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Abstract

The water level monitoring of rivers and lakes is a fundamental issue in order to assess the
health status of water bodies and to know the availability of freshwater resources. The
presence of in-situ water level stations is quite rare (for example in mountains areas), and
when available it may have discontinuous functioning, or lack of maintenance, making
this kind of information difficult to be used in hydrological modelling. In the water level
monitoring problem, recently, remote sensing data collected through satellite altimeters
have showed great capability, not only in the case of rivers with wide sections (>100 m),
but also in the case of rivers with narrow sections (< 100 m). Here, it has been assessed
the feasibility of satellite altimetric measurements (Jason, Sentinel 3A, Envisat) in rivers
and lakes, in Finland, making a comparison to in-situ data. In particular it has been used
three river virtual stations (only Sentinel 3A data), and four lake virtual stations (mix
of satellites). It has been used four different methods of comparison between in-situ and
remote water level measurements: (1) comparing the differences between successive times
of satellite and in-situ measurements, (2) comparing the satellite and in-situ measurements
assuming that the initial value of the joint measurements is equal (specifically the value of
satellite water level is equal to the value of in-situ one), (3) comparing the satellite and in-
situ measurements calibrating the initial water level of satellite measurements minimizing
the MAE, (4) comparing the satellite and in-situ measurements calibrating the initial

water level of satellite measurements minimizing the RMSE.

Keywords: water level; Finland; rivers; lakes; altimetry; satellite water level, in-situ

water level; comparison; accuracy



Abstract in lingua italiana

Il monitoraggio dei livelli d’acqua dei fiumi e dei laghi & un tema fondamentale per valutare
lo stato di salute dei corpi d’acqua e per conoscere la disponibilita delle risorse idriche.
Spesso le stazioni di misure di livello in-situ o non sono presenti (per esempio nelle zone
di montagna) o sono in disuso, o possono avere un funzionamento discontinuo dato dalla
mancanza di manutenzione, rendendo questo tipo di informazioni difficili da usare nei
modelli idrologici. I dati satellitari possono essere una valida alternativa agli strumenti
tradizionali di monitoraggio del livello idrico. Recenti applicazioni hanno mostrato grandi
potenzialita dei dati satellitari nel monitoraggio dei livelli idrici nel caso dei fiumi con
larghe sezioni (>100m), ma anche nel caso di fiumi con sezioni strette(<100m). In questa
tesi, é stata valutata I’affidabilita delle misure altimetriche satellitari (Jason, Sentinel 3A,
Envisat) dei fiumi e dei laghi, in Finlandia, facendo un confronto con i dati in-situ. In
particolare, sono state utilizzate tre stazioni virtuali fluviali (solamente i dati di Sentinel
3A), e quattro stazioni virtuali lacustri (un mix di satelliti). Sono stati utilizzati quattro
differenti metodi di confronto tra le misure dei livelli idrici satellitari e quelle in-situ: (1)
confrontando le differenze tra due successivi istanti temporali delle misure satellitari e
in-situ, (2) confrontando le misure satellitari e in-situ assumendo che il valore iniziale
delle due serie temporali sia uguale (in particolare il valore del livello d’acqua satellitare
¢ uguale al primo valore della serie in-situ) (3) confrontando le misure satellitari e in-situ
calibrando il valore iniziale del livello d’acqua dei dati satellitari minimizzando l'indice
MAE, (4) confrontando le misure satellitari e in-situ calibrando il valore iniziale del livello

d’acqua dei dati satellitari minimizzando 'RMSE.

Parole chiave: livello d’acqua; Finlandia; fiumi; laghi; altimetria; livello d’acqua satel-

litare; livello d’acqua in-situ; confronto; accuratezza
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Introduction

Rivers and lakes freshwater are a fundamental resource for humans and for natural ecosys-
tems [2]. They are the habitat of many aquatic and terrestrial species, but they are also
used for energy production, civil, touristic, agricultural and industrial purposes [13, 35].

Due to the climate changes, there is an increasing trend over time in the number of extreme
events like droughts and oods. They cause huge environmental and economic impacts,
and loss of human life in all over the world [28]. Changes in the water levels of rivers and
lakes, both increases and decreases, can have economic and ecological repercussions. This
can particularly a ects areas in whose economies are mainly based on tourism, agriculture,
livestock on shing or hydropower production [5, 7, 35, 51]. It is also important to
underline the social impacts of these events in the less developed countries as Africa and
Asia. Droughts lead to problems of food and water scarcity and oods generate high
damages to houses and infrastructures [48].

