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Zusammenfassung

Einleitung

In Zentralasien ist Wasser eine limitierende Ressource, deren Knappheit sich
durch einem künftig zu erwartenden Klimawandel und dem daraus resultierenden An-
stieg der Lufttemperatur noch verstärken kann. Die Wasserknappheit ergibt sich vor
allem dadurch, dass Zentralasien eine aride Zone ist, die fast nur durch Schnee und
Gletscherschmelze bewässert wird. Bei einer Reduktion der Gletschermassen würde
sich die Wasserkanappheit noch weiter vergrößern. Das ist insbesondere deshalb
relevant, da ökonomisch gesehen einige der zentralasiatischen Staaten stark an die
Landwirtschaft gebunden sind, die im Sommer eine Bewässerung benötigt. Der Som-
merabfluss ist von der Wasserspeicherung in den Gebirgen als Schnee oder Gletscher
abhängig. Um die verfügbaren Wasserresourcen für die Sommermonate vorhersagen
zu können, werden daher Informationen über Schnee und Gletscher benötigt. Diese
sind in der Regel über meteorologische Stationen messbar, deren Zahl jedoch inner-
halb der Region begrenzt ist. Außerdem ist das der Abflussbildung topographisch
gesehen sehr heterogen, so dass die Stationswerte nur lokal repräsentativ werden sein
können.

Durch die Entwicklung der Fernerkundung in den letzten Dekaden sind die
räumlich verteilten Fernerkundungsdaten eine aussichtsreiche Option für Datenlücken,
insbesondere in Hochgebirgszonen geworden, da diese Gebiete sonst schwer oder gar
nicht erreichbar sind. Bislang wurde in Zentralasien wenig mit Fernerkundungsdaten
gearbeitet. Die zwei zu beantwortenden Hauptfragestellungen dieser Arbeit sind:

• Wie können Datenlücken in Gebirgsregionen mit limitierende Datenverfügbar-
keit kompensiert werden?

• Können Fernerkundungsdaten zur Wasserbilanzmodelierung in Zentralasien an-
gewendet werden?

Um diese Fragen beantworten zu können wird sich diese Arbeit mit der Va-
lidierung und Anwendung räumlich verteilter Fernerkundungsdaten in Zentralasien
beschäftigen. Hierzu werden hauptsächlich Schnee und Bodentemperaturdaten aus
der Fernerkundung verwendet.

Daten

Als Fernerkundungsdatensatz wurde MODIS (MODerate resolution Imaging
Spectroradiometer) ausgewählt. Der Grund dafür ist, dass die MODIS Daten ko-
stenlos und für die ganze Welt verfügbar sind und daß MODIS mit einer räumlichen
Auflösung von 500 Metern (Schnee) und 1 km (Bodentemperatur) und einer tägli-
chen Auflösung einer der besten derzeit verfügbaren Fernerkundungsdatensätze ist,
der zudem bereits drei Tage nach der Beobachtung für jede Region erhältlich ist und
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Zusammenfassung

damit fast operationell verwendet werden kann. Der MODIS Sensor ist in zwei Satel-
liten angebracht, die sich täglich rund um die Erde kreuzen, so dass zweimal täglich
Schneedaten bereitgestellt werden können. Der Terra Satellit wurde im Dezember
1999 und der Aqua Satellit im April 2002 eingeführt. Demzufolge sind die Daten ab
Februar 2000 bzw. Juli 2002 verfügbar. MODIS Schneedaten werden in dieser Stu-
die in einer Zeitreihe von 2003 bis 2007 angewendet. Eine der Nachteile der MODIS
Schneedaten sind fehlende Messwerte bei Wolkenbedeckung. Ein Algorithmus, der
die Wolken aus Schneedaten eliminieren soll, wurde in dieser Arbeit entwickelt.

Untersuchungsgebiete

Als Untersuchungsgebiete wurden in Zentralasien zwei Einzugsgebiete aus-
gewählt.Dabei handelte es sich um das Kökcha Einzugsgebiet im Nordosten von
Afghanistan und das Naryn Einzugsgebiet in Kyrgyzstan. Für die Methodikentwick-
lung wurde zudem die Schweiz ausgewählt. Für die Schweiz (41 200 km2) standen
interpolierte Lufttemperaturdaten zur Verfügung, die für die Anwendung der Boden-
temperaturdaten genutzt wurden. Das Kökcha Einzugsgebiet hat eine Fläche von
etwa 20 600 km2 und hat Höhenlagen zwischen 416 m ü. NN und 6383 m u. NN. In
diesem Einzugsgebiet ist Schnee Hauptabflussquelle. Das Naryn Einzugsgebiet liegt
in Kyrgyzstan und hat eine Fläche von etwa 45 000 km2. Die Höhenlagen variieren
zwischen 864 m ü. NN bis etwa 5000 m ü. NN. Das Naryn Einzugsgebiet hat ein
arid bis semi-arides Klima und ist zudem eines der Einzugsgebiete in Zentralasien,
die durch Schneeschmelze dominiert werden. Außerdem spielt Gletscherschmelze eine
große Rolle bei der Abflußgenerierung.

Methoden und Ergebnisse

Einer der Hauptpunkte dieser Arbeit ist die Entwicklung einer Methode, mit
der fehlende Daten infolge von Wolkenbedeckung kompensiert werden können. Hierzu
wurde der MODSNOW Algorithmus entwickelt, der wolkenbedeckte Zellen in Schnee-
karten durch Schnee oder Land ersetzt. Der Algorithmus besteht aus sechs aufein-
ander aufbauenden Schritten. In jedem Schritt wird eine andere Informationsquelle
benutzt, um eine Aussage darüber treffen zu können, ob eine Zelle eine Schnee- bzw.
Landbedeckung hat. Diese Schritte basieren auf einer zeitlichen und räumlichen
Interpretation von wolkenbedeckten Zellen. Der Algorithmus entfernt jegliche Wol-
kenbedeckung und generiert damit wolkenfreie Schneekarten. Damit wird der Anteil
der wolkenbedeckten Zellen sukzessive reduziert so dass nach der Durchführung des
sechsten Schrittes die Wolkenbedeckung vollständig eliminiert ist. Diese Methode ist
in jede Region anwendbar da die originalen Daten kostenlos erhältlich sind. Auf-
grund der geringen Datenverfügbarkeit war eine Validierung des MODSNOW Algo-
rithmus nicht direkt möglich. Deswegen wurde folgende Prozedur angewendet um
die Genauigkeit von MODSNOW zu überprüfen. Als erstes wurden einige wenig
schneebedeckte Karten aus den originalen MODIS Daten ausgewählt. Diese wurden
dann mit einer Wollkenmaske aus dicht wolkenbedeckten Karten angelegt. Schließ-
lich wurde eine mit neu generierten Schneedaten mit MODSNOW prozessiert, so dass
alle maskierten Wolken eliminiert wurden. Die Ergebnisschneekarte wurde dann mit
der originalen (wenig wolkenbedeckten MODIS Schneekarte) verglichen. Dieses Er-
gebnis zeigt eine 92.6 % Genauigkeit als Schneekarte für den 26. März, 2003 (6.6 %

xiv



Zusammenfassung

Schnee), die mit der Wolkenmaske vom 22. März, 2003 (98 % Schnee) gefüllt wurde.
Die Genauigkeit der jeweiligen Schritte variiert von Tag zu Tag und hängt von der
Wolkenstruktur ab. Dieses Verfahren wurde für die Kökcha und Naryn Einzugs-
gebiete durchgeführt für die wolkenfreie Schneekarten von 2003 bis 2007 mit einer
räumlichen Auflösung von 500 Metern und einer tägliche Auflösung prozessiert wer-
den können. Solche Daten können für Wasserbilanzstudien in diesen Regionen sehr
hilfreich sein.

Um Lufttemperaturdaten aus Fernerkundungsquellen zu erhalten,, wurden
lineare Regressionsverfahren zwischen MODIS Bodentemperatur und interpolierte
Lufttemperatur angewendet. Damit könnte die Abhängigkeit der Bodentemperatur
von der Lufttemperatur für jede Landnutzungsart abgeschätzt und diese für Lufttem-
peraturberechnung verwendet. Die Landnutzungsdaten mit einer 500 Meter räum-
lichen Auflösung wurden auch aus MODIS genommen. Für jede Landnutzungsart
wurde eine Regressionsgleichung berechnet, die den linearen Zusammenhang zwi-
schen Lufttemperatur und Bodentemperatur erklärt. Dieser Ansatz könnte für ei-
nige Landnutzungarten erfolgreich angewendet werden. Eine Übertragung der für
Schweiz berechneten Regressionsgleichung für Landnutzungsart ”Grassland” in das
Naryn Einzugsgebiet war erfolgreich.

Um eine einfache Wasserbilanzmodellierung durchzuführen, wurde das Model-
konzept von SRM (Snow Runoff Modeling) übernommen. SRM ist speziell für hoch-
gebirgige Regionen mit einer Schneedominanz geeignet. Als Eingangsdaten für die
Wasserbilanzberechnung wurden wolkenfreie MODIS Schneedaten und Lufttempera-
turdaten verwendet. Die Lufttemperaturdaten wurden anhand des atmosphärischen
Temperaturgradienten interpoliert. Um repräsentative atmosphärische Temperatur-
gradiente herauszubekommen, wurden vorhandene Stationsdaten für die Lufttempe-
ratur angewendet. Diese zeigten saisonal variierende Temperaturgradiente, die dann
für die Interpolation angewendet wurden. Für die Modellierung wurde das Naryn
Einzugsgebiet in vertikale Zonen mit je 500 Metern Höhe verteilt. Hierzu wurden die
Eingangsparameter gemittelt. Die Ergebnisse zeigen den Abflussbildungsanteil der
jeweiligen Zonen. Solche Informationen sind für die Betreibung von Stauseen oder
für die Planung von landwirtschaftlichen Aktivitäten sehr hilfreich.

Schlussfolgerungen

Zu den Ergebnissen dieser Arbeit zählen Wollkeneliminierung von MODIS
Schneedaten, Lufttemperaturberechnung aus den MODIS Bodentemperaturdaten
und eine Wasserbilanzmodellierung mit der Anwendung prozessierte MODIS Schnee-
daten und der anhand des Temperaturgradienten interpolierten Lufttemperaturda-
ten. Die Information über Schnee in Zentralasien wird in der Hydrologie von Zen-
tralasien eine große Rolle spielen, um den regionalen Wasserkreislauf besser zu ver-
stehen. Außerdem lässt sich anhand der Schneezeitreihen die landwirtschaftliche Ak-
tivitäten ja nach verfügbaren Wasserresourcen besser planen. Die anhand linearer
Regressionsmethoden berechneten Lufttemperaturdaten aus MODIS Bodentempe-
raturdaten können hierbei hilfreich sein. Allerdings sollte diese Methode noch mit
beobachteten Daten analysiert und validiert werden. Erste Ergebnisse zeigen, dass
die Lufttemperatur mit Fernerkundungsdaten berechnet werden kann.
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1 Introduction

1.1 Motivation

Water is unique source on the planet that no living can survive without it.
Water is used in many sectors of our environment that serve human being directly or
indirectly. Among others most crusial scopes of water for human beings is drinking,
agriculture, energy production or transportation. In order to keep everyday life as
usual as there is enough water resources in quantity and quality for above mentioned
water sectors, engineering tasks are requested. As the world population increases
with time, sustainable management of water resources becomes extremely important
in order to protect water availability and its quality for future generation. There are
different challenges for water engineers in different parts of the world which can not
be left regardless due to possible heavy consequences. The problems with flooding
arise in regions with excess water and the problems with drought arise in regions with
water shortage. Since water plays key role in environmental chain, any remarkable
change in natural water dynamics may bring negative consequences. This was proven
in case of water management in Central Asia mid 1960’s where big portion of two big
rivers, Amudarya and Syrdarya was diverted to plant cotton on unwatered land. The
consequences were the drastic reduction of Aral Sea water level and volume ruining
flora and fauna in and surrounding area. For such reasons it is extremently important
to undertake studies related to water balance assesments in any part of the world.
Additionally, climate change, a phenomenon as a reaction of environment to human
activities on the globe is a great challenge for scientific community to quantify its
impacts.

Hydrological models are scientific tools that are utilized to estimate water
availability in the rivers from inputs such as rainfall, temperature or snow cover.
Several models with reliable outcomes have been and beeing applied in many fore-
casting or operational tasks or for planning issues. However, these models usually
perform according to quantity and quality of available data which is not evenly dis-
tributed everywhere. The data availability is high in developed countries and low
in developing countries such as the former soviet republics in Central Asia. Usually
the data availability is very small in high altitude region or unpopulatd areas where
continuous observations with daily time steps require extremely high costs and man-
power which are not feasible for most developing countries. Central Asia is one of
such regions where data availability is very limited and water formations take place
in high altitudes where almost no data is available. The whole Central Asian popu-
lation is dependent on water resources stored as solid in high mountains and feed the
population in summer. The agriculture in Central Asia is possible only by irrigating
the land in regular basis. The water for it comes from snow and glacier melt in high
mountains. Thus, it is important to estimate possible water stored in mountains
during planting season to better plan agricultural activities in summer. As an ex-
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ample, the year of 2002 or 2007 were drought years with extreme shortages of water
for iriigation purposes, but the acricultural activities were planned as usual. As a
consequence, the agricultural yeild has reduced very much so that it had an effect
on the economy of countries.

Another essential aspect for the importance of water balance modeling in
this region is ongoing large reservoir construction plans that should mainly serve
as energy generator for Central Asian population. In order to carry out such large
projects, detailed hydrological studies are very important that should help to define
the location or the size of the reservoir to be constructed. Such activities will continue
in the future as population is increasing and the demand for energy as well as for
water will be increasing.

For the reasons mentioned above, water balance modeling studies are very es-
sential for Central Asia. These studies require data availability to be representative
in quality and quantity. Data availability for such studies in this region is limited.
It is limited also due to very heterogeneous topography of the region where envi-
ronmental parameters have their spatial heterogeneity as well. Nowadays, remote
sensing has become one of the very promising alternative data sources for such re-
gions with limited data availbility. The advantages of remote sensing information
is that this data is spatially distributed and it is based on true reflection of surface
properties of each spatial scale which can be better than inter-or extrapolated data
for modeling purposes. For these reasons, testing the possibility of applying remote
sensing information for water balance studies in data limited regions such as Central
Asia was a challenge to this study.

1.2 Aim and structure of the study

The main objective of this research is to carry out water balance study for
mountainous regions with data limited conditions using remote sensing information.
This study will be focused on the use of mainly snow cover information from remote
sensing that can be integrated for hydrological modeling studies. Additionally, possi-
bility of air temperature estimation using remote sensing Land Surface Temperature
(LST) will also be investigated. Available, but few station data will be used for the
validation of remote sensing information. These two parameters are most important
environmental parameters in Central Asia where snow and glacier melt according
to available energy (temperature) dominates summer discharge in rivers. The main
open question arising from the motivation for this study can be devided into two
parts:

• how can we compensate data gaps in data scarce regions in mountainous areas?

• can remote sensing information be used in water balance modeling purposes in
Central Asia?

In order to achieve aims specified above, this thesis is structured in the following
way. Chapter 1 describes the motivation, goals and the structure of this research.
The chapter 2 consists of description for Central Asia and its water resources. Some
hydrological modeling concepts are described in chapter 3. Three study areas that are
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used as test areas for validation and application of remote sensing but also observation
data are explained in chapter 4. Chapter 5 describes the principles of remote sensing
and the remote sensing data used in this study. The instructions for processing these
remote sensing data are given in chapter 6 and 7. The application of remote sensing
data for different water assessment analysis is reported in chapter 8. Finally, the
conclusions and future outlooks are explained in chapter 9.
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2 Water in Central Asia

This chapter describes the geographic location, climate and water resources in
Central Asia. Additionally, the case of Aral Sea is explained in this chapter.

2.1 Geographic location

Central Asia occupies large area between south-eastern asia and european conti-
nent. This region is bordered with Russia in the north, China in the east, Pakistan,
Afganistan and Iran in the south and Caspean Sea in the west. Figure 2.1 illustrates
the geolocation of central Asia.

Figure 2.1: Central Asia

Central Asia consists of mainly five former soviet republics of Kazakhstan,
Uzbekistan, Kyrgyzstan, Tajikistan and Turkmenistan. Also some eastern parts
of China, northern parts of Afganistan and north-eastern part of Iran are located
geographically in central Asian domain. Over 80 million people live in about 4 million
km2 of area which belongs to mainly five central asian states. This region is also
named as Middle Asia in some lliterature sources. The area of each country and the
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population is unevenly distributed over central Asian countries. Figure 2.2 illustrates
the geographic and demographic information of central Asia.

Turkmenistan
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Kyrgyzstan 
5.48

Uzbekistan 
27.49
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16.40

Kazakhstan 
16.40
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6.95

Turkmenistan
5.11

Figure 2.2: Area (left in mln. km2) and population (right in mln.) of central Asian states

From early 1920s, all five central Asian states were Soviet Union republics until
the declared independence in 1991 when former Union of Soviet Socialist Republics
(USSR) was dissolved. The geography is extremely varied including high mountain
regions, deserts and steppe. In the southern and south-eastern part, high mountains
such as Pamir and Tian-Shan terminate the extent of central Asia. Maximum ele-
vations in these mountains rise up to amost 8000 meters above sea level (m.a.s.l).
In the other side, northern, north westerns and also some eastern parts are covered
by desserts such as Kara Kum (Black Sand) Desert mostly in Turkmenistan, Kizil
Kum (Red-Sand) Desert occupying the area mostly in Kazakhstan and Uzbekistan
or Taklamakan Desert in western China. Additionally vast areas of grasslands with
no trees can be found in many middle altitude locations of Central Asia. The Aral
Sea, the Lake Balkhash and the Lake Issykkul are three major water surface in the
territory of Central Asia. Additionally, the artificial Lake Aydarkul is becoming lar-
ger since past decades. There are two main rivers that are source of life for human
being in Central Asia. These rivers are Amudarya and Syrdarya and both of them
flow from south-east to north-west direction and terminate in Aral Sea. graphicx

2.2 Climate

The climate of Central Asia is very different throughout the year. In mid-altitude
areas with population, winter is cold to very cold with up to -30 ◦C temperature and
summer months are as hot as 40-45◦C with no rain in lowlands. Spring and autumn
seasons are usually rainy. Evaporation and transpiration is higher than precipitation
in summer season which defines aridity of this region. According to Köppen-Geiger
world climate classification scheme, Central Asia is located in semi-arid and conti-
nental climate zone. Deserts of Central Asia in Kazakhstan, Uzbekistan and Turk-
menistan are very cold in winter and very hot in summer that represent continental
climate. Precitation falls mainly in spring, winter and fall seasons whereas in winter
it falls mainly as snow. The highest precipitation amounts are observed in the moun-
tains. Central Asia is climatically separated from East and South Asia by mountains
of the Hindu-Kush, Pamir and Tien-Shan. This mountains form a massive barrier to

5
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the intrusion of air masses from the South and East where Indian Summer monsoons
play a significant role in summer discharges (Schiemann et al., 2007).

Precipitation in Central Asia falls mainly in autumn and spring season. Heavy
snowfalls occur usually in winter months. Rainfalls start usually in September-
October and last until April-May. During the summer season (June - September),
almost no preceipitation occurs except some in high mountainous regions. The hy-
drological cycle in Central Asia is different than in many other parts of the world.
The water formation occurs mostly in summer season when no precipitation is avi-
alable for runoff generation. Two largest rivers of Central Asia, Amudarya and
Syrdarya are formed in high mountain areas in the east and south-east and are fed
mainly by snow and glacier melts in summer. Thus, these rivers are highly sensitive
on available glacier and snow cover on mountains and also on the available energy
(temperature) that controls the rate of the melt. Some of the large glacier in Central
Asian mountains are “Fedchenko” Glacier, in Pamir mountains, “Inylchik” Glacier
or “Akshirak” Glacier in Tian-Shan mountains. Consequently to snow and glacier
melt, the peak discharge occurs mainly in June and July. Figure 2.3 illustrates an
example of an annual precipitation and discharge cycle in Central Asia and this
clearly demonstrates that the basin discharge dynamics is highly snow and glacier
melt driven.
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Figure 2.3: Annual cycle of precipitation and discharge

Climate change assessments have become important scientific issues in the
past decades in Central Asia. As many other regions, a trend of climate change
has been detected by several researchers. According to (Savitskiy et al., 2008), the
average annual temperature has increased from 0.6-1.2◦C in the past 50 years with
a maximum of 2.2◦C. Precipitation trend was insugnificant whereas its volume has
changed very little. The shape of hydrograph of the glacier and snowmelt fed rivers
has changed where it was shifted up to 7 days for an assumed temperature increase of
1.5◦C. This continuation in climate change may negatively impact water balances of
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Central Asia where the discahrges amounts are defined by glacier and snow volumes.
In general decrease of glacier volume in Central Asian mountains are observed in the
past decades ((Aizen et al., 2007) , (Bolch and Marchenko, 2006) , (Ososkova et al.,
2000), Khromova et al. (2006)). Discharges in late summer are mainly from glacier
melt due to high temperature values. According to Lioubimtseva et al. (2005), there
has been a general warming trend in Central Asian republics on the order of 1-2 o

C. The trend of temperature increase for last 8 decades was checked from the data
in Naryn station located in Kyrgyzstan and this clearly demonstrates positive trend.
This is illustrated in figure 2.4.
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Figure 2.4: Mean annual temperature increase in Naryn Basin

The consequences of climate change in Central Asia can be manifold. Decrease
of volume of glaciers in Central Asian mountains could lead to water shortages which
is key factor for political stability in the region. Increase of temperature leads to
more snow melt in late spring and early summer seasons which will have an impact
on melting period. The Central asian countires are strongly dependent on water
availability in summer that provides also economic stability to countries. Change
in hydrograph will have a negative impact on water and consequently agricultural
management. Therefore there is a high need for scientific research activities to assess
climate change impacts for the future. Scietific tools such as hydrological models are
very important to achieve these goals.

2.3 Water Resources

As mentioned in earlier chapters, there are two main rivers in Central Asia, Amu-
Darya and Syr-Darya. Amudarya River starts from the junction of Pandj and Vakhsh
rivers in Tajikistan and Kunduz river in Afghanistan and flow through Uzbekistan
and Turkmenistan until it terminates in Aral Sea. The length of Amudarya is about
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2550 km and covers approximately 465.000 km2 basin area. It is the largest river in
central Asia with its annual volume of 62 km3 and the average discharge of 1.397 m3

s−1. The river flows through Kara-Kum desert with high losses due to infiltration
and evaporation. The second large river in central Asia is the Syrdarya river with
its annual volume of about 40 km3. This river starts from the junction of Naryn and
Karadarya rivers in Kyrgyzstan and has a length of about 2.210 km with the average
discharge of 1.180 m3 s−1. The basin of Syrdarya River occupies about 220 km km2

of area. Water from these rivers is consumed mainly by irrigation for agricultural
fields and used for energy production.

Water resources in Central Asia is a key factor for economic and political
stability in the region. The water is formed in high mountainous areas as a result of
mostly glacier and snow melt in south and south-eastern parts of Central Asia which
mostly belong to Kyrgyzstan and Tajikistan. Water consumption and also fraction
of water formation zones in each country are not distributed uniformly over Central
Asian countries. Figure 2.5 illustrates water consumption and contribution for water
formation by each Central asian state.

Figure 2.5: Water formation and withdrawal in Central Asian states (Source: ICWC 2000 )

As it is illustrated, Kyrgyzstan and Tajikistan contribute for main water for-
mation in the region, whereas Uzbekistan and Turkmenistan are main water con-
sumers. Uzbekistan and Turkmenistan have most arable land among Central asian
countries that are heavily irrigated for agricultural production and the demand for
this purposes is satisfied by additional water collected externally. On the other hand,
Tajikistan and Kyrgyzstan do not have much arable land due to geographic and cli-
matic conditions (high mountainous regions with colder temperature). Tajikistan
and Kyrgyzstan own several reservoir cascades which they usually prefer to fill in
summer season when the discharge is high and generate energy to meet energy de-
mand of their population. In contrary to that, downstream countries (Uzbekistan,
Turkmenistan and Kazakhstan) prefer to use water for irrigation purposes in sum-
mer. There are further hydro power plant constructions are planned and in action
in Tajikistan and Kyrgyzstan in order to produce more energy as populatin demand
increases. Due to lack of energy resources in Tajikistan and Kyrgyzstan, they are
dependent on hydro power plants for energy production.
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About 40.000 hectar of land is irrigated in Central Asia for which more than
80 % of countrie’s water withdrawal is used. The most sugnificant crops are cotton,
rice and wheat and its production strongly relies on irrigation. Almost no agrarian
economy is possible without irrigation in Central Asia. Mainly forrow irrigation is
practiced in this region and the effectivity of water use is usually less than 60 %. After
the intependence, some countries minimized planting high water consuming crops in
order save water as much as possible. There are several aritifical channels in lower
parts of Central asian region which feed agricultural fields. Natural water balances in
such water consuming regions with high level of human impact are difficult to model
according to natural condition. Indeed, water distribution models are required in
these regions which can be driven by outputs of hydrological models.

