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Abstract

In mountainous watersheds snow melt can have a significant impact on the water balance and
at certain times of the year it could be the most important contribution to runoff. In many
parts of the world snow act as natural reservoirs that can play an important role for water
supply. Alas, despite its importance, many of snow driven basins suffer from a lack of
hydrological infrastructure and equipment so they cannot be described adequately in terms of
snow hydrological dynamics. Because of limited accessibility are the few observation stations
in such areas very rarely located in the higher elevations but are concentrated mostly in the
middle and low elevation resulting in an underrepresentation in data availability of the high
altitudes which are important for the process dynamics. Thus the modelling of snow
hydrological dynamics in mountainous regions such as the Latyan catchment is often difficult.
Reasons for this are in addition to the aforementioned data availability, topographic effects
and gradients that can make a spatial interpolation of the input data and the model states a

complicated task.

Especially in semi-arid regions, high-altitude headwater basins with a significant snow
component have a large potential by balancing and distributing scarce water resources.
Particular here, a quantitative assessment of the spatial distribution of snow cover and snow
processes are an important basis for a sound water management and for the hydrological
forecasting and risk prevention. Therefore, the water management in such regions could
benefit from reliable predictions of the hydrological dynamics derived from model based
studies. Suitable models should represent the physical basis and hydrological processes that

simulate the system’s response, fairly well.

In this study the spatially distributed process-oriented hydrological model J2000g was used
for the 700 km? large Latyan catchment in Iran. The target was to derive spatially distributed
estimates of the quantity and timing of hydrological balance terms and state variables like
rainfall, actual evapotranspiration (AET), runoff, snow water equivalent (SWE) and snow
melt. The model uses the distribution concept of Hydrological Response Units (HRU) to take
the spatial variability in the basin into account. The model simulates for each HRU and each
time step snow accumulation and snow melt, soil water content, the actual evapotranspiration,
groundwater recharge and runoff generation distributed into two components — direct runoff

and ground water runoff. The fact that J2000g cannot account for anthropogenetic influences
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and natural water losses as they occur in karsts regions made the selection of suitable sub-
basin for model calibration a difficult task. However, three sub-basins Roodak, Najarkola and
Naran could be identified which underground is characterized mainly by impervious bed rock
and which have only minimal anthropogenic influences. The sizes of the three sub-basins are
between 31 to 430 km?. For each of these sub-basins, the model parameters were calibrated
automatically by means of Monte-Carlo analysis and the Shuffled Complex Evolution (SCE-
UA) calibration procedure. The calibration was done by the comparison with measured runoff
values for the period from October 1990 to September 2001 in monthly time steps using the
Nash-Sutcliffe efficiency as the objective function. In addition, for each sub-basin the spatial
distribution of rainfall, runoff, actual evapotranspiration, snow melt and snow water

equivalent was analysed and compared with corresponding measurements.

The snow module of the J2000g model was developed and checked against measured values
of nine snow observation stations, which were located within the test basins. For each of the
observation stations the corresponding HRUs were extracted and separate models calibrated
were calibrated using the measured SWE. The model quality was quantified by using the
Nash-Sutcliffe efficiency (NSE) and the coefficient of determination (12) as objective
functions. The comparison with the calibrated catchment models showed that accumulation
and melting of the snowpack could be simulated reasonably well at all stations but the results

were less good than those of the separately calibrated catchment models.

The comparison of the separate SWE models resulted in values between 0.28 - 0.68 for NSE
and values between 0.53 - 0.83 for r2. For the catchment models the comparison of the
simulated runoff with measured data showed NSE values between 0.78 and 0.82. By these
values it can be stated that the hydrological dynamics and the snow processes of the three sub-
basins within the Latyan catchment could be simulated sufficiently well with J2000g. Finally,
a "global" parameter set for whole the Latyan catchment was generated by an area-weighted
mean of the parameters from the calibrated sub-basin models. With this parameter set Nash-

Sutcliffe efficiencies between 0.68 and 0.79 could be obtained for Latyan.
It can be summarized that the single modules and in particular the snow components of

J2000g along with the HRU distribution approach can be considered as suitable for the given

project objectives i.e. the assessment of the hydrological dynamics of the Latyan catchment.
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Hereby, the model can be used to elaborate important hydrological information for a

sustainable management of the water resources.
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Kurzfassung

In gebirgigen Einzugsgebieten kann die Schneeschmelze einen entscheidenden Einfluss auf
die Wasserbilanz haben und zu gewissen Zeiten im Jahr der wichtigste Beitrag zur
Abflussbildung sein. In vielen Teilen der Welt stellen Schneedecken natiirliche Speicher dar,
die eine wichtige Rolle fiir die Wasserversorgung einnehmen koénnen. Trotz ihrer groflen
Bedeutung leiden aber viele dieser schneebeeinflussten Einzugsgebiete an einer mangelhaften
hydrologischen  Infrastruktur und  Ausstattung wodurch sie  hinsichtlich  der
schneehydrologischen Dynamik nur unzureichend beschrieben werden konnen. Aus Griinden
der Erreichbarkeit sind die wenigen Beobachtungsstationen in solchen Gebieten nur sehr
selten in den hoheren Lagen lokalisiert sondern meist in den mittleren und geriengeren Hohen
konzentriert wodurch die fiir die Dynamik wichtigen Hochlagen hinsichtlich der
Datenverfiigbarkeit unterrepridsentiert sind. Hierdurch ist die Modellierung der
schneehydrologischen Dynamik in gebirgigen Regionen wie dem Latyan Einzugsgebiet oft
schwierig. Griinde hierfiir sind neben der bereits angesprochenen Datenverfiigbarkeit auch
topographische Effekte und Gradienten, die eine rdumliche Interpolation der Eingangsdaten

und der Modellzustinde deutlich erschweren konnen.

Besonders in semi-ariden Regionen besitzen hoch gelegene Quelleinzugsgebiete mit einer
deutlich ausgepridgten Schneekomponente aufgrund ihres Potentials, als Ausgleich und
Verteiler von knappen Wasserressourcen zu wirken, eine groSe Bedeutung. Hier ist aber ganz
besonders eine quantitative Erfassung der raumlichen Ausprigung von Schneedecken und der
Schneeprozesse eine wichtige Grundlage fiir ein fundiertes Wassermanagement und fiir die
hydrologische Vorhersage und die Risikovorbeugung von groBer Bedeutung. Insbesondere
das Wassermanagement konnte von einer verldsslichen Vorhersage der hydrologischen
Dynamik basierend auf Modellstudien in solchen Gebieten deutlich profitieren. Hierzu
werden Modelle bendtigt, die die physikalischen Grundlagen und die hydrologischen

Prozesse, die die Gebietsantwort kontrollieren, hinreichend genau abbilden konnen.

In dieser Studie wurde das rdumlich distributive, prozessorientierte hydrologische Modell
J2000g fiir das ca. 700 km? groBe Latyan Einzugsgebiet im Iran angewendet. Das Ziel war
eine rdumlich verteilte Abschédtzungen beziiglich der Menge und der zeitlichen Verteilung der
hydrologischen Bilanzglieder und Zustandsgroen Niederschlag, aktuelle Verdunstung
(AET), Abflussbildung, Schneewasserdquivalent (SWA) und Schneeschmelze zu liefern. Das
Modell nutzt das Distributionskonzept der Hydrological Response Units (HRU) um die
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raumliche Variabilitdt im Einzugsgebiet zu beriicksichtigen. Das Modell berechnet fiir jede
HRU und jeden Zeitschritt die Schneeakkumulation und Schneeschmelze, den
Bodenwassergehalt, die aktuelle Verdunstung, die Grundwasserneubildung und die
Abflussbildung in zwei Komponenten — Direktabfluss und Grundwasserabfluss. Die Tatsache,
dass J2000g keine anthropogenen Einfliisse und auch natiirliche Wasserverluste, wie sie z.B.
in Karstregionen auftreten konnen, beriicksichtigt, erschwerte die Auswahl an
Teileinzugsgebieten fiir die Modellkalibrierung. Dennoch konnten drei Teileinzugsgebiete
Roodak, Najarkola und Naran identifiziert werden deren Untergrund weitestgehend durch
undurchlédssige Gesteine gepriagt sind und die nur minimale anthropogene Einfliisse
aufweisen. Die Grofen der drei Gebiete liegen zwischen 31 und 430 km?2. Fiir jedes dieser
Gebiete wurden die Modellparameter automatisch mit Hilfe der Monte-Carlo-Analyse und
dem Shuffled-Complex-Evolution (SCE-UA) Verfahren kalibriert. Die Kalibrierung erfolgte
anhand gemessener monatlicher Werte fiir die Periode von Oktober 1990 bis September 2001
wobei die Nash-Sutcliffe Effizienz als Giitekriterium eingesetzt wurde. Zusétzlich wurde fiir
jedes FEinzugsgebiet die rdumliche Verteilung von Niederschlag, Abfluss, aktueller
Verdunstung, Schneeschmelze und Schneewasserdquivalent analysiert und mit

entsprechenden Messwerten verglichen.

Die  Schneewasserdquivalentmodellierung ~ wurde mit  Messwerten von  neun
Schneebeobachtungsstationen, die innerhalb der Testeinzugsgebiete lagen iiberpriift. Hierzu
wurden diejenigen HRU, die der Lokalisierung der Beobachtungsstationen entsprachen,
extrahiert und separate Modelle fiir diese HRU anhand der SWA Messwerte kalibriert. Die
Modellqualitit wurde mit der Nash-Sutcliffe Effizienz (NSE) und dem Bestimmtheitsmaf} (12)
quantifiziert. Der Vergleich mit den kalibrierten Einzugsgebietsmodellen zeigte, dass diese
den Schneedeckenauf- und —abbau an den Vergleichsstationen hinreichend gut simulieren

konnen, dass sie aber schlechtere Ergebnisse als die separat kalibrierten Modelle ergaben.

Der Vergleich der separaten Modelle ergab Werte zwischen 0.28 — 0.68 fiir NSE und Werte
zwischen 0.53 — 0.83 fiir r2. Fiir die Einzugsgebietsmodelle und dem Vergleich des
simulierten Abfluss mit Messwerten ergab NSE Werte zwischen 0.78 und 0.82. Hierdurch
konnte belegt werden, dass die hydrologische Dynamik und auch die Schneeprozesse in den
Latyan Teileinzugsgebiet mit J2000g hinreichend gut wiedergegeben werden konnen.
SchlieBlich wurde mit Hilfe einer flichenbasierten Gewichtung aus den Parametern der

kalibrierten Teileinzugsgebiete ein ,globaler Parametersatz fiir das gesamte Latyan
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Einzugsgebiet erzeugt. Mit diesem Parametersatz wurden Nash-Sutcliffe Effizienzen

zwischen 0.68 und 0.79 fiir das Latyan Einzugsgebiet erzielt.

Es kann zusammenfassend festgestellt werden, dass die einzelnen Module und insbesondere
die Schneekomponenten des J2000g sowie das HRU Konzept fiir die erzielte Fragestellung
der Erfassung der hydrologischen Dynamik des Latyan Einzugsgebiet als sehr gut geeignet
betrachtet werden konnen. Hierdurch konnen mit dem Modell wichtige hydrologische

Grundlagen fiir eine nachhaltige Bewirtschaftung der Wasserressourcen erarbeitet werden.
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1. Introduction

Iran receives a total precipitation of about 416 billion cubic-meter, of which 140 billion can
be recycled. So far 82 billion cubic-meter of total precipitation water has been made usable in
Iran. However, even if the figure reaches to 162 billion, it would not suffice the burgeoning
population of the country (http://www.shanatelex.ir/archive-2003_09_26-en.html). Per capita
water index of Iran has decreased by fivefold during past six decades. In addition, unsuitable
distribution of rainfall and social tensions incur heavy costs on the country. At present, in
some parts of the country the water is being transferred from a distance of about 30 km. Water
supply situation of Tehran much more severe compared to many other parts of the country.
Average precipitation of Tehran region is about 25 percent lower than other parts of the
country, while it hosts about 30 percent of the country's population. At the same time, per
capita water consumption in Tehran region is 800 cubic-meters which comprise 38% of the
country's total. The global index has set water crisis threshold at 1,000 cubic-meters, with
absolute crisis limit standing at 500 cubic-meters (SHANATELEX, 2003). Therefore, Tehran
is rapidly approaching the crisis threshold. At present, due to excessive uptake from ground
waters and a two-year drought, the volume of ground waters is decreasing at the annual rate of
about 1.3 billion cubic-meter (SHANATELEX, 2003). On the other, Tehran is suffering from
burgeoning population, immigration and excessive constructions. Therefore, comprehensive

plan is essential for sustainable supply of water to Tehran.

At present, about 70% of Tehran water comes from surface waters, while 30% is from ground
waters. Surface waters are supplied from Latyan, Karaj and Lar dams while ground waters
come from wells dug at various places (SHANATELEX, 2003). The inputs from Latyan,
Karaj and Lar dams are estimated as 95, 205, and 960 million cubic meters (MCM),
respectively (JAHANI AND REYHANI, 2006). Accoring the Urban Development Council of
Iran, the population of Tehran will reach about 15.1 million in the most optimistic state and
15.8 percent in the most pessimistic state. On this basis, three scenarios can be considered,
that is, wet years, normal years and dry years. If we consider the average to be normal years -
which is true in 50 percent of cases - water requirements of Tehran would stand at about
1,233 MCM by 2021, which would be supplied from the following sources: 186 MCM from
Lar Dam; 135 million cubic-meter from Latyan Dam; 137 MCM from Taleqgan Dam; 240
million cubic-meter from Karaj Dam and 233 MCM from ground waters, which totals 931

MCM. It is about 302 MCM less than of the forecasting for normal years and would have to
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reduce agricultural water supply in favour of drinking water (SHANATELEX, 2003). Scarcity
of water is a common problem especially in the urban areas of Iran because of the dry
conditions, which prevail in most of the country. There is a need for continuous drinking,
household and industrial water supply in the large cities for economic development and urban
livelihood. In addition, there can be a flooding problem in some years due to huge
precipitation. Because of these needs, it is important to manage the water resources, which
require an understanding of the hydrological processes in the catchments. This knowledge is
also required for hydrologic modelling and for transposing data from gauged catchments to
ungauged ones. Traditionally hydrological studies in Iran have been made from an
engineering point of view, whereby no or little attempt was made to relate the discharges to
the catchment -characteristics (KARAMOUZ ET AL., 2001; ZARGHAAMI AND
SALAVITABAR, 2006; ZEINIVAND AND DE SMEDT, 2008).

