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Summary

Recent studies, based on a combination of long-term in-situ and satellite derived temperature data
indicate that lakes are rapidly warming at the global scale. Since Lake Surface Water Temperature
(LSWT) is highly responsive to long-term modifications in the thermal structure of lakes, it is a good
indicator of changes in lake characteristics. There have not been done many studies at a regional scale
to understand the lakes’ response to climate change, mainly due to lack of high spatio-temporal data.
Therefore, further studies are needed to understand variation in trends, impacts and consequences at
a regional scale. It is essential to have highly frequent spatially explicit data to understand the spatio-
temporal thermal variations of LSWT. Continuous in-situ water temperature data measured at high
temporal resolution from permanently installed stations are becoming increasingly available through
GLEON (Global Lake Ecological Observatory Network; http://gleon.org/) or NetLake (Networking
Lake Observatories in Europe). But these data are often heterogeneous with different sources and time
line, point based, and not available for many lakes around the globe. To establish permanent weather
stations for all the large lakes in the world is also not economically viable. As an alternative to direct
measurements, remote sensing is considered as a promising approach to reconstruct complete time
series of LSWT where direct measurements are missing. Temperature of land/water surfaces is one of
the direct and accurate measurements using satellite data acquired in the thermal infra-red spectral
region. Furthermore, the availability of daily satellite data since the 1980s at a moderate resolution
of 1 km from multiple polar orbiting satellites is an opportunity not to be missed. But owing to the
complexities related to earlier satellite missions, and the need of high level of processing, the potential
of the historical satellite data in deriving a homogenised LSWT is still not explored well.

There is a gap in the availability of long-term time series of LSWT from the satellite data which could
be used in understanding the patterns and drivers of thermal variations in large lakes. This thesis aims
to fill this gap by developing reproducible and extendable methods to derive homogenised daily LSWT
for thirty years from 1986 to 2015. Hence, the main objectives of this thesis are i) to reconstruct thirty
years (1986-2015) of daily satellite thermal data as a homogenised time series of LSWT for five large
Italian lakes by combining thermal data from multiple satellites, ii) to assess the quality of the satellite
derived LSWT using long-term in-situ data collected from the same lakes, iii) to report the seasonal
and annual trends in LSWT using robust statistical tests.

The first part of the thesis deals with the accurate processing of historical Advanced Along-Track
Scanning Radiometer (AVHRR) sensor data to derive time series of LSWT. A new method to resolve
the complex geometrical issues with the earlier AVHRR data obtained from National Oceanic and
Atmospheric Administration (NOAA) satellites has been developed. The new method can accurately
process historical AVHRR data and develop time series of geometrically aligned thermal channels in
the spectral range of 10.5-12.5 um. The validation procedure to check the accuracy of image to image
co-registration using 2000 random images (from a total of 22,507 images) reported sub-pixel accuracy
with an overall Root Mean Square Error (RMSE) of 755.65 m. The usability of newly derived time
series of thermal channels to derive LSWT for lakes were tested and validated. Furthermore, cross-
platform and inter-platform validations were performed using corresponding same day observations
which reported an overall RMSE of less than 1.5 °C.
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In the second part of the thesis, a new method was developed to derive homogenised daily LSWT
standardized at 12:00 UTC from thermal channels of thirteen different satellites. The new method
is implemented for Lake Garda in Northern Italy developing time series of homogenised daily LSWT
for last thirty years from 1986 to 2015. The sensors used in this study are the AVHRR from multi-
ple NOAA satellites, Along Track Scanning Radiometer (ATSR) series from European Remote Sensing
(ERS) satellites and Moderate Resolution Imaging Spectroradiometer (MODIS) from Aqua and Terra
satellites. The LSWT time series are then validated using long-term in-situ data obtained from a deep
and a shallow sampling location in the lake. Validation of LSWT from individual satellites against
corresponding in-situ data reported an overall RMSE of 0.92 °C. The validation between final ho-
mogenised LSWT and the in-situ data reported a coefficient of determination (R?) of 0.98 and a RMSE
of 0.79 °C.