2.4 Aral Sea

There are three large inland water bodies in Central Asia. Aral Sea, Lake Balk-
hash and Lake Issyk-Kul. The Aral Sea is located in the territory of Uzbekistan and
Kazakhstan, the Lake Balkhash in Kazakhstan and the Lake Issyk-Kul in Kyrgyz-
stan. The area of Lake Balkhash is approximately 17.000 km2 and has a volume of
about 440 km3. The Lake Issyk-Kul covers an area of about 6.250 km2 and has a
volume of about 1750 km3. The Lake Issyk-Kul is located at the elevation of about
1600 m.a.s.l and has a depth of 668 m (Ni et al. (2004)). The Aral Sea was the
largest in Central Asia and world’s forth largest inland water body until about 1960s
with the surface area of approximately 67.500 km2, water volume of 1089 km3 and
the average salinity of 10 g/l (Micklin, 2007) . It is a shallow (approximately 53 m
deep) and terminated sea that has inflow from rivers Amudarya and Syrdarya but
no outflow. The water balances of the Aral Sea is defined by inflow from two rivers,
evaporation from open sea surface, atmospheric precipiation and groundwater inflow.
The approximate drainage basin of Aral Sea is illustrated in figure 2.6 which covers
a total area of about 1.549.000 km2.

In 1960’s soviet politicians realized huge projects of cotton production in Central
asian region where the source of Aral Sea, water from Amudarya and Syrdarya rivers
was redirected to irrigate extended cotton fields. Since then the water level in Aral
Sea started schrinking steadily by about 20 cm per year. By the end of 1990’s the
water use increased nearly two times and almost no water flew to Aral Sea for several
years. This evident led to disruption of natural water balance in the sea and by 2003,
the sea level has fallen by 23 m, the area shrunk 75 % , the volume decreased 90 %
, and salinity grew from 10 to more than 100g/l, causing heavily negative ecological
impacts to the region (Roll et al., 2003) . More water evaporated and infiltrated from
the sea than the input flow. As a consequence in 1987-89, the Aral Sea was naturally
seperated into two parts due to limited inflow since 1970’s and the topography of
seabed. These two parts were still connected by river pass between them. The “Small
Aral” which is the northern part of the sea and covers the area of Aral belonging
to Kazakhstan and the “Large Aral” which is southern part of the sea that mainly
belongs to the area of Uzbekistan. During these years, the “Large Aral” had a
surface area of 36.930 km2 and was fed only by Amudarya and the “Small Aral” had
a surface area of only 2804 km2 and was fed by Syrdarya River. The inflow from
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Figure 2.6: Aral Sea Basin (Source: Micklin 2007)

Syrdarya River to “Small Aral” Sea would flow to “Large Aral” to reach equilibrium
level. Nevertheles, this inflow was not enough for the natural water balances of the
sea and shrinkage continued. Since 1990s, many mitigation actions were carried out
by many international donor organizations and national governments. One of the
remarkable mitigation actions was a construction of a dam in 2005 that separated
the “Small Aral” and the “Large Aral” to save at least one of the water bodies.
Accordingly, the water level in “Small Aral” rose by two meters and the water level
in “Large Aral” at the same time declined continuously. Since the “Large Aral”
Sea is far larger than “Small Aral” sea, and the input from both rivers is not much
different, the “Large Aral” dissicated and salinized further. Continuing dissication
of “Large Aral” resulted in subdividision of this into another two parts, the northern
and southern parts. The satellite images in the end of 2008 show one part of “Large
Aral” being almost completely deminished. Figure 2.7 show two images from satellite
that shows drastic change of water volume in Aral Sea in last few decades.

Fishery in Aral Sea was ruined and the environment has become disastrous.
Since there was no balance between inflow and outflow (mainly evaporation), tons of
salt was setlled on dried sea bed which continued causing further serios problems for
the ecosystem. The main reason for such a disaster was musconception of irrigating
dessert areas during soviet time. Irrigation area between 1965 and 2000 has increased
from 4,5 million to 7,9 million hectares. The salt that was accumulated on sea bed
due to evaporation, was transported by the wind up to 50,000 km2 onto adjacent
lands (Roll et al., 2003).
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Figure 2.7: Satellite images of Aral Sea (Source: Wikimedia Commons, 2009)

It is very unlikely that Aral Sea can be refilled again by natural conditions.
The economy of Central asian states are strustured to agricultural production during
soviet time and near future does not allow reformation fo this structure. There has
been proposals to bring water to Aral Sea from outside Central Asia, namely from
Siberian rivers but the realization of such a project is impossible due to ecological
and financial reasons.
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3 Hydrological Modeling

3.1 Processes and modeling

As precipitation falls as rain or snow some parts will be stored on the leafs of ve-
getation which is called interception. According to moisture on air evaporation from
open water body or transpiration from vegetation canopy takes place. As precipi-
tation falls on the surface, infiltiration process starts. The infiltration rate depends
on soil moisture content (amount of water per unit soil domain) and precipitation
intensity (precipitation fall per unit time interval). Once the soil domain reaches its
saturation point (when water can not infiltrate into soil anymore) additional pre-
cipitation will form overland flow also called surface runoff. Undergroundwater is
another important component in hydrology which deals with water under ground
and plays an important role on discharge generation. Infiltrated water becomes an
additional recharge to groundwater and according to water table gradient, this water
will move towards river or open water body. The rate of water movement through
undergound domain is called groundwater discharge and its movement depends on
porosity (fraction of void spaces in soil) of soil domain. According to soil type,
groundwater discharge may play different role on surface discharge generation. Snow
and ice are another important components of hydrological cycle, at least in regions
where snowfall occurs or glaciers exist. Depending on snow or glacier amount, they
can play enormous role in discharge generation in snow or glacier driven catchments.
Evaporation (air containing water vapor) cools down when condensation level (where
parcel of air reaches condensation) reached and clouds form from these parcels and
carry water to other regions where it falls again as precipitation. This movement of
water on atmosphere defines hydrological cycle.

Hydrological models represent processes of real world in simplified way (Beven,
2000). A model consists of set of equations that represent hydrological processes in
the nature and can be computed using computer programs. They are used to gain
knowledge about area of interest in now and forcasting. Among others, hydrologi-
cal models are applied in estimating water balances of watershed, real-time flood
forcasting, estimation of flood frequencies, impact assesment of climate change, im-
pact assesment of land use change, hydropower operation, reservoir management or
irrigation planning for agricultural purposes.

Accounting complexity of modeling, the models can be devided into two parts.
The lumped and the distributed model concepts. In lumped model concept all pa-
rameters and variables are avaraged over an entire catchment and treated as singe
value neglecting spatial heterogeneity. Early hydrological experiences decades ago
were also based on lumped concepts where environmental variables are estimated to
be representing for a whole sub-catchment scale without carrying out any regiona-
lization of individual parameters. Simple mass balance equations were applied to
carry out paper based calculations using observation point information. Nowadays,
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lumped models are applied with higher resolution where environmental parameters
can be regionalized and averaged using one or more observation stations. Lumped
models are specifically good under data limited conditions, though the assumption of
neglecting spatial heterogeneaty can not always be approved. The model in a lumped
concept can be set up by subdeviding the catchment horizontally or vertically or in
combination into smaller areas representing a model unit. Such models are good for
application in large water basins with moderate or little data availability.

In distributed model concept all paramaters and variables vary spatially in
the scale of model by descritizing the catchment into a large number of elements
of grid squares. Water balance calculations are done for each of these elements
and summed for a resulting runoff generation. This type of modeling is more effort
demanding since its data requirement and computational time can be extremely high.
Distributed models are less simple compared to lumped models although they may
produce more ditailed results than lumped models. Distributed models have become
more popular with the development of computing power. It requires detailed input
data to account for spatial heterogeneaty. The model can be set up in raster format,
digital terrain model beeing a fundamental to it. Such models are good in data
rich regions or for the application of the model in micro scale catchments having
appropriate data availability. Application of such models for large scale water balance
modeling in a catchment scale is very difficult and maybe uncertain due to non-
representative variables in spatial scale that may arise from inter-or extrapolation
methods.

Hydrological models are fed by available data and computed discharge is cali-
brated against observed discharge to obtain best representative parameters. The esti-
mation of hydrological parameters is difficult task due to highly non-linear nature of
hydrological processes (Bárdossy and Singh, 2008). There are several methods availa-
ble for parameter estimation. Once the model is parameterized and the paramaters
are validated, the model can be used for operational or forecasting purposes.

3.2 Mountain and Snow Hydrology

More than 1/6 of the world’s population depends on snow covered glaciers and
seasonal snow for water supplies, which may be at risk from a warming climate Bar-
nett et al. (2005). Mountain and snow hydrology are important chapters of hydrology
and should be studies with regard in high elevation zones. Such regions are treated
differently than ordinary hydrological task in plain areas. Mountains are topographi-
cally very heterogenous where climate parameters are highly variable in spatial and
temperal scale. Meteorological observations in mountain areas are usually represen-
tive locally due to several parameters effecting the local climate such as wind, slope
or uneven distribution of radiation. Due to many irregularities in moutain hydrology,
the modeling experience in such areas become more complex. The accuracy of the
model in mountainous area depends on spatial reliability of input data. Therefore,
the regionalization studies require more attention in such areas. Topography plays
main role on physical processes which are different than in plane areas. There are se-
veral factors that make this difference. For example, rainfall distribution is different
in mountain areas than in plane areas due to orographic situation and exposition
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that play an important role in rainfall distribution. Consiquently, rainfall intensities
become much different within a small spatial scale. Further important parameters
in mountain hydrology are snow extent and glacier volume which are also usually
point information representing local conditions. The regionalization of snow cover
and glaciers are also diffcult task in mountain areas.

Another important climate parameter is the temperature which decreases with
elevation increase. This rate is called lapse rate. Estimation of temperature using
lapserate methods is more robust than regionalization of rainfall data. Rainfall is
spatially very sensitive parameter in mountain areas than the temperature data. The
rate of temperature decrease with elevation increase varies from about -0.98 oC (100
m)−1 for dry air to about -0.40 oC (100 m)−1 for saturated air Dodson and Marks
(1997). However, this rate varies from spatially from region to region and temperally
according to season. Rolland (2002) obtained -0.58 oC (100 m)−1 annual lapse rate
but -0.66 oC (100 m)−1 lapse rate for only summer season in Alpine region. De Scally
(1997) found mean lapse rate of -0.78 oC (100 m)−1 for Himalayan basin. Estimation
of local lapse rate using existing obervations will include local temperature gradients
for regionalization methods.

As it was also mentioned earlier there are very little observations in high moun-
tain regions due to mainly inaccessibility problems or high costs demand. However,
water resources stored in these mountain areas are main source of life for downstream
population in many parts of the world. Estimating water availability for such regions
is a challange for hydrologists where little information is avialable. Recent develop-
ments in technology allow installation of automatic measurement readers that can
be well used in inhabitated regions or areas with difficult accessibility. However,
the installation of such instruments are expensive which are not affordable for many
hydro-meteorological centers in the world. For these reasons, careful investigations
on regionalisation of climate parameters in mountian areas and investigations on
applications of remote sensing information are necessary.

The whole Central Asian region is dependent on water that is generated in
the mountains of Pamir and Tian-Shan from snow and glacier melt. For this reason,
research activities in moutain areas of Central Asia is an important task to estimate
water balances and consequences of climate variability on water budget. Amount of
snow and glaciers in mountains control the water availability and its change affect
local agricultural activities. Climate change impact may have negative consequences
where the rate of glacier and snow melt may be temporally shifted and could ne-
gatively effect the water cosumption. In order to assess climate change impacts on
water availability in Central Asia, it is important to monitor snow and glacier volume
variabilites. Man power monitoring in this case is extremely costly task. With the
development of satellite technology, monitoring snow covered and glacierized areas
became easier and more intensive. The remote sensing informaiton from satellites
are currently the best information to asses snow and glacier volume balances. This
study also focuses on assessing snow cover extent using remote sensing information
for Central Asia.
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3.3 Experience in Central Asia

In Central Asia, forecasting water availability for summer agricultural activities
is an important task. Several models with specific purposes are developed to investi-
gate hydrological studies in Soviet and early post Soviet time. However, most of them
are conceptual models that are based on simple hydrological concepts and require
less data availability. These models are applied in different parts of the region with
different accuracies. Central Asian region can be subdevided hydrologically into two
types of water dynamic zones, water formation and water abstraction zones. Lower
elevation areas are mainly flat and suitable for agricultural activities for which water
from rivers is abstracted. In contrary to that, high elevation areas with very hete-
rogeneous topography can be classified only as water formation zones. Hydrological
models are easier to apply in water formation zones due to absence of human impact
on natural water dynamics. In the water abstraction zones, water management or
distribution models are additionally required to hydrological models. In this chapter
some experience with hydrological modeling in Central Asia will be given with the fo-
cus on water formation zones. There are several basins in this regions which represent
mainly water formation zones and have very little to no human impact on natural
water dynamics. The largest basin in this area is Pandj River Basin that covers the
area belongs to Tadjikistan and Afghanistan. This basin is the main water formation
zone for Amudarya River, the largest river in Central Asia. Another important river
basin is Naryn which is the largest water formation zone for Syrdarya, the second
largest river in Central Asia. Some other important water formation basins are; Ka-
radarya Basin in Kyrgyzstan, Kokcha and Kunduz Basins in Afghanistan, Zerafshan
and Vahsh Basins in Tadjikistan or Chirchik Basin in Uzbekistan. Research activities
cover mainly these catchments but also other small individual catchments in these
water formation zones. Denisov et al. (2000) developed a mathematical model for
long term forecasting purposes which is used by several institutes in Central Asia,
including hydrometeorolgical centers. This model is used as Automated Informaton
System for Hydrological Forecasts (AISHF) by different hydrometerological foreca-
sting centers. Agaltseva et al. (1997) applied this model in Vahsh River Basin in
Tadjikistan with different results for different months (66 %- 92 %). A study by
Aizen et al. (2000) was carried out in Oigaing and Ala-Archa Basins of Tian-Shan
mountains using simple emperical model and obtained model efficiency of 0.57 - 0.91
for Oigaing Basin and the efficiency of 0.76 - 0.89 for Ala-Archa Basin. Another
study by Schaer et al. (2004) was focused on forecasting summer runoff in Central
Asia based on winter and spring precipitation estimates from meteorological data and
ERA-15 assimilation systems data. They came up with the correlation coefficient of
0.92 for Syrdarya River Basin, but failed to obtain acceptable results for Amudarya
River Basin. A study by Yakovlev (2005) uses satellite information for snow cover
and reanalysis data for climate variables in Pandj River to estimate river discharge.
Using remote sensing data (AVHHR-NOAA) for snow coverage, the snow water equi-
valent (SWE) was carried out using simple degree day method and they compared
the results with observed SWE data. Only cloud free AVHRR images were used
for this study with 1 km spatial resolution. They came up with only 0.57 accuracy
which can also be related to availability of cloud free snow information. Aizen and
Aizen (1997) calculated the snow melt and runoff based on solar radiation data and
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achieved correspondence between simulated and actual annual flows to be 86-92 %
in Central Tian-Shan region. A worldwide well applied conceptual Snowmelt Runoff
Model (SRM) by Martinec et al. (1983) was applied in 9 basins of Central Asia with
varying accuracy ranging from 0.57 to 0.97 (Angren-0.63, Pskem-0.97, Chatkal-0.81,
Karadarya-0.87, Zerafshan-na, Kafirnigan-0.57, Vahsh-0.63, Naryn-0.96, Pyandj-0.65
(Martinec et al. (1983))).

From modeling experiences mentioned above, some have achieved limited suc-
cess which can be related to availability of available input data. Representativity of
regionalized data for modeling purposes is another aspect for achieved results. Since
snow and glaciers are main water generating parameters in Central Asia, precise de-
finition of thier volume and areal extent is very important. This can be well achieved
using remote sensing information since they provide moderate to high spatial and
temporal resolution information that is based on true reflectence of each object on
the earth’ surface. Investigation of snow extent and land surface temperature from
remote sensing information is carried out in this study which should help to fill the
data gap and to understand hydrological cycle better in Central Asia.
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4 Study areas

This study was carried out in three different regions: the Kokcha Basin in Af-
ghanistan, all of Switzerland in Europe and the Naryn Basin in Kyrgyzstan. Remote
sensing data was processed and evaluated in the Kokcha Basin and Switzerland and
then the application of these data was carried out for the Naryn Basin. The majority
of the study areas are mountaainous where snow and glaciers play an important role.

4.1 Kokcha Basin

The Kokcha Basin is located in the north-eastern part of Afghanistan. This
basin was chosen to process snow cover data obtained from satellite products. The
geographic location of this basin ranges in latitude from 35.40 o N to 37.40 o N and
in longitude from 69.30 o E to 71.60 o E. The area of the basin is about 20 600 km2

as shown in Fig. 4.1.

Figure 4.1: Kokcha Basin

The topography of this basin is very heterogeneous. The elevation ranges from
416m above sea level (m a.s.l.) in the northwestern part to 6383 m a.s.l. in the
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southern mountains. Topographically, about 75% of the basin area corresponds to
an elevation zone above 2000 m a.s.l., 50 % above 3000 m a.s.l. and 30 % above 4000
m a.s.l. Figure 4.2 shows the distribution of elevation in the Kokcha Basin.

Figure 4.2: Elevation distribution in Kokcha basin

Usually, in the mountains of central Asia, long term snow and glaciers are
found above approximately 4000 m a.s.l. This catchment is therefore characterized
by its snow and glaciers. Mountainous areas in this region are not covered by dense
trees like other mountainous systems in humid areas. According to MODIS land
cover product MOD12Q1 (Friedl et al. (2002)), the dominant land cover types are
grasslands (43%), barren or sparsely vegetated (37%), and open shrub lands (15%).
Warm temperatures and dry conditions in summer do not allow the development of
trees in this region. Scientifically, little effort has been dedicated to this region up to
now. There was no climatic data available from this region for this study even though
the efforts were taken to obtain climatic information from global climate archives.
Thus the climatic conditions can only be described from the basins located close to
this region where climatic knowledge exists or using global information. According
to the updated Köppen-Geiger climate classification (Kottek et al., 2006) the basin
is characterized by a cold semi-arid and warm continental climate. It is important
to mention that there is very little precipitation in the summer period. Rainfall
occurs mainly in spring but also in fall. Winter is usually cold with heavy snowfalls.
According to the GLIMSView glacier monitoring portal (Raup et al., 2007), there
are several small glaciers in the Kokcha Basin. These glaciers and snowfall during
winter are the main water sources in the region and dominate the river runoff in the
summer season.

Kokcha River has a river length of approximately 250 km (estimation through
ArcGIS) and flows into Pandj River. Pandj River is the main river that collects water
generated in the Pamir Mountains and joins Amudarya at the junction with Vakhsh
River. Pandj River serves as the border between Afghanistan and Tadjikistan. From
the Afghan side Kokcha and Kunduz (next to Kokcha) River contribute mainly to
Amudarya. There are several other small tributaries that also flow into Pandj River.
The historical discharge analyses indicate that about 65% of the total annual volume
of water from the Kokcha Basin is generated during the summer season (June, July
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and August). The snow and glacier melt from the high mountains in this region is
the main water source for agriculture and energy production in the region. Thus, the
information on snow and glaciers for the catchment is very important when studying
the water balances of the region. Using the remote sensing information from the
Kokcha Basin for water balance analysis contributes to the development of scientific
activities in the region.

4.2 Switzerland

Switzerland was chosen in this study for processing and validation analysis for
MODIS land surface temperature data which is explained in Chapter 5.3.2 in detail.
Switzerland is located in the middle of Europe bordered by Italy, France, Germany,
Lichtenstein, and Austria. The area of Switzerland is approximately 41.284 km2 and
is located in the heart of Alps (Figure 4.3).

Figure 4.3: Switzerland

One of the reasons for choosing Switzerland as a test area in this research is its
similarity in topography with the central Asian region. According to SRTM (Shuttle
Radar Topography Mission) digital elevation data (90 meters resolution) the elevation
of Switzerland ranges from 166 meters up to 4487 meters a.s.l. The northern part
of Switzerland consists of middle range mountains and the southern part consists of
high elevation zones. The Figure 4.4 shows the distribution of Switzerland according
to elevation.

As it is visible from figure 4.4 about 50 % of the area of Switzerland corresponds
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Figure 4.4: Elevation distribution in Switzerland

to elevations lower than 1000 m.a.s.l. and about 20 % of the area corresponds to
elevations above 2000 m.a.s.l. The climate of Switzerland is different than in central
Asia due to humidity. According to the Köppen-Geiger climate classification, the
climate of Switzerland is classified as a temperate, humid continental and tundra
climate (Peel et al., 2007). According to MODIS Land Cover product (Friedl et al.
(2002)), main land cover classes in Switzerland are evergreen needleleaf forest (7,6
%) deciduous needleleaf forest (8,3 %), mixed forest (27 %), open shrublands (17,7
%), grasslands (7,8 %) and croplands (11,2 %). This shows that a large portion of
Switzerland is covered by forests. The MODIS Land cover data has 17 surface cover
classes including one class for water surface. The MODIS Land Cover classification
scheme is defined by the International Geosphere Biosphere Programme (IGBP).
Figure 4.5 shows the land cover map of MODIS for Switzerland area with 500 meter
spatial resolution.

There are approximately 120 glaciers in Switzerland (Swiss Glacier Monitoring
Network). The main rainfall season in Switzerland is summer, which is different than
in Central Asia The contribution of rainfall, snowmelt and glacier melt in Switzer-
land is similar compared to the Central Asian region where summer runoff is also
dominated by snow and glacier melt. As it was mentioned in chapter 3.2, precipita-
tion in such mountainous areas is highly effected by orographic effects. This is also
the case in Switzerland. For this reason, it is difficult to generalize the precipitation
intensities over all of Switzerland. Additionally, the Alps are a barrier between the
north and south climatic effects on the region. The precipitation may differ from 500
mm/year in the south to 2000 mm in the north. Mean air temperatures range from
-1 o C in January to approximately 17 o C in July in the northern lowlands. Mean
air temperatures in southern lowlands ranges from -5 o C in January to 11 o C in
July (MeteoSwiss).

Switzerland has one of the densest measurement networks in the world (Wein-
gartner et al., 2007). For this reason this region was chosen to validate remote sensing
information from MODIS land surface product. Observed daily air temperature data
from seven meteorological stations were obtained from World Meteorological Orga-
nization (WMO) through KNMI (Royal Netherlands Meteorological Institute) data
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Figure 4.5: Switzerland Land Cover Map (MODIS)

search tool (KNM (2008)). Figure 4.3 show the locations of these observation stati-
ons. Additionally, daily interpolated maximum and minimum air temperature data
for all of Switzerland with 250m spatial resolution was obtained from the Swiss Fe-
deral Research Institute (WSL) for the years of 2001 and 2002. This data was used
to test and validate the MODIS LST product.

4.3 Naryn Basin

The Naryn Basin was chosen for the application of remote sensing data that is
processed in this study. The Naryn Basin is located in Kyrgyzstan and has an area of
approximately 45.000 km2. The basin is covered by the Tian-Shan mountain system
in the east where most water formation occurs. Figure 4.6 shows the geographic
location of the Naryn Basin.

The Naryn Basin is topographically very heterogeneous. The minimum eleva-
tion is about 864 m. a.s.l at the inflow to the Toktogul Reservoir in the west, and
the highest elevation reaches up to 5000 meters a.s.l in the eastern Tian-Shan. The
average elevation of the basin is 2800 m a.s.l. Figure 4.7 shows the distribution of
the Naryn Basin according to elevation.