Million cubic
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Figure 1.1: Increasing pattern of water extraction from various catchments including the
Latyan for water supply to the Tehran (Source: Zargaami and Salavitabar, 2006:P.5)

Snow accumulation and melt is an important hydrological process for the hydrological
dynamics of catchments at higher altitudes. Snowmelt is a vital source of water in many parts
of the world for public supply, hydropower, irrigated agriculture and other uses and may
significantly contribute to river floods (FERGUSON, 1999; SINGH AND SINGH, 2001;
PARAJKA ET AL., 2001). At the same time the seasonal snow cover affects also biotic
components and water quality in river basins. Distributed modelling of snow accumulation

and snowmelt is therefore an important issue. Recent advances in geographical information



system (GIS) and remote sensing (RS) technology allow powerful integration of GIS and RS
analytical and visualization tools with physically based hydrological models. In the field of
snowmelt modelling, such integration provides a valuable basis for better understanding of
snow accumulation and snowmelt runoff processes within the catchment, as well as for
incorporating the spatial variability of hydrological and geographical variables and their
impacts on catchment response (FERGUSON, 1999; PARAJKA ET AL., 2001). Application
and studies in terms of snow modelling by means of GIS and RS for Iranian catchments are

only sparsely available (MORID, 2004).

1.1 OBJECTIVE

One common problem that scientists encounter in developing countries is the lack of
informative data for the related study. Even if the data exist, quick on-line and timely access
to the data may be problematic and in particular the quick access to snow data, which is a
must be in operational snow melt forecasting, is not possible yet. Ground based snow
measurements are mostly gathered in form of snow courses by governmental organisations
mostly in 2-3 week periods. In such snow courses, snow water equivalent and snow depths are
measured along defined track. Most of the courses are started mainly in November or
December and they are abandoned by mid or end of March, when the snow ripens and starts
to melt, even if a reasonable amount of snow may still remain in upper mountainous areas.
For an assessment of the impact of snow processes on Iranian catchments, by the analysis of
snow pack development and the estimation of snowmelt, snow cover data as well as hydro-
meteorological parameters in the higher altitudes of the watersheds are needed. Unfortunately
such parameters are not available in the higher altitudes because precipitation and temperature
data are generally measured in the lower or moderate altitudes of the catchments only.
Because of this lack of data only very few studies using models are available for the area of
interest. The number of snowmelt models which was applied in various catchments in the Iran
is limited to the snow runoff model (SRM) which was used in the very rare simulation of
snowmelt runoff in Iranian mountainous catchments. To overcome that lack of data and to
enforce modelling activities in such data remote areas globally available data sets from
regionalization, using Hydrological Response Units approach as well as RS availability like
Shuttle Radar Topography Mission SRTM for Digital Elevation Model (DEM) could be
available. To make most out use such data it should be used as drivers for hydrological
models to allow a simulation of the complex processes and hereby a quantification of the

hydrological dynamics.



Therefore, the main objective of the present study is Develop better understanding of
hydrological process interaction in Iranian catchments by means of GIS and process-oriented

modelling
The detail objectives of the research are:

e Providing scientific basis for sustainable water resource management in the Latyan

catchment

- To analyze the hydro-meteorological data in terms of areal extent, frequencies and

intensities
- Delineation of Hydrological Response Units (HRUs) using GIS and RS

e Improvement of the understanding of snow driven hydrological dynamics in the

Latyan catchment

- Spatial distributed hydrological modelling of snow driven catchments using J2000g



2. Research Review



Snow is an important component of the hydrological cycle. A reasonable snowmelt estimate
is essential for the regional planning of water resources. To achieve this objective, data such
as the snow cover, snow depth, and water equivalent are necessary. Snow cover is an
important index for predicting the spring melt, and it is interpreted better than the other snow
parameters. Snowpack are the drinking water source for many communities. Snowpack are
also studied in relation to climate change and global warming. Snowpack modelling is done

for flood forecasting, water resource management, and climate studies.

In hydrology, snowmelt is surface runoff produced from melting snow. It can also be used to
describe the period or season during which such runoff is produced. Water produced by
snowmelt is an important part of the annual water cycle in many parts of the world and in
some cases contributing high fractions of the annual runoff in a watershed. Predicting
snowmelt runoff from a drainage basin can be a part of designing water control projects.
Recent development in snow hydrology has continued to emphasize the temporal and spatial
variability in snow sublimation and melt and, therefore, the spatial heterogeneity in surface
energy fluxes. There is also a rising interest in modelling snow hydrology and snow ecology

(WOO and MARSH, 2005).

2.1 Snow in the hydrological cycle

The global water cycle is the process by which our freshwater is produced and as illustrated in
figures 2-1 and 2-2, snow has a big role in this process as a vital source of produce freshwater.
Only 1.74 % of the world total water storages which accounts for 68.7 % of the fresh water
reserves (SEIDEL AND MARTINEC, 2004:P. 5) are stored as snowpack. Snow plays a vital

role in distributing the natural water resource.
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Figure2-1:The Global Water Cycle,(Source:http://ga.water.usgs.gov/edu/watercyclegraphichi)
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Figure 2-2: The Global freshwater and role of snow (Source: UNESCO, UN-WATER
WWAP, (2006:p.121)

One of the most obvious and direct consequences on the hydrological cycle is snow
accumulation and snowmelt runoff. The timing and magnitude of snowmelt derived runoff
events are important for several reasons: (1) in the earth climate system, via energy exchange
among the surface snow and the atmosphere for example albedo and latent heat
(ARMSTRONG AND BRUN, 2008) as well as is considered as sensitive indicator of climate
change and controlling monsoon activity(SINGH AND SINGH, 2001); (2) in high and middle
latitude areas, snowmelt constitutes a major source of river runoff and groundwater recharge
(EDWARDS ET AL., 2007); (3) in water resources management, for flood control, drought
mitigation and water supply; (4) in regional planning like energy and agriculture, tourism, and
sport development (SINGH AND SINGH, 2001);; and (5) in ecology, snowpack impact of
animal habitats and plant succession (SANTEFORD, 1974).



An understanding of snow characteristics, physical, optical and thermal is important to
hydrological-snow modelling and also in many practical applications of snowpacks. From
viewpoint of hydrological modelling, physical characteristics of snow are between the most

significant properties, and hence, are reviewed here (SINGH and SINGH, 2001).

2.1.1 Defintion of Snow

“Snow is a mixture of ice water and air; and forms from crystallization of ice molecules in the
atmosphere during precipitation. When they are in the atmosphere, snow crystals grow and
can take on a large size, although smaller sizes are more common. Snow is a very porous
medium. Sometimes snowpacks also contain liquid water” (SINGH and SINGH: P.104,
2001).

The snow texture represents the shape, size and bond structure of snow grains. By visual
examination, snow can be classified as crystalline, powdery, granular, pellet and mixtures. As
per grain size, it can be classified as fine medium and coarse, whereas per moisture content it
may be classified as dry, damp or wet. The primary distinction among various SnOw covers
can be made on the basis of the physical characteristics. The special gravity of snow can vary
from 0.05 to 0.85, but normally it is confined between 0.1 and 0.6. Long slender forms are

more fragile than compact forms. (SINGH and SINGH, 2001)

2.1.2 Snow density

Density, defined as the mass per unit volume, is the fundamental parameter of snow (SINGH
and SINGH, 2001). The snow density, ps, describes the compaction of a snow cover and can
be considered as the relationship of air-filled pores to the total volume of a snow package or
as the ratio of mass of a snow sample and its volume (in g/cm3 or kg/m3) (BAUMGARTNER
AND LIEBSCHER 1996; MANIAK 1993). Neglecting the proportion of air pores in the
snow body, the snow density for hydrologic applications, can also be expressed as the ratio of

the total water equivalent of snow to the snow depth.

The density of snow increases with its age. This process can be accelerated by strong winds,
warm temperature and intermittent melting of snow cover. According to Martinec (1977),
time appears to be a dominant factor so that it is possible to derive a simple relationship

between density of new snow and snow density after n days (SINGH and SINGH, 2001).



pn=p0 (n + 1)°:3 Equation 2-1

Where, p0 is the average density of new snow (0.1 gm/cc) and pn is the snow density after n

days. Or,
ps = HS / HWE [cm] Equation 2-2

Where, ps is the snow density, HS is the Height snow and HWE is height or snow water

equivalent.

When the deposition of snow crystals begins their transformation, dynamic process of
compaction and metamorphism of the snow takes place (RANGO ET AL., 1996a/b).
Accordingly, in many studies and model approaches, the initial density of snowfall
dynamically modified by the density of snow during the snow period differed (BRAUN 1985;
VEHVILAINEN 1992; GRAY AND PROWSE 1993; RANGO AND MARTINEC 1995;
BAUMGARTNER AND LIEBSCHER 1996).

The initials snow density e.g. depends on a number of climatic factors during the deposit such
as air temperature, humidity or wind speed. So, it can be assumed that wet snow deposits,
which developed at temperatures around the freezing point, are set higher snow densities than
cold dry deposits (COLBECK ET AL., 1990). KUCHMENT et al. (1983) derived initial snow
density as a function of air temperature. He found an exponential relationship between the
increase of temperature and snow density. Due to the high variability and complexity of the
factors of influence in some snow-hydrological modelling approaches, the initials snow
density is accepted an average value of 0.1 g/cm3 for simplification (MARTINEC AND
RANGO, 1991).

In the further process of the snowpack formation, strong compaction processes that are
complex meteorological, seasonal and local contexts can be determined (BRAUN 1985;
ROHRER 1992; NAKAWO AND HAYAKAWA 1998). DINGMAN (1994) reported a
strong relationship between snow compaction and wind. On the other hand, BRAUN (1985)
found no clear causal relationship between the snow density and individual factors such as

elevation or snow depth.

On the basis of the wide range of variation for observed snow density values between deposit
and ablation, a high variability of snow density has been described in the literature. BRAUN
(1985) found a variation ranges from 0.1-0.4 g/cm 3 for 50 cm snow cover. MANIAK (1993)
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indicated a density of 0.05-0.13 g/cm 3 for new powder snow. For granular powder snow
(0.25 g/cm3) and granular snow (0.33-0.4 g/cm3), he found an increase in snow density (0.5-
0.6 g/cm3). Furthermore, BAUMGARTNER AND LIEBSCHER (1996) found that new snow
which depends upon humidity and packing condition, can exhibit densities between 0.01 and
0.2 g/cm 3. They identified first depletion product of new snow as snowfall with densities
between 0.15 and 0.25 g/cm3. With the passage of time, ongoing transformation of snow
structure by grain melting or regulation processes leads to the development of old snow,
which exhibits densities up to 0.6 g/cm3. DUNN AND COLOHAN (1999) quoted various
empirical investigations. According to him, the density of fresh snow already lies between
0.05 and 0.3 g/cm3. In case of a gradual compaction, it lies between 0.3 and 0.7 g/cm3for older

snow deposits.

2.1.3 Snow depth

The snow depth or snow cover thickness means the vertical height of a snow cover
(BAUMGARTNER AND LIEBSCHER 1996). It is recorded also in standard measuring
programs regularly in cm (International Commission on Snow and Ice (ICSI)-classification,
NAKAWO/HAYAKAWA 1998). Snow depth is considered as snow-hydrologic size, which
varies like the other physical characteristics and can be detected easily in dependence of
different climatic, topographic and vegetative factors which influence strongly in space and
time. Generally, snow precipitation ensures for an increase, and evaporation and melts causes
a dynamic reduction of the snow height during compaction processes. The snow depth, HS,
must be understood as secondary size and can be determined by the relationship of snow
water equivalent (HWE) and snow density (ps) (DINGMAN, 1994; BAUMGARTNER AND
LIEBSCHER, 1996):

HS = ps / HWE [cm] Equation 2-3

2.2 Snow water equivalent (SWE)

The snow water equivalent, SWE, is considered to be the most important hydrological snow-

related variable. It is defined as the snow cover both in solid and liquid form, containing a
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certain quantity of water, measured in mm, L/m?2 or kg/m2. Alternatively, SWE is defined as
the vertical depth of water which is obtained by the melting of snow (WOHLRAB ET AL.,
1992; BAUMGARTNER AND LIEBSCHER, 1996; SINGH and SINGH, 2001).

According to Singh and Singh (2001) the water equivalent of a snow cover, HSW, of
thickness D is given by:

HSW =Y d.p,=pD
i=1 Equation 2-4

Where the snow cover of thickness D has been divided in to n homogeneous thicknesses d1,
d2... dn having densities pl, p2... pn, respectively, and p is mean density of snow cover and

may be defined by the following relation:

p=1/DY dp,
i=1 Equation 2-5

The amount of snow water equivalent varies greatly, depending on various regional and local
factors. A linear empirical relationship between the increase of the terrain and the height of
the water equivalent has been indicated (MARTINEC 1991). Martinec (1991) found no more
increase in snow water equivalent above 2800 meter above see level (m.a.s.l) elevation. If the
influence of the terrain elevation is described as dominant, other regional factors such as the
latitude, topography and vegetation does not affect much. Thus, the influence of high dense
forest particularly with the snow floor system proves as strongly reducing factor for the height
of the water equivalent. In contrast, the exposure strengthened during the ablation by
modifying melt rates on the development of water-equivalent (ISHII AND FUKUSHIMA,
1994).

In the standard measurement programs, the water equivalent is rarely determined. Generally,
in the European stations, point measurements are error-prone values. So, regionalization is

required to obtain best possible values (MARTINEC AND RANGO, 1981). In the USA, the
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snow telemetry (SNOTEL) network is used for determining snow water equivalent
(SIMPSON ET AL., 1998; FERGUSON, 1999). Based upon recent remote sensing and radar
techniques, it is possible to obtain spatial images of the water equivalent (MARTINEC ET
AL., 1991; LUNDBERG AND THUNEHED, 2000). With the help of passive microwave
data for terrain, water equivalent can be calculated. However, Rango et al., (1996a/b)
described that the assessment of values are somewhat negated by the variability of size and
shape of snow crystals. Depending on the recording technology, the thin and waterlogged
snow is expected to be falsely measured, as reflections of the underlying soil surface and high
liquid water contents in the snow provide distortion (LUNDBERG AND THUNEHED,
2000). Also, forest areas provide distortion of the recorded signals (FERGUSON 1999).
Moreover, image resolution, surface cover and frequency recording of most remote sensing
techniques are still very limited (BRAUN 1985; BLOSCHL AND KINBAUER, 1992;
NAKAWO AND HAYAKAWA, 1998). However, an exception is made regarding the
resolution from active microwaves, which are not able to detect the water equivalent of dry

snow cover (FERGUSON, 1999).

Frequently, the snow water equivalent is calculated from the measured rainfall depth. Besides,
a simple mass relationship between snow water equivalent, snow density and snow height can
be set up. In many investigations and applications of models to derive and describe the snow
storage variable, water equivalent is used (VEHVILAINEN, 1992; WOHLRAB ET AL,
1992; DINGMAN, 1994; MARTINEC, ET AL., 1994b). This relationship is as follows:

HWE=HS * ps [mm] Equation 2-6

Where, HWE is height or snow water equivalent [mm], HS is snow depth [cm], and ps is

snow density [g/ cm3].

