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Abstract

Inland surface water bodies (e.g. lakes and rivers) are very important to the na-
ture and human society. To monitor the water level of inland water bodies, gauge
stations were built thousand years ago (e.g. nilometer), but the amount of the
stations is declining since the 1970s because of lack of maintenance. An accurate
and continuous monitoring of lakes and rivers is available with an accuracy of
about 1-2 cm for a single measurement because of the satellite altimetry missions
launched, e.g. Jason-2 and ENVISAT. These satellites can provide water level
with limited spatial and temporal resolution.

In the recent past, researchers have used different satellite mission observations to
generate time series of inland water level for monitoring the water bodies. But all
those satellites are based on radar altimetry which has its own inconvenience and
disadvantages. Those would be discussed in Chapter 2. In 2018 NASA launched
a new laser satellite called ICESat-2 to collect laser altimeter data aimed at de-
riving surface heights of the marine and terrestrial cryosphere, and to oberve
heights of other Earth surfaces, including land, inland water, ocean, as well as
atmospheric layers.

In this thesis the water surface height of two research areas in Yangtze River is
calculated and validated. After this the four different types of slopes are calcu-
lated:

• Slope of the reach

• Slope between strong and weak beam in one pair

• Slope of the river cross section

• Slope along the river in one beam
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After result validations and comparisons it can be seen that the slopes of the river
are strongly influenced by seasons. During flooding and non-flooding seasons
the slopes can vary a lot. Moreover, the complicated topographies of the river
should also be considered. River islands, weirs, dams and other possible ele-
ments will influence the water level significantly. The shorter distance is, the
more obvious influence those factors could have on slopes, according to the equa-
tion slope = �h

d
and error propagation. In this project, both slope between strong

and weak beam in one pair and slope along the river in one beam are strongly
influenced by the local topographies. The differences between the results of the
overlapping areas at two epochs could reach 40 cm/km.

Moreover, the slope of the river cross section is decided additionally by both the
curvature and the velocity of the river. According to the equation FC = mv2

r
=

mr!2, the bigger the curvature and velocity are, the stronger the centrifugal force
is. Therefore, the bigger the slope of the river cross section could be.
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Chapter 1

Introduction

1.1 Motivation

Water is one of the most important resources in nature. Water is life. On the earth,

the total volume of water is evaluated about 333� 106 km3, which includes 97.5 %

salt water and 2.5 % fresh water, and 0.3 % of fresh water is in liquid form on the

earth surface, i.e. lakes, reservoirs and rivers. The greatest dangers of the coming

years are water scarcity and its consequences. Water is essential for life but at

the same time water can also be a serious threat, for example when rivers burst

their banks, dams break and serious �ooding occurs. Climate change will further

increase the number and gravity of natural disasters such as water shortages and

�ooding from heavy rains and storms.

Considering how important water is to human society and in order to face the

dangers caused by water scarcity and �ooding, it is very imperative to monitor

water levels of water bodies and have more effective water management. More-

over, after the data collection of water levels it is possible to calculate the slope.

Here slope plays a very important role and works as a key hydraulic variable to

determine stream �ow.

However here comes a challenge: what happens when IoT (Internet of Things)

application needs to be in remote locations? Where no terrestrial connection with

cellular networks or internet is available?

Satellite communication is the key solution here! With satellites a global coverage

can be achieved. Besides it does not require any power supply and can run with

solar power. Compared to the conventional manual in-situ monitoring, global

water level monitoring has higher �exibility.
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Satellite altimetry-based monitoring of water bodies is an advanced approach.

There are in general two different methods: satellite radar altimetry and satellite

laser altimetry. Radar altimetry has a relatively poor spatial sampling which is

due to its operating principle. This system transmits single radio beam down to

the ground and measures the time it takes to be re�ected back up to the space-

craft. As we all know, it is impossible to get the information we need to analyze

the river slope with only one beam. In order to �x this problem, many studies

use the data of multi-mission altimetry, but still have redundant data to process.

