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my friends from Plankenkoorts, Jonick, Wieke, Nicole, Kees, Willem, Niels and Bart for the
necessary distraction and relaxation, sometimes more needed than | was aware of. | would
also like to thank Matteo and in particular Kshitiz for being a great partner and friend during
the field campaign and further supporting me in my thesis work. In addition, | would like
to thank Frithjof for his immense efforts in teaching me all | need to know about satellite
SAR altimetry. Lastly, Youri, | cannot even start to thank you for everything you have done to
support mel!

Enjoy reading my thesis! Hopefully you will learn a thing of two about satellite SAR altimetry,
and the challenges of hydrological data gathering in absolutely amazing but challenging
landscapes.

M.K. De Jong
Delft, September 2023



Abstract

Rivers play a crucial role in shaping landscapes and supporting ecosystems. This is demon-
strated by the tiger habitats in and around Bardia National Park in West-Nepal, which rely
on the Karnali River. This study contributes to a larger effort aimed at sustainably manag-
ing these tiger habitats. Monitoring the rivers in this remote area is challenging, suggesting
a role for remote sensing. An exploration is presented regarding the potential of satellite
synthetic aperture radar altimetry (sat-SARA) for monitoring rivers situated in diverse topo-
graphic landscapes. Focusing on the Bheri, Karnali, and Geruwa Rivers, the applicability of
sat-SARA techniques for water level monitoring, multiple channel identification, and chan-
nel activation detection was evaluated. For deriving water surface heights from sat-SARA
data, an empirical Gaussian retracker was used. The findings are promising. While resulting
water level variations align with field observations, complementary in-situ measurements
are imperative for a comprehensive evaluation. Additionally, the study reveals the potential
for identifying multiple channels from sat-SARA return signals, extending to channel clas-
sification and detecting channel activation. Leveraging the labour-intensive nature of sat-
SARA data processing, the technique holds great promise for monitoring rivers in remote
and difficult-to-access landscapes. Therewith, this study contributes to advancing the un-
derstanding of the hydrodynamics of the Lower Karnali River and opens doors for sat-SARA
applications for river monitoring in challenging terrains.
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Nomenclature

Abbreviations

Abbreviation Definition

BNP Bardia National Park

FFSAR Fully-focused Synthetic Aperture Radar

IWH inland water (surface) height

NFP Nikon Forestry Pro

S3A Sentinel-3A

S3B Sentinel-3B

S6A Sentinel-6A

SAR Synthetic Aperture Radar

sat-SARA satellite Synthetic Aperture Radar altimetry

UFSAR Unfocused Synthetic Aperture Radar

Symbols

Symbol Definition Unit
a amplitude
B chirp bandwidth [HZ]
c speed of light (¢ = 2.99 - 10% m/s)
ET solid Earth tide correction [m]
fe carrier frequency [HZ]
H satellite altitude above reference ellipsoid [m]
I ionospheric-delay correction [m]
IWH inland water surface height [m]
L, azimuth/along-track resolution [m]
P polar tide correction [m]
Q discharge [Mm?3/ s]
R altimeter (retracted) range [m]
Reor total height geophysical correction [m]
RGpeak range gate at maximum signal power
RGrey reference range gate
T, dry troposphere correction [m]
Ty wet troposphere correction [m]
TD two-way time delay pulse transmission and ref-  [s]

erence tracking point
TR tracker range [m]
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Vi two-way time-delay retracking point and refer-  [s]

ence tracking point

o variance
or distance measured from range difference
ORG distance between range gates
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Term Definition

Water surface height height of the water surface with respect to a reference ellipsoid

Water level
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Introduction

Nestled within the pristine wilderness of Nepal, Bardia National Park (BNP) serves as a vital
refuge to the Bengal Tiger (Kral et al, 2017). As an endangered species, tigers worldwide
face challenges caused by climate change and human interference (Goodrich et al., 2020).
Nepal, as one of the signatory nations to the initiative aimed at strengthening and expand-
ing wild tiger populations (Kral et al,, 2017), has witnessed considerable success in this regard,
more than doubling its tiger populations over the past decade (DNPWC and DFS, 2022). Yet,
with this triumph arrive new questions on how to sustainably manage the tiger's habitat
within the BNP. The crucial link between a thriving tiger population and a balanced ecosys-
tem requires a an intricate understanding of the region's hydrodynamics (Bijimakers et al.,
2023). Insights into water level variability of the rivers in this dynamic landscape contribute to
a better understanding of their hydrodynamic behaviour, supporting further research into
sustainable habitat management for the Bengal Tiger. However, a significant challenge lies
in the scarcity of historical hydrological data for the region, where the rivers are either poorly
gauged or not gauged at all. This issue is not unique to this region, but typical of remote
and hard-to-access areas worldwide.

In addition, the availability of hydrological in-situ data such as inland water level data has
drastically declined in recent decades. This decline can be attributed to various factors. The
reluctance of governments to share hydrological data - often considered sensitive informa-
tion - has contributed to this decline (Schneider et al,, 2017; Villadsen et al,, 2016). Addition-
ally, budget constraints and changing priorities push agencies responsible for data collec-
tion and maintenance to reallocate their limited resources, resulting in fewer monitoring
stations, available personnel and equipment (Houghton-Carr et al,, 2006). The emergence
of remote sensing and satellite-based monitoring systems providing data over larger areas
at reduced cost has also affected the decline in field observation data. While remote sensing
technologies offer great potential, they do not entirely replace the need for in-situ data.

Satellite remote sensing technologies offer countless valuable opportunities for hydrologi-
cal data collection, particularly for poorly gauged water bodies and in remote or difficult-to-
access regions where the collection of in-situ measurements is more difficult and hydrolog-
ical data is more scarce (Alsdorf et al,, 2007; Calmant et al,, 2008; O'Loughlin et al,, 2016; Kim
et al, 2021). Recent advancements, including the increased remote sensing product avail-
ability and constellation densification, have enhanced the utility of satellite radar altimetry,
making it increasingly attractive for water level monitoring in medium to large lakes and
rivers (Tarpanelli and Benveniste, 2019).
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1.1. Satellite Altimetry for Inland Water Monitoring

Many satellite altimetry missions have lbeen collecting water level data for decades. Most of
the conventional and popular altimetry missions are based on radar-technologies. Laser (or
LIDAR) altimetry offers an alternative to this technology. The benefit of laser altimetry over
conventional radar-altimetry, is the higher spatial resolution provided by a smaller ground
footprint (O'Loughlin et al,, 2016). However, laser altimetry is sensitive to atmospheric condi-
tions and clouds (Tomi¢ and Andersen, 2023), underscoring the main limitation of the tech-
nology. Radar-altimetry, on the other hand, makes use of an active microwave sensor, allow-
ing the signal to penetrate through clouds and sense during night-time, as illumination by
the sun is not required (Murfitt and Duguay, 2021).

Radar-based satellite altimetry is well-recognised for oceanographic applications (Maillard
et al, 2015). The potential of altimetry for river and lake monitoring has been demonstrated
through more than 25 years of research (Berry, 2006), and was even further enhanced with
the launch of Synthetic Aperture Radar (SAR) altimeters, leading to improved resolutions
and accuracy (Tarpanelli and Benveniste, 2019) as compared to conventional LRM (low res-
olution mode). Despite none of these Satellite SAR altimetry (or sat-SARA om short) mis-
sions being designated for monitoring inland water bodies (Tarpanelli and Benveniste, 2019;
Rosmorduc et al., 2018), the technology has proven a valuable resource for river and lake
water level data, especially in scarcely gauged regions (Villadsen et al, 2016; Finsen et al,
2014, Schneider et al,, 2017; Roohi et al., 2021, Kleinherenbrink et al., 2020; Jiang et al., 2020;
Park, 2020; Schaperow et al, 2019). It offers regular and global information on water levels
independent of infrastructure or local politics, greatly benefiting timely and cost-effective
hydrological data collection.

Historical altimetry water level observations over large rivers and lakes from so-called 'vir-
tual stations' are readily made available through a variety of projects such as Hydroweb (),
ESA River & Lake Project (Berry et al., 2005), and the DAHITI database (Schwatke et al,, 2015).
Most of these virtual stations are situated at medium to large lakes or rivers, however. The
Hydroweb and ESA River&lLake projects obtain(ed) their data from conventinal altimetry mis-
sions, whereas DAHITI combines data from multiple missions.

The limited along-track resolution of conventional altimetry techniques limits the applica-
tion to water bodies with a diameter or river width of 300 meters at minimum (Schwatke
et al, 2015), as the surrounding landscape may contaminate the altimeter signal. Maillard
et al. (2015), found that the local landcover was an important factor influencing the accu-
racy of altimeter return signals over inland water bodies. In addition, the river shape and
orientation influence the accuracy of the derived water levels (Villadsen et al,, 2016). Lastly,
Sulistioadi et al. (2015) and Villadsen et al. (2016) state that irregular topographies typically
contaminate the return signal, making it difficult to accurately derive water surface heights
in complex topographical terrains.

The application of satellite altimetry for inland waters has been tested and proven in various
studies. The use of lower-resolution conventional satellite altimetry has limited the appli-
cations to large inland water bodies however (Tarpanelli and Benveniste, 2019; O'Loughlin
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et al, 2016). Some studies have focused on large lakes (Berry et al., 2005; Berry, 2006; Cré-
taux and Birkett, 2006; ?), or medium-sized lakes (Villadsen et al,, 2016; O'Loughlin et al., 2016;
Nielsen et al.,, 2020), whilst others focused on large rivers (O'Loughlin et al., 2016, Bonnema
et al, 2016; Villadsen et al,, 2016; Schneider et al,, 2017; Bjerklie et al,, 2018; Tourian et al,, 2017,
Gao et al, 2019; Michailovsky et al., 2012; Maillard et al,, 2015). Few studies have investigated
the potential of (FF-)SAR altimetry for small rivers (Kleinherenbrink et al,, 2020; Yuan, 2019),
but these are all over flat terrain. Previous studies on inland water surface height derivations
from satellite altimetry have thus either been on small to medium sized rivers in flat terrains,
on large rivers or on medium to large lakes.

The introduction of the Delay-Doppler principle for SAR altimetry provides an increase in
accuracy and along-track resolution (Tarpanelli and Benveniste, 2019; Ranndal et al., 2020)
accompanied by a naturally reduced land contamination (Rosmorduc et al,, 2018), whilst the
further advancement to FF-SAR processing technigues promises an even further increase
quality of altimeter-derived water level data (Ehlers et al,, 2023a). Sentinel-3 and Sentinel-6
also offer an increased temporal resolution with return periods of 27 and 10 days respectively
(Ranndal et al,, 2020; Donlon et al., 2021, ESA, 2022), as compared to the CryoSat-2 mission
which has a return period of 369 daysESA (2011). This raises the question what the potential
of these recent sat-SARA products is for river monitoring in poorly-gauged rivers in remote
and difficult-to-access regions with complex topographies.

1.2. Study Area

In the heart of Western Nepal lies Bardia National Park (BNP), a sanctuary for diverse wildlife
and essential for the conservation efforts for the endangered Bengal tigers. The BNP largely
depends for its water supply on two rivers: the Babai River, meandering through the park's
core, and the Karnali River. The study area covers the Lower Karnali River reaches, commenc-
ing just upstream of the confluence with the Bheri River, down to the border with India. A
map of the total study area is presented in figure 1.1. The main land use types found in the
study area are forests, shrubs and grasslands, water bodies and agricultural land (Dahal et al,,
2020; Shrestha et al,, 2022).

Originating in the Tibetan Plateau, the Karnali traverses the Himalayan mountains, flowing
from the confluence with the Bheri River and through the Sivalik Range. The river departs
the mountainous terrain at the town of Chisapani, after which it bifurcates into the Kauriala
River on the right (West) and Geruwa River on the left (East) (Dingle et al., 2020). After depart-
ing the Sivalik Hills, the Karnali, Geruwa and Kauriala Rivers constituting a complex braided
system. The Geruwa River forms the natural boundary between the BNP on its left bank
and the Rajapur agricultural area on its right. Forming the natural boundary of the Bardia
National Park, the Geruwa flows for a substantial portion of its length through or along the
park. Approximately 6 kilometres after crossing the border with India, the Geruwa and Kau-
riala rivers join to become the Karnali River again and form a major tributary to the Ganges
River (Bijlmakers et al., 2023).
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Figure 1.1: Map of study area including Bheri, Karnali, Kauriala, Geruwa and Babai Rivers in
West-Nepal

The Karnali River catchment consists of a drainage area of approximately 42000 km?2 up-
stream of Chisapani. The discharge of the river is subject to seasonal variability. The Indian
Summer Monsoon provides approximately 55-80% of the total annual precipitation. Peak
flow can be observed between June and October, usually arriving in August, with peak dis-
charges exceeding 5000m?/s annually. The period between November to April marks the
dry and low-flow season, with average discharges between 400 and 600m3/s, but can be as
low as 200m?/s. The river discharge is dominated by these precipitation events and snow
and glacier melt. These latter also contribute to the baseflow in winter (Dingle et al., 2020;
Dahal et al,, 2020; Duwal et al,, 2023).

The Bheri River is one of the major tributaries of the Karnali River (Mishra et al,, 2018; Dingle
et al, 2020), and the last major tributary within the study area. The catchment comprises
approximately 14000 km2. The river is approximately 264 kilometres long and the elevation
varies from 7746 meters at the upstream end and 200 meters at the confluence with the
Karnali(Mishra et al., 2018).

The Babai River, originates from the Sivalik hills and flows Northwestward through the BNP.
Hence, the Babai is of major importance for water supply in the BNP. The river first flows
parallel to the Bheri, to then turn Southward, flowing parallel to the Geruwa and Kauriala
Rivers before joining the Karnali river 50 kilometers downstream of the Nepal-India border
(Yadav, 2002).
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1.3. Save the Tigers

The natural habitat of the Bengal Tiger is under pressure due to climate change and human
interference. As a result, tigers are globally considered an endangered species (Goodrich
et al, 2020). Nepal is among the countries that signed an initiative to increase their wild
tiger populations ((Kral et al., 2017)). Bardia National Park in western Nepal is one of the na-
tional parks where the tiger can be found and provides an important habitat for the tiger in
the Terai Arc Landscape (TAL) ((Kral et al,, 2017)). So far, their efforts have been very successful
as they managed to more than double the number of tigers in BNP between 2012 and 2022
(DNPWC and DFS, 2022). This raises new questions, regarding the sustainability of the tiger
habitat and to which extent the current habitats have sufficient capacity to maintain and
sustain the current tiger populations and potential further population growth (Aryal et al,,
2015). Pressure from both tiger population growth and an increase in human activities in
the area over the past decades seems to increase human-wildlife conflicts (Bhattarai et al,,
2019; Shahi et al,, 2022). To avoid these conflicts it is important that the habitat of the tiger is
sustainably managed and the ecosystem is in balance, to prevent the tigers from roaming
outside of national park boundaries and into rural villages in search for water and food. The
Save the Tigers, Save the Grasslands, Save the Waters! project (or in short Save the Tigers
project) aims to provide a sustainable habitat for a viable tiger population within the Terai
Arc Landscape (TAL).

Tiger habitats in the TAL are subject to various environmental pressures, including human
interference and changing hydrological conditions. These factors significantly influence the
growth potential of grasses and the grassland dynamics (Kral et al,, 2017; Bijlmakers et al,,
2023). These grasslands are, in turn, essential for the deer populations which rely upon the
grasses for food (Odden et al,, 2005; Kral et al., 2017; Bijlmakers et al., 2023). While the intricate
relationship between hydrology, hydromorphological dynamics, and grassland dynamics in
the TAL remains a subject of ongoing research, it is paramount for comprehending the dy-
namics of tiger habitats (Bijlmakers et al., 2023). Unravelling the hydrodynamic behaviour of
the rivers in the region provides valuable insights into maintaining the delicate balance of
the tiger habitat and ensuring its effective long-term management.

As a contribution to the Save the Tigers project, this MSc thesis is dedicated to studying and
addressing one of the many challenges impacting the tiger habitats in the TAL in Nepal. Col-
laboratively undertaken by several Dutch universities, local academic institutions in Nepal,
NGOs and governmental bodies, the Save the Tigers project is committed to understanding
and preserving a sustainable habitat for tigers in the TAL. To this extent, the intricate inter-
play between the natural hydrological regime, vegetation dynamics, populations of tigers
and their prey are explored, while also investigating the complex influence of human activ-
ities on the habitats and the resulting human-wildlife conflicts. For comprehensive infor-
mation about the overarching project, please visit their official website '. The current study
contributes to the broader project by gaining a better hydrodynamic system understanding
of the region, starting a hydrological data catalogue, as well as providing an insight into the
potential use of remote sensing techniques for river monitoring in the Lower Karnali River.

'Save the Tiger official project website: https://savethetiger.nl
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1.4. Problem Statement

The problems addressed in this thesis were rooted in a complex and layered issue, requiring
insights from a multitude of fields of study. This thesis focused on a subset of the issues at
stake in an attempt to provide insights for both hydrologists and remote sensing experts. To
that extent the problem addressed in this thesis is twofold.

Firstly, there is a significant lack of information concerning this remotely situated study area,
and at the time of writing, hydrological data for its rivers is very scarce. Remote Sensing
solutions may provide great potential for filling some of these data gaps. This leads to the
second problem addressed by this study.

Currently, no satellite SAR altimetry missions are dedicated to water level monitoring over
inland water bodies. They are typically applied for ocean monitoring applications. The pos-
sibilities for satellite altimetry over inland water bodies have been studied for inland water
bodies extensively. However, these applications were typically for medium to large-scale
lakes and rivers in flat topographies. The current study area consists of a diverse landscape
with a variety of topographical characteristics. Hence, while the application of sat-SARA had
proven successful for other landscape characteristics, its applicability for the specific topo-
graphical features in the Lower Karnali River region or for resembling topographies remains
unknown.

1.5. Research Objectives

Considering the two problems stated in the previous section a couple of objectives were set
for this study. The overall objective of this thesis was to assess the applicability of satellite-
SAR altimetry for monitoring the water level variability and identifying multiple channels in
the Lower Karnali River region. To this extent, validating the satellite SAR altimetry-derived
results with field observation data was required. Hence, the overarching objective implies a
set of underlying aims:

- To estimate water surface heights with satellite SAR altimetry
- To identify river channels and river channel activation with satellite SAR altimetry data

- To collect in-situ hydrological data, both for building a data catalogue and for field vali-
dation of the satellite SAR altimetry results

These objectives together support the ambition to be able to monitor water levels using
satellite remote sensing in remotely situated areas. Such solutions may provide multiple
benefits. Firstly, it allows for continuous data collection and building of both a historic and
ongoing (hydrological) database. Secondly, limited resources may be spent more effectively,
as the urgent need for frequent field visits will decrease. Insights from the remotely sensed
data may indicate more specifically what data is required during planned field visits. Hence,
resources such as time, money and logistics may be deployed more efficiently.

To effectively validate satellite SAR altimetry, determining the required accuracy for assess-
ing its potential in water level monitoring is essential. This accuracy requirement depends
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upon specific case demands, contextual attributes of the study area, and the project’s over-
arching objectives. The Karnali is a rather voluminous river, flowing through diverse terrain,
with annual water level fluctuations anticipated to span a few up to potentially more than 10
meters. The monitoring of these variations facilitates the development of hydro- and mor-
phodynamic models, aiding a larger-scale hydrodynamic system understanding. For these
purposes, an accuracy within the order of a few decimeters should suffice. An accuracy of 1-
20 centimetres would be ideal but an accuracy of 20-30 centimetres already provides some
insights into the hydrodynamic system behaviour.

Secondly, to validate the results from the sat-SARA analysis, in-situ observations are imper-
ative. As very little in-situ hydrological data was available, field observation data had to be
collected. Hence, one of the main objectives was to explore the study area for suitable mea-
surement sites, the potential for installing longer-term measurement stations and collect
the first data samples to start building a field observation data catalogue. To this extent, the
collection of in-situ data regarding water surface heights, flow depths, river widths and de-
scriptions of landscape characteristics were prioritised. The field campaign itself was more
elaborate, however. For more information about the full field campaign and its findings,
please refer to the field report (appendix ).

1.6. Research Questions
Based on the problem statement and the objectives discussed in the previous sections this
thesis aims to answer the research questions as proposed in this section.

The main research question for this thesis is:

What is the potential of satellite SAR altimetry for monitoring water level variability and
river channel activation in the diverse topographical landscapes of the Lower Karnali
River, Nepal?

In addressing this overarching research question, the study can be methodically divided
into two essential parts. The first of which delves into the satellite SAR altimetry data anal-
ysis, exploring and testing the capacity of this technology for effectively water level moni-
toring and identifying channels across the diverse topographical landscapes in the study
area. Complementing this is the field campaign aiming at collecting in-situ hydrological
data. This data is indispensable for verifying and contextualising the findings derived from
satellite SAR altimetry. By combining satellite insights with direct field observations, this ap-
proach ensures the potential uncovered by satellite SAR altimetry harmonises with on-site
hydrodynamic reality. Hence, this integrated approach, bridging remote sensing and field
perspectives, provides a robust foundation for answering the core research question. Below
a set of sub-questions is posed for each of these two parts.
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1.6.1. Sat-SARA Analysis Specific Sub-Questions
Two sets of sub-questions are posed for the analysis of satellite SAR altimetry data. The first
question is aimed to support the multiple channel and channel activation analysis:

To what extent is it possible to identify multiple river channels from satellite SAR altimetry
in Bheri, Karnali and Geruwa River sections?

To be able to answer this question first it should be tested whether it is possible to identify
river channels from the satellite SAR altimetry return signals. These results then need to be
evaluated as to whether they align with what is expected considering the landscape char-
acteristics. In addition, if seasonal variability can be observed, this begs the question of how
this manifests itself in the satellite SAR altimetry data, and whether channel activation can
be detected from it. Lastly, this analysis should point out what the possibilities and limita-
tions are for identifying multiple channels through sat-SARA.

The second question is aimed at deriving water surface heights:

To what extent is it possible to derive water surface heights at various river overpass
locations in the Bheri, Karnali and Geruwa Rivers, from satellite SAR altimetry?

To be able to answer this question it is necessary to test whether water surface heights can
be derived from sat-SARA data at the selected sites. To this extent, the aim is to derive water
surface heights from sat-SARA data for 2021 and 2022. To achieve this, a data processing flow
needs to be established, selecting suitable processing methods. The resulting data may also
provide insights into seasonal variability. To assess the accuracy of the derived water surface
heights, the results can then be evaluated on whether they are as anticipated and align with
field observations. This workflow should help indicate challenges and limitations in case
water surface height derivation for the selected sites proves challenging or impossible.

1.6.2. Field Campaign Specific Sub-Questions
Another set of questions was posed specifically in support of the collection and processing
of the field observation data. This included the following questions:

What are the water surface heights, flow depths, river widths and landscape
characteristics as observed in the field, at the selected sites along the Bheri, Karnali &
GCeruwa Rivers?

In preparation, during the field campaign and for processing and analysing the data, this
entails the exploration and selection of suitable locations for field observation campaigns
and for potential extended-duration measurement stations. In addition, the best suitable
methods for measuring the water surface heights, flow depths and river widths in this stage
of the research project have to be selected. Lastly, the accuracy with which the field obser-
vation data has to be estimated and evaluated for meeting the requirements intended for
the research objectives.



Theoretical Background Sat-SARA

Satellite Synthetic Aperture Radar Altimetry (sat-SARA) is a satellite remote sensing tech-
nigue used to measure the height over the Earth's surface and in particular over water sur-
faces. The launch of CryoSat-2 in 2010 marked the start of the first satellite SARA mission
(Roohietal,2021; Villadsen et al,, 2016; Ehlers et al.,, 2023b), after which Sentinel-3and Sentinel-
6 followed with launches in 2016 and 2020 respectively (Donlon et al., 2021, Ranndal et al,,
2020). None of these missions have been specifically designed for water level monitoring
over inland water bodies, but are more widely applied for water level monitoring over open
oceans (Ranndal et al,, 2020). For the satellite SAR altimetry data analysis, it is important to
understand some of the basic principles used for this technique. This chapter provides a
general theoretical background for satellite SAR altimetry.

2.1. Sat-SARA Basic Principles

Sat-SARA s, like most conventional satellite altimetry missions, based upon radar techniques
and involves the active transmission and receiving of a microwave (radar) signal. The satellite
transmits a signal directed to the Earth surface, which reflects the signal. The signal is scat-
tered upon the reflection at the Earth's surface, the extent of which depends on the surface
roughness. The satellite then receives (part of the original) signal moments after it has trans-
mitted the signal (Ehlers, 2022; Villadsen et al., 2016). The time it takes for the signal to travel
tothe Earth's surface and back is generally known as the time delay or radar echo delay. This
is used to derive the distance between the Earth's surface and the satellite (Tarpanelli and
Benveniste, 2019; Ehlers, 2022). This principle is also visualised in figure 2.1.

The signal transmitted by the satellite travels toward the Earth's surface and disperses, caus-
ing a conical shape and hence a reflection at the surface over a roughly circular area (the
pulse footprint). The signal hits the surface first at the location with the shortest distance to
the satellite, which should for flat terrains be exactly below the satellite (nadir) (Ehlers, 2022).
At the surface, the signal is reflected and may be scattered in many different directions. The
more rough the surface texture, the more the signal will be scattered. Since water is a very
smooth surface, a large part of the original signal will be returned to the satellite. This re-
sultsin a strong signal power at the location of the water surface and makes it appear bright
(Ehlers, 2022; Villadsen et al., 2016; Maillard et al,, 2015). The conical shape of the pulse and the
large resulting footprint area, make it near impossible, however, to derive the exact location
of the bright water signal.
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Figure 2.1: Basic Principles of Satellite SAR Altimetry (Ehlers, 2022)

This is where the synthetic aperture comes in, as the SAR-principle makes use of the delay-
Doppler effect for processing the altimetry data (Ehlers, 2022; AVISO, 2023; Tarpanelli and
Benveniste, 2019). SAR altimetry is a relatively recent technique for processing altimetry data
and differs from conventional satellite altimetry in that it exploits the Doppler effect caused
by the satellite’s movement in the along-track direction to improve along-track spatial reso-
lution. By combining information from multiple pulses whilst the satellite is moving along
track, it can better locate the exact position of the signal, narrowing the footprint and in-
creasing the along-track resolution (see figure 2.2)(Dinardo, 2020; Ehlers, 2022). This resultsin
an unfocused-SAR (UF-SAR) product. Combining information from multiple UF-SAR bursts
over time, the along-track resolution could be even further improved following the fully fo-
cused SAR (FF-SAR) principle (AVISO, 2023; Kleinherenbrink et al., 2020; Ehlers et al., 2023a).

The benefits of using sat-SARA lie in its enhanced resolution. To fully grasp the significance of
this improvement, it's essential to understand how resolution is assigned to altimetry prod-
ucts across various dimensions. As mentioned before, the along-track spatial resolution is
especially crucial for applications over inland water bodies and is governed by processing
principles. For SAR-mode altimetry products the along-track resolution is improved as com-
pared to conventional and low-resolution mode (LRM) products (Tarpanelli and Benveniste,
2019; Rosmorduc et al,, 2018; Dinardo, 2020). The along-track resolution is determined by the
length of the aperture (Ehlers et al,, 2023b). In FF-SAR products, the coherent integration
time dictates the number of bursts selected for focusing, affecting the along-track resolu-
tion (Ehlers et al, 2023a). For UF-SAR, the along track resolution follows from equation 2.
(Ehlers et al,, 2023a). Secondly, the range resolution is governed by the chrip bandwidth B
of the pulses in the signal and depends on the instrumentation. Lastly, the temporal resolu-
tion, which is described by the return period of the satellite, may be of significant importance
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Figure 2.2: Delay-Doppler Principle (Ehlers, 2022)

dependint on the specific application.

C
Lo=H-3 VT (2.1)
with:
L, - azimuth oralong-track resolution
T - coherentintegration time (which is the burst duration for UF-SAR)
fe - carrier frequency
H - satellite altitude above reference ellipsoid
V, - two-way time delay between retracking point and reference tracking point
c - speed of light in a vacuum

To derive the absolute water surface height from the time delay of the signal, a bit more in-
formation is required. Firstly, the exact location of the satellite itself is required. This exact
location of the satellite is often obtained from a combination of different techniques and the
communication of the satellite with other satellites and ground stations. This positioning is
important as the satellite may undergo drift, causing it not to perfectly follow its theoreti-
cal orbital trajectory. The drift may be in all planes: horizontally as well as vertically, and is
constantly corrected for to allow the satellite to its theoretical orbit. This does mean how-
ever, that the exact height of the satellite may be variable over time, which is something
that needs to be accounted for. This satellite altitude is defined as its height relative to a

reference geoid.

As the distance between the satellite and the Earth's surface is very large compared to the
expected water surface height deviations (close to the Earth's surface), the exact surface
heights are measured within a range window. Simply put, this range window is the range in
which the satellite 'expects to find the surface’. This range window is split into multiple bins
or range gates. The number of range gates and the distance between each of these range
gates is satellite specific. The tracker range describes the distance between the satellite and
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the reference range gate. The reference range gate is a set range gate within the range
window. The tracker range may vary over space and time, as the height at which the surface
is expected to be found may change due to topographical variations. Ultimately, the exact
height of the (water) surface could thus be derived from knowing the satellite altitude with
respect to a reference ellipsoid or geoid, the tracker range, and the range gate at which the
maximum power of the return signal can be found.

2.2. Data Processing

Deriving water surface heights from the return signal of the satellite is an extensive process
with multiple steps. Which will briefly be discussed in this section. The work of Dinardo
(2020) was used as a base for the current workflow, please refer to his work for more back-
ground. The level-1A (L1A) data is the raw and uncalibrated satellite data, level-1B the pre-
processed data and level-2 data provides the geophysical output parameter; in this case
water surface height (Rosmorduc et al,, 2018). In the process of converting the level-1A to
the level-1B data the time delay signal is translated to a return signal waveform through the
application of Fourier Transforms Ehlers (2022); Rosmorduc et al. (2018). This is a computa-
tionally expensive process.