The figure 4.7 shows that about 80 % of the catchment area corresponds to
elevations above 2000 m.a.s.l. and about 50 % of the basin area corresponds to ele-
vations above 3000 m.a.s.l. The water formed in this basin is an inflow to Toktogul
Reservoir with a total volume of about 19 km3. The study was focused only until this
reservoir, an area with the fewest anthropogenic effects (e.g.. hydropower, reservoirs,
river diversions, etc...) in its water formation zone. Naryn River, the largest river
in Kirgyzstan starts from the junction of two header tributaries, Small (Kichi - in
Kyrgyz language) Naryn and Big (Chong - in Kyrgyz language) Naryn and flows
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Figure 4.6: Geographic location of Naryn Basin

from east to west. This junction is in the very eastern part of the basin where water
coming from the Tien-Shan mountain system is collected by Small Naryn and Big
Naryn. As it was already mentioned, the Naryn River is a highly snow-and glacier-
melt dominated system. The highest discharges are observed in July and August.
Some of the main tributaries of the Naryn River before the Toktogul Reservoir are
On-Archa, Djergital, Kok-Jerty, At-Bashi, Alabuga and Kokemeren. According to
the Köppen-Geiger climate classification scheme, the climate of the Naryn Basin is
classified as a warm semi-arid and continental climate. The temperature in this basin
varies according to topography and the difference between summer air temperatures
and winter air temperatures is high. Above 3500 meters a.s.l, the basin is usually
covered by permanent snow and glaciers which dominate the discharge in summer
months. The summer temperatures reach up to 40 ◦C in lowlands and 21 ◦C above
3000 m.a.s.l. Precipitation distribution is very heterogeneous and can spatially dif-
fer by large amounts due to the orographic effects. Therefore, it is very difficult to
give a general description of precipitation characteristics for a whole catchment. It
highly varies depending on the location in the Tian-Shan mountain system. Mainly,
precipitation falls in the cold season and mostly as snow. There are some glaciers
(Akshirak, Petrova, for example) that feed the river in summer with glacier melt.
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Figure 4.7: Elevation distribution in Naryn Basin

The Naryn Basin is covered mostly by grasslands and shrublands. As it was
also mentioned in chapter 4.1, the mountain systems in Central Asia are not covered
by dense forest areas like in humid regions. This is also the case in Naryn Basin.
Figure 4.8 shows the land cover map of Naryn Basin obtained from MODIS land
cover product (Friedl et al. (2002)) with 17 classifications for the Naryn Basin.

Figure 4.8: Land cover map of Naryn Basin

The Naryn Basin is very important in Central Asia, because the largest por-
tion of water resources of the Syrdarya Rriver is generated there. The water from
Naryn River is used by three Central Asian state: Kyrgyzstan, Uzbekistan and Kaz-
akhstan. Since the river flows with its peak volume in summer, the water resources
of Naryn river are very important for agricultural production in these states loca-
ted downstream. The River fills the Toktogul Reservoir in summer, which is then
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used for energy production mainly in winter. Additionally, the water from Naryn
is used for irrigation purposes after it joins with the Karadarya River and flows as
Syrdarya River through Uzbekistan and Kazakhstan . The maximum discharge in
this river is observed in July and August. To our knowledge there are in total
19 meteorological stations in the Naryn Basin. Figure 4.6 shows the locations of
these meteorological stations in the map. These stations are mostly located at lower
elevations where human access is possible to carry out regular records. The highest
station that was available in the Naryn Basin for this study is Tien-Shan station
which is located at an elevation of 3614 m.a.s.l in the very eastern part of the Naryn
Basin. These stations do not always have continous data and were reduced to a great
extent in their number after the disintegration of the former Soviet Union. This is
due mainly to the change of management structure of the hydro meteorological or-
ganizations and also because of economical instability right after independence of
former USSR states. As a result of climate change, general glacier volume decline
has been observed by several reserachers (Aizen et al. (2007), Bolch and Marchenko
(2006), Nosenko et al. (2009)). As it was also mentioned in earlier chapters, the
temperature increase as climate change indicator may lead to decreasing summer
discharge due to earlier melt period of available snow or glaciers. For this reason,
altenative data sources such as remote sensing can well substitude data limitations in
the Naryn Basin which can be used for detailed climate change or water availability
studies. This information may enormously help Central Asian countries to effectively
manage water resources.
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5 Remote Sensing

Remote Sensing refers to obtaining information about objects or areas by using
electromagnetic radiation (light) without being in direct contact with the object or
area (Jong, 2006). Remote sensing has become a valuable alternative in reserch and
real world application in the last decades. The areas of application are a wide range
of environmental sectors such as geography, geology, water resources, agriculture,
forestry, meteorology, oceonagryphy and civil engineering. One example is Google
Maps. Remote sensing is used to obtain information of an object or area from a
distance. This is especially helpful to collect information about unreachable areas
such as high terrain zones or very cold areas where continous observations by hu-
man being is ususally impossible. There are many regions in the world where such
areas exist and knowledge about these areas are important as they contain natural
resources that are of high interest for human being.

5.1 Principles of Remote Sensing

Remote sensing information can be collected by means of satellites or aircrafts.
These space machines carry sensors that are used for data collection and are operable
remotely. Remote sensors use the electramagnetic spectrum for global observations.
Each object area on the surface has its own reflecting, emmitting or absorbing pro-
perty. Remote sensors record the electromagnetic energy reflected or emitted by the
surface of object. The object is every particle on the earth. The register electroma-
gnetic energy (light) reflected from each object will be then interpreted to determine
the surface cover or properties of this cover. Figure 5.1 illustrates the principles of
remote sensing.

As it is illustrated in figure 5.1, the aircraft or satellite receives the reflected
energy and the strength of this reflection is registered to carry out surface cover
classification. The principle of remote sensing is similar to the principle of human
eye. Our eyes register solar light reflected from any object and our mind interprets the
reflected light. Remote sensing can be subdivided into two parts. Active and passive
remote sensing. In the field of active remote sensing, the energy reflected by any
object on the surface is provided by the platform carrying a sensor, such as a satellite
whereas passive remote sensing depends on external energy source such as sunlight.
The illustration in figure 5.1 demonstrates passive remote sensing system where the
energy supplied by external source, in this case, by solar energy. Because of the
solar energy requirement, passive sensors can be applied only during daytime hours.
In contrast to passive sensors, active remote sensors require the energy source to
come from the sensor carrying platform itself. The energy coming from the platform
hits the earth surface and is reflected according to the surface property back to the
sensor again. The amount and time of energy recieved by sensor is interpreted to
identify the object surface or its property. An example of active remote sensing can
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Figure 5.1: The remote sensing system (Source: CRISP,-2009 )

be laser altimetry that sends the signal and according to the timing and amount of
reflected signal, the detection of surface height or property can be done. One of the
examples of active remote sensing application is generating elevation maps. During
the rest of this study we refer to passive sensors when mentioning remote sensing
unless mentioned otherwise.

Electromagnetic spectrum is the range of entire electromagnetic radiation fre-
quencies. It covers the wavelengths ranging from gamma rays to radio wavelengths
including x-rays, ultraviolet, visible light and infrared wavelengths (Fig. 5.2). Among
them only visible spectrum can be interpreted by human eyes. Visible spectrum ran-
ges from 0.4 µm to 0.4 µm and consists of blue, green and red colors.

Electromagnetic radiation from the sun is either reflected, transmitted or ab-
sorbed and emitted by the surface cover. According to the reflection, transmission
and absorbtion of each element, the electromagnetic radiation is modified in interac-
tion with those objects. According to this modification of change in electromagnetic
radiation detected by remote sensors either on satellite or aircraft, interpretations are
done to obtain useful information about the object. Spectral reflectance is used for
this purpose. It has different values for different objects at different wavelengths. Ac-
cording to spectral reflectance at different wavelengths from different objects, spectral
reflectance curves for each object can be built which helps to classify different sur-
face properties. As an example, the spectral reflectance from water is very different
than that of soil. Water transmits much of the electromagnetic radiation whereas
soil reflects most of it, resulting in different reflection amounts. Figure 5.3 illustrates
spectral reflectance for water, dry bare soil and vegetation at different wavelengths.

As illustrated in figure 5.3, vegetation reflects the radiation differently in dif-
ferent wavelength zones according to its type. This makes it possible to distinguish
different vegetation types of the earth surface. Water rather transmits or absorbs
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Figure 5.2: The electromagnetic spectrum (Source: NOAA,-2009 )

radiation than reflecting. For this reason it a has low reflectance portion comparing
to other surface covers. Most of the radiation is reflected or absorbed by soil rather
than it is transmitted.

Another important aspect in remote sensing principles is the interaction of elec-
tromagnetic radiation with the atmosphere. The solar radiation has an interaction
with atmosphere while radiating the earth surface. Additionally, reflected energy is
also interacted with atmosphere until the signal reaches the platform being either
satellite or aircraft. Electromagnetic radiation effected by particles or gases in the
atmospohere has a negative and positive contributions to remote sensing. Negative
contribution is the disturbance of radiation to the surface and the disturbance of
refelctence from the surface. This can, according to disturbance intensity, impact
the reflected signal that is used for surface cover detection. Positive contribution is
that this helps to identify the content of atmosphere itself. Kinds of particles that
may have an effect on radiation are air molecules, smoke, haze, dust, fog or clouds.
In order to consider these effects as well, several remote sensing information are
corrected against atmospheric disturbances. Among other atmospheric dusturbing
particles, cloud is one of the most diturbing factor in remote sensing. Many sensors
are unable to detect the surface cover under cloud covered conditions. This is only
possible by microwave sensors that can penetrate through clouds. One example is
radar wavelengths that ranges from 1 µm to 1 m and is an active remote sensing
system that has its own energy source.

5.2 Remote Sensing data

Nowadays there are several remote sensing data available for research and app-
lication purposes. The first satellite that was launched specifically to collect remote
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Figure 5.3: Typical spectral reflectance curves for vegetation, soil and water (Source: Uni-
versity of Calgary,-2009 )

sensing information from space was ERTS-1 (Earth Resources Technology Satellite)
which was launched in 1972 on behalf of National Oceanic and Atmospheric Ad-
ministration (NOAA) and was renamed as Landsat after three years. Since then
many other organizations from different countries launched their satellites to collect
earth related information for different purposes. Different environmental disciplines
that make use of such information nowadays range widely from oceanography to
botany. Remote sensing information mostly used fields are; meteorology, glaciology,
land cover dynamics, agriculture, water resources management or climate change.

One of the extremely useful advantages of remote sensing data is that it is ge-
nerally provided as spatially distributed referenced datasets. This is especially good
for modeling purposes where usually interpolations or extrapolations are carried out
in order to regionalize the station data over a large area. Remote sensing data contri-
butes to better understanding the earth system with detailed information obtained
from the space. Some examples for usefulness of such information are glacier extent
evaluation to assess climate change impacts, snow cover extent evaluation for water
balance forecasting, mapping vegetation cover or preparing high resolution digital
elevation maps. Additionally, remote sensing data provides continuous and potenti-
ally unbiased recording since this depends on real reflections from earth properties.
The table 5.1 lists some of the currently available remote sensing data from different
satellites with different spatial amd spectral resolution.

Among the remote sensing sources listed in table 5.1, Landsat, MODIS Terra,
Modis Aqua and AVHRR data are freely available and can be used for research
purposes. These data sources create new challenges and possibilities for hydrological
modeling in data limited regions. MODIS data was chosen for this study for the
reason that MODIS data is freely available and offers moderate spatial and high
temporal resolution information comparing to other remote sensing data available.
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Table 5.1: Some of the available remote sensing data sources

System Owner Resolution Channels Lunch date

Landsat USGS-NASA 15m - 80m 8 1972
MODIS
Terra

NASA 250m - 1000m 36 December
1999

MODIS
Aqua

NASA 250m - 1000m 36 May 2002

AVHRR NOAA 1000 m 5 October 1978
ASTER NASA 15m - 90m 14 December

1999
SPOT France 10m - 20m 5 February 1986
RapidEye Germany 6.5 m 5 August 2008
Meteosat ESA 1000m-3000 m 12 1977

Moreover, this dataset is available for any region in the world. MODIS data from
Terra and Aqua satellites is used in this study to obtain information about snow
cover and temperature.

5.3 MODIS

Global Change has become one of the key questions scientists are facing since last
few decades. In order to find answers for critical questions related to climate change,
United States National Aero-Space Agency (NASA) launched first Earth Observing
System (EOS) satellite called Terra in December 18, 1999. This satellite carries five
remote sensors and the Moderate Resolution Imaging Spectroradiometer (MODIS) is
one of them. MODIS is one of the operational advanced remote sensing instruments
with the ability of overcoming several other remote sensors in spatial and temporal
scale. MODIS takes measurement at three spatial resolutions (250, 500, 1000 meters)
and at daily temporal resolution. This overcomes the previously launched remote
sensors such as Landsat where measurements occur only at 16 day time step although
with higher spatial resolution (30 meters) than MODIS. Rapid environmental changes
can be observed from MODIS sensor which is important in studying physical behavior
of the environment. Another EOS satellite called Aqua was launched on May 4,
2002 and carries among others the same MODIS multispectral sensor instrument.The
operation of these two EOS satellites is designed such that one satellite passes the
equator from north to south in the morning and the other passes from south to north
in the afternoon permitting even interdaily investigations of earth surface which may
be different in the morning and afternoon (temperature, cloud cover, etc..). Predicted
orbit tracks of both satellites, Terra and Aqua, can be obtained from Space Science
and Engineering Center (SSEC) (www.ssec.wisc.edu). Figures 5.4 and 5.5 show the
predicted Terra orbit tracks for Europe and Asia on February 8, 2004, respectively.
Terra satellite started delivering data from February 24, 2000 and flying from north
to south in the morning whereas Aqua satellite collects data since June 24, 2002
and flies from south to north in the afternoon. This interdaily observation makes it
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possible to improve accuracy by optimizing cloud-free remote sensing and minimising
any other optical effects such as shadow or aerosols that are unique to morning or
afternoon sunlight (Lindsey and Herring). MODIS provides data as distributed maps
for several land surface characteristics such as vegetation indices, albedo, land surface
temperature, snow cover or surface reflectances. The swath width of MODIS sensor
is 2330 km at cross track and 10 km along track. The satellites Terra and Aqua are
placed at 705 km orbit from the earth. The MODIS multispectral instrument has 36
bands with 250 meter resolution in bands 1 and 2, 500 meter resolution in bands 3 to
7 and 1000 meter resolution in bands 8 to 36. Table 5.2 lists specific characteristics
of MODIS bands.

Figure 5.4: Terra orbit track for Europe on February 8, 2004 (Source: SSEC 2009)

The data from all bands is available for scientific and application purposes.
About 40 data products are estimated using 36 spectral bands. Table 5.3 shows the
list of estimated products using 36 spectral bands. MODIS Level 1 and atmosphere
products are available through the the LAADS website. The land products are
available through the Land Processes DAAC at the U. S. Geological Survey EROS
Data Center (EDC). The cryosphere data products (snow and sea ice cover) are
available from the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado.
Ocean color products and sea surface temperature products along with information
about these products are obtainable at the OCDPS at GSFC ??. Most of the MODIS
data is distributed as sinusoidal grid tiles with the size of 10◦ by 10◦. For the whole
globe in total 36 horizontal and 18 vertical descritizations exist. Figure 5.6 illustrates
sinusoidal tiling window range of MODIS products. All MODIS products are archived
in Hierarchical Data Format - Earth Observing System (HDF-EOS) format. Each of
the HDF data products consists of several Scientific Data Sets (SDS) where different
parameters are stored. There are several software available to handle with HDF
data format. During this research MODIS Reprojection Tool (MRT) software was
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Table 5.2: Specific characteristics of MODIS bands

Primary Use Band Bandwidth Spatial Resolution (m)

Land/Cloud/Aerosols 1 620 - 670 nm 250
Boundaries 2 841 - 876 nm 250

Land/Cloud/Aerosols 3 459 - 479 nm 500
Properties 4 545 - 565 nm 500

5 1230 - 1250 nm 500
6 1628 - 1652 nm 500
7 2105 - 2155 nm 500

Ocean Color/ 8 405 - 420 nm 1000
Phytoplankton/ 9 438 - 448 nm 1000
Biogeochemistry 10 483 - 493 nm 1000

11 526 - 536 nm 1000
12 546 - 556 nm 1000
13 662 - 672 nm 1000
14 673 - 683 nm 1000
15 743 - 753 nm 1000
16 862 - 877 nm 1000

Atmospheric 17 890 - 920 nm 1000
Water Vapor 18 931 - 941 nm 1000

19 915 - 965 nm 1000

Surface/Cloud 20 3.660 - 3.840 µm 1000
Temperature 21 3.929 - 3.989 µm 1000

22 3.929 - 3.989 µm 1000
23 4.020 - 4.080 µm 1000

Atmospheric 24 4.433 - 4.498 µm 1000
Temperature 25 4.482 - 4.549 µm 1000

Cirrus Clouds 26 1.360 - 1.390 µm 1000
Water Vapor 27 6.535 - 6.895 µm 1000

28 7.175 - 7.475 µm 1000

Cloud Properties 29 8.400 - 8.700 µm 1000

Ozone 30 9.580 - 9.880 µm 1000

Surface/Cloud 31 10.780 - 11.280 µm 1000
Temperature 32 11.770 - 12.270 µm 1000

Cloud Top 33 13.185 - 13.485 µm 1000
Altitude 34 13.485 - 13.785 µm 1000

35 13.785 - 14.085 µm 1000
36 14.085 - 14.385 µm 1000
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Figure 5.5: Terra orbit track for Asia on February 8, 2004 (Source: SSEC 2009)

used to carry our format conversions and transformations. For this research the
sinusoidal tiles H23V04 and H23V05 are used in central Asia which covers Naryn
and Kokcha basins, respectively. The snow cover product with 500 meter spatial
resolution (MOD10A and MYD10A) and land surface temperature (LST) with 1000
meter spatial resolution (MOD11A1) are analysed and processed in this study. The
major disadvantage of MODIS products is the failure of data acquisition if the sky
is covered by clouds. More detailed information about MODIS can be obtained by
MOD, Hall et al. (2002b), Salomonson and Appel (2004), Masuoka et al. (1998).

5.3.1 Snow cover product (MOD10A)

With the development of remote sensing technology, assessment of snow co-
vered area globally including heavily accessible mountain regions has become possi-
ble. Early snow cover detections from space has began in 1966 from the National
Oceanic and Atmospheric Administration (NOAA) in Northern Hemisphere (Hall
et al. (2002b)) and is in continuous development since then. Some of the satellite
missions that carry out global observations from the space are given in table 5.1 in
chapter 5.2. Global snow cover data is also one of the products of MODIS remote
sensing instrument installed onboard Terra and Aqua satellites and deliver data since
2000 and 2002, respectively. Spatial resolution of this product is 500 meter for regio-
nal modeling purposes and 0,05◦ (5̃.6 km) for climate modeling purposes. Temporal
resolution is daily for each MODIS instrument (two times a day from both Aqua and
Terra satellites). The daily satellite crossings around the globe brings the possibility
of determining snow cover in the morning (Terra) and the afternoon (Aqua) which
will be very helpful for short and long term change analysis of snow cover extension.
Additionally, 8 day temporal resolution snow cover products are offered from MO-
DIS where composite of 8 day snow coverage is taken into account. In this product,
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Table 5.3: MODIS Products

Product Abbr. Product name

MOD01 Level-1A Radiance Counts
MOD02 Level-1B Calibrated Relocated Radiances
MOD03 Relocation Data Set
MOD04 Aerosol Product
MOD05 Total Precipitable Water
MOD06 Cloud Product
MOD07 Atmospheric profiles
MOD08 Gridded Atmospheric Product (Level-3)
MOD09 Atmospherically-corrected Surface Reflectance
MOD10 Snow Cover
MOD11 Land Surface Temperature & Emissivity
MOD12 Land Cover/Land Cover Change
MOD13 Vegetation Indices
MOD14 Thermal Anomalies, Fires & Biomass Burning
MOD15 Leaf Area Index & FPAR
MOD16 Surface Resistance & Evapotranspiration
MOD17 Vegetation Production, Net Primary Productivity
MOD18 Normalized Water-leaving Radiance
MOD19 Pigment Concentration
MOD20 Chlorophyll Fluorescence
MOD21 Chlorophyll a Pigment Concentration
MOD22 Photosynthetically Active Radiation (PAR)
MOD23 Suspended-Solids Conc, Ocean Water
MOD24 Organic Matter Concentration
MOD25 Coccolith Concentration
MOD26 Ocean Water Attenuation Coefficient
MOD27 Ocean Primary Productivity
MOD28 Sea Surface Temperature
MOD29 Sea Ice Cover
MOD31 Phycoerythrin Concentration
MOD32 Processing Framework & Match-up
MOD35 Cloud Mask
MOD36 Total Absorption Coefficient
MOD37 Ocean Aerosol Properties
MOD39 Clear Water Epsilon
MOD43 Albedo 16-day L3
MOD44 Vegetation Cover Conversion

MODISALB Snow and Sea Ice Albedo
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Figure 5.6: MODIS Sinusoidal tiling system

maximum cloud free coverage over 8 days is composited to obtain maximum snow
cover. This product is helpful for several purposes where daily temperal resolution is
not necessary. However, the maximum coverage over 8 days can be a source for bias,
especially in snow accumulation and ablation season. The snow cover detection from
MODIS is carried out using Normalized Difference Snow Index (NDSI) method (??).
This method uses MODIS reflectance bands 4 (0.545-0.565 µm) and 6 (1.628-1.652
µm) to estimate NDSI using the Eq. (5.1).

NDSI =
band4− band6

band4 + band6
(5.1)

Snow is extremely bright in the visible wavelength comparing to other surface
types but highly variable in the shortwave infrared (Nolin and Liang (2000)) and
NDSI makes use of this phenomena. Snow cover detection in forested region is rather
uncertain than in forest free regions. There is also a criteria for forested regions in
the algorithm on snow detection. The MODIS Band 2 (841 - 876 ν m) is used in
the algorithm to estimate snow cover in forested regions. If the NDSI value is ≥
0.4 and the reflectance in MODIS band 2 is > 11 % the pixel will be mapped as
snow. However, if the MODIS band 4 reflectance in < 10 %, then the pixel will
not be mapped as snow even if the other criteria are met. This prevents pixels
containing very dark targets such as black forests from being mapped as snow (Hall
et al., 2002b). In addition to NDSI algorithm, also Normalized Difference Vegetation
Index (NDVI) algorithm is used to improve the quality of snow cover maps in dense
forested areas. If the NDVI = 1, the pixel may be mapped as snow even of the
NDSI is < 0.4 (Klein et al., 1998). Another important improvement of snow cover
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detection algorithm is done using the land surface temperature (LST) which is also
estimated using MODIS data. In earlier versions of MODIS snow cover products,
many misclassifications of MODIS pixels were observed and this was most possibly
because of the confusion with cloud cover. Introducing thermal masks resulted in a
great reduction of those missclassified pixels. As a threshold value for thermal mask,
277 K was taken. All the pixels with the LST value > 277 K will not be assigned
as snow even if the other criterea are met (Hall et al., 2002b). This prevents warm
surfaces from being classified as snow which is logically not true.