With the launch of ICESat-2 laser altimetry in 2018, a higher along-track spatial-

resolution sampling is realized compared to radar altimetry. The key advance-

ment of ICESat-2 is that it generates individual footprints of nearly 17 m on the

Earth's surface, with each footprint separated by only 70 cm, a much higher reso-

lution than the earlier missions. ATLAS works under the concept of multi-beam

approach containing three pairs of strong and weak beams. With the data col-

lected by ICESat-2 the river slope at different locations can be calculated from

both strong and weak beams.

In this study, Yangtze River is chosen as the research object. This river plays a

critical role in global water bodies. It is the longest river in Asia with the length

6300 km. It is also the seventh-largest river by discharge volume in the world

with the average value of 30,146 m3=s. The Three Gorges Dam on the Yangtze

River is the largest hydro-electric power station in the world. In recent years, the

river has suffered from industrial pollution, plastic pollution, agricultural runoff

and loss of wetland and lakes, which exacerbates seasonal �ooding. In order to

avoid the disastrous consequence of �ooding as much as possible, it is important

to monitor the water level of Yangtze river and the river slope.
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1.2 Goals

In this thesis, we take advantage of ICESat-2 Laser Altimeter data to calculate the

river slopes in two different study areas of Yangtze River. The �rst study area is a

mountainous region near Chongqing which means the river slope there is more

obvious in comparison to plains. The second area is the Three Gorges Dam where

the water level difference before and after the dam can reach 80 m.

Figure 1.1:The �rst study area

Figure 1.2:The second study area

The goals in this thesis are shown as follows:

- Deriving the water levels from ICESat-2 database and assessing the quality

of the values.

- Calculating four different types of slope.

- Assessing the quality of slope determination.
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1.3 Structure of this thesis

The structure of this thesis to implement the objectives is divided into the follow-

ing chapters. In Chapter 2, the detailed principle of satellite laser altimetry will

be presented. Furthermore, ICESat-2 mission and potential challenges will also

be introduced in this chapter. In Chapter 3 the two study areas of Yangtze River

will be introduced. In Chapter 4 and 5, algorithms of water level calculation and

different types of slopes will be explained in more details. For Chapter 6 and 7 ,

we will analyze the results in the two study areas. Chapter 8 indicates the sum-

mary and conclusion.
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Chapter 2

ICESat-2 Altimetry

Figure 2.1:The abridged general view of ICESat-2 (credit: NASA)

2.1 ICESat-2 satellite

The ICESat-2 spacecraft provides propulsion, navigation, attitude control, ther-

mal control, data storage and handling, ground communication, and more.

The basic orbital information of ICESat-2 Spacecraft [Jasinski et al., 2021]:

Altitude 498.9 km

Inclination 92�

Repeat 91 nodal days

Speed 6.92 km/s
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The spacecraft has a GPS-receiver aboard and a very speci�c center-of-gravity

knowledge so that the satellite could calculate its position. Moreover, ground

calibration studies have also been conducted to re�ne the process even further.

Since the mission is that the instrument should measures the distance from itself

to the ground, knowing the spacecraft's altitude is the key.

On the ATLAS instrument, along with lasers, telescope and detector, engineers

also built in a piece of equipment called the laser reference system. This system

controls where the laser is pointing, ensuring that it's aligned with the telescope.

The laser reference system also tells the spacecraft where the telescope is pointing

just in case any adjustments need to be made.

2.2 ATLAS

ATLAS is the abbreviation for Advanced Topographic Laser Altimeter System. It

features technologies that allow it to collect a more detailed, precise picture of the

heights of the planet's ice, vegetation, water and so on. ATLAS has three major

tasks: Send pulses of laser light to the ground, collect the returning photons in a

telescope, and record the photon travel time. The laser light is at 532 nm, a bright

green on the visible spectrum. Compared to the laser sending 40 pulses per sec-

ond on ICESat-1, the laser on ICESat-2 has the frequency of 10,000 Hz.

The pulses of light travel through a series of lenses and mirrors before beaming

to the ground. This pathway along the optical bench serves to start the stopwatch

on the timing mechanism, check the laser's wavelength, set the size of the ground

footprint, ensure that laser and the telescope are perfectly aligned, and split the

laser into six beams.