In the third part of the thesis, homogenised daily LSWT for the last thirty years (1986-2015) were
developed for five large lakes in Italy using the newly developed methods. The LSWT time series
was validated against the in-situ data collected from the respective lakes. Furthermore, long-term
trend analysis to study the seasonal and annual variations in LSWT over thirty years was performed
over the newly developed LSWT data. The validation procedure reported an average RMSE and
Mean Absolute Error (MAE) of 1.2 °C and 0.98 °C, respectively, over all the lakes. The trend analysis
reported an overall regional summer warming rate of 0.03 °C yr'! and an annual warming rate of
0.017 °C yr'l. During summer, all studied sub-Alpine lakes showed high coherence in LSWT to each
other. The summer mean LSWT of Lake Garda, located in the sub-Alpine region also exhibit high
temporal coherence with that of central Italian Lake Trasimeno. Annually, mean LSWT of all sub-
Alpine lakes were found to be highly coherent to each other, while mean LSWT of Lake Trasimeno
resulted less coherent to the other lakes.

Overall, the thesis aims at contributing to the accurate processing of the various historical satellite data
and the development of a new method which allows to merge them into a unified, longest possible
time series of LSWT. The newly developed methods used open source geospatial software tools, which
ensure the reproducibility and also extensibility to any other geographic location given the availability
of satellite data. Although this study is using LSWT as the primary physical variable, the developed
methods can be used to derive any other time series of land and water based regional products from
satellite data.



Zusammenfassung

Jlingste Studien, die auf einer Kombination von langfristigen in-situ- und satellitenabgeleiteten Tem-
peraturdaten basieren, zeigen, dass Seen auf globaler Skala sich schnell erwdrmen. Da die Ober-
flachentemperatur von Seen (Lake Surface Water Temperature, LSWT) stark auf langfristige Verén-
derungen in der thermischen Struktur der Seen reagieren, sind sie ein geeigneter Indikator fiir Verdn-
derungen in den Eigenschaften der Seen. Auf regionaler Skala wurden bisher nicht viele Studien
durchgefiihrt, um den Einfluss des Klimawandels auf Seen zu verstehen, vor allem wegen des Man-
gels an hochauflosenden raum-zeitlichen Daten. Daher sind weitere Studien erforderlich, um Trend-
variationen, Auswirkungen und Folgen auf regionaler Ebene zu verstehen. Es ist unumgéanglich,
tiber zeitlich hochauflosende und rdumlich explizite Daten zu verfiigen, um die rdumlich-zeitlichen
Schwankungen der Oberflichentemperatur von Seen (LSWT) zu verstehen. Kontinuierliche in-situ-
Daten von Wassertemperatur mit hoher zeitlicher Auflosung, die von fest installierten Stationen
gemessen werden, stehen zunehmend in gréerer Anzahl durch GLEON (Global Lake Ecological Ob-
servatory Netzwork, http://gleon.org) oder NetLake (Networking Lake Observatories in Europe) zur
Verfiigung. Aber diese Daten sind oft heterogen, da sie aus verschiedenen Quellen stammen und unter-
schiedliche Zeithorizonte umfassen, auch sind sie nur punktuell und stehen nicht fiir viele Seen rund
um den Globus zur Verfiigung. Allerdings ist es 6konomisch betrachtet nicht realistisch, permanente
Wetterstationen fiir alle grof3en Seen der Welt aufzustellen. Ein vielversprechender Ansatz alternativ
dazu ist die Fernerkundung , die dort erlaubt, wo direkte Messungen fehlen, vollstindige Zeitreihen
der Oberflichentemperatur von Seen zu rekonstruieren. Die Oberflichentemperatur von Land- und
Wasserflachen ist eine der direkten und genauesten Messungen, die mit Hilfe von Satellitendaten im
thermischen Infrarot-Spektralbereich durchgefiihrt werden kann. Dariiber hinaus bieten die téglichen
Satellitendaten einer Reihe polar-umlaufender Satelliten mit einer moderaten Auflosung von 1 km seit
den 1980er Jahren eine Moglichkeit, die genutzt werden sollte. Aufgrund der komplexen Probleme
bei der Datenverarbeitung fritherer Satellitenmissionen wurde jedoch das Potential im Zusammenhang
mit diesen historischen Satellitendaten zur Erstellung einer homogenisierten LSWT-Zeitreihe bislang
nicht gut genutzt.