MODIS snow cover products consist of four scientific data sets (SDS) with the
same spatial and temporal resolution. These are; Daily Snow Cover, Daily Snow
Albedo, Spatial Quality Assessment Field, and Fractional Snow Cover Field. Daily
snow cover field is contains binary information indicating whether the surface pixel is
covered by “snow” or “no snow” classification. There are two limitations of MODIS
snow cover product that makes it non-applicable directly in hydrological or environ-
mental studies. First objection is the cloud cover problem and the second is that it
provided only binary information whereas volumetric information is required in usual
environmental studies. However, the accuracy of MODIS snow cover product can be
mostly unbiased since the reflectance of snow is very different than other surface pro-
perties which helps for accurate detection of snow covered areas. Several researchers
have tested the reliability of MODIS snow cover product and came up with reliable
agreements when comparing against in-situ and other remote sensing snow products.
Among them, Parajka and Bloeschl (2006) compared MODIS snow cover data with
in situ information over the whole Austria and reported an agreement of about 95 %
between MODIS snow cover and the in situ data taken from 754 climate stations on
cloud free pixels. Klein et al. (2003) reported an 88 % agreement when comparing to
measurements of the Upper Rio Grande Basin. Maurer et al. (2003) compared the
MODIS snow covered area (SCA) product with the SCA product of National Ope-
rational Hydrologic Remote Sensing Center (NOHRSC) under cloud free conditions
and concluded less cloud free misclassification (4 % and 5 % fewer overall for the
Columbia and Missouri basins, respectively) for MODIS than with NOHRSC. The
MODIS snow product accuracy study by Wang et al. (2008) reported that under clear
sky conditions, the MODIS snow cover product had 94 % accuracy for snow and 99
% for land when compared against the in situ snow depth data taken from northern
Xingjian, China. Another recent study by Wang2009 compared the standard daily,
eight-day MODIS Terra and Aqua snow cover classifications and reported close to
100 % agreement for land classification. For the snow-covered areas, they had high
accuracy only in the winter period and decreasing accuracy for the rest of the sea-
sons. They also had a combined daily and eight-day MODIS snow cover products
and achieved better accuracy than with individual MODIS products. Elsewhere, the
study by Tekeli et al. (2005) stated that ´´among 96 observations, 74 observations
mapped as snow or land by MODIS agreed with the ground measurements with a
matched ratio of 77 %. Some other studies with positive results were carried out
by Zhoua et al. (2005), Ault et al. (2006), Hall and Riggs (2007), and Bitner et al.
(2002)). The cloud detection and distinguishing it from snow covered area is
done using the MODIS cloud mask (Ackerman et al. (1998)) which uses 14 spectral
bands to ensure reliable cloud detection.
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5.3.2 Land Surface Temperature (LST) Product (MOD11A)

Land Surface Temperature (LST) is the skin temperature of earth surface. It
plays an important role on surface - atmosphere interactions. LST is an important
factor for atmospheric and environmental modeling to evaluate land surface energy
balances. Different environmental parameters can be derived from LST information.
Since land surface temperature is the top surface temperature, this information can
be used for wide range of applications related to surface cover. The surface cover
can be covered by forest (including different types of forest trees), crops, grasslands,
water bodies, snow or ice, bare soil, rocks or other properties. Thus, LST product
can be helpful on assessing water temperature (top surface) on seas, oceans (SST),
canopy temperature over plants, soil top layer temperature, etc. Collection of ground
truth LST data is possible and is usually carried out in many standard meteorological
stations. However, this parameter is sensitive to spatial variations where it depends
on soil properties and vegetation cover which effects the temperature distribution.
Defining LST using satellite information is the best way to develop temperature
map with continuous temporal and spatial resolution. First studies focused on land
surface temperature over large area using satellite information are carried on nearly
three decades ago. Advanced Very High Resolution Radiometer (AVHRR) satellite
information was used for this purposes. Meanwhile there are several satellites in
space from which LST information can be derived. There are several methods to
estimate LST from satellite information. A Generalized Split – Window algorithm
for retrieving LST from space is used for MODIS products (Wan and Dozier, 1996)
that is used in this study. Yu et al. (2008) evaluated nine published LST algorithms
and came to the conclusion that the generalized split-window algoeithm to be the
best to develop climate record data. For this algorithm, thermal Infrared (TIR)
wavelength is used which varies from 3 – 15 µm length and can retrieve LST only
in clear sky conditions. MODIS LST products are available in different spatial and
temporal resolution: daily temporal and 1 km spatial resolution (MOD11L2 and
MOD11A1), daily temporal and 5 km spatial resolution (MOD11B1), 8 day temporal
and 1 km spatial resolution (MOD11A2) and daily, 8-day, monthly temporal, 0.25
spatial resolution. MODIS LST product is evaluated with reliable accuracy in many
studies. In the validation study of Wan et al. (2002), they came up with less than
1 K accuracy of MODIS LST when compared against field campaign in-situ LST
measurements.

In this study daily temporal and 1-km spatial resolution LST data from Terra
satellite (MOD11A1) and Aqua satellite (MYD11A1) is used. An attempt has been
given to obtain air temperature from LST using the linear regression methods. As it
was mentioned above LST represents the earth skin temperature and this is different
than air temperature. The air temperature was estimated using the linear regression
model between LST and observed air temperature. MODIS LST data was obtained
from Land Processed Distributed Active Archive Center (LP DAAC) of United States
Geological Survey (USGS) from the year 2001 to 2008. Original LST data are offered
as HDF format which can be reprojected and converted to GIS compatible format
using Modis Reprojection Tool (MRT) software. MODIS LST product is offered as
raster cells (distributed) and has 1200 rows and 1200 columns in one tile of LST data.
When this study was started Version 4 LST product was most updated one and from
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2006 Version 5 LST product was released. The update version 5 LST product is used
in this study. Each LST data consists of 12 science data sets for each day. A list of
all 12 science data sets (SDS) in each HDF file is given in Table 5.4.

Table 5.4: Scientific datasets of each MODIS LST product

SDS Units

Daytime land surface temperature Kelvin
Daytime LSTE quality control Bit-Field
Daytime LST observation time Hours
Daytime LST view zenith angle Degrees
Nighttime land surface temperature Kelvin
Nighttime LSTE quality control Bit-Field
Nighttime LST observation time Hours
Nighttime LST view zenith angle Degrees
Band 31 Emissivity None
Band 32 Emissivity None
Daytime clear-sky coverage None
Nighttime clear-sky coverage None

Among data sets listed in Table 5.4, the daytime land surface temperature was
used further in this study. Each daily LST SDS was exported into TIFF file format
using MRT software. This makes it possible to vizualize the TIFF file in ArcGIS.
A new function for reading HDF file was introduced into ArcGIS 9.3 version from
ESRI but did not work promising up to know at several tries. Figure 5.7 illustrates
MODIS daytime LST product for the region of Switzerland from June 21, 2003.

Figure 5.7: MODIS LST Product for Switzerland area on June 21, 2003 (black pixels indi-
cate clouds)

As in Snow Cover product, LST product also consists of clouds. Cloud covered
pixels are given as black colors in figure 5.7 and deliver nnodata“(cloud) informations.
The image shows the dependence of LST on elevation. Higher elevations zones are
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colder than lower elevation areas and this is clearly visible in valley areas. Original
MODIS LST products are given in Kelvin and with 0.02 scale factor in order to better
classify negative temperature values. Both, daytime and nighttime LST products
have 1 km spatial resolution. The main disadvantage of LST product is the limitation
due to cloud covered regions. In this study we used MODIS LST product for two
purposes: to estimate LST for cloud covered regions and to estimate air temperature
from LST using the linear regression methods. The study is explained in section
7.
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6 Processing of MODIS Snow Cover
Product

The snow cover product from MODIS has two limitations for direct use in envi-
ronmental modeling, especially in hydrological modeling. These limitations are cloud
covered pixels where no information about surface cover exists and limitation due to
binary type product that only delivers yes or no information for the snow coverage
of each pixel. For hydrological and many other environmental modeling studies, the
information about snow depth is required and this is not delivered by MODIS. In
this study, the limitation due to cloud cover is analysed. The MODSNOW algorithm
was developed that is based on spatial and temporal information of snow cover maps
and consists of six subsequent steps for cloud elimination.

6.1 MODSNOW algorithm for cloud removal

As it was also mentioned earlier, MODIS snow cover product has two main limi-
tation for direct application in hydroligical studies. The limitation due to cloud cover
problem and the limitation that it is a binary information. This chapter addresses
the limitation arising from the cloud cover problem. There have been several studies
in the past for estimation of the snow cover for cloudy pixels. For example, Para-
jka and Bloeschl (2008) introduced three methods to reduce the cloud covered pixels
from MODIS snow products. The first method was a combination of Terra and Aqua
images. The second was a cloud pixel reduction according to the information from
the majority of eight neighboring pixels. The third method described the cloud pixel
classification according to the most recent observation of the same pixel. They came
up with 9 % to 21 % and 6 % to 13 % of cloud removal for the first two methods,
respectively, and varying accuracies for the third method according to the temporal
step. Liang et al. (2008) developed a new daily snow cover product by combining the
MODIS daily snow cover and AMSR-E daily snow water equivalent (SWE) products.
After using in situ measurements at 20 climatic stations for validation, they came up
with an overall accuracy (snow, land) of 76 % and snow cover classification accuracy
(only snow) of 75 % for the combined snow cover data. Additionally, their results
also indicated that AMSR-E daily SWE imagery generally agreed with the MODIS
daily snow cover product, with an overall agreement of 93 % and a snow agreement
of 97 %.

In this study, MODSNOW algorithm has been developed that consists of six
steps to remove the cloud covered pixels from the MODIS snow cover data. One of
the steps is a combination of the Terra and Aqua products introduced by Parajka and
Bloeschl (2008). The goal of MODSNOW algorithm is to remove the cloud covered
pixels from the snow cover data completely and to produce continuous maps of snow
coverage over the study catchments. The MODIS snow cover product delivers 11
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possible information about each pixel. Table 6.1 displays the MODIS snow cover
data legend that are assigned for snow cover maps.

Table 6.1: MODIS snow cover product legend

Description Value Description Value

data missing 0 cloud 50
no decision 1 lake ice 100
night 11 snow 200
no snow 25 detector saturated 254
lake 37 no fill 255
ocean 39

Additionally to cloud covered pixels, other invalid values such as data missing
(0), no decision (1), detector saturated (254) and no fill (255) pixels are treated
as clouds as well and surface cover for these pixels is estimated using MODSNOW
algorithm. This preprocessing study of MODIS snow cover product was carried out
in Kokcha Basin (see chapter 4.1).

As mentioned above, the methodology consists of six subsequent steps that
are based on spatial and temporal information of cloud covered pixels. Every step
is essentially a processing step, and removes some fraction of cloud covered pixels.
The resulting cloud reduced snow product generated from each step is used as input
for the next step where more clouds are removed. Subsequent steps reduce the cloud
progressively until the raster dataset is completely cloud free. The raster matrix ana-
lyzed for Kokcha basin consists of 459 columns and 395 rows. One complete year of
2003 is taken as the study period in this case. The original one year MODIS TERRA
and MODIS AQUA daily snow cover data is used and cloud covered pixels are re-
moved. The MODSNOW algorithm is developed using the Fortran programming
language. Below, each processing step is explained in detail.

The first step is based on the combination of Terra and Aqua satellite images.
Since the cloud coverage is in continuous movement, it is possible to have different
cloud coverage during the observation from two satellites that fly through study area
with a few hours time difference. The assumption for this step was that no snowmelt
or snowfall occured within this time shift. If the pixel was observed as cloud covered
by one satellite and cloud free by another satellite, the resulting cloud free pixel was
assigned as true pixel cover. Using this step the maximum cloud free coverage is
obtained from two satellites. The formula representing this rule is given in Eq. 6.1.

Sy,x,t = max(SAy,x,t, S
T
y,x,t) (6.1)

where y is the index for row (vertical); x is the index for column (horizontal); t
is the index for day (temporal) of pixel cover S. SA and ST stand for the Aqua and
Terra pixels, respectively. Equation 6.1 was applied for both snow covered and land
covered pixels. Maximum snow coverage and maximum land coverage was obtained
from two satellite products.
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The second step is based on temporal combination of cloud covered pixels. One
or two days of information both forwards and backwards is considered to estimate
actual pixel cover. It can occur that one day was densely cloud covered while the
previous or next days were less cloud covered. For this reason, the previous and
next days are checked as to whether they contain more accurate information. If the
previous or next days of the analysed day are covered by snow cover and the middle
day is covered by cloud cover, the cloud covered day is also assigned as being snow
covered. The same applies for land cover. The formula representing this rule is given
in Eq. 6.2.

Sx,y,t = 200 if Sx,y,t−1 = 200 and Sx,y,t+1 = 200 (6.2)

In eq. 6.2, the value 200 corresponds to snow cover as it is also stated in table
6.1. The second step first checks the previous day and the next day with one day
shift. If the analyzed cloud covered pixel is estimated already using one day shift
(previous and next day), then the procedure for this pixel is finished since the actual
pixel cover for cloud cover is estimated. If the cloud covered pixel was not estimated
using Eq. 6.2, then the time step is shifted back one day and forwards one day,
as stated in Eqs. 6.3 and 6.4. The second step does not take into consideration a
two-day backward shift and two-day forward shift. The maximum time span is two
days backward and one day forward or, alternatively, one day backwards and two
days forward.

Sx,y,t = 200 if Sx,y,t−2 = 200 and Sx,y,t+1 = 200 (6.3)

Sx,y,t = 200 if Sx,y,t−1 = 200 and Sx,y,t+2 = 200 (6.4)

For the application of step 2, the assumption is considered that the snow cover
stays constant if the weather is cloud covered. Possible snowmelt can contradict
this assumption. However, solar radiation is the main source for snowmelt and since
the pixel is covered by cloud on that day, which reflects a large proportion of this
radiation, the possibility for snowmelt is neglected. The probability that the cloud
covered pixel remains snow covered is higher (because of possible snowfall when
clouds exist) than the probability that it melts away (due to the limitation of solar
radiation as an energy for melting process). Snow melt due to possible rainfall under
cloud covered condition remains, but this was not included in this critiria due to
difficulty to identify rainfall event for cloud covered area. Another possibility to
improve this criteria is the inclusion of air temperature information for possible snow
melt, but this was also not included due to difficulty to obtain well representative
air temperature information for each pixel.

The third step is based on the snow transition elevation. The concept is to find
the minimum elevation where snow exists and the snow covered elevation where all
pixels above this level are covered by snow (or ice in glacierized regions). The latter
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is commonly called the snow line, where snow cover is continuous above this eleva-
tion. These elevation lines are extracted for each day and are assigned as threshold
elevations (minimum and maximum snow lines) in this step. Based on this, all cloud
covered pixels below the minimum snow elevation line are assigned as land covered
pixels (no snow) and all cloud covered pixels above maximum snow line are assigned
as snow covered pixels. The formula is given in Eqs. (6.5) and (6.6):

Sx,y,t = 25 if (Hy,x < HS
min(t)) (6.5)

Sx,y,t = 200 if (Hy,x > HS
max(t)) (6.6)

where H(y, x) is the elevation of a pixel at (y, x) location; HS
min(t) is the mi-

nimum snow covered elevation (the elevation of lowest snow covered pixel) assuming
that there are no snow covered areas below this elevation on day t and HS

max(t) is the
maximum snow covered elevation (maximum snow line where all pixels in this line
are covered by snow) on day t. This step mainly leads to the removal of cloudy pixels
at very low and very high elevations. It can happen that the top of the mountains
are covered by clouds on that day while the snow line is at lower elevation. In this
case, any cloud covered pixel that is located higher than the snow line is assigned
as a snow covered pixel. It is the same for land covered pixels. Any cloud covered
pixel that is located lower than the minimum snow covered pixel is assigned as land
covered (no snow). There is another criteria that has to be fulfilled for cloud removal
using this step. The criteria is the amount of cloud free pixels that day after the
first and second steps. In order to make sure that the minimum and maximum snow
cover elevations are correctly assigned, at least 70 % fraction of the basin must be
cloud free. If not, this step could not be applied. If there are few cloud free pixels
in the basin, the maximum and the minimum snow elevations may be incorrectly
assessed which may lead to enormous errors.

The fourth step is based on the spatial combination of neighboring pixels. Four
direct “side-bordering” neighboring pixels of the cloud covered pixel are examined. If
at least three pixels are defined as snow, then the cloud covered pixel is also assigned
to be a snow covered pixel. The same applies for land covered pixels. It is possible
that this assumption is not always true, but the probability of a pixel having the
same cover as at least three of its direct neighboring cells is higher than the middle
pixel having the opposite cover.

The fifth step is based on a combination of (eight) neighboring pixels, and
particularly, the elevation between them. Here, all neighbouring pixels defined as
cloud free pixel are examined for their surface cover and elevation. Should any of
these direct lying eight neighbouring pixels be covered by snow and their elevation is
lower than the cloud covered pixel, then the cloudy pixel is assigned as being snow
covered as well. This step is based on the fact that the temperature decreases as
elevation increases, and therefore the snow at higher located pixels should melt later
than the lower located pixels. If a pixel is covered by snow and any neighbouring pixel
located at higher elevation was covered by cloud, then the higher elevation should
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also be covered by snow, theoretically. The formula describing this eventuality is
given in Eq. 6.7:

Sx,y,t = 1 if (S(y+k,x+k,t)(kε(−1,1)) = 1 and H(y+k,x+k)(kε(−1,1)) < H(y,x)) (6.7)

The sixth step is based on a time series of each pixel over an entire year. For
each pixel, 365/366 days were taken as the time series where pixel cover was given.
The pixel cover starts with mainly snow and cloud cover until snowmelt on this pixel
occurs and continues with land or cloud cover until snow accumulation starts. Using
this information, the approximate day when the pixel is no longer covered by snow
and the day when the snow accumulation started can be obtained. Accordingly,
these threshold days are set as ´´complete snowmelt” and ´´snow accumulation
start” days. Figure 6.1 shows an illustration of this method with two example pixels
at different elevations. The surface cover values 200, 50 and 25 indicate snow, cloud
and land cover, respectively as it was also stated in table 6.1. It can be seen from Fig.
6.1a that this pixel at elevation of 2091 m.a.s.l. is covered mainly by snow (200) and
cloud (50) until snow completely melts on the julian day of 121 (May 1); the snow
fall on this pixel starts on the julian day of 311 (7 November). At higher elevation
as shown in Fig. 6.1b, the snow completely melts later, as to be expected, at day
137 (17 May), while snow fall begins earlier at day 286 (13 October). This analysis
is carried out for each pixel and all thresholds (snowmelt and snow accumulation)
days are assigned according to the pixel cover time series information of each pixel.
Afterwards, estimation of surface cover for cloud covered pixels is carried out using
the following criteria; all days for the same pixel after “complete snowmelt” and
before “snow accumulation start” are set as land covered (25). For the pixel plotted
in Fig. 6.1a, this translates into cloud covered days between May 1 and November
7, being set as land covered (25), and all cloud covered days from January 1 to May
1 and November 7 to December 31 as being snow covered (200).
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Figure 6.1: Pixel cover time series at elevations 2901 m.a.s.l (a) and 3294 m.a.s.l (b) (pixel
cover legend: 200-snow, 50-cloud, 25-land).

The formulas for this step are given in Eqs. (6.8) and (6.9):

Sx,y,t = 200 ∀ tA ≤ t < tM (6.8)
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Sx,y,t = 25 ∀ tA > t ≥ tM (6.9)

where tM and tA are the threshold days of snowmelt and snow accumulation start,
respectively and t is the day. Possible short term snow fall or snowmelt during the
transition time is neglected in this step. The extraction of “complete snowmelt” and
“snow accumulation start” threshold days are based on first snowmelt day after con-
tinuous snow cover and the first snow covered day after continuous snow free days.
This criteria was based on the test that was carried out. This test examined several
snow free days after first snowmelt and several snow covered days after first snow ap-
pearance day for assigning the threshold days. The test with first snowmelt and first
snow appearance day after the snow covered and land covered pixels, respectively,
performed the best and were chosen for this step.

The sequence of steps applied in this methodology corresponds to the level of
accuracy and effectiveness of each step. For example, the first step, which is based
on the combination of the Terra and Aqua products, should theoretically be most
effective and accurate since this concerns to observations with only a few hours of
time shift. The probability of snow covered pixel observed by Terra satellite being
observed as no snow cover by the Aqua satellite should be negligible since the time
difference is small. The study by Wang et al. (2009) carried out a study to check this
consistency between Terra and Aqua snow products and reported the Terra satellite
to observe more snow cover than the Aqua satellite, but their agreements were close
to 100 %. The second step, where the combination of two previous and two next
days are considered, is assumed to be most effective and accurate in this stage of
cloud removal which generally removed most clouds with high accuracy comparing
to amount of cloud removal. This was useful for the third step, where the threshold
elevations for minimum and maximum snow elevation were assigned only if at least
70 % of the study area was cloud free. The forth and fifth steps remove generally
smaller portions of clouds, but are still considered as part of the methodology since
their accuracy leads to an overall improvement of the resulting processed snow cover
data quality. The sixth step where all remaining clouds were removed was applied
at the end of the methodology because of its less accuracy than the other steps.
Applying the step six as the last increased the overall accuracy of the methodology.

The MODSNOW algorithm is prepared such that it is easily applicable to any
region. The requirements are the availability of daily MODIS snow cover products
for this region which can be freely downloaded from LP DAAC archive and the
availability of digital elevation map which can also be obtained from wide range of
public domains. Thus, the MODSNOW algorithm does not rely on local information
of the region and is applicable worldwide for snow cover extent assessment purposes
from remote sensing information. Additionally, MODSNOW algorithm can also be
applied for cloud removal purposes of other remote sensing snow cover products.
First application after MODIS snow cover products is planned for AVHRR snow
cover maps which are also freely available and have daily temporal and 1 km spatial
resolution. The only difference between MODIS and AVHRR data is the spatial
resolution (MODIS - 500 m and AVHRR - 1 km). The MODSNOW efficiency does
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not depend on spatial resolution of snow product but on reliability of original snow
product (including cloud detection), since original information (either snow, cloud
or land) is used as an input for MODSNOW algorithm.

6.2 Processing snow cover maps for Kokcha basin using
MODSNOW

In this section, snow cover processing using MODSNOW algorithm is carried out
for Kokcha basin. As an input to MODSNOW, all HDF format files from MODIS
is converted into ASCII data format which can easily be interpreted in fortran pro-
gramming language. The results are also produced in ASCII files which can easily
be vizualized in ARCGIS software. In order to check the accuracy and effectiveness
of each step, remaining cloud fractions after each step is computed in MODSNOW.
Table 6.2 summarizes the cloud cover fraction of the original MODIS Aqua and
MODIS Terra snow cover products and the cloud cover fraction after each step is
implemented for the Kokcha Basin for several days in the year of 2003.

Table 6.2: Cloud cover percentage of original Aqua and Terra products and after imple-
mentation of each step (in%)

Day AQUA TERRA Cloud cover remaining after steps (%)
1 2 3 4 5 6

Jan 27 98.2 98.7 97.1 50.5 23.8 22.3 17.7 0.0
Feb 12 66.9 91.8 65.2 40.1 29.0 27.7 22.9 0.0
Mar 16 76.0 90.8 70.5 27.4 26.4 24.4 18.3 0.0
Apr 14 80.4 47.5 42.1 36.0 22.4 21.5 16.5 0.0
Apr 18 89.6 99.4 89.0 34.0 6.4 5.0 3.2 0.0
May 1 90.6 91.8 83.6 79.2 31.7 31.0 28.4 0.0
May 22 79.2 62.9 55.5 13.7 13.6 12.2 9.4 0.0
Jun 22 57.1 54.2 34.6 18.1 8.7 8.0 6.5 0.0
Aug 11 25.8 21.7 10.8 8.2 4.9 4.4 4.3 0.0
Aug 28 67.9 28.2 21.1 5.3 3.7 3.1 3.1 0.0
Sep 26 89.7 91.2 83.5 16.4 3.8 3.1 2.6 0.0
Oct 6 64.7 45.0 28.7 15.8 14.5 13.2 11.4 0.0
Nov 02 91.5 30.6 30.6 7.3 1.2 1.0 0.8 0.0
Nov 21 94.2 62.7 60.8 21.2 12.8 11.3 9.0 0.0
Dec 3 97.5 91.2 89.3 52.9 41.0 39.3 29.1 0.0
Dec 29 98.2 98.9 97.1 77.8 42.4 41.6 31.1 0.0

In Table 6.3, the amount of cloud fraction removed from each step s summarized
for the days in table 6.2.

Figures 6.2 and 6.3 illustrate the cloud fraction removed after each step for
the days of February 12 and November 21, respectively. The results for these days
are also given in tables 6.2 and 6.3. For 12 February 2003, the MODIS sensor from
the Terra satellite observed 91.8 % cloud coverage for Kokcha basin (6.2a) whereas
the MODIS sensor from Aqua satellite after a time shift of a few hours observed
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Table 6.3: Amount of cloud cover removed from each step of MODSNOW algorithm in
Kokcha basin (in %)

Day Approaches

1 2 3 4 5 6
Jan 27 1.6 46.7 26.6 1.6 4.5 17.7
Feb 12 26.6 25.0 11.1 1.3 4.8 22.9
Mar 16 20.3 43.1 1.0 2.0 6.2 18.3
Apr 14 5.4 6.1 13.6 1.0 5.0 16.5
Apr 18 10.4 55.0 27.7 1.3 1.8 3.2
May 1 8.2 4.4 47.5 0.7 2.5 28.4
May 22 7.4 41.9 0.1 1.4 2.8 9.4
Jun 22 19.6 16.5 9.3 0.8 1.5 6.5
Aug 11 10.8 2.6 3.3 0.5 0.2 4.3
Aug 28 7.2 15.7 1.6 0.6 0.1 3.1
Sep 26 7.7 67.1 12.5 0.7 0.5 2.6
Oct 6 16.3 12.9 1.3 1.2 1.8 11.4

Nov 02 0.1 23.3 6.2 0.1 0.2 0.8
Nov 21 33.3 39.6 8.4 1.5 2.3 9.0
Dec 3 1.9 36.4 11.9 1.7 10.2 29.1
Dec 29 1.8 19.3 35.5 0.8 10.5 31.1

66.9 % cloud cover (6.2b). Obviously, this reflected the fact that the clouds were in
continuous dynamic movement. The first step, which maximized cloud free coverage
and was based on the combination of the Terra and Aqua product, removed 26.6
% and 1.7 % cloud cover compared to the Terra and Aqua products, respectively
(6.2c). More cloud cover was removed from the TERRA MODIS product due to
less cloud coverage observed by the AQUA MODIS after few hours of time shift.
Processing using the second step, which is based on temporal combination of cloud
covered pixels, removed 25 % cloud cover, while 40.1 % cloud cover remained (6.2d).
As mentioned before, this step performes well if either two of previous two or next
two days are cloud free. The cloud coverage for the two days before the 12 February
2003 was 21 % and 8 %, respectively and for the two days after the 12 February
2003, was 68 % and 89 %, respectively. Particular to this case, more information on
actual pixel cover was obtained from the previous two and next one day since they
are less cloud covered than the next second day.