2.3 Snowmelt

The snowmelt process is defined as the phase transition of solid snow ingredients parts (ice
crystals, Ice grains) into liquid water, for which about 340 joules per gram (j/g) of energy are

needed. Snowmelt processes is determined by the energy balance of the snowpack. The
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energy balance of the snow is predominantly determined by atmospheric and microclimatic
variables (BAUMGARTNER AND LIEBSCHER, 1996). The necessary energy quantity, in
order to raise the snow temperature to the melting point, corresponds to the cooling content of
snow pack. After reaching isothermal conditions within the regarded snow pack at 0°C, each
further energy input causes melt. The two primary factors of the energy balance for using melt
are the short-wave net radiation and the perceptible heat flow (KUHN 1984; RACHNER
AND MATTHAUS, 1986; DINGMAN, 1994; RACHNER ET AL., 1997).

The respective importance of the individual energy components for the melt is a function of
weather processes (BLOSCHL ET AL., 1987). For instance, with open land snow covers in
the alpine and polar areas, the sun light is considered as main influencing factor for melting
processes. Higher influence of sun increases the further melting process in the spring
(BRAUN 1985). According to Baumgartner and Liebscher (1996) the radiation supplies
approximately 80 percent of the melting energy for mountain snow covers. However, in
lowland snow covers, where often wet weather conditions predominate, 50 percent of the heat
of melting comes out from perceptible and latent heat flows. Rachner et al. (1997)
emphasized the importance of heat transfer of flowing air for melting mountain snow covers
because of heat transport by moisture exchange. On the other hand, turbulent heat flows as a
function of the wind speed. Generally, in the lowlands and the low mountain area, high air
temperatures, high humidity and strong wind is considered as crucial determinants of melting
processes aforementioned (HERRMANN AND RAU, 1984; KUHN, 1984; BLOSCHL ET
AL., 1987; BAUMGARTNER AND LIEBSCHER, 1996).

Due to the storage capability of snow for liquid water, the snowmelt rate and water loss rate
from snow cover are not particularly identical at the beginning of a melting period. If the
retention capacity of the snowpack for liquid water is exceeded, melt water percolated by the
snowpack occurs only at the base of the snowpack (FERGUSON, 1986; BLOSCHL AND
KIRNBAUER, 1992; SINGH ET AL., 1998; KATTELMANN, 1998).

Over logging related crystal transformations in forest areas and compactions, the dynamic
melting process itself induced a sustained increase in melting of snowpack. Besides water-
saturated snow covers in recent melt or rain entry, a direct translation of the stored liquid
water leads to direct discharges from snowpack (FERGUSON, 1986; SINGH ET AL., 1998).
Accordingly, the condition of the snow package at the time of entering melting conditions
from snowpack is of crucial importance for causing melt and the water discharge (RACHNER

AND MATTHAUS 1984; RANGO AND MARTINEC 1995; SINGH ET AL., 1998).
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2.3.1 Effect of rainfall, topography and landcover on snowmelt

Depending on the amount, intensity and duration of the precipitation, snow cover thickness
and snowpack logging will significantly increase the melting process. On thin snow cover,
moderate rainfall can contribute to complete-melt (KUUSISTO, 1980; BAUMGARTNER
AND LIEBSCHER 1996; SINGH ET AL., 1998).

Singh et al., (1998) emphasized that the melting snow and runoff response of snowpack due to
heavy rain is significantly higher than melt alone. Thus, in particular, the destructuring effect
and registered transmitted rainwater have high importance for the melting and release of water
attached. Especially, in areas with variable winter conditions, various authors described the
influence of rain as the most important determinant of ablation process (KUUSISTO, 1980;
WOHLRAB ET AL., 1992; RACHNER ET AL., 1997). In contrast, the energetic
contribution of rain to melt described as very low (BAUMGARTNER AND LIEBSCHER
1996; SINGH ET AL., 1998).

The snow cover depletion also varies spatially and temporally depending on the level terrain,
the slope exposure, tilt, and the forest area. As the name of the location factors influence is
very specific and variable, only qualitative statements can be made. On the contrary,
generalized quantification of the degree of influence is not possible (HERRMANN AND
RAU, 1984; BRAUN, 1985; BLOSCHL AND KIRNBAUER, 1992; ISHII AND
FUKUSHIMA, 1994; BAUMGARTNER AND LIEBSCHER, 1996; RACHNER ET AL.,
1997; KATTELMANN, 1998).

The influence of the ground level can be explained mainly by the decrease in temperature and
increase of radiation energy with increasing altitude, as well as the prevailing weather
conditions (BAUMGARTNER AND LIEBSCHER, 1996; RACHNER ET AL., 1997).
Generally, powerful radiation dominated melting snow in high mountain passes gradually.
However, it often comes in lower layers by turbulent weather conditions rapidly due to
ablation of the most thin snow covers (HERRMANN AND RAU 1984; BAUMGARTNER
AND LIEBSCHER, 1996).

The importance of slope and exposure in melting process can be felt especially in radiative

weather conditions, where north-facing slopes received significantly lower energy than south-

14



facing slopes. Accordingly, it resulted in delayed melting in northern side and accelerated

melting in the southern side (BRAUN, 1985; BLOSCHL AND KIRNBAUER, 1992).

Depending on the density of the canopy, most of the evergreen forest may be expected to have
reduced and delayed melt as compare to open areas. In contrast, winter bare deciduous forest
is not significantly different from open areas in terms of melt. Often, reduction in melting
takes place by the already smaller accumulation of snow, for example, due to high
interception values and higher evaporation losses under forest. Melting delays are mainly due
to shading effects of the crowns, the days of radiation, if the melt is mainly due to sun
exposure, are effective. In addition, lower melt rates may be caused by the attenuation of wind
speeds, which resulted in reduction of turbulent heat exchange (DICKISON ET AL., 1984;
BUTTLE AND MCDONNELL, 1987; ISHII AND FUKUSHIMA, 1994; BENGTSSON
AND SINGH, 2000).

2.4 Implications of snow-hydrological process dynamics

Snow cover and depletion in many places characterizes the winter and spring runoff
dynamics. This leads to fundamental regional differences in flow regime influenced by snow
reserves, based on the regularity of outflows, their temporal distribution and volume effects.
Regional characteristics of the discharge events are also influenced by local factors and
typical meteorological conditions. In particular, the influence of rain is mentioned in sub-
alpine, mid-mountain and lowland climatic conditions during the ablation process
(HERRMANN AND RAU, 1984; BAUMGARTNER AND LIEBSCHER, 1996; SINGH ET
AL., 1998). High intensity rain events can thereby lead to a short-term release of significant
volumes of melt (SINGH ET AL., 1998). Accordingly, rainfall on similar level surfaces with
thin snow cover is one of the main factors for the flood generation (BAUMGARTNER AND
LIEBSCHER 1996). An investigation followed by HERRMANN AND RAU (1984),
described the flow regime in Figure 2.4.5, which also shows the characteristic course of

snowmelt runoff in various regions of Central Europe.
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Figure 2-3: Schematic representation of typical hydrograph curves of melt runoff in selected
Central European region (HERRMANN AND RAU 1984). (Source: HERPERTZ, 2006:P.
30)

Figure 2-3 shows that in the high-alps during one period of months (usually between late
spring and summer) melt runoff can occur. The predominantly radiation-induced reduction of
the seasonal thick snow covers determines the runoff regime. During the ablation, the runoff
is characterized as a function of the radiation due to more or less pronounced diurnal
variations. With reduced snow depth and snow cover at the end of ablation, the regular runoff
development is modified increasingly. In the outside alpine regions of central Europe, thin
snowpack combined with an unstable weather condition in principle is the case of a lower
regularity of snow-induced runoff than alpine areas. In sub-alpine basins, extending ablation
can be seen at the start of weekly, daily variations of the hydro-graphs is still significant,
which are dissolved but increases also by weather conditions. The snow-affected outflows of
the mountain regions are characterized by changing climatic conditions. At any time during
winter or spring, there may be sporadic snow cover up and depletion that controls the runoff.
Characteristic of the lower regions are also secondary rain induced melting peak runoff,

prevent the development of regular outflow. During ablation of a snow cover, the effective
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runoff extends only for a period of days (HERRMANN AND RAU, 1984; BAUMGARTNER
AND LIEBSCHER 1996)

2.5 Snow modelling

Core of snow-hydrological modelling approaches is simulation of snowmelt. The main
processes in snow accumulation and ablation models are: accumulation of new snow, snow
settlement, snowmelt caused by heat transfer from air and rain, water holding capacity,
refreezing of water in the snow pack, temperature changes of snow, and water percolation
through snow. There are two fundamental approaches of snow modelling: the energy balance

method and the temperature index method (TURCAN, 1990).

The energy balance method simulates the physical processes that affect the thermal energy
content of the snow pack such as sensible, latent and ground heat fluxes, heat conduction
between layers, and energy released from phase changes. This type of model requires a
number of inputs including incoming and reflected solar radiation, incoming long wave
radiation, temperature, precipitation, relative humidity, and wind. Normally, data for
determination of long-wave and short-wave radiation balance as well as sensible and latent
heat flows are needed. Because of their nature, physically-based models typically require less
calibration because their parameters are assumed to represent measurable characteristics.
These data are available but limited. As a result, relatively insignificant elements of the
balance are neglected and more important factors like net short wave radiation and albedo as
their determinant are either measured or derived. FERGUSON, (1999) described the
extrapolation of this estimation to be very error-prone. Moreover, BLOSCHL, (1991)
indicated that temporal and spatial albedo variation strongly varies and is difficult to estimate.
He also described a high sensitivity of the most energy balance procedures for the albedo,
which can lead to much larger misidentifications of the melting volume, for example,
inaccuracies in estimating the air temperature. FERGUSON, (1999) focussed on the high
variability of the particular balance in terms of temporal (daily, seasonal and synoptic scale)

and spatial attributes.

In particular, the energy model approaches usually need very high data, but in the applied
hydrology, preferred temperature index or degree-day factor methods can be used to simulate
snowmelt (BERGSTROM, 1975; KUUSISTO, 1980; BRAUN, 1985; WMO 1986;
VEHVILAINEN, 1992; GRAY AND PROWSE 1993; MARTINEC ET AL., 1994b;
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RANGO AND MARTINEC, 1995; DUNN AND COLOHAN 1999). Temperature index
methods are based on empirically-derived relationships between air temperatures and melt
rates and require calibration of a number of parameters to represent the regional characteristic
of this relationship. Air temperature is assumed to integrate the effects of advection,
convection, radiation, and latent heat changes on the energy balance of the snowpack (LANG
AND BRAUN, 1990). In this method, snowmelt (A®) is estimated as a linear function of the
difference between the air temperature (Ta) and a base temperature (Tbase) (DINGMAN,
2002):

Aw =M x (Ta - T base), Ta>T base;  Equation 2-7

Ao =0, Ta < T base

Where, M is the melt factor or degree-day factor (DDF). In the traditional temperature index
method, the DDF typically remains constant because the method assumes a constant relative

contribution of all the components of the energy balance.

In basic approach, for determination of the melt volume per time interval, the difference of a
defined limit value of the air temperature and the mean air temperature is formed over a time
step and correlated to a constant melting coefficient. Generally, the procedure is used in the
daily or multi-hourly scale. Therefore, this method can be described for furthest common

snowmelt calculation (BRAUN, 1985; RANGO AND MARTINEC, 1995):

M =a * (TO — Tlimit) * A t/ 24 Equation 2-8

Where, M is as melt volume [mm/time interval], A is melt coefficient [°C/mm* time interval],
TO is mean temperature over the defined time interval [°C], T limit is defined limit
temperature for the use (usually 0°) [°C] and At = time interval, to which the melt volume

refers.

The air temperature is the best available meteorological factor, which is to be determined

relatively reliable for area surfaces (BLOSCHL, 1991). It is also an important influencing
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factor for all energy balance terms except net radiation. RANGO AND MARTINEC (1995)
showed that temperature-based methods at lower data requirements can provide comparable
good results as energy balance model approaches. Thus, in addition to SRM, the snow module
of HBV model (BERGSTROM, 1975; VEHVILAINEN 1992) and J2000g model
(http://jena.de/jamswiki/index.php/Hydrologcal_Model_J2000g) are based on variants of the

temperature index procedure.

KUHN (1984) considered a constant melt factor during longer periods (days and months), in
which fluctuations of the parameter can be compensated (RANGO AND MARTINEC, 1995).
In the SRM, the melt factor is not a static parameter, but identified as variable time series over
the entire season (MARTINEC ET AL., 1994b). In this way, the change of the sun position
with the season is included into the melt computations. According to VEHVILAINEN (1992),
the melt factor varies in forest surfaces and opens areas, but time remains constant. GRAY
AND MALE (1981) developed an empirical relation of the melting factor for different slope
angles and exposures. At one index, the ratio of solar radiation received by a slope with a

given inclination and orientation described a horizontal surface.

The temperature index method has been found to be adequate under most circumstances;
however, it cannot account for changes in the surface energy balance caused by diurnal and
annual changes in the incoming solar radiation, albedo, and turbulent energy exchanges
(LANG AND BRAUN, 1990). ANDERSON (1973) gave two basic reasons for using a
temperature index model in operational forecasting: (1) air temperature data are readily
available throughout the all regions in real-time, and (2) tests conducted on two experimental
watersheds showed that the temperature index method (SNOW17) produces results “at least
as good as” those from using the energy-aerodynamic method (HYDRO19). The similar
quality of output between the two models was attributed to the errors involved in determining
input values for the energy method due to the difficulty in measuring the required variables
(ANDERSON, 1973). ANDERSON (1976) showed that the temperature index process
became unreliable when factors other than temperature (such as solar radiation or turbulent
energy exchanges) dominated the melt process. The energy balance model, conversely, gave

good snowmelt estimates for all meteorological conditions in this study.

More recent studies can be found to support either the use of the temperature index method or
the energy balance methods for snowmelt prediction. Arguments for the use of temperature-
based methods continue because of the simple data requirements and comparable performance

to energy balance methods (LANG, 1986; WMO, 1986; KUSTAS ET AL., 1994; RANGO
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AND MARTINEC, 1995; DALY ET AL., 2000). Reasons for using more complex snow
modelling methods include the increased accuracy of energy balance models at time steps less
than 1 day, appropriateness for modelling spatial processes, the ability to use a variety of
remote sensing observations, and the easy transferability between basins of varying climate
conditions (LANG, 1986; WILLIAMS AND TARBOTON, 1999; STRASSER ET AL., 2002;
SIMPSON ET AL., 2004; WALTER ET AL., 2005). The standard in snow hydrology is that
when only one meteorological variable is available, temperature is the best predictor of
snowmelt (Anderson, 1976). However, regression analysis from ZUZEL AND COX (1975)
showed that when vapour pressure, net radiation, and wind data was available, temperature
was relatively unimportant(Anderson, 1976). But on the other hand, the above mentioned data
can increase the capability of temperature index method in snow hydrological models like

J2000g model.