Es gibt eine Liicke in der Verfiigbarkeit von langfristigen LSWT-Zeitreihen aus Satellitendaten, die fiir
das Verstdndnis von Mustern und Auslésern von thermischen Verdnderungen in grof3en Seen dienen
konnten. Diese Arbeit zielt darauf ab, diese Liicke zu fiillen, indem sie reproduzierbare und erweit-
erbare Methoden zur Ableitung einer dreifSigjahrigen Zeitreihe (1986 bis 2015) von homogenisierten
taglichen LSWT-Werten vorstellt. Die wichtigsten Ziele dieser Arbeit sind i) 30 Jahre (1986-2015)
taglicher, thermischer Satellitendaten von mehreren Satelliten als homogenisierte LSWT-Zeitreihe fiir
fiinf grolde italienische Seen zu rekonstruieren, ii) die Qualitdt der aus Satellitendaten abgeleiteten
LSWT-Daten unter Verwendung von langfristigen in-situ-Daten aus den gleichen Seen zu beurteilen,
und iii) die saisonalen und jéhrlichen LSWT-Trends mit statistischen Tests zu ermitteln.

Der erste Teil der Arbeit beschéftigt sich mit der genauen Verarbeitung von historischen Sensor-
daten des Advanced Along-Track Scanning Radiometers (AVHRR), um LSWT-Zeitreihen abzuleiten.
Es wurde eine neue Methode entwickelt, die die komplexen geometrischen Probleme, die in den
friiheren AVHRR Sensordaten (von der National Oceanic and Atmospheric Administration (NOAA)
bereitgestellt) enthalten sind, 16sen kann. Die neue Methode kann historische AVHRR Daten exakt
verarbeiten und Zeitreihen von geometrisch ausgerichteten thermischen Kanélen im Spektralbereich
von 10,5-12,5 um prozessieren.
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Das Validierungsverfahren zur Priifung der Genauigkeit der Bild-zu-Bild-Ausrichtung wurde mit 2000
(von insgesamt 22.507 Bildern) zuféllig ausgewéahlten Bildern durchgefithrt und ergab eine Subpixel-
Genauigkeit mit einer mittleren quadratischen Abweichung (Root Mean Square Error, RMSE) von
755,65 m. Die Nutzbarkeit der von thermischen Kanédlen neu abgeleiteten LSWT-Zeitreihen wurde
getestet und validiert. Des weiteren wurden plattformiibergreifende Validierungen unter Verwendung
von am gleichen Tag gemessenen Beobachtungen durchgefiihrt, die einen Gesamt-RMSE von weniger
als 1,5 °C ergaben.

Im zweiten Teil der Arbeit wurde eine neue Methode entwickelt, um homogenisierte, tigliche, auf
12:00 Uhr UTC bezogene LSWT-Daten aus thermischen Kanélen von dreizehn verschiedenen Satel-
liten standardisiert abzuleiten. Die neue Methode wurde fiir den Gardasee in Norditalien umgesetzt,
wobei die entwickelte homogenisierte LSWT-Zeitreihe mit téglicher Auflosung die letzten dreil3ig Jahre
von 1986 bis 2015 umfasst. Als Sensoren wurden in dieser Studie sowohl das AVHRR (auf mehreren
NOAA-Satelliten) sowie das Along Track Scanning Radiometer (ATSR, auf European Remote Sens-
ing (ERS) Satelliten) und das Moderate Resolution Imaging Spectroradiometer (MODIS, auf Aqua
und Terra-Satelliten) verwendet. Die LSWT-Zeitreihen wurden an einer tiefen und an einer flachen
Probenahmestelle des Garda-Sees mit langfristigen in-situ-Daten validiert. Die Validierung von LSWT-
Werten einzelner Satelliten in Bezug auf die in-situ-Daten ergab einen Gesamt-RMSE von 0,92 °C.
Die Validierung zwischen den endgiiltigen homogenisierten LSWT und den in-situ-Daten ergab ein
BestimmtheitsmaR (R2) von 0,98 und einen RMSE von 0,79 °C.