The third step that is based on snow transition elevation, removed 11 % cloud
cover, while 29 % remained (Fig. 6.2e). This step can be applied well at very low
and high altitudes since the cloud removal procedure is based on maximum and
minimum snow elevation lines. For 12 February 2003, the maximum snow elevation
line (completely snow covered line) was 4322 m.a.s.l. and the minimum elevation of
last snow covered pixel observed was 1356 m.a.s.l. All the pixels located above the
maximum snow elevation line assigned as cloud cover in MODIS original product
are reassigned as snow cover, since these pixels should theoretically be covered by
snow. The same applies to minimum snow elevation zones where all pixels located
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Figure 6.2: Cloud cover of original MODIS Aqua, MODIS Terra images and after imple-
mentation of five steps for 12 February 2003. (a) original MODIS Terra, (b)
original MODIS Aqua, (c) after step 1, (d) after step 2, (e) after step 3, (f)
after step 4, (g) after step 5, (h) after step 6. Colour legend: light blue-snow,
dark brown-cloud, and green no snow (land)

below the minimum snow elevation line should be theoretically land covered pixels.
As mentioned in previous section, the criteria for this step to be applicable is that
the study area should be at least 70 % cloud free in order to correctly assign the
maximum and minimum snow lines. If not, this step can not be used and processing
continues from the next step. Assigning threshold snow lines when the basin is more
cloud covered results in incorrect unreliable threshold values, which could enormously
influence the cloud removal accuracy.

The fourth step which is based on neighboring pixel information removed
only 1.3 % cloud cover for this day, with 27.7 % cloud cover remaining (Fig. 6.2f).
Although this step does not remove much cloud cover, it still formed part of the
methodology due to its low error level. This helps to minimize the overall error and
accordingly influences the overall accuracy.

The fifth step is based on neighboring pixel cover information, and their ele-
vation. This step removed 4.8 % cloud cover, with 22.9 % remaining (Fig. 6.2g)
for this day. Processing with this step resulted in different cloud cover removal for
different days because it dependends on cloud structure which is location specific.

Finally, the sixth step which is based on time series information removed all
of the remaining 22.9 % cloud cover. The sixth step sets threshold days of “com-
plete snowmelt” and “snow accumulation start” for a single pixel over a whole year.
According to this threshold days, the rest of the cloud coverage is removed (Fig.
6.2h). All the days with cloud covered pixel on this location before the “complete
snowmelt” threshold dayare assigned as snow covered. Accordingly, all the days with
cloud covered pixel on this location after the “snow accumulation start” threshold
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Figure 6.3: Cloud cover of original MODIS Aqua, MODIS Terra images and after imple-
mentation of five steps for 21 November 2003. (a) original MODIS Terra, (b)
original MODIS Aqua, (c) after step 1, (d) after step 2, (e) after step 3, (f)
after step 4, (g) after step 5, (h) after step 6. Colour legend: light blue-snow,
dark brown-cloud, and green no snow (land)

day are assigned as snow cover as well. The days in between the two thresholds that
are covered by cloud are assigned to be land covered (no snow).

For 21 November 2003, the MODIS sensor on the TERRA satellite observed
62.7 % cloud cover (Fig. 6.3a) whereas the AQUA satellite observed 94 % cloud
cover (Fig. 6.3b). The performance of each step for this day is given in tables 6.2
and 6.3. Snow cover maps after each step is given in figure 6.3.

As also seen from tables 6.2 and 6.3, different steps perform differently and
this depends mainly on the structure of cloud cover. Using MODSNOW algorithm,
all pixels with cloud cover from original MODIS snow cover products are reassigned
as either snow or land cover. The images in Figs. 6.4, 6.5, and 6.6 show the original
MODIS snow cover products compared to the MODIS snow cover product after
applying six subsequent steps that removed cloud cover for different days. The
overall performance of the methodology for the year 2003 is illustrated in Fig. 6.7
where the original Terra satellite cloud cover fraction is compared with the results of
cloud cover fraction after applying steps 1 to 5. Seeing as the sixth step has removed
the rest of clouds and the fraction of cloud after this is therefore zero, it has not been
plotted in Fig. 6.7. A visible improvement in the snow product can be observed after
the processing with the fifth step.

As an example for assessment of daily snow cover extent, the Kokcha basin is
taken. Kokcha basin is one of the basins in the world with very little information
available on environmental parameters such as snow cover. Remote sensing is a
good alternative data source for such regions which delivers distributed snow cover
information, though these are not always directly applicable. Using the MODSNOW
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a b

Figure 6.4: MODIS Original Aqua (a) and processed (b) snow cover product for 8 March
2003

algorithm cloud free snow maps can be prepared for data limited regions such as
Kokcha. Moreover, the snow cover extent informaton from remote sensing is also
very usefull in point data rich regions. The advantage of remote sensing information
is that it provides temporally and spatially continuous data.

6.3 Validation of MODSNOW algorithm

It is generally difficult to validate snow cover products from remote sensing
due to unavailability of distributed snow cover information over larger area. It is
possible to validate them using point observations of snow depth that can deliver
binary information about snow cover. However, no point observations of snow depth
were available from Kokcha basin. For this reason, the original MODIS snow cover
products with least cloud cover are used for validation purposes in this catchment.
The idea was to select original snow cover products from MODIS with maximum
cloud free extent (least or no cloud covered days) and apply cloud mask of other
cloudy day snow cover product. In this way “observations” of snow cover extent
with cloud cover are generated. These cloud mask applied snow cover maps are
used to check the performance and the reliability of MODSNOW algorithm. In the
validation section the first step was neglected which is based on combination of Terra
and Aqua snow cover products. Since the time shift between two satellites is only
few hours, it is accepted that the coverage remains more or less unchanged. The
contingency table for Aqua and Terra snow products is illustrated in table 6.4 which
shows the consistensy of snow products from both satellites for the same day. The
table shows snow cover information from February 9 and March 7, 2003 with good
accuracy.

For validation purposes, 26 March 2003 (validation day 1) and 17 April 2003
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Figure 6.5: MODIS Original Aqua (a) and processed (b) snow cover product for 7 April
2003

Table 6.4: Contingency table for Terra and Aqua products in %

Mar 7 AquaSnow AquaLand

TerraSnow 84.61 0.09
TerraLand 0.97 14.33

Feb 09 AquaSnow AquaLand

TerraSnow 62.97 1.28
TerraLand 2.76 32.98

(validation day 2) are selected because of least cloud coverage observed on these
days. For validation day 1, Terra satellite observed less cloud cover (6.6 %) than the
Aqua satellite (14.3 %) and for this reason the original Terra snow cover product
from this day was filled by the cloud cover mask of 22 March 2003 Terra snow cover
product. The cloud cover fraction of the study area on 22 March 2003 was 98 %.
This results in 98 % cloud cover over almost cloud free day allowing 93.4 % of the
basin having “original” snow cover extent for validation purposes. For validation
day 2, the Aqua satellite observed less cloud cover with only 3 % over the entire
Kokcha Basin. The original Aqua cloud cover pixels from 14 April 2003 with 80 %
cloud fraction are assigned to this day for validation purposes. The generated snow
cover maps with assigned cloud cover mask are used as an input for the MODSNOW
algorithm (excluding step 1) and the results are compared with the original snow
cover products without cloud filling. Tables 6.5 and 6.6 show the validation results
for validation day 1 and validation day 2.

The validation tables show the fractions of total cloud elimination, true snow
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a b

Figure 6.6: MODIS Original Aqua (a) and processed (b) snow cover product for 22 May
2003

cover estimation (original and cloud removed pixels are consistent), false snow cover
estimation (original and cloud removed pixels are inconsistent), fractions of snow
cover and land cover consistensy and fraction of snow cover and land cover inconsi-
stensy for the steps 2-6 in percentage. As it can be seen from the table, the validation
results are reasonably good. As mentioned already, different steps perform differently
depending on the structure of the cloud coverage. For example, on validation day 1
(Table 6.5), steps 3 and 6 performed best whereas the other steps performed less well.
Step 2, which was based on temporal information, did not perform well, because the
previous two and next two days of 26 March had cloud coverage of 59 %, 100 %, 93 %
and 97 %, respectively. Step 3, which was based on snow transition elevation, perfor-
med very well with a disagreement of only 0.84 % for the entire catchment. Although
step 4 usually returned the lowest amount of cloud removal, it was still included in
the methodology. Step 5 was based on the neighboring pixel cover information and
the elevation between them. This step also removed a small percentage of clouds,
though with high accuracy. As should be clear, the remaining cloud cover after step
5 was removed processing with step 6 that is based on time series information of
each pixel. The processing technique of step 6 was applied at the end because its
results are usually at the highest disagreement compared to other steps. Usually,
the technique of step 6 tends to assign more snow for land covered pixels. This can
occur due to incorrect assignment of “complete snowmelt” and “snow accumulation
start” threshold days in step 6. The difficulty in assigning precisely the threshold
days comes from the possibility for short spells of snow fall and snowmelt during the
snow accumulation and snowmelt transition period.

On validation day 2 (Table 6.6), steps 2 and 5 also performed reasonably well.
Step 2 removed 10.3 % where the cloud coverage of the previous two and next two
days was 100 %, 55 %, 89 % and 75 %, respectively. Step 3 removed 38.2 % cloud
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Figure 6.7: Comparison of Terra original and processed (after step 5) data for the year 2003

Table 6.5: Validation results for each step in % for 26 March 2003 masked by cloud cover
of 22 March 2003 (98 % cloud cover)

Steps Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

2 0.50 0.46 0.02 0.35 0.11 0.01 0.02
3 35.52 34.61 0.84 0.00 34.61 0.84 0.00
4 0.41 0.30 0.11 0.01 0.29 0.11 0.00
5 1.25 1.17 0.04 1.11 0.07 0.03 0.01
6 62.32 56.07 4.98 52.68 3.38 0.32 4.65
Total 100.00 92.61 5.99 54.15 38.46 1.31 4.68

cover with 100 % accuracy. Step 4 on the other hand, performed poorly but, as
already stated, with high accuracy. The performance of step 5 varied, because it
was dependent on the cloud coverage structure as seen from both validation days.
The rest of the cloud cover (38.4 %) was removed after processing with step 6.
As is illustrated in the contingency tables, the proposed methodology showed high
accuracy for removing clouds from original cloud containing MODIS snow cover
product. Processing with step 6 resulted in the lowest accuracy among the steps
tested, though, nevertheless, it was more acceptable to have about 6 % cloud coverage
error than having almost 62 % of the entire basin being covered by clouds (validation
day 1). This performance also changed from day to day as can be seen from validation
results. Some more validation results for 2003 are given in Table 6.7 and Figs. 6.8
and 6.8.

In addition to the validation of the processing where each step removed pro-
gressively more and more cloud, the performance of the individual steps was also
tested. As a benchmark for the validation, the combination of Terra and Aqua pro-
ducts, i.e. which forms the basis of step 1 and gave the best results, was set against
the individual validations of the other steps. Tables 6.8 to 6.12 show the validation
of other steps (2 to 6) in relation to step 1. This validation was carried out for 2
February 2003.
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Table 6.6: Validation results for each step in % for 17 April 2003

Aproaches Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

2 10.34 9.42 0.54 3.70 5.72 0.36 0.17
3 38.17 38.17 0.00 0.06 38.11 0.00 0.00
4 1.02 1.00 0.02 0.14 0.86 0.02 0.01
5 12.09 11.37 0.50 7.11 4.26 0.26 0.25
6 38.38 31.53 6.11 21.74 9.78 0.38 5.73
Total 100.00 91.49 7.17 32.75 58.73 1.02 6.16

Table 6.7: Validation result for different days in 2003

Days Steps Total
Cloud
Elimina-
tion

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

Feb 9 2 55.91 55.03 0.56 38.59 16.44 0.29 0.27
13 % cl. 3 11.35 10.81 0.17 9.95 0.85 0.01 0.16

masked by 4 1.66 1.57 0.06 1.23 0.34 0.01 0.05
Feb 5 5 6.96 6.37 0.42 4.14 2.23 0.14 0.28

98 % cl. 6 24.12 19.33 4.29 7.48 11.85 3.57 0.72

Mar 6 2 64.03 63.70 0.02 56.02 7.68 0.01 0.01
17 % cl. 3 13.83 12.28 0.67 6.75 5.53 0.64 0.02

masked by 4 1.22 1.14 0.06 0.93 0.22 0.05 0.00
Mar 5 5 2.41 2.36 0.04 1.88 0.47 0.01 0.03

96 % cl. 6 18.52 13.22 5.19 13.18 0.04 0.00 5.18

May 6 2 78.13 73.94 3.51 26.55 47.39 2.70 0.81
1 % cl. 3 7.12 6.58 0.35 3.87 2.72 0.02 0.32

masked by 4 1.38 1.24 0.10 0.55 0.68 0.08 0.03
May 3 5 4.02 3.22 0.69 1.42 1.79 0.47 0.22

96 % cl. 6 9.36 6.69 2.56 3.48 3.21 1.02 1.54

Nov 28 2 5.94 5.40 0.49 1.28 4.12 0.21 0.28
20 % cl. 3 41.71 39.93 1.38 14.64 25.29 0.22 1.16

masked by 4 1.18 1.04 0.12 0.46 0.59 0.04 0.07
Nov 20 5 5.24 4.39 0.76 1.72 2.66 0.37 0.39
83 % cl. 6 45.93 38.69 6.90 16.57 22.12 3.72 3.18
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Figure 6.8: Validation results for 3 January 2003. (a) original MODIS Terra snow cover for
3 January, (b) original MODIS Aqua snow cover for 6 January, (c) snow cover
data from 3 January filled with cloud values of 6 January snow cover data, (d)
after step 2, (e) after step 3, (f) after step 4, (g) after step 5, (h) after step 6.
Color legend: light blue-snow, dark brown-cloud, and green no snow (land)

For the individual validation, all possible cloud elimination from two steps was
normalized to 100 %. In Table 6.8, 24.7 % of the cloud was eliminated using the step
1 while 75.3 % of the cloud was eliminated using the step 2. As can be seen, both
steps performed with little error (1.04 % and 1.42 %). In the case of steps 1 and 3,
most of the cloud cover was eliminated using step 1 (88 %). Only around 12 % was
eliminated by step 3. This result shows that very high pixels in the catchment area
were not covered by cloud on that day since no value for the snow to snow result
was returned. It can be seen that all cloud cover removal took place at areas of very
low elevation. As with step 3, step 4 showed little improvement in eliminating cloud
cover but the performance was acceptable enough to include it in this algorithm. In
step 5, more than 46 % of the cloud cover was removed with the accuracy of 44.5
%. Step 6 eliminates all clouds according to the time series method. The results of
this step showed generally the highest error among other steps. Nevertheless, the
error is acceptable when studying high mountainous and ungauged basins where no
alternative information is available. For example, around 13 % of the total 88.6 %
cloud elimination was FALSE. This is also partly due to the fact that only 2 steps (1
and 6) are included in this validation and 88.6 % cloud was removed applying step
6. This means that the total cloud removal after step 1 was carried out using step
6 which usually returns most error. For this reason, this step is used at the end.
However, as mentioned already, by applying all 6 of the steps in succession, the error
can be evened out due to the results of higher accuracy from the processing by the
other steps. The fraction of cloud cover that remains after five processing steps is
quite low, so that the error after the sixth and final processing step would affect the
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Figure 6.9: Validation results for 3 January 2003. (a) original MODIS Terra snow cover for
3 January, (b) original MODIS Aqua snow cover for 6 January, (c) snow cover
data from 3 January filled with cloud values of 6 January snow cover data, (d)
after step 2, (e) after step 3, (f) after step 4, (g) after step 5, (h) after step 6.
Color legend: light blue-snow, dark brown-cloud, and green no snow (land)

overall accuracy significantly.

Table 6.8: Validation results for individual steps of 1 and 2

Steps Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

1 24.73 22.82 1.04 13.37 9.45 0.52 0.52
2 75.27 73.47 1.42 48.98 24.48 0.43 0.99
Total 100.00 96.29 2.46 62.35 33.93 0.95 1.51

The validation results show a high degree of accuracy when comparing original
“cloud free” snow cover filled with cloud cover from a different day MODIS snow cover
data. Steps 1 to 5 provide a performance accuracy of more than 95 %. After final
processing is done using step 6, where all remaining cloud covered pixels are removed
according to the time series information of each pixel, the accuracy still remained at
above 90 % overall. As was shown in validation section, different days deliver different
performances, and this was obviously linked to the dynamic structure of cloud cover.
Very high accuracies with some steps are observed, although it was often usual in
those cases that only a small fraction of the clouds were removed. The validation
of individual steps was also carried out where each step was tested separately, in
relation to the combination of the Terra and Aqua products as a benchmark. The
results of this validation indicated that the methodology was reasonably robust. Only
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Table 6.9: Validation results for individual steps of 1 and 3.

Steps Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

1 88.38 81.53 3.71 47.78 33.76 1.86 1.85
3 11.62 11.62 0.00 0.00 11.62 0.00 0.00
Total 100.00 93.15 3.71 47.78 45.38 1.86 1.85

Table 6.10: Validation results for individual steps of 1 and 4

Steps Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

1 97.73 90.16 4.1 52.83 37.33 2.06 2.04
4 2.27 2.22 0.04 1.37 0.85 0.01 0.03
Total 100 92.38 4.14 54.2 38.18 2.07 2.07

the last processing, step 6, based on the time series information, produced errors of
more than 10 %. The initial processing with step 1 gave the most accurate results,
since it was based on a true estimation of pixel cover by the same sensor a few hours
before or after a time shift. Processing with step 6 gave the highest cloud removal
amounts. On the other hand, the accuracy of this processing step was very low due
to the inaccurate estimation of the complete snowmelt and snow accumulation date
thresholds. More precise estimation of this threshold values will contribute to overall
accuracy improvement of the algorithm and is a future outlook.
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6.3. VALIDATION OF MODSNOW ALGORITHM

Table 6.11: Validation results for individual steps of 1 and 5

Steps Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

1 53.65 49.5 2.25 29 20.49 1.13 1.12
5 46.35 44.5 1.25 32.83 11.68 0.54 0.71
Total 100 94 3.5 61.83 32.17 1.67 1.83

Table 6.12: Validation results for individual steps of 1 and 6

Steps Total Cloud
Elimination

TRUE FALSE Snow
to
Snow

Land
to
Land

Snow
to
Land

Land
to
Snow

1 11.41 10.52 0.48 6.17 4.36 0.24 0.24
6 88.59 74.26 13.43 52.49 21.77 11.13 2.3
Total 100 84.78 13.91 58.66 26.13 11.37 2.54
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7 Processing of MODIS LST Product

As with the snow cover product, LST product from MODIS also has two main
limitations for direct use in environmental modeling. The first limitation is due to
cloud covered pixels where no information on LST exists. The second limitation is
that LST product only delivers earth skin temperature, but air temperature is mostly
required for hydrological modeling studies. In this study, a linear regression analysis
was carried out to evaluate the relationship between air temperature and LST. For
the cloud problem, a simple methodology was applied that is based on spatial LST
information and lapse rate.

7.1 Relationship between LST and air temperature

In this part of the research, regression analysis is carried out between MODIS
land surface temperature (LST) and air temperature. As it was explained in chap-
ter 5.3.2, MODIS LST data is available from 2000 until present with 1-km spatial
and daily temporal resolution. Since the availability of MODIS LST data, several
studies have been carried out that focus on the estimation of air temperature from
LST. These studies are based on different approaches. For example Mostovoy et al.
(2006) used 161 minimum and maximum air temperature data from 161 observation
stations to build a statistical relationship between air temperature and LST at sta-
tion locations. Sun et al. (2005) presented a study to estimate air temperature from
LST based on thermodynamics. Another study by Colombi et al. (2007) used the
linear relationships between air temperature and LST to estimate spatially distribu-
ted air temperature. Jones et al. (2004) derived a linear regression equation between
air temperature and LST using three main landuse types and the topography to
estimate air temperature from LST.

In this study, linear regression equations are derived for all land cover types of
the study area. As a test area, the whole of Switzerland was chosen. Linear regres-
sion equations derived from the study are then used to estimate air temperature from
LST for each pixel with the corresponding land cover type. In order to introduce
as many possible data records from both datasets (LST and air temperature), daily
interpolated maximum and minimum air temperature data for the whole of Swit-
zerland was obtianed from the Swiss Federal Research Institute (WSL) with raster
based on a 250 meter spatial resolution for the years of 2001 and 2002. We do appre-
ciate efforts of Mr. Bernhard Luzi for preparing and making this dataset available
to us. Also, daily observed station data was used which was obtained from WMO
through the Royal Meteorological Institute of Netherlands (KNMI). The interpola-
ted air temperature data with 250 meter spatial resolution was aggregated into 1-km
spatial resolution to meet the raster resolution and extent of MODIS LST product
for pixel to pixel comparisions. Additionally, land cover data and digital elevation
maps (DEM) were also used for this purpose. The land cover data was obtained

61



CHAPTER 7. PROCESSING OF MODIS LST PRODUCT

from MODIS (MOD12Q1) which has 500 meter spatial resolution. This data was
also aggregated into 1-km spatial resolution to meet the basic pixel size for analysis.
The elevation data is obtained from the United Stated Geological Survey (USGS)
and has a spatial resolution of 90 meters. This was also aggregated into 1-km spatial
resolution. As it was mentioned in chapter 4.2, the data from seven meterological
stations in Switzerland was available from KNMI. These data are daily observations,
but small gaps exist where no records are available. Such days are normally skip-
ped and they do not extend over long periods. Mainly data from four meterological
stations (Zuerich, Sion, Geneva and Saentis) data was used since they contain more
complete data for the period of study than the other stations. The MODIS LST data
was obtained from LP DAAC (Land Processes Distributed Active Archive Center)
and is available from 2001 to 2008. The anylysis in Switzerland are carried out with
the data from 2001 to 2004. As it was already mentioned, two satellites carry MO-
DIS instruments and fly over the equator with the time shift of a few hours per day.
For this reason, both satellites should collect similar information since the collection
happens within a day. Similar to the snow cover product analysis, the LST data from
Terra and Aqua satellites were compared from 2002 to 2004. Figure 7.1 illustrates
this comparison for LST data for the pixel near to Zuerich with maximum cloud free
information.
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Figure 7.1: MODIS Terra LST vs. MODIS Aqua LST

As it is visible from the figure, the differences are very small. The Terra satellite
crosses the equator in the morning and the Aqua satellite crosses the equator in the
afternoon. Due to this fact, there is a little difference in LST data, mainly in the
summer.

The difference between land surface temperature and the air temperature at
2 meters height depends on the emissivity properties of the surface of each location.
According to this property, the difference may be negative or positive. For example,
the asphalt or building roofs in populated areas are in direct contact to solar energy
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7.1. RELATIONSHIP BETWEEN LST AND AIR TEMPERATURE

and therefore should have higher surface temperature values than in the air tempe-
rature at 2 meters height above this surface. For densely forest covered regions, the
canopy surface is a decisive factor for land surface temperature. In such cases, it is
difficult to judge the difference since the leaves are sometimes in dynamic movement
and gain or lose energy from solar radiation according to their behavior. For the snow
or ice covered surfaces, the surface temperature is lower than the air temperature.
For these reasons, the difference between air temperature and LST varies seasonally.
As such, it is difficult to assure that there is a certain relationship between air tempe-
rature and earth skin temperature for all surface cover properties. For hydrological
modeling purposes, usually the air temperature is required. However, for distributed
modeling purposes, interpolation steps are required to regionalize the recorded data
spatially. Contrary to that, remote sensing information is provided in a spatially dis-
trubuted format and is potentially error free due to the fact that it is based on true
energy reflections. The source of error may come from atmospheric dusturbances
as explained in chapter 5.1. In figures 7.2 and 7.3 the interpolated air temperature
obtained from WSL, interpolated using the observation networks and MODIS land
surface temperature from the Terra satellite for Switzerland, is illustrated for May
19, 2001. Both maps are raster based and have a resolution of 1-km. The 250 m
resolution interpolated air temperature is aggregated into 1-km resolution.