2.5.1 Snow-hydrological modelling approaches

In many regions of the earth, the melt water discharge from snow covers plays a substantial
role for the water supply and flood development especially in areas with more regular
seasonal snowpack like the alpine or polar area or some mountains located in high latitude
situations. Therefore, a set of modelling tools for the forecast of melt runoff was developed 30
year ago (BERGSTROM, 1975; MARTINEC, 1975; WMO 1986; SINGH, 1995). Among the
still most common snow hydrological modelling approaches in the early 70's, MARTINEC
(1975) developed the SRM and the Swedish Meteorological and Hydrological Institute
(SMHI) developed HBV-model for the Alpine region (BERGSTROM, 1975; FERGUSON,
1999). Both approaches operate on the daily scale (HBV, shorter time steps) and have a semi-
distributive structure. For other regions, the increasing importance of snow for the winter
runoff dynamics has been identified (HERRMANN AND RAU 1984; BRAUN AND LANG,
1986; RACHNER AND MATTHAUS, 1986; RACHNER AND SCHNEIDER 1992).
Extensions of the existing approaches and new developments of snow-hydrologic models are
based partially on new scientific realizations (DUNN AND COLOHAN, 1999; FERGUSON,
1999).

Defined objectives, target application space and data availability determine the extent and
structure of snow-hydrologic modelling tools. As in all environmental locations, preferred

modelling approaches, even involving snow-hydrologic modelling components, tried to find a
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suitable balance between the scientific complexity and a practicable simplicity (FERGUSON,
1999).

2.5.1.1Conceptual outlines of snow-hydrologic modelling approaches

On one hand, snow-hydrological modelling tells the description of a winter process dynamics
in terms of scientific questions (descriptive approach). Here, usually small-scale process
analyses are the centre of attention, which are to be made possible by deterministic physically
based computation approaches (BLOSCHL ET AL., 1987; BLOSCHL AND KIRNBAUER,
1991). On the other hand, predictions of snow water equivalent as well as the temporal
process and the volume of the melting water runoff from snowpack are needed for water-
economical purposes (prescriptive approach). The prescriptive approaches need to be
designed for larger territorial units, such as mesoscale river basins, which require a conceptual
model and technical view of the physical process structure (BRAUN AND LANG 1984;
BRAUN AND LANG 1986; BLOSCHL ET AL. 1991a). In snow-hydrological modelling, it
distinguished deterministic, conceptual, and also stochastic approaches for the simulation of
complex natural system. In the snow-hydrological modelling, there is distinction between
deterministic, conceptual, and stochastic approaches for the simulation of complex natural
system. When statistical modelling used in conjunction with physically based modelling, it
serves as a valuable tool for addressing important issues (OBLED AND ROSSE, 1977;
VEHVILAINEN, 1992; FERGUSON, 1999).

In general, hydrologic-snow model approaches accounted for the mass budget and heat flow
of a snow cover. This heat flow is determined either on temperature or on energy-based
methods. The structure of snow routine integrated into the SHE model enables the use of both
the methods. Depending on objective and data availability, methods to be used can be

determined by the user (SINGH, 1995).

The extent of snow-hydrological modelling approaches based primarily on their objectives.
Some models include only the removal of snow, as they were developed as an independent
tool specifically for the prediction of the melting volume and outflow from seasonal snow
cover. Thus, the SRM includes a set of a melting and runoff routine. The accumulation
process itself is not simulated. Rather, measured dataset of snow water equivalent and the

spatial distribution of snow are required as a model input (MARTINEC ET AL., 1994b).
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SRM model calculates the resulting melt water streams and converts the results together with
the input of rainfall runoff coefficients in daily field outflows. In addition, the effects of
climate changes are involved in applications of the SRM (RANGO 1992, 1995). Other snow-
hydrological modelling approaches are not developed as separate models. It forms a
component of rainfall-runoff and water balance models, and contributes to complete the
system representation. These models include approaches of varying complexity on the
processes of snow accumulation, snow cover and snowmelt (e.g., HBV, HSPF, NASIM,

PRMS / MMS, SHE; WASIM-ETH).

The snow evaporation and sublimation is often considered only in energy-based or detailed
descriptive model approaches, as it is classified as a loss in negligible amount of water
(BRAUN, 1985; DHI 1986; BLOSCHL AND KIRNBAUER 1991; MARTINEC ET AL.,,
1994b; SINGH 1995).

Meteorological data, especially, measurements of air temperature are considered as the
minimum requirement for all snow simulation approaches. Energy based model approaches
require usually at least solar radiation, including albedo data (LEAVESLEY et al. 1983; DHI
1986; BLOSCHL 1991; SINGH 1995). In addition, often point measured values of the snow
depth or snow water equivalent is required. In order to obtain an approximate spatial
representation, these input data via interpolation and regionalization methods must be
extrapolated at the local area surfaces. The data requirements of the different models often are
based on available regional or national monitoring network of the study area. Especially in the
U.S.A., higher-resolution data are available than in Europe and other countries
(LEAVESLEY, 1989; JAMES, 1991; KUSTAS ET AL., 1994; RANGO, 1996). Switzerland
also has more strongly snow-hydrologic measuring and monitoring networks than other
regions of the Europe (BRAUN, 1985; ROHRER, 1992). In Iran, the collection of snow-
related hydrological data in some parts of Tehran and a few representative mountains close to

some big cities are more intensively operated than another parts of country.

Point measured values of snow parameters are also used to compare the random simulation
results. However, the model calibration must be undertaken in all models by runoff
measurements. First, the spatial-temporal data available from snow parameters is low; on the
other hand, extrapolation of the extremely variable quantities of water equivalent, snow depth

or density on the surface represents a significant failure rate (FERGUSON, 1999). According
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to KIRNBAUER ET AL. (1994), the combination of modelling with geographic information
systems (GIS) and remote sensing techniques are new possibilities for regionalization and
calibration of snow models (NAKAWO AND HAYAKAWA, 1998). The overall objective,
for example, in newer versions of the SRM by a raster-based remote sensing data coupled
with a direct areal coverage of snow water equivalent and snow distribution. Remote sensing
images can be consulted for the verification of the identified values (RANGO, 1992;
MARTINEC ET AL., 1994b; RANGO AND MARTINEC, 1995). In addition, there are also
opportunities for advanced radar-based determination of rain and snow precipitation, which
require terrestrial measurements (RICHTER, 1995). The practical
application of modern remote sensing and radar techniques is still very limited
to describe. This is mainly due to a low availability of enough temporal-spatial resolution data
and more error recording in snow cover data (RANGO, 1996; NAKAWO AND
HAYAKAWA, 1998; DUNN AND COLOHAN, 1999; LUNDBERG AND THUNEHED,
2000).

2.5.1.2Spatial differentiation in the snow- hydrological modelling

BLOSCHL AND KIRNBAUER (1992) considered the area subdivisions and model technical
characteristics in regard to surface area of snow hydrological modelling as an essential
methodological tool (BENGTSSON AND SINGH, 2000). Through the use of available new
technologies (multi-capacity computer, GIS, elevation models, KIRNBAUER ET AL., (1994)
foresee the future of the dawn of a new era in snow hydrological models. Also FERGUSON
(1999) described a trend for distributives modelling, by taking meteorological input data and

different model parameters.

The discretization of the snow-hydrological model approach is based on the usual methods of
general regionalization of hydrological models (e.g., grid, hydrological response units (HRU),
catchment areas, zones, triangulated irregular network (TIN)). Accordingly, the same problem
occurs in the transmission of point values to the surface and the designation of sub-areas of
similar hydrologic response (BLOSCHL 1996). Most approaches have at least a limited
subdivision of the study areas to reflect the physical heterogeneity of catchments. In
particular, the dominant influence of the ground level to the snow hydrology is determined by
taking levels of terrain into account. Based on the height of the temperature measuring station,

a temperature adjustment amount per level will be carried out, which is considered substantial
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for snow hydrological simulations (e.g. BERGSTROM, 1975; LEAVESLEY ET AL., 1983;
RACHNER AND MATTHAUS, 1984; BRAUN AND LANG, 1986; BLOSCHL AND
KIRNBAUER, 1992; MARTINEC ET AL., 1994b; SINGH, 1995; RACHNER ET AL,
1997). While SRM allowed vertical zoning of any other area subdivisions but, the HBV-
model based on subdivision zones separated simulation of snow dynamics in forest and field
areas (BERGSTROM 1975; MARTINEC ET AL., 1994b; FERGUSON, 1999). According to
BENGTSSON AND SINGH (2000) an area division both following topography and landuse
for snow-hydrologic modelling approaches is essential. They described in particularly the
importance of different land covers for the melting dynamics and temporal distribution of
melting induced peak flows. VEHVILAINEN (1992) reported no distinctions in his
approaches to model the ground level, mainly due to the low relief energy of its test sites in
Finland. However, he highlighted the importance of forests for the snow distribution and
considered the site-specific forest influence by reduction algorithms for the simulation of
accumulation and melt (BERGSTROM, 1975; DINGMAN, 1994; POMEROY ET AL.,
1998b). CALDER (1990) represented one of the few model approaches to take in to account
the snow interception (POMEROQOY ET AL., 1998a).

If the effect of slope exposure and gradient involved in snow hydrological simulations,
its influence can be seen on accumulation and melting process. RACHNER ET AL., (1997)
considered the project SNOW-D is a modification of the terrain height prescribed snow
deposition and distribution as a function of exposure and redistribution of wind. DUNN AND
COLOHAN, (1999) developed a function for the wind-conditional snow redistribution, in
order to determine small-scale snow accumulations, which proved in their Scottish highlands
test areas as significant for the base flow. In many more different approaches, the radiation at
southern and northern slopes in the modelling of the melting process is taken into account
(GRAY AND MALE 1981; LEAVESLEY ET AL., 1983; BRAUN 1985; BLOSCHL AND
KIRNBAUER 1992). Small-scale topographic factors (valleys, summits and slopes) having
influence on the snow distribution in the modelling in catchment gauges are generally

neglected.

2.5.1.3Model-technical coverage of the snow accumulation

Regardless of the discretization of the catchment area, the extensive snow accumulation

process in hydrological modelling approaches is derived directly from the rainfall input
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(BERGSTROM, 1975; LEAVESLEY ET AL., 1983; RACHNER AND MATTHAUS, 1984;
BRAUN, 1985; VEHVILAINEN, 1992; RACHNER ET AL., 1997). The determination of
precipitation type is of crucial importance in snow modelling. In most models, they used the
temperature in near-surface air layers as a dominant factor which influences the composition
of precipitation at the ground. For determination of the transition of rain to snow, precipitation
is often accepted as simplifying individual temperature threshold value (RACHNER AND
MATTHAUS, 1984; BRAUN, 1985; VEHVILAINEN, 1992). In order to involve mixed
precipitation, which occurs frequently, especially in lower layers, LEAVESLEY ET AL.,
(1983) used a temperature interval for the PRMS. At temperatures within the interval limits, it
comes to the creation of mixed precipitation (BERGSTROM, 1975). Amount of new or
additional water equivalent of a snow cover is measured finally by amount of area
precipitation fallen in solid or mixed form (BERGSTROM, 1975; LEAVESLEY ET AL,
1983; BRAUN, 1985; VEHVILAINEN, 1992; RACHNER ET AL., 1997). In other
approaches, for example in SRM, at least point measured values of the water equivalents or

snow depth are required (MARTINEC ET AL., 1994b).

2.6 Snow modelling and water resources

Snowpack act as water reservoirs during the winter months, storing precipitation until spring
and early summer when melt occurs. Water managers rely on this storage effect to better
manage reservoir releases, water deliveries, and water needs throughout the rest of the year
(SINGH AND SINGH, 2001). Snowmelt currently makes up 75% of all the streamflow in
some part of north hemisphere like the west U.S. where surface water resources meet about

90% of the water needs for the regions (FRANZ, 2006).

snow depth

Figure 2-4: The Long-Term of Snow depth and SWE in Shemshak station, Latyan Catchment
(Data source: Iranian Water Resource Management Company (IWRMCO))
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Figure 2-5: Anomaly of snow cover extent in North Hemisphere (Source:

http://www.ipcc.ch/pdf/assessment-report/ard/wgl/ard-wgl-chapterd, 2007:P.376)

Peak snow accumulation and SWE in the mountains of the Iran can show big variations from
1966-2007(Figure 2-4). Analyses of satellite images snowpack collected over the past decades
indicate that accumulation levels have dropped considerably throughout the high latitude and
mountainous regions and that packs are melting earlier in the year (Figure 2-5) (LEMKE;
REN, ET AL., 2006). Climate impact studies have indicated that even if the most moderate
level of a predicted warming occurs over the next 50 years, snowpack in some regions could
be reduced by up to 60%. This would reduce the spring streamflow volume by an estimated
20-50% (Service, 2004). As the storage effects of snow diminished, there will be less water
available to meet the needs of agriculture, hydropower production, and environmental
protection. The balance between maintaining low flow requirements and maintaining
reservoir storage to meet future water demands will become even more delicate. Because
snow is important as a natural resource and is also extremely variable, accurate estimates of
the volume of water within the snowpack and the rate of release of the water from snow is

required for efficient management (SINGH AND SINGH, 2001).

There is a great deal of uncertainty over whether increased climate variability will cause more
floods, droughts, or significant changes in water supplies (IPCC, 2001). If the changes in the
timing and amount of snow runoff indicated by recent climate studies continue, as well as
continue of growth urban population as a big crisis of 21th Century, accurate hydrologic
predictions will become increasingly important as water managers and hazard response
groups will have to make decision under conditions not previously experienced. It is
necessary that hydrologic predictions systems be able to adapt to and assure reliability in the

face of uncertain future conditions.
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2.7 Previous Researches in the Latyan catchment

As Tehran is the capital of the country, its water security implies to have a clear vision of the
future. Simulation of the balance of the supply source of the city is very important for
supporting decision makers. Though the hydrological process of Latyan catchment is very
important for water supply and economy of Tehran, the capital of Iran, only few studies have
been carried out so far on the hydrology and water balance of Latyan catchment. Previous

works related to hydrological balance modeling of Latyan catchment are discussed below.