L1B processing
algorithm(s)

Retracking
(uncalibrated) ) (calibrated) satellite algorithm

satellite readings return signal —1_)

(water) surface
heights

- atmospheric
- tides

Figure 2.3: Satellite SAR altimetry processing steps

Obtaining the geophysical parameters required for generating the L2 data from the L1B data
is called (waveform) retracking (Rosmorduc et al,, 2018). A retracker is an algorithm or model
used to derive the desired geophysical parameter, in this case the water surface heights,
from the return signal (the waveform). Different applications over different topographies
require different retracking approaches due to the differences in landscape characteristics
(Villadsen et al,, 2016). Hence, a range of different retracking algorithms and models exist
for a variety of applications, the SAMOSA retracking models being the most famous and
widely applied models for retracking water surface heights over open oceans. The retracking
methods can be divided into three main categories:

- Physically-based retracking
- Statistical retracking

- Empirical retracking

Physical retrackers are based on models approximating a waveform shape based on physics
(Dinardo, 2020). These types of retrackers typically have a high accuracy and precision. How-
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ever, they also have a high computational cost. They are typically used for applications for
which the physical conditions are predictable and can relatively easily be estimated. Physi-
cal retrackers can be built in numerous ways and be based on a variety of mathematical and
physical principles. Physical models are typically applied for retracking water surface heights,
significant wave heights and wind speeds over open oceans (Dinardo, 2020). Hence, these
retrackers will not be further discussed in this thesis. Statistical retrackers approach the re-
tracking problem by finding the optimal solution based on the statistical properties of a set
of waveforms (Dinardo, 2020). Thus, the statistical retracker is not based on physical models.
This type of retracker will not be further discussed in this thesis either.

Empirical retracking algorithms are based on pre-existing knowledge regarding the area of
interest and may involve a "trial-and-error” approach to investigate what methods perform
best to find the expected outcome (Dinardo, 2020). These type of retracking methods are
typically applied for retracking water surface heights for inland water bodies as physical re-
tracking can generally not be applied due to the complexity of specific landscape character-
istics which cannot be theoretically approached or solved for (Dinardo, 2020). The benefits
of empirical retrackers are their relative simplicity and small computational cost. However,
the construction of such an empirical retracker is typically very labour intensive as it requires
a lot of fine-tuning and optimisation.

2.3. Waveform Retracking for Inland Water Bodies

Deriving water surface heights from satellite SAR altimetry data is achieved in the process of
waveform retracking (Dinardo, 2020; Villadsen et al., 2016; Rosmorduc et al., 2018). The typical
return signal waveform differs for different terrain types. The waveform signal for inland wa-
ter bodies differs fundamentally from the waveform return signal over oceans and over land.
Kao et al. (2019) illustrated this nicely in their work, and figure 2.4 also presents a comparison
of the different waveforms typical for the return signals over inland water bodies, ocean and
land. The return signal waveform for inland water bodies typically consists of a single peak
of significant signal power. This is trait especially prevalent when comparing with the wave-
form and the signal power of a terrestrial target. This distinctive characteristic can be used
to the advantage of retracking water surface heights over inland water bodies.

inland water . ocean b | land
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N |
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; _ A, o ML
— L S
o 400 r’:_‘.‘.:,. L 1000 100 L n 40 :‘.(ill:"h- o] 140 [} 20 o gcﬁ:‘bé’j 100 120 140

Figure 2.4: Typical return signal waveforms over a) inland water bodies (CryoSAT-2), b) ocean
(CryoSAT-2 LRM), ¢) land (SARAL/AltiKa) (Kao et al, 2019)
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A data point over an inland water body should provide a clear peak at the range gate cor-
responding to the surface height in the waveform at that location considering the signal is
not contaminated by other bright scatterers or by land. Assuming the signal is symmetri-
cal following and only showcases a single peak, the water surface height can then be de-
rived roughly by locating the range gate at which this maximum peak is found Ehlers (2022).
Lastly, these heights should then be corrected for geophysical phenomena such as atmo-
spheric delays and tidal variations (Dinardo, 2020). It should be noted that this is an oversim-
plification of the basic principle, in truth it is a bit more complicated.

If it really were as simple as described before, deriving water surface heights from satellite
altimetry data would have been very straightforward. As the topographical conditions of
the landscape in which inland water bodies can be found vary widely, physical retrackers as
used for open ocean water surface estimations can typically not be applied for inland water
bodies (Villadsen et al., 2016), and has so far only been done by Kleinherenbrink et al. (2020).
Often empirical retracking is required. However, several ocean retracker models such as the
SAMOSA retrackers have been tested for application over large inland water bodies, such as
big rivers and lakes. The best suitable retracking method is highly dependent on the char-
acteristics of the inland water body and the surrounding landscape (Villadsen et al., 2016).
Various different types of retrackers have been built and tested, such as the Multiple Wave-
form Persistant Peak (MWaPP) retracker by Villadsen et al. (2016), the Narrow Primary Peak
Retracker (NPPR) as described by Villadsen et al. (2016) and Jain et al. (2015), the Offset Cen-
ter of Gravity (OCOQG) retracker (Gao et al,, 2019; Rosmorduc et al, 2018), and the Threshold
Retracker and Two-Step Physical-Based retracker by Gao et al. (2019). The latter of which was
applied as a point target response retracker.

The theoretical derivation of inland water surface heights from sat-SARA data following equa-
tions from Dinardo (2020) entails:

IWH=H-(TD-¢/2+V;-¢/2+ Reor) (2.2)
with:

IWH - inland water surface height
H - satellite altitude above reference ellipsoid

two-way tracker time delay between pulse transmission and reference
TD - : : s

tracking point, corrected for instrumental effects
Re.or - geophysical corrections over land
c - speed of light in a vacuum
Vi - two-way time delay between retracking point and reference tracking point

Note that for this equation it is assumed that the instrumental corrections are already ac-
counted for in the tracker delay. The geophysical corrections applied through R, will be
further discussed in the next section on geophysical corrections.
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2.3.1. Geophysical Corrections

The signal from which the two-way travel time is used for deriving the water surface height
travels through the atmosphere twice. As the atmospheric conditions may vary over space
and over time, the two-way travel time may vary despite any actual variations in the water sur-
face height. The most straightforward example of this is humidity or rain, as water droplets
in the atmosphere typically slow down a signal travelling through. These variations in time
delay should be accounted for. In addition, tidal variations should also be corrected for to
obtain the eventual estimated water surface height. The correction factors to be accounted
for, for inland water surface height estimations are the dry troposphere, wet troposphere,
ionic delay, solid earth tide and polar tide (Dinardo, 2020). All these factors are included in
the R, term:

Rcor - Tdry + Twet + I + ET + PT (23)
With:
Tary - drytroposphere correction
Twet - Wettroposphere correction
I - ionospheric-delay correction
ET - solid Earth tide correction
PT - polartide correction

The ionospheric delay is caused by the presence of free electrons in the ionosphere. Typically
the correction for this is in the order of magnitude of 2 — 20 em. The oxygen molecules in the
dry troposphere are cause for the largest delay and hence requires the largest correction
of approximately 2.3 m. However, this correction is typically relatively constant over space
and time. The wet troposphere correction is dependent on water in the atmosphere such
as clouds and rain. As this is dependent on weather conditions, it is highly variable through
space and time. Hence it is the cause of a significant part of the spatial-temporal variability
in the total geophysical correction. The magnitude of the wet troposphere correction is typ-
ically between 5 — 36 cm. The solid earth and polar tides are predictable periodic corrections
for gravitational pull. Typically the corrections for the tidal effects require different (local)
models over inland targets (Dinardo, 2020).



Materials & Methods

The materials and methods used for this research can roughly be divided into two sepa-
rate parts as these are fundamentally different and require knowledge from two different
fields of study. These two different parts comprise the handling of remote sensing data and
the hydrological field observations. Hence, this chapter contains a description of materials
and methods applied for obtaining sat-SARA-derived water levels, sat-SARA-derived multi-
ple channel identification, and for the collection of field observation measurements of water
surface heights, flow depths and river widths in the Bheri, Karnaliand Geruwa Rivers. Finally,
the methods applied for comparing the different data sets are discussed in this chapter.

3.1. Sat-SARA Data Selection

A multitude of current and historic missions provide a variety of satellite altimetry data. For
this thesis, however, satellite Synthetic Aperture Radar altimeter data (sat-SARA) was used.
To this date, only a handful of missions provide sat-SARA data. These are the CryoSat-2,
Sentinel-3 and Sentinel-6 missions (Roohi et al, 2021; Villadsen et al,, 2016; ESA, 2011, 2022;
Donlon et al, 2021). For the current work, it was decided to only use data from the Sentinel-
3 and Sentinel-6 missions. This section elaborates on the available data and presents the
materials selected for this study, including a justification for the choice of this data.

3.1.1. Sentinel-3

The Sentinel-3 mission is a collaborative effort between ESA, the European Commission (EC)
and EUMETSAT. The purpose of the mission is to monitor Earth's oceans, land surfaces and at-
mosphere by providing accurate, timely and continuous Earth observation data. The Sentinel-
3 mission is part of the Copernicus program and consists of a two-satellite constellation.
Sentinel-3Awas launched on 16 February, 2016. Followed by Sentinel-3B, which was launched
two years later on 25 April, 2018. Sentinel-3B was launched to ensure better temporal resolu-
tion (by ensuring better continuity, shorter revisit times and a greater global coverage). Both
satellites contain a range of instruments to collect various types of data, including the OLCI,
SLSTR, SRAL and MWR instruments. The relevant instrumentation for satellite altimetry is
the SRAL (Synthetic Aperture Radar Altimeter) instrument. The data used for the current
thesis were the 20Hz SRAL tracking measurements (Ku-band) performed in the SAR oper-
ating mode.
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3.1.2. Sentinel-6

The Sentinel-6 mission includes two satellites: Sentinel-6A and Sentinel-6B. The Sentinel-6A
satellite was launched on 21 November 2020 (Donlon et al,, 2021). Sentinel-6B is scheduled
for launch in 2025 (ESA, 2023). Hence, at the time of writing only data from Sentinel-6A is
available and therefore when referring to Sentinel-6 (or S6) it can be assumed that Sentinel-
6A is meant. The primary instrument for SAR altimetry measurements by the Sentinel-6 is
the Poseidon-4 (POD4) altimeter (EUMETSAT, 2022; Donlon et al,, 2021). Other than Sentinel-
3andits SRAL instruments, this dual-frequency (C-band and Ku-band) nadir-pointing radar
altimeter has an interleaved mode allowing for greater spatial resolution and overall per-
formance improvement (Donlon et al,, 2021; Rosmorduc et al,, 2018). This enables data pro-
cessing in two parallel chains. The first one allowing for SAR-processing in the Ku-band for
improving along-track sampling, the second providing a Low Resolution Mode (LRM) which
is backward compatible with current and historic data. This allows the Sentinel-6 mission to
ensure enhanced continuity from the Topex Poseidon and Jason series of satellite altimeters
(Donlon et al,, 2021; ESA, 2023).

The interleaved mode of Sentinel-6 refers to the open-burst transmit and receive approach,
which provides twice the number of samples as compared to the Sentinel-3 SRAL instru-
ment which operates with a closed-burst approach(Donlon et al,, 2021). For the closed-burst
approach, pulses are transmitted in high PRF to ensure the pulses in the transmitted and
received burst are correlated. After transmitting an inter-burst interval allows for the recep-
tion of all the reflected pulses from the entire burst (Dinardo, 2020). For the open-burst ap-
proach of Sentinel-6, the transmission of pulses is arranged such that the reception occurs
in between the transmitted pulses to allow for an increase in the number of measurements
over a given target. This timing allows for a doubling in the number of available looks for
the SAR mode and allows SAR acquisition simultaneously with the LRM data acquisition
(Donlon et al,, 2021). Figure 3.1 illustrates this difference in transmit & receive approach for
Sentinel-3 and Sentinel-6 in their so-called chronograms.

Em N SAR Closed-burst, PRF ~18 kHz, burst.

SAR Interleaved (Open-burst), PRF ~9 kHz, continuous

5 6 7 8 9 10 11 12

milliseconds

Figure 3.1: Satellite radar altimeter chronograms showing the transmit and receive times
for the open-burst approach of CryoSat-2 & Sentinel-3 and closed-burst approach
of Sentinel-6 (Donlon et al, 2021)



3.1. SAT-SARA DATA SELECTION 18

Whilst the Sentinel-6 data comprises 512 range bins or range gates, Donlon et al. (2021) state
that after first commmissioning 128 of these bins are removed from the waveform trailing edge.
Hence, on-board operations may cause 'empty’ data in the trailing edge of the signal in the
higher range bins. These operations are put in place to save data volume, to ensure proper
satellite operation and to mitigate data loss due to too much data downlink. Please refer to
Donlon et al. (2021) and EUMETSAT (2022) for further details. The key takeaway is that his may
cause data to be only available for the fist 300-350 range bins. As a result, despite Sentinel-6
recording return power up to range gate 512, the last range gates are empty of data, and
thus the return signal waveforms for S6 data were plotted only up to range gate 300.

3.1.3. Data Selection & Justification

For both Sentinel-3 and Sentinel-6, raw level-1 data was needed for deriving the return sig-
nals. In addition, level-2 data was needed for the retrieval of geophysical corrections. The se-
lection of the data was also dependent on (spatial) variability: for the different selected sites,
data was available from different satellites. The site selection is further elaborated upon in
section 3.1. An overview of mission-specific parameters is presented in table 3.1.

Parameter Sentinel-3 Sentinel-6
Tracker range TR (km) ~ 805.78 ~1343.54
Satellite velocity V' (km/s) ~ 7544 ~ 6.97
Burst repetition frequency BRF (Hz) ~ 785 ~ 13926
Pulse repetition frequency PRF (kHz) ~18 ~9
Chirp bandwidth B (M H?z) 320 320
Carrier frequency f. (GHz) 13.575 13.575
Chirp slope s (102 Hz/s) 7143 10
Number of pulses in burst N, 64 64
Burst duration Ty Ny,/PRF N,/PRF
Number of range gates N, 256 512

Table 3.1: Mission parameters. Values noted with "~" are rounded. H & V are example values picked
from track segments, these may vary over the orbit. PRF and BRF may vary for Sentinel-6 as well

The choice of only using Sentinel-3 and Sentinel-6 data for this study was made for a cou-
ple of reasons. Firstly, the improved along-track resolution provided by the SAR-mode (ap-
proximately 0.5 meters for both Sentinel-3 and Sentinel-6) is beneficial for inland water ap-
plications (Tarpanelli and Benveniste, 2019; Rosmorduc et al., 2018; Dinardo, 2020). While
the ICESat-2 mission provides a high spatial resolution (both along-track and vertically), the
downside of the laser altimeter is that it is sensitive to clouds (Tomi¢ and Andersen, 2023).
Hence, no useful elevation data can be collected on cloudy days, as the signal cannot pene-
trate the clouds. Since the study area is very prone to clouds, especially during the wet season
and the winter months, satellite SAR altimetry was deeper best suitable for the current work.
This as sat-SARA allows for studying the seasonal variability of water surface heights in the
area of interest, at a high spatial resolution.
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As mentioned before, (open-source) data products are currently available only from three
sat-SARA missions. Although CryoSat-2 provides the longest time-series data catalogue,
providing data from 2010 onward, its data was not used for the current work. With a re-
turn period of 369 days (Roohi et al., 2021; ESA, 2011), the temporal resolution of CryoSat-2
was deemed insufficient . This long return period does not allow for studying seasonal vari-
ability, which is what was required for the current thesis. With a return period of 27 and 10
days for Sentinel-3 and Sentinel-6 respectively (Donlon et al,, 2021; ESA, 2022), these missions
do allow for studying and monitoring seasonal variability.

Of these two, Sentinel-3 has the longer time-series data catalogue with Sentinel-3A provid-
ing data from 2016 onward and Sentinel-3B from 2018 onward, whilst for Sentinel-6 data
was only readily made available for 2021 and the first 4 months of 2022. Data from after
April 2022 was still being (re-)processed by EUMETSAT at the time of writing. To gain insight
into seasonal patterns, Sentinel-3A and -3B data was studied for the full years of 2021 and
2022. In addition, Sentinel-6 data for 2021 was studied. Although a longer data catalogue
was available for Sentinel-3 data it was decided two years would suffice for gaining insight
in the seasonality of the water levels in the area.

3.1.4. Data Retrieval

Sentinel-3A and Sentinel-3B Level 1 and Sentinel-6 data were retrieved from the EUMET-
SAT data store using their APl (eumdac). A brief manual was written for Sentinel-3 data re-
trieval through their APl in combination with the Python (Anaconda) prompt (see appendix
A). Level-2 data of Sentinel-3A and Sentinel-3B was used to retrieve the values for geophys-
ical corrections, as the information was not provided directly by the Level-1 data products.
The level-2 data could not be retrieved from the EUMETSAT databases. Level-2 Sentinel-3
data is categorized into marine and land products, with EUMETSAT responsible for manag-
ing and providing access to marine data, and ESA manages the land data, made available
through the Copernicus Scihub. As for this thesis water surface heights of inland water bod-
ies were studied, the geophysical correction values had to be retrieved from the level-2 land
products through the Copernicus Scihub.

It is expected that improved quality level-2 data for inland hydrology will be available in the
near future, as at the time of writing ESA is reprocessing the land products into the new
land hydrology product. For Sentinel-6 data the geophysical correction values also had to
be derived from level-2 data. The Sentinel-6 level-2 data were also made available and down-
loaded through the Copernicus Scihub.

3.2. Materials for Field Observation Data Collection

In this section the measurement equipment used for field observation data collection is pre-
sented. First equipment used to collect absolute water surface heights and relative water
levels is presented, followed by stage height data and the collection of flow depth measure-
ments. An overview of the equipment including pictures of the devices can be found
in APPENDIX - refer & add.
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3.2.1. Absolute Water Surface Heights

For measuring the absolute water surface heights a custom-made differential GNSS device
was used (Krietemeyer et al, 2022). This device is also referred to as the "CNSS-Rover”. It
was built by Hessel Winsemius and previously used in the work of van Haaren (2020). As
the GNSS-Rover makes use of two separate GNSS receivers it allows for the correction of at-
mospheric uncertainties in the signal. With up to centimetre accuracy, this allows for much
greater accuracy as compared to conventional handheld GPS systems. Conventional GPS
systems typically have a horizontal accuracy in the range of a couple of meters with up to
several tenths of meters in the vertical. The high accuracy of the differential GNSS device
holds for both horizontal (latitudinal, and longitudinal) positioning as well as vertical posi-
tioning (altitude). (Samboko et al,, 2021). The relatively low cost of the GNSS-Rover makes it
a favourable choice over other (GPS) devices which can reach similar accuracy but are typ-
ically much more expensive. The drawback is that the GNSS-Rover is custom-made equip-
ment and hence limited support is available. Unfortunately, during the field campaign, the
GNSS-Rover did not work as anticipated. It was not possible to set up the device such that
measured data could be read from a mobile app or downloaded to a computer.

An alternative solution was the use of handheld GPS devices. With an accuracy of a couple
of meters in the horizontal and up to 10-20 meters in the vertical plane, the handheld GPS
devices were not suitable for measuring the water surface heights for which an accuracy
of up to a couple of decimeters was required. The handheld GPS devices were used for
positioning in the field, recording the location of field observation sites.

3.2.2. Relative Water Surface Heights

During the field campaign, relative water surface heights were measured using a handheld
triangulation laser rangefinder. For this the Nikon Forestry Proii (also referred to as NFP) was
used. The NFP was originally designed to measure the height of trees but can be generally
used for measuring horizontal distance, actual distance, height, angle and vertical separa-
tion with the use of two laser sensors (Nikon, 2019). This allowed the device to be used for
different applications during the fieldwork, including the measurement of relative (water
surface) heights and river widths.

3.2.3. Stage Height

Stage height measurements from a staff gauge at a measurement station at Chisapani were
made available by the Department of Hydrology and Meteorology, Government of Nepal.
Thisincludes a time series from 1January 1992 up to 31 December 2018 with typically 3 record-
ings of the observed water level per day.

3.2.4. Flow Depth

During the field campaign, multiple tools were used for measuring flow depth. Firstly, the
sonar device Fish Deeper CHIRP+ (Deeper, 2020) was used to measure flow depth continu-
ously over full transects. Another sonar device used for the manual, discrete measurement
of flow depth was the Hawkeye (HawkEye, 2023) handheld depth finder. Lastly, in more shal-
low sections of the river, flow depth was measured manually using measurement tape. For
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long-term flow depth measurements, electronic water level loggers (TD-Diver) and an at-
mospheric pressure logger (Baro-Diver) were installed (vanEssen, 2023). It should be noted
that results from the water level loggers were not yet available at the time of writing and are
hence not included in nor elaborated upon further in this thesis.

3.3. Complementary Data for Contextualisation and Site Selection

For datainterpretation purposes additional spatial data was used from several sources. Firstly,
administrative geospatial data was collected including country borders, national park bor-
ders and Nepal's water bodies as provided by the Nepal government. The 30-meter resolu-
tion SRTM (Shuttle Radar Topography Mission) digital elevation model (DEM) was collected

frorn NASA's Earthdata open database. This DEM was used in combination with the ESRI

topographic map to generate the topography maps presented throughout the report. The

theoretical satellite ground tracks for Sentinel-3 and Sentinel-6 were collected from the ESA
website. These were used for site selection and applied in map visualisations. Map visuali-
sations were created with QGIS. In addition, Google Earth Pro was used for rough distance

estimations and orientation in support site selection and in support of the multiple channel

identification analysis.

3.4. Sat-SARA Site Selection

Site selection for the satellite-SAR Altimetry analysis was constrained to the locations at
which the Sentinel-3A (S3A), Sentinel-3B (S3B), and Sentinel-6A (S6A) satellites pass over the
river reaches within the study area. Hence, for the selection of the sat-SARA analysis sites,
the theoretical ground tracks of the satellites were studied (see figure 3.2).

Theoretical Satellite
Ground Tracks

Theoretical satellite ground
tracks for Sentinel-3A,
Sentinel-3B and Sentinel-6A
over the area of interest.
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Figure 3.2: Theoretical Satellite Ground Tracks of Sentinel-3A, Sentinel-3B, and Sentinel-6A over the
study area
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For both Sentinel-6A and Sentinel-3B only one river overpass location was found within the
study area. Therefore, these overpass locations were both selected: BHO1 and BHO2 for S6A
and S3B respectively, passing over the Bheri River. As the trajectory of Sentinel-3A follows the
course of the Geruwa River, and the Geruwa River consists of a braiding system containing
a multitude of river channels, the satellite passes over the river at multiple locations within
the study area. Therefore, for selecting the most suitable site in the Geruwa River, a few ad-
ditional criteria were taken into account which will be further discussed below.

Firstly, the presence of other water bodies which could interfere with the signal, other than
the Geruwa River reach itself, was considered. These water bodies included for example
open irrigation canals in the Northern region of the Rajapur agricultural area. The proxim-
ity of other water bodies to the targeted river reach could complicate data interpretation as
these water bodies will also appear as (signal power) peaks in the data (Ehlers, 2022; Villadsen
et al, 2016). This poses challenges for identifying the targeted water body. Consequently, se-
lecting an overpass of S3A over the Geruwa River in a single-branched river section ensured
data quality and minimised the risk of signal contamination from nearby branches or water
bodies. An overview of the resulting selected sites for which to apply the sat-SARA analysis
is shown in figure 3.3 and an overview of selected data for these sites in appendix D.
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Figure 3.3: Selected Sites for Sat-SARA Analysis
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The abundance of satellites carrying SARA instrumentation passing over the rivers within
the study area offers great potential for studying and monitoring water levels within the
region. The derivation of water surface heights from sat-SARA at different sites allows for a
comparison between the sites. A multitude of available overpasses also increases the chance
of finding a site where in-situ water level data can successfully be collected. Lastly, Sentinel-
3A, Sentinel-3B, and Sentinel-6A all pass over the same downstream section of the Bheri
River in near vicinity of each other. This allows for a comparison of data obtained from the
three different satellites.

3.5. Methods for Multiple-Channel Identification with Sat-SARA

To investigate the potential of using satellite-SAR altimetry for identifying multiple channels
in a river reach, the return signals were studied over part of the satellite trajectory in the area
of each selected overpass site. To this extent, the level-1B SAR return signals were plotted on
a logarithmic scale in a so-called echogram. The level-1B data used to this extent was the
same as used in the steps for deriving inland water surface heights. For all data processing
methods and specifics, please refer to section 3.6 An echogram is a graphical representation,
displaying the return signal power (radar echo) as a function of range and time or along-track
distance (Ehlers, 2022). In this study the the latitudinal position was depicted on the y-axis
and the range bin (or range gate) on the x-axis.

The echogram illustrates the power of

the return signal (larger power appears m
brighter), which typically appears bright =

for water bodies. Following the coni- \j
cal shape of the radar pulse this means
that that multiple water bodies could ap-
pear at different range gates for the same
data point or at the same latitude. A
water body located closer to the satel-
lite should appear at a low range gate,
whereas a water body farther away should
appear at a larger range gate (Ehlers et al,
2023b). For a satellite trajectory which
follows a river stream in latitudinal direc-
tion, such as is the case for Sentinel-3A in
the Geruwa River section, it should then
hold that multiple channels that run ap-
proximately perpendicular to each other
may appear (bright) on the echogram, at

the same latitudinal location at different

range gates. Figure 3.4: Visualisation of the effect of irregular
terrain on return signals

In order to comprehensively interpret the echograms in their spatial (and temporal) context,
it is vital to grasp the nuanced meanings of 'closest to the satellite.” This encompasses not
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only the proximity nadir to the satellite, hence the elevation as can be observed directly be-
low the satellite, but may also mean closer due to a stream running along a hillslope. This
principle is visualised in figure 3.4, assuming the pink point X would indicate the location of
a water body. Hence, to effectively interpret the echograms, a firm comprehension of the
local topography surrounding the satellite’s trajectory becomes imperative.

This distinction becomes particularly pertinent in areas with more irregular topographies
such as the Karnali and Bheri River sections. This is where the significance of the field cam-
paign becomes apparent, as it offers a better understanding of the landscape characteristics
near the satellite overpasses. The methods for the field campaign will be further elaborated
upon in section 3.7. Additionally, the local digital elevation model (DEM) were also visualised
to contextualise the echograms further.

Lastly, it should be mentioned that another anomaly caused by a tracker offset may be ap-
parent in the data. This is easily recognisable but should be taken into account to avoid mis-
interpretation. Over topographic surfaces, the onboard tracking system of a radar altimeter
is typically unable to maintain the return signal waveform at the nominal tracking position,
due to rapid range variations. As a result, the range window is shifted, resulting in an error
in the telemetered range: the tracker offset (Rosmorduc et al, 2018). In an echogram of a
continuous river stream, this manifests itself as a distinct shift in the range gates at which
the feature appears.

The methodology utilised for the multiple channel identification analysis intended to assess
whether or not it was possible to identify multiple inland water bodies from the SAR return
signals. To this extent, the echograms were examined for telltale patterns typical for water
bodies. For instance, a river is expected to exhibit the characteristic trait of a continuous
stream in the echogram.

It should be noted that the height of these water bodies could not directly be derived from
the echogram images, except for the exact locations where the satellite passes over a given
river branch; in other words, for locations where the river is exactly nadir. Additionally, the
exact location of the water bodies with respect to each other could not be determined di-
rectly as location can only be determined for a nadir target. Potentially, these altitudes and
distances could be derived with the support of a DEM. However, this was out of the scope of
the current work.

Another notice that should be taken is that the echogram is not a direct visualisation of
latitude and elevation. Rather, the elevation of a river branch nadir to the satellite could
be derived from a single signal return waveform using a retracker. Moreover, the exact lo-
cation of the water bodies with respect to each other cannot be derived directly from the
echogram either. Although river widths have been derived from SAR return signals before
by Yuan (2019). This suggests that it may be possible to derive the distance between river
branches from the SAR return signal and provided mission parameters in combination with
a DEM. The takeaway here is that these inter-channel distances cannot be directly read from
the echogram. Derivation of these distances could be an interesting follow-up topic to the
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current study.

The multiple channel identification analysis was applied for all selected overpass sites. For
Sentinel-3A/B only echograms for unfocused-SAR (UF-SAR) were generated and analysed
for each overpass site. In theory, FF-SAR should allow for higher along-track resolution for
continuous pulse data as provided by Sentinel-6A. However, this increase of along-track res-
olution may not be of considerable extent for burst-pulse data as provided by the Sentinel-
3 mission. For Sentinel-6A at overpass BHOI, both UF-SAR and FF-SAR echograms were
compared, as considerable along-track resolution improvement was expected. Note that
for Sentinel-6 only data for a full year was available for the year 2021. Note that for the 'dry
season' and 'wet season’ plots, the months were chosen with the lowest and highest esti-
mated water surface heights respectively, as derived from the sat-SARA water surface height
estimation time series.

3.6. Methods for Water Surface Height Derivation with Sat-SARA
In order to derive water surface heights from the Sentinel-3A/B SRAL and Sentinel-6A POD4
products, extensive data processing was required, following multiple steps. The steps to be
followed and their (theoretical) contents for processing sat-SARA data has been discussed
before in chapter 2. An overview of the steps as taken for this thesis is presented in figure 3.5.
These steps will be further elaborated upon in this section.

L1B processing Empirical
algorithm by Gaussian-fit
Slobbe & Ehlers Retracker

(uncalibrated)
satellite readings return signal

T

EUMETSAT

(calibrated) satellite

(water) surface
heights

Geophysical
Corrections

L2-data from
Copernicus SciHub

- atmospheric
- tides

Figure 3.5: Satellite SAR altimetry processing steps

3.6.1. Pre-Processing (L1A to L1B)

The SAR data for Sentinel-3 and Sentinel-6 were retrieved as discussed in section 3.1.4. The
level-1A products contain the raw satellite instrument reading data. Software provided by
D.C. Slobbe and F. Ehlers was used to process the data from level-1A to level-1B, obtaining
the UF-SAR and FF-SAR return signals, tracker range, satellite altitude and other spatial data
required for positioning in space and time such as latitudinal and longitudinal coordinates.
For the pre-processing of the L1A to L1B data the processing settings as presented in table
31 were applied.