Figure 7.2: Interpolated air temperature map of Switzerland on May 19, 2001

As it can be seen from the figures, there are differences between LST data
and interpolation data. Figure 7.2, which is the interpolated air temperature from
observations, shows the effect of elevation in interpolation methodology. This is also
visible when comparing this figure with the elevation map of Switzerland in chapter
4.2 (Figure 4.3). Other than interpolation temperature, figure 7.3 does not take the
effect of elevation as strong as it is by the interpolated air temperature map. It is
visible that this map includes not only elevation but also land cover and possibly
other environmental parameters. Comparing the MODIS LST map with the land
cover map in figure 4.5 from chapter 4.2 shows the effect of some surface cover pa-
rameters (water surfaces are colder, urban areas are warmer and ice/snow surfaces
are cold). The surface cover or canopy type over the surface plays an important role
in this case. Eventually, similar surface cover having similar emmissivity properties
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Figure 7.3: MODIS LST map for Switzerland on May 19, 2001

should lead to similar LST information. Due to this fact it can be assumed that
the surface temperature over similar land cover types will have similar dependence
to air temperature. For this reason, the regression analysis was carried out for each
land cover type from MODIS in order to find a relationship between land surface
temperature and air temperature. This was done by comparing each cell LST and
air temperature values and averaging over each land cover type. Since cloud covered
pixels do not deliver information about the LST, the day with maximum cloud free
extent was chosen. The raster matrix covering the whole of Switzerland consists of
394 columns and 171 rows resulting in 67.374 pixels to be evaluated for regression
analysis. First, one day LST and interpolated air temperature data are extracted
according to 17 land cover classes, including water surface. In this case the number
of air temperature and LST combinations is the same to each land cover fraction.
Afterwards, the regression lines were plotted between LST and interpolated tem-
perature for the same land cover class to observe the relationship between them.
Figures 7.4, 7.5 and 7.6 show these comparisons for water and each land cover class
of MODIS land cover data. These comparisons are done for August 24, 2001.

Unfortunately, weak relationships were obtained which do not really explain
reliable dependance between LST and air temperature. It is different from land class
to land class. The surface cover classification “water” illustrates the relationship
between water surface temperature from MODIS and interpolated air temperature.
These variations in comparison may also be due to the elevation of these water sur-
faces. There are several lakes that are located at different elevations (Lake Geneva,
Lake Contance, Lake Lucerne, etc.). These relationships from one day (August 24,
2001) are not reliable to accept as a benchmark for air temperature estimation from
LST values. Another factor that may lead to these relationships is the air tempera-
ture data that is used in this study. This was the comparison against interpolated
air temperature, and interpolation methods are also not free of errors. The compari-
son of MODIS LST against observed temperature should potentially deliver a better
relationship.

In order to verify recent judgments, the LST data was compared against air
temperature observations from meteorological stations. Original MODIS LST data
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Figure 7.4: Relation between MODIS LST and interpolated air temperature for water sur-
face on 24 August,2001 (in ◦C)

was compared against observed temperature data from four meteorological stations
in Switzerland that are located at different elevations and in different parts of the
region. The time series of LST was extracted from MODIS data for the years from
2001 to 2004 and compared against time series of observed air temperature time
series. Since MODIS LST data contains cloud covered pixels, the LST values from
only cloud free days were extracted. In order to increase the probability of obtaining
as much possible LST data for one year, an additional neghboring 8 pixels around
the meteorological station were also considered for LST extraction from MODIS.
Since the spatial resolution is 1 km and the temperature is not sensitive on spatial
extent on such a small scale, it is acceptable to assume that the temperature over all
9 pixels (4.5 km distance) will be more or less similar. The difference may be larger
in very narrow valleys where the distance between high elevations could be less than
the spatial resolution of one pixel in MODIS. This was ignored in LST extraction.
Figure 7.7 shows one of these comparisions for the Zuerich meteorological station.

The LST data used for the creation of these figures does not contain a con-
tinuous time series. The cloud covered days over the cell that corresponds to the
location of the meteorological station and all other neighboring cells are not included
since these cells do not contain information about land surface temperature. Ac-
cordingly, only cloud free day observed station data is considered for comparison.
The comparison result shows very good correlation with little bias for the Zuerich
meteorological station. This figure supports that the air temperature and the LST
are almost similar in this region. The correlations for the years 2001, 2002, 2003 and
2004 are 0.96, 0.93, 0.97 and 0.94, respectively. This shows the ability of the MODIS
sensor to detect temperature dynamics relatively well. The area of the Zuerich sta-
tion is classified as mixed forest according to the MODIS Land Cover product. Also
there is very little bias for this station. In order to check the cumulative energy from
both temperature data, cumulative distribution of LST and observed air temperature
were plotted for different years at the Zuerich station, and are shown in figure 7.8.
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Figure 7.5: Relation between MODIS LST and interpolated air temperature for each land
class (classes 1-8)

As it can be seen from figure 7.8, the distribution of air temperature and
MODIS LST correlate very well except for the year 2001. The year of 2003 was
one of the warmest summer seasons in Europe and the LST and air temperature
distribution also correlates very well in this year. Except for the year 2001, this
figure shows that the distribution of LST and air temperature are very similar in
the Zuerich station. However this should not be generalized for the whole region.
In order to carry out similar tasks at other meterological stations, the comparison
of LST and air temperature were done for other stations as well. In addition to the
Zuerich station, the comparisons are carried out for the Geneva, Sion, and Saentis
stations. Figure 7.9 shows the plots with time series comparison and cumulative
distribution of both temperature time series for the year of 2003.

The results for the Zuerich station showed a good correlation, but this was not
the case in all other stations. The difference between air temperature and LST was
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Figure 7.6: Relation between MODIS LST and interpolated air temperature for each land
class (classes 9-16)

larger in some of these stations. Also different relationships for different seasons can
be observed. The areas of meteorological stations are covered by urban and biult-up
for Geneva and Sion stations, respectively. The location of Saentis station is covered
by open shrublands. The elevations are 663 m.a.s.l, 405 m.a.s.l, 478 m.a.s.l and 2068
m.a.s.l for the Zuerich, Geneva, Sion and Saentis stations, respectively. The corre-
lations between air temperature and LST for the Geneva, Sion and Saentis stations
are 0.95, 0.95 and 0.94, respectively. This shows that the LST dynamics is very well
detected from remote sensing information. The Sion station is located in the valley
and the Saentis station is located at a higher elevation than other stations. There are
large lakes close to the Geneva and Zuerich stations. Knowing whether the station
is located next to water or in a sealed area would give more explanation for such
results. It is difficult to extract a general relationship between both parameters using
these relationships. The Geneva station shows to some extent a certain difference
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Figure 7.7: MODIS LST and observed station data comparison for different years

over a whole year without sudden changes in relationship. The relationship at Sion
station shows varying dependence. Colder periods seem to have larger temperature
difference than those of summer months. From about April to mid-October, the air
temperature seems to be very similar to land surface temperature. The area sur-
rounding the Sion station is covered mostly by mixed forest according to the MODIS
Land Cover product. As it was already stated, figure 7.5f shows the relationship bet-
ween LST and air temperature for all pixels classified as mixed forest, but this was
for one day (24 August, 2001). No clear relationship was visible from that figure, but
as it was already mentioned this can also be due to the interpolated air temperature
which may not represent the parameter well enough for all pixels with mixed forest
classification. Another assumption would be that different locations have different
LST and air temperature characteristics which are specific for that location over a
whole year. The latter assumption is supported by figure 7.7 where very similar
LST and air temperature was observed for the Zuerich station. In order to make the
relationships more visible, linear regression lines between LST and air temperature
were built and are shown in Figure 7.10 for the Zuerich, Geneva, Sion and Saetis
stations.

The data plotted in figure 7.10 suggests a straight line (linear relationship)
between parameters. The coefficient of correlation (R2) is similar for the Zuerich,
Geneva and Sion and is less good for the Saentis station. The slopes are more or
less similar for those three stations and is different for the Saentis station. This is
due to the fact that the Saentis station is located at a high elavation compared to
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Figure 7.8: Cumulative distribution of MODIS LST and observed station data for different
years

others and is a colder region. It is difficult to generalize the regression lines to obtain
a certain relationship for air temperature estimation from MODIS LST. There is a
similarity in three stations that are located at lower elevations but the Saentis station
that is located at a higher elevation has different LST and air temperature behavior.
Application of this relationship could be possible if this is used on a regional scale
where a similar relationship is expected. For example, the regression equation of the
Zuerich station could be a possible relationship to estimate air temperature from the
MODIS LST products, but it should be applied for only this region.

In order to check the similarity of the LST and air temperature relationship on a
local scale, eight sites around the Zuerich station were considered for air temperature
and LST comparison. These eight sites were chosen randomly from the map and
have a different land cover class and elevation. All the points are located around the
Zuerich meteorological station. The location of these sites is illustrated in figure 7.11
as a blue star.

For all of these points, the LST and interpolated temperature data from the
corresponding cell was extracted for the whole year of 2001. Only cloud free days
were considered for comparison. The neighboring 8 pixels are considered if the site
pixel is covered by cloud. The tests were done for two different distances from the
Zuerich meteorological station. Points 1 to 4 have a distance of about 18 km and
points 5 to 8 have a distance of 35 km from the Zuerich meteorological station. Linear
regression lines were plotted between these time series. Figure 7.12 shows the results
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Figure 7.9: Cumulative distribution of MODIS LST and observed station data for meteo-
rological stations Geneva, Sion and Saentis

of comparison for those test sites. Additionally, statistical analyses were carried out
and these are shown in table 7.1.

The results of the comparison show good dependences on a local scale. Corre-
lation coefficents are high and the relationship for the estimation of air temperature
from MODIS LST on a regional scale can be done using these dependences. Of
course, the boundaries need to be specified before applying such a relationship. Over
a 90 % correlation coefficient was achieved for land cover classes of mixed forest.
This is the same as the Zuerich station which is also located in a mixed forest co-
vered area. The other land cover classes are croplands, populated area, and natural
vegetation. These pixels also demonstrated good dependences between LST and air
temperature. Elevation difference did not play much of a role in these comparisons
although the differences were not large. The statistical comparisons were also ac-
ceptable. Mean annual temperature and standard deviation values are compared for
both parameters in table 7.1 and the differences are small. Averaging the regression
lines in figure 7.12 could be one way to generalize the relationship for this region.

Since the regressions between LST and air temperature for a single pixel provi-
ded relatively good results, the next step was to generalize the relationship between
air temperature and LST for each land cover class assuming that more information
should explain the relationship better. In order to do that, spatial and temporal
information was used to develop a relationship. Linear regression equations using
one year LST maps for the whole of Switzerland were obtained. The raster matrix

70



7.1. RELATIONSHIP BETWEEN LST AND AIR TEMPERATURE

y = 0.8868x + 2.5538
R² = 0.9378

-10

0

10

20

30

40

-10 0 10 20 30 40

O
bs

 T

MODIS LST

Zuerich 2003

y = 1.0408x + 2.5975
R² = 0.9119

-10

0

10

20

30

40

-10 0 10 20 30 40

O
bs

T

MODIS LST

Geneva 2003

y = 0.7971x + 5.2071
R² = 0.9113

-10

0

10

20

30

40

-10 0 10 20 30 40

O
bs

T

MODIS LST

Sion 2003

y = 0.6257x + 1.0667
R² = 0.8549

-10

0

10

20

30

40

-10 0 10 20 30 40

O
bs

T

MODIS LST

Saentis 2003

a

dc

b

Figure 7.10: Linear regression of MODIS LST and air temperature

of 394 columns and 171 rows (67.374 pixels) covers the whole of Switzerland for one
day. This matrix of data was analysed for one year (365 days) resulting in 24.591.510
combinations of LST and interpolated air temperature. Of course the cloud covered
pixels from each day were disregarded in these combinations. The regression anayly-
ses were carried out for each pixel combination. These were then averaged according
to each land cover class. The linear regression model (Eq. 7.2) was chosen to des-
cribe the relationship and slope and intercept parameters are computed from each
combination.

y = mx+ b (7.1)

Slope (m) and intercept (b) values were calculated for each pixel and averaged
according to land cover class. Again, only cloud free pixels were taken into account.
Other than earlier analysis, only one-pixel information was extracted from MODIS
LST, and cloud covered days are skipped without considering neighboring pixels. In
addition to slope and intercept, coefficient of correlation (R) values are also computed
for each combination.

The averaged results of slope, intercept, and coefficient of correlation for each land
cover class is given in table 7.2

The table shows good results with high coefficients of correlation. In most
cases the correlation coefficient is over 90 %. Only land cover classes 15 and 16
gave less correlation coefficient. The last column shows the number of LST and air
temperature combinations that are used for the derivation of average slope, intercept
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Figure 7.11: Test sites of temperature comparison

Table 7.1: Statistics for the eaght test sites in Switzerland

Name Elev. (m) Land Cover Mean St. Deviation

MODIS
LST

Obs T MODIS
LST

Obs T

P1 725 Mixed Forest 16.0 17.8 8.3 8.3
P2 576 Mixed Forest 16.9 18.6 8.3 8.2
P3 514 Cropland/Vegetation 18.1 18.3 9.0 8.4
P4 414 Croplands 19.0 19.9 8.7 8.2
P5 804 Mixed Forest 16.9 17.6 8.3 7.5
P6 379 Mixed Forest 16.2 18.2 9.4 9.4
P7 389 Urban and built-up 19.7 19.4 9.8 8.7
P8 428 Croplands 18.3 18.2 9.7 8.5

and coefficent of correlation values. Replacing the slope and intercept values in
table 7.2 into Eq. 7.2 gives us the regression equation for each land cover class
and represents the average of all combinations within one land cover class. These
equations are accepted as generalized relation between air temperature and LST.
This was then used to estimate air temperature from MODIS LST for different
years and for whole Switzerland. The figure 7.13 shows the air temperature map for
whole Switzerland computed using the MODIS LST data and generalized regression
equations for each land class. The figure 7.14 shows the interpolated air temperature
for the same day (August 24, 2001) obtained from WSL. Finally, Figure 7.15 shows
the MODIS LST map for the same day (August 24, 2001).

The black colors in the figures 7.13 and 7.15 indicate cloud covered pixels.
The figures show a clear difference of MODIS LST data and estimated air tempera-
ture according to generalized regression equations. The estimated air temperature
is visually similar to interpolated air temperature. The MODIS LST gives warmer
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Figure 7.12: Regression lines for 8 test sites near Zuerich station for the year 2001

temperature for high elevations, but the interpolated air temperature shows conti-
nuing temperature decrease as elevation increases. The maps can also be compared
using figure 7.11 where the elevation map is illustrated. This figure shows the high
elevation in southern part of Switzerland where air temperature should also be col-
der than in lower elevations. The MODIS LST map shows warmer land surface
temperature in these regions when comparing to interpolated air temperature and
this is corrected in the estimated temperature distribution map according to linear
regression equations.

Another important piece of information that can be extracted from the MODIS
LST data is the variation of temperature in spatial extent. Since this dataset depends
on emissivity of each surface cover on the earth, this gives true reflection from the
surface cover. For example, in any figures of MODIS LST shown in this study,
it is possible to differentiate the temperature difference between water surface or
populated areas. The land cover map in figure 4.5 shows the populated areas or water
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Table 7.2: Linear regression parameters for Switzerland

Class Description Slope
(m)

Intercept
(b)

Coeff.
Of Corr.
R

Nr. re-
gressions

0 Water 1.03 2.85 0.86 1308
1 Evergreen needleleaf forest 0.76 4.08 0.90 2652
2 Evergreen broadleaf forest 0.88 2.94 0.94 696
3 Deciduous needleleaf forest 0.86 3.08 0.92 29
4 Deciduous broadleaf forest 0.89 2.78 0.94 860
5 Mixed forests 0.84 3.23 0.93 9448
6 Closed shrublands 0.86 3.46 0.94 54
7 Open shrublands 0.59 4.12 0.83 6170
8 Woody savannas 0.80 3.60 0.91 1209
9 Savannas 0.84 3.19 0.93 286
10 Grasslands 0.61 3.93 0.81 2672
11 Permanent wetlands 0.93 3.10 0.94 51
12 Croplands 0.83 3.02 0.93 3905
13 Urban and built-up 0.81 2.97 0.93 1172
14 Cropland/Natural vegetation 0.87 2.77 0.93 3496
15 Permanent snow and ice 0.70 4.61 0.53 393
16 Barren or sparsely vegetated 0.56 3.92 0.74 487

surfaces. The water surfaces of Lake Geneva, Lake Zuerich or Lake Constance can
be distinguished from these maps. Water surfaces have colder surface temperatures
and populated areas have warmer surface temperatures. The differences of such
surface covers are better shown in figure 7.3. The location of populated areas can be
approximated from meteorological station points which are usually located close to
the cities. From the other point it is difficult to involve such spatial characteristics
in interpolation methods. The images with an interpolated air temperature map
do not contain these spatial temperature variations. The map with an estimated
air temperature from MODIS LST according to linear regressions does not contain
such changes as well since the relationships are obtained using the interpolated air
temperature data. Using a long-time series of observed air temperature dataset for
obtain the relationship (slope and intercept values) between air temperature and
LST should give better results, but for this, large number of meterological stations
and possibly at equally different land cover classes is required.

As a next step to validate the methodology, regression equations were used
to estimated air temperature for the locations of individual stations in Switzerland.
These were then compared against observed air temperature from available stations.
In figure 7.13, the estimated air temperature was compared for the whole spatial
extent of Switzerland and gave a positive result. Figure 7.16 illustrates a comparison
of estimated air temperature against observed air temperature. Comparisons from
each year are illustrated the figure.

In figure 7.16, the plots on the left side represent the estimated air tempe-
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Figure 7.13: Estimated air temperature from MODIS LST product over Switzerland for
August 24, 2001

Figure 7.14: Interpolated air temperature over Switzerland for August 24, 2001

rature against observed air temperature and the plots on the right side represent
the MODIS LST against observed air temperature. The comparisons show general
improvements after applying generalizied regression equations for each land class.
Some of the sudden temperature changes in the figure could be due to the cloud
covered days where no information is available. The comparisons are done for each
station over the years from 2001 to 2004. The air temperature at the Sion station
was estimated relatively well where there is little bias compared to the MODIS LST
data. The land surface temperature was higher in summer months and colder in win-
ter months. The comparison of air temperature and the air temperature estimation
from regression equations gave good results. There was a large bias in the beginning
of January for this station between LST and air temperature and for this reason, the
air temperature estimation in this period was not as good. The LST is defined as
very low although the air temperature is greater than the freezing point. The Zuerich
station had a similar air temperature as land surface temperature in this location.
This area was covered by mixed forests according to the MODIS land cover pro-
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Figure 7.15: MODIS LST over Switzerland for August 24, 2001

duct. The coefficient of correlation between the observed air temperature and LST
at Zuerich station was 0.93 and cumulative distribution in figure 7.8 showed positive
results. After application of the regression equation to estimate air temperature from
LST, the results showed little to no improvement. There is a positive change in the
comparisons, especially in the beginning and the middle of the year. The correlations
stayed unchanged with the value of 0.94. The Saentis station gave the worst results
among the other stations in the estimation of air temperature using MODIS LST
and in the generalized regression equations. There is an improvement in general but
the air temperature for winter months is overestimated. There were also negative
changes in the figure espesially in winter months. Clear positive changes are visible in
summer months. The area of this station is classified as open shrublands by MODIS.
The elevation is about 2068 m.a.s.l and correspondingly the temperature is lower. In
order to find the reasons for such result at Saentis station, the observed station data
was compared against interpolated data. This was done also for the other stations
in Switzerland. The comparisons showed that there is bias for the Saentis station in
the interpolated air temperature data obtained from WSL. It is most likely that the
data from this station was not used in the interpolation procedures by WSL. Figure
7.17 shows the comparison of interpolated air temperature from WSL and observed
temperature from the Zuerich, Geneva and Saentis stations for the year 2001.

The year of 2001 was used to obtain regression parameters using land cover data
from MODIS. The validation analysis of interpolated air temperature shows the bias
in the Saentis station, and the results of air termperature estimation from MODIS
LST showed worst result at this station which was covered by open shrublands. It
is visible from figure 7.17 that most likely the air temperature from the Zuerich and
Geneva stations is used for interpolation procedure from WSL.

In order to check the methodology to estimate air temperature from LST at
the other regions, the equations with slope and intercept values obtained from Swit-
zerland were applied to estimate air temperature in the Naryn Basin in Central Asia.
As it was already mentioned in chapter 4.3, there are very few stations available for
recording meteorological parameters in Central Asia. Station records are also mostly
only available until 1991 when the central Asian states declared independence from
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theformer Soviet Union. Unfortunately, the MODIS observations begin in 2000 where
most of the stations in Central Asia were not in operation anymore or the data trans-
fer system and the archiving structure was changed. Meanwhile, there are several
stations in operation in Central Asia but the data from all these stations was not
available for this research. There were only two stations where the data availability
lasted beyond 2000. These are the Naryn station at about 2000 m.a.s.l and located
approximately in the middle of Naryn Basin, and the Tian-Shan station at about
3639 m.a.s.l and located in the eastern part of Naryn Basin. The distributed daily
air temperature for the complete years of 2007 and 2008 was estimated based on
MODIS LST and regression equations obtained in Switzerland. The spatial resolu-
tion of estimated temperature is the same as MODIS LST (1-km). There are in total
964 columns and 366 rows that make up 352824 raster matrix for the whole Naryn
Basin. The MODIS land cover map with 500 meter resolution was aggregated into
1-km resolution to use in the estimation procedure of air temperature from MODIS
LST. As it was already mentioned in chapter 4.3, the main land cover class in Naryn
Basin is grassland (49 %), following by open shrublands (32 %), barren or sparsely
vegetated land (7 %), and croplands (5.2 %). Figure 7.18 shows the result of air
temperature estimation from MODIS LST for the Naryn Basin for the years of 2007
and 2008.

In figure 7.18, the left side shows the MODIS LST compared against observed
air temperature for the years 2007 and 2008 for the Naryn station. The right side of
the figure shows the comparison of estimated air temperature against observed air
temperature. As it is shown, the estimation of air temperature using the generalized
regression equation gave good results. Most of the area of Naryn Basin is covered by
grasslands and the location of the Naryn meteorological station is also in a grassland
area. The slope and intercept parameters for the linear regression equation are
adapted from the Switzerland area and applied to the Naryn Basin. For the land
cover class of “grasslands” the parameters were 0.61 (slope) and 3.93 (intercept).
The emperical linear equation for this land cover class would be:

y = 0.61x+ 3.93 (7.2)

where x-MODIS LST and y-estimated air temperature.

The estimated air temperature from MODIS LST is acceptable for the Naryn
Basin. As it was mentioned earlier as well, the main land cover type in the Naryn
Basin is grasslands, which covers almost half of the basin. Unfortunately, there was
no other station data available for the years when MODIS data was available. Since
the adapted linear regression equation from Switzerland area gave good results in the
Naryn Basin, this potentially will give acceptable results in other grassland covered
regions. This validation task is the future outlook for this study. Such dataset will
be very useful for environmental studies where distributed air temperature can be
obtained from remote sensing information.

In addition to the Naryn Basin, the estimated air temperature from MODIS
LST was also compared against insitu data at Tyan-Shan meterological station.
Contrary to the Naryn station, this station did not give good results. Figure 7.19
illustrates the results of the estimated and observed air temperature comparisons
for the Tian-Shan Basin. Also, the comparison of MODIS LST against observed air

77



CHAPTER 7. PROCESSING OF MODIS LST PRODUCT

temperature is included in the figure.
The elevation of the Tian-Shan station is very high (3639 m.a.s.l). Accordingly,

the air temperature is very cold and almost negative over the whole year. Surpri-
singly, MODIS LST is estimated very high compared to observed air temperature.
Since the observation data from the station does not show periodic systematic er-
ror, it is assumed that the MODIS LST data is overestimated in this region. The
Tian-Shan station is covered by open shrublands land cover classification and the
slope and intercept values adapted from Switzerland are 0.59 and 4.12, respectively.
It is most probable that this area is covered by snow for a longer period of the year.
There was a slight improvement after applying the regression method, but the result
is not acceptable. However, it is reported from the authors of the algorithm that to
retrieve LST from remote sensing information, the LST estimations are most accu-
rate for “water”, “crop”, and “grassland” surfaces cited by Mostovoy et al. (2006)
They also report that overestimations are observed in arid and semi-arid areas. It
is possible that these overestimations apply to the area of Tian-Shan. Form the
accuracy point of view, the estimation of air temperature from MODIS LST in the
Tian-Shan station is the repeating failure for “open shrublands” land cover class.
The Saentis station in Switzerland was also covered by open shrublands and gave
the worst result in Switzerland among other stations. It is most probable that the
empirical equation for open shrublands does not represent the correct relationship
between LST and air temperature. It is also possible that MODIS LST values are
disturbed at higher elevation zones and do not represent the real conditions. The
land cover class of “open shrublands” is found mostly at higher elevations where the
temperature is colder than lower elevations. The results show that there is a need for
further research in finding out empirical dependence between air tempreature and
LST for “open shrublands”. For this purpose, more observed temperature data from
open shrublands will be nesseccery.