Most important works on precipitation-runoff modeling in Latyan catchment is carried out by
HOSSEIN (1997), FATTAHI (1998), Morid ET AL. (2004) and ZEINIVAND and De
SMEDT(2008). HOSSEIN (1997) analyzed the hydrological behavior of the Roodak sub-
catchment and evaluated the flood simulation by means of HEC-1(Hydrologic Engineering
Center) model. He found that the most runoff in catchment depend on snowmelt during March
to July. Moreover, heterogeneity in rainfall with lack data, seasonal difference snowmelt,
variable channel conditions, inaccurate estimate of routing coefficients and inaccuracy in
hydrological soil groups increased the difference between observed and predicted peakflows,
but finally the differences are not big, therefore HEC-1 model can be used for design of peak
discharge in Roodak and another ungauged catchments. FATTAHI (1998) also used an
Iranian model (SNOW) for analysis and quantification of snowmelt in Latyan dam catchment.
He found that the 64% of all annual precipitation of catchment is snow. He determined the
temperature threshold, and predicted runoff input to the dam during April to June. Moreover,
he noted that in such catchments as Latyan, due to simplicity and data accessible like
temperature, the degree- day method is preferable to predict the snowmelt runoff. MORID
ET AL., (2004) used SWAT (Soil and Water Assessment Tool) for runoff simulation of
Ammameh Sub-catchment of Latyan catchment using different snowmelt algorithm such as
Degree-Day, SRM, and SNOW17. They found better performance of the energy budget
method using synthesized data, compared with solely simple temperature-based method.
ZEINIVAND AND DE SMEDT (2008), modelled snow accumulation and melt using a
distributed hydrological model known as water and energy transfer between soil, plant and
atmosphere (WetSpa) with two different snowmelt simulation modules namely degree day
and energy balance methods for simulating river discharge in the Roodak subcatchment, in
the Latyan dam watershed. They used data of three years of observed daily precipitation, air
temperature, potential evaporation, and wind speed. The discharge data is used for model

calibration. They found that the model performance is satisfactory for both methods with
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efficiencies of more than 80%. They concluded that the WetSpa model for snow accumulation
and melt has great potentiality to predict the impact of snow accumulation and melt on the

hydrological behaviour of a river basin.

NOURANI ET AL., (2008) and ROSHAN ET AL. (2007) studied the hydrological process in
Ammameh sub-catchment of Latyan. NOURANI ET AL., (2008) developed a
geomorphologic hydrologic model based on distributed flow routing and linear reservoirs
cascade to simulate the runoff of the Ammameh watershed. They proposed that combination
of a non-linear distributed routing model and a linear lumped rainfall-runoff model causes the
proposed model to be a proper runoff routing model. ROSHAN ET AL. (2007) used Smirnov-
Kolmogorov method to optimize the relationship between water and sediment discharge rates

in the Ammameh watershed.

A number of researches related to various hydrological issues to Latyan catchment and water
supply of Tehran can also be found in POURABDULLAH (2006), ZARGHAAMI AND
SALAVITABAR (2006), JAHANI AND REYHANI (2006), GOLTERMAN (2005),
MICAELLI (2007), VALLES ET AL., (1990), KARAMOUZ ET AL., (1999), KARAMOUZ
ET AL., (2001), Bureau of Soil Conservation and Watershed Management (1975),
HYDARIAN (1994), AQIQI (1995), KHOSROSHAHI (1989). Soil Conservation and
Watershed Management (1975) carried out the comprehensive plan of Latyan dam in Latyan
catchment. KHOSROSHAHI (1989) carried out a unit hydrograph study for floods prediction
in Roodak sub-catchment of Latyan. HYDARIAN (1994) evaluates the performance of
different models in predicting soil erosion of Latyan catchment. AQIQI (1995) calculated
depth area duration (DAD) curves in Jajrood area of Latyan catchment for different days.
POURABDULLAH (2006) used RUSLE model, for estimating the amount of erosion Latyan
catchment. The results of modeling showed that the degree of erosion of Latyan catchment
was high because of steep slopes, lack of plant coverage and the quality of soil. VALLES ET
AL., (1990) studied the soil alkalinization and salinization in some parts of Latyan catchment.
A system approach to water resources management of Latyan catchment is discussed by
KARAMOUZ ET AL., (1999). ZARGHAAMI AND SALAVITABAR (2006) used system
dynamics which considered the water supply sources, demand sources (as domestic, irrigation

and industry uses) and management tools (demand reduction, inter-basin water transfer) for
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urban water management of Tehran. They predicted water shortage in the future years in the
capital of Iran. KARAMOUZ ET AL., (2001) used a system approach to water resources

development in Tehran considering its complex system of water supply and demands.
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3. METHODICAL APPROACH
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3.1 Hydrological System Analysis and Delineation of Hydrological
Response Units

3.1.1 Hydrological System Analysis

The hydrological system analysis is the base for the delineation of the Hydrological response
units (HRUs) and the calibration of the spatially distributed conceptual hydrological model
J2000g. Initially, the hydrological system analysis studies the interactions of the landscape
parameters soil, water, vegetation and climate in order to understand the system response to
rainfall and therefore the generation of the respective hydrological response. Also, the
examination of the hydro-meteorological time series using data analysis methods for changes
in hydrological system response is an important preparation for the rainfall-runoff modeling

of the catchment.

3.1.1.1Data Analysis of Hydro-Climatological Time Series

The quality of the model output is directly depending on the input data (BEVEN, 2001).
Hydrological models are driven, in part, by hydrometeorological data, which contains hourly,
daily, or monthly field observations. The resulting time series are never perfect and the data
contains data errors (BEVEN, 2001). The data errors are divided into systematic errors and
random errors. The first group contains errors which affect the measuring instrument
systematically (BEVEN, 2001) and result in a constant measurement bias. These errors can be
caused, for instance, by false calibration of the instrument. Random errors, on the other hand,
are caused by randomly occurring factors, such as interference of the automatic recording by

animals. To achieve good modeling results it is crucial to control for data quality.

® Rainfall Data
Rainfall data are measured as point observations and there are several potential sources of
data errors associated with those measurements (DINGMAN, 2002:P.114). The design of rain
gauges can lead to a standard error between 3 to 30 % of the total annual measured rainfall
sum (DINGMAN, 2002:P.115). These data errors can be corrected using an approach
presented by RICHTER (1995). Rainfall time series might also include missing values. Here,
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DINGMAN (2002:P.115-117) suggests the following methods for data filling: station average
method, normal ratio method, inverse distance weighting, regression analysis or the most

common technique: the double mass curve between two stations.

®  Runoff Data
The discharge observed at the runoff station is an integrated value over the entire catchment.
In a hydrological model, the data is used for calibration of simulated runoff against observed
runoff. Therefore, it is necessary to check runoff data for homogeneity and inconsistency
(BEVEN, 2001). The most common technique, in case of available data at a nearby station, is
the double mass curve (BEVEN, 2001). The double mass analysis compares two
neighbouring measuring stations by the plotting of accumulated volumes. Changes in the

runoff records will be visible in slope changes compared to the reference line.

This analysis gives information on missing values or changes in the catchment affecting the
measured runoff. The resulting data was used to compute the annual and monthly average

runoff and to establish the rainfall runoff relationship.

* Additional Datasets
The time series data on wind speed, humidity, and temperature as well as snow depth and
snow water equivalent (SWE) time series was checked for homogeneity and consistence using
the aforesaid methods for rainfall and runoff data analysis. Missing values were filled by

using regression analysis.

3.1.1.2Spatial Data Modelling

Hydrological models require spatial information of the hydrometeorological information. The
hydro-meteorological time series used, however, contain measurements at point scale. For a
spatial representation of these parameters the missing information has to be interpolated.
Here, several methods exist such as Thiessen Polygons, linear regression and inverse distance
weighting (IDW) (WACKERNAGEL, 1995; KITANIDIS, 1997; WEBSTER AND OLIVER,
2001).

The regionalization of the hydro-meteorological datasets is used for the transfer of punctual

values to the model units. The procedure was taken from the hydrological Model J2000
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without any changes and is based on the inverse distance weighting (IDW) approach. The
regionalization consists of several steps (KRAUSE, 2001; JAMSWIKI, 2010): First, the linear
regression is applied to determine the relationship between station measurements and the
respective station elevation. In the second step, the numbers of stations next to each HRU is
determined, whereas the user defines the number of stations necessary to take into account.
Then the distance between the found stations and each HRU is computed. To account for the
difference in the distance between HRU and station, the application of a user defined
weighting factor weightings the distances. In the third step, the final weighting factor for the
hydrometric station is computed applying an inverse distance weighting method (. In the last
step, the actual data values were calculated under consideration of the weighted values of
stage 3 and the elevation factors of stage 1. For more detailed information on the
regionalization algorithm in J2000g  refer to JAMS (http://jams.uni-
jena.de/jamswiki/index.php/J2000g) and KRAUSE (2001).

Another important stage in this framework is to check the spatial data for missing values.
Particularly important is the digital elevation model (DEM), which is one of the most
important datasets, because it will be used for the delineation of the stream network,
catchment boundaries and topographic parameters such as slope, aspect, flow direction and
flow accumulation. The DEM can be derived from remote sensing imagery, such as synthetic
aperture radar (SAR) Interferometry (LUDWIG, HELLWICH ET AL., 2000) or from the
Shuttle Radar Topography Mission (SRTM) (U.S. GEOLOGICAL SURVEY EROS DATA
CENTER AND NASA, 2007). The SRTM-DEM, especially, often contains voids, which
have to be filled for a hydrological application (KAAB, 2005; GROHMAN ET AL., 2006;
WOLF, 2009).

3.1.2 Delineation of Hydrological Response Units

The relationship between rainfall-runoff of a catchment is determined by the following a wide
variety characteristics: geology, topography, land use, soils, climate and vegetation cover
(BEVEN, 2001:P.179). To account for a realistic representation of the catchment
characteristics, the model used should be fully distributed. This type of model is difficult to
apply because the model needs high spatially distributed input information of the landscape
parameters, which cannot be measured at the requested resolution (BEVEN, 2001;

BLOSCHL, 2005). Therefore, the attempt has been made to define model entities that show a
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“hydrological similarity” (BEVEN, 2001:P.179), which can be defined using one of the
following three approaches. The first, the concept of Aggregated Simulation Area (ASA) has
been applied in the SLURP (Semi-distributed Land Use-based Runoff Processes) model
(KITE, 1995). This concept involves aggregating simulation areas which are heterogeneous in
their land cover and elevation; however, the distribution of these parameters within the
respective entity is known. These ASAs have the requirement of contributing runoff to a
stream channel and, therefore, act as sub catchments (KITE, 1995). The second approach, the
Representative Elementary Area (REA) (WOOD, ET AL., 1990) defines minimal areas in
which the spatial heterogeneity of hydrological variables such as infiltration, evaporation, and
runoff are unimportant. The distribution of these variables within the areas is represented by a
probability function. The third concept, the Hydrological Response Unit (HRU), was
introduced by LEAVESLEY, LICHTY ET AL. (1983) as model entities in the Precipitation
Runoff Modelling System (PRMS). HRUs are characterized as homogenous areas with
respect to their hydrological response (LEAVESLEY ET AL., 1983:P.9). This approach was
extent by FLUGEL (1995, 1996) who defined HRUs as areas with common in “climate, land
use and underlying pedo-topo-geological associations controlling their hydrological
dynamics” (FLUGEL, 1995:P.426). The delineation of HRUs involves the definition of
classification criteria, which are based on hydrological system analysis (FLUGEL, 2000). The
concept of HRUs has been tested and applied in several studies as an integrated
regionalization tool (BONGARTZ, 2001; KRAUSE, 2001; KRAUSE, 2002; SCHEFFLER
ET AL., 2007; SCHEFFLER 2008, KRAUSE AND HANISCH., 2009).

It can be concluded that the concepts of HRUs are the only modeling entities that consider all
landscape parameters important in hydrological processes. Therefore, the HRU-approach has

been applied in this study and is explained in the following section.

3.1.2.1Concept Approach of Hydrological Response Units

The HRU concept, according to FLUGEL (1995; 1996), is based on the representation of the

catchment heterogeneity in the form of entities showing a similar or equal system response.

The climate and other landscape parameters of geology, soil, and vegetation are strongly
interacting to each other. The natural vegetation depends on climate, relief and soil type. The

soil is formed from bedrock material through various weathering and erosion processes.
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Climate conditions determine the intensity of these various processes and, therefore, the types
of soil formed. Distribution and formation of soil is also determined by the topography
controlling the accumulation of soil material and the water movement within and on top of the
soil column. A specific combination of geology, soil, relief, vegetation and climate

characteristics, therefore, generates a specific system response (SCHEFFLER, 2008).

The HRUs divide the catchment into areas with similar or equal geology, soil-relief-
vegetation and climate combinations. These entities are delineated based on detailed
hydrological system analyses in a Geographical Information System (GIS) (FLUGEL, 1995;
1996). The general object of using HRUs is to reduce the data inside each grid cell to unit
information per layer. That means after applying this discretisation inside each grid cell, just
one value for each landuse, soil, geology, slope, aspect, etc. exists. Based on the results of the
hydrological system analysis the GIS datasets are reclassified, aggregated and overlaid in a
step-by-step procedure. These entities act as model input for the rainfall-runoff simulation of

the study area.

3.2 Water Balance and snowmelt-Runoff Modelling with J2000g Model

To obtain the above stated study goal, the snowmelt contains in the catchment has to be
estimated. Due to importance of snowmelt-runoff in the catchment, spatial distribution of the
SWE and snowmelt is simulated. For this purpose, the spatially distributed conceptual
hydrological model has been applied. The delineated HRUs serve as spatial modelling entities
in the model. The following section gives an introduction in the model design but also the
steps of the modeling process such as preparation of input data (Section 3.2.2),

parameterization and calibration (Section 3.2.3) are described.

3.2.1 The Structure of Modelling System of the J2000G Model

The model used for this study was the spatially distributed conceptual hydrological model
J2000g model, which was adapted from the J2000 model (KRAUSE, 2001; KRAUSE, 2002)
within the Modelling framework system JAMS (KRALISCH AND KRAUSE, 2006). The
structure of the model is shown in Figure3-1. The model has been successfully applied in

catchments of between 100 to 16000 km? in Thuringia, Germany for impact of climate change
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(KRAUSE and HANISCH, 2009). Additionally the model was applied successfully in the
Nam Co basin (about 20,000 km 2) in Tibet (KRAUSE ET AL., 2010 in review). The other
version of implemented models like, J2000 and J2000s successfully applied in various spatial
scale and area ranges from basic scientific investigations in small catchments in Germany (2 -
13 km 2), and in the processing of basic and applied research in mesoscale (about 50-1000 km
2) catchment Germany, South Africa, Tasmania and the USA to macroscale modelling in the
headwaters of the Brahmaputra (about 500 000 km 2) under the Brahmatwinn project
(KRAUSE, 2001; BASE ET AL., 2006;SCHEFFLER ET AL., 2007; SCHEFFLER, 2008;
KRAUSE ET AL., 2009; http://www.brahmatwinn.uni-jena.de).