Waveform averaging for altimetry signal processing is applied to reduce noise and improve
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the signal-to-noise ration (SNR) in altimetry data. Multiple echoes (waveforms) received by
the altimeter are averaged together to create a single, smoother waveform. It reduces ran-
dom noise, while preserving the underlying signal. Waveform averaging is not really a con-
cept for UF-SAR signal processing as averaging happens over the stack. For FF-SAR pro-
cessing, neighbouring waveforms are averaged to reduce the very dominant speckle noise
inthe radargram (Ehlers et al,, 2023a). Windowing in altimetry signal processing is applied to
reduce or eliminate discontinuities, typically at the trailing edge of the signal to reduce leak-
age. For Sentinel-3 L1A to L1B processing, a Hamming window was applied. For Sentinel-6
L1A to L1B processing, windowing was turned off.

3.6.2. Waveform Retracking

Waveform retracking was applied on the UF-SAR return signals for the derivation of water
surface heights. The FF-SAR data was not used for retracking, however. The L1B FF-SAR data
was only used for spatial resolution comyparison with the UF-SAR data and to investigate the
potential for multi-channel identification.

An empirical retracker was built to derive the water surface heights from the return signal
(waveform) at the selected overpass locations. In chapter 2 on the theoretical background of
sat-SARA, the basic principles of retracking water surface heights has been discussed. Sim-
ply put, the water surface height can be derived from the range gate at which the maximum
power for an inland water return signal waveform can be found. However, rather than find-
ing the integer value of this range gate by simply applying a maximum peak algorithm, a
Gaussian fit model was applied (like in the work of Gao et al. (2019)) to find the decimal range
gate value for which the maximum peak value was found (see equation 3.1). This allowed for
a larger overall accuracy. The distance between each of the range gates is approximately
23 centimetres for Sentinel-3A/B and approximately 18 centimetres for Sentinel-6. Hence,
when simply applying a maximum power method, an uncertainty of 23 and 18 centimetres
for Sentinel-3 and Sentinel-6 respectively is already inherent to the outcome.

y(r) = a\;ﬂ - exp (xQ_(Tf)Q (3)
with:
x - theto be fitted curve
a - amplitude; the maximum value found for the peak to fit to
o? - variance; with chosen value o = 2
b expected value; chosen to be the range gate at which the

maximum value for the peak was found

Applying a Gaussian fit model entails the assumption that the return signal of the inland
water signal is symmetrical. This is a simplification of the truth, as an inland water signal
does contain a trailing edge (see 2.4). The location of the peak of the Gaussian fit is used to
estimate the radar altimeter retracked range R (or range gate) for the inland water signal,
which in turnis used to derive the water surface height. The retracking algorithm was based
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onthe theory as described in section 2.1, using the satellite altitude, satellite reference range,
tracker range, the range measured at maximum signal power and the distance between the
range gates. All these parameters were provided as output of the pre-processor for the L1B
data. The estimated (inland) water surface height was computed following:

IWH = Hyqr — (R+ Reop) (3.2)

with R, the radar altimeter retracked range:

R=TR+ or (3.3)
and:
0r = (RGpeat — RGrey) - 6RG (3.4)
with:

IWH - inland water surface height
Hu: - satellite altitude above reference ellipsoid
Reor - geophysical corrections (see equation 2.3)
TR - satellite tracker range
or - distance measured from range difference
RGpeqr, - range gate at maximum signal power
RG,.; - referencerange gate
ORG - distance between range gates

This retracking algorithm was applied in combination with the Gaussian fit, to specific tar-
geted locations. These targeted locations were situated in the main channel at the selected
overpass sites. This is thought to increase accuracy as it reduces the (risk of) land contami-
nation (Rosmorduc et al,, 2018). Downsampling was applied to reduce computational cost,
providing a data point for every approximate 9 meters along-track. The nearest neighbour
data point from the targeted location was then employed for retracking. Hence, an empirical
point target response retracker with a Gaussian fit model was implemented for retracking
the inland water surface heights.

3.6.3. Application of Geophysical Corrections

The geophysical correction values were obtained from the level-2 data of Sentinel-3 and
Sentinel-6 as made available through the Copernicus Scihub. Atmospheric corrections were
applied for the dry troposphere, wet troposphere and the ionospheric delay. Tidal correc-
tions were executed for the solid earth and polar tides. A short analysis of the significance of
each of these correction values for monitoring relative water level variability was done. The
objective for this analysis was to investigate whether the variability of these corrections was
of sufficient magnitude to have a significant influence on the estimated water surface height
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variation through space and time. From this it was assessed whether the application of the
corrections was relevant for monitoring (relative) water level variability. Considering that the
correction values were obtained from a different data source, omitting the correction values
could simplify the data handling process.

3.7. Methods Field Observation Data collection

To assess the accuracy of the water surface heights derived from satellite SAR altimetry data
field observation datais required for validation. As mentioned before, no in-situ stations mea-
suring water surface height are currently present in the area of interest. Hence, such field ob-
servation data would have to be collected through field campaigning. To this extent, a field
campaign was carried out in November 2022. This was part of the first full field campaign
executed within the Save the Tiger project, during which the area of interest was explored
for suitable measurement locations, collaboration with local organisations was established
and the first data for various hydrological and hydrodynamic data types were collected.

Whereas in the introduction all objectives of the fieldwork were presented, this method sec-
tion elaborates upon the methods for the collection of water surface height, flow depth and
river width data. Thisis because only these data types are considered relevant for the current
study. The methods for all data types are described in full in the field report (see appendix
). In this section, first, the selection of the field campaign sites is discussed, followed by the
methods applied for the collection of data for the various data types.

3.7.1. Site Selection

The selection of field campaign locations was based on two factors: hydro- & morphody-
namic relevance and the availability of satellite SAR data. As the overall research aims at un-
derstanding and modelling the hydrodynamic and morphodynamic behaviour of the Kar-
nali Fluvial fan the field campaign locations should be chosen such that the measurements
at these locations contribute to a representative data set. Therefore, the campaign locations
along the bifurcation area, the Geruwa River, and the Kauriala River have been chosen at
an interval of approximately 5 km distance along the river. This provided a set of areas of
interest for reconnaissance for the eventual measurement site.

For the exact site selection, emphasis was placed upon ensuring the representativeness of
the location for the hydro- and morphodynamics in that river section. To this extent, the
main factors considered in the selection were the number of present river channels, flow ve-
locity and potential obstructions of flow. Preferably a field campaign site would be situated
at a location where the river reach only consisted of a minimal number of channels (prefer-
ably one or a maximum of two). Most sites proved only to be suitable for a selection of data
collection methods, depending on hydrodynamic, morphodynamic, and/or landscape char-
acteristics. Note that all visited field campaign locations are presented. However, not all of
these visited locations are relevant for the current study, as the field campaign also included
the collection of data for purposes outside of the scope of the current work.

Secondly, the availability of satellite SAR data was decisive for site selection. To this extent,
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the theoretical orbital ground tracks of the Sentinel-3A, Sentinel-3B and Sentinel-6A were
studied (see figure 3.2). From this areas of interest for exploration for suitable field campaign
sites were selected (see appendix C).

During the field campaign, the visited and to be visited locations were also assessed on their
accessibility. Thiswas also decisive for timing of visitation for certain campaign locations. The
accessibility of each of the campaign locations is more extensively elaborated upon in the
field report (see appendix ). It should be noted however, that the field campaign locations
near the Bheri and Karnali confluence are difficult to reach and expected to be inaccessible
when reaching from the South during monsoon season. Generally, the criteria to assess the
suitability of a site during the field campaign were:

- Accessibility of area, and the required logistics to reach it.
- Accessibility of the river bank
- Safety with regards to dangerous wildlife

- Potential for applicability of the measurement tools at hand

The sites selected and visited during the field campaign are shown on a map presented
in figure 3.6. A map used prior to the field campaign with the locations selected for explo-
rations can be found in appendix C. Note that the locations selected for the sat-SARA analysis
were also all visited during the field campaign, except for sat-SARA site BHOO, which is the
Sentinel-3A overpass over the Bheri River.

Field Campaign Locations

All locations visited for field observations
and data collection in the Karnali Fluvial
Fan and the Bheri and Babai Rivers
during the 2022 Nepal field campaigns.

Karnali
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Figure 3.6: Sites selected for and visited during the 2022 field campaign, along the Bheri, Karnali,
Geruwa and Kauriala Rivers, Nepal
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3.7.2. Field Observation Data Collection

Unfortunately, not all data types could be collected at every field campaign site, due to ac-
cessibility, landscape or river reach characteristics or logistical limitatations. The field report
contains a more extensive elaboration upon these limitations and decisions, including maps
showing the locations at which each data type was collected.

Water Surface Heights

Different methods were used in an attempt to measure absolute and relative water surface
heights in the Bheri, Karnali, and Geruwa Rivers. Firstly, it was desired to measure absolute
the water surface heightsin-situ using a differential GNSS setup as described in the methods
section. Unfortunately, the GNSS-rover proved faulty during the fieldwork and hand-held
GPS devices did not provide sufficient accuracy. Therefore, with the equipment at hand, it
was possible to measure relative water surface heights only.

At all visited campaign locations, the exact position was also recorded using a handheld
GPS-device. This was done mostly to be sure to have some sort of positioning recording for
all campaign locations. It should be noted, however, that a varying set of handheld GPS de-
vices and mobile apps was used to this extent. The accuracy of the measurements in the
vertical direction was too low for determining water surface heights in the field.

In addition to the aforementioned GPS and GNSS methods for determining the exact wa-
ter surface height, also relative water surface heights were determined. This was achieved
using the Nikon Forestry Pro (NFP). With this device horizontal distance, height, height dif-
ferences and angles could be measured. This allowed for using the NFP to estimate the
vertical distance between a fixed point in the landscape and the water surface of the river
(see figure 3.7). For this, it was important to choose a fixed point in the landscape for which
with certainty could be said that the elevation would not change through time. In other
words, a location outside of the active floodplain had to be chosen, as low and high flows,
and especially floods during monsoon season could cause morphodynamic changes within
the active floodplain.
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Figure 3.7: Method for measuring relative water surface heights with the NFP

This method allowed for the estimation of water levels relative to the landscape and hence
could provide information about water surface heights relative to maximum water surface
heights during full bank flow and floods. The relative vertical heights could simply be mea-
sured by pointing the NFP from the fixed point in the landscape to the river bank, just above
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the water surface. The device itself would provide the vertical, horizontal and diagonal dis-
tance from the fixed point to the selected measurement point, and the angle under which
was measured (following Pythagoras). Asthe distances were measured from eye height, only
the height from the ground to eye height had to be corrected for. It is estimated that this
method resulted in relative water surface heights with an accuracy of a couple of centime-
tres up to one or two decimeters.

If sufficiently accurate horizontal positioning is recorded and with the use of a (high reso-
lution) DEM, the height of the fixed point and hence of the absolute water surface height
could then be derived. Since no sufficiently accurate horizontal positioning and DEM's of
lower resolution were available, it was decided not to derive the exact water surface heights
from the collected data, and only use the relative water surface heights for further analysis.
The NFP measurement device also allowed to measure the river width at most of the field
campaign locations, with a range up to approximately 350 meters

Relative water surface heights were measured using this method at the campaign locations:
K02, KO3, BIO3, GO1, GO3, GO4, GO6, GO8, KUO2, KUOT, KUO6, KUO7 and KUQOS8 (see also ap-
pendix |).

Flow Depth

The flow depth measurements used for this thesis, were measured using measurement tape
or a handheld sonar device. Each of these measurements was part of a full transect measure-
ment, measuring flow depth along a transect parallel to the river flow. At most locations, the
flow depth was measured at every 2 meters along the transect. The sites for which these flow
depths were collected were mostly located along the Geruwa River, as the Geruwa typically
showed much lower flow depths and flow velocities, and hence allowed for crossing on foot
or by raft. The locations for which the flow depths were recorded with this method include
BIO3, GO1, GO2, GO4, and GOG6 (see appendix ).

In addition, flow depths were measured using the Fish Deeper CHIRP+ sonar device. This de-
vice was attached to a fish line and dragged along a transect across the river, approximately
parallel to the flow direction. The device then performed continuous flow depth measure-
ments along the transect, generating a cross-sectional profile of the river. For the current
work, flow depth measurements from this method were only used for the locations BHOI1
and GO8 (see appendix | for the full overview).

Stage Height

As discussed before, stage height measurements were made available by the Department of
Hydrology and Meteorolgy (Government of Nepal) for Chisapani. The measurement station
is located at the KO3 site. These stage height measurements can be interpreted as relative
water surface heights and were to that extend used to compare with other water surface
height estimations and observations at KO3 and other sites in the study area.



Sat-SARA and Field Observations

This chapter presents all the results from the satellite SAR altimetry analysis for deriving wa-
ter surface heights and for multiple channel identification, as well as the field observation
data regarding river widths, flow depths and (relative) water surface heights. For the presen-
tation of the results, the region was divided into three river reaches, the Bheri River section,
the Karnali River section, and the Geruwa River section. The results are presented for each
of these river reaches respectively.

To contextualise the presentation of the data, a general description of the landscape char-
acteristics is provided for each river section. A more specific description of the direct sur-
roundings of the satellite overpass site is then given additionally. These descriptions include
pictures taken during the field campaign as well as a map of the local topography in the
orientation of the theoretical satellite trajectory ground track. Note that part of the area de-
scriptions are retrieved from the field report (appendix ).

The observations are then presented, starting by showcasing the echograms that support
the multiple channel identification analysis. To this extent, for Sentinel-3 the analysis was
applied only to the 2022 data. The echograms for 2021 can be found in appendix F. The
echograms for 2021 and 2022 are fairly similar and the data for 2022 was chosen as this en-
ables comparison with the observations from the 2022 field campaign. For Sentinel-6, data
was only available for a full year for 2021. Hence, Sentinel-6 echograms are presented for 2021.

The derivation of the water surface heights was based on the sat-SARA return signal wave-
forms at the overpass locations. The waveforms are presented for each of the exact overpass
locations, for the dry (depicted in orange) and wet seasons (depicted in blue) of 2021 and
2022, and for the field campaign in Novemlber 2022 (depicted in green). The waveforms are
plotted as signal power (on the y-axis) against the range gate (on the x-axis). Presenting
only the waveforms for these moments in time allowed for easy interpretation. Note that
enlarged plots can be found in appendix E for closer inspection.

Atime series of the water surface heights derived with the PTR gaussian retracker from these
sat-SARA return signal waveforms is presented for the years 2021 and 2022. Followed by the
field observation results are presented, which include the (relative) water surface heights
and flow depths.
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4.1. Results for the Bheri River Section

In this section, all results for the Bheri River section are presented. The Bheri River sec-
tion included overpasses for three satellites: Sentinel-3A at BHOO, Sentinel-6A at BHO1, and
Sentinel-3B at BHO2. This section presents the results from the sat-SARA analysis as well as
field observation data collected for these sites. Note that for BHO1 only signal return wave-
forms are presented for the multiple channel analysis. An overview map of the Bheri River
section area is shown in figure 4.1,

Bheri River Section
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Figure 4.1: Map of Bheri River section

The Bheri River flows through the Sivalik hills.
Hence, the landscape is characterised by hill-
slopes on both sides of the river. This river
reach was measured to be located at an el-
evation of approximately 200 meters above
mean sea level (see appendix F.6 and I). Two
bridges are located near the S6A and S3B
overpasses. The area surrounding the river
section from these bridges down to the con-
fluence point is relatively flat. This region (on
the left bank of the Karnali River) consists of
mostly agricultural land and a few small villages. Upstream of BHOTand BHO2 the landscape
becomes more hilly. The hill slopes on the right and left banks from this river section peak
at roughly 710 and 800 meters above mean sea level respectively. The tallest peaks can be
found near the downstream end of the Bheri River, where it joins the Karnali River. Approxi-
mately 4 kilometers from the right bank of the Karnali the tallest peak of the study area can
be found at 1540 meters above mean sea level. Figure 4.2 shows a picture of these moun-

Figure 4.2: Mountains at Bheri & Karnali
confluence, as seen from Bheri Bridge
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tains as seen from Bheri Bridge (BHOT).

Three main river channels can be identified within the area: the Bheri River flowing from
East to West, the Karnali River before the Bheri confluence, and the Karnali River after the
Bhericonfluence. The latter two flow from North to South. From the hydrological water body
data provided by the Nepal government, some other smaller tributaries to the Karnali River
can be identified. During the field campaign, it became apparent that a flash flood tributary
to the Bheri, flowing along a relatively steep hillslope, was located just upstream from BHOT
and BHO2. It was thought that this stream is only activated during high precipitation events
in the wet season. Due to the proximity of this stream to the satellite overpasses, however,
this tributary may appear in the echograms for all satellites.

BHOO is located farthest upstream at approximately 1.3 km distance from BHOI, which is in
turn located at approximately 0.4 km upstream of BHO2. As the sites are located in very close
proximity to one another the general landscape characteristics are the same for all locations.
However, some notable differences exist between the three locations. Hence, these specific
characteristics will be discussed for each location.

4.1.1. BHOO

The BHOO site is located farthest upstream
along the Bheri River. It was not visited dur-
ing the field campaign, but the area was vis-
ible from site BHO1 (see figure 4.3). In this
reach, the river flows through a relatively broad
valley. Moreover, the river banks upstream of
BHO1 were natural and not reinforced, provid-
ing space for the river to meander. Upstream
some minor towns are located. From Google
Earth satellite imagery it seems like bank rein-
forcements may be in place near these villages. Figure 4.3: \View from BHOI, upstream
Locals reported the area to be prone to flooding toward BHOO

during the wet season.

At BHOO Sentinel-3A passes over the Bheri River (see figure 4.4). From this map it appears
that S3A passes over a small tributary of the Bheri in the North, as the Bheri approaches the
satellite overpass from the East and briefly flows parallel to the satellite trajectory before S3A
passes over the Bheri River at BHOO. At a greater distance from the trajectory in the West, a
tributary of the Karnali River is present. Progressing southward, the Bheri River converges
with the Karnali, merging two distinct river streams into a unified course. From fieldwork, it
is known that another tributary to the Bheri joins the river just upstream of BHOI. Using the
DEM for orientation and locating this tributary, it is likely that S3A passes over this tributary
approximately at 28.742°N, 81.291°E.
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Figure 4.4: Local topography and the theoretical ground track of S3A at the BHOO overpass

81.28

Multiple Channel Identification
Figure 4.5 presents the echograms for the S3A trajectory over the Bheri River for dry season,
wet season, and the field campaign of 2022. The echograms for dry season (March) and field
campaign (November) appear very similar. The plot for the wet season in July differs from
the other plots, mainly in that the bright features appear less distinct. This makes it more
difficult to interpret the wet season echogram. The expected presence of a lot of water from
the different streams in this area during the wet season in combination with a insufficient
along-track spatial resolution may be the cause of the blurry echogram for the wet season.
Figure 4.6 presents the UF-SAR echogram for the dry season (March 2022) together with the
area map and the identification of the river sections indicated. The identification of these

river sections is further elaborated upon below.
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Figure 4.5: Unfocused-SAR signal power echogram for the Sentinel-3A overpass of the Bheri River
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BHO0 - March 2022
S3A FF-SAR Echogram
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Figure 4.6: River sections identified from the stream-like features in the Sentinel-3A UF-SAR 2022
echogram over the Bheri River section area

One pattern clearly emerges in all three echograms. Three bright stream-like features are
apparent, forming a triangular shape in the echogram. One of these streams (feature A) ap-
pears close to the satellite in the North, moving away from the satellite whilst progressing
South. This stream appears brightest in the echogram and has a very bright feature appear-
ing at the overpass site BHOO. Another stream (feature B) appears far away from the satellite,
remaining at a larger distance from the satellite whilst progressing South, seemingly joining
the first stream in the South (at approximately 28.735°N).

Knowing the landscape from context, these features (A, and B) may be indicative of the Bheri
and Karnali Rivers (sections 2 and 3) respectively, which join at approximately 28.4°N. The
Bheri is expected to appear close to the satellite in the North as it is both situated close to
the trajectory in the horizontal plane, as well as in the vertical plane because of its elevation.
As the river flows down the slope before joining the Karnali, it moves further away from the
satellite, both in the vertical and the horizontal plane. The Karnali River river section (section
3) in its whole is situated at a lower elevation, as well as further away from the Sentinel-3A
trajectory in the horizontal plane. The Karnali is flowing down a slope as well as moving to-
ward the trajectory in the horizontal plane, whilst progressing South. As a result it appears
at higher range gates as compared to the Bheri River and remains at a relatively constant
distance from the satellite and thus constant range gate whilst progressing South.

Between 28.77°N and 28.78°N, another stream-like feature (feature C) seemsto appear rather
close in the North, quickly moving away from the satellite whilst progressing South. This
may be indicative of the Bheri River section (section 1) which quickly approaches the satel-
lite (from the East) at this latitude, and moves parallel to the satellite trajectory for a short bit.

Lastly, two more vaguely bright-appearing features are present, which are more pronounced
in the wet season echogram. One appears close to the satellite near a latitude of 28.76,
moving away whilst progressing South, whereas the other appears closest to the satellite
at approximately 28.73 °N, moving further away whilst progressing North. Whilst these two
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features are less distinct they may be indicative of flash-flood tributaries running along the
hillslopes during the wet season. This agrees with apparent depressions on the hillslopes in
the DEM.

Sat-SARA Regurn Signal Waveforms
The blue line in the echograms of 4.5 marks the exact location of BHOO for which the return
signal waveforms were plotted. These waveforms are presented in figures 4.7a and 4.7b.

le13 Waveforms - BHOO - 2021 1e12 Waveforms - BHOO - 2022
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wet season (july)
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—— dry season (Mar)
— field campaign (Nov)

Range gate Range gate

(a) Dry & Wet Season 2021 (b) Dry & Wet Season, and Field Campaign, 2022

Figure 4.7: Return Signal Waveforms for the Sentinel-3A Overpass of Bheri River at BHOO

A clear and strong return signal with one large peak, and a smaller peak can be observed for
the dry season of 2021, indicating an inland water signal. Although, considerably less preva-
lent than for the dry season, a clear strong power return signal can also be observed during
the wet season (see also zoomed plot in appendix E). For the 2022 season, the return signals
are of significant less power and do not show a clear single peak for the dry season and field
campaign period, but rather two large peaks can be observed around the same range gates
(between 110-125). A single peak can be observed during the wet season, although, again at
a much smaller signal power as compared to the dry season and field campaign signals. For
all three waveforms another small peak can be observed around range gate 200.

Sat-SARA Derived Water Surface Heights
Time series of the absolute water surface heights throughout 2021 and 2022 as derived from
the sat-SARA data for BHOO are presented in figure 4.8.

BHOO - 2021 BHOO - 2022

176

Height [m]
= =
~ ©
oo o

§ L L

&4

A

A

A

A
— =
~ [o2]
[oe] o
, L

Date Date

Figure 4.8: Timeseries of estimated water surface heights for the overpass locations BHOO for the
years 2021 and 2021

The estimated water surface height is highest around August for both years. The months
from January until the end of May show the lowest observed water surface heights for both
years. The water surface height variation as derived from the sat-SARA time-series is 4.088
m in 2021 and 3.639 m in 2022.
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4.1.2. BHO1

The BHOT1 site is located at the Sentinel-6A overpass of the Bheri River, which is the exact loca-
tion ofthe old Ghatgaun Suspension Bridge and newly constructed Ghatgaun Bheri Bridge,
near Ghatgaun. A map following the trajectory of Sentinel-6A, on top of a DEM is presented
in figure 4.9 for orientation. From this map it appears that the Karnali River roughly runs
parallel to the S6A trajectory for this section. S6A passes over two smaller tributaries to the
Karnali which run down the hillslopes North of the Bheri River. It then passes over the Bheri
River at BHOI1, at nearly the same latitude as the confluence of the Bheri and Karnali Rivers.
Assuming the flash flood tributary to the Bheri just upstream of BHOT1 is activated during wet
season, S6A runs near parallel to this tributary, south of the Bheri overpass. The Bheri River
runs nearly perpendicular to the S6A trajectory.

Overpass S6A
Bheri River (BHO1)

Theoretical  groundtrack  of
Sentinel-6A satellite over the
Bheri River, near Ghatgaun

LEGEND

Satellites Elevation
=== Sentinel-3A Om
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@ Sat-SARA sites

I water bodies
- Country borders 4000 m

Figure 4.9: Local topography and the theoretical groundtrack of S6A at the BHO1 overpass.

Although the river flows through the Sivalik hills the slopes on either side of the river are
modest. The hills on the left side of the river slope more steeply than the hills on the right
side. No steep mountains or hills are located in the direct vicinity of the overpass. The river
width recorded at BHO1 during the field campaign was approximately 82 meters (as derived
from CHIRP+ coordinate readings).

Near the two bridges, the river banks are reinforced with engineered embankments. This
only holds for the section in the direct vicinity of the bridges, including the river bend in
which it is located. These reinforcements stretch a couple of hundred meters upstream and
downstream from the bridges. The river is clearly deeper on the left side than on the right
side. During the field campaign the water reached the left bank reinforcement, whereas
parts of the river bed were exposed on the right side of the river. The images in figure 4.10
provide an illustration of the surroundings of BHO1 during the 2022 field campaign.
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(a) Left bank Bheri River at BHO1

(c) Right bank Bheri River at BHO1

Figure 4.10: Landscape at BHOI

Multiple Channel Identification

Figure 411 presentsthe UF-SAR echograms for the S6A trajectory over the Bheri River section
for dry season (April) and wet season (October). Figure 4.12 presents the FF-SAR echograms
for the S6A trajectory over the Bheri River section for the dry and wet seasons respectively. A
clear difference of spatial resolution can be observed, which will be further elaborated upon
in the chapter 5 Discussion.

As explained in section 3.1.2, all bright-appearing features can be found at range gates lower
than 300, which can be explained by the downlink mode on board of the satellite. Stream-
like features appear very distinctly in all echograms and the patterns observed are highly
similar for the wet and dry seasons, as well as for UF-SAR and FF-SAR. Notably, for both UF-
SAR and FF-SAR, the pattern seems to be shifted, appearing at slightly lower range gates
for the wet season as compared to the dry season. This means that the water surface ap-
pears closer to the satellite during the dry season plot as compared to the wet season plot.
This may indicate the observation of higher water surface heights. As every range gate con-
stitutes 18 centimetres of vertical distance, a shift in approximately 30 range gates would
mean a water level rise of 5.4 meters. However, a cross-track shift of the satellite trajectory
(Sentinel-6 not following exactly the same ground track) may also cause this shift in range
gates, so no direct conclusions can be drawn based on solely the echogram.
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UF-SAR Range Power S6A - Bheri Section - 2021

Dry Season - April Wet Season - October
28.78
28.77

28.76

Latitude (WGS84)

28.75

28.74

28.73

7

300
Range Gate Range Gate

200 300

Figure 4.11: Unfocused-SAR signal power echogram for the Sentinel-6A overpass of the Bheri River
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Figure 4.12: fully focused-SAR signal power echogram for the Sentinel-6A overpass of the Bheri River

Figure 413 shows the wet season FFSAR echogram for BHOT aligned with a map of the area
to allow for easy interpretation. The image also indicates the identified river sections. The
channel identification is elaborated upon in the following paragraphs.

The emerging patterns show features very characteristic of rivers. Firstly, a stream-like fea-
ture appears at the Northern end of the trajectory at approximately range gate 140, moving
away from the satellite whilst progressing South (feature A). Considering the slope of the re-
gion, this is indicative of the Karnali River flowing on the West-side of the trajectory, nearly
parallel to it. The Karnali River is located at a higher elevation at the North end of the trajec-
tory, thus appearing closer to the satellite, whilst it appears farther away in the South as the
valley will be situated at a lower elevation.

A second stream appears closer to the satellite at range gates between approximately 70
and 105, and remains within this range for most of the South part of the trajectory (feature
C). Another stream or river section seems to connect the former two (feature B). These two
streams or river sections are a little bit less intuitive to identify. Feature B appears close to the
satellite at a range gate 100 at 28.768°N where it connects to the second mentioned stream,
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moving away toward range gate 210 at 28.751°N where it joins the first mentioned stream.
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Figure 4.13: River sections identified from the stream-like features in the Sentinel-6A FF-SAR 2022
echogram over the Bheri River section area

As feature B seems to rapidly move away from the satellite, this is suggested to be represent-
ing the Bheri River (section 2). As the river flows perpendicular to the Sentinel-6A trajectory
and down a relatively steep slope, the river moves away from the satellite more rapidly in
the vertical plane due to elevation change than it moves toward the satellite in the horizon-
tal plane. Throughout this section (2), the Bheri drops a rough 20 meters in elevation as it
flows perpendicular to the trajectory down to the confluence with the Karnali River, over the
course of approximately 6 kilometers.

Feature C seems to stay at a relative similar distance from the satellite along the trajectory.
This is indicative for the Bheri River as well, but for section 3, upstream of section 2. Although
here the river is slowly moving closer to the satellite in the horizontal plane, it is also flowing
down a slope. This causes the stream to appear at a somewhat constant distance from the
satellite. The sharp turn at a latitude of 28.755°N is clear proof of this. In the echogram the
distance to the satellite suddenly increases massively as the river remains at nearly the same
altitude whilst it is farther away from the satellite in the horizontal plane.

In both the dry and wet season another clear stream-like feature can be observed in the
North (feature D). Whilst it remains at somewhat the same latitude, it quickly moves away
from the satellite, starting at a range gate close to zero, up to approximately range gate 180
as it joins the Karnali River. This is indicative of the Karnali tributary flowing down a steep
hillslope indicated in figure 413 as section 4.

During the wet season, even more water features are apparent. These are hard to distinguish
in the UF-SAR echogram as they do not appear very distinct (figure F.2.1). They are, however,
much more pronounced in the FF-SAR echograms (figure 4.11). This makes it possible to
identify, for instance, a stream that appears close to the satellite at 28.73°N, moving away
from the satellite quickly to apparently join one of the main river streams at 28.74°N. This is
indicative of a rain-fed (flash-flood) tributary to the main branch of a river, running down a
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hillslope, which is only activated during the wet season. This suggests that it is possible to
observe channel activation during wet season from the Sentinel-6 SAR return signals.