In general, the comparisons showed acceptable results in both study areas,
Switzerland and Naryn, except for the land class “open shrublands”. The obtained
regression parameter in Switzerland was applied in the Naryn Basin, and positive re-
sults for land cover class of “grasslands” was achieved. The Tian-Shan station, which
is located at very high elevation and was covered by open shrublands gave poor re-
sults. In general, it can be concluded that the air temperature can be estimated using
the LST information, but the relationships need to be validated before application.
The distributed air temperature data estimated from MODIS LST can be very useful
in many data scarce regions. The linear regression equation for the land class “gras-
slands´´ was proved for its robustness where this was transferred from Switzerland
to Central Asia with promising results. More data availability in the Central Asian
region for the time when MODIS LST is available would make it possible to validate
other regression parameters. Unfortunately, there was no other data available for
validation purposes from the region. Validation studies of the regression equation of
“grasslands” in other regions is an outlook for this study. Additionally to the
regression analysis mentioned earlier, some other detailed studies were carried out.
These were the regression analysis for each month, for each season, and according
to different elevation zones. The dependences were not acceptable and they are not
included in the report. The best dependance can be achieved by comparing LST and
air temperature for a certain location over a complete time period.
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7.2 Cloud removal from MODIS LST product

As already mentioned MODIS LST product also contains cloud covered pixels
where no information about earth skin temperature is defined. In this chapter, the
methodology will be introduced which was used to remove clouds from LST product.
The methodology is based on spatial information and the temperature lapse rate.
There are many glacier or snow melt driven rivers in the world where the amount of
melt is dependent mostly on available energy, the air temperature. So, it is important
to estimate air temperature, if the measurements are impossible, to run scientific or
operational models. Moreover, spatially distributed, a continuous time series of air
temperature is required for many forecasting models. It is possible to obtain such a
distributed information from MODIS but this can only be done for cloud free regions.
CLouds introduce gaps for data time series which is a limitation for application of
MODIS LST directly in environmental models. With the mothodology applied in
this section, we hope that this limitation will be solved.

The lapse rate varies from region to region and also from season to season.
This may vary from 0.98

◦
celsius per 100 meter for dry adiabatic lapse rate to -0.4

◦

celsius per 100 meter for saturated adiabatic lapse rate (Dodson and Marks (1997)).
However, these values are a rough general estimation for lapse rate. A comprehensive
study carried out by Rolland (2002) to estimate lapse rate in Alpine regions reported
the yearly lapse rates ranging from -0.54

◦
to -0.58

◦
celsius per 100 meter in this

region. They also obtained differnt lapse rate values for summer and winter months.
The lapse rates in winter are lower than lapse rates in summer.

In this section, the spatial information and the lapse rate method is used in
order to overcome the cloud problems. However, the lapse rate method was used
as the last step among three steps since this method removes all clouds and the
accuracy is less than the first two methods that are based on spatial information.
Each step eventually removes some portion of cloud and the resulting cloud reduced
map is used as an input for the next step. After step 3, cloud free LST maps are
obtained. The estimated air temperature maps from MODIS LST in the previous
chapter, MODIS land cover maps, and SRTM elevation maps were used as an input
to carry out cloud removal. The MODIS land cover maps and the elevation map are
aggregated to meet the extent and the resolution of estimated air temperature from
MODIS LST. The area of Switzerland was chosen as a test area to accomplish this
task. The goal was to obtain daily temperature map for all days and for the whole
of Switzerland with 1-km spatial resolution.

The first step is based on neighboring information. The eight direct neighboring
pixels are checked for their value from three maps; the estimated air temperature
map, the land cover map and the elevation map. If any of these pixels is cloud free
and the land coverage of this pixel is the same as the land coverage of the pixel
being analysed (cloud covered pixel), then the temperature of the cloud free pixel
is defined to be the same with the analysed (cloud covered) pixel. Since the land
surface temperature from MODIS is based on emissivity and the similar surface cover
should have similar emissivity properties, it was acceptable to choose this criteria.
If there is more than one pixel that is cloud free and has the same land cover type
among eight neighboring pixels, then the elevation of those cloud free and similar
land cover pixels are checked. The elevation difference between these pixels and the
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analysed (cloud covered) pixel is computed. As the criteria to choose among them,
the minimum elevation difference is taken. The pixel temperature value with the
same land coverage and minimum elevation difference to the analysed pixel is taken
as a temperature value for the cloud covered pixel. The minimum elevation difference
gives the closest temperature (if not the same) since the temperature is an elevation-
dependent parameter. This criteria was applied for all estimated air temperature ps
for the year 2001. The formula in Eq. 7.3 describes the methodology applied in this
step.

Tj,i = Tj+k,i+kif

{
Landj+k,i+k = Landj,i

∆Hj+k,i+k = MIN(Hj,i −Hj+k,i+k)

}
k ∈ (−1, 1) (7.3)

where T is the air temperature, H is the elevation, j and i are vertical and hori-
zontal indexes of each pixel, respectively.

The second step is similar to the first step. Only the extent of neighboring pixels
is extended by one more pixel backwards and forwards. The second order neighboring
pixels are checked for their values in temperature, land cover and elevation maps. If
any one of them is cloud free then the land coverages are checked. If there are more
than one pixels having the same land cover type and are cloud free, the elevation
differences to cloud covered pixel are compared. The temperature value with the
same land cover as cloud covered pixel and the minimum elevation difference between
pixels with the same criteria for land coverage is assigned as temperature value for
the cloud covered pixel. There are in total 24 pixels to be analysed for each cloud
covered pixel. This analysis was carried out in two steps to increase the probability
that two pixels with cloud cover will be estimated in two steps. If there are pixels
that meet the criteria in Eq. 7.3, then one pixel is estimated. The second step with
two pixels backward and forward estimates another pixel if there are pixels that meet
the criteria. The equaton for step two would be as shown in Eq. 7.4.

Tj,i = Tj+k,i+kif

{
Landj+k,i+k = Landj,i

∆Hj+k,i+k = MIN(Hj,i −Hj+k,i+k)

}
k ∈ (−2, 2) (7.4)

The third step to remove clouds from temperature data was to use the lapse
rate method. The lapse rate was estimated using the available station data at dif-
ferent elevations. In order to find the most representative lapse rates with seasonal
variability, the long-term monthly mean lapse rates are computed. This is done by
taking all available daily time series and calculating the daily lapse rate from that.
Afterwards, these daily lapse rates for all years are averaged for each month. Some
stations provide data from 1901 to 2008 and all time series are used to apply as
much data as possible for estimation. The results of the lapse rate estimation for
Switzerland is shown in figure 7.20 and table 7.3.

The results showed varying lapse rates for each month. These results are
also close to the results obtained by Rolland (2002) where data from more than 400
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Table 7.3: Monthly mean lapse rates for Switzerland

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

4.42 5.76 7.44 8.29 8.32 8.09 7.85 7.50 6.89 5.89 5.02 4.15

stations is used to obtain lapse rate variations in the Alpine regions. The monthly
lapse rate values in table 7.3 were used to estimate temperature values using the lapse
rate method. As a reference temperature and reference elevation, one of the cloud
free pixel information on that day was chosen. Figure 7.21 illustrates the estimated
air temperature map with cloud removal progress and comparison with interpolated
air temperature data. The temperature map is from January 27, 2001.

The black colors in the figure indicates clouds. The MODIS on Terra captured
65 % cloud cover on January 27, 2001. After applying step 1 which is based on neigh-
boring pixels 9 % cloud was removed and after applying step 2 which is also based
on neighboring pixels at second order, 22 % cloud was removed from temperature
map. To mention again, the estimated air temperature data from LST using the
linear regression method was used here for cloud removal. It is visible from figure
that the methodology works well both in lowland and highlands. The colder tempe-
rature at higher elevations and warmer temperature at lower elevations show good
estimations. Step 2, which considers more pixels for cloud removal analysis removed
more clouds than step 1. Also in step 2 the estimations are accurate. The results
of step 2 with reduced cloud amount is applied in step 3 where monthly lapse rates
are used to estimate air temperature for cloud covered pixels. The comparison of
interpolated air temperature obtained from WSL (figure 7.21e) with the estimated
and cloud removed temperature map (figure 7.21d) illustrates good results where the
spatial temperature variations are similar. The south-eastern part of Switzerland was
mostly covered by cloud on that day (figure 7.21a) and the air temperature from this
region was also estimated relatively well in the methodology. Figure 7.21e also shows
the elevation effect more clearly than the results of cloud removal methodology. This
is the main difference in comparisons. However, the effect of elevation is not strongly
visible in the previous figures (7.21 a to c) which is the result of the linear regression
LST - air temperature estimation model carried out in previous chapter.

In order to see the spatial error distribution, figure 7.22 was plotted where
the error (temperature difference between estimated and cloud removal temperature
maps) for January 27, 2001 is illustrated.

The distribution of error shows accetable bias in general for the whole of Swit-
zerland for the type of information being analysed. The error is mostly in the range
of 0

◦
to 4

◦
C. This is most likely due to step 3 in the cloud removal methodology

where air temperature for cloud covered pixels is estimated using the lapse rate me-
thod. Figure 7.23 shows the absolute error distribution for January 27, 2001. This
histrogram shows the accuracy of this methodolgy to estimate air temperature from
land surface temperature.

A comparison of spatial error distribution in figure 7.22 shows that the main
errors are from valley zones. Usually, valley zones are difficult in interpolation of
environmental parameters since many additional factors such as slope, sunshine du-
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ration, wind speed, or shaded areas may affect the estimations. However, the study
to obtain distributed air temperature in this chapter demonstrates the possibility
of obtaining air temperature information from remote sensing, although with bias
(compared to interpolation data). Such information could be very useful in many
environmental studies such as hydrological studies, glacier mass balance studies, or
climate change analysis. Another possibility to improve the quality of air tempera-
ture that can be obtained from MODIS LST could be to combine Terra and Aqua
LST products to achieve maximum cloud free extent. This method is explained in
chapter 6 as a first step to remove cloud covered pixels from the snow cover pro-
duct. As mentioned earlier, the time shift between Terra and Aqua data collection
is only few hours and since this is in the morning and in the afternoon, one could
assume both temperatures to be acceptably similar (if not the same) to each other.
The land surface temperature values from Terra and Aqua satellites are illustrated
in figure 7.1. There are little differences due to this time shift, but this is in the
range of acceptable accuracy for several environmental studies, especially in high
mountainous areas where almost no information is available. This step of combining
Terra and Aqua images is not included in this study due to different time spans for
available temperature data in this study. The MODIS LST data from the Terra sa-
tellite is available from the beginning of 2000 and the MODIS LST data from Aqua
is available from mid 2002 and the interpolated air temperature data was available
only for the years 2001 and 2002. There was no complete annual data from these
three datasets and this is why this step could not be included. However, we believe
that inclusion of Terra and Aqua LST combination will contribute to the improve-
ment of air temperature quality since this will be based on observations with little
time difference on the same day. Estimation of maximum possible air temperature
for cloud covered pixels until step 3, which is based on the lapse rate method will
improve the general accuracy of the cloud removal methodology.
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Figure 7.16: Comparison of estimated air temperature from MODIS LST (left) and original
MODIS LST (right) against observed air temperature for different stations and
different years
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Figure 7.17: Comparison of interpolated temperature against station data for different sta-
tions
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Figure 7.18: Comparison of estimated air temperature and MODIS LST against observed
air temperature at Naryn station for ”grassland” landuse type
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Figure 7.19: Comparison of estimated air temperature and MODIS LST against observed
air temperature for Tian-Shan station
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Figure 7.20: Estimated monthly lapse rates for Switzerland
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a

b

c

d

e

Figure 7.21: Estimated temperature data with cloud removal progress after each step for
27 January 2001. (a) original estimated air temperature from MODIS LST,
(b) after applying step 1, (c) after applying step 2, (d) after applying step 3
and (e) interpolated air temperature from WSL. (black color indicates clouds)
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Figure 7.22: Spatial error distribution of interpolated and cloud removed estimated air
temperature for January 27, 2001
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Figure 7.23: Error distribution of interpolated and clod removed estimated air temperature
for January 27, 2001
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8 Application of MODIS Product

In this chapter, the MODIS products described and processed in previous chap-
ters are used for water balance estimation purposes. The study area of the Naryn
basin was chosen for this purpose where water balance studies are very important
and are highly dependent on data availability. Using the MODIS snow cover pro-
ducts that are processed in chapter 6, the snow related information is computed.
Such information is very important for water resources planning issues or for climate
change studies in this region. Daily snow cover deliniations are obtained using the
MODSNOW algorithm for the Naryn basin using MODIS snow cover products. In
addition to snow cover information, temperature data is regionalized using the lapse
rate method. These two parameters are the most important parameters for modeling
water balances in this region. The basin is dominated by snow and glacier melt do-
minated basin which requires information about snow/glacer extent and temperature
data to estimate the rate and amount of melt. This study considers only snow extent,
although the glacier extent is also an important factor in the central Asian hydrologi-
cal cycle. However, glacierized areas are partly obtained as permanent snow covered
regions. Several snow and temperature related parameters are obtained which are
important in hydrological modeling.

8.1 Daily snow cover delineation

MODIS snow cover data for the Naryn Basin is available from February 2000 until
present. These publicly available data can be downloaded usually after two days of
data collections and it is free of charge. The information about snow dynamics over
a season or glacier extent are key parameters which to drive water balance models
in Naryn Basin. The processed (cloud free) snow cover data which is explained
in chapter 5.3.1 is used to extract information such as snow cover extent and its
dynamics in temporal and spatial extent. As it was also done for the Kokcha Basin,
snow cover maps for each day from 2003 until mid 2008 are prepared. The starting
year of 2003 was chosen in order to cover both Terra and Aqua snow cover products
since the first step of MODSNOW algorithm is based on the combination of those
two datasets. Figure 8.1 illustrates the snow cover maps prepared for the Naryn
Basin for several days of the year 2006.

In some of these snow cover maps in figure 8.1, the two water bodies are
classified as snow. This is due to the cloud covered pixels which are classified as
snow from MODSNOW algorithm. In the updated version of MODSNOW algorithm,
water bodies are predifined so that it does not come to misclassifications over water
bodies. Figure 8.1 shows the decreasing rate of snow cover extent towards
summer season. The Naryn Basin was covered by 97 % snow cover on March 6. This
shows that the melting process is not taking place yet and snow accumulation still
lasts beyond this date. It is also visible from the figure that the melting process
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March 6

March 29

April 16

May 1

June 8

Figure 8.1: Snow cover maps for Naryn basin in 2006

started in the month of March for the year 2003. This is illustrated by the snow
cover map on March 29. Approximately 80 % area of the basin was covered by snow
on this day and about 17 % snow cover was melted out in 23 days from March 6 to
March 29. The snow cover maps on April 16 and May 1 show thatthe main snow
cover extent was melted in the month of April. The snow extent for April 16 and
May 1 were 56 % and 37 %, respectively. Only high elevation zones are snow covered
in the month of May. These zones melt later due to lower temperatures. The snow
cover map for June 8 shows that a minimal amount of snow was melted since May 1.
The snow covered area on June 8 was 14 %. Some of these areas may be glacierized
areas which can not be accurately delineated by MODIS. However, the permanent
snow covered areas can be observed by MODIS. These areas which do not melt even
in summer, are potentially glacier covered areas. The information such as illustrated
in figure 8.1 can be very helpful in forecasting water resources for summer season in
the region.
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8.1. DAILY SNOW COVER DELINEATION

Using MODSNOW, the daily cloud free snow cover product from MODIS can
be prepared for any region worldwide. This leads to possibility of assessing the snow
cover fraction and its dynamics over a year. Such information is prepared for the
Naryn Basin where the snow cover extent is computed for each day from 2003 to the
mid of 2008. Figure 8.2 shows the temporal snow cover dynamics for these years.
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Figure 8.2: Snow cover dynamics in Naryn basin from 2003 to mid 20088

There are gaps in figure 8.2 where the snow cover product from MODIS was
not available through National Snow and Ice Data Center (NSIDC). These gaps are
very few and are visible in the figure as breaks in the line. Figure 8.2 illustrates
that the snow cover extent dymanimics were different in different years. Also, the
snow melt period can be clearly observed from this figure. In some years, the snow
melt starts earlier or the accumulation starts earlier than other years and vise versa.
One example that can be observed in figure 8.2 is the abnormal snowfall in the
year of 2007. The figure shows that the first part of 2007 was very different than
usual snow coverage in this period for this region. Lower than normal snowfall and
sudden changes in snow cover, likely due to sudden snow falls or snow melts, are
observed between January and May. Such events is possible and are dependent on
weather conditions. The snow cover information from MODIS is a binary information
delivering a binary decision whether the pixel is covered by snow or not. MODIS
does not detect the height of the snow. For this reason, it is possible that MODIS
identifies the land as snow even if there is little snow which may be enough to change
the reflectivity property of the surface. For example, there can be 1 cm of snow
height which will be enough to cover top surface of the earth. In such cases, MODIS
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detects it as snow irregardless of the depth and does not deliver height information.
Contrarily, if the temperature after the sudden snow fall is above the freezing point,
this amount of snow can easily melt within a short period. Additionally, the soil
temperature plays an important role on snow melt on such days. The temperature
in the soil does not reach freezing point in a short period like the air temperature
if the previous days were considerably warmer. Due to this eventuality, the snow
over the surface may melt faster than if the soil temperature is already below the
freezing point. The snow cover fraction time series in figure 8.2 includes snow melt
dynamics of this type, mostly for the year 2007. Generally, 2007 was one of the years
with very little snowfall campared to other years. Other than 2007, the snowmelt
occurs in similar time period over the years shown. Only the year 2003 had a little
time shift towards summer in melting period. The figure also shows that the available
snow in the Naryn basin is melted out in the month of July. Maximum discharges are
observed in the months of June and July. In figure 8.1 snow maps for different days of
2006 were illustrated and the snow cover map for June 8 had a snow fraction of 14 %.
The high discharge values in June and July are partly due to retention carachteristics
of the basin and the input from glacier melt. Groundwater storage and depletion
may also play an important role on high discharge values in the months of June and
July. The summer months are almost snow free except some snow fall events at high
elevations which typically melt rapidly. Snow accumulation generally starts at the
end of September and the beginning of October. However, these months also have
hot and cold days which influence the short snow melt events. Such information
plotted in figure 8.2 can be well used in many sectors of environmental studies. For
example, the actual snow cover extent information can be useful to operate reservoir
and hydropower plants. In the Naryn Basin, the filling of Toktogul reservoir in
the summer months is a key issue to supply the population with energy throughout
the winter months. For this purpose the information about available snow on the
mountains will help determine the operation schedule of the reservoir. Drought
years such as 2007 may be well planned using such information. In addition, since
the MODIS data can be obtained two days after the observation, the snow cover
estimation may be calculated during the spring to help enourmously with water
management plans for the rest of the year.

Another important piece of information that can be extracted from MODIS snow
cover product is the number of snow cover days for each pixel. The map of number
of days with snow cover for each pixel shows the period of snow covered regions over
the basin. Such a map may aid determining the contribution of subcatchments for
discharge generation. Figure 8.3 illustrates the number of snow covered days from
the year 2003 to 2007. The year 2008 was not considered since the data for whole
year was not available for this year in this study, but could be obtained through
NSIDC.

The maps between 2003 to 2006 are similar where the regions of snow covered
days are normal condition. The year 2007 was one of the years with less snow than
normal and this is also visible in figure 8.3. The maps also show the areas which are
continously detected as snow cover from MODIS. These areas are likely glacierized
areas. According to the maps, the year of 2003 was one of the snow rich years. This
is also confirmed in figure 8.2 where annual snow dynamics are illustrated. It is
also possible to extract snow cover information for a particular part of the basin to

92



8.2. TEMPERATURE REGIONALIZATION IN NARYN
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Figure 8.3: Number of snow covered days in Naryn basin from 2003 to 2007

observe the snow dynamics and its influence on discharge generation.

8.2 Temperature regionalization in Naryn

In order to carry out simple water balance estimations, the temperature data
were regionalized in the Naryn basin. The temperature data for the whole basin were
estimated using the simple lapse rate method. The regression equations obtained in
chapter 7 were not used since not all regression equations could be validated in Naryn.
Only the land cover class “grasslands” was validated accurately and the regression
equation for “open shrublands” in Tian-Shan station delivered higher errors. For
this reason, simple linear lapse rate methods were used to regionalize temperature
data from available stations. The lapse rate equation is given in eq. 8.1.
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γ = −dT
dz

(8.1)

where γ - lapse rate (◦C/km), T -temperature, z-elevation.

In order to obtain best local lapse rate, it is important to use as much available
station data as possible at different elevations and at different spatial extents. In
this study, four temperature data stations were used to estimate lapse rate for Naryn
Basin. These stations had more available data than other stations and included
Ketmen-Tube station located at 802 m.a.s.l, Naryn station located at the elevation
of 2019 m.a.s.l, Dolon station located at the elevation of 3039 and Tian-Shan station
located at the elevation of 3614 m.a.s.l. The geographic locations of these stations
are illustrated in figure 4.6 in chapter 4.3. The time series of available data for
Ketmen-Tube station is 1960-1974, for Naryn station is 1913-2008, for Dolon station
1973-1998 and for Tian-Shan station 1960-2009. The long term monthly lapse rate
estimations are done in the same way as in the Switzerland area described in chapter
7. For this purpose, all available time series are included for montly lapse rate
estimation, excluding gaps in all station data. The laspe rate is estimated five times
with the combination of four station data. Moreover, the elevation difference is taken
into accout. For stations at similar elevation level, no lapse rate was estimated since
the elevation difference plays an important role to find out representative lapse rates.
Figure 8.4 and table 8.1 illustrates obtained lapse rates for each month calculated
from three station data in Naryn Basin.
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Figure 8.4: Lapse rates for each month obtained from stations in Naryn Basin

Table 8.1: Monthly lapse rates for Naryn Basin (o C/km)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

3.02 2.81 4.81 7.26 7.39 7.88 7.82 8.09 8.04 7.44 5.71 4.31
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Certainly, the number of stations included in the graph may be less to obtain
the representive lapse rates for whole area. Increasing number of stations should
verify the representative values for lapse rate in this region. More station data is
required for this assessment. As shown in the figure, the lapse rate varies according
to month. Winter lapse rates are lower and summer lapse rates are higher as it
was also observed in the Switzerland area. Using the monthly mean lapse rates and
elevation map, the temperature map was developed for the whole Naryn Basin. The
station data from Naryn was used as a reference temperature value since this station
was most complete compared to other stations.

8.3 Evapotranspiration (ET)

Evapotaranspiration is one of the important factors in water balance modeling.
According to land surface property this parameter may play an important role in
estimating water balances. There are many methods available to estimate poten-
tial evapotranspiration. However, most of them require data inputs that are not
widely available. Some of the methods for estimation of potential evapotranspi-
ration are Penman (1948), Priestley-Taylor (1972), Penman-Monteith (Monteith,
1965), Hargreaves-Samani (1985) and others. Among the methods mentioned, the
Hargreaves-Samani method, developed at Utah State University was chosen for esti-
mation of evapotraspiration in this study. This method requires only minimum and
maximum temperature and solar radiation for the estimation of evapotranspiration.
The Hargreaves-Samani method was tested and compared with many other methods
including FAO Penman method and found to be one of the methods with acceptable
accuracy despite little data requirement. The Hargreaves-Samani method estimates
the potential evapotranspiration using air temperature and extraterrestrial radiation
using the eq. 8.2.

ET0 = ketRA
√
Tmax − Tmin · (Tmean + 17.8) (8.2)

where: ET0 - potential evapotranspiration [mm], ket-crop coefficient, RA-extraterrestrial
radiation [MJ m−2 day−1] which can be computed using the equation 8.3, Tmax, Tmin
and Tmean are maximum, minimum and mean air temperature, respectively.

RA =
24(60))

π
Gsgdr[ωssin(ϕ)sin(δ) + cos(δ)sin(ωs)] (8.3)

where RA-extraterrestrial radiation [MJ m−2 day−1], Gsg-solar constant (0.0820
MJ m−2 min−1), dr inverse relative distance Earth-Sun, ωs-sunset hour angle, ϕ-
latitude (rad), δ-solar declination.