Input data:
P, Tmin, Tavg, Tmax,WS,.

Additionaldata:
Radiation calculate,.

Act. Et 1
7 3 Snow Module

ﬁ
==

Figure 3-1: The Concept of Modelling System of the J2000g Model

As shown in the figure, the modelling system is divided into process modules such as the

snow, soil water, and ground water recharge modules.

For each modelling unit (HRU), in the snow module, rainfall is computed as snow or rain
based on temperature and precipitation input and degree day factor. Then the surface runoff
and subsurface runoff are calculated in the soil module, but because the J2000g model is

defined as simplified model, the surface runoff and subsurface runoff computed together as
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direct runoff. In addition, base flow components are calculated in the groundwater recharge
module. Afterwards, the simulated values of all the runoff components are added to the
respective storages. This process is repeated until the water is transported to the catchment

outlet.

The 2000g was developed for historical simulations as well as for snow hydrological
modelling. The development was guided by the following requirements: (1) continuous and
distributed simulation of important hydrologic characteristics in monthly time steps; (2)
applicability of the model to the Iranian mesosclee catchments (Latyan, 700 km?); (3) process
oriented and spatially distributed modelling; and (4) robust predictive ability with a small

number of calibration parameters in areas with poor data.

The model J2000g requires spatially distributed information related to topography, landuse,
soil type and hydrogeology to estimate specific attribute values for each modelling unit. A
modelling unit can be a raster cell, a process unit, or a subbasin provided that spatial
information is available for each attribute within each wunit. J2000g also requires
meteorological inputs (precipitation; minimum, average and maximum temperature; sunshine
duration; wind speed and relative humidity) from one or more observation stations. The
measured point data are transferred to each model unit using the spatial interpolation approach
available in J2000 which is a combination of an optional elevation correction and an inverse-
distance-weighting (IDW) interpolation. The elevation correction is made when the degree of
correlation (calculated with a linear regression for each time step) between the variable values
and the respective station elevation shows a coefficient of determination (r2) of equal or
greater 0.7. In this case, the specific elevation dependent lapse rate, calculated from the
regression, is used for the further processing along with IDW. If the r2 is smaller than 0.7 then
only IDW is used. Next, net radiation (needed within the potential evapotranspiration (PET)
module) is calculated from climate input data using the methods presented in ALLEN ET
AL., (1998). Then potential evapotranspiration (PET) is computed according to the Penman-
Monteith approach for various vegetation and land-use types (JAMS WIKI, 2010).

Snow accumulation and snowmelt are simulated with a simple approach that estimates snow
accumulation is related on a base temperature (Tbase) and snowmelt with a time-degree-
factor (TMF). During time periods when air temperature is above Tbase, precipitation and
snow melt is transferred to the soil-water module. This module consists of simple water
storage with a capacity defined from the field capacity of the specific soil type within the

respective modelling unit. For calibration purposes, the entire distribution of storage capacity
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values for all modelling units can be shifted up or down with a multiplier (FCA) that has the
same value for all modelling entities. Water stored in the soil-water storage can only be taken
out through evapotranspiration. The actual evapotranspiration (AET) is determined by the
saturation of the soil water storage, the potential evapotranspiration and a calibration
coefficient ETR. The ETR coefficient controls when potential evapotranspiration is reduced
due to limited water availability. Runoff is generated only when the soil-water storage reaches
saturation. The partitioning of generated runoff into direct runoff and percolation is based on
the slope of the modelling unit and a calibration factor LVD. The percolation component is
transferred to a groundwater storage component; outflow from this storage is simulated using
a linear outflow routine in order to calculate baseflow with the help of a recession parameter
GWK. The total runoff at the outlet of a catchment results from the summation of the direct
runoff and the baseflow components from each modelling unit. The primary purpose of the
J2000g model is to provide spatially distributed long-term estimates of the amount and
seasonal distribution of the following hydrological quantities: actual evapotranspiration,
runoff generation, and groundwater recharge. In the J2000g model, streamflow is computed
by simply summing up the runoff components generated in each modelling unit of the
catchment. Because of these simplifications, the model cannot account for losses and
transformations during runoff concentration or for specific hydrological conditions such as
streamflow and groundwater losses in karst regions or the influence of human activities

KRAUSE AND HANISCH, 2009).

3.2.1.1The Snow Module of the J2000g

In the snow module, snow cover computation is implemented as simple accumulation and
snowmelt approach. The method decides on the basis of the air temperature whether water is
saved as snow on a model unit or potentially existing snow melts and produces snowmelt
runoff. For this purpose, two temperatures are calculated from the minimum temperature
(Tmin), average temperature (Tavg) and maximum temperature (Tmax), which is given

below:
The accumulation temperature as:

Lo =@ +T1,,0) 12 [°C] Equation 3-1
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And,the snowmelt temperature as:

Tmelt = (Evg + Tmax ) / 2

[°C] Equation 3-2

If the accumulation temperature (Tacc) lies on or below a threshold (Tbase) value that needs
to be given by the user, it is assumed that potentially occurring precipitation falls as snow. It
is then saved on the model unit. If the snowmelt temperature goes beyond the temperature
threshold Tbase, the snowmelt is calculated with the help of a simple snowmelt factor (TMF).
Therefore, a potential snowmelt rate is calculated on the basis of the TMF (in mm/d K), the

temperature threshold and the snowmelt temperature as shown below:

SM ,=TMFUT,,,—-T,,.) [mm/d] Equation 3-3

This potential snowmelt rate is then compared to the actual saved snow water equivalent
which is then partly or fully melted. The resulting snowmelt water is passed on as input to the

following module.

A more detailed description of the snow module can be found in (http://jams.uni-

jena.de/jamswiki/index.php/Hydrological_Model_J2000g) and KRAUSE (2001).

3.2.2 Preparation of Input Data

The model J2000g requires the following data files. Also after developing model for the
SWE; a new snow water equivalent data is added as input data files that, shown in the

following table.
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Table 3-1:Input Data files of J2000g Model

DESCRIPTION UNITS
Absolute Humidity g/cm3
Relative Humidity %
Observed Runoff m3/m
Observed Rainfall mm
Observed Snow Water Equivalent(SWE)* mm
Sunshine Duration H
Maximum Monthly Temperature °C
Minimum Monthly Temperature °C
Mean Monthly Temperature °C
Wind Speed m

The needed monthly mean temperature for some stations was not provided, therefore it was

computed as the average of the maximum (Tmax) and minimum (Tmin) monthly temperature.

Also, the model requires the absolute humidity as an input parameter dataset. The dataset,

hence, has been calculated in several steps, depicted in the following equations:

1. Computation of the saturation vapor pressure es (DINGMAN, 2002:P.586)

17.3*T

e (T)=06.1078*¢e"+2373

Equation 3-4

2. Computation of the maximum humidity with T as mean air temperature and the computed

values for es

R (T)=e #2007 _
T +273.15 Equation 3-5

3. Computation of the absolute humidity (Ra) by taking relative humidity Ru and maximum

humidity Rm into account.
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R
R,(T)=R, *—*

" 100 Equation 3-6

All input data files (Table 3-1) were transformed into ASCII- format. In addition to the actual
data values, J2000g requires information on geographical location as well as the elevation of
the station. The geographical location for the stations was derived using Arc GIS 9.3 (ESRI,
2008). In case of missing elevation data, that information was taken from the available digital

elevation model (SRTM 2007).

3.2.3 Parameterization and Calibration

The model J2000g requires parameter input files in order to describe the natural
characteristics. These parameter values were obtained from literature and are described in
Section3.2.1. Additionally, the model J2000g contains direct model parameters: 1 parameters
in the groundwater recharge, 4 parameters in the soil module, and 2 snow module parameters,

shown in Appendix A.

The goal of model calibration is a satisfactory fit between simulated and observed variables
(REFSGAARD AND STORM, 1996:P.42). Therefore these parameters have to be adjusted.
That is necessary for three reasons as stated in BLOSCHL (2005): First, the hydrological
models are based on empirical equations which are depended on basin properties. Second,
model boundaries are mostly poorly defined. The model calibration adjusts input errors such
as measurement errors. Third, landscape parameters such as soil, vegetation, geology and
topography are highly variable in space, and the knowledge of their real occurrences as well
as physical properties is limited. Here, parameter adjustment accounts for unknown

parameters and characteristics (SCHEFFLER, 2008).

According to REFSGAARD AND STORM (1996), three approaches can be used to calibrate
hydrological models: 1) manual adjustment using “trial and error”, 2) automatic model
calibration, and 3) a combination of 1) and 2). The “trial and error” method requires expert

knowledge about the model structure and involves a lot of time because the manual
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assessment it needs a larger number of model runs (REFSGAARD AND STORM,
1996:P.47). The automatic model calibration, however, is much faster and less subjective than
the manual method (REFSGAARD AND STORM, 1996:P.47). The drawback of the
automatic parameter adjustment is the evaluation of the model fit depending only on the
objective function, which can lead to a wrong model solution. In order to account for the
catchment characteristics and decrease the time effort, a combination of both methods is
recommended (REFSGAARD AND STORM, 1996:P.48). In this study, the automatic

parameter adjustment was used to define sensitive parameters and parameter ranges.

3.2.3.1Automatic Parameter Estimation using Sensitivity Analysis

Sensitivity analysis is a significant tool in hydrological modelling. Particularly during the
model design and model calibration, sensitivity analysis provides a better understanding of the
relationship between model parameters and model processes (MCCUEN, 1973). It allows the
identification of sensitive parameters influencing the model output (BAHREMAND AND DE
SMEDT, 2008:P.2).

KRAUSE (2010) estimated the parameter sensitivity in J2000g using various methods like
single and the multi parameter Monte Carlo Analysis in the mesoscale catchment (BODE),
Germany. The author reported that in single parameter approach the seven model parameters
(LVD, GWK, Tbase, TMF, FCA, and ETR) some of the parameters particularly two snow
parameters (Tbase and TMF) have influence on the model results only in part of the year
whereas others are active all the time, but heir impact was quantified as medium to low for the
overall period. KRAUSE (2010) also found that in the temporal domain, by looking at runoff
ensembles, Tbase had some higher impact in the middle of the time series, but two parameters
LVD and GWK had the larger impact on the all of time series and model results. A more
detailed description can be found in KRAUSE (2010).

For the parameter sensitivity estimations and their ranges in the Latyan catchment, single and
the multi parameter Monte Carlo Analysis method in the monthly model of J2000g has been
applied. Here, first, the analysis of the results was made by visual inspection of parameter
values versus single efficiency criteria. Additionally the analysis of the multi-parameter
estimation was done by visual inspection of ‘dotty-plots’ and more analytical method
described in KRAUSE, (2010). This method was based on 10000 Monte-Carlo runs computed

with the parameter ranges shown in table 3-2.
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Table 3-2: J2000g parameters and feasible parameter range for monthly

Name Process Range(monthly) Unit
Tbase Snow -10-0 C
TMF Snow 0-20 mm/K
FCA Soil water 1-20 -
ETR Soil water 0-1 -
LVD Soil water 0-50 -
DQK dQ retention 1 -
GWK bQ retention 0-10 -

Reactions were then evaluated using four objective functions: Nash-Sutcliffe-Efficiency
(NSE) (NASH AND SUTCLIFFE, 1970), logarithmic Nash Sutcliffe Efficiency (log. NSE),

relative percentage volume error (pbias) and the coefficient of determination (R2).

® Nash- Sutcliffe Efficiency
The Nash-Sutcliffe Efficiency (NSE) is the model coefficient of efficiency (Nash and
Sutcliffe, 1970), which expresses the fraction of the measured streamflow variance that is

reproduced by the model. The NaS is calculated as follows:

D Q) = (@)’
NSE =1-- Equation 3-7

2 (@) =(Q,),)°

With Qobs representing the observed runoff value and Qsim the modeled runoff value at time
1, obs Q defines the observed mean runoff for the given time period. The range of the NSE
lies between —oo and 1; a NSE of 1, hence, confirms a perfect fit. As stated in KRAUSE,
BOYLE ET AL. (2005:P.90), the disadvantage of the NSE is an insensitivity to model over
and under predictions, especially in periods of low flow. The authors suggested using the NSE

with logarithmic values.

e Logarithmic Nash Sutcliffe Efficiency
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The calculation of the logarithmic Nash-Sutcliffe Efficiency (log. NSE) is carried out as

follows:

z ((Qobx )i - (Q‘w‘m )i )2
log.NSE =1--1 Equation 3-8

2 (@) =(Q,),)°

The influence of the low flow values is stronger than in the NSE calculation due to the
logarithmic values of obs Q, Qobs and Qsim. This leads to a higher sensitivity to over and
under estimation of the observed runoff during low flow conditions (KRAUSE, BOYLE ET
AL., 2005:P.91).

® Relative percentage volume error
The percent bias (Pbias) is a measure of the average tendency of the modeled flows to be
larger or smaller than their observed values. The optimal PBIAS value is 0.0; a positive value
indicates a model bias toward underestimation, whereas a negative value indicates a bias

toward overestimation (GUPTA ET AL., 1999). PBIAS is expressed as:

z (Qi,obs - Qi,sim )(1 OO)
PBIAS == Bquation -9

> (©0,.)

Pbias is deviation of streamflow discharge, expressed as a percent, Qi,obs is observed stream

flow and Qi,sim is simulated streamflow .

e Coefficient of determination r 2
The coefficient of determination r 2 is defined as the squared value of the coefficient of

correlation according to Bravais - Pearson. It is calculated as:

2
n

> (0,-0)P-P)
r’ = = Equation 3-10

Ji(o,- —5>2Ji<lz -Py

With O observed and P predicted values.
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R 2 estimates the combined dispersion against the single dispersion of the observed and
predicted series. The range of r2? lies between 0 and 1 which describes how much of the
observed dispersion is explained by the prediction. A value of zero means no correlation at all
whereas a value of 1 means that the dispersion of the prediction is equal to that of the

observation.

The vital identification of a well fit between the two outputs was the visual comparison of the
observed and simulated runoff. In the second step, the “Automatic” method was used to
determine final parameter values which acted as baseline values for the estimation of

uncertainty.
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4. STUDY AREA AND DATA BASE
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The case study chosen is located in semi-arid mountainous region. Snow and snowmelt is a
vital source of water supply system. This catchment is one of the most important source of
water supply for population about 13 million. Hence prediction of snowmelt can be help to
water resource management and developing of water supply system. Unfortunately data base
of catchment is not proper and access to various data, especially hydro-meteorological data,
except temperature, is complex due to spatial variability and complex topography. Therefore
one spatial distributed hydrological model based on availability of data was used for

hydrological snow modelling to development of water resource management of area.