Over time, in the world there has been an increasing di culty to nd freshwater because of
the changing of its spatial and temporal distribution. Droughts are always more frequent,
involving an increasing percentage of areas in the world and occasional water shortages
are becoming intermittent or even permanent [13, 35].

Climate change has altered, and will continue to alter, the rhythms of the accumulation
and melting of snow [4, 35, 48]. This leads to strong seasonal changes in water levels and
the ow of water bodies. It is compounded by factors such as population growth and the
economy impacting on the increase in per capita consumption. Consequently, the supply
of fresh water appears to be a global problem of increasing importance [4, 35, 48].

The report Climate Change Impacts on Water Resources and Lake Regulation in the
Vuoksi Watershed in Finland [66], published in 2010, showed that levels and ow rates
in the south-eastern Finnish area of Vuoksi will change. In comparison to the past,
they will decrease in late spring and summer and will increase during late autumn and
winter. This means that modi cation of the current level dam adjustment calendars will
be needed.[66].
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Accurate monitoring of surface water level is increasingly required. Many studies have
shown the urgent need to develop an e cient and e ective water body monitoring system
[35]. This is both to enable proper water resource management for the purposes mentioned
above, but also for the proper functioning of risk reduction and mitigation systems such
as ood alerts and extreme event forecasting systems. [13, 24]. This is due to the rapid
changes in the water balance of the lakes, the change in ooding behaviors during the
spring and summer periods, and ice cover in the winter [55]. For example the knowledge
of the ow discharge of a river section useful to assess the the output of a catchment [25].

Many of the world's rivers and lakes are not properly monitored in-situ, although the
need and importance of doing so is evident. lItaly is an example [23]. In the past,
in-situ manual station measurements have often been temporally and spatially scarce,
discontinuous, not homogeneous and prone to human error. This has led in many cases
to a lack of precise information about in the way and time of measurement, and the
location of the place of execution. [23, 35, 55] Today's digital stations retain the punctual
characteristics of manual stations and have the important advantage of being automatic.
However, they have the problem of the continuous and necessary maintenance [23]. Over
time, the monitoring of water levels has become more accurate and regular [35]. But,
paradoxically in recent decades is decreasing the availability of measures [11, 34]. The
problems that disadvantage in-situ monitoring are the high installation and maintenance
costs of measuring stations [36], the di culty of reaching remote areas and political issues
in the interest areas [50, 58].

Satellite measurements may be a valid alternative to in-situ measurements where in-
struments are rare, missing, discontinuous, malfunctioning, abandoned or dicult to
access,[23, 35]. They are also a source of information complementary to scarce shore-
based measures [3, 15]. The punctual nature of in-situ measurements has been overcome
by remote sensing which allows to obtain georeferenced images at a good temporal and
spatial scale. Point measurements are more localized and are used as a tool for validating
what satellite sensors detect [18].

Remote sensing satellite instruments have revolutionized the study of environmental issues
such as meteorology, climatology, agriculture and irrigation as well as the monitoring of
air pollutants, of surface water bodies, of snow cover, of landslide [54], of vegetation [33]
and of hydrological and natural hazards. So they allow the study of issues that in the
past were poorly studied because of the di culty to obtain data and information.

Altimetry is a satellite technique of estimation of water level height referred to a surface
of reference [23, 35]. It is calculated measuring the time taken by a radar pulse for the
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two-way travel from satellite to the water surface and ,after the back-scattering, from the
water surface to the satellite. It is a technique useful for hydrological aims, for example
to study water cycle and more in particular for monitoring the water level and the volume
variation of lakes and reservoir [30, 39]. About rivers, it is possible to obtain the discharge
from altimetric data [56, 60]. It is utilized an instrument named radar altimeter which is
changed and evolved during the time. [12, 23, 58].

Altimetric sensors were initially designed for open ocean water level measurements [49].
Later they were modi ed to be used for lakes and inland sea giving high level of con dence

after a very big process of validation using in-situ data [1, 10]. Contrariwise, the assess-
ment of river satellite data is more complex than the previous case, one of the problems
is the width of the channels [19, 58].