Im dritten Teil der Arbeit wurden tégliche LSWT fiir die letzten dreil3ig Jahren homogenisiert (1986-
2015) und diese Zeitreihen fiir fiinf grol3e Seen in Italien mit Hilfe der neu entwickelten Methoden
erstellt. Die LSWT-Zeitreihe wurde mit in-situ-Daten der jeweiligen Seen validiert. Dariiber hinaus
wurde eine langfristige Trendanalyse durchgefiihrt, die die saisonalen und jahrlichen Schwankungen
in LSWT von mehr als dreiig Jahren in den neu entwickelten LSWT Daten analysiert. Das Vali-
dierungsverfahren ergab einen mittleren RMSE von 1,2 °C bzw. einen mittleren absoluten Fehler
(MAE) von 0,98 °C fiir alle Seen. Die Trendanalyse ergab eine regionale Sommer-Erwdrmungsrate
von 0,03 °C yr'! und eine jihrliche Erwiarmungsrate von 0,017 °C yr!. Alle subalpinen Seen der
Studie zeigten fiir die Sommermonate eine hohe Kohdrenz in Bezug auf LSWT. Der Sommer-LSWT
des Gardasees wies in der subalpinen Region auch mit dem mittelitalienischen Trasimenischen See
eine hohe zeitliche Kohérenz auf. Der jahrliche-LSWT aller subalpinen Seen wies ebenfalls eine grof3e
Kohérenz auf, wahrend der mittlere LSWT des Trasimenischen Sees weniger kohdrent im Vergleich zu
den anderen Seen war.

Insgesamt zielt die Arbeit auf eine genaue Bearbeitung verschiedener historischer Satellitendaten ab
und will zur Entwicklung eines neuen Verfahrens beitragen, die sie zu einer einheitlichen, moglichst
langen Zeitreihe von LSWT vereinen. Die neu entwickelten Methoden verwenden Open Source GIS-
Software-Tools, die die Reproduzierbarkeit und auch Erweiterbarkeit auf andere geographische Re-
gionen ermoglichen, sofern Satellitendaten verfiigbar sind. Obwohl diese Studie LSWT als primére
physikalische Grof3e verwendet, konnen diese Methoden verwendet werden, um auch andere Land-
und Wasser-basierte regionale Zeitreihen-Produkte aus Satellitendaten abzuleiten.
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Chapter 1

General Introduction

1.1 Background

In the last few decades, innovation in the Information and Communication Technologies
(ICT) has revolutionized the research paradigm with access to an “unlimited” amount of data.
Satellite remote sensing is one of the domains which is growing rapidly with an increasing
number of satellites on Earth’s orbit which are monitoring land and water (Campbell and
Wynne, 2011). This enabled researchers to formulate their research making use of these data
to monitor Earth’s surface understanding the patterns and processes on a particular snapshot
of time or over a period of time (Kerr and Ostrovsky, 2003; Lillesand et al., 2014). The
basic principle behind remote sensing is based on the measurement of reflected and emitted
radiation from the Earth surface at different wavelengths in the electromagnetic spectrum

(Fig. 1.1).

Visible
400 - 700 nm

Gamma Ultraviolet Infrared Radio

rays

\ \ | \ \ \ \ \
! \ ! ! ! \ ! ! ! ! ! \

0.01 nm 0.1 nm 1nm 10 nm 100 nm 1 pm 10 pm| 100 pm 1mm lcm 10 cm 1m

X-rays

Wavelength
Thermal

Figure 1.1: Electromagnetic spectrum. The wavelengths of visible and thermal region are shown
separately.

The reflected energy from a single land cover/land use type has similar properties which form
the basic principle behind identifying and studying different land use types using remote sens-
ing. Satellite sensors record the reflected energy in the optical range of the electromagnetic

spectrum while they record the emitted energy in the thermal region (Lillesand et al., 2014).
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Chapter 1 1.1. Background