Sat-SARA Return Signal Waveforms

For the Sentinel-6A overpass over the Bheri River at BHO1 (depicted by the blue line in the
echograms) both the unfocused-SAR and fully focused-SAR return signal waveforms were
plotted for 2021 (see figures 4.14a and 4.14b.
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Figure 4.14: Return Signal Waveforms for the Sentinel-6A Overpass of Bheri River at BHOIT

The waveforms are clearly different for the UF-SAR and the FF-SAR processed return signals
at the BHO1 overpass site. For the UF-SAR waveforms, multiple signal power peaks can be
observed. This is especially true for the dry season waveform, where the multiple peaks are
also of similar magnitude. The wet season waveform has one double-peak around range
gate 115 of significantly higher signal power. The FF-SAR waveforms also present multiple
peaks for both the wet season and the dry season. However, for both seasons, one signal
power peak is clearly of a larger magnitude.

Field Observations

The relative water surface height for BHO1 was measured with respect to the top of the railing
of the new Ghatgaun Bheri Bridge, using measurement tape. The relative water surface
height was found at 16.0 m. The observed maximum flow depth at BHO1 was 4.17 m.

4.1.3. BHO2

The BHO2 site is located at the location where Sentinel-3B passes over the Bheri River (at
the exact theoretical groundtrack overpass), a few hundred meters downstream of the two
bridges. Figure 4.15 shows a map of the local topography in the orientation of the S3B theo-
retical ground track. From this map, it appears that the Karnali River runs roughly parallel to
the S3B trajectory for this section. S3B passes over two tributaries to the Karnali River, before
it passes over the Bheri River at BHO2, at nearly the same latitude as the confluence of the
Bheri and Karnali Rivers. The Karnali River appears closest to the trajectory in the South at
approximately 28.72-28.73°N. Some other small tributaries to the Karnali can be seen along
the Karnali reach.
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Figure 4.15: [ ocal topography and the theoretical ground track of S38 at the BHO2 overpass

At BHO2 theriver is enforced with a small dike on the right bank. On the left bank, no artificial
embankment is present. During the field campaign, parts of the river bed were exposed on
both sides. The picturesin figure 416 illustrate the landscape conditions during the 2022 field
campaign. During the campaign, flow velocities were high to the extent that passing the
river in a boat was deemed impossible. The surrounding area is relatively flat. Downstream
of BHO2, toward the confluence with the Karnali, the left bank of the river becomes very
steep (also see 4.16b). The river width observed during the field campaign was 162.0 m. Note
that other than river width no field observation data could be collected at this location.

S \ b_ XA :
(a) Bheri Bridges as seen from BHO2 (b) BHOZ2 from the dike at the right bank (view in the
direction of the S3B theoretical ground track)

Figure 4.16: Landscape surrounding BHO2

Multiple Channel Identification

Figure 4.17 presents the echograms for the S3B trajectory over the Bheri River section for
the dry season (April), wet season (September), and field campaign (November) of 2022. Al-
though the general pattern in the three echograms appears quite similar, some clear differ-
ences can be observed.
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Figure 4.17: Unfocused-SAR signal power echogram for the Sentinel-3B overpass of the Bheri River

The echogram for the low flow in April presents the clearest distinction between the signal
power intensities, as compared to the other two plots. One main river-like feature appears in
all plots, which appears farthest away in the North, moving closer to the satellite whilst pro-
gressing Southward. Interestingly, the high flow plot of September seems to lack one of the
main features showing bright targets at the higher range gates (between range gate 230 at
28.779°N and range gate 130 at 28.75°N) which the plots for April and November do depict.
In all plots another bright water-body-like feature can be observed at slightly lower range
gates (hence closer to the satellite) as compared to the main branch, between 28.74°N and
28.77°N. As it appears closest to the satellite near the overpass site, this may be indicative for
the Bheri River. However, the features are not very distinct, therefore making it difficult to
interpret the data and properly identify the river streams.

Lastly, a vague stream-like feature appears at the Northern latitudes, moving from close to
the satellite (range gate O at 28.89°N) away from the satellite whilst progressing South.This
feature is less pronounced in the dry season echogram. Hence, it is suggested to be indica-
tive of the first Karnali tributary (running down a hillslope) the satellite passes within this
trajectory. Interestingly, the larger appearing tributary to the Karnali situated between lati-
tudes 28.79°N and 28.70 cannot distinctly be identified from the echogram.

Sat-SARA Return Signal Waveforms

The return signal waveforms for the Sentinel-3B overpass over the Bheri river at BHO2 (marked
by the blue line in figure 4.17) are presented in figure 418. For the waveform of the dry season

of 2021 a clear high signal power can be observed around range gate 120, accompanied by

a smaller but still considerably large signal power peak around range gate 105. For the wet

season in the same year, the return signal shows considerably smaller overall signal wave

power. Moreover, multiple peaks can clearly be observed between range gates 80 and 155.
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Figure 4.18: Return Signal Waveforms for the Sentinel-38 Overpass of Bheri River at BHO2

The observed return signal power is also smaller for all waveforms plotted for 2022, being of
the same order of magnitude of the wet season wavefrom of 2021. In addition, all waveforms
of 2022 show multiple signal power peaks.

Sat-SARA Derived Water Surface Heights
Time series of the absolute water surface heights throughout 2021 and 2022 as derived from
the sat-SARA data for BHO2 are presented in figure 4.19.
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Figure 4.19: Timeseries of estimated water surface heights for the overpass locations BHO2 for the
years 2021 and 2021

The estimated water surface height is highest around October for both years. The months
from January until the end of May or the beginning of June show the lowest observed water
surface heights for both years. The water surface height variation as derived from the sat-
SARA time-series is 748 m in 2021 and 7.51 m in 2022.

4.2. Results for the Karnali River Section

In this section, all results are presented for the section of the Karnali River where it flows
through the Sivalik Hills. This section stretches from the confluence of the Bheri down to
the bifurcation at Chisapani. This river section includes only a single satellite overpass from
Sentinel-3A at site KO1 for which the multiple channel analysis was applied and the sat-SARA
derived water surface heights are presented. No field observation data could be collected
at KO1. Hence, field observation data is presented for sites KO2 and KO3 for field validation
instead.
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Figure 4.20: Map of Karnali River section

This section of the Karnali River cuts through the Sivalik Range. Hence, the landscape is char-
acterised by steep hillslopes on both sides of the river. Over the course of approximately 8.5
kilometres, the river experiences an elevation drop from roughly 200 meters measured at
the confluence of the Bheri River, down to roughly 180 meters above sea level as measured
at Chisapani. The surrounding hills peak between roughly 700 and 1500 meters, with the
tallest peak within 5 kilometres of the river, standing at 1540 meters above mean sea level.
The most as well as the tallest peaks can be found on the right bank of the Karnali River.

In this area only one main river stream can be identified: the Karnali River. Multiple minor
tributaries to the Karnali run down the hillslopes on both sides, most of which were actively
carrying water down during the field campaign in 2022, which indicates these are not flash-
flood rivers. However, this does not necessarily imply that these tributaries cannot fall dry
during the drier months. As the hilltops are not covered in snow, this does imply the tribu-
taries are rain-fed.

42.1. K01

The KO1 site coincides with the the theoretical river overpass location of Sentinel-3A over
the Karnali River. Figure 4.21 shows a map following the orientation of the trajectory of S3A
over a DEM at KO1. The landscape consists of steep hill slopes and a narrow valley through
which the Karnali River flows. The hill slopes on the left bank are steeper than on the right
bank. The photographs in figure 4.22 present the landscape as observed during the 2022
field campaign. The observed river width at KO1 was 74.6 meters.
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Figure 4.21: Local topography and the theoretical ground track of S3A at the KO1 overpass

The only main river channel in the vicinity of the trajectory is the Karnali River. At higher
latitudes it moves closer toward the trajectory in the horizontal plane, after which it flows
parallel with the trajectory for a short distance, before which it makes a tight turn to run per-
pendicular to the satellite until right after the satellite overpass at KO1. A less tight turn then
causes the river to slowly move farther away from the trajectory whilst progressing South-
ward. A couple tributaries to the Karnali River show on the majp, some of which may only be
activated during the monsoon season.

W

(a) K01, looking upstream

Figure 4.22:  andscape surrounding KO

Multiple Channel Identification

Figure 4.23 presents the echogram for the S3A trajectory over the Karnali River for the dry
season (April), wet season (September), and field campaign (November) of 2022. A clear
continuous river-like feature can be recognised in all of the plots, which would suggest the
presence of a single river channel.
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In the first place, it might be expected that, as the stream moves closer to the satellite before
the overpass and away from the satellite after the overpass site in the horizontal plane, the
feature would appear at a larger range gate in the North and South, whilst appearing at a
smaller range gate at the overpass site. However, this is not what appears to be the case
when studying the echograms. Here, the river feature follows a rather constant trajectory.
This could be explained by the river incline. This may coincidentally cause the river to remain
at a rather constant distance from the satellite, only slowly moving further away as the overall
elevation of the valley drops.
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Figure 4.23: Unfocused-SAR signal power heatmap for the Sentinel-3A overpass of the
Karnali River in the Silavik Hills

Figure 4.24 presents the channels as identified from the echograms shown with the Novem-
ber echogram together with the map of the area with DEM and in the orientation of Sentinel-
3A trajectory. In the following paragraphs this identification is elaborated upon further.
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Figure 4.24: River sections identified from the stream-like features in the Sentinel-3A UF-SAR 2022
echogram over the Karnali River section area
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Bright appearing targets can be observed between the 28.69°N and 28.70°N (feature B). This
is most pronounced in the echograms for the dry season and the field campaign. The feature
appears very close to the satellite (starting at range gate 0), moving away from the satellite
up to approximately range gate 105, where it seems to meet the Karnali River. These char-
acteristics suggest this feature is caused by a Karnali tributary running down a hillslope. Al-
though only one tributary to the Karnali River is visualised in the water body layer on the map
(section 2), from the DEM it becomes apparent there is a high chance other tributaries are
also present. Considering that feature B appears closest at a lower latitude and then moves
away from the satellite at the larger latitudes, this would indicate another tributary than the
one presented as a water body in the map. Instead it is suggested the signal represents a
tributary indicated as section 3 in figure 4.24. From the field campaign it can be confirmed
a tributary was present at this location. A similar type of feature can be observed in the wet
season and field campaign echograms at a higher latitude (between 28.72°N and 28.725°N),
although its appearance is less pronounced.

Sat-SARA Return Signal Waveforms

The return signal waveforms for the Sentinel-3A overpass over the Karnali river at KO1 are
presented in figure 4.25. For the waveform of the dry season of 2021, a clear high signal
power can be observed around range gate 130, accompanied by a smaller signal power peak
around range gate 120. For the wet season in the same year, the return signal shows consid-
erably smaller overall signal wave power. One large peak can be observed around range gate
95, and a smaller second peak can be observed around range gate 70. These waveforms are
indicative of an inland water signal. Notably, the observed return signal power is an order
of magnitude smaller for all waveforms plotted for 2022. In addition, all waveforms of 2022
show multiple signal power peaks.
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Figure 4.25: Return Signal Waveforms for the Sentinel-3A Overpass of Karnali River at KO1

Sat-SARA Derived Water Surface Heights
Time series of the absolute water surface heights throughout 2021 and 2022 as derived from
the sat-SARA data for KO1 are presented in figure 4.26.
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Figure 4.26: Timeseries of estimated water surface heights for the overpass locations K01 for the
years 2021 and 2021

The estimated water surface height is highest between July and October for both years. In
2021 the highest water surface heights are measured somewhat earlier in the year as com-
pared to 2022. The months from February until April show the lowest observed water surface
heights for both years. The water surface height variation as derived from the sat-SARA time
series was 6.82 m in 2021 and 6.78 m in 2022.

4.2.2. K02 & K03

The landscape is very similar to the landscape at KO1. It consists of steep hill slopes and a
narrow valley through which the Karnali River flows. The hill slopes on the left bank appear
somewhat steeper than on the right bank. The photograph in figure 4.33a presents the
landscape at KO2, looking upstream (in the direction of KO1). The photograph in figure 4.33b
presents the landscape at Chisapani, at KO3. Here the landscape opens up as the Sivalik Hills
make place for the more flat terrain beyond. The river widths as observed during the field
campaign were 160 and 283 meters for KO2 and KO3 respectively.

(a) Looking upstream from K02 (b) KO3 from fixed point

Figure 4.27: Landscape surrounding K02 & K03

Field Validation

The relative water surface heights were measured at both KO2 and KO3. At KO2 this was mea-
sured from the road between Chisapani and Ghatgaun at the right bank. The relative water
surface height observed at KO2 was 20.9 m. At KO3 the relative water surface height was mea-
sured from the top of the stairs below the Karnali Bridge at Chisapani, leading down to the
river bank. The measured relative water surface height here was measured at 10.1 m. No flow
depths were measured at either of the two locations.
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The stage height measurements at Chisapani (KO3) are presented in figures 4.28 and 4.29.
Figure 4.28 shows the staff gauge heights measured as a time series from 1January 1992 up
to 21 December 2018. Figure 4.29 shows the staff gauge height variation per year, presenting
the staff gauge heights for each individual year, highlighting the data for 2018. In addition,
it shows the average stage height per day for the entire data set.
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Figure 4.28: Time Series of In-Situ Stage Height Measurements at Chisapani (KO3), from 1992 until
2018

The lowest stage height measured at Chisapani between 1January 1992 and 31 December
2018 was at a height of 2.56 meters and was measured on 10 April 2011. The highest stage
height measured was at a height of 15.2 meters on 15 August 2014. Assuming these are no
unexpected outliers, this means a maximum water height difference of approximately 12.64
meters.

Yearly Water Level Staff Gauge Measurements at Chisapani, Nepal

Per Year (1992-2018)
—— Average
—— 2018

16

14 1

12

10

Staff Gauge Height [m]

Figure 4.29: Yearly In-Situ Stage Height Measurements at Chisapani (KO3), for 1992-2018

Figure 4.30 shows the maximum yearly water level variation; the maximum measured stage
height minus the minimum measured stage height of each year. The largest yearly variation
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of measured water stage heights was found in 2014 with a water height difference of 12.15
meters. Immediately the year after, the water level variation was lowest with a yearly water
height difference of 4.89 meters. The average water level variation for this time period was
7.34 meters per year.
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Figure 4.30: Yearly Stage Height Variation
Measured at Chisapani between 1992 and 2018
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4.3. Results for the Geruwa River Section

In this section, the results for the downstream end of the Geruwa River reach are presented.
Whereas Sentinel-3A passes over the Geruwa River multiple times, the analysis has been
conducted for the downstream overpass at GO8. Figure 4.31 shows the entire Geruwa River
reach.

Geruwa River Section
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Figure 4.31: Map of Geruwa River section

The Geruwa River forms the left branch of the bifurcated Karnali River, downstream of Chis-
apani. It flows through flat terrain with Bardia National Park on the left bank for most of
the river reach, and the Rajapur agricultural peninsula on the right bank. At the inflow, the
Ceruwa is situated at approximately 180 meters above sea level. The river leaves Nepal and
enters India at an elevation of approximately 120 meters above sea level, as was measured
during the field campaign. The Geruwa River reach is highly spatially and temporally dy-
namic. The river consists of multiple channels which can be activated during the wet season,
whilst some may fall dry during the dry season.
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43.1. GO8

The CO8 site is located where Sentinel-3A passes over the Geruwa River. Figure 4.32 shows
the local topography in the orientation of the theoretical S3A ground track trajectory at the
Geruwa River overpass at site GO8. Note that the visualisation of the water bodies stops at
the Nepal-India border. This is because the hydrological data was available for Nepal water
bodies only. The rivers do continue into India and their rough outline can be observed in the
map.
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Figure 4.32: [ ocal topography and the theoretical ground track of S3A at the GO8 overpass

CO08 is located in flat terrain. The left bank (inner bend) is scarcely vegetated with grasses.
The forest is located further inland from the left bank, and almost directly on the right bank.
Just upstream of GO8 lays a mid-channel bar which is densely forested. The two photographs
in figure 4.33 were taken during the 2022 field campaign and present the surrounding land-
scape of GO8.

(@) Looking upstream from GOS8 (b) Looking downstream from GO8

Figure 4.33: Landscape surrounding GO8

At GO8 two branches of the Geruwa converge into one, making the branch downstream of
G08 the only channel of the river in this section. Whilst upstream of G08 the Geruwa still
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consists of multiple branches, downstream of GO8 it flows as one channel, curving towards
the West before it rejoins the Kauriala River to form the Karnali River again. During the field
campaign, the river was measured to be 68 meters wide at GO8.

Multiple Channel Identification

Figure 4.34 presents the echogram for the S3A trajectory over the Geruwa River section at
the Nepal-India border, for the dry season (January), wet season (September), and field cam-
paign (November) of 2022. The general appearing pattern in the echograms for all seasons
is very similar. In all three plots one clear river-like feature can be observed, which remains
roughly at constant distance from the satellite. It moves slowly away from the satellite whilst
progressing South, which can be explained by the river incline. The feature appears shifted
toward a lower range gate for the wet season, indicating the river channel to be closer to the
satellite. Water surface height increase during high flow may be a logical explanation for this

shift.
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Figure 4.34: Unfocused-SAR signal power echogram for the Sentinel-3A overpass of the
Geruwa River near the Indian boarder
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North of GO8, not one but multiple smaller bright appearing features can be observed. These
multiple features are more distinct during the dry season and field campaign. However, in
the wet season echogram, a wider water body also appears quite pronounced. These fea-
tures are indicative of multiple channels, North of GO8, which may merge into one or two
major channels during high flow, or because of the wet conditions simply become less dis-
tinct in the return signal. Another distinct river-like feature can be observed in the second
half of the trajectory. This stream appears far away (at large range bins) and curves as it
moves closer to the satellite and approaches the suggested main river feature whilst pro-
gressing Southward.

Figure 4.35 presents the resulting identification of the river sections from the echogram fea-
tures. The dry season (January) echogram is shown together with a map of the area, indi-
cating the features and river sections. As the hydrology map for the Geruwa River did not
extend across the Indian border, a open-source Google Map is presented here (instead of
the SRTM and ESRI elevation map).



4.3. RESULTS FOR THE GERUWA RIVER SECTION 56

<
o

GO08 - January 2022
S3A UF-SAR Echogram

28.40
81.16
81.18
81.20
81.22
28.38
81.24

28.38 28.40

28.36
28.37

28.36 28.38

28.34
28.35

Latitude

28.34 28.36

28.33
81.12
28.32 28.34
28.31 ‘ /
. i i
0 50 100 150 200 250

Range gate

81.18
81.20
28.30
81.22

Figure 4.35: River sections identified from the stream-like features in the Sentinel-3A UF-SAR 2022
echogram over the downstream Geruwa River section area

All of the features are representing a section of the Geruwa River. With in the North the
section (section 1) with multiple branches combining into one just before the overpass lo-
cation, represented by the features as observed in A. The feature which remains at some-
what constant distance from the satellite (feature B) can be identified as the single Geruwa
River branch which roughly follows the trajectory of the satellite (section 2). Feature Cin the
echogram represents the section of the Geruwa flowing towards the West (section 3), and
thus away from the satellite trajectory (in both horizontal and vertical plane). This river sec-
tion curves a bit to the North, which can also be observed in the echogram. Interestingly,
this section appears much more pronounced in the wet season plot as compared to the
field campaign and dry season echograms.

Sat-SARA Return Signal Waveforms

The return signal waveforms for the Sentinel-3A overpass over the Geruwa River at GO8 are
presented in figure 4.36. Although the order of magnitude of the signal power differs for the
various plotted waveforms, for each of the waveforms clearly a single peak can be observed.
For all presented return signals, the waveform is indicative of an inland water body, having
only one clear singular peak of significant signal power. These waveforms show in fact ideal
properties for retracking water surface heights.
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Figure 4.36: Return Signal Waveforms for the Sentinel-3A Overpass of Geruwa River at GO8

Sat-SARA Derived Water Surface Heights

Time series of the absolute water surface heights throughout 2021 and 2022 as derived from
the sat-SARA data for GO8 are presented in figure 4.37. The estimated water surface height
is highest between June and September in 2021, whilst these can be found later in the year
in 2022, between July and October. The months from January until late March show the
lowest observed water surface heights for both years. The water surface height variation as
derived from the sat-SARA time-series is 2.763 m in 2021 and 2.105 m in 2022.
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Figure 4.37: Timeseries of estimated water surface heights for the overpass locations GOS8 for the
years 2021 and 2021

Field Observations

The relative water surface height for GO8 was measured with respect to a point on the river
bank assumed to be stable in time as trees were growing here. The relative water surface
height was found at 4.7 m, and the observed maximum flow depth at GO8 was 55 m (full
depth readings in appendix G.

4.4. Geophysical Corrections for all River Sections

The geophysical correction values applied for determining the water surface heights from
the sat-SARA data were investigated to assess uncertainties within the data and to assess
whether adding the geophysical corrections is relevant for monitoring relative water level
variability in the area. While spatial variability is relevant to consider for applying the geophys-
ical corrections, temporal variability is most relevant for assessing the relevance of applying
the corrections for water surface height derivations to monitor seasonal variability. The varia-
tion of each of the correction parameters and the total correction (R) over time were plotted
for 2021 (see figure 4.38 and 2022 (see figure 4.39.
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Figure 4.38: Timeseries of applied geophysical corrections for the overpass locations BHOO, BHO2

KO1, and GO8 for years 2021

Looking at the geophysical corrections for both 2021and 2022, the correction values of BHOOQ,
KO1 and G0O8 seem to follow the same trend for all correction factors and hence also for the
total correction. They also show very similar values for all correction factors except for the
dry tropospheric correction which shows an offset between the different locations of up to

a few centimeters.
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Figure 4.39: Timeseries of applied geophysical corrections for the overpass locations BHOO, BHO2
KO1, and GOS8 for year2022
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The polar tide correction is the same for all locations and is very small with a variation of
approximately 3 millimetres throughout the year. For the ionospheric delay, the correction
value for BHO2 is approximately larger at any time throughout the year, compared to the
other locations, with a difference of up to a few centimetres. Considering the solid earth
tide, the average value for BHO2 throughout a full year is very similar to the other locations,
however, the temporal trend is very different. This results in a considerably different pattern
of the total correction (R) over time for BHO2 as compared to the other locations.

Overall, the dry tropospheric correction value accounts for the biggest part of the total cor-
rection value for all locations, with a value varying between -2.28 and -2.23 meters. With a
variation of approximately 3 centimeters this does not account for the largest variability of
the total correction value however. The solid earth tide and wet tropospheric correction val-
ues account for the largest temyporal variability in the total correction value, with a variability
of approximately 27 and 28 centimetres respectively.



Discussion

In this chapter the results as presented in the previous chapter are discussed. Data collected
from both field observations and the satellite SAR altimetry analysis will be compared in con-
text of the research questions posed and objectives set for this project. Thereafter, materials
and methods applied to come to these results are also discussed.

Before discussing the results and methods specifically for the various approaches, it should
be mentioned that the study area of the Lower Karnali River provided an exceptional op-
portunity for the current study, as it comprises a variety of landscapes over a relatively small
spatial extent, with multiple overpasses of satellites carrying SAR altimetry instrumentation.
The implementation of satellite SAR altimetry for water level monitoring remains dependent
on such a satellite to pass over the river. For the Lower Karnali, this meant that the sat-SARA
analyses were not possible for the Kauriala River as none of the available satellites pass over.

The Babai River on the other hand, does contain multiple overpasses of Sentinel-3 and an
overpass of Sentinel-6. Hence, thisriver has great potential for deriving water surface heights
from sat-SARA as well. The reason no analysis was executed for these overpasses was two-
fold. Firstly, the field campaign proved the inaccessibility of the region, making it very chal-
lenging to collect field observation data for validation, especially if consistent data collection
or frequent revisiting of the sites is required. Paradoxically, this may further increase the rele-
vance of utilising remote sensing solutions for this area. Secondly, limited time and resources
for this thesis forced to be selective of the sites for which to apply the analysis, resulting in
the exclusion of the Babai River for the current work.

5.1. Discussion of Multiple Channel Identification Results

The multiple channel identification was executed through the interpretation of the return
signals plotted in an echogram. The Results chapter provides a presentation of both those
resulting echograms, as well as an extensive interpretation of the data for each of the satellite
overpass sites. When comparing the results from the different sites, a couple things become
evident.

A striking observation is the difference in spatial resolutions of the echograms. In general,
the features in the Sentinel-6 echograms appear much more distinct and at a higher spatial
resolution as compared to the Sentinel-3 echograms. This spatial resolution improves even
further for the FF-SAR echograms as compared to the UF-SAR echograms. The features
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appear much more distinct in the FF-SAR echograms as compared to UF-SAR, whilst the
Sentinel-6 already presents more distinct features as compared to the Sentinel-3 products.
For the FF-SAR product this in turn allows to recognise more details in the features as well,
such as more detailed flow direction or river incline changes.

For the sites at which it was expected to find a singular river channel or one main channel
(KO1 and G08), data interpretation was more straightforward as compared to the sites with
a multitude of river branches (BHOO, BHO1, and BHO2). Overall the echograms presented
expected patterns: clear single stream-like features for the river sections with one main river
channel, and a combination of multiple streams in sections with multiple major river chan-
nels.

It proved possible to identify multiple different channels from the echograms. Even the ac-
tivation rain-fed (potential flash-flood) tributaries could be identified. The rapid change in
range gates for such features was indicative of tributaries running down steep hillslopes. This
proved possible for both hilly river sections of the Bheri and Karnali Rivers. At the same time
multiple minor and major channels could be identified for the Geruwa River reach. How-
ever, for echograms with multiple major channels in irregular topography, the identification
of which appearing feature belonged to which river stream did prove challenging. This was
specifically the case for the Bheri River section.

While distances between river channels were not directly obtainable from the echograms,
the relative channel orientations were deduced by combining the sat-SARA data with a DEM
for data interpretation. Exact positioning of the channels couldn't be ascertained solely from
the echograms; this required the supplementary aid of a DEM or other mayps. For future re-
search, exploring the feasibility of extracting precise distances among the various identified
channels appearing in sat-SARA would be very interesting.

5.2. Discussion of Observed Water Surface Heights

All sat-SARA derived water surface heights have been put alongside each other in figure 5.1
for further assessment. When comparing the water surface height time series for the differ-
ent sites, a few things become evident. Firstly, the general trends remain the same over all
locations, with lower water levels measured during the months of January through to April
and higher water levels observed between June and September. This is in accordance with
what was expected based on the climate characteristics of the catchment.

Secondly, the average water heights as compared between the locations are also as ex-
pected. BHOO is located farthest upstream, at the highest elevation and also shows the
highest average absolute water surface height at approximately 178 metres. BHO2 being
located relatively close to BHOO, downstream of the Bheri River, shows an average water sur-
face height of approximately 169 meters, only 9 meters lower than BHOO. These sites show
the greatest similarity in their water level variability pattern. KO1 situated at lower altitude
than the Bheri River section shows lower absolute water surface heights and lastly for the
GCeruwa the absolute water surface heights are considerably lower, as expected.
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Figure 5.1: Timeseries of sat-SARA-derived water surface heights at all overpass sites

It should be noted however, that the absolute elevations at which the water surface heights
were measured for each of these locations do not agree with the elevations as presented
by the DEM, nor with the absolute elevations observed during the field campaign. The re-
sults suggest a systematic negative bias, which is approximately -30 metres at BHO2, -23
metres at KO1, and -40 metres at GO8. The objective of this work is, however, not to derive
the absolute water surface heights at the locations, but to derive the water surface heights
with such accuracy that water level variability can bbe monitored for hydrological purposes.
Hence, relative water surface heights for monitoring water level variability with respect to
the surrounding landscape suffices.

The water level variation throughout the year as observed from the sat-SARA data was deter-
mined for each site (see table 51). The results seem consistent per location for the two years
of 2021 and 2022. The largest water level variation can be found for location BHO2, with a wa-
ter level variation throughout the year of approximately 7.5 metres. The water level variation
at the nearby located overpass BHOO is much smaller with 4.1 metres in 2021 and 3.6 metres
in 2022. The landscape characteristics may be an explanation for this. The reinforced em-
bankments in place for the bridges at BHO1 and BHO2, as well as possible backwater-curve
effects from the Bheri-Karnali confluence, may cause the water level variability to be larger
at BHO2 as compared to BHOO. No clear conclusions can be drawn here, however.
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BHOO BHO2 KO1 Gos8
2021 4.088 7.482 6.820 27763
2022 3.639 7.509 6.779 2105

Table 5.1: Water surface height variation (minimum - maximum water level) per year
at the different overpass locations as derived from sat-SARA

The water level variation in the Karnali (at KO1) for both yearsis approximately 6.8 metres. This
isin line with in-situ observed water level variations as measured at Chisapani (KO3), which
range between 4.9 and 12.2 meters with an average water level variation of 7.3 meters over
the years 1992 to 2018 (see section 4.2).

Relative water level observations collected during the field campaign at the selected sites
are compared in 5.2 and observed flow depths at the sites were 4.2 and 5.5 meters for BHOI
and GO8 respectively. From this can be derived that the water level variations as observed
from the sat-SARA and Chisapani stage height data align with the physical properties of the
river as observed in the field. The water level variations observed remain within the bound-
aries of the river banks for the studied years. The field observed relative water levels may be
contribute to relating sat-SARA observed water surface heights with floodplain inundation,
channel activation and potential floods. Hence, this is an interesting topic for future studies,
and it is recommended to complement the data catalogue during future campaigns.

KO2 | KO3 | GO7 | GOS8

Relative
IWH [m]

209 | 101 55 4.7

Table 5.2: In-situ relative water surface heights (corrected) at campaign locations
along the Karnali and Geruwa River.

At the farthest downstream situated GO8 in the Geruwa River, the water level variability is
the smallest of this set of sites, with a variability of 2.8 metres in 2021 and 2.1 metres in 2022.
This can be explained by two factors. Firstly, only a portion of the water flowing through the
Karnali, flows through the Geruwa as the other portion flows through the Kauriala. Hence,
a smaller volume of water flows through the Geruwa as compared to the Karnali. Secondly,
at GO8 the landscape provides a wide floodplain, whereas the Karnali River is restricted by
steep hillslopes on both sides. With a significant increase in river discharge, a larger increase
in water level is expected in the Karnali river section as compared to the Geruwa.

