 7, where detailed explanations are
described.
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Figure 6.19: Relations between the change in RSA class and the changes in the four main water
quality parameters measured
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6.3 Availability and demand

6.3.1 Availability of surface water

As described under the problem definition, data on the water situation of the Kathmandu Valley
are very rare. The availability of water is no exception. This section aims to give an estimate of
the water availability within the Valley.

Before being able to give an estimate of the water availability, it is essential to define this
term. Several questions have to be asked:

- Which water sources are considered to be available?

- For which purpose do we want to know the availability?

- Of which quality should the water be?

- Can all water be used or is an outflow of water necessary?

- Can water be reused and therefore be available multiple times?

For the few data sets available, the answers to those questions seem to differ immensely,
making it very hard to give an answer to the question: How much water is available in the
Kathmandu Valley? In this section Water Availability is defined as the total flow through the
riversystem with a certain quality class. In this definition any other sources like groundwater
are ignored, as well as the necessity to not completely exploit the rivers.

6.3.1.1 Methodology

With the data generated, the answer on the availability question will only be a rough estimate.
Despite the fact that a lot of the water used within the Valley comes from other sources like
tubewells, see section 3.1.1, this chapter will only focus on the surface water. It is simplified by
only considering the river flows.

Water is available in different quality ranges. During the field work the quality was assessed
by RSA measurements, which give a link to the possible usage of the water, see section 6.2.7.

For all subwatersheds as found in section 6.1.3 the most downstream point for every RSA
class is found. This divides the area of the Kathmandu Valley in different classes as seen in 6.20.
A certain area is defined by its best downstream RSA class. Note that if an upstream area is
expected to have a good class, but no measurement has been done, it will be classified as the
poorer downstream classification. Therefore, this division generally underestimates the water
quality and can be read as the minimum class of the area.

For all these lowest points, the values of the flow measurements performed during the
fieldwork are added per class within each watershed. Adding up these values gives the estimate
of available surface (river) water for the Kathmandu Valley. The values are accumulative,
meaning that this water is available at the measured locations in the specified class, but water of
higher class might still be available higher up.

6.3.1.2 Results

In Table 6.11 the flow values per class within each watershed are shown. Note that if there is
no measurement available in a certain class, the value stays the same as that of the higher class.
This can be justified by the idea that if water is available as class II, it is available as class III as
well. The total of available class V is the sum of the lowest measuring points on the headwaters
before flowing into the Bagmati and is therefore smaller than the total Bagmati outflow.
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Figure 6.20: The subwatersheds defined by their best downstream RSA class. The measuring
locations are indicated as black dots.

Class I 1I III v A%
Nakhu 0204 0.204 0.88 0.88 0.88
Kodkhu - 0.189 0.189 0.189  0.497
Bisnumati 0.008 1.888 2247 3493 4.78
Balkhu - - - 0.6496 0.4503
Dhobi 0583 0.583 1.144 1.144 1.458
Godawari 0.167 0.543 0.98 0.98 0.98
Hanumante 014 0.14 0.265 0.265 1.199
Manuhara - 4.33 3.670 3.527  3.740
Bagmati 2367 4169 4402 4402 4.463
Total 3469 12.046 13.777 15.529 18.446
Bagmati Outflow 22.68

Table 6.11: Available water per class for the subwatersheds m®/s

The total flow per class is shown in Figure 6.21. It can be seen that generally the flow
increases where the quality is decreasing, being in line with the idea that the quality decreases
downstream while the flow increases as the size of the watershed gets bigger. An exception is
the Manuhara, which has a decreasing flow over the classes. A good explanation for this is that
the flow is of such a quality that a lot of the flow is extracted for e.g. agriculture.

According to section 6.2.7, class I and II are good for drinking water, class III can still be used
for agriculture, class IV can be used for agriculture after processing and class V is nothing more
than wastewater. Assuming the values of Table 6.11 to be averages over the month September,
the total volume of available water per use can be found in Table 6.12. For the drinking water,
this would mean an available amount of 1,040 Million Liters per day in September 2016. Please
refer to section 6.3.1.3 for a discussion on these numbers.
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Figure 6.21: The measured flow per RSA class in m3/s
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Available for September 2016
Drinking Water (Class I + II) 31,223,232 m*
Agriculture (Class III) 35,709,206 m?
Agriculture after pre-treatment (Class IV) | 40,251,230 m3
Wastewater (Class V) 47,811,513 m3

Table 6.12: Rough indication of total available river water in September 2016 for different
purposes.