The Latyan catchment covering an area approximately 700 km? is located in about 35 km of
north-eastern Tehran (capital of Iran), between Latitudes 35°, 45” to 36°, 50’ N and longitudes
51°,23” to 51°, 51" E. Figure 4-1 shows the situation of the catchment.
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Latyan River Catchment: Geographical Overview
@  Runoff Station Stream network SRTM Elevation [m] Data: SRTM (USGS 2007)
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Settlement Latyan River catchment 1-300.000
1250 Projection: UTM Zone 39 North/WGS 84

Figure 4-1: Geographical Location of the Latyan catchment
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The Latyan catchment is located in a mountainous area, and very steep slopes. Elevation
difference between the highest and lowest point is about 2825 meters, with the highest point
about 4325m.a.s.] at the Valdarbaldar Mountain and the lowest point, at the Latyan dam
outlet, about 1500 m.a.s.l..

The main river of this catchment is Jajrood River. North side includes 3 main tributary
streams like Garmabdar, Shemshak and Ahar, and joint together with Fasham and Oushan
then also in the middle of catchment, Ammameh River and tributary streams of Roodak-
Qhuchak joint and then drains in to Lake of Latyan dam. Moreover, in the Eastern part of
catchment, streams of Kond, Afjeh, Bargjahan, and Lawasan(north and south Lewarak) with

amounts of small tributaries directly drains in to lake dam.

The Latyan dam is one of the primary sources of water supply for the Tehran metropolitan
area, with its over 13 million people. From 1988, due to increasing water supply demand of
Tehran, yearly about 140 MCM water is transferred to Latyan dam via tunnel from Lar River
to Latyan dam. Therefore this extending and transfer water increases the annual volume
capability regulation of water dam to 410MCM annually. In addition to its importance for
municipal water use, runoff from the Latyan also provides water for agriculture (over 70000
hectares in downstream) and for hydropower generation (45 Megawatt). Besides, this dam,
the primary water management structure in the basin, provides water over 95 MCM of storage

(http://www.tw.org.ir/dams/selectdam_en.asp).

Figure of 4-2 illustrates the streams and drainage network of Latyan dam catchment.
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Figure 4-2: Streams and Network and Subcatchments of the Latyan Catchment

4.1 Study Area

4.1.1 Climatic Condition

The Latyan catchment is influenced by Mediterranean and Polar air masses. Distribution of

rainfall that belongs to both systems is 27, 39, 30 and 4 for autumn, winter, spring and

summer respectively. This distribution rainfall system comparison to distribution of rainfall in

Latyan catchment namely 26, 38, 32 and 4 from autumn to summer has very low difference.

The characteristic of these air masses is high rainfall in winter and one dry season that

continue between 3 to 5 months (WEIL 2004).

Generally can be see an important relationship between rainfall and altitude, namely by

increase of altitude, rainfall increase. Normally above 3000 m, rainfall changes to snow.
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According to Iranian Water Framework(JAMAB) relation between variability of rainfall to
altitude, with due attention to 25 year average of rainfall in 12 rainfall measurement stations

Latyan dam catchments is described below:

P =-162.8+0.376Z that, Equation 3-11

P= annual average precipitation (mm)

Z= altitude of station (m)

According to this function, variability of rainfall to elevation of each 100-meter increase is
37.6mm and correlation coefficient between annual average precipitation and elevation is
0.985(MAHMUDIAN:P.82, 2002). According to Water and Energy Institute(WEI), 2004)
reports, based on coefficient correlation between geographical latitude and amount of
precipitation at measuring stations of Latyan catchments, variability of rainfall is 10mm.
From elevations above 3000 m.a.s.] precipitation form, fallen as snow. After determination of
average annual precipitations procedure, average annual precipitation of Latyan catchment is
about 573mm.The estimated annual rainfall in Latyan catchment is 406.7 MCM. Minimum of
annual rainfall is belong to Qhuchak station with 245mm and annual maximum of rainfall
belong to Garmabdar station with 756mm. Out of 39 percent of winter precipitation, about
35% is snowfall that fallen over limestones of high altitude of catchment and make different
avalanche forms in tributaries of Shemshak, Ammameh, Laloon, Ahar, and Garmabdar(WEI,
2004). The figure 4-3 shows 40 year mean monthly precipitation in Roodak and Latyan
stations. Most of Latyan's precipitation is in winter. It falls at low elevations as rain (winter
discharge) and at high elevations as snow, which produces spring discharge as it melts. At
intermediate elevations, discharge is a mixture of the two seasons. The maximum of temporal
precipitation occur in March and April about 87 and 72 mm for Roodak and Latyan
respectively. Additionally minimum of precipitation is occurred in summer especially

between August to September about 6 and 3.5 mm for Roodak and Latyan stations.
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Figure4-3: Mean Annual (1967-2007) Monthly Precipitation in the Latyan Catchment(Latyan
and Roodak Station)
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Figure 4-4: Mean Annual (1967-2007) Monthly Precipitation in the Latyan Catchment
(Latyan Station)

Generally temperature in months between end of December to middle March fall to below
0°C and this time all the rainfalls fall as snow. Again after March temperature increase to
above 0°C and snowmelt start in this time and increasing of temperature will continue and in
end of July and August reach to above 30°C (Figure 4-4). Maximum of mean annual
temperature of catchment belong to Latyan station with 14 °C and minimum of mean annual
temperature with 7 °C belong to Rahatabad station. The absolute minimum temperature

belongs to Kamarkhani station is -32°C and absolute maximum of temperature is +38°C in
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Latyan station. The mean frozen days is about 75 day and mean dry days are reported about
120 days. According to Amberjeh procedure, can be seen 3 types of climates in Latyan

catchment: high elevations, sub humid cold and semi-arid (WEIL, 2004).

4.1.2 Geomorphology

4.1.2.1Slope

The latyan catchment is one of Iranian mountainous catchments and its elevation varies from
1500 meter above see level (m.a.s.]) in Lake Dam to 4300 m.a.s.] in summits. Maximum
elevation in this catchment is 4325 m.a.s.l in the Volderbalder Mountain and minimum is
1500 m.a.s.l in outlet of Latyan dam. This catchment is surrounded by Lar dam basin from the
north, North Tehran basin from the south, Damavand basin from east and by Karaj basin from
west. Base on Hypsometric maps, more than elevations of this catchment are located between
2300-2800 m.a.s.] that is 34% of area catchment. The extent of 44 km? of lands catchment is
plateaus and gorge upon alluvial deposits. About 170 km?2 are geomorphologic unit of hills
and 486 km? are mountainous units. Based on gradient maps of Latyan, more than 90% of
catchment has gradients above 15% and the higher gradient of catchment located in class of
30-50%. Gradient of above 50% is about 25 percent of all area Latyan catchment. Figure 4-5

shows the slope map of Latyan catchment.
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Latyan River Catchment: Slope Classes
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Data: SRTM (USGS 2007)

Figure 4-5: Slope Classes in the Latyan Catchment

4.1.2.2Aspect

Low gradient lands mainly located in south catchment which is around Lake Dam and main
tributaries, and high gradient lands are located in limestone elevations of northern catchment.
Most of gradient surface (face) is located to direct of south with 33.7% and then with 20% to

direct of north. Figure 4-6 illustrates the exposition condition of Latyan catchment.
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Figure 4-6: exposition condition of the Latyan Catchment

4.1.3 Landcover/Landuse

The land use map for this study with 90 m grid size, showing the land cover for 2005-2006, is
depicted in Figure 4-7. The map shows 5 different types of land cover: 81% of the basin is
covered by deciduous shrubs, 6% by deciduous broad trees, 2% by short grass, and about

11.0% by agriculture and settlements.
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Figure 4-7: Landcover/Landuse of the Latyan Catchment

4.1.4 Geology

The geological characteristic of the Latyan catchment is very complex and is located between

zones four and five of the Alborz geological unity and on the middle part of central Alborz

Mountains. Therefore, different geological formations from oldest (early Cambrian) to the

youngest (Quaternaries sediments) can be found.

In stratigraphy of Latyan catchment, formations of Paleozoic, Mesozoic and Cenozoic has

seen. Cambrian, Hiatus of Ordovician, Silurian, Upper Cretaceous, Paleocene and Neocene

activities can be seen in the catchment (WEI, 2004, P: 10)

Generally, the northern and central region of the Latyan basin is older than other parts. In this

part, different types of tuff (shaly, calcareous and soft), dolomite, limestone, thin layers of
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sandstone, sandy marl, silt, as well as basaltic-andesitic lava flows and volcanic intrusive
screes can be found. In addition, due to mountainous location of catchment, Quaternary
activities was limited, but these sediments due to erosion of older formations in long terms
deposited in the boarder of the main rivers like Meygoon and Kond River and other tributaries
of catchment, especially in the supreme of Latyan lake dam. This part of the catchment is
characterized by alluvial fans, scree talus fans as well as terraces and is thereby younger than
the rest parts of the catchment and uses by agriculture and farming (WEI, 2004:P.25).

From viewpoints of lithology, Ltyan catchment consists of two parts: first general categories
as sedimentary rocks and second, Igneous and Pyroclastics formations.

According to digital geology map of Latyan catchment, the area of igneous and pyroclastics
rocks in Latyan dam catchment is about 251 km? and located more in central and southern
part of catchment. The area of sedimentary (limestone and dolomite, shale and
sandstone,marl) rocks estimated about 102.2 km? and they located more at northern area of
catchment. Hence, the northern water tributaries of the Latyan, due to their bedrocks, are

carbonated (WEI, 2004:P. 27).

4.1.5 Solil

Soil type of catchment depends on different factors like geological bedrock, climate,
overlaying vegetation as well as topographic conditions (SCHEFFLER, 2008).

The following map (Figure 4-8) illustrates the distribution of soil types based on the World
Reference Base of Soil (WRB) classification and land capability and resource evaluation map
of Tehran province, made by Soil and Water Research Institute of Iran (SWRI, 1991) in the

Latyan catchment.
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Figure 4-8: Soil Types Map of the Latyan Catchment

Lithic Leptosols, Eutric leptosols as well as Calcaric regosols as independent and combined
together with limestone, sandy, shale and conglomerates bedrock are distributed as dominant
soil types in Latyan catchment (Jajrood River). This basin is mountainous and characterized
by high precipitation as snow in the winter which has formed this weathering soil types in that
area. Lithic and Eutric Leptosols with Calcaric Regosols are distributed in upstream and about
80 % area of Latyan catchment (SWRI, 1991). Lithic Leptosols are very shallow, less than
10 cm deep and in mountain areas are the most extensive Leptosols (FAO, ISRIC ET AL.,
2006:P. 84, 111). Eutric Leptosols also as second level unit of Leptosols, has a base saturation
of 50 percent or more, in a layer, 5 cm or more thick, directly above continuous rock (FAO,
ISRIC ET AL., 2006:P. 106). The Leptosols are characterized by weakly developed soils and

is a very shallow soil over hard rock or highly calcareous material. This soil type is an azonal
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soil and particularly common in high mountain regions (FAO, ISRIC ET AL., 2006:P.84).
Calcaric Regosols are also found in the catchment, which have similar properties as leptosols.
Calcaric soils define as “having calcaric material between 20 and 50 cm from the soil surface
or between 20 cm and continuous rock or a cemented or indurated layer, whichever is
shallower” (FAO, ISRIC ET AL., 2006:P.103). The Regosols are characterized by ‘“very
weakly developed mineral soils in unconsolidated materials” (FAO, ISRIC ET AL,
2006:P.92). These soil types also have a low moisture holding capacity (FAO, ISRIC ET AL.,
2006:P.92).

By continuing the river to downstream, Calcaric Regosols developed, which is deeply
weathered and characterized by a shallow to deep with fine sand and medium to coarse
texture with many lime (SWRI, 1991). According to the same source, on this soil type
covered by dry farming and distributed about 2.3 % in the catchment.

In the area of the catchment outlet, the Lithic Leptosols and Eutric Leptosols can be
found.These subgroup soiltype are also very poor soil for agricultural use and also are
classified as very shallow soils and distributed about 7.6 % area of the Latyan catchment

(SWRI, 1991).

4.2 Data Base

4.2.1 Hydro-meteorological datasets

For rainfall-runoff modeling of the Latyan Dam Catchment the following monthly hydro-

meteorological time series have been used as input data.

4.2.1.1Precipitation Data

The rainfall data used were obtained from the Public Weather service of the Iranian
Meteorological Organization (WSIMO), Iran Water Resources Management Company
(IWRMCO) and Tehran Regional Water Company (TRWCO). This dataset contains rainfall
observation between 1967 and 2005 from more than 30 stations. The available stations in the
catchment as well as in the surrounding areas were extracted and the proportion of patched
values was analyzed. From database of WSIMO, 8 synoptic stations surrounding the

catchment were extracted. Figure 4-9 shows the location of meteorological stations
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surrounding of the Latyan catchment. For 12 stations within catchment, the rainfall data from

the IWRMCO were obtained.
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Figure 4-9: The Location of Meteorological Stations inside and around the Latyan Catchment

The data and date format was under text and Persian language. Therefore to better analysis
and filling missing data of some stations the format of date and data changed to Excel and
standard date. By using linear regression some stations compared together and were filled
missing data. Then an experiment to model the catchment with all 20 rainfall data the
simulation improved, which indicated that the originally excluded stations were a good source
of data. Therefore, it can be assumed that the patched data are a good estimate of the actual

rainfall amount and can be used in this study.

4.2.1.2Temperature Data
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There were two data sources used for the temperature data (Table 4-1) data were provided by
the WSIMO That includes monthly minimum and maximum temperature data for the time
period 1951 to 2003 around of Latyan catchment (Figure 4-9) Data were provided by the
IWRMCO and TRWCO which contains daily and monthly of minimum and maximum
temperature data for the time period 1967 to 2005 inside of Latyan catchment.