Moreover, the availability of satellite data over more than the last three decades has enabled
researchers to use it for time series analyses, to understand changes over time (Verbesselt
et al., 2010). This has especially been used in studying land use, land cover changes over
years, mapping physical and geographical changes in water bodies, and climate change stud-
ies. The time series of satellite data obtained from multiple polar orbiting and geo-stationary
satellites are also used to develop Climate Data Records (CDR) with time scales of several
hours, days, weeks, months and years, which are used extensively in climate change stud-
ies (NOAA, 2004). The CDR’s are often grouped into atmospheric, oceanic and terrestrial
records. In the atmospheric genre, the major Essential Climate Variables (ECV) developed
using satellite data are Aerosol Optical Thickness (AOT), cloud properties, solar irradiance,
precipitation etc. (Ashouri et al., 2014). In the oceanic genre, the most common ECV’s are
ocean colour, sea salinity, sea surface temperature, sea ice etc. In the terrestrial genre there is
surface reflectance, Leaf Area Index (LAI), Normalized Difference Vegetation Index (NDVI),
Land Surface Temperature (LST) etc. An exhaustive list of various ECV’s produced from
combining satellite data and in-situ observation from global networks are given by NOAA

(https://www.ncdc.noaa.gov/cdr).

1.1.1 Thermal remote sensing

Thermal remote sensing deals with acquisition, processing and interpretation of data
recorded in the Thermal Infrared Region (TIR) (Fig. 1.1). The basic theory behind ther-
mal remote sensing is that all objects with a temperature above absolute zero (0 K or -273.15
°C) emit electromagnetic radiation. The satellite sensors with thermal detectors can record
this emitted TIR radiation at the long wavelengths ranging from 3 - 14 um. Due to possible
contamination by reflected sunlight in the 3 - 5 um, the common approach for mapping tem-
perature of the Earth’s surface is by using the data acquired between 9 - 14 um (Kuenzer and
Dech, 2013; Li et al., 2013).
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Figure 1.2: Principle of remote sensing. The emitted and reflected radiation from the Earth’s surface
is recorded by the satellite and sent to a ground receiver as radiances. VZA - Viewing Zenith Angle;
SZA - Solar Zenith Angle

Many of the polar orbiting and geo-stationary satellites are equipped w ith sensors which can
record TIR radiations in the 10 - 12 um region. Thus the emitted radiation recorded by the
thermal detectors in a sensor is scaled to integer values and stored as Digital Numbers (DN)
in order to avoid precision issues in the pixel values. These data are then distributed to the
user (Fig. 1.2).

From at-sensor radiance to TOA brightness temperature

The at-sensor radiance is a measure of reflected or emitted energy received by the radiome-
ters in the satellite sensors. The DN is converted to at-sensor radiance using the calibration
coefficients provided with the data. The relation between radiance emitted from a Black

Body! and its absolute temperature is explained using Planck’s law (Eq. 1.1).

!Black Body is an ideal hypothetical object which emits equal amount of energy it absorbed, with emissivity equals one

3
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2hc?

Iy = A5 (ehe/IOT 1)

(1.1)

where I,[W m steradian! um™] is the radiance measured in the wavelength \ [um] from

a body of absolute temperature T in Kelvin.

The constants h,c and k in the Eq. 1.1 are:

h = 6.626 x 1034 J s; Planck’s constant
¢ = 2.9979246 x 10® m s!; speed of light
k = 1.3806 x 1022 J K'!; Boltzmann constant

Furthermore, by inversing the Planck’s equation the absolute temperature of an object can be

derived from the spectral radiance (Eq. 1.2).

hc 1
(H>(zn((2hc2x5)/h + 1))

(1.2)

In thermal remote sensing, I, represents the at-sensor spectral radiance measured for objects
in Earth surface at wavelength A\ of electro magnetic spectrum. Absolute temperature T
represents the Top Of Atmosphere (TOA) Brightness Temperature(BT,). The final step is
to derive the Surface Temperature (ST) from BT, after considering atmospheric effects and
emissivity of different objects measured. The accuracy of the ST is based on how accurately
we can quantify the atmospheric effects (in this case, mainly the water vapor column) at
the time of image acquisition. Most objects emit less energy than the predicted radiance
using Planck’s law due to the emissivity of the object. Moreover, emissivity (range: O - 1)
varies with wavelength and type of the object. The objects with high emissivity absorb and
emit large amount of energy while those with low emissivity absorb and emit lower amount
of energy. The emissivity related error depends upon the type of the object. According to
Kuenzer and Dech (2013), for an object with a temperature of 288 K and an emissivity of

0.98, an emissivity change of 0.01 could result in a temperature difference of 0.73 K.