6.3.1.3 Discussion

As mentioned before, the numbers described in Section 6.3.1.2 are very rough estimates of
the water availability. It is important to consider them as nothing more than a first indication
because of the following reasons:

- The flow measurements are performed between 27 August 2016 and 30 September 2016.
During this month the amount of rainfall was highly variable, making that some flows are
much higher, while some are lower than a characteristic flow for this time of the year. Even
though the presence of this variability, the values are simply summed up which makes
that they don’t indicate more than an order of magnitude.

The total values as shown in Table 6.11 are taken as averages over the month September.
This is a big simplification, caused by the impossibility to measure the flows every day.

The flow measurements themselves are rather accurate, but are also influenced by human
errors. This will be further discussed in section 5.

The term availability is used, while other sources like groundwater are ignored. In that
sense it would be an underestimation of the available water. At the same time however,
also a certain part of the river flow is not considered. As the rivers have more functions
than only water supply, the values cannot be used as supply values. First, the following
river functions (amongst others) should be taken into account:

o Transport of sediments as well as sewage

o Dillution: if taking away all upstream water, the quality of the downstream water
will drop rapidly, decreasing the availability of class II, IIT and IV water

o Being a habitat for different ecological species requires a minimum environmental
flow

o etc...

The values given per class are totals values with a quality that have the specified class at
minimum. Even though it is not measured, upstream sections might be of higher quality.
Therefore the availability of the higher classes will be underestimated. Figure 6.20 shows a
clear indication of the distribution of the classes and shows how some areas are considered
as class V even though they are situated higher up in the hills.

All measurements are performed in September 2016. This month is part of the monsoon
period. This year September seemed to be particularly wet. From October onwards, the
precipitation values will decrease till almost zero. The dry season will therefore have much
lower stream flow values as well. September 2016 is therefore NOT representative for the
whole year, or even for other months of September in different years.

- No further validation of the results was performed
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6.3.2 Agricultural Demand

When a significant amount of crop lands is present, the amount of water needed for agricultural
purposes usually accounts for the biggest part on the demand side. Through the process
of transpiration, plants use water for photosynthesis, which makes them grow. Especially
in a country like Nepal, where the fast majority of the rain falls only during the monsoon-
months, this means that there is a big water need for artificial irrigation practices. When
looking at an agricultural area, evapotranspiration (ET) combines the amount of water that
is used in transpiration by the crops and the water that is lost by evaporation from the soil.
ET therefore gives a good quantitative measure of the amount of water that is needed for
agricultural purposes. However, uncertainties in ET calculations combined with water losses
due to infiltration and surface runoff, gives rise to the need to for an uncertainty-factor for
computation of the total demand. Subtracting the amount of expected rainfall provides the
water needed for non-rainfed irrigation.

For the purpose of this project, ET estimates will be used for a simplified water budget of the
Kathmandu Valley (see chapter 6.4 ). Unavailability of recent meteorological and hydrological
data prohibited us to do this for September 2016. In stead it was chosen to compute the water
budget for the months of August and September of 2015. This with the purpose of going through
the process and determine where problems and possibilities lie for future work on water budget
computation.

As such, the methodology of computing ET estimates, together with the results, will be
discussed in chapter 6.4.

6.3.3 Urban demand

In the beginning of the project it was thought to actually calculate, verify and analyse the
water demand in the Kathmandu Valley. It became clear quite quickly that there is not a lot
of information on the water demand. It was found that connections are not metered and that
the piped network is in a terrible state. Further it is not even known how many people live
in the Kathmandu Valley. The challenge became to get an idea of the water demand in the
Valley. Various data sources were analyzed and compared in order to make the most promising
estimate. This chapter shows a selection of data analyzed to point out the difficulty of finding
reliable data and come up with an idea of the water demand in the Valley. Finally the mismatch
between supply and demand is shown.

"Water demand varies with the socioeconomic status of households, the setting (rural or urban), and
existing infrastructure, etc., but in most cases, relevant data is not available to local administrative
divisions in developing countries (including the Kathmandu Valley)' [76]

Figure 6.22 shows the water demand within the entire Kathmandu Valley with its municipal-
ities. The darker the blue colour, the higher is the water demand. Even though the method used
(Bureau of Indian Standards (BIS)) to determine the water demand is maybe not appropriate for
the Kathmandu Valley, it still gives a good impression of the spatial distribution of the water
demand within the Valley. The demand corresponds well with the population density in the
Valley. It can be seen that the water demand in most of the municipalities is very low (0.13 - 4.00
million litres per day (MLD)). The regions coloured in the darkest blue need remarkably more
water than the other regions (up to 63 MLD).
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Figure 6.22: Village Development Committee (VDC) water demand using Bureau of Indian
Standards (BIS) guidelines. [76]

6.3.3.1 Population and population growth

An estimate for the population is hard to make because even today the percentage of not
registered births is far above 50 [79]. However, the Central Bureau of Statistics tried to estimate
the population within the Kathmandu Valley in 2011. Its conclusion is that there are 2,517,023
people living in the Kathmandu Valley of which 1,426,641 people live in the urban area [43]
which is about 55 %. This is the official statement about the population. Almost all of the people
that have been met during the research believe that the real number of inhabitants is higher than
that. KUKL assumes that in 2010 the number of inhabitants just in its service area was already
2.1 million [4]. Even though KUKL covers with its service area the most densely populated areas
of the Valley (see Figure 6.23), it is by far not the whole area of the Valley.