The challenge of the 21st century is to try to understand, with satellites, climate change
and its impacts as well as possible. Mitigation of these impacts could be achieved through
using satellite technology and creating models capable of describing future scenarios [6,
37, 43, 63, 64, 68]

The aim of this work it to evaluate the feasibility of using satellite altimetric data for
water level monitoring focusing on Finland hydrological network, rivers and lake. It will
be shown the comparison of these data with in-situ data. The analysis will be done over
three di erent time period data: the whole year, winter and summer period.






1 ‘ Satellite data for hydrological
applications

1.1. Radar altimetry

1.1.1. History of altimetric missions

Altimetry became important to retrieve satellite data of water surface height when in-situ
records are missing or they are not complete [23, 35]. First altimeters were used to carry
out elevation of water level surface of open oceans [49]. At a second stage, altimetry was
then applied to the study of rivers' water surface.

Seasat, Geosat and ERS1 launched in 1978, 1985 and 1991 respectively were the rst
satellite missions that showed the benet of radar altimetry to the scienti c community
[32, 35]. The purpose of these rst missions was to study sea level and ocean topography
[13, 15, 23]; however, data were a ected by many problems related to the ocean circulation
[32, 35].

The launch of TOPEX/Poseidon satellite in 1992 developed by NASA and CNES was the
turning-point of radar altimetry's technique: the improvement of the orbit's determination
allowed for better quality of data as a result [59].

Jason 1, Envisat, Jason 2 and Jason 3 launched in 2001, 2002, 2008 and 2016 respectively,
allowed further improvement compared to Topex/Poseidon [13, 15, 42, 65]. The satellites
mentioned above were all developed by NASA and CNES, except from ENVISAT which
was developed by ESA. Researches understood the potentiality of the use of satellite when
in-situ data are scarce or missing [3, 15]. They o ered, after validation with in-situ data,
very good quality data over large bodies of water,such as lakes and inland seas [13, 15].

Jason 1 and Envisat had good performance for lakes and inland sea that were largely
studied [29, 53].However, the agreement on the evaluation of rivers' altimetric data was
not so good, except for the largest ones [17, 22].The results obtained were linked the
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channels' width [23] and better performances were found on exams taken overwider rivers
[17, 22]. Birkett et all(2002) [8] studied the accuracy of TOPEX/Poseidon's data of
surface water height of rivers of Amazon basin with a minimum theoretical width of 1.16
km, therefore not less than 1 km. Joecila Santos et al(2010) [20] studied ERS2 and
ENVISAT water levels of rivers width till to 0.05 km and they found high quality data
series. They discovered that the river's reach does not strongly a ect the quality of results.
Therefore, it was possible to include in the study less then 1 km-wide rivers.

Only through the technological improvement of the satellites was it possible to estimate
the water levels of small water bodies with a width of less than 200m [52, 57]. In 2016,
Sentinel 3 A was launched. This satellite is one of the missions of the Copernicus Earth
Observation Programme of The European Union with the aim to have a proper Earth
observation system [27]. It operates with a nadir Satellite Radar ALtimeter called SRAL
[44]. This new altimeter has better characteristics in comparison to the previous one, such
as it works with lower noise and higher spatial resolution than previous missions [45]. It
was found good accuracy better accuracy for open sea [45] and lakes [17, 53] than previous
missions [31]. Studies about the feasibility of Sentinel 3 data of rivers are recents [38, 61]
and they showed a not clear link between data accuracy and river width [9, 40, 67]. But
it's probable that terrain around virtual station can be in uent, for example in a relief
zone [40]. Likewise Silva et al (2010) [21] discovered that the quality of the water level
series was not a ected by river's width, but by the land cover near the river, by the river
channel's morphology (width, direction and shape) and by the land's topography [46].
The report of "Copernicus Global Land Operations"”, published in 2008, studied rivers
with a minimum width of 300 m [58].

Deidda et al. evaluated the quality of Jason, Sentinel 3A, Sentinel 3B data of narrow
rivers in Italy that are less than 300 m wide [23]. They found the feasibility to use these
data.

Therefore, radar altimeter satellite were born with the aim to measure altimetry in open
oceans. Then, good results with particular conditions were found also for inland seas,
lakes, rivers and wetlands [58].