The Split-Window technique to obtain surface temperature from space

One of the most common method used in estimating ST from BT, is based on differential ab-
sorption method (Quattrochi and Luvall, 2004). The difference between radiances from two

adjacent channels can be used to estimate the atmospheric contribution to the signal. This

4
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purely empirically based methodology is well established in thermal remote sensing to derive
surface temperature of different land use types. From the TIR region, dual thermal channels
recorded in the 9 - 14 um are used for estimating surface temperature using differential ab-
sorption method. This method is generally known as Split-Window (SW) technique. The dual
thermal channels used in this method are termed (for this thesis) as T; [10.5 - 11.5 um] and
T; [11.5 - 12.5 um]. In this study, we focus on satellite sensors which provide dual thermal
channels T; and Tj to estimate lake surface temperature. Table 1.1 lists the satellites with
sensors having the dual thermal channels which can be used to estimate surface temperature
using split window algorithm (used in this thesis).

Table 1.1: Important specifications of sensors with dual thermal channels in the 10.5-12.5 um wave-
length range. These are the satellites used in this study.

Sensor Satellites Spatial resolution Time line Re\(lzls;';;l)me Orbit height (km) the‘gﬁ‘ﬁfﬁféﬁgfﬁ%gfﬁ)
AVHRR/2 NOAA-9/11/12/14 1.1 km 1986-2001 0.5 833 (10.3-11.3), (11.4-12.4)
AVHRR/3 NOAA-16/17/18/19 1.1 km 2001-2015 0.5 870 (10.3-11.3), (11.5-12.5)

ATSR1 ERS-1 1 km 1991-1997 3 785 (10.35-11.35), (11.5-12.5)

ATSR2 ERS-2 1 km 1995-2003 3 785 (10.35-11.35), (11.5-12.5)

AATSR Envisat 1 km 2002-2012 3 783 (10.35-11.35), (11.5-12.5)

MODIS Aqua, Terra 1 km 2000-2015 2 705 (10.78-11.28), (11.77-12.27)

The accurate estimate of surface temperatures using SW techniqure depends primarily on the
split-window coefficients. These coefficients are often derived by regressing simulated BT’s
against atmospheric profiles obtained from radiative transfer models such as MODTRAN or
by comparing satellite data with in-situ measurements (Quattrochi and Luvall, 2004; Li et al.,
2013). Split-window coefficients represent linear or nonlinear functions of the emissivity,
atmospheric water vapour and column and View Zenith Angle (VZA) of the satellite. These
three parameters are considered critical in determining the accuracy of the surface tempera-
ture. The basic linear split-window equation (McMillin, 1975; Li et al., 2013)) to derive ST

from dual thermal channels is given in Eq. 1.3.

ST = Co + ClTi + Cz(Ti - TJ> (13)

where ¢, ¢, ¢, are split window coefficients, T; and Tj are TOA brightness temperatures
derived from the dual thermal channels. The accuracy of the derived ST depends on the
coefficients which in turn are estimated using atmospheric profiles derived from a radiative
transfer model (Li et al., 2013). However, the linear approach produced large errors dur-
ing hot and wet atmospheric conditions. To overcome this problem a nonlinear approach
(Eq. 1.4) is introduced (Walton, 1988).
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ST = co+ 1T + co(Ti — T) + c3(Ti — Tj)? (1.4)

A combined approach is used in operational ST retrievals from MODIS and AVHRR data,
where output from linear equation is used as a first estimate of ST in the actual nonlinear
equation. There exist many variants of linear and nonlinear approaches in the literature
which include additional parameters like emissivity, atmospheric water vapor and VZA ex-
plicitly in the SW equation. Sobrino et al. (1993) and Coll and Caselles (1997) introduced a
nonlinear SW algorithm considering the emissivity and demonstrated less error compared to
the ST estimated using basic nonlinear approach (Eq. 1.4). Becker and Li (1995) introduced
cosine of VZA into the SW equation to model the angular dependencies of accurate ST re-
trieval. Furthermore, Sobrino et al. (1991); Becker and Li (1995); Jimenez-Munogz and Sobrino
(2008) extended the split-window equation by including both emissivity and atmospheric wa-
ter vapor factor in the ST retrieval. Eq. 1.5 is one such approach developed by Jimenez-Munoz
and Sobrino (2008) which includes the corrections due to emissivity and atmospheric water

v