About 20� 1018 photons leave ATLAS through its box structure with each pulse;

only about a dozen return to the satellite's telescope. In order to catch these pho-

tons, a beryllium telescope is equipped in ATLAS. ICESat-2's laser beams and

telescope need to align exactly to collect measurements. So ATLAS engineers

have designed and built the Laser Reference System. This device picks up a frac-

tion of the laser light before it leaves the satellite, and compares the laser posi-

tioning to the positioning of the telescope. A steering mechanism then moves the

laser beam, if needed. Moreover, a �lter is also used to only let through light that

is at precisely 532 nm so that the sunlight which naturally re�ects off Earth will
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not swamp the detectors. One data point is not suf�cient to determine elevation.

ATLAS picks up a signi�cant amount of background photons: sunlight in the

532 nm range can set off ATLAS's photon detectors, and particulate matter and

clouds in the air could skew ground data. So computer programs need to create

'cloud' graphs, showing thousands of data points returned by the instruments.

Figure 2.2:Example of the space laser[McGarry, 2020]

2.3 Technical speci�cations

2.3.1 Reference Ground Track (RGT)

ICESat-2 has in reality 6 tracks per orbit. But in �les there are seven tracks: one

for each of the six beams of ICESat-2, and the seventh for the Reference Ground

Track (RGT). The RGT is actually an imaginary line through the six-beam pattern

which is useful for getting a sense of where the orbits fall on Earth. However, the

six tracks for the six beams are actually the best estimate of where the beam will

fall on Earth's surface.



8 Chapter 2. ICESat-2 Altimetry

Figure 2.3: The abridged general view of ICESat-2's RGT [Zhang et al.,
2021]

2.3.2 Key ATLAS Performance Speci�cations

For detailed information about ICESat-2 and ATLAS speci�cations, please see

[Neumann et al., 2019].

Nominal duration of mission 3 years

Number of beams 6, organized in 3 pairs

Footprint size 13 m

Field of view 45 m

Pulse repetition frequency 10 kHz( 0.7 m on the ground)

Laser wavelength 532 nm

Pointing control 45 m

Pointing knowledge 6.5 m
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2.3.3 ATLAS expected performance

Target type

Lambertian

surface

re�ectance

(532 nm)

N signal

photons

per shot

(weak beam)

N signal

photons

per shot

(strong beam)

100-shot

std dev

(weak beam)

100-shot

std dev

(strong beam)

Ice sheet

(interior)
0.9-0.98 0.4-3.0 1.6-12.0 4-9 2-4

Ice sheet

(glaciers)
0.6-0.9 0.6-1.0 0.6-3.9 12-29 6-14

Sea Ice 0.8-0.9 0.6-2.1 2.3-8.5 5-8 3-4

Leads *-0.2 0.05-0.2 0.2-1.0 2-5 2-5

From the above table it is necessary to have strong and weak beam pairs in or-

der to determine the target type. Different types have different performances in

range.

2.4 Reference systems used in ICESat-2 Altimetry

Latitudes and longitudes refer to the WGS84 coordinate system. Water surface

heights are provided as heights above the WGS84 ellipsoid. The table below pro-

vides the basic information of WGS 84:

Geographic coordination system WGS 84

Projected coordinate system N/A

Longitude of true origin Prime Meridian, Greenwich

Latitude of true origin N/A

Datum World Geodetic System 1984

Geoid EGM2008

Units degrees

Reference https://epsg.io/4326 (WGS 84)

Moreover, in this project geoid information is needed to convert ellipsoid heights

to orthometric heights when in some areas the ATL 13 data is not available or
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useful. Geoid reference in the World Geodetic System is EGM. EGM is the ab-

breviation for the Earth Gravitational Model. The models are provided in two

formats: as the series of numerical coef�cients to the spherical harmonics which

de�ne the model, or a dataset giving the geoid height at each coordinate at a

given resolution.