1.1.2. How does the altimeter works?

The direct measure of the height of a water level referred to a generic surface can not be
done using tools carried on satellites. It can be calculated indirectly using altimetry. [23,
35, 58]. Radar altimeter send a radar signal to the Earth surface. The electromagnetical
wave it is re ected from the Earth and it comes back to the source that is also a receiver. It
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is measured the time of this signal travel. From that measure it is possible to calculate the
distance between the satellite and the water surface, the satellite altitude. The distance
just mentioned is shown in the Figure 1.1 with the name "range". It is proportional to
the time of the wave travel [58].

Figure 1.1: Satellite altimetry operating mechanism (Credit CNES)

It is necessary to know the distance between satellite and a surface reference that usually
is the ellipsoid (as shown in the Figure 1.1) but could be also the geoid. Therefore, it is
crucial the knowledge of the precise satellite orbit.

There are many typology of the re ecting surface, it can be small lakes and rivers or large
lakes. This in uence the shape and the magnitude of the wave echoes. Jason 3, Sentinel
3 A and Sentinel B use the Ku band, which has the frequency of 13.6 GHz. Ku band has
a good trade-o characteristics between the potentiality of the technology that is linked
with the power emitted, the available bandwith and the sensitivity to atmospheric and
ionospheric perturbations that could in uence the propagation of the radar wave [58].
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On board of these satellites have been installed the following instruments:
" SRAL, a SAR radar altimeter. It is a dual-frequency SAR ALtimeter;
MWR, a Microwave Radiometer;

POD, a Precise Orbit Determination;

OLCI, an Ocean and Land Colour Instrument;

SLSTR, a Sea and Land Surface Temperature Radiometer

In addition to altimetric measurements it can also give visible and infrared measurements
[26].



2 ‘ Finland case study

2.1. Characteristic of the study area

Finland is a country in northern Europe, more precisely located in the Scandinavian
Peninsula 2.1.

It borders with Norway to the north, with Russia to the east and with Sweden to the
north-west. It has a coastline on the Baltic Sea, which includes the Gulf of Bothnia to
the west and the Gulf of Finland to the south It spans over 1,000 km in length from north
to south, between 60and 70 of latitude and between 20 e 30 of longitude. This makes
it one of the northernmost countries in the world: in fact, about a third of the territory
is north of the Arctic Circle.

Figure 2.1: Location of Finland in Europe

The area of 338,14%m? makes it one of the 8 largest countries in Europe. The resident
population is around 5.5 million and its population density is the lowest in the European
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Union at 18 ab/km?. The inhabitants of Finland are not equally distributed over the
territory: 50% live in the southern zone and 3%, 180,000 inhabitants, live in the Lapland
region, which has an area equal to 30% of that of the entire nation as shown in the Figure
2.2.

Figure 2.2: Population distribution in Finland

Finland is the country with the highest number of water bodies in the world, with almost
a tenth of the surface of the country covered by water. The Figures 2.3 shows the nnish
lakes and rivers.
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Figure 2.3: Finnish lakes and rivers

There are about 188,000 lakes with an area of more than 50, which is a requirement

to be de ned as a lake by the Finnish Ministry of the Environment. Most of these lakes
are of glacial origin [62]. In the south-eastern part of the country there is the Region of
Lakes, whose name derives from the high number of this type of surface water bodies.
The lakes with surface greater than 10&m? are 47 (an high number, considering that
throughout the European Union there are 93), 309 lakes have surface greater tharkht?
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and about 56,000 greater than 0.0km?. The combined volume of Finnish lakes is a total
of 235km? of water [14].

More than 80% of the lakes have good or excellent water quality, although many of them
su er from eutrophic phenomena due to their low depth and therefore require special
attention. The elongated and jagged contours, in combination with the high number of
islands, makes them unique in comparison to the lakes of other nations. In most cases,
their particular shapes make it di cult to determine where a lake ends and where the
next one begins. They are often connected to each other by numerous rivers and arti cial
canals also used for the transport of goods [14].

The most important lakes are:

" Lake Saimaa, with an area of 4,380 km2 [14], is the rst in Finland and the fourth
largest lake in Europe. It is located in the eastern part of the country, between the
cities of Lappeenranta and Joensuu and hosts 13,710 islands. In fact, Lake Saimaa
consists of several lakes connected to each other by narrow passages The main parts
of Lake Saimaa are the lakes Suur-Saimaa, Pihlajavesi, Haukivesi, Puruvesi, Orivesi
and Pyhaselka .