Table 4-1: Temperature Measurement Stations

STATION STATION START END | LAT | LON |ELEVATION | SOURCE

NUMBER NAME RECORD |RECORD
41-119 Latyan 1967 2005 |35.47|51.41 1560 IWRM
41-772 Ammameh 1967 2005 |35.54|51.35 2200 IWRM
41-336 Shahrestanak 1967 2002 |35.58|51.21 2200 IWRM
41-121 Mamlou 1967 2002 |35.37|51.48 1300 IWRM
40-751 Tajrish 1988 2003 |35.47|51.37 1548 WSIMO
40-754 Mehrabad airport 1951 2003 |35.41|51.19 1191 WSIMO
40-753 | Doshantape airport 1972 2003 |35.42|51.20 1209 WSIMO
40-752 Karaj 1985 2003 |35.55]50.54 1312 WSIMO
40-756 Firozkouh 1993 2003 |35.55]52.50 1976 WSIMO
99-370 | FirouzkoohPollution| 1995 2000 [35.43|52.24 2986 WSIMO
40-755 Abali 1983 2003 |35.45|51.53 2465 WSIMO

4.2.1.3Additional Climatic Parameters

The additional climatological parameters (wind speed, sunshine duration and relative
humidity) were provided by the WSIMO. Despite the existence of the Latyan,
Ammameh,Rahatabad, and Kamarkhani stations, long-term daily and monthly measurements
for these parameters within the catchment were not available or incomplete. Therefore,
measurements in the area surrounding stations like, the Tajrish, Mehrabad airport,
Doshantapeh airport, Abali, Firouzkooh, Firouzkooh pollution, and Karaj synoptic stations,
located near and up to 100 km away from the catchment, were taken into account, as shown in

the following table.
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Table 4-2: Additional Clamatic Parameters

STATION| STATION | START END | LAT | LON |ELEVATION| MEASURED
NUMBER| NAME |RECORD|RECORD PARAMETER
41-119 Latyan 1986 2002 |35.47|51.41 1560 Rhum,Wind,
Sun
41-772 | Ammameh 2000 2002 |35.54|51.35 2200 Rhum
41-776 | Rahatabad 2000 2002 |35.54(51.37 2450 Rhum,Wind
41-115 |Kamarkhani| 2000 2002 [35.52|51.33 1890 Rhum
40-751 Tajrish 1988 2003 |35.47|51.37 1548 Rhum, Wind,
Sun
40-754 | Mehrabad 1967 2003 |35.41(51.19 1191 Rhum, Wind,
airport Sun
40-753 | Doshantape 1972 2003 |35.42(51.20 1209 Rhum, Wind,
airport Sun
40-752 Karaj 1985 2003 [35.55|50.54 1312 Rhum, Wind,
Sun
40-756 | Firozkouh 1993 2003 |35.55(52.50 1976 Rhum,Wind,
Sun
99-370 | Firouzkooh 1995 2000 |35.43(52.24 2986 Rhum,Wind,
Pollution Sun
40-755 Abali 1983 2003 [35.45|51.53 2465 Rhum,Wind,
Sun

The relative humidity was measured at twelve stations but only five stations (Abali, Tajrish,

Mehrabad airport, Doshantappeh, and Karaj) had proper data. Eight stations (Latyan,

Mehrabad airport, Doshantapeh, Tajrish, Abali, Firouzkooh, Firouzkooh pollution and Karaj)

recorded sunshine duration and nine station (Latyan, Rahatabad, Abali, Tajrish, Mehrabad

airport, Doshantapeh, Firouzkooh, Firouzkooh pollution and Karaj) provided wind speed

measurements.
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4.2.1.4Runoff Data

The discharge data was provided by the Iran Water Resources Management Company
(IWRMCO) and Tehran Regional Water Company (TRWCO). Mentioned data are contains
daily and monthly runoff data for the time period 1971 to 2005 eight runoff gauges Latyan
catchment. The catchment outlet is the hydrometric station 41-119 (Latyan), which went into

operation in October 1945 and has been delivering manually and recorder cable since 1945.

4.2.2 Spatial Datasets (GIS-Data)

Hydrogeological investigation over large areas requires assimilation of information from
many sites each with a unique geographic location. GIS maintains the spatial location of
sampling points, and provides tools to relate the sampling data contained through a relational
database. Therefore, it can be used effectively for the analysis of spatially distributed
hydrogeological data and modelling (SHAHID AND BEHRAWAN, 2008).

The version of J2000g model uses distributed model entities as input. These entities are based
on the concept of the HRUs (FLUGEL, 1995; FLUGEL, 1996) using GIS-datasets of land
cover, soil, geology as well as a DEM. The datasets used in this study are summarized in
Table 4-3. The Shuttle Radar Topography Mission (SRTM) dataset (U.S. GEOLOGICAL
SURVEY EROS DATA CENTER AND NASA, 2007) provided information on topography
parameters such as elevation, slope and aspect. Additionally, it was used to delineate the
stream network, catchment borders and sub catchments. Information on soil type was derived
using land capability and resources evaluation map of province Tehran (1991) from the
Ministry of Agriculture of Iran, Soil and Water Research Institute (SWRI).The map as
mentioned, contains difference datasets of province of Tehran mentioned Latyan Catchment
as landtype, soil texture for the soil types, soil classes with (FAO) classification and capability
and limits of lands. The geological information was derived form geological map of Iran
series 1:100000, Tehran(1996), East of Tehran(1997), Damavand(1997), Baladeh(1993),
Marzanabad(2001) sheets from the ministry of Mines and Metals of Iran, Geological Survey
Organization of Iran(GSI), and from SHESHANGOSHT ET AL., (2006). The land cover and
land use parameters (vegetation type and another utility) were obtained using the National
Cartographic Center of Iran (NCC), and from SHESHANGOSHT ET AL., (2006) and
ZEINIVAND AND DE SMEDT (2008).
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Table 4-3: GIS-dataset for HRU- delineation

Dataset Description Format | Resolution Source Model -
Parameter
Shuttle Radar US Geological Elevation
Topography 90m? Survey(2007) | Slope, Aspect
DEM Mission(SRTM) Raster Stream
network
Geological maps Geological Bedrock
(Tehran, East Tehran, Survey Characteristic,
Damavand, Baladeh) Organisation, Maximum
Geology Vector | 1:100.000 Iran(GSI), Perculation
(1993, 1997,
2001)
land capability and Soil and Water Soiltype,
Soil resources evaluation | Vector | 1:250.000 Research Soil texture
map of province Institute(SWRI)
Tehran , Iran, 1991
Topographic, Maps National Vegetation
Land Block 15, Tehran Vector 1:50.000 Cartographic Type,
Cover Province, 2004 Center(NCC), Vegetation
Iran, 2004 height

For the HRU delineation, all datasets should have the same spatial resolution as well as

projection. Therefore, all datasets were transformed into the UTM-Projection, Zone 39 North

with a spatial resolution of 90 m. Datasets, having a coarser spatial resolution, such as soil

information, land cover, and geology have been resampled in ArcGIS 9.3 (ESRI, 2008) using

the nearest neighborhood method.
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5. RESULTS AND DISCUSSION
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In this chapter, the results of the study will be presented. The chapter is divided into three
sections. First, in the data analysis section (Section 5.1.1), the input data will be checked for
missing values as well as for plausibility. Subsequently, a system analysis will be carried out
to investigate the data for indications of an influence on the hydrological response. Second,
the conclusion drawn from this analysis will be used for the model calibration and validation
(Section 5.2). The modelling outputs will also be investigated for their sensitivity to parameter
changes. The conclusions will later be used to assess the snowmelt modelling results. Third,
to compare the simulated SWE single HRU stations with the SWE time series, the area under
investigation had to be determined (Section 5.3.1). After doing so, the model entities lying in
this area of interest are averaged using the area weight, and then compared to the SWE time
series (Section 5.3.2). In this step, similarities and variations in long term (trend) and short
term (seasonal) SWE will be highlighted. This analysis will give an insight on the evolution
of the snowmelt and SWE modelled time series and therefore information on future behavior
can be drawn. Based on these results, the capability of the model J2000g for snowmelt

modelling will be analyzed.

5.1 System Analysis and Delineation of Hydrological Response Units

5.1.1 Data Analysis and System Analysis

5.1.1.1Precipitation Data Analysis

As documented in Section 4.2.1.1, the rainfall data needed in this study were collected by
WSIMO and IWRMCO. The 24 rainfall stations (Figure 4-9) in and surrounding the
catchment area were extracted from this database and used in this study. As discussed in
Section 4.2.1.1, the data filled using a combination of algorithms such as inverse distance
weighting, linear regression techniques.

For each station the long term monthly and yearly statistical parameters mean, minimum,
maximum and standard deviation were calculated for the time frame from 1970 to 2004. The
long term mean annual precipitation amounts to between 420 and 563 mm with a standard
deviation ranging from 96 mm to 143 mm. The regression analysis reveals a very strong
positive relationship between the standard deviation and the mean values (R? = 0.85). In other

words, the year-to-year variability increases with an increasing mean annual rainfall.
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5.1.1.2Discharge Data Analysis

The double mass approach, explained in the Section 3.1.1.1, has been applied to analyze the
runoff observation between stations along the Latyan catchment stream. Figure 5-1 shows the
double mass—analysis between the runoff stations Latyan and Roodak as well as Naran and
Najarkola(Galandoak), whose locations are shown Figure 4-1.

The left hand side of Figure 5-1 shows the double mass curve between the catchment outlet
(Latyan) and the Roodak station, located approximately 3km upstream from the Latyan
station. On the right hand side of the figure, the double mass curve between the Naran and the
Najarkola stations is illustrated. The Naran measuring station records the discharge of the
Naran River, a tributary to the Latyan Dam Lake. The Najarkola runoff station lays about 1
km before the Naran River joins the Latyan Dam Lake. The two runoff stations are

approximately 1.5 km apart from each other, shown in Figure 4-1.
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Figure5-1: Dubble Curve Mass Analysis in the Latyan Catchment

The double mass curve on the left side of Figure 5-1, shows that runoff relationship between
the two station had been changed, and “more” runoff has been recorded at the outlet station
(Latyan) than at the upstream station (Roodak) within the 1970 to 2004 time frame. The
comparison of this curve with the mean annual precipitation-data indicates that these
characteristics could be explained by anthropogenic influences and natural factors like long
time droughton the river discharge. The first section marks the time period until the end of
1982, characterized by an above average mean annual precipitation (MAP) (Figure 5-2). The
years from 1980 to 1989, with the exception of one year 1982 are characterized by low
precipitation, whereas the years from 1972-78 and 1996-2001 show above average MAP.The
changes in slope can be explained by water uptake along the river before the Roodak station
or technical measuring problems, especially during the years with low precipitation (1970 to
1992).
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This argument of anthropogenic impacts on the stream flow volume is supported by the
analysis of the second double mass curve on the right hand with same condition of graph

This double mass analysis indicates intensive anthropogenic regulation of the discharge and
natural condition of drought. The discharge in the river stream is especially ruled by the major
dams, Latyan dam, located in the outlet of the catchment. To reduce the anthropogenic
influence in the rainfall-runoff modeling, the catchment area of the dams was not taken into

model calibration.

5.1.1.3Temporal Relationship between Precipitation and Discharge in the
Latyan Catchment

The hydrological modelling of the catchment of Latyan requires an understanding of the
natural as well as anthropogenic influences on the runoff generation as shown in the
preceding analysis. The rainfall-runoff interaction analysis was carried out for a longer time
period (1970-2004) than in the actual study (1990-2001). This was done to gain more
information on the system. The investigation focuses on the annual, seasonal and monthly
temporal scale.

Figure 5-2 compares the long term mean annual precipitation (blue bars) to the annual runoff
sum (blue line), as well as the variation from the 34 years average for rainfall (blue filled

bars) and runoff (blue unfilled bars).
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Figure 5-2: The 34 years Evaluations of rainfall and Runoff in the Latyan catchment, (Roodak
Station)

The figure shows that the years between 1972 to1979, 1982, 1990 and 1995 to 2002 are
characterized with rainfall above the runoff. The rest years runoff was above rainfall.
Comparing this with the recorded runoff it is shown that the runoff follows the precipitation
dynamics. However, there are some exceptions, which reflect the anthropogenic influence and
the high water demand in this region. The double mass curve analysis for 4 stations indicated
2 time duration difference, one time human-made activity from 1980 through 1989, another
time from 1995 to 2001. In particular between 1980 to 1989 data analysis showed that the
result were influence the human-made activities an data was not correct , because in this time
Iran was involve the Iraq war. Increasing water demand and severe drought occurred in the
region (JAHANI and REYHANI, 2006).

In the next step, the seasonal variability has been studied. The Latyan catchment lies in the
semi-arid climate zone and located at the mountainous area with a difference topography and
variability between the dry and wet seasons, as illustrated in Figure 5-3.

Figure 5-3 compares the average monthly values of the runoff rate (blue line) at the outlet of

the subcatchment and the observed precipitation (blue bars).
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Figure 5-3: The34 years Monthly Average of rainfall and runoff in the Latyan Catchment
(Roodak station)

The figure is based on data from 1970 to 2004. As shown in the figure, the temporal

variability in rainfall amount varies between the dry and wet periods. In the wet period

68



(November to May) about 518 mm, corresponding to 90 % of the annual rainfall, are
recorded. In the dry season (June to September) the measured monthly rainfall amounts to less
than 56 mm, whereas during June to August only 13 to 5 mm precipitation are documented.
The high temporal variability is also reflected in the runoff, as shown in the differences
between the low flow and high flow seasons (Figure 5-3). During the dry season, the average
monthly flow rate fall under2.6 m3%s. It indicated that in dry season catchment rivers are
related to snow melt runoff for the river. The wet season, however, is characterized by low
discharge values but with a runoff peak in the May and not corresponds to the precipitation
peak. It can be concluded that more than precipitation of catchment fall as snow and Runoff

River is related to snowmelt.

5.1.2 Spatial Dataset

Table 4-3 shows the datasets used to delineate the HRUs used in the model. In order to
achieve a common spatial resolution the raster datasets, land cover and the DEM, were
resampled to 90 m. The vector datasets, the soil data and the geology dataset, were converted
into raster files with a resolution of 90 m by applying the nearest neighbour method. All GIS-
data files were than transformed into the UTM Projection, Zone 39 North.

The DEM delineated from the SRTM-data (U.S. GEOLOGICAL SURVEY EROS DATA
CENTER AND NASA, 2007) was used to derive topographical parameters such as aspect and
slope. Therefore, the dataset had to first be prepared and sinks had to be filled (WOLF, 2009)
with the “fill” routine implemented in ArcInfo within ArcGIS Destop 9.3 (ESRI, 2008).
Afterwards, flow direction and flow accumulation were delineated in ArcInfo within ArcGIS
Desktop 9.3 (ESRI, 2008). An accumulation threshold of 250 cells was used for the
delineation of the stream network. The resulting stream network was compared visually to the
available topographic maps and corrected if necessary. Afterwards, the sub catchments were
delineated using the Spatial Analyst Tools within ArcGIS Desktop 9.3 (ESRI, 2008). The
location of available hydrometric stations was corrected so that the runoff stations were
located on the delineated stream network. As a result, 4 sub catchments with areas from 31 to
430 km? were delineated.

The hydro-meteorological time series (Table 4-1, Table 4-2) are representing measurements at
point scale. To obtain spatial information for these hydro-meteorological parameters, the
measurements had to spatially generalized using the IDW- method implemented in J2000g

(KRAUSE, 2001; JAMSWIKI, 2010) described in Section 3.2.1.
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5.1.3 Delineation of Hydrological Response Units

The delineation of the HRUs consists of several steps, as shown in Figure 5-4 In the first step
the individual GIS-datasets will be reclassified according to their hydrological significance.
Then the prepared datasets will be overlaid on one another and, if necessary, reclassified
again. Afterwards, small polygons