2.4.1 The relation between orthometric height and ellipsoidal

height

In this project ATL13 provides orthometric heights while ATL03 provides the el-

lipsoidal heights. In order to convert the ellipsoidal heights to the orthometric

heights the relation as following is needed:

h = H + N

Figure 2.4:The difference between orthometric and ellipsoidal heights

2.5 Data acquisition and processing

2.5.1 ATL03

ATL03 provides global geolocated photon data. It includes precise latitude, lon-

gitude and elevation for every received photon, arranged by beam in the along-

track direction. Photons classi�ed by signal vs. background, as well as by surface

type (land ice, sea ice, land, ocean), including all geophysical corrections (e.g.

Earth tides, atmospheric delay, etc...).
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2.5.2 ATL13

The ATL13 product is derived from ATL03 product. It provides speci�cally obser-

vations of inland water surface height and exhibits a great potential for monitor-

ing global lake/reservoir water level changes bene�ting from its global coverage.

This data set contains along-track water surface heights and descriptive statistics

for inland water bodies. Water bodies include lakes, reservoirs, bays, and estu-

aries. Descriptive statistics include along-track surface slope (where data per-

mit), mean and standard deviation, subsurface signal (532 nm) attenuation, wave

height, and coarse depth to bottom topography.
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Chapter 3

Study area

In this thesis, ICESat-2 data and Google Earth are used for the aims of this re-

search. These data are available from the websites of their operators, which are

free to the public. The Yangtze River in China is selected for the research.

3.1 Study area

3.1.1 A mountainous area near Chongqing

In this study one reach of Yangtze River is extracted with coordinates of N 28� 5802500

E 105� 4000300, N 28� 5802200E 105� 3204700, N 28� 5102000E 105� 3203700and N 28� 5101800E

105� 4001200.

Figure 3.1:The �rst study reach of Yangtze River
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This reach is a mountainous area which means the river slope derived from the

data of ICESat-2 is more obvious in comparision to plains. According to the pre-

vious research based on the data of the Amazon River whose upper part is con-

sisted of the river systems and �ood plains and lower part is located in Amazon

basin there is nearly no slope. So it is dif�cult to observe the slope changes of

Amazon River. This is also the reason why I chose this reach.

3.1.2 Downstream of Three Gorges Dam

The approximate position coordinates of the second reach are:

Upstream of the Three Gorges Dam area

N 30:88� E 110:96� N 30:81� E 110:96�

N 30:81� E 111:06� N 30:88� E 111:06�

Downstream of the Three Gorges Dam area

N 30:86� E 111:11� N 30:82� E 111:11�

N 30:82� E 111:02� N 30:86� E 111:03�

The Three Gorges Dam is a hydroelectric gravity dam that spans the Yangtze

River by the area of central China. The Three Gorges Dam has been the world's

largest power station in terms of installed capacity (22,500 MW) since 2012 [Cleve-

land, 2013]. As well as producing electricity, the dam is intended to increase the

Yangtze River's shipping capacity. By providing �ood storage space, the dam

reduces the potential for �oods downstream which have historically plagued the

Yangtze Plain. Thus the Three Gorges Dam project is really important and is a

monumental social and economical success.
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Figure 3.2:The second study reach of Yangtze River

3.2 OpenAltimetry

OpenAltimetry is a NASA funded collaborative project between the Scripps In-

stitution of Oceanography, San Diego Supercomputer Center, National Snow and

Ice Data Center and UNAVCO. OpenAltimetry is a cyberinfrastructure platform

(https://openaltimetry.org/) for discovery, access, and visualization of data from

NASA's ICESat and ICESat-2 missions. These laser pro�ling altimeters are be-

ing used to measure changes in the topography of Earth's ice sheets, vegetation

canopy structure, and clouds and aerosols. The unique data from these missions

require a new paradigm for data access, to serve the needs of a diverse scien-

ti�c community and to increase the accessibility and utility of these data for new

users.