Lake Paijanne is the deepest lake and the second in size (1,100 km2)[cit A]. It is lo-
cated in the southern part of the country and hosts 2,690 islands. It is important as
it supplies drinking water to approximately one million people in the metropolitan
area of Helsinki through a 120km long tunnel, due to its excellent chemical, phys-
ical and biological characteristics [14]. It's the major lake of the River Kymijoki
watercourse.

Lake Inarinjarvi is the third largest lake in Lapland (1,050 km). It is located

in the northern part of Lapland and represents the largest lake in that area. |.
The hydroelectric power plant constructed in the River Paatsjoki in Russia started
operation in 1934 and it has regulated the water level of Lake Inari ever since.
Because of the regulation, the water level of the lake is about 0.5 m higher than in
its natural state.

The lakes analysed in this thesis are:
" Lake Inarinjarvi, described above;
" Lake Kemijarvi, the 19th largest lake (231 krd) that is located in Lapland;

A

The Lake Oulujarvi 5th lake by extension (930 krh) and located in the northern
central area of the country;
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" Lake Vanajavesi, with an area of 150 km2, it located in the southern zone.

The river network is approximately 25,000 km long, as shown in the Figure 2.3, and
consists of about 47 major rivers including

" The Kemijoki, which is the longest in the country (550 km). Its catchment area
covers more than half of the territory of Lapland, which is the main river area of
Finland, hosting some of the rivers with the greatest ows. This river is the main
source of ooding in Finland and produces about 40% of the electricity generated
throughout the state.

The lijoki, which is third in length (330 km). It is located in the central part of the
country and ows into the Gulf of Bothnia.

The Ounasjoki, which is the main tributary of the Kemijoki River, is therefore
located in the northern area. It is 298 km long.

" The Kitinen, also a tributary of the Kemijoki and is 278 km long.
Rapids in Finland produce one sixth of the country's electricity [14].
In this paper it will be analyzed two rivers:

" The Kokemaenjoki which is the main waterway in the southwestern area and is
around 121 km long;

" The Tankajoki, that is 34 km long and located in Lapland. Il Tankajoki, lungo 34
km, is located in Lapponia.

As stated above, the number of lakes and rivers is high and most of them are small.
For this reason,although resorting to territorial information systems, it is often di cult

to identify the ow directions, the trends of the rivers, as many of the smallest are not
marked on the maps.

2.2. Satellite data

The initial aim of this thesis was to validate only Sentinel 3 altimetric data. The retrieval

of the rivers data regarding this satellite was easy. It has been more di cult to nd lakes
data. After a long research it has been found lakes altimetric data that are a mix of
satellite data. This lack could be seen also on its positive side, that is it has been possible
to validate a multimission data record.

More informations about the two database mentioned just above will be illustrated in the
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next subsections after an explanation of what is a virtual station and its data.

2.2.1. Altimetry

Each satellite travels on a determined orbit making cycles around the Earth. Satellites are
characterized by a proper revisit time which is the duration of each cycle. The projection
on the Earth surface is called ground track. The intersection of the ground track with the
river's center line is named virtual station.Each satellite have a speci ¢ number of virtual
stations. The positions of the virtual stations are xed for each mission. For each virtual
station is possible to retrieve the referred altimetric time serie which contain one data for
every cycle [58]. The duration of the orbital cycle of Sentinel 3A is 27 days[58].

The ground track mentioned above is theoretical. The real orbit change every cycles
because of the dishomogeneity of the Earth's mass distribution. Therefore, it will not
pass over the same intersection with the water body every cicle. Are needed small burns
to correct the orbit to not change more than 1 km from the theoretical one [23].

But for Finland the number of virtual stations available is low, this because the raw data
are under validation process. On this site there are not present Finland lakes data. After
a meticulous research they are found on Theia website, but for some virtual stations the
data are a mix of altimetric data of several satellites. Therefore the assessment agreement
Is not referred only to Sentinel 3. This can be also a step forward. Below are shown in
more detail these things just mentioned.

2.2.2. Rivers altimetric data

Altimetric water level records of Finland rivers analyzed in this thesis were downloaded
freely from the site https://land.copernicus.eu/global/products/wl (accessed date: 19
October 2022). At the moment of the download were available only 3 rivers virtual
stations related to Sentinel 3A in Finland. They are shown in the Figure 2.4
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