Putting all of this in the context of the aim to monitor water level variations from sat-SARA for
hydrological purposes, the temporal resolution appears to be the biggest limitation. With
the data presented, water levels can be monitored with Sentinel-3 data at 27-day time inter-
vals. This allows for the monitoring of seasonal trends. Although not yet proven successful
within the scope of this project, Sentinel-6 provides promising possibilities. With a 10-day
return period and the development of FF-SAR techniques Sentinel-6 is expected to provide
both higher temporal and spatial resolution. This 10-day temporal resolution would provide
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sub-optimal temporal resolution. Nearly allowing hydrologists to identify flood waves down
river streams following from weather events.

The orientation of the Sentinel-3A satellite trajectory with respect to the Geruwa River, follow-
ing its course for the most part of the river section. This offers opportunities to derive the river
incline over the course of the river section. A brief exploration was conducted but was not
included in the main work presented (see appendix H). The results of this exploration sug-
gest that it should be possible to derive river incline from combining water surface height
observations at multiple overpasses along the reach. This might be an interesting topic for
future research.

Lastly it should be mentioned that for the derivation of the water surface heights, the exact
overpass trajectory of the satellite was not taken into account. As the satellites may undergo
drift, the satellite may not always pass over the river at exactly the same location but shifted
up to afew hundred metres across-track. For sites where the satellite trajectory is perpendic-
ular to the river stream and the river experiences a steep slope, this may cause inaccuracies
in the derived water surface heights. These may appear as water level variations in time-
series plots. This is something which was not accounted for in the current study, but should
definitely be considered for future work to increase accuracy and veracity of the data.

5.3. Discussion of Sat-SARA Data & Data Processing Methods

The collection, processing and interpretation of Sentinel-3 SRAL and Sentinel-6 POD4 data
for estimating water surface heights over inland water bodies is rather complex and labour-
intensive. As for the multiple-channel identification analysis, no retracking or application of
geophysical corrections was required the processing flow was somewhat simplified. Never-
theless, these processing steps are not to be underestimated.

5.3.1. Sentinel-3 and Sentinel-6 Data Gaps

During the collection and processing of the Sentinel-3 and Sentinel-6 data it became ap-
parent that substantial gaps existed within the datasets. These data gaps manifested them-
selves in different ways and proved especially prevalent for the Sentinel-6 data.

Firstly, Sentinel-6 data was at the time of writing still being reprocessed for 2022. Hence,
Sentinel-6 data was only available for a full calendar year for 2021. However, for many of the
available dates for which data was provided, the datasets was empty for the targeted coor-
dinates. As a result, the usable Sentinel-6 dataset was much smaller than intended, com-
prising usable data for a mere 9 days. In comparison, with a return period of 10 days a full
dataset would comprise data for approximately 36 days for a single year.

Sentinel-3 data gaps were easier to circumvent. Data for 2019 seemed corrupted whilst data
for 2020 was stored elsewhere in the EUMETSAT databases. Eventually data for both years
were not included for the current work, both due to these challenges as well as due to time
constraints.
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It should be noted that collecting the level-1 and level-2 data for Sentinel-3 and Sentinel-6 is
unfortunately not straightforward. The data is collected fromm multiple different databases,
using different retrieval methods and are provided in varying formats. This causes the pro-
cess of data collection and matching of the datasets to be cumbersome.

5.3.2. Relevance of Geophysical Corrections

Contrarily to the spatial variation of the geophysical corrections, the correction factors proved
highly variable over time. Hence, the application of the geophysical corrections for deriv-
ing water surface heights proved relevant to ensure accuracy in the order of magnitude of
decimeters as was desired for this project. These corrections proved relevant not only for de-
riving absolute water surface heights but also for monitoring relative water surface height
variations.

Nearest neighbour interpolation was used for applying the geophysical corrections. The ac-
curacy of the observed water surface heights could be further improved by applying spatial
linear interpolation for the correction values. With an order of magnitude of a few millime-
tres, the spatial variability for each of the correction factors proved to be negligibly small.
This level of accuracy was not required for the current work. Hence, it was decided that near-
est neighbour interpolation would suffice. If a higher accuracy is desired for another study
area or application, one might consider applying a linear interpolation method to achieve
an optimal correction value for the concerning location.

5.3.3. Choice of Retracker

For this study, an empirical point target response retracker making use of a Gaussian fit
model was applied. Optimising the retracker algorithm is expected to increase the accu-
racy of the sat-SARA-derived water surface heights. Investigating the performance of the re-
tracker itself was not deepened in the current work. Assessing the retracker performance is
greatly aided by the availability of high-accuracy in-situ water surface height measurements.
This would be an interesting topic for future research.

5.4. Discussion of Field Observation Data Collection Methods
Collecting valuable in-situ data proved very challenging with the limited available measure-
ment equipment and logistical resources in the remote and difficult accessible landscape.
The field campaign had an exploratory aim and confirmed more advanced measurement
equipment is desired to collect data of sufficient quality. It should be noted that these chal-
lenging conditions for collecting field observation data are part of the reason that (satellite)
remote sensing solutions for monitoring the hydrodynamic conditions for very remote and
difficult-to-access regions would be highly valuable.

Processing of the flow depth measurements from the CHIRP+ proved challenging. No proven
method was found yet to reconstruct the cross-section for an accurate representation of the
river bathymetry. However, these data was deemed of sufficient quality to approximate the
river cross-section and estimate the maximum flow depth with sufficient accuracy for the
current work. Measuring flow depths (or cross-sections) at any river sections with either a
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large river width, large river depth, high flow velocities, or any combination of these, may be-
come possible with the use of an ADCP, where this may not have been possible during the
2022 field campaign. Since the CHIRP+ does offer a cheaper solution, another suggestion to
improve the success rate for data collection is to mount it to a floating device or small boat
which can be pulled across the river. This float should ensure the CHIRP+ to remain relatively
stable at the water surface and keep it from jumping out of the water.

Relative water level measurements were collected with an estimated accuracy of 10-30 cen-
timetres. Whilst field validation was made possible from the relative water level measure-
ments and the stage height measurements at Chisapani, absolute water surface height
measurements obtained from a differential GNSS device or other high-accuracy (vertical)
positioning device would have been very valuable. Absolute surface water height measure-
ments allow to directly validate the water surface heights as derived from sat-SARA data. Un-
fortunately, this data could not be collected during the 2022 field campaign due to equip-
ment failure. It is recommended to collect field-observed water surface height measure-
ments using positioning equipment with high vertical precision, such as a differential GNSS
device, during the next field campaign to validate the data collected during the current
study.

Singular or yearly campaign visits, while very valuable, offer only limited temporal resolution
for the field observation data. These observational periods lack the capacity to capture sea-
sonal or continuous hydrodynamic variations. Furthermore, these merely provide validation
data for the sat-SARA-derived water surface heights at a single moment in time. Increasing
the volume of in-situ data collection, through longer-term continuous data collection, might
enhance our understanding of the proposed sat-SARA method's efficacy. However, this en-
deavour seems to diverge from the very premise of the study: to minimise the necessity
for such intensive on-site data gathering in remote areas. Thus, the curious but commonly-
known paradox for remote sensing monitoring is encountered, where the endeavour to for-
tify the evaluation of the method could inadvertently veer away from its central intent: to
provide a less field-observation-dependent approach to monitoring.



Conclusion

This chapter marks the end of the exploration into the potential of satellite SAR altimetry
for monitoring water level variability and river channel activation. Here, the answers to the
guiding research questions are presented, drawing from insights gained from a combina-
tion of satellite remote sensing data and the outcomes from field observations. Beginning
by responding to posed sub-questions, the chapter progresses to address the main research
guestion, followed by a reflection on the achievement of set objectives is presented.

6.1. Insights from Satellite SAR Altimetry

Two sub-questions were posed for the analysis of satellite SAR altimetry data in support of
answering the main research question. The first sub-question posed was: "To what extent
is it possible to identify multiple river channels from satellite SAR altimetry in Bheri, Kar-
nali and Geruwa River sections?" The results are promising, especially for identifying small
to medium-sized tributaries in single-channel sections. As temporal variability could be ob-
served, it was possible to detect channel activation. The Sentinel-6 FF-SAR product, provid-
ing a larger spatial resolution, excels in identifying river channels as they appear more dis-
tinctly in the data. Different typical characteristics became apparent for observed features
in the echograms, enabling simple classification. Interpreting data in areas with irregular to-
pography and with multiple major river channels remains challenging, however, especially
for the Sentinel-3 UF-SAR products. Hence, channel identification is significantly aided by
utilising a DEM.

The second sub-question posed was: "To what extent is it possible to derive water surface
heights at various river overpass locations in the Bheri, Karnali and Geruwa Rivers, from
satellite SAR altimetry?" For four sites, time series of water surface heights were generated
for 2021 and 2022 with an interval of 27 days using Sentinel-3 SRAL data. This study proves
that deriving water surface heights from sat-SARA is possible over rivers in various terrain
types. Deriving water surface heights from Sentinel-6 data was not achieved with the se-
lected retracker and processing settings. Nevertheless, the use of Sentinel-6 data holds great
promise. Especially, as with a 10-day return period it provides an increased temporal resolu-
tion compared to Sentinel-3 with a 27-day return period.

From the sat-SARA-derived water surface height time series, it was possible to observe sea-
sonal variability. These seasonal trends were consistent with prevailing climatic conditions,
and the observed patterns as well as the order of magnitude of water level variations also
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aligned with field observations. These field observations allowed for validation of water level
variations. Unfortunately, it was not possible to quantify the exact accuracy of the absolute
water levels due to the unavailability of the required field validation data. This study estab-
lishes a framework for field validation of the sat-SARA-derived water surface heights, em-
phasizing the importance to prioritise the collection of high-accuracy in-situ absolute wa-
ter surface heights during future campaigns. All things combined, the primary purpose of
monitoring water level variations with sat-SARA in the Lower Karnali River reaches remains
promising.

Whilst the spatial resolution appears sufficient for water level monitoring purposes, temporal
resolution currently appears to be the main limiting factor. Sentinel-6 may provide a great
leap forward in this regard. In addition, data availability proved to be a major limitation for
the current work, manifesting itself mostly in data gaps for Sentinel-6 data and for high-
accuracy in-situ measurements of absolute water surface heights.

6.2. Insights from Field Observations

The field campaign aimed to measure and document water surface heights, flow depths,
river widths, and landscape characteristics at the selected sites along the Bheri, Karnali and
Geruwa Rivers. To this extent, a total of 32 sites have been visited during the field campaign,
whilst six of those have been used for the current work. Some field observation data types
were unattainable at certain sites due to local landscape or river characteristics. Relative wa-
ter levels, river widths and flow depths were measured with an estimated accuracy of 10-30
centimetres. At all sites pictures were taken and descriptions of the landscape were docu-
mented to contextualise both remote sensing and field observations. Stage height measure-
ments at Chisapani proved particularly helpful for validating sat-SARA-derived water levels
and water level variations.

6.3. Sat-SARA for River Monitoring in Complex Topographies
Combining insights obtained through the sat-SARA analyses for multiple channel identifi-
cation and water surface heights with insights from field observations, the main question
posed for this research can be addressed. The main research question of this thesis was:
What is the potential of satellite SAR altimetry for monitoring water level variability and
river channel activation in the diverse topographical landscapes of the Lower Karnali River,
Nepal?".

Overall, the application of Sentinel-3 and Sentinel-6 satellite SAR altimetry for water level

monitoring and river channel activation for the diverse topographical landscapes of the Lower
Karnali River proves promising. Sat-SARA-derived water level variations followed anticipated

seasonal patterns and aligned with field observations. It appears that the temporal resolu-
tionis currently the main limiting factor in monitoring water levels for hydrological purposes.
Sentinel-6 is expected to provide a great leap forward in this regard.
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Sat-SARA return signals can be used to identify multiple channels in a river section. In ad-
dition, seasonal variability allows the detection of channel activation during the wet season.
Typical feature characteristics for channels were recognised in the echograms, allowing for
basic channel classification. Data interpretation becomes more complicated for river sec-
tions consisting of many major channels situated in an irregular topographical landscape.



Outlook

In light of the study’s findings, several avenues for future research and further exploration
emerge. These will be discussed briefly in the following sections.

7.1. Enhancing Field Observation Quality and Quantity

Three topics became apparent for recommendations for future work regarding the collec-
tion of field observation data. Firstly, the collection of higher quality and more extensive
field observations would greatly contribute to advancing the accuracy and applicability as-
sessment of satellite SAR altimetry for monitoring water surface heights in the study area.
To this end, it is recormmended for future field campaigns to collect in-situ water surface
height measurements through advanced positioning techniques providing high accuracy
in the vertical plane, such as differential GNSS. These observations will augment the valida-
tion process and enrich the overall dataset.

Secondly, continuity of field campaigns is essential for capturing long-term water surface
height variations. Hence, it is recommended to sustain relative water surface height mea-
surements as executed during the 2022 field campaign. This would provide insights into
yearly patterns and again enrich the overall data catalogue. These measurements may be
particularly valuable for the Geruwa River.

Lastly, the data obtained from water level loggers installed during the 2022 field campaign at
the downstream ends of the Kauriala and Geruwa Rivers will become available and may be of
great value for future research. Integrating this data with the satellite SAR altimetry outputs
will enable the comparison and validation of water level variations in the Geruwa River from
the different datasets. With the arrival of this data, water levels will then be available from
sat-SARA, relative in-situ water surface height observations, flow depth measurements, and
the water level loggers at the downstream end of the Geruwa.

7.2. Sat-SARA for River Incline and Discharge Estimations

While beyond the scope of this thesis, an exciting prospect lies in utilising satellite SAR al-
timetry to study river incline. A brief exploration as discussed in section 5.2 proved promising,
and has been proven successful in the past (Tarpanelli and Benveniste, 2019). Exploring this
path further could facilitate the estimation of river discharge. Incorporating this into future
research would deepen the understanding of the dynamics of the Lower Karnaliand further
emphasise and utilise the full potential of satellite SAR altimetry for river monitoring.
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7.3. Advancing Multiple Channel Identification

Theintriguing results of the multiple-channel identification analysis point toward interesting
directions for future studies. Exploring the development of a dedicated multiple-channel
identification algorithm could enable the quantification of channel recognition and poten-
tially even channel classification. Furthermore, investigating the feasibility of deriving dis-
tances between identified channels from the satellite SAR altimetry data remains an un-
explored terrain with potential hydrological significance. Yuan (2019) has proven with her
work that river widths can be derived from sat-SARA, indicating great potential for further
research into the suggested topic.
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SAT-SARA MANUAL

Searching, downloading, storing & processing data
from EUMETSAT using FileZilla, anaconda prompt & cluster TU Delft

1. EUMETSAT DATA STORE & API

The first section of this manual is based on a tutorial from EUMETSAT, it covers the API data
access process using anaconda prompt. For more details and the application in any python
interface (starts after 20 minutes) consult:

https://www.youtube.com/watch?v=xIPFG8wVL w&t=306s

Create an account or log on to EUMETSAT Data Store:
https://eoportal.eumetsat.int/

Enter the EUMETSAT Data Store:

& EUMETSAT

MONITORING WEATHER AND CLIMATE FROM SPACE

EARTH OBSERVATION PORTAL - MY ACCOUNT &

Y DATA ACCH

S [ MKDEJONG ]

MY PROFILE
WY DATA LICENCES
HELP

LOGOUT

E4E

&)

The data from EUMETSAT can be accessed through API's using the python environment. To

EUMETSAT DATA STORE

Single point of access to search and
download products from a growing
catalogue of EUMETSAT s
meteorological, climate and ocean data
through Web User Interface (WebUI) and
Application Programming Interfaces (API).

©Access

EUMETSAT SFTP DATA ACCESS

FOR COPERNICUS SENTINEL-6
Download service via Internet for
Copernicus Sentinel-6 data.

© View/Edit

DATA CENTRE

Ordering and delivery service for data with
latency of more than 3 hours, historical
and long-term archive data

Available data: Meteosat, Metop, Jason
and Copernicus Sentinel-3 data.

obtain access follow these steps:

EUMETVIEW

Online Map Service with functionalities for
displaying visualizations and creating,
animating and downloading maps from
across the EUMETSAT product range.

© Access

Access to near reaHime data through
DVE satellite with a guaranteed service
level

Available data: Meteosat, Metop, Jason,
Copernicus Sentinel-3 data and third
party products

© Subscribe

Metop Direct Readout Service

EUMETSAT DATA TAILOR

Senvice fortailoring EUMETSAT data to
user applications offering the capability to
aggregate, filter layers, reproject, extract
regions of interest, produce quick looks,
and convert to popular and highly
interoperable GIS formats

© Access

Access to near real-time data through
terrestrial networks. Restricted to
agencies only

Available data: Meteosat, Metop, Jason,
Copernicus Sentinel-3 data and third
party products.

© Subscribe




First an API key needs to be requested (a API token) to get the credentials to obtain access
to the data. To do this go to the data store (see image above), and choose ‘API Key’ from the
drop down user menu.

@ EUMETSAT DATA SERVICES e Can 8 miscjong

= Oitems Y

Data Access / Search results
User mkdejong

eMail mo k.dejong@omail.com

Data Store : Wy Profie

or APl Key

5] Log out

A new tab will open containing the user credentials (consumer key and consumer secret)
which are required for the access via the prompt or command window. Also an API token will
be created. Note that these are temporary, so you might have to request new ones over
time.

Use the command window or anaconda prompt to install EUMEDAC package. In this manual
this is done using the anaconda prompt.

Open Anaconda Prompt and type install -c eumetsat eumdac

Now eumdac will be installed. To obtain more information about the package you can type:
eumdac -h.

To obtain access type:
eumdac —-set-credentials xx-consumer-key-xx xXx-consumer-secretxx

with the consumer key inserted in the first instance and the consumer secret inserted in the
second instance.

To get an overview of all the collections you can use, type: eumdac describe
Note that the list of collections you see is dependent on your license for the Data Store.

To obtain more info about one of these collections, type:
eumdac describe -c¢ xx-COLLECTION-NAME-xx

To search for products in the collection, type:
eumdac search -c xx-COLLECTION-NAME-xx

here no area or time is specified, by default then only the latest 10 of the entire list of
products will be displayed. With --1imit xx-integernumber-xx allows to set the

number of latest products you want to be displayed (e.g. 1 for only latest 1 or 100 for latest
100 products).



The names of the selected files can be stored in a .txt-file using:
eumdac search -c xx-COLLECTION-NAME-xx > filename. txt

This will select and store only the product names that were last shown (from previous run)

If you want to download data, use download and then -c to define the collection from
which to download and then specify with -p. When then a product name is entered, it will
download this one specific product to the directory. If you want to download the products

that were saved in a previously defined .txt file then add: -p @filename. txt. Full example:
eumdac download - ¢ xx-COLLECTION-NAME-xx -p @filename.txt

How to find specific products:
eumdac search -c xx-COLLECTION-NAME-xx

Set additional filtering keywords:

- Set a start sending date: -s yyyy-mm-dd

- Setaendsending date: -e yyyy-mm-dd
See other filtering commands in ‘Command Line User Guide’ on the website of Eumetsat:
https://eumetsatspace.atlassian.net/wiki/spaces/EUMDAC/pages/1759805454/Command +Li
ne+User+Guide

For more details on (advanced) searching, filtering and downloading:
https://eumetsatspace.atlassian.net/wiki/spaces/EUMDAC/pages/1893203985/Searching+an
d+downloading+products

Note that search parameters can be combined, but first search for the data, check if you obtain
a desired list of data (consider using a # limit), then store these in a .txt file. Thereafter, in a
new command line request to download the products as written in the .txt file.

Results can be sorted for ingestion or sensing time by:
--sort ingestion/sensing --asc/--desc

2. Downloading EUMETSAT Data to Cluster

First the eumdac.exe binary standalone (for linux!) needs to be downloaded from EUMETSAT
and then uploaded to the right folder on the cluster using FileZilla. The binary standalone can
be found here:

https://eumetsatspace.atlassian.net/wiki/spaces/EUMDAC/pages/1760591873/Get+ EUMDAC

Note that it downloads in a compressed file (.tar). Extract this locally and then upload to the
right folder on the cluster using FileZilla. In this case I'd recommend uploading to the ‘Data’
folder. This allows to directly use eumdac.exe in the Data folder to download EUMETSAT data
using the prompt, to the Data folder on the cluster.



Log on to cluster:
ssh -X <netid>@hpcO03.tudelft.net

choose 'yes’ and enter TU Delft password.

Navigate to Data folder:
cd ~<netid>/<projectfolder>/Data

and check if the file is present using: 1s

Get access to the eumdac library”
chmod +x path/to/eumdace

Now eumdac can be used as you would locally.

Data search history

eumdac search -c <eumetsat collection> --time-range <startYYYY-MM-
DD> <endYYYY-MM-DD> --bbox <minLON> <minLAT> <maxLON> <maxLAT> --
satellite <Satellite> --sort sensing --desc

3. PROCESSING ON THE CLUSTER

Data processing on cluster:

gsub-eval -nn 1 -np 2 -1 <logfilename>.log "mlab -eval2
\"FFSAR bulk Lla to Llb('YYYY',6 'MM', [minLAT, maxLAT, minLON,
maxLON]) \""

example:

eumdac search -c EO:EUM:DAT:0413 --time-range 2022-01-01 2022-12-31
--bbox 81.228 28.725 81.323 28.786 --satellite Sentinel-3B --sort
sensing —--desc
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Overview of Collected Sat-SARA Data

SITE SATELLITE |SENSOR/ Relative orbit Bounding Box L1A L2
OVERPASS |DATATYPE number [LON - LAT]
8

BHOO  Sentinel-3A SRAL - SAR 1.228 28.725 EUMETSAT Copernicus

21.323 28.786 data store SciHub
BHO1 Sentinel-6A POD4 - SAR 192 SRR L EdL;':iEsTtigT C%lf;;ﬂu'zus
BHO2 Sentinel-3B SRAL - SAR 353 s e Edi':’;E:tif;T C%lleian:;us
KO1  Sentinel-3A SRAL - SAR 76 ERES R EdL;':"aEsTtigT C%ieianulzus
G08 Sentinel-3A SRAL - SAR 76 81.147 28.306 EUMETSAT Copernicus

81.227 28.382 data store SciHub
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Sat-SARA Return Signal Waveforms
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Sentinel-3 SARA Echograms 2021

F.1. BHOO

Latitude (WGS84)

28.78

28.77

28.76

28.75

28.74

28.73

Latitude (WGS84)

28.78

28.77

28.76

28.75

28.74

28.73

50

UF-SAR Range Power S3A - Bheri Section - 2021

Dry Season - April

50 100

100 150
Range bin

150
Range Gate

Dry Season - March

200

200

Wet Season - August

28.78
28.77
28.76
28.75
28.74
28.73
0 50 100 150 200 250

9

8

7

Range Gate

UF-SAR Range Power S3A - Bheri Section - 2022

250

28.78

28.77

28.76

28.75

28.74

28.73

50

Wet Season - July

100 150
Range bin

200

250

Field Campaign - November

28.78
28.77
28.76 .‘
28.75
28.74
28.73

|
0 50 100 150 200 250
Range bin

14

13

12

©

©



F.2. BHOI 100

F.2. BHO1

Range Power S6A - Bheri Section - April 2021

UF-SAR FF-SAR
14 14
13 28.78 13
12 28.77 12
53 53
§ 11 @ 28.76 1
E E
P P
3 3
£ 10 £ 28.75 10
8 5
9 2874 o
8 8
28.73
7 7
200 200 300 500
Range Gate Range Gate
Range Power S6A - Bheri Section - October 2021
UF-SAR FF-SAR
14 14
28.78 13 13
28.77 12 12
53 53
3 2876 11 a 1
o : o
s E
P P
3 3
£ 28.75 10 £ 10
5 5
28.74 9 o
8 8
28.73
7 7
200 200 300
Range Gate Range Gate
UF-SAR Range Power S6A - Bheri Section - 2021
Dry Season - April Wet Season - October "
28.78 13
28.77 12
53
2
& 28.76 1
E
P
3
£ 28.75 10
5
28.74 o
8
28.73
7

200 300 200 300

Range Gate Range Gate




F.3. BHO2

F.2.2. FF-SAR

F.3. BHOZ

Latitude (WGS84)

28.78

28.77

28.76

Latitude (WGS84)

28.74

28.73

28.78

28.77

28.76

28.75

28.74

28.73

50

FF-SAR Range Power S6A - Bheri Section - 2021

Dry Season - February

300
Range Gate

Wet Season - October

200 300
Range Gate

UF-SAR Range Power S3B - Bheri Section - 2021

Dry Season - April
N

100 150
Range Gate

200

250

Wet Season - October

28.78

28.77

28.76

28.75

28.74

28.73

50 100 150 200
Range Gate

101



F.4. KOI 102

UF-SAR Range Power S3B - Bheri Section - 2022

Dry Season - April Wet Season - September Field Campaign - November

28.78 28.78 28.78

28.77 28.77 28.77 12
53
3
&8 28.76 28.76 28.76 1
B
v
3
£ 2875 28.75 28.75 10
K|

28.74 28.74 28.74

28.73 28.73 28.73

50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Range bin Range bin Range bin

F.4. K01

Range Power S3A - Karnali Section - 2021

Dry Season - March Wet Season - July

28.725 28.725

28.720 28.720
28.715 28.715
3
& 28.710 28.710
E
[
T 28.705 28.705
E
28.700 28.700
28.695 28.695
28.690 28.690
28.685 28.685

0 50 100 150 200 250 0 100 150
Range Gate Range Gate



F.5. GOS8 103

UF-SAR Range Power S3A - Karnali Section - 2022

Dry Season - April

Wet Season - September

Field Campaign - November

14

28.725
28.720
12
28.715
28.710 11

28.705

Latitude (WGS84)

28.700 LuHH

28.695

©

28.690

28.685 ‘
0

28.725
28.720
28.715
28.710
28.705
28.700
28.695
28.690
28.685

50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Range bin Range bin Range bin

E.5. GOS8

UF-SAR Range Power S3A - Downstream Geruwa - 2021

Dry Season - February Wet Season - August

28.38
28.37
28.36
28.35
28.34
28.33
28.32 /
28.31
0 50 100 150 200 250 0 50 100 150 200 250

Range Gate Range Gate

28.38

28.36

28.35

28.34

Latitude (WGS84)

28.33

©

28.32

©

28.31




F.5. GOS8

Latitude (WGS84)

28.38

28.37

28.36

28.35

28.34

28.33

28.32

28.31

50

Dry Season - January

100 150
Range bin

200

UF-SAR Range Power S3A - Downstream Geruwa - 2022

250

28.38

28.37

28.36

28.35

28.34

28.33

28.32

28.31

50

\

100 150
Range bin

Wet Season - September

200

250

Field Campaign - November

14
28.38

13
28.37
28.36 .
28.35 1
28.34

10
28.33

9
28.32

8
28.31

7

50 100 150 200 250
Range bin

104



105
F.6. Overview of Collected Field Data

F.6. OVERVIEW OF COLLECTED FIELD DATA
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Sentinel-3A Trajectory Height profile

Height Profile Karnali & Geruwa Rivers, Nepal
(Gaussian Fit, no atmospheric corrections)
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Figure H.1: Surface height profile along the S3A trajectory.

It should be noted that this figure only served an exploratory purpose. No atmospheric cor-
rections have been applied for the derivation of these heights yet. Nevertheless, some things
can be derived from this output. Firstly, for the section where the S3A follows the course of
the Geruwa river, obtained water surface height estimations seem consistent. A clear pat-
tern emerges, suggesting a concave-up river slope over the reach. Additionally, a clear water
surface height difference can be observed in the upstream section where the Karnali flows
through the Sivalik Hills. In the wet season the observed water surface heights are signifi-
cantly larger as compared to the November field campaign and dry season observed water
surface heights. Water surface heights appear larger for the wet season for most data points
along the profile. Whilst this may also be caused by a satellite orbital cross-track shift, it sug-
gests a water level increase as a result of seasonal discharge variations.
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Figure H.2: Comparison of estimated water surface heights along the S3A trajectory with a
maximum power retracker and a Gaussian fit retracker

From the comparison plot of the two different retracker approaches it becomes clear at what
sites the return signal waveform may display multiple peaks in the signal or may be con-
taminated by land signal due to local topography, land use or other bright scatterers in the
landscape. This may affect the derived water surface heights.
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As part of the MSc thesis ‘Water level variability in the Karnali Fluvial Fan, Nepal’, fieldwork has
been done in and around the Karnali fluvial fan. This includes measurements in the river
systems in and surrounding Bardiya National Park in West Nepal, more precisely: the Karnali
River, Geruwa River, Kauriala River, Babai River, and the Bheri River. The objectives of the
fieldwork were to explore the area for suitable measurement campaign locations, and the
potential for more permanent measurement stations. In addition, first data samples were to
be collected to obtain a basic understanding and some first insights of the hydrodynamics and
morphodynamics and system understanding of the Karnali Fluvial Fan. Lastly, the possibilities,
challenges and limitations of data collection in the area were to be explored.

The fieldwork activities took place between 30 October and 26 November. This field report
provides a summary of the activities during the field campaigns, methods used, some first
results from data analysis and short descriptions of overall observations. The data collected
during the fieldwork includes river widths, surface water levels, flow depth and river
bathymetry, flow velocities, and sediment characteristics from collected sediment samples.

The first section will explain some of the preparatory work done for the fieldwork, including
the testing of measurement instruments and the selection of areas to explore for suitable sites
for collecting data (referred to as campaign locations). Thereafter, the data collection methods
will be discussed, and the measurement instruments used will be presented. An overview is
given of all the visited field campaign locations and what data was collected at which of these
locations. For each of the visited locations a description of the river and landscape
characteristics is provided, in addition to a short summary of the collected data at this
campaign location. Following this section, the results of the collected data will be presented
and discussed, covering water levels, river bathymetry, flow velocities, river transects including
flow depth and flow velocities, and the sediment sampling. The report will conclude with a
discussion of the major challenges faced during the 2022 field campaign and
recommendations for future field campaigns.
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2.1. Testing equipment

Measurement instruments have been tested in the WaterLab and/or in a pond on the TU Delft
campus before use in the field campaigns in Nepal. These include the Nikon Forestry Pro,
GeoPacks Hydrometer/current meter and the CHIRP Deeper+ instruments. Handheld GPS on
the smartphones have not been tested before arrival in Nepal, other handheld GPS have been
tested and used throughout the fieldwork period. A GNSS rover was taken to the field relatively
last-minute. This device was expected to have high potential for measuring location
coordinates in x,y and z direction with high accuracy. Unfortunately, insufficient time was
available to test the equipment at TU Delft before departure. Extensive testing has been done
in Nepal. Although the equipment and equipment set-up seemed to be working properly,
unfortunately it was not possible to connect the device with any other device to read and
download the data. Therefore, this equipment could not be used in the field. For future field
campaigns it is recommended to again test the set-up and if necessary and possible fix the
beforementioned issues to take the GNSS Rover and collect additional (x, y, z) location data.

2.2. Selecting sites

The selection of field campaign locations was based on two factors: hydro- & morphodynamic
relevance and the availability of satellite SAR data. As the overall research aims at
understanding and modeling the hydrodynamic and morphodynamic behaviour of the Karnali
Fluvial fan the field campaign locations should be chosen such that the measurements at these
locations contribute to a representative data set. Therefore, the campaign locations along the
bifurcation area, the Geruwa River, and the Kauriala River have been chosen at an interval of
approximately 5 km distance along the river. This provided a set of areas of interest for
reconnaissance for the eventual measurement site.

For the exact site selection the representativeness of the location regarding hydro- and
morphodynamics was taken into account. To this extent the number of present river channels,
flow velocity and potential obstructions were main factors to be considered in site selection.
Preferably a measurement site would be situated at a location where the river reach only
consisted of a minimal number of channels (preferable one or maximum two). Most sites
proved to be only suitable for a selection of data collection (sediment sampling, flow velocities,
river bathymetry, water level and/or river width), depending on hydrodynamic,
morphodynamic, and/or landscape characteristics.

Secondly, the availability of satellite SAR data was decisive for site selection. To this extend,
the orbital ground tracks of the satellites for which altimetry data is most widely available were
studied. This included SAR satellites Sentinel-3 and Sentinel-6 and laser altimeter satellite
ICESat-2. The availability of CryoSAT-2 data and its orbital ground tracks have also been
studied. However, later it has been decided not to work with CryoSAT-2 data as the temporal
resolution of the provided data was considered to be too small for the desired application.
ICESat-2 will also most likely not be used as it considers satellite laser altimetry rather than
satellite radar (SAR) altimetry. Both are however still incorporated in the maps and site
selection process. An overview of all beforementioned ground tracks and the selected areas
of interest for exploration are represented in a set of maps which can be found in Appendix A.
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The fieldwork included a lot of logistical planning. Based on the campaign location, the
distance travelled and the conditions of roads and waterways modes of transport and
accommodation were chosen. The facilities of NTNC at Thakudwara were used as a base, from
where field campaigns in Bardiya National Park and near Chisapani were approached. This
mainly included the left banks of the Karnali Bifurcation area, the left banks of the Geruwa
River and the Babai River Expedition. Locations North of Chisapani were approached by
motorbike as roads were bad due to landslides and ongoing road construction work. Chisapani
was reached at multiple different instances either by motorbike, public transport, or shared

jeep.

Campaign locations situated in the North section of the Geruwa River on the left bank (BIO2-
BI04, and G01-GO03, see Figure 4) were reached by shared Jeep and/or by raft. Note that for
transport with the raft NTNC personnel was required for peddling and for security reasons. For
all abovementioned locations accommodation was at the NTNC BNP office. Field campaigns
locations in the Southern Geruwa River reach (G04-G08) and in the Kauriala River (BIO5 and
KU01-KUO08) were approached from Rajapur where we found accommodation, and a driver
with a tuktuk was hired for a full week. At location G04 some local men were hired for security
purposes. Lastly, the Babai expedition required a raft and NTNC personnel for navigation,
peddling, security and expert knowledge regarding the area. The team stayed overnight at an
army base in the jungle. This is the only way through which this area can be reached.

In preparation for and during the field campaigns contact and collaborations have been
established with local people, local governments, institutes and other organisations. These
include: NTNC, Bardiya Irrigation Project, Bardiya National Park, Rajapur Municipality, Nepal
Pplice, Armed Police Force and Karnali River Management Project. A list of valuable contacts
and collaborations is shown in Appendix A.
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4. Data collection methods
This section gives an overview of instruments used and measurement methods applied
during the field campaigns.

4.1. Instrument overview

Nikon Forestry Pro NFP Horizontal distance, Uses two Leica lenses
T NS angle / incline, height,
height differences

Fish Deeper CHIRP + CHIRP Flow depth / river Also locates fish
bathymetry, river width

GeoPacks Hydrometer = Hydrometer /  Flow velocity Propeller type small
Current meter Water depth (estimate) current meter without
stabilising fins
Android mobile phone  Mobile phone GPS coordinates (x,y,z) = GPS Data App

Measurement tape - River width, location Two different types:
sediment sample, glass fibre tape of
bridge height, water 100m and metal roll
depth tape of 5 meters.

Hand scale Scale Sediment sample Spring balance
weight

GNSS RaspberryPi GNSS system  Accurate location with  Built by Hessel

/ GNSS Rover  X,Y,Z coordinates Winsemius (TU Delft).
Consisting of a base
station + rover.

Van Essen Divers / Water  Divers Water pressure & 1x Barometer
Level Loggers Water levels 3x Diver
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Other tools used included:
e Rope to span across the river along which to collect river transect data.
e Raft for reconnaissance, accessing locations along bifurcation and Geruwa and to
cross the river for collecting river transect data.
e Scoop and plastic bags to collect sediment samples

4.2. Water level

At first the water level was determined using the built-in GPS of a mobile phone in combination
with a GPS data / location app. After a couple of measurements, it was discovered that the
accuracy of the GPS, especially in the Z-direction, was insufficient to determine the vertical
location up to the precision desired for this project. We got our hands around a handheld
Garmin GPS system and tested it for its accuracy. This did not seem to be any better than the
built-in GPS from the mobile phone. Since we could not get the GNSS rover system built by
Hessel Winsemius working, and we did not have any other GPS or GNSS systems with us we
had to find another creative way to estimate the water level.

For this we came up with the following. Since the Nikon Forestry Pro (NFP) lets us measure
horizontal distance, height, height differences and angles, it was decided to use the NFP to
estimate the vertical distance between a fixed point in the landscape and the water surface of
the river. For this it was important to choose a fixed point in the landscape of which we were
certain it would not change elevation through multiple high and low flow seasons. By knowing
the longitude and latitude coordinates, the height of the fixed point could be determined
using a (high-resolution) DEM. As the relative water level with respect to the landscape is
known, then the exact water level could be estimated. This method also allowed to also
measure the river width at most of the field campaign locations.

4.3. River width

The river width was measured using the Nikon Forestry Pro (NFP). With this device the
horizontal distance between two points can directly be measured. Dependent on the
environment there were two options for measuring the river width:

1. Standing at the edge of the water on the river bank the NFP was pointed to a steady
point at the opposite side of the river, directly next to the edge of the water at the river
bank. This steady point could for example be a pebble.

2. In case that, for any reason, edge of the water is not reachable, I chose a higher point
to stand (for example a dike). Then I measured the horizontal distance from where 1
was standing to a steady point directly next to the edge of the water at the closest river
bank. While doing so I made sure I pointed the NFP in the direction perpendicular to
the longitudinal direction of the river. Then the horizontal direction to a steady point
at the edge of the water at the opposite river bank was measured, directly across from
the previous measured point (and hence in a straight line from where I was standing).
From the difference in horizontal distances the river width could be estimated.

The latter method is expected to be slightly less accurate. However, with the NFP being highly
accurate, it is estimated that the total accuracy should be within 0.5 meters maximum.
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4.4. Flow depth & river bathymetry

The water flow depth and river bathymetry were measured using two different in-situ
measurement methods. In addition, two temporary gauging stations were setup to measure
water levels in two river sections over a longer period of time.

The bathymetry was determined using the Fish Deeper CHIRP+. This device is connected to a
mobile app on which one can follow the live water depths or river bathymetry. It should be
noted that with high flow velocities or when the CHIRP is dragged along the water surface too
quickly, the data becomes less accurate or the device may not be able to detect or measure at
all. This can be explained as when the flow velocity or dragging velocity is too large, the CHIRP
may tilt. As a result it will measure the distance to the river bed under an angle, hence, the
accuracy of the resulting river bathymetry will become lower and the water depth measured
will be larger than the actual depth. Hence, the CHIRP should either be dragged along the
transect at a very low pace, or externally held perpendicular to the water surface. This latter
can either be done by hand, which is what was done during this fieldwork. Another suggested
method is to attach the CHIRP to a larger float or small boat in such a way it is always
sufficiently submerged at a relatively constant location with respect to the water surface (any
systematic errors this may cause should be accounted for).

When either the flow velocity or dragging velocity becomes too high, or when the water is too
turbulent, this may also cause the CHIRP to be pulled or jump up from the water. When the
device is not partly submerged it cannot measure water depth, and hence no data can be
collected. Some attempts were done to make the device more heavy in order to keep the
device less under an angle and keep it partly submerged. This proved challenging, as one
should do this without blocking the sensors on the bottom of the device. When testing this
method it was also found to not work sufficiently to collect data. Hence, the CHIRP seems to
be a good tool for measuring river bathymetry, especially in exploratory campaigns. However,
it only works in calm waters with lower flow velocities and little turbulence at the water surface.

Another simple method was used to roughly estimate water depths and river bathymetry. This
method was only applied for more shallow river sections when the hydrometer was used to
measure flow velocities. The stick of the current meter was then used to estimate the flow
depth by measuring the submerged part of the stick during the data collection.

Lastly, temporary gauging stations were
installed in the downstream sections of the
Geruwa and Kauriala Rivers (at GO7 and KUO0S).
It should be noted that a permanent gauging
station for water level observations from which
data can be obtained is also already present in
the Karnali River near Chisapani. The newly
installed gauging stations each included a diver
installed in a pipe in or near the river bank,
determining water levels from pressure signals. & oA
A barometric logger was installed in between rFigure 1: Gauging Station Setup at Geruwa Bridge (G07)
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these two locations, at Rajapur, to correct for atmospheric pressure. Data can be collected
from the water level and barometric loggers during the next field campaign. In addition a
traditional water level gauge was installed near the Kauriala Bridge (KU08). Unfortunately, no
suitable structures were present to adjust these traditional water level gauges near the Geruwa
Bridge (at G07).

4.5. Flow velocities & transects

Two different methods were used to measure flow velocities. The method applied was
dependent on the characteristics of the river section. The general and preferred method was
by using the GeoPacks Hydrometer (current meter). However, this equipment requires the river
to be shallow enough to walk through, but not too shallow as to ensure the propeller of the
hydrometer to be fully submerged. In a few instances an attempt was made at measuring the
flow velocities with the current meter from a raft or a boat. However, it is really important that
the boat does not move (neither up- nor downstream) to ensure the motion of the boat does
not affect the measurement of the flow velocity. This proved only possible in calm waters
where the raft could be dragged along a line which was spun across the river. This method
only succeeded in one location, being GO2 in the Geruwa River at Bagh Tapu.

Where possible the collection of flow velocities with the current meter was combined with the
collection of flow depths along a transect perpendicular to the river flow. Both flow velocity
and flow depth would be measured at multiple points along this transect to obtain river cross-
sectional data. Flow depth would be measured using the holding stick of the current meter
and some measurement tape. At measurement points where flow depth was higher than the
length of the hydrometer stick, the Hawkeye was used instead to measure flow depth. The
river cross-sectional data that was obtained following this method will also be referred to as
transect data later in this report.

At a few locations, where the river was too deep to use the current meter but flow velocities
were sufficient to be reasonably measurable, a quick and dirty method was applied. For this, a
local floaty prop was used. The floaty would be thrown into the water upstream and the time
for it to reach a next point a determined distance downstream was measured. In some
locations it was not possible to measure the flow velocity at all. These mostly included locations
where flow velocities were too high, currents too strong and/or turbulence at the water surface
was too large, locations where flow velocities were very low and/or river sections which were
to shallow.

4.6. Sedimentsampling

The study area has a variety of sediment from large boulders to fine silt and clay. Hence two
different approaches were used for study of samples. First approach was to take photographs
of the sediment in the floodplain with a known scale of reference. These photographs could
be used to estimate and analyse the distribution of coarse sediment in the floodplain and the
second approach was sediment sampling.
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Surface sediment samples were taken at different locations along Karnali, Geruwa and Kauriala.
One sediment sample each from Bheri and Babai were also collected. Standard surface grab
collection? with scoop was performed. Collection of bed sediment from the river channels
was challenging because of the high flow velocity, greater depth and logistical limitations.
Hence, sediments from the active floodplain were taken as samples and at a few places from
the river bed where possible. Minimum of 3 sediment samples from different points at every
sampling location of Karnali, Geruwa and Kauriala were collected (except for one location
where 2 were taken due to lack of accessibility). Sediment samples not less than 5kg were
collected from each point using a scoop. The samples were kept in plastic bags so that no
sediment would be lost from the sample. The bags were weighted on site using a spring
balance and then sealed. Sample id was written on each bag with a permanent marker and the
corresponding descriptions and details were recorded on the field book.

s [ R O . S

Figure 2: Photograph of coarse floodplain sediments with a scale (left), sampling using scoop (right)

Only the physical sediment studies were performed in two stages: in situ and lab environment.
For the in situ investigations, following parameters were recorded in the field book:

Collection Date

Sample Id

Location: Latitude, longitude, Altitude

Sediment weight

Sample depth: Depth of sediment collected from the surface
Appearance: Dry, wet, semi-dry

Color

Texture

. Water depth above sample

10. Location Description

© oo NoUT A~ WNRE

Sieve analysis of the collected sample was performed in the lab of College of Engineering and
Management, Nepalgunj. The sediments were sun and oven dried to the point where no

! Kasich, J., Taylor, M., & Nally, S. J. (2012). Sediment Sampling Guide and Methodologies (3rd ed.). State of Ohio Environmental Protection
Agency._https://epa.ohio.gov/static/Portals/35/guidance/sedman2012.pdf

2 Starosolszky, O., & Rakoczi (Eds.). (1981). Measurement of River Sediments. World Meteorological Organization.
https://library.wmo.int/doc_num.php?explnum id=1680
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significant moisture or no lumps of sediment was left.
26 sieves with sizes ranging from 63mm to 0.075mm
were used. Depending on the coarseness of the
samples, either coarse or fine or both sieve analysis

was performed. For coarse and mixed sediment |

analysis, the sample weight varying between 2500 gm
to 3500 gm and for fine sediment analysis sample
weight varying between 600 gm to 700gm was taken.
For coarse analysis, the sample was passed through
10 sieves ranging from 63 mm to 4.75 mm and for fine
through 17 sieves ranging from 4.75mm to 0.075mm.
The weight of the retained sediments was measured
to an accuracy of 0.1 gm (given the availability of
instruments). Meanwhile other protocols were
followed as per Indian Standard (IS) for sieve analysis
which includes 10 minutes of sieving for each sample.
The particle size distribution curves were obtained for
each sample which are presented in the preliminary
results section of this report.
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Figure 3: Sieve analysis setup in the lab
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5. Observation Locations

During the fieldwork campaign in November 2022, a total of 32 different locations were visited.
An overview of these locations can be found in the map in Figure 4. An overview of the types
of data collected at these campaign locations can be found in Appendix A.

81.1 81.2 81.3 81.4 81.5 81.6

Field Campaign Locations

All locations visited for field observations

and data collection in the Karnali Fluvial

Fan and the Bheri and Babai Rivers,
287 during the 2022 Nepal field campaigns.

¢ LEGEND

® Campaign locations
( 4 8 Country borders
I\cu:lnafcx ! g 4 B Water bodies

28.4 28.4 I
283 28.3 0 5 10 15 km
L .

81.1 81.2 81.3 81.4 81.5 81.6

Figure 4: Overview map of all visited field campaign locations

5.1. Babai Campaigns

5.1.1. BAO1l - Babai River, Upstream
Overview
Sediment samples  Transect NFP heights CHIRP Width Flow velocities

Environment
Hilly area, inner bend more flat with some vegetation (pioneer grasses as well as forest).

Left bank as seen from right bank

10
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5.1.2. BAO2 - Babai River at IceSAT Overpass (Upstream)

Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 No No Yes 744 No

Environment
Relatively flat topography, river bed exposed in the inner bend (right bank), mostly forest
directly on the river bank on the left side. Also forested on the right side on top of a small step.

Left bank, from right bank  From right bank, looking downstream

5.1.3. BAO3 - Babai River at S6 Overpass
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
0 No No Yes 66.0 No

Environment

Located in a big river bend. Inner bend contains (dynamic) midchannel bars. During high flow
a major channel also flows on the left side finding a shorter route downstream. During low
flow the outer bend is the major channel (as this was the route taken with the raft during the
campaign). Sediments consisted mainly of rocks too large to take sediment samples.
Unfortunately, no pictures of the environment were taken at this location.

5.1.4. BAO4 - Babai River at IceSAT Overpass (Downstream)
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
1: 1BAB1 No No No No No

Environment

Steep vegetated rock wall on the left bank, more flat floodplains with a mix of sand and
pebble sediments on the right side (hills in the distance). As no sediments could be taken
from location BAO3, a sample was taken from this location.

11
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From right bank, looking upstream From right bank, looking downstream

5.1.5. BAO5 - Babai Downstream
Overview

Environment

Hilly area with relatively flat terrain directly surrounding the river. Large rock formation on the
right bank. Left bank more (densely) vegetated. Sandy river banks with a steep step on the
right bank. Downstream the Babai bridge is located. This structure includes weirs as well as an
irrigation inlet as part of the Babai Irrigation Project.

From raft, looking downstream at Babai Bridge Right bank from left bank

From the Babai Bridge looking upstream From the Babai Bridge looking downstream
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5.2. Bheri & Karnali Campaigns

It should be noted that at the time of the current field campaign, the campaign locations were
very difficult to reach. The road leading from Chisapani, upstream the Karnali, toward the
confluence was under construction (both planned as well as resulted from landslides). This
meant the roads were very bad and occasionally blocked for construction. It took
approximately 3 hours by motorbike to reach from Chisapani to Ghatgaun and another 2 hours
to get back. These travel times may differ depending on the chosen mode of transport (public
bus or private jeep). It is advised to check road conditions before planning a field campaign to
this location, and account for staying overnight in Ghatgaun if necessary.

5.2.1. BHO1 - Bheri Bridge at Ghatgaun

Overview
1: 1BHE1 No No Yes 120 Floaty prop

Environment

Near the bridges the river banks are enforced engineered embankments. This only holds for
the section in direct vicinity of the bridges, including the river bend in which it is located. The
river is clearly deeper on the left side than on the right side. This can be seen from the images
below, as the river bed is partly exposed, mostly on the right side. The topography of the
surroundings, especially downstream of the bridge, is relatively flat. Upstream of the bridge
the area becomes more hilly. The area West of the Karnali river and downstream of the
bifurcation is hilly as well. The flat area surrounding the bifurcation and Bheri Bridge, consists
of mostly agricultural land and a few small villages.

From left bank From bridge, looking downstream

13
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Left river bank

Right river bank

General notes

The presence of the two bridges (the newly constructed bridge & the old expansion bridge)
allow for doing flow velocity measurements with a floaty at multiple different locations across
the river. The new bridge is ideal to drag along the CHIRP for flow depth measurements.

5.2.2. BHO2 - Bheri River at Ghatgaun (S3B Overpass)
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 No No No 162.0 No

Environment

This location was selected as the sentinel-3B satellite ground track is located only a few
hundred meters downstream of the Bheri bridges. This location is the exact location where the
satellite passes over the Bheri River. The river is fast flowing in this section. The surrounding
topography is relatively flat.

14
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From right bank Looking upstream, from right bank

General notes

Reconnaissance of this area included finding a boat to cross the river width to measure a
transect with the CHIRP. Eventually, fishermen were found to have a simple traditional canoe.
However, the river could not be crossed with this boat at this specific location as currents were
too strong. Crossing the river a bit further downstream would have been possible. It was
decided that this data would not add much to the data already collected at the bridges (BHO1),
compared to the required added cost and effort .

5.2.3. BHO03 - Confluence Bheri and Karnali
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 No No No No No

No data was collected at the confluence of Karnali and Bheri Rivers, other than GPS coordinates
of the (high flow) location and pictures of the environment.

Environment

Confluence, looking downstream from temple Bheri, looking upstream from right bank Bheri

15
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Bheri, looking upstream from confluence point.

General notes

High flow level near the temple was measured at 222 m altitude. Note that this was measured
with handheld GPS, and therefore with questionable accuracy.

Locals told that during high flow the Karnali may carry much greater volumes than the Bheri,
blocking the flow from the Bheri into the Karnali at the confluence point. This, together with
strong rain induced flash flood, may cause major flooding in the area just upstream of the
bifurcation point. The occurrence and severity of this varies per year.

5.2.4. KO1 - Karnali River at S3A Overpass
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
0 No No Partially 74.6 No

Environment

The landscape consists of steep hill slopes and a narrow valley through which the Karnali
flows. The hill slopes on the left bank are steeper than on the right bank.

From right bank, looking upstream From right bank, looking downstream
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Frorh left bank High flow velocity & turbulence River width measurement

General notes

Due to high surface flow velocities and turbulence it was not possible to measure flow
velocities with the current meter nor with a floaty prop (as this would immediately submerge).
This section would only be accessible from upstream with a boat, and even then it would be
questionable whether one would be able to cross the river for measuring flow velocities &
water depth along a transect (with CHIRP, current meter or ADCP) due to the high flow
velocities and limiting accessibility on the left bank.

The river is relatively narrow here at approximately 75 meters width. In addition, the
surrounding landscape consists of steep hillslopes. These landscape characteristics suggest
that finding a signal of sufficient quality to retrieve water levels from satellite SAR altimetry
would be highly challenging. Seninel-3A passes over the Karnali River at this location.

It was attempted to measure flow depths using the CHIRP. Although not a full cross-section
could be made, flow depths of over 5 meters were measured. This location would be suitable
for sediment collection. Due to logistical limitations, no sediment samples were taken from
this location during this campaign.

5.2.5. K02 - Karnali Upstream of Chisapani
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 No Yes No 160.0 No

Environment
Narrow valley with relatively steep hill slopes on both sides of the river.

17
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Few hundred meters upstream of measurement NFP measurement from right bank
location, on the right bank, looking upstream

5.2.6. KO3 - Karnali Bridge, Chisapani
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 No Yes No 283 No

Environment

Just downstream of the Karnali Bridge at Chisapani a concrete staircase leads to a small
beach where typically rafts are put into and taken out of the water.

From atop the concrete
staircase on right bank

5.3. Karnali Bifurcation Campaigns

5.3.1. BIO1 - Bifurcation S3A Overpass
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities

18
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Environment

Construction works on the right bank of the bifurcation, just downstream of Chisapani.

General notes

This location is not suitable for field observations. Currently construction works are being
executed, limiting the accessibility and making it subject to major changes in the landscape in
the coming few years.

5.3.2. BIO2 - Bifurcation Main Channel
Overview

Sediment samp Transect NFP heights CHIRP Width Flow velocities
6: 1B1 - 1B6 No No Partially No No

Environment

Downstream end midchannel bar, looking downstream  From midchannel bar, looking upstream

Dilu (NTNC) on opposite side of the channel (right bank)
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This location proved very challenging for collecting cross-sectional data of the channel. When
trying to cross the river with a rope, the currents appeared too strong and the raft could not
reach the opposite side of the river. After multiple tries, it was decided to only collect sediment
samples here. It is advised to use a motorboat at this location for future field campaigns.

General notes

5.3.3. BIO3 - Lalmati, Japanese Camp
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
3: 2B1 - 2B3 Yes Yes Yes 164.4 Current meter

Environment

Lalmati, also called 'Japanese Camp’ or ‘Dolphin Viewpoint' is located right where the most
eastern inlet channels of the Geruwa River are located. The left bank has a very high step with
a steep cliff wall atop which saal forest vegetation can be found. This region is located
considerably higher than the rest of the bifurcation area, which is generally fairly flat. The
bifurcation channel located most to the right (as in sight) diverts water to any other potential
inlet channels of the Geruwa and towards the Kauriala.

Overview from ( Dolphin) viewpoint atop the steep wall on the left bank.

Steep cliff walls on left bank, looking upstream From Geruwa inlets looking upstream at bifurcation
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5.3.4. BI04 - Main Inlet Geruwa River
Overview
Sediment samples  Transect NFP heights CHIRP Width Flow velocities

Environment

£ =

From inside channel, looking upstream From inside channel, looking downstream

From centre river beqd, looking downstream

General notes

This channel was (previously) considered to be the main inlet to the Geruwa River. However,
during reconnaissance of the area it was discovered to be almost completely dry. Only some
water was still seeping through the river bed into the Geruwa. During high flow this channel is
most likely still activated. As we were told by NTNC staff that the channel should still exist, the
area was explored by foot up until BIO5, but no other channels were discovered in between
BI04 and BIO5. Note for future field campaigns: this section is very high risk tiger area!

5.3.5. BIO5 - Rajapur Irrigation Intake
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities

Environment

The pictures below were taken on 2 November, before major cleaning and restoration work
on the irrigation intake was started.
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Irrigation intake from Intake Park, looking upstream

Sediment deposition at dam breach, looking upstream  Sediment deposition behind dam breach, (downstream)

-

Irrigation intake blocked by debris, looking downstream  Irrigation intake blocked by debris

General notes

Before the irrigation intake structure a dam was built to guide the water from the Kauriala into
the agricultural area surrounding Rajapur. We have been told this dam was built when the
majority of the water was still diverted into the Geruwa rather than the Kauriala. During the
most recent high flow the dam must have collapsed, causing sediment and debris deposition
in and in front of the intake structure, blocking further water intake into the irrigation channels
and diverting the water into the Kauriala. When the location was revisited on 16 November,
cleaning and restoration work on the intake structures had just stared.
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5.4. Geruwa River Campaigns

Before describing each location measured along the Geruwa River in this section, it is
important to note for future field campaigns that the entire Geruwa River Reach is a high risk
tiger area zone (especially G02-G06) and one should always enter with caution, proper training,
logistics, equipment and personnel.

Locations GO1-G03 were accessed via raft starting at Lalmati (BIO3). Locations G04-G08 were
accessed by road with a tuktuk from the Rajapur area.

5.4.1. GO1 - Geruwa River Left Inlets
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 = similar to #2B3  Yes Yes Yes 46.2 Current meter

Environment
See also images and description of BIO3 (Lalmati).

General notes

Where conventional maps show only one channel on the most left side of the Geruwa, actually
two separate channels were present during the field campaign. The right channel of the two
keeps a mostly rectangular cross-sectional shape at the inlet. The left channel is clearly larger
and conveys more water into the Geruwa than the right channel. The left and the right channel
have a width of 19,6 m and 26,0 m respectively, adding up to a total width of 46.2 m. It should
be noted that the left channel stays wide whereas the right channel is very wide at the
bifurcation and narrows quickly whilst also being considerably more shallow.

5.4.2. G02 - Geruwa River at Bagh Tapu
Overview

Sediment samp Transect NFP heights CHIRP Width Flow velocities
4:1G1-1G4 Yes No Yes 61.0 Current meter

Environment

From left bank, looking upstream - From left bank, looking downstream
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General notes
The circumstances at this location were ideal for doing a full river cross-section transect.

5.4.3. GO03 - Geruwa River at Gaida Machan
Overview

0 No Yes Yes 27.8 Floaty

Environment

Relatively flat topography. Tall grasses growing on both river banks, directly on the water edge,
left bank also forested, some sections right bank also (less densely) forested.

Upstream of Gaida Machan, inlet of channe/ From left bank, looking upstream

From watchtower on left bank, main channel Geruwa visible in the distance.

General notes

The left channel as seen on the first picture above had to be chosen as turning right would
lead the raft into a poorly accessible and high tiger risk zone. A watch tower and army base
are located at this campaign location, making it accessible by 4x4.
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5.4.4. G04 - Geruwa River at Gola
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
7: 2G1 - 2G7 Yes Yes Yes 440 Current meter

Environment

Vast active floodplain area where clearly multiple (side) channels are activated during high
flow. During the field campaign only one major channel flows through. As a result the active
floodplain contains multiple — sometimes steep — steps at different altitudes, ranging a couple
of meters. As far as the eye reaches, the surrounding area is very flat.

Right bank, looking upstream Right bank, looking downstream

General notes

Flood marks indicating high flow levels were found at the bottom of the highest step/dike.
This is a popular location for locals to let their cattle graze and to collect grasses.

5.4.5. GO5 - Geruwa River at Manpur
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
3:3G1 - 3G3 No No No No No

Environment

Flat topography. The right bank of this river section is enforced with a high dike with groynes.
The left bank exists of lower grasslands and is part of the buffer zone. Directly behind the dike
agricultural land and a village can be found. On top of the dike a watch tower is located,
providing a nice overview of the area. The dike is fenced along the entire length, during
daytime the fence is opened, giving way for locals to enter the area for collecting grasses or
grazing their cattle. Multiple very small and shallow channels flow through, all of which can be
crossed on foot.
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From watch tower on dike, looking downstream View on river from dike on right bank.

From left channel, looking upstream From right bank of left channel, looking downstream

Left channel from mid-channel bar

5.4.6. G06 - Geruwa River at Lalpur
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
2: 4G1 - 4G2 Yes Yes Yes 64.0 Current meter
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Environment

Flat topography, with dike on the right bank. The left bank is less steep with grasslands
containing tall grasses located directly behind. This location was chosen as the river can
directly be crossed by foot. Further downstream the river becomes deeper.

T E——

w» -

Left bank, from right bank

General notes

This section consists of one medium sized channel. As the river is crossable by foot during
low flow, flow velocities are low, and a dike is located nearby, it seems ideal for collecting
cross-sectional data. The location is not directly accessible by car, tuktuk or raft and should
be approached on foot. Caution should be taken when measuring at this location, as a close
encounter with a tiger was experienced here.

5.4.7. GO7 - Geruwa Bridge: Khotiyaghat
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
3: 5G1 - 5G3 No Yes Yes No No

Environment

Flat topography. Seemingly relatively dynamic active floodplain upstream of the bridge with
more permanent, forested island/midchannel bar in between the left and right branch of
Geruwa River. Downstream of the bridge the channel makes a turn to the right before
meeting the right branch and flowing into India.

Geruwa Bridge from left bank From left bank, looking upstream
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High flow level marked on bridge support

General notes

At the downstream end of the Geruwa River, before crossing the border to India a long bridge
crosses the two channels of the river. During the field campaign, the majority of the water was
flowing through the left channel, which is where the current observation location is located.
Locals informed us that during high flow, the right channel carries more water as compared to
the left channel.

The presence of the bridge and the quiet flow conditions allow for ideal circumstances to
measure using CHIRP. Potentially, measurements could also be done using a raft, which we
deemed not necessary at this point. This would also be an ideal location to measure with an
ADCP. A gauging station with a diver was installed at this location. Unfortunately, there was
no suitable location to install a water level gauge.

5.4.8. GO8 - Geruwa River at Indian Border
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
0 No Yes Partially 68.0 No

Environment

Relatively flat terrain. Left bank (inner bend) scarcely vegetated with grasses. Forest located
further inland from left bank. When looking downstream, the right bank almost directly
forested, located on a step, a couple of meters above current water levels. The midchannel bar
which can be seen just upstream of this location is densely forested.
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From right bank, looking downstream From right bank, looking upstream

General notes

At this location the two branches of the Geruwa River converge into one, just before crossing
the border to India. Seninel-3A passes over the river at this location.

5.5. Kauriala River Campaigns

5.5.1. KUO1l - Kauriala River at Patabhar
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
3: 4K1 - 4K3 No No No No No

Environment

Flat topography, hills in the background are the Silawik Hills, North of Chisapani. Seemingly
very (morpho)dynamic area, with multiple channels and midchannel bars.

Sediment collection, left bank, looking upstream

General notes

Relative water level measurements not possible due to lack of suitable fixed point in the
landscape in the vicinity of the river channels.

5.5.2. KUO02 - Kauriala River at Banghusra
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
0 No Yes No 182.6 No
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Flat topography. Dike on left bank. The Kauriala seems to consist of only one channel at this
location. However, satellite imagery suggests the presence of another channel located to the
right. The forest located behind the sandy right of this channel would then be located on a
major, stable midchannel bar. A more dynamic section with multiple smaller unvegetated
midchannel bars and channels is located just upstream of this location.

Environment

Right bank / midchannel bar, from the dike on left bank

General notes
River difficult to access from the steep dike. Hence, this location proved only suitable for
measurements with the NFP during this campaign.

5.5.3. KUO3 - Kauriala River at Shantibazar
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
3: 2K1 t/m 2K3 No No No No No

Environment

This section of the river has dikes on both sides and groynes on the left bank. Multiple
midchannel bars are present in the active floodplain which consist of a mix of sand and stones.
One major mid-channel bar is covered in trees and one other large mid-channel bar has some
grass growing on its highest located sections. The mid-channel bars cause rapids to be present
at some places in several channels.

,.'

— Qe
Sediment samples, from left bank, looking upstream From dike on left bank, looking upstream
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Due to high flow velocities and relatively large flow depth the mid-channel bars could not be
reached from the left riverbank. Solely sand deposition between the groynes (no stones). Small
ferries operate on the most left and most right channels, between the river bank and a major
mid-channel bar. No river widths or river cross sections were taken in this section of the river,
as it consists of many smaller channels, some also too deep and fast flowing to cross. Location
is easily accessible.

General notes

5.5.4. KUO4 - Kauriala River at Marghua (Upstream)
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
0 No Yes No 342 No

Environment

At first glance, it seems as if the river consists of only one channel in this section. However,
satellite imagery suggests that there should be another channel flowing on the right of the
channel seen on the image. Thus, this section probably consist of two major channels. The dike
is located on the left bank and in the inner bend, explaining the sand deposition below. The
right bank is vegetated with tall grasses and lower-canopy forest farther away from the bank.

From the dike on the left bank.

General notes

This short section of the river seems slightly less dynamic and the vegetated midchannel bar
somewhat more stable. Location is easily accessible.

5.5.5. KUO5 - Kauriala River at Marghua (Downstream)
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
3: 2K1 -2K3 No No No No

Environment

Vast active floodplain area with a major midchannel bar and a few smaller midchannel bars.
Dike with groynes on both banks, with a forest located right behind the dike on the right bank
and agricultural land located behind the left bank.

31



SAVE

THE TIGER

THE GRASSLANDS
THE WATER

]
TUDelft

From midchannel bar, looking downstream Main channel as seen from (right side) midchannel bar

General notes

Due to the presence of multiple channels and midchannel bars, the river width could not be
measured at this location. The same holds for collecting cross-sectional data. Hence, only
sediment samples and relative water level data was collected here. Location is easily accessible.

5.5.6. KUO06 - Kauriala at Daulatpur (Steamer Point)
Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
5: 1K1 t/m 1K5 No Yes Yes 310.0 Floaty prop

Environment

This section of the river has embankments including dikes and groynes on both sides. At this
location a traditional steamer boat operates as a ferry between the two river banks. Note that
steamers only cross the river if the flow conditions allow for it.

Right bank, from the dike, looking upstream Right bank, from the dike

Sediment collection on left bank, looking upstream
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General notes

The river is too deep and currents are too strong to cross the river by foot or with a raft. Flow
velocity measurements were therefore taken using a floaty. The river was crossed (twice) with
the local steamer boat. During the river crossing a cross-section was taken with the CHIRP.

5.5.7. KUO7 - North of Kauriala Bridge

Overview

Sediment samples  Transect NFP heights CHIRP Width Flow velocities
4: 5K1 t/m 5K4 No Yes No 124.5 No

Environment

The active floodplain is fairly wide. Both the left and right riverbank are enforced with dikes
and groynes. A large midchannel bar is present, with one very small channel on the right and
a major channel on the left. The lack of vegetation suggests this bar has recently been flooded.

Small pond in midchannel bar Elevation step on midchannel bar

Looking downstream from midchannel bar Looking downstream from dike, left bank.

General notes

The river width measured at this location only comprises the width of the channel located on
the most left side. This channel is considerably larger (both in width and depth) than the
smaller channel on the right side of the large mid-channel bar.

5.5.8. KUO08 - Kauriala Bridge: Sattighat
Overview

Sediment samples Transect NFP heights CHIRP Width Flow velocities
0 No Yes No No No
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Kauriala Bridge, from left bank (at diver station) /(ar/'a/a Bridge, from left bank

General notes

The river is too wide at this location to be able to measure river width using the NFP. Currents
are too strong, and turbulence at the water surface too large to measure with the CHIRP from
the bridge. Currents are also too strong to cross the river with a raft. However, steamers are
not located at this location either. During reconnaissance only a water scooter was found. For
future campaigns a motorboat may be available from the army, and may be a suitable solution
for collecting cross-sectional data. A gauging station including a diver and water level gauge
was installed at this location.

6. Data
6.1. Water Levels

Relative water levels have been measured using the NFP by measuring the height difference
between the water surface and a fixed point in the landscape. These measurements were
executed at 16 different campaign locations as can be seen from Figure 5.

Relative Water Level
Campaign Locations

Locations visited where relaitve water
levels have been measured using the
Nikon Forestry Pro device, by measuring
the height difference between the water

Karnalf . 4 ; surface level and a fixed point in the
ko2 landscape.

& xos

:Blolt

e LEGEND

~ NFP Relative Heights
® All campaigns

s ; B Country borders

2 _"' ’ ) : B Wwater bodies

KU02
®

Kayjiola
f 604

b
Gerowa

N
0 5 10 15 km
[ B

81.3 81.4 81.5 81.6

Figure 5: Relative Water Level Campaign Locations
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For each of the locations for which the relative water levels were determined, a sketch was
made including a schematic representation of the cross-section at that location including the
measured triangulation(s) for the relative height measurement(s) and some landscape
characteristics. Note that these sketches are indicative of the surroundings of the
measurement locations and are not at all to scale. An example sketch is shown in Figure 6. All
of the sketches and relative water level measurements can be found in Appendix D.1, and an
overview of the observation data can be found in Appendix D.2.

A summary of the observation data is shown in Table 1. Note that the relative height represents
the measured height difference between the water level and a fixed point in the landscape for
which the height was expected to stay constant over time. All measurements with the NFP
have been executed by Mo de Jong and were measured from eye-height; at 1.53 m above the
ground. This manual measurement method may have caused an inaccuracy estimated to be
on the scale of 1 — 2 cm. The relative height as depicted in Table 1 is corrected for eye-height.

Note that no sketches were made for campaign location G04, whilst the relative water level
was measured here (using the NFP). The landscape at this location is vast with many elevation
changes, making it highly challenging to make an accurate estimated cross-sectional sketch

of the area.
204.8 m

4.2°

205.5

AV4
left bank J right bank

Figure 6: Example of schematic overview of a river cross-section for which
relative water levels were measured, at field campaign location Lalmati

During the field campaigns it was experienced that the Nikon Forestry Pro has a very high
accuracy for measuring horizontal distances. This was done by comparing distances measured
with the NFP with distances measured by hand with measurement tape. It is expected that the
NFP is more accurate in measuring distances, especially over greater distance and across rivers
(of great width), than manually with measurement tape. For future use it would be
recommended to work with objects which can be placed at both ends of the to be measured
distance, to make aiming at the exact location for the measurement easier and therewith less
sensitive to errors.
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BIO3 1 111 16.0 9.8 154.2 52.0
BIO3 2 111 164.5 164.0 154.2 44
BIO3 3 135 205.5 204.8 l64.4 4.2
GO01 1 135 38.5 35.2 19.6 23.2
GO01 2 133 57.0 54.8 19.6 15.2
GO1 3 13.5 69.0 67.2 164.2 12.6
GO1 4 145 232.0 2314 164.2 4.0
GO3 1 13 28.0 27.8 27.8 5.8
G06 1 6.1 85.0 84.6 64.0 5.2
Go07 1 5.5 26.5 254 7.0
GO8 1 4.7 143.5 143.2 68.0 2.5
K02 1 20.9 55.0 50.0 160.0 24.2
KO3 1 10.1 22.0 18.6 283.0 32.2
Kuoz 1 6.7 17.5 154 182.6 28.1
KUo4 1 59 22.5 21.2 342.0 9.2
KUo6 1 59 20.5 19.0 310.0 21.2
Kuor 1 6.5 16.0 13.6 1245 30.8
Kuor 2 6.5 138.0 137.6 124.0 34
Kuor 3 7.3 195 17.2 124.0 27.2
KU08 1 6.1 56.5 55.8 7.8
KU08 2 5.9 49.0 484 8.7

Table 1: Summary of Collected Relative Height Observation Data

Note that at many field campaign locations the river consisted of multiple channels. Hence,
the total river width may be larger than the one presented in Table 1, considering the total
width to be the total width of the multiple channel. Moreover, the water level in the channel
may be dependent on the presence of other channels. Visual observation of the landscape
shows indications that soils in the region have a high permeability. Hence, it can be expected
that surface water levels will be similar across the various channels in multi-channel sections
of the river.

6.2. River Width

River width has been measured at 18 locations as shown in Figure 7. At most locations the
river width was measured using the Nikon Forestry Pro. At some locations the river width was
(also) measured using measurement tape. Theoretically river width could also be derived from
collected GPS coordinates or CHIRP data. However, these values are expected to be subject to
large uncertainties and will be less accurate. These derivations have not been done for this
field report and hence only river widths as measured with the NFP or measurement tape are
included in the report. The river widths are shown in table Table 2.

36



)

2|
')) THE TIGER

t THE GRASSLANDS
e THE WATER
e

81.1 81.2 81.3 81.4 81.5 81.6
—_—— —

River Width

28.8
Campaign Locations

Locations visited where river width
has been measured.

28.7
Karnali

28.6 LEGEND

@ River width campaigns
® All campaign locations
B Country borders
I water bodies

28.6

Kayriola

28.5 -

b

Gerowo
/¥

28.4 28.4 |
283 283 0 5 10 15 km
[

81.1 81.2 81.3 81.4 81.5 81.6

Figure 7: River Width Campaign Locations

It was estimated that the accuracy of measuring river width with the NFP is in the order
approximately 5 — 20 ¢m. It should also be noted that the NFP and the measurement tape
were not able to measure large river widths (typically over 350-400 meters).

CAMPAIGN ‘ LOCATION NAME RIVER WIDTH [m]

BAO2 BABAI ICESAT OVERPASS UPSTREAM 74.4
BAO3 BABAI S6 OVERPASS 66.0
BAOS BABAI DOWNSTREAM 96.4
BHO2 BHERI AT GHATGAUN (S3B OVERPASS) 162.0
BIO3 LALMATI, JAPANESE CAMP 164.4
GO1 GERUWA LEFT INLETS 183.8
G02 GERUWA AT BAGH TAPU 61.0
G03 GERUWA AT GAIDA MACHAN 27.8
G04 GERUWA AT GOLA 44.0
G06 GERUWA AT LALPUR 64.0
GOS8 GERUWA AT INDIAN BORDER 68.0
Ko1 KARNALI AT S3A OVERPASS 74.6
K02 KARNALI UPSTREAM OF CHISAPANI 160.0
KO3 KARNALI BRIDGE, CHISAPANI 283.0
KU02 KAURIALA AT BANGHUSRA 182.6
Kuo4 KAURIALA AT MARGHUA (UPSTREAM) 342.0
KUO6 KAURIALA DAULATPUR (STEAMER) 310.0
KUo7 NORTH OF KAURIALA BRIDGE 124.5

Table 2: Measured River Widths
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6.3. River Bathymetry

River bathymetry data acquired using the Fish Deeper CHIRP+ has been collected at 15
different field campaign locations. These locations are shown in the map in Figure 8. It should
be noted that for some locations the bathymetry data was collected only for a part of the
cross-sectional transect. This holds for locations K01, BI02, G08, and KU08. Only the data at
the campaign locations for which the cross-sectional data was considered to be sufficiently
representative or of sufficient added value are presented in the field report (only for BI02).

CHIRP Cross-Section
Campaign Locations

Locations visited where flow depth
and river bathymetry have been
measured by taking o river cross-
287 section along a transect using the
Karnali M o Fish Deeper CHIRP+ instrument.

28.6 LEGEND

@ CHIRP campaigns
® All campaign locations
Kayliala ‘ 7 s - ; J B Country borders

S 3 % : I water bodies

28.6

28.5

28.4 28.4 I
28.3 283 0 5 10 15 km
[ .

334
81.1 81.2 81.3

81.4 81.5 81.6

Figure 8: CHIRP River Cross-Sectional Campaign Locations

The river bathymetry using the CHIRP+ in the Gerua river is mostly for one channel. Given the
condition that Gerua flows through the BNP in multiple channels and the accessibility of all
channels are limited due to security reasons, the bathymetry of the accessible major channels
are only taken. The data obtained from the CHIRP+ provides the depth of water relative to the
water surface and not the bed surface elevation relative to mean sea level. Plotting the data
from chirp is still a challenge by the time this report is being prepared. However, the data can
be visualized in the Fish Deeper app and also point depths can be extracted where the GPS
signals for the CHIRP+ are available (Figure 9).
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Nov 16, 2022
4:58:25 AM

Figure 9: Visualization of bathymetry obtained at Daulatpur (KUO6) from Fish Deeper app

These data may be useful for 1D hydraulic modelling purpose. In the future, if any
methodology can be developed to identify the elevation of water surface at the time of
measurement, this bathymetry data will have higher relevance and use.

6.4. Flow Velocities with a Floaty

The flow velocities using method of float was estimated at 2 locations given the extreme flow
velocities. One being the Bheri bridge (BHO01) and the other Daulatpur in Kauriala river (KU06).
At least 3 measurements have been taken at each location. These velocities are a very rough
estimate which may be used to estimate the discharge through those river sections.

Bheri (BHO1) 2.18 2.22 2.03 2.14 120 unknown
Daulatpur Left: 57.5 310
(KU06) 123 i 177 150 Right: 36.0

Table 3: Flow velocity measurements obtained using floats

Such measured velocities are to be used for estimating the discharge through respective river
cross sections when obtained from the processed CHIRP+ data.

6.5. River Transects with Flow Depth & Flow Velocities

At a few locations river cross-sectional data was manually collected along a transect along a
river cross-section. During these campaigns flow depth (or river bathymetry), as well as flow
velocities have been measured at different points along the transect. This data is referred to
as transect data. Figure 10 shows at which locations transect data was collected. In the
following sections the transects at each location are shown and briefly discussed.
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Note that a wide range of limiting factors were present across the different locations, which
did not allow for collecting transect data at those locations. These factors included: too high
flow velocities, too great flow depths in combination with not having access to a raft or boat,
and too shallow flow conditions.

River Transect

Campaign Locations

Locations visited where flow depth

and flow velocities have been

measured along  a  cross-section
27 Iransect in the river, using the current
Karmali [ meter (often in combination with
varyious other equipments).

28.8

287

" BIO3

%4 LEGEND

Transect
® All campaign locations
: @ Country borders
285 [ Water bodies

N
28.4 :

28.3 0 5 10 15 km
[

28.5

28.4

28.3

81.1 81.2 81.3 81.4 81.5 81.6

Figure 10: Transect Campaign Locations for Flow Depth & Flow Velocities

The figures in the following sections visualise the transect data collected during the field
campaign. This includes river width, and flow velocities and flow depth measured at several
points along the transect. The blue boxes represent the depth at which the flow velocities were
measured. The visualisation also indicates left and right banks. The width is represented as the
total distance from the left bank to the measured point. At the bottom the estimated discharge
is computed over the column as visualised above as:

Q =v-A = v-river width - flow depth
The total discharge is computed as the sum of the computed discharge of all columns.

For the first flow velocity and discharge estimates it was assumed that the measured flow
velocity is constant over the full depth. It is commonly known however, that in general the flow
velocity varies over depth, being near zero close to the river bed and highest near the water
surface. As the flow velocities were mostly measured at 15 cm above the river bed for shallow
rivers, or at a depth of approximately 90 ¢cm for deeper rivers it can be expected that the total
discharge for shallow river sections with an average depth of around 30 cm may be closer to
the truth, whereas the total discharge for deeper river sections may be more sensitive to
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underestimation for sections with an average depth between 30 — 180c¢m, and overestimation
for river sections with an average depth greater than 180 c¢m. Lastly, at some campaign
locations, often near the river bank, flow depths were too small to measure flow velocities
(noted as too shallow). For these measurement points the discharge over the water column
was assumed to be zero.

In Appendix F the full transect data and visualisation are presented. Also, some additional
information and data is given in tables. A summary of the transect data and visualisation is
presented in the sections below.

6.5.1. Results
BIO3 Lalmati 10/11/2022 13:15

width [cm] 150 2500 4000 (“;’7";‘5“” 9550 11550 . 13550 | 15050 | 15500
depth depth

depth [cm] P 450 600 450 cP 190 65 40 10
unkonwn unknown

flow velocity [m/s] 0.4 0.85 1.2 1.2 1.1 0.5

Q= [m3/s] 0.18 | 89.8875 108 148.77 | 184.47 19 2.08 0.48 0.045

Table 4: Flow depth, flow velocities and discharge at BIO3 - Lalmati, Japanese Camp

The total estimated discharge resulting from these measurements is: Qtor = 552.91m3/s

As flow depths were too large to cross the river, these transect measurements have been
executed from a raft. The current meter was held at 15 cm above the river bed, or at a depth
of approximately 90 cm for flow depths greater than 105 cm. Generally, it is considered that
flow velocities are greater near the surface than near the surface, and this transect considers a
relatively deep river section. As a result, at depths greater than 210 cm, it is expected that flow
velocities are overestimated. At depths between 30 cm amd 210 cm it is expected that flow
velocities are underestimated. Approximately half of the transect has depths between 30 —
210 cm (underestimating flow velocity & discharge) and half of the transect has depths greater
than 210 cm. Therefore, no clear conclusion can be made considering the under- or
overestimation of the total discharge.

Measuring flow velocities from a raft is challenging as the measurements may be affected by
the velocity of the raft. During the measurements the raft was kept in place as much as
possible. Nevertheless, the results are highly sensitive to measurement errors.

Note that the distances between the points measured along the transect are large, hence
causing the resulting transect to be less precise. Moreover, since the estimated transect is
dependent on less measurement point, it becomes more dependent on the accuracy of those
few measured depths and flow velocities. Lastly,
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Transect measurements were made for the two inlet channels visibly conveying water at the
surface into the Geruwa River. Respectively the left and right inlet channel transects are shown
below.

GO1L Geruwa left inlet 10/11/2022 15:30
width [cm] 200 1700 2700 3700 4700 4900
depth [cm] 90 150 120 65 45
flow velocity [m/s] 0.3 0.6 0.55 0.5 0.3
Q= [m3/s] 0.54 13.5 6.6 3.25 1.35

Table 5: Flow depth, flow velocities and discharge at GO1L - Geruwa left inlet
The total estimated discharge resulting from these measurements is: Qror = 25.24m3/s
The left inlet channel has a total width of 49 m. As the measured depths over the entire transect

lay between 30 — 210 cm it is expected that the flow velocities are underestimated over the
full transect, causing an underestimation of the total discharge through the left inlet channel.

GO1R  Geruwaright inlet 10/11/2022 16:00
width [cm] 250 450 650 775 900
depth [cm] 40 65 65 40
flow velocity [m/s] 0.25 0.5 0.46 0.25
Q= [m3/s] 0.25 0.65 0.598 0.25

Table 6: Flow depth, flow velocities and discharge at GOIR - Geruwa right inlet

The total estimated discharge resulting from these measurements is: Qior = 1.748m3/s

The right inlet channel has a total width of 9 m. As the measured depths over the entire
transect lay between 30 — 210 cm it is expected that the flow velocities are underestimated
over the entire transection, causing an underestimation of the total discharge through the
right inlet channel. It should be noted that it was observed that the right inlet channel had a
near rectangular cross-sectional shape, and that the values closest to the right bank were
assumed based on this knowledge. Note that the data given in red in Table 5 are estimated
values, not measured values.
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G02 Bagh Tapu 11/11/2022 12:15-13:10
width [cm] 100 300 500 700 900 1100 1300 1500 1700
depth [cm] 65 80 85 90 80 65 70 65 65
flow velocity [m/s] [ 014 0.8 0.2 0.41 0.4 0.35 0.45 0.3
Q = [m3/s] 0 0.224 0.306 0.36 0.656 0.52 0.49 0.585 0.39
width [cm] 2000 2200 2400 2600 2900 3200 3500 3800 4100
depth [cm] 80 80 70 80 80 85 95 95 100
flow velocity [m/s] 0.4 0.4 0.7 0.55 0.6 0.6 0.7 0.6 0.7
Q = [m3/s] 0.96 0.64 0.98 0.88 1.44 1.53 1.995 1.71 2.1
width [cm] 4400 4700 5000 5300 5500 5700 5900 6100
depth [cm] 100 70 65 50 oy oo iy "

shallow | shallow | shallow | shallow

flow velocity [m/s] 0.7 0.6 05 03 |G T
Q = [m3/s] 2 1.26 0.975 0.45 0 0 0 0

Table 7: Flow depth, flow velocities and discharge at GO2 - Geruwa River at Bagh Tapu

The total estimated discharge resulting from these measurements is: Qior = 20.55m3/s

This channel of the Geruwa was considered the main channel and has a total width of
approximately 61 m. As the measured depths over the entire transect lay between 30 — 210 cm
it is expected that the flow velocities are underestimated over the entire transect — not
including the section where it was too shallow to measure — causing an underestimation of
the total discharge.

G04 Gola 14/11/2022 12:45
width [cm] 300 500 700 900 1050 1300 1550 1850 2100
too too too
depth [cm] shallow = shallow | shallow 25 30 40 43 >8 60
flow velocity [m/s] [N o.15 0.2 0.15 0.25 0.25 0.33
Q = [m3/s] 0 0 0 0.075 0.09 0.15 | 0.28125 | 0.435 0.495
width [cm] 2400 2700 2950 3200 3500 3700 3900 4100 4400
depth [cm] 70 70 70 65 65 60 25 10 teo
shallow
flow velocity [m/s] 0.35 0.4 0.45 0.4 0.35 0.25 02 [ 01 H
Q = [m3/s] 0.735 0.84 | 0.7875 0.65 0.6825 0.3 0.1 0.02 0

Table 8: Flow depth, flow velocities and discharge at GO4 - Geruwa River at Gola

The total estimated discharge resulting from these measurements is: Qtor = 5.641m3/s

This channel of the Geruwa was considered the main channel at this point and has a total width
of approximately 44 m. As the measured depths over the entire transect lay mostly between
30 — 210 cm it is expected that the flow velocities are slightly underestimated over the entire
transection, causing a slight underestimation of the total discharge through the left inlet
channel.
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G06 Lalpur 15/11/2022
Jwidth [cm] 300 500 700 soq 1100 1300 1500 1700 1900 2100 2300
depth [cm] 20 30 30 40 50 50 50 50 50 45 40
|fiow velocity 0.2 0.4 0.5 0.55 0.6 0.55 0.5 0.55 0.55 0.6 0.65
Q = [m3/s] 0.12 0.24 0.3 0.44 0.6 0.55 0.5 0.55 0.55 0.54 0.52
width [cm] 2500 2700 2900 3100 3300 3500 3700 3900 4100 4300
depth [cm] 45 40 40 40 40 30 30 25 10 too
shallow

|fiow velocity 0.55 0.65 0.65 0.65 0.65 0.5 0.35 025 ooV
Q = [m3/s] 0.495 0.52 0.52 0.52 0.52 0.3 0.21 0.125 0.014 0
width [cm] 4500 4700 4900 5100 5300 5500 5700 5900 6100 6300
depth [cm] too too too too too too too too too too

shallow | shallow | shallow | shallow | shallow | shallow | shallow | shallow | shallow ' shallow
flow velocity o o 0 o 9o 0o 0 0o 0o 0
Q = [m3/s] 0 0 0 0 0 0 0 0 0 0

Table 9: Flow depth, flow velocities and discharge iat GO6 - Geruwa River at Lalpur

The total estimated discharge resulting from these measurements is: Qior = 8.134m3/s

This channel of the Geruwa had a total width of approximately 63 m. This section of the river
seemed to have a near rectangular shape, with the right bank being very shallow over a great
width. At points where flow depths were great enough to measure both depth and flow
velocities, the flow depths laid mostly between 30 — 50 ¢m. Hence, it is expected that the flow
velocities are slightly underestimated at these locations. However, no flow was assumed
through the shallow parts. Hence, no clear conclusions can be made about over- or
underestimation of the total discharge.

6.5.2. Discussion of the Results

Limiting factors for measuring flow depths and flow velocities along a transect perpendicular
to the flow of the river included: flow depth (too deep and too shallow), flow velocities (too
large and too small), and accessibility of the selected campaign location. In addition, more
accurate, precise and elaborate data may be collected in the future, using more advanced
measurement equipment such as an ADCP. With the availability of a motorboat more locations
become accessible, especially within the Kauriala River. This, together with the availability of
an ADCP may provide great potential for collecting transect data in the Kauriala River as well.
Note that the Geruwa River is expected to not be accessible with a motorboat during dry
season or low flow.

These measurements count as a very rough estimation of river bathymetry, flow velocities and
river discharge. Measurement instruments and conditions were limiting for making more
accurate estimates. Therefore, the results presented above should not be taken too strictly.
The collection of data at these locations helps giving insight into what locations may be of
interest for future field campaigns with more elaborate equipment. In the meantime, the
current result may give a rough idea of discharge volumes flowing into and through the
Geruwa River.
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6.6. Sediment Samples

A total of 46 sediment samples have been collected across 14 different field campaign
locations. Figure 11 provides an overview of the locations at which sediment samples have
been collected. The summary of rapid assessment of the results from sieve analysis of sediment
samples are presented in Error! Reference source not found..

Sediment Sampling
Campaign Locations

28.8

Locations visited where sediment
samples have been collected.

28.7

Karnali

28.6 LEGEND

@  Sediment Sample Campaigns
@ All campaign locations

@ Country borders

I water bodies

28.6

28.5

28.4 28.4 |
28.3 28.3 0 5 10 15 km
—  E—

81.1 81.2 81.3 81.4 81.5 81.6

Figure 11: Campaign locations at which sediment samples have been collected)

BA0O4 1BAB1 1 Fine sediment

BHO1 1BHE1 1 Fine sediment

BI02 1B1t/m1B6 6 Fine sediment

BIO3 2B1t/m2B3 3 Fine sediment

G02 1G1t/m 1G4 4 1 mixed (1G1), 3 fine sediment

G04 2G1l t/m 2G7 7 3 mixed (2G3,2G4,2G6), 4 fine sediment

GO05 3G1t/m3G3 3 Fine sediment

G06 4G1 & 4G2 2 1 mixed (4G1), 1 fine sediment

GO07 5G1 t/m 5G3 3 Fine sediment

KUO01 4K1t/m4K3 3 1 coarse (4K1), 1 mixed (4K2), 1 fine (4K3)
sediment

KUO03 3K1t/m3K3 3 2 mixed (3K1, 3K3), 1 fine sediment

KUO05 2K1t/m2K3 3 1 coarse (2K1), 2 fine sediment

KU06 1K1 t/m 1K5 5 Fine sediment

KUo07 5K1t/m5K4 4 2 mixed (5K1, 5K3), 2 fine sediments

Table 10: Summary of rapid assessment from sieve analysis of sediment samples
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Most of the sediment samples taken fall under category of fine sediment with 10 under mixed
and 2 are coarse. However, it should be kept in consideration that the samples taken are taken
using scoop and mostly from floodplains. The floodplains may contain layer of fine sediment
which may have been deposited during the recession of the flood. Nonetheless, these samples
show the sediment transport happening during the floods. Another issue to be considered is
that the sampling of coarse sediment in the floodplain was not possible due to logistics and
limitation of equipment. Hence, several photographs of the floodplain with the scale are taken
at various sites. PSD of these coarse sediments may be determined by image analysis and may
be used in combination with lab analysis to understand the sediment distributions in the
floodplains of respective locations.

This fieldwork has been very useful in gathering information about the study area as a system.
The visual inspection of the area has provided an insight on the morphodynamic, hydrologic,
ecological and socio-economic features of the Karnali alluvial fan. These first insights and
understanding of the system was one of the main objectives of this field work and we can say
that it has been successfully fulfilled.

A second major objective was to explore the area of interest for suitable locations for data
collection. We succeeded to cover the entire area of interest for exploration and over 32
locations were visited along the Bheri, Karnali, Geruwa, Kauriala and Babai Rivers. At 28 of these
locations data was collected using at least one of the methods as described in Chapter 4. In
addition to area exploration, collaboration with various different parties were explored and
initiated, which may prove very useful for future work. Hence, it is advised to keep good
maintenance of these contacts and collaborations.

Another major objective was to collect the data and information to the maximum extent
possible within the given time frame with the available equipment. With the collected data on
bathymetry, river channel width, water level, velocities, discharge, sediment samples and
geographical features, this objective is fulfilled to an extent. There have been some difficulties
with the logistics and challenges regarding data collection due to limitations of the
measurement instruments, but a good amount of data has been collected during this first
campaign. Analysis of the gathered data will help identifying any data gaps and will help
suggest methodologies for future work.

Another important objective of this campaign was to install water level monitoring stations in
the two branches of the Karnali river: Gerua and Kauriala. This objective was also successfully
achieved as we installed two Divers in each branch at Kothiyaghat and Sattighat to log the
water level every 15 minutes in Gerua and Kauriala respectively.
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7.1. Preliminary results

The preliminary results show a promising amount of information that we can deduce about
the Karnali alluvial fan. To summarize, we have following results:

1.  The Karnali fan is very dynamic in nature with larger number of channels in Gerua
but higher channelization in Kauriala

2. The amount of water flowing into Gerua from the bifurcation point is significantly
low compared to the Kauriala.

3. The floodplains of Gerua have less human interventions compared to Kauriala

4.  The sediments are dynamically distributed over the floodplains. Extremely coarse
(large boulders and stones) to fine sediment can be observed in the bifurcation area
whereas the sediment size gradually decreases as the river flows more south and is
mostly left with sand, silt and pebbles in the Sattighat and Kothiaghat area.

7.2. Major challenges

7.2.1. Data quality & accuracy

As this campaign was mostly about reconnaissance and understanding the system, we had
with us quite simple equipment and methodology. Nonetheless, we gave our best efforts to
gather as much and as accurate data as we could, given the circumstances. Even though the
quality of data collected may not be extremely accurate to use it in high precision studies, the
data are able to represent the system and useful in screening, assessment and preliminary
studies. Moreover, these data are very useful in identifying the data gaps, developing further
research and data collection methodologies and prepare a schematization of the system.

One of the major challenges that remains however is to connect the obtained elevation,
bathymetry and water level data to the known point of reference. Since the GNSS system we
had failed to work during the field campaign, we were unable to obtain the real time reference
elevation above mean sea level. This poses challenge specially in relating the collected water
level and bathymetry data with the satellite observed data. We will be working on a way out
to solve this issue.

Additionally, the current meter we had may not be very reliable in high flows and deep river
section. Observers judgement had to be used at multiple occasions when the readings in the
current meter were fluctuation continuously. Also, the velocities using floats were a very rough
estimate as the river is too wide and deep. These may limit the accuracy of the flow velocity
measured.

The processing of the CHIRP+ data is still a challenge for us. With minimum of 1000 data
points and up to 10000 data points for water depth in a section, and a very few, about 5 GPS
coordinate points across the river width, the reconstruction of the cross sections may not yield
very accurate results. Moreover, the drifting of the device along the flow due to high flow
velocities have resulted in non-perpendicular cross sections at multiple occasions. However,
the data still ca be considered relatively accurate given the mobile bed conditions of the river.
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The sediment samples collected were mostly fine sediments. This analysis represents fair
analysis for the distribution of fine sediments on the floodplain. However, this analysis does
not represent the coarse sediment in the system. There are photographs of the floodplain
taken to scale which on further image analysis may be helpful in redefining the sediment
distribution in the Karnali floodplains.

7.2.2. Logistics
e Permits
e Tigers
e Accessibility of locations
e Travel distances & time
e Crossing the river & boats
e Jeep at NTNC vs. tuktuks etc.

7.2.3. Measurement methods & instruments
7.3. Recommendations for future work

This field campaign has been a perfect opportunity to learn and understand the necessity,
requirements, challenges and benefits of the field work. Based on the experiences we had, we
could definitely recommend for the future works.

1.  Collect elevation data with high(er) accuracy measurement equipment

2. Establish benchmarks at intervals that can be used as reference for future field visits

3. Use more sophisticated equipment for flow and bathymetry measurement,
especially in the Kauriala River where flow velocities and flow depths are high,

4.  Collect data from the water level loggers and evaluate potential need for additional
gauging stations.

5. Use field sampling and analysis methods for sediment analysis especially for coarse
sediments

6.  Make a plan when to visit what locations and what transport and logistics are
required for which campaigns. This should also include security personnel required
for high-risk tiger zones.
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11 BIO3
12 Blo4
13 BIO5S
14 G01
15 G02
16 G0O3
17 Go4
18 GO5
19 Go6
20 GO7
21 G08
22 K01
23 K02
24 K03
25 Kuo1
26 KU02
27 Kuo3
28 Kuo4
29 KU05
30 KUo6
31 Kuo7
32 Kuog

C.2.

]
TUDelft

THE GRASSLANDS
THE WATER

Field Observation Campaign Locations

Table of Field Campaign Locations & Collected Data
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149.0
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Field Campaign Locations
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and data collection in the Karnali Fluvial
Fan and the Bheri and Babai Rivers,
during the 2022 Nepal field campaigns.
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D. Water Level Data

D.1. Relative Water Level Schematic Representation River Cross-Sections
D.1.i. BIO3 - Lalmati, Japanese Camp
9.8 m 164.0 m

154.5”’

left bank right bank

Sketch 1: Relative Water level, Bifurcation Main Channel, at Lalmat;, Upstream Measurements

204.8 m

left bank right bank

Sketch 2: Relative Water Level Bifurcation Main Channel, at Lalmati, Downstream Measurement

D.1l.ii. G01 - Geruwa Left Inlets

35.2 m 54.8 m

left bank right bank

Sketch 3: Relative Water levels at Lalmati / Geruwa Inlets; Left Inlet Measurements
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left bank

P
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Sketch 4: Relative Water Level at Lalmati / Geruwa Inlets; Right Inlet Measurements

D.l.iii. GO3 - Geruwa at Gaida Machan

left bank
Sketch 5: Relative Water Level, Side Channel Geruwa River at Gaida Machan

D.l.iiv. GO6 - Geruwa at Lalpur

84.6 m

7.6 m

left bank right bank

Sketch 6: Relative Water Level Geruwa River at Lalpur
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D.1.v. GO7 - Geruwa Bridge: Khotiyaghat

left bank right bank

Sketch 7: Relative Water Level Geruwa River at Geruwa Bridge

D.1l.i. GOS8 - Geruwa at Indian Border

left bank right bank

Sketch 8: Relative Water Level Geruwa River at Indian Border

D.1l.vii. K02 - Karnali, Upstream Chisapani

left bank right bank

Sketch 9: Relative Water Level Karnali River, Upstream of Chisapani
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D.l.viii. KO3 - Karnali Bridge, Chisapani

left bank right bank

Sketch 10: Relative Water Level Karnali River at Karnali Bridge, Chisapani

D.l.ix. KUO02 - Kauriala at Banghusra

left bank right bank

Sketch 11: Relative Water Level Kauriala River at Banghusra

D.1.x. KU04 - Kauriala at Marghua (upstream)

left bank right bank

Sketch 12: Relative Water Level Kauriala River, at Marghua (upstream)
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D.1.xi. KUO6 - Kauriala at Daulatpur (steamer point)

left bank right bank

Sketch 13: Relative Water Level Kauriala River at Daulatpur

D.1.xii. KUO7 - North of Kauriala Bridge

13.6 m
30.8°

left bank right bank
Sketch 14: Relative Water Level Kauriala River, North of Kauriala Bridge, From Top of Stairs (1/2)

137.6 m

left bank right bank

Sketch 15: Relative Water Level Kauriala River, North of Kauriala Bridge, From Top of Stairs (2/2)
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17.2 m

left bank right bank

Sketch 16: Relative Water Level Kauriala River, North of Kauriala Bridge, From Top of Dike

D.1.xiii. KUO8 - Kauriala Bridge: Sattighat
55.8 m

left bank right bank

Sketch 17: Relative Water Level Kauriala River at Kauriala Bridge, at Benchmark BM1

48.4 m

left bank right bank

Sketch 18: Relative Water Level Kauriala River at Kauriala Bridge, at Benchmark BMZ2
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Relative Water Level Observation Data Overview

D.2.

Note that heights have been measured from eye height (1.53 m above the ground). The measured heights are listed

.

in the column ‘'measured height’, the corrected heights are listed in the column ‘relative height'.

BlO3
BlO3
BlO3
GO1
GO1
G01
GO1
GO3
GO06
GO7
GOS8
K02
KO3
KUo2
KUo4
KU06
KUo7
KUo7
KUo7
KU08
KU08

NRFP WNRRPRPPREPRPREPRPRPREPEREREWONEREWNER

left
left
left
left
left
left
left
left
right
left
right
right
right
left
left
right
left
left
left
left
left

left
right
right
left
right
left
right
right
left
left
left
right
right
left
left
right
left
right
left
left
right

12.6
12.6
15.0
15.0
14.8
15.0
16.0
2.8
7.6
7.0
6.2
224
11.6
8.2
7.4
7.4
8.0
8.0
8.8
7.6
7.4

11.1
111
135
123
133
135
14.5
13
6.1
D5
4.7
20.9
10.1
6.7
5.9
55
6.5
6.5
7.3
6.1
54

16.0
164.5
205.5

38.5

57.0

69.0
232.0

28.0

85.0

26.5
143.5

55.0

22.0

17.5

22.5

20.5

16.0
138.0

19.5

56.5

49.0

9.8
164.0
204.8

35.2
54.8
67.2
2314
27.8
84.6
25.4
143.2
50.0
18.6
154
21.2
19.0
13.6
137.6
17.2
55.8
48.4

154.2
154.2
164.4
19.6
18.6
164.2
164.2
27.8
64.0

68.0
160.0
283.0
182.6
342.0
310.0
1245
124.0
124.0

52.0
4.4
4.2

23.2

15.2

126
4.0
5.8
5.2
7.0
2.5

24.2

32.2

28.1
9.2

21.2

30.8
3.4

27.2
7.8
8.7

upstream

upstream

downstream

left channel

left channel

right channel

right channel

river width measurement, accuracy ~10cm

riverwidth not measured

river width is width of left channel
accuracy river width ~0.5m

BM1; river width not measureable
BM2; river width not measureable
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E. Flow Velocity Data

E.1. Flow Velocities with Current Meter and Floaty at Daulatpur (KU06)
River bank / location | Measurement Distance | Time to | Flow velocity

tool travelled arrive
by floaty [s]
[m]

7m from right bank  Floaty (wood) 36 24.98 1.44 m/s
15 m from right Floaty (PET bottle) 36 20.09 1.79 m/s
bank
23 m from right Floaty (PET bottle) 36 17.3 2.08 my/s
bank
1 m from right bank  Current meter - - 0,48 m/s
20 cm from right Current meter = = 0,2 m/s
bank
2 m from left bank Current meter - - 0,95 m/s
3 m from left bank Floaty 57.5 55 1.05 m/s
13 m from left bank  Floaty 57.5 40.99 1.40 m/s
20 m from left bank  Floaty 57.5 46.16 1.25 m/s
AVERAGE LEFT 1.23 m/s
AVERAGE RIGHT 1.77 m/s

AVERAGE TOTAL 1.50 m/s
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F. Transects
F.1. BIO3 -

NN

Lalmati, Japanese Camp

BI03

Lalmati

10/11/2022

4000

[estim ated)
6755

4550

11550

13550

15050

depth
unkanwn

450

450

depth

unknown

190

i1

40

right bank

Total Q
[m3/s]

Q=[m3/s] 0.18 B9 8BTS 108 148.77 184.47 19 208 048 0.045

552.91

water temperature [REXS °C

225 us
4 (above current water level) m
m 131m away, 0.6m down

Nikon Forestry Pro, current meter, CHIRP, Hawkeye
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F.2. BIO3 - Geruwa Inlet Channels
GO1L Geruwa left inlet 10/11/2022 15:30
width 200 1700 2700 3700 4700 4900
[em]
depth 90 150 120 65 45
[em]
left bank | right bank
5 0.5
10 0.5
15 0.5
20 0.5
25 0.5
30 0.5
35 0.5
40 0.5
45 0.5
50 0.5
55 0.5
60 0.5
65 0.5
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
Total Q
[m3/s]
Q= [m3/s]| 0.54 13.5 6.6 3.25 1.35 25.24

Selesiilel e lseg il same sediments as #2B3, weather: sunny & hazy
LSETIENETELT Current meter, CHIRP, Nikon Forestry Pro, Hawkeye
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clidere el - nearly rectangular cross section; river bed full of stones +

boulders

Current meter, CHORP, Garmin GPS, EC-meter
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GO1R Geruwa right inlet 10/11/2022 16:00
width [cm] 250 450 650 775 200 assumed
depth [cm] 40 65 65 40 assumed
left bank right bank
5 0.5 0.46
10 0.5 0.46
15 0.5 0.46
20 0.5 0.46
25 0.5 0.46
30 0.5 0.46
35 0.5 0.46
40 0.5 0.46
45 0.5 0.46
50 0.5 0.46
55 05 046
60 0.5 0.46
65 0.5 0.46
70
75
80
85
Total Q
[m3/s]
Q= [m3/s] 0.25 0.65 0.598 0.25 1.748
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F.3. BIO3 - Geruwa at Bagh Tapu

G02 Bagh Tapu 11/11/2022 12:15-13:10
'[::;h 100 | 300 | 500 | 700 | 900 | 1100 | 1300 | 1500 | 1700 | 2000 | 2200 | 2400 | 2600 = 2900 | 3200 | 3500 | 3800 | 4100 & 4400 & 4700 | 5000 | 5300 | 5500 | 5700 | 5900 & 6100
d::h 65 80 85 90 80 65 70 65 65 80 80 70 80 80 85 95 95 | 100 & 100 | 70 65 50 Eh‘a‘:ﬂm s"'a‘l‘l"w sn:;:m sh:l‘liw
left bank — right bank

5| 041 04 035 045 04 04

10] 041 04 035 045 04 04

15) 041 04 035 045 04 04

20 041 04 035 045 04 04

25 041 04 035 045 04 04

30 041 04 035 045 04 04

35 041 04 035 045 04 04

40 041 04 035 045 04 04

45 041 04 035 045 04 04

50) 041 04 035 045 04 04

£5 041 04 | 035 045 04 04

60| 041 04 | 035 045 04 04

85| 041 04 035 045 04 04

70 0.41 0.35 04 04

75 041 04 04

80 0.41 04 04

85

90

95

100

105

110

Total Q
[m3/s]

[m:/s] 0 | 0224 0306 036 |0656 052 | 049 | 0585 039 | 096 | 064 098 | 088 | 144 | 153 | 1995 | 171 | 21 | 2.1 | 126 0975 | 045 & 0O 0 0 0 20.551

[[ETETETT 28°33'51.864" N
|longitude  [EIRIELIED £
Cattitude __JpUD m 4
T O | 28°33'51.106" N 239 us
[T 81°15'33.473" E
altitude _ BE: m
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({54000 | Current meter, Nikon Forestry Pro,

used CHIRP, phone GPS, EC-meter, Measuring
tape
F.4. - Geruwa at Gola
14/11/2022 12:45

width
{em] 300 | 500 | 700 | 900 | 1050 & 1300 | 1550 | 1850 & 2100 | 2400 | 2700 & 2950 | 3200 | 3500 3700 | 3900 & 4100 4400
‘['::;" aom | o | e |25 30 | 40 | 45 s | 60 | 70 | 70 | 70 | &5 65 60 | 25 | 10
left bank right bank

3 02 025 025 033 035 035 025 02

10 02 025 025 033 035 035 025 02

15 02 025 0325 033 035 035 025 02

20 02 025 025 033 035 035 025 02

25 02 025 025 033 035 035 025 02

30 0.2 025 035 033 035 035 025

35 025 025 033 035 035 025

40 025 025 033 035 035 025

45 025 025 033 035 035 025

50 025 033 035 035 025

55 025 033 035 035 025

50 025 033 035 035 025

&5 035 035

70 0.35

75

50

85

Total Q
[m3/s]

[m;sl 0 0 0 | 0075 009 015 |0.2813 0435 0495 0735 084 07875 065 06825 03 | 01 | 002 0 5.641

Y e ad gravel bed
latitude  [PEEGPE N
longitude  [ESPENIEG £




Current meter, CHIRP, Garmin GPS, EC-meter

% SAVE
THE TIGER
THE GRASSLANDS
TUDelft  kJis
NN
altitude  BEH m
HFL 6.2m (above water level) M
- Instruments used Nikon Forestry Pro, Chirp, current meter, Phone GPS, Garmin GPS
F.5. GO05 - Geruwa at Lalpur
G06 Lalpur 15/11/2022
300 500 700 9200 1100 1300 1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500 4700 4300 5100 5300 5500 5700 5900 6100 6300
20 30 0 40 50 s0 50 0 50 s 40 45 40 40 40 40 30 30 = 10 sl:l‘l:w Q!‘:olﬂw ﬂl‘:\ﬂw H:I,\nmv sl;va ﬂl‘:lﬂw Q:I’Iuw ;d::\ﬂmv sl:\‘lnm ﬂ:n\nlnw y-::,w
left bank right bank
5 04 035
10, 04 035
15| 04 035
20| 04 0.35
25 04 035
30 0.4
35
40
45
50
55|
60
65
70
75|
80
85
Total 0
[m3/s]
ﬁ':’sl 0.12 0.24 0.3 0.44 LX) 0.55 0.5 0.55 0.55 0.54 0.52 0.495 0.52 052 0.52 052 0.3 0.21 0.125 | 0.014 ] o o 0 o o o o o o o 8.134
water temperature 225 °C
conducttivity 313 us
location description gravel bed
81.19904 °E
132 m
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G. Sediment sampling field observations
Sediment Field Data Collection Sheet
Project: Save the Tiger! Save the Grasslands! Save the Water!
WP4: Morphodynamics of Karnali River and Erosion of Vegetated Floodplains
Data Logger: Kshitiz Gautam/ Mo de
Sample collector: Kshitiz Gautam/ Mo de Jong Jong
Altitud | Sedime | Sampl ‘g’:l:;:
Dat | S.N | Sampl | Latitude | Longitude | e nt e Appearanc . s .
e elD. |(N) €) (MAMS | weight | depth | e Color | Texture | above | Location Description (floodplain/ bed) Remarks
b Ko) | (cm) samPl
e (cm)
floodplain flooded during high flow, mostly
10- sand in the immediate bank but very course
Nov granular/ gravel as it extends away from the Left Bank @ first island of
-22 1|1B1 28.61963 | 81.27127 170 8| 0-10 Dry Grey | sand 0 | immediate bank bifurcation
Bed sediment: 3 m towards the river from Left Bank @ first island of
2|1B2 28.6196 | 81.27085 160 7 wet grey | sand 44 | left bank bifurcation
sand + Bed sediment: 3 m towards the river from Right Bank @ first island
31183 28.61853 81.27 175 5.5 wet grey | pebbeles 76 | right bank of Bifurcation
5m on right bank of the river, higher
floodplain with mixed sediments : sand and
grey/ | sand + boulders upto 50 cm dia, lot of driftwood, Right Bank @ first island
4|1B4 28.61884 | 81.26992 181 7.5(0-18 dry white | pebbeles 0 | grass and a few trees of Bifurcation
grey/ | sand + Right Bank @ first island
5]1B5 28.61893 | 81.26962 169 7.5|0-18 dry white | pebbeles 0 | 30 m on the right bank of Bifurcation
white
/grey | very fine
/silve | sand and 7m from right bank, looks like bank of Right Bank @ first island
6| 1B6 28.61853 | 81.26988 183 5.5]0-21 semi dry r silt microchannels of Bifurcation
7 | 2B1 7 wet 9 | right bank, bed sediment
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70 m from right bank, mix of san and Right Bank @ Lalmati
28.60627 | 81.270485 stones. Stone layer found after 10 cm depth immediately before
8|2B2 3 3 190 7 /0-10 white from surface bifurcation
higher floodplain here contains loam/clay Left Bank @ Lalmati
28.60478 | 81.272583 and boulders/stones near the river bank, immediately before
9 |2B3 9 9 179 6| 0-16 semi dry grey |sand 0 | steep terrain bifurcation
11- Steep right bank, top layer mostly soil
Nov 28.56419 | 81.259298 white followed underneath by older deposited Right bank @ Gerua
-22| 101Gl 6 1 158 7(0-10 dry /mix__ | mixed 0 | sediments (Bagh Tapu)
28.56433 | 81.259894 Left bank @ Gerua (Bagh
11 |1G2 9 4 154 7 wet 60 | 3m into the river from left bank Tapu)
3m away from river, on further 2m (5m
2856433 | 81.259894 away from river) boulder nad gravel Left Bank @ Gerua (Bagh
12 | 1G3 9 4 155 7/0-21 semi dry grey | sand 0 | deposition Tapu)
Gravels after 12 cm from surface, 25m away
28.56434 | 81.260128 from river into the floodplain, gravel Left bank @ Gerua (Bagh
13 | 1G4 9 9 167 6]0-12 Semi Dry grey | Sand 0 | deposition Tapu)
higher floodplain, near grassland, gravel
14- after 10 cm depth, 100 m from the left bank
Nov sand + (144 m from right bank, i.e. width of river 44
-22| 142Gl 28.50236 81.2316 149 7/0-10 |dry white | silt 0|m) Left bank@ Gola
50m from left bank on the higher
floodplain, gravel after 10 cm, 100 m from
15 | 2G2 2850177 | 81.23038 147 6| 0-10 semi dry grey |sand 0 | right bank Left bank @ Gola
25 m from left bank, floodplain mix of sand
mostly and gravel, finer gravels, 70m from right
16 | 2G3 28.50179 | 81.23032 151 11/ 0-10 semi dry mix gravel 0 | bank Left bank @ Gola
sand and small bifurcation branch (small rapid) in the
gravel river on right side close to right bank,
17 | 2G4 28.50221 81.2292 153 10 wet mix 13 | slightly d/s of the bend at Gola Right bank @Gola
18 | 2G5 2850222 | 81.22927 151 6|0-18 semi dry grey |sand 0 | right bank near sand deposition Right bank @ Gola
gravel
and sand right bank (steeper) higher step, floodplain
19 | 2G6 28.50265 | 81.22918 156 10 | 0-5 Dry mix | mix 0 | wall (a dike?) Right bank @ Gola
just below HFL, upper step of floodplain,
silt + flood deposition (after 10 cm from surface:
20 | 2G7 28.50276 | 81.22844 152 6]0-10 dry white | sand 0 | land with vegetation) right bank @ gola
semi dry - water seeping into the sediment dug hole,
21|3G1 2844999 | 81.20386 129 5/0-18 wet grey |sand 0 | right bank, second branch from the right right bank @ manau
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fine sand
and silt
with big after 0-5 cm large gravel floodplain
22 | 3G2 2845098 | 81.20356 133 5.5]0-5 dry white | gravels 0 | between first and second branch
sand +
23 | 3G3 2845178 | 81.20345 137 6 | 0-20 dry white | silt+ clay 0 | flood plain, top right bank of first branch right bank @ manpur
gravel
and sand
24 | 4G1 2840672 | 81.19933 121 8|0-10 dry mix mix 0 | floodplain top left bank gravel bed river @ Lalpur
white
/
25 | 4G2 2840668 | 81.19925 120 6|0-18 dry grey |sand 0 | floodplain left bank gravel bed river @ Lalpur
20 cm inside the river from left bank, banks
grey/ | sand and mostly sand probably because of gravel left bank @ kothiyaghat
26 | 5G1 283672 | 81.20236 113 6 wet black | silt 15 | extraction upstream of the gerua bridge bridge
white | sand and left bank @ kothiyaghat
27 | 5G2 28.36695 | 81.20224 119 6|0-15 dry /grey | silt 0 | 20 m from the left bank bridge
black |sand + left bank @ kothiyaghat
28 | 5G3 28.36677 | 81.20192 120 6]0-18 | wet /grey |silt + clay 0 | 3 m from the left bank bridge
70 cm into river from right bank, sand bed, 5 g3 Z
16- high flow velocity of about 0.2 m/s at 20 cm % g % §
Nov 28.47303 | 81.113616 depth and 0.5 m from the bank and about ERCY z
-22| 29| 1K1 8 9 131 8 wet sand 23 | 0.48 m/s at 1 m from bank right bank @ Daulatpur E B ng’ o
40 cm into river from right bank, sand bed, 58, s
2847312 | 81.113700 gravels or stones from damaged gabion g g % Z
30 | 1K2 9 6 133 10 wet sand 10 | walls right bank @ Daulatpur |3 ™ : g
2847313 | 81113758 g2g*
31| 1K3 6 9 139 6]0-18 dry white | sand 0 | higher flood plain right bank right bank @ Daulatpur §-3 _®
80 cm into river from left bank, velocity is 28 % ncc)
2847117 | 81.116262 about 0.95 m/s 2m inside the river from left § % I3 %v_’
32| 1K4 5 8 137 7 wet sand 20-25 | bank left bank @Daulatpur J& = f
sand+ver 323"
2847119 | 81.116302 y fine gis
33 | 1K5 5 8 130 6]0-10 | wet pebbles 0 | 20 cm inside the river from left bank left bank @ Daulatpur <o
in dynamic section with islands and
gravel channels, 20 cm inside river channel closer
28.48471 | 81.137719 and to left bank, gravel bed, significant amount
34 | 2K1 6 2 125 11 0-10 wet pebble 10 | of sand in floodplain left bank @ Murgauwa
20 m from the river cahnnel, on the left
28.48450 | 81.137883 semidry - sand and bank active floodplain, after 10 cm of depth
35| 2K2 9 9 144 710-10 | wet grey | silt 0 | we hit gravel layer left bank @ Murgauwa
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2848418 | 81.138593 sand + 140 m from the left bank on the active
36 | 2K3 6 1 125 6]0-21 semi dry grey | silt + clay 0 | floodplain left bank @ Murgauwa
1 minside the channel from left bank,
gravel + midchannel bars with sand and gravel, Left bank near
37 | 3K1 28.50823 | 81.16694 144 8|5-12 wet sand 5 | banks mostly sand shantibazar
water
after 5 | 50 cm n the flood pain from the left river
cm bank, midchannelbars, dynamic area, many Left bank near
38 | 3K2 28.50823 | 81.16694 144 8/0-13 wet sand deep channels, high flow velocities shantibazar
sand + left bank between two groynes/spurs, 1.5 m
28.50829 | 81.167022 gravel + from spur bank, 3.5 m from dike, affect of Left bank near
39 | 3k3 8 8 130 9[12-22 | wet clay 12 | backflow shantibazar
2857392 | 81.233669 gravel Right bank of main flow
40 | 4K1 9 4 149 8120-30 | wet +sand 20 | 2.5 m inside the channel from right bank channel @ sattighat
8 m towards the floodplain from the right
channel bank, higher floodplain contains
2857392 | 81.233717 sand sand whereas normal floodplain has mostly | Right bank of main flow
41 | 4K2 1 5 147 7/0-15 wet +gravel 0 | gravel with sand channel @ sattighat
8 m from channel (4m north of 4K2), right
bank floodplain, mostly gravel with sand
2857392 | 81.233717 semidry/we but gravel bed, hit gravel bed after 12 cm of | Right bank of main flow
42 | 4K3 1 5 147 6/0-12 |t sand 0 | digging channel @ sattighat
3 m from right bank (towards left side in the
channel) of midchannel bar (1-3 m from
17- bank) active floodplain, finest silts removed
Nov 28.43448 | 81.081005 gravel + by draining of sample, patches of gravel
-22| 43| 5K1 9 3 119 10 | 14-20 | wet silt + clay 14 | bars mostly sand and silt in the floodplain
28.43398 | 81.080939 3 m right bank (left side) of the midchannel
44 | 5K2 7 4 126 7 | 24-30 | wet sand 24 | bar, hit gravels after 30 cm
On mid channel bar, about 100 m from left
28.43480 | 81.080614 sand+gra channel active floodplain (high flow
45 | 5K3 6 7 116 8|0-15 dry vel 0 | channels), gravel on top, mix on bottom
on top (highest point) of mid channel bar,
28.43547 | 81.079520 ponded water at 20 m from this point from
46 | 5k4 9 6 122 6| 0-20 dry white | sand 0 | seeping river water
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BI02 - Bifurcation Main Channel (1B)

Particle Size Distribution Curve (1B1)
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H.2. BIO3 - Lalmati, Japanese Camp (2B)

Particle Size Distribution Curve (2B1) Particle Size Distribution Curve (2B2)
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H.3. G02 - Geruw River at Bagh Tapu (1G)
Particle Size Distribution Curve (1G1) Particle Size Distribution Curve (1G2)
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G04 - Geruwa River at Gola (2G)

Particle Size Distribution Curve (2G1)
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H.5. GO5 - Geruwa River at Manpur (3G)

Particle Size Distribution Curve (3G1) Particle Size Distribution Curve (3G2)
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H.6. G06 - Geruwa River at Lalpur (4G)

Particle Size Distribution Curve (4G1) Particle Size Distribution Curve (4G2)
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GO07 - Geruwa Bridge: Khotiyaghat (5G)

Particle Size Distribution Curve (5G1) Particle Size Distribution Curve (5G2)
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KUO6 - Kauriala River at Daulatpur (1K)

Particle Size Distribution Curve (1K1) Particle Size Distribution Curve (1K2)
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Particle Size Distribution Curve (1K3) Particle Size Distribution Curve (1K4)
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H.9. KUO5 - Kauriala River at Marghua (downstream) (2K)

Particle Size Distribution Curve (2K1) Particle Size Distribution Curve (2K2)
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KUO03 - Kauriala River at Shantibazar (3K)

Particle Size Distribution Curve (3K1) Particle Size Distribution Curve (3K2)
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KUO1 - Kauriala River at Patabhar (4K)

Particle Size Distribution Curve (4K1) Particle Size Distribution Curve (4K2)
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H.12. KUO7 - Kauriala Bridge: Sattighat (5K)

Particle Size Distribution Curve (5K1)
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H.13. BHO1 - Bheri Bridge at Ghatgaun (1BHE1)

Particle Size Distribution Curve (BHERI)
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H.14. BAO4 - Babai River at ICESat Overpass Downstream (1BAB1)
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