The inverse relative distance Earth-Sun and δ are given by equations 8.4 and 8.5

dr = 1 + 0.033cos(
2π

365
J) (8.4)

δ = 0.409sin(
2π

365
J − 1.39) (8.5)

where J is the number of the days in the year between 1 (1st January) and 365 or
366 (31st December).
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The sunset hour angle, ωs is given in eq. 8.6.

ωs =
π

2
− arctan(

−tan(ϕ)tan(δ)

X−0.5
) (8.6)

where

X = 1− tan(ϕ)2tan(δ)2 (8.7)

and X=0.00001 if X≤ 0.

Using the equation for the Hargreaves and Samani method, the potential eva-
potranspiration is computed for the Naryn Basin. The minimum and maximum air
temperature data at the station Naryn was used to regionalize the data using the
lapse rate method. The extraterrestrial radiation can be obtained using the latitude
of location and the Julian day number. The figure 8.5 illustrates evapotranspiration
map computed for one day using the Hargreaves and Samani method.

Figure 8.5: Potential evapotranspiration estimated for Naryn Basin in mm’s (August 5,
2003I

This method of estimating potential evapotranspiration is a very simple me-
thod. It is temperature data, and the reliability of evoptranspiration in this case
debends on the reliability of temperature data. This computation demonstrates the
possibility of potential evapotranspiration computation under limited data conditi-
ons. However, the computation carried out above is not validated and carried out
only to demonstrate the possibility of potential evapotranspiration estimation in data
limited regions.

8.4 Water balances modeling in Naryn

In this chapter a simple methodology is applied to demonstrate the possibility
of water balance assessments using remote sensing information in data limited re-
gions such as the Naryn Basin. The inputs are processed snow cover product from
MODIS, air temperature regionalized using lapse rate methodology and the poten-
tial evapotranspiration estimated using the Hargreaves-Samani method. This task is
done to assess rough water balance dynamics in the Naryn Basin for different years.
No calibration or validation is carried out. A simple Snow Runoff Model (SRM) con-
cept developed by Martinec et al. (1983) is used that is primarily based on snowmelt
events. Constant parameters are used and no adjustments for these parameters are
carried out.
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The Snowmelt-Runoff Model (SRM) is designed to simulate and forecast daily
streamflow in mountain basins where snowmelt is a major runoff factor. The model
is tested in many basins worldwide with positive results. SRM can be used for the
simulation of daily flows in a snowmelt season, in a year, or in a sequence of years,
for the short term and seasonal runoff forecasts and also for potential climate change
analysis Martinec et al. (1983). The SRM is based on simple water balance equations
which can be used to compute daily discharges generated from mainly snow melt or
precipitation. The original modeling concept is shown in equation 8.8.

Qn+1 = [cSn · an(Tn + ∆Tn)Sn − cRnPn]
A · 10000

86400
(1− kn+1) +Qnkn+1 (8.8)

where:
Q-average daily discharge [m3 s−1], c-runoff coefficient expressing the losses as a

ration (runoff/precipitation), with cS referring to snowmelt and cr to rain, a- degree-
day factor [cm oC−1d−1] indicating the snowmelt depth resulting from 1 degree-day,
T -number of degree-days [oC d], ∆T - the adjustment by temperature lapse rate
when extrapolating the temperature from the station to the average hypsometric
elevation of the basin or zone [oC d], S-ratio of the snow covered area to the total
area, P -precipitation contributing to runoff [cm]. A preselected threshold tempe-
rature, TCRIT , determines whether this contribution is rainfall and immediate. If
precipitation is determined by TCRIT to be new snow, it is kept on storage over the
hitherto snow free area until melting conditions occur, A-area of the basin or zone
[km2], k-recession coefficient indicating the decline of discharge in a period without
snowmelt or rainfall. k can be calculated using the eq. 8.9.

k =
Qm+1

Qm
(8.9)

Where m, m + 1 are the sequence of days during a true recession flow period,
n-sequence of days during the discharge computation period. Equation 8.8 is written
for a time lag between the daily temperature cycle and the resulting discharge cycle
of 18 hours. In this case, the number of degree-days measured on the nth day
corresponds to the discharge on the n + 1 day. Various lag times can be introduced
by a subroutine. 10000

86400 - conversion from cm·km2d−1 to m3 s−1.
It is recommended to subdivide the catchment area into elevation zones if the

elevation of catchment area is considerably more than 500 m.a.s.l. This was done
for the case in the Naryn Basin. The modeling was carried out in upper part of
the Naryn Basin which has an area of about 10.500 km2. Figure 8.6 illustrates the
location of upper the Naryn Basin to the city of Naryn.

The upper Naryn Basin is naturally well conserved. The junction of two rivers,
Small Naryn and Big Naryn is about 100 km upstream from the city of Naryn, the
outlet of upper Naryn Basin as shown in figure 8.6. The elevation of Naryn city is
about 2019 m.a.s.l and the upper Naryn catchment is located above this elevation
and reaches almost 5000 m.a.s.l.

The catchment area was first subdivided into 500 meter of grid cells which is
the basic raster resolution for the MODIS snow cover product. The computations are
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Figure 8.6: Upper Naryn until Naryn city

done for each grid cell. Additionally, the catchment was subdivided into six elevation
zones each having 500 meter intervals. The SRM model is modified by reducing some
parameters for which no data were available for this basin. The modified version of
SRM for this study is shown in eq. 8.10.

Qn+1 = [an(Tn + ∆Tn)Sn − PET ] · A · 10000

86400
+Qn (8.10)

where

PET -potential evapotranspiration calculated from the Hargreaves-Samani
method [mm]

The input data for the modified version of SRM for the upper Naryn Basin are
snow cover maps obtained from MODIS and air temperature data estimated using the
lapse rate method. Since no rainfall data were available for this study, this parameter
was excluded from modeling concept. However, the rainfall is not a dominant factor
of discharge generation in summer months in this region. Main discharge components
are snow and glacier melt. In order to carry out computations, the parameters are
averaged for each each elevation band and the water balance is computed using the
averaged parameters. For each elevation band and for each day, the snow covered
areas, the average temperature and the average potential evapotranspiration are
computed. As mentioned above, this computations are carried out only to obtain the
dynamics of water balances temporally and also to demonstrate the role of snow cover
data for such modeling pruposes in mountainous areas. The threshold temperature
over which the snow starts to melt was set to be zero (0oC). No previous study
is known to the author where snow melt factors are assessed in central Asia. For
this reason, the degree day factor was obtained from the study carried out by Singh
et al. (2000) who carried out field experiments on specific dimensions of snow covered
areas in Himalayan mountains where the melt rate (degree day factor) was studied
thoroughly. They came up with the result of 5.7 mm oC−1d−1 for snowmelt rate.
It is assumed that the degree day factor in Tian-Shan mountain system where the
study area of this research is located is more or less similar and the degree day factor
from this region is used in this study.

The results obtained from this computation show useful information that can
be used in different sectors of water management issues. Figures 8.7 and 8.8 demon-
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strates computed daily snowmelt and temperature variations for 2006. The results
are given for each elevation band providing information on the contribution period
of elevation into discharge generation.
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Figure 8.7: Results of SRM for upper Naryn for 2006 (elevation zones 1-3)

As shown figures 8.7 and 8.8, different elevation bands contribute to river
discharge in different periods of the year. According to the results, the elevation
zone 1 contributes very little to discharge generation. Only very little melt at the
end of March is observed from the figure. Other elevation bands play more im-
portant roles in discharge generation. Most of the snow melt is observed from the
zones 4 and 5 which occurs mainly from the beginning of April to approximately the
middle of September. Elevation zone 6 contributes to discharge only in summer time
in the months of July and August when the temperature is above freezing point.
Additionally, the snow cover extent dynamics can also be observed from the figure.
This corresponds to the temperature dynamics. This shows that the interpolated
temperature using the lapse rate method and the snow cover data observed from
MODIS behave similarly. This indicates the reliability of snow cover data and the
interpolated temperature data since the natural behavior is well predicted. There
are some sudden temperature fluctuations which are followed by snow fall or snow
melt events. Towards the winter season, the temperature falls below the freezing
point and accumulation begins.

Figures 8.9 and 8.10 illustrate the SRM results for the year 2007 which was
abnormal for this region. There was less snow in this year than the other years.
Accordingly, the results show fewer snow melt events than compared to the year of
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Figure 8.8: Results of SRM for upper Naryn for 2006 (elevation zones 4-6)

2006. This is clearly visible from the zone 1 and zone 2 water balance computations.
Almost no snow melt was contributed to discharge from these two zones in this year.
Also the zone 3 contributed very little snow melt relative to the year 2006. As with
the year 2006, the zones 4 and 5, the are corresponding to the elevation from 3450
masl to 4450 masl, are main regions in the catchment where most of the water is
generated. Such information can be very useful to run hydrological models in the
region or can be useful for decision makers. Several water management plans can be
carried out using the remote sensing information.

Monthly discharge data for Naryn station was available for this study. This
station was used to delineate basin of upper Naryn using GIS software which is
plotted in figure 8.6. The monthly discharge data from this station for the years
2006 and 2007 were compared against snow cover extent variations of this area and
the results are shown in figures 8.11 and 8.12.

The comparisons demonstrated in figures 8.11 and 8.12 show that the dynamics
of snow cover extent and that of discharge correspond to each other at some places.
Also the water rich and water shortage years are confirmed to be similar from two
datasets. The year of 2006 was a normal year and the year 2007 abnormal with less
snow amount and correspondingly less discharge. In 2006, the single snowfall event
is observed in the middle of June. This event most probably occurs in mountainous
parts of the basin and the effect of this event is visible in the discharge. In normal
climatic conditions, the discharge in this time increases and in this case the amount
of discharge is less and this could be related to snow fall event in this time. This also
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Figure 8.9: Results of SRM for upper Naryn for 2007 (elevation zones 1-3)

indicates how dominant the snow melt in this basin is and the role of remote sensing
information to assess such information.

In the case of 2007 when less snow fall was observed from MODIS, the discharge
in the river is also less compared to a normal year. This can be clearly observed
by comparing peak discharges in summer months of June, July and August. The
discharge in June and July 2007 is similar to the year of 2006. However, the water
amount in the month of August is relatively less than in a normal year. This shows
that most of the available snow was melted by the month of July and then the
discharge decreases. In the case of 2006, peak discharge was observed in August but
in the case of 2007, this happens in the month of July. However, the effect of snow
fall event in the beginning of May in 2007 is not observed in discharge hydrograph
and this can be also due to the fact that this snow fall was of less intensity with little
contribution to discharge. Additionally, this can also be due to the fact that there
was very little snow melt after this snow fall compared to a normal year which was
compensated by this snowfall event in the figure. Without this event, the discharge
in the month of June could have been less and resulted in a different hydrograph
curve.

The figures mentioned above show useful information about snow melt dy-
namics in this region and they correspond with hydrograph curves. However, the
MODIS snow cover product is not validated in the Naryn Basin. For this reason,
some sudden fluctuations in snow cover fraction can not be evaluated. One such ex-
ample in figure 8.12 is the sudden snow cover extent reduction in the end of November
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Figure 8.10: Results of SRM for upper Naryn for 2007 (elevation zones 4-6)

and this effect is not observed in the December discharge.

Another important factor in snow runoff modeling is the snow depth informa-
tion. This is usually obtained from meteo stations or through field surveys where the
depth can be measured. However, regionalization of this parameter is difficult since
the snow depth is spatially sensitive and depends on many local parameters such as
slope, surface cover or shaded areas. The MODIS instrument does not detect the
snow depth but only snow cover extent with binary information. In this study the
idea was put into practice to compute snow depth out of binary snow cover infor-
mation. This was done using the backwards calculation methodology that is based
on degree day method of snowmelt computation. The concept is as follows; 1) to
check the time series information of each pixel for snow melt threshold day (change
of surface cover from snow to land), 2) to carry out snow water equivalent (in mm’s)
calculation backwards (towards snow rich season) using the degree day method. Two
parameters had to be obtained for this purpose. The first parameter is the threshold
temperature above which snow melt starts and the second parameter is the degree
day factor defined as depth of snow amount melted in a day for each temperature
exceedence over threshold value. The threshold temperature was set to be zero and
the degree day factor was set to 5.7 mm oC−1d−1 accroding to the study by Singh
et al. (2000). The result of snow depth estimation using MODIS binary information
is given in figure 8.13 for the years from 2003 to 2008.

The observed snow depth data from the Naryn meteorological station was
obtained from the WMO archive and is compared against the estimated snow depth.
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Figure 8.11: Comparison of snow cover extent dynamics with observed discharge for the
year 2006

The comparison illustrates that the timing of snow depth and the melting rate is
relatively well estimated. In the year of 2007, very little snow cover was observed
and this also shows that there was also almost no snow around Naryn station which is
located at about 2019 m.a.s.l. The snow depth estimation was carried out using the
constant parameters of threshold temperature and degree day factor. Adjustment
of these two parameters should help the estimation of snow depth. The snow depth
data can be used to calibrate hydrological models or to analyze potential climate
change effects on snow dynamics. The figure 8.13 shows the possibility of extracting
snow depth information from the binary MODIS snow cover product.
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Figure 8.12: Comparison of snow cover extent dynamics with observed discharge for the
year 2007
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Figure 8.13: Snow depth estimation from 2003 to 2008
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9 Conclusion

This chapter discusses the outcomes achieved through this research. The goal
of the research was to assess water balances in data limited regions such as Central
Asia using globally available data. It was intended to test remote sensing informa-
tion for this purpose that could serve as an alternative data source for water balance
modeling purposes. The study was carried out mostly in Central Asia. However, the
area of Switzerland was also used to analyse and validate remote sensing informa-
tion. The MODIS snow cover product and land surface temperature products were
analysed and processed in three study areas of this research. Sections below discuss
the achieved results.

9.1 MODIS snow cover product

The accuracy of MODIS snow cover product is tested by several authors listed
in chapter 5.3.1 with positive accuracies. The snow cover information from MODIS
is assumed to be one of the best information sources scientific community can have
at this time. Nevertheles, there are two limitations arising from MODIS snow cover
product, the limitation due to cloud cover during observation and the limitation due
to binary format information. The limitation due to cloud cover problem was solved
in this study by developing MODSNOW algorithm that removes cloud covered pixels
from snow cover maps.

The MODSNOW algorithm consists of six subsequent step where each step
removes eventually more and more clouds so that all clouds are removed after ap-
plication of all six steps. The methodology was applied for different cloudy days
varying from 99.4 % on April 17 to 21.7 % on August 11, 2003. The performance of
each step was different and depends on spatial and temporal cloud cover structure.
Among 6 steps, the step 2 was most effective removing about 28 % cloud cover follo-
wed by steps 3, 6, 1, 5 and 4 with the average cloud removal performances of 13.6 %,
13.4 %, 11.2 %, 3.4 % and 1.1 %, respectively. Cloud removal performance of step 1
(combination of Aqua and Terra information) depends on how dynamic is the cloud
cover on single day. The MODSNOW algorithm was validated using the original
least cloud covered snow cover data filled with cloud mask from other densely cloud
cover days. The most accurate step of MODSNOW is the step 1 which is based on
the combination of snow cover product from Terra and Aqua satellites that carry out
observations with a few hours of time shift on the same day. The least accurate step
was the step 6 which is based on time series information of each pixel. This step is
based on the single threshold day of snow melt and snow accumulation start which
are difficult to be estimated precisely. Temporary snow fall and snow melt events
are not taken into consideration for the definition of threshold days. It is possible
to define threshold temperature dates using more detailed processes including other
environmental parameters such as temperature, but this was not done in this study
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and is an outlook to this research. Most of the errors come from this definition in
step 6 and for this reason the step 6 was used as a last step. By this way, all pos-
sible cloud removals happen in previous steps with less error and remaining clouds
are removed then using step 6. Other steps showed very good accuracies having
the error usually less than 1 %. Additionally, individual steps were also validated
in order to see how each step can handle large portion of cloud cover for removal.
Also in this case, the step 6 was most inaccurate with the error of 13.9 % when
applying only two steps (1 and 6). Applying 6 steps sunsequently reduces the error
considerably. Nevertheles, it can be concluded that the MODSNOW algorithm is a
usefull tool to remove clouds and to create cloud free snow maps for any region to
use in environmental modeling purposes. This is especially very usefull in Central
Asian region where snowmelt plays as one of the dominant factors for the generation
of water. The algorithm can also be used in operational mode that can help on pre-
diction of possible water resources stored in mountains. For the operational purpose
the step 6 will be applied differently according to the time of application. It can be
that complete snow melt date or snow accumulation start date is not observed yet in
original snow maps and in this case these threshold dates can be treated as if they
are in future and the cloud covered pixels can be filled accordingly. We hope that
MODSNOW algorithm will help to create valuable snow information in many region
which will help to understand the mountain hydrology.

9.2 The MODIS LST product

The LST product is derived using the Generalized Split-Window methodology
and was validated by several authors with high accuracy that is explained in chapter
5.3.2. The limitations of this product for direct use in water balance modeling pur-
poses is; a) the cloud covered region which are defined as nodata (cloud) and b) that
it is a earth skin temperature whereas air temperature at 2 m is usually required
for hydrological modeling purposes. In this study, a linear regression analysis was
carried out that should describe the relationship between air temperature and LST
product. The relationship of air temperature and LST was not acceptable when
compared according to each land cover class using one day LST map. However, the
comparisons of LST with station data showed very good correlation and little bias in
some stations. This suggests possible relationship between LST and air temperature
for certain land cover types. As a next step, linear regression analysis between LST
and interpolated air temperature was carried out for a complete year and for whole
Switzerland region for each land cover class. In order to explain this relationship,
the intercept and slope parameters of linear regression model were estimated using
both datasets for individual land cover classes. These were then applied to estimate
air temperature from MDOIS LST. The results illustrated acceptable relationship
in most cases when compared against observed station data. However, some of the
relations obtained for some of the land cover classes were not accurate enough and
showed bias in air temperature estimation. The relationship for land cover class
“grasslands” gave relatively good accuracy among other land cover classes. This
relationship was also directly transferred to Naryn basin to estimate air tempera-
ture from MODIS LST and the comparison of results with observed air temperature
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demostrated the robustness of this regression equation, at least in Naryn basin. Con-
trary to that, the land cover class “open shrublands” did not give acceptable results
both in Switzerland and Naryn basin. This can also be due to the fact that the
interpolated air temperature data tested in Saentis station in Switzerland gave bias
and the relationship extraction was based on this dataset.

In order to overcome the limitation due to cloud cover in MODIS LST product,
simple methodology was applied that is based on neighboring information of cloud
covered pixels and the temperature lapse rate. The methodology was consisted of
three subsequent steps where some portion of cloud is removed from each step so
that all clouds are removed after applying all three steps. First two steps which are
based on similarity of neighboring pixel land cover classes and the elevation between
them, gives more accurate results than the thrid step which is based on constant
temperature lapse rate. In the third step, the accuracy depends on the goodness
of lapse rate that is variable spatially and temporally. The ideal procedure would
be to estimate local lapse rate for each day using available cloud free estimated
air temperature values around cloud covered pixel. However, this could also lead
to irrepresentative lapse rates locally due to LST variations spatially according to
surface cover. The estimation of air temperature is based on LST and consequently
inrealistic lapse rates may be obtained from this information. If the computation of
local lapse rate is desired, it is better to take statistical median values than statistical
mean. By this way, the outliers of lapse rates can be excluded in computation.
Nevertheles, a plausibility analysis of lapse rates estimated locally has to be checked
before applying it in air temperature estimation.

The analysis carried out in chapter 7 gives an indication that the air tempe-
rature could be obtained using remote sensing information. Under certain circum-
stances, this could even overcome the quality of interpolated air temperature using
observations since the data from remote sensing is based on true emmissivity of the
surface cover. However, more detailed validation study is required which considers
more station data for accuracy assessment. Unfortunately, this was not possible in
this study due to limited data availability. However, the regression parameters ob-
tained in this study for the land cover class of “grasslands” should be able to explain
relations between air temperature and LST also in other regions as it was successfully
tested in Naryn basin.

9.3 Application of MODIS products

The remote sensing information obtained from MODIS and processed in this
study was applied for Naryn Basin in cenral Asia to estiamte rough water balances.
The MODIS snow cover product was used to deliniate snow cover extent spatially and
temporally in Naryn and Kokcha Basins. The snow cover maps with daily temporal
resolution and 500 meter spatial resolution demonstrates the role of snow on discharge
generation which is an import living source for downstream population. Using this
information, available water resources can be forecasted for long and short term
periods. It is a very usefull information for several purposes such as hydrological
modeling experience or climate change analysis. Moreover, the snow cover extent
dynamics for each year shows the interannual variability which has an impact on
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discharge generation. Another information which is useful for many environmental
purposes is the number of snow cover days for each pixel that is derived using the
MODIS snow cover data. Also in this case, the variabilities are clearly visible and
show coincedence with the snow cover dynamics and discharge generation.

Mainly snow cover information and air temperature are required for snow
melt estimations in mountainous regions of Central Asia. The snow cover informa-
tion from MODIS is assumed to be accurate enough to use for modeling purposes.
However, the MODIS LST product was not validated accurately due to limited ob-
servation data conditions. The regression equations obtained for land cover classes
in Switzerland could not be accurately tested in Central Asian basins. Among all
regression equations, the land cover type “grasslands” demonstrated relatively well
results but the land cover type “open shrublands” showed bias which can not be
accepted for further use in modeling studies. The reasons for this error could not
be explained using the available information in this study. For this reason, lapse
rate method is used to interpolate air temperature using the local station data and
varying lapse rates seasonally. This was then used to demonstrate the possibility of
potential evapotranspiration (PET) estimation using the simple Hargreaves-Samani
method that requires minimum data availability. However, the PET maps were not
validated due to absence of evapotranspiration data. This estimation was done only
to demonstrate the possibility of PET estimation using simple methods with little
data input.

As a last section in this study, the simple water balance modeling was carried
out using the SRM model concept. The input for this modeling was the air tem-
perature and snow cover information. The modeling was done in a conceptual way
subdividing the catchment area of upper Naryn into elevation zones of 500 meters.
For each elevation zone the modified SRM was applied. The results obtained show
the contribution period of each elevation zone on dicharge generation. Additionally,
the volumetric contribution of each elevation can be evaluated. The comparison of
annual snow cover extent variations against monthly discharge for the years 2006 and
2007 demonstrated the dependence rate of discharge generation on available snow.
Finally, the snow depth analysis was carried out using the degree day method and
backwards calculation. The obtained results were compared against observed snow
depth data. The comparison showed that the melting trend and time was captured
relatively well but there were bias that did not match with observation. This should
be due to the fact that the degree day factor was not calibrated in this study but the
constant rates are used for whole region. However, we believe that the calibration
of snow and temperature related parameters will improve the obtained results in the
region.

9.4 Future Outlook

There are several points learned from this study. These are the future outlooks
to this study. Investigation of these points can help to better understand the water
cycle in Central Asia.

Application of snow cover maps in hydrological models is first outlook. This
should potentially improve the modeling experience where snow informaiton is an
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important factor for hydrological cycle. Using the high resolution snow maps from
MODIS, both temporally and spatially, snow related parameters can be well cali-
brated. Additionally, snow depth information for the past can be obtained once the
parameters are calibrated. Such informaton is very important for regional hydrome-
terological services in Central Asia where available snow in the mountain systems
to forecast water availability for summer season is very important information. The
information delivered by hydrometeorological services is usually interpreted for agri-
cultural planning purposes. Creating an internet portal where cloud free snow co-
ver maps could be uploaded would contribute enourmously for short and long term
discharge forecasting purposes. This can also serve as a key information for opera-
tional purposes such as hydropower plant operation or reservoir management issues.

The validation of air temperature estimation using the regression analysis is
the second outlook. In order to carry out this study, large amount of station data
is required which was not available in this study. The regression analysis using the
interpolated air temperature data showed the possibility of relating air temperature
against LST but this was not accurate for all land cover classes. The reason for this
could also be due to the interpolation accuracy of air temperature data. For this
reason it is advised to use observations for validating and improving linear regression
equations obtained in this study.

As a tool for watar balance estimation, simple SRM concept was applied. This
models fits well enough for the conditions in Central Asia, geographically and due
to data limitations. Snow cover maps obtained from remote sensing sources can be
well applied in this model. It was not possible to carry out modeling thoroughly
in this study using SRM due to data limitations and only snow and temperature
information was used to drive the model. However, we believe that this model can
be well applied if other input data is available and parameter calibrations are carried
out.
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