The population of Kathmandu is estimated to grow with a rate of 4.7 % [37] [51]. This would
result in a population of about 1.8 million people for the urban area of Kathmandu in 2015.
KUKL on the other hand expects a population of 3.6 million in their service area by then [4].
This corresponds to a growth rate of 20 % which seems to be quite unrealistic. It is however
obvious that an increase in population also causes a higher demand for water:

In the recent past, water demand of the Valley has raised abruptly by increasing population and
industrial activities. [48]

The world wide growth rate for urban areas is 1.84 % according to the World Health
Organization (WHO) [86]. The Guangzhou region, one of the fastest growing urban areas
in the world, recently reached a maximum growth rate of 7 % [10]. Values of The World Bank
show an urban population growth rate in Nepal of 4.5 % in 2010 but a reduced growth rate
of 3.2 % in 2014 [74]. Also the trend of the WHO shows a decreasing growth rate for the
upcoming years [86]. It is therefore very unlikely that the KUKL population estimate is realistic.
Nevertheless can the KUKL data be used to estimate a per capita water demand.
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Type of toilet Urban Rural Total
2001 2011 2001 2011 2001 2011

Flush toilet 67.4 93.4 66.4 80.3 67.1 88.1
Ordinary toilet 31.1 6.3 10.8 15.3 23.6 9.9
No toilet 1.5 0.3 22.7 4.4 9.3 1.9
Not stated 1.903 2.985 1.268 2.013 3.171 4.998

Total Percentage 100.0 100.0 100.0 100.0 100.0 100.0
Total Households | 218.322 | 366.255 | 127.240 | 247.351 | 345.562 | 613.606

Table 6.13: Percentage of household by type of toilet used for urban/rural Kathmandu Valley,
2001 - 2011. [43]

6.3.3.2 Per capita water consumption

As described previously the access to data is very difficult in Nepal. There are no numbers on
the urban water demand in the Kathmandu Valley that state how they are determined. A variety
of estimates exits as will be shown later in this chapter. The idea was to verify one of the demand
numbers due to information on typical water use. In relation to this research some indications
from which one could start collecting information on the water consumption were found. One
of these indications is the situation on toilets in the Kathmandu Valley. For the reason of the
hygienic situation in the Kathmandu Valley, the toilet situation is analyzed in detail. Table 6.13
shows that the total number of flush toilets increased by 21 % within ten years. The total amount
of households in the Kathmandu Valley not having a toilet at all decreased by 7.4 % during the
same time. Remarkable differences still exist between rural and urban areas.

With regard to the water demand in the Kathmandu Valley, one can see that technological
development causes higher water demand (a flushing toilet needs more water than an ordinary
one). On the other hand, the technological development can improve water consumption like
for example a two button flush toilet that either flushes a full load or just a half load of water
according to the needs. But to use this information to calculate the total water demand in the
Kathmandu Valley more time and more insight is needed. A lot of assumptions have to be made
in order to determine the water demand of a flush toilet per day. Furthermore, flush water is
only one part in the whole picture of domestic water consumption.

Figure 6.23 shows the supply zones within the KUKL service area. But, the arrangement in
different supply sections seems to be fairly useless:

"The present distribution system, with the exception of local supplies from both the surface and
ground water sources and supply from an individual tube well to specific location, is so cross-linked that
it is not possible to exactly predict the supply area supplied by a specific system’ [4]

The water demand is estimated according to the distribution system (Figure 6.23). Table 6.14
shows the assumed water demand in the KUKL service area in the Kathmandu Valley in 2015.
In comparison to that table 6.15 shows the estimated water demand for the same areas in 2025.

This is the most precise data that could be found on the analysis of the water demand. It
comes from a final report from the Asian Development Bank (ADB) on a Capital Investment
and Asset Management Program but is closely related to KUKL. This program is part of the
Kathmandu Valley Water Supply and Wastewater System Improvement. Unfortunately there
is no information on how the data for the year 2010, the initial situation of KUKL'’s data, is
collected. For the other years 2015, 2020 and 2025, the water demand is of course estimated.
After gaining experience in the data situation in Nepal during the research, the impression arose
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