3.3 SWORD

SWORD is the abbreviation for SWOT (Surface Water and Ocean Topography)

River Database. This Database provides a range of relevant data products. One

product the SWOT mission will provide are river vector products stored in shape-

�le format for each SWOT overpass. This type of vector products will be very

useful in this research project because they allow multitemporal analysis of river

nodes and reaches covering the same river areas. With the help of those products

ICESat-2 datasets on different days could be applied to the same river areas by

using the same nodes and reaches information.
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3.3.1 Data Formats

The SWORD database is provided in netCDF and shape�le formats. All �les start

with a two-digit continent identi�er (“af” – Africa, “as” – Asia / Siberia, “eu” –

Europe / Middle East, “na” – North America, “oc” – Oceania, “sa” – South Amer-

ica). File syntax denotes the regional information for each �le and varies slightly

between netCDF and shape�le formats.

NetCDF �les are structured in 3 groups: centerlines, nodes and reaches. The cen-

terline group contains location information and associated reach and node ids

along the original GRWL 30m centerlines [Allen and Pavelsky, 2018]. Node and

reach groups contain hydrologic attributes at the 200 m node and 10 km reach

locations. NetCDFs are distributed at continental scales with a �lename conven-

tion as follows: [continent]_sword_v1.nc (i.e. na_sword_v1.nc).

3.3.2 The used Attribute Description

• x: Longitude of the node or reach ranging from 180 � E to 180� W.

• y: Latitude of the node or reach ranging from 90 � S to 90� N.

• node id: ID of each node. The format of the id is as follows: CBBBBBR-

RRRNNNT where C = Continent (the �rst number of the Pfafstetter basin

code), B = Remaining Pfafstetter basin code up to level 6, R = Reach num-

ber (assigned sequentially within a level 6 basin starting at the downstream

end working upstream), N = Node number (assigned sequentially within

a reach starting at the downstream end working upstream), T = Type (1 –

river, 2 – lake off river, 3 – lake on river, 4 – dam or waterfall, 5 – unreliable

topology, 6 – ghost node).
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Chapter 4

Deriving water level from datasets

4.1 Intersection calculation

A intersection point is de�ned when a satellite ground track intersects with the

centerline of the river.The information of the centerline of Yangtze River could

be derived from SWORD. Each time the satellite passes over the water body, the

tracks of different sampling dates will not be at the same position. Therefore, the

positions of the intersections point will be different on each sampling date.

In this step, it is also necessary to convert the geodetic coordinates into the UTM

coordinates and vice versa in order to prepare for the after calculation.

Figure 4.1: The chosen principle of intersection point (credit: Google
Earth)
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4.2 Search radius de�nition

Different parts of the river have different width which should be taken into con-

sideration when choosing the search radius. Moreover, strong and weak beams

of the satellite ground tracks have different data point densities. Therefore, it

is important to de�ne a appropriate search radius so that the proper amount of

measurements within this area could be extracted.

Figure 4.2:The extraction of measurements

4.3 Outlier rejection

In the idealized condition, the calculated water level from each single measure-

ment should be the same in such a small area. However, in reality, outliers may

occur sometimes. To improve the accuracy, we use median absolute deviation

(MAD) to de�ne a range to exclude outliers.

~X = median(X) (4.1)

MAD = median( j X i � ~X j) (4.2)

~X � � MAD < Xextracted < ~X + � MAD (4.3)
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~Xnew = median(X extracted ) (4.4)

• X: the extracted values of the data sets

• ~X: the median vlaue of X

• MAD: median absolute deviation

• � : the common values are 0.5, 1, 1.5, 2

• Xextracted : the newly extracted data after outlier rejection

4.4 Water level calculation

After the rejection of the outliers, the median value of the extracted measure-

ments is calculated instead of the mean value to obtain the water level at each

intersection point. This is because mean value is easily affected by edge values.

4.5 Special case

In reality there might be an unexpected case, which is a river island. In this case

the satellite tracks and the centerline of Yangtze River pass across a river island

and the obtained intersection points locate on the island, which means the mea-

sured orthometric heights represent actually the river island points' heights. In

order to analysis this special case, the algorithms have to be adjusted slightly.

In the example below, the area forks into two branches- the upper branch and the

lower branch. In upper branch there are available data points for the required

orthometric heights, however, in lower branch somehow there are no ATL13 data

points. So each branch requires separate methods to calculate the orthometric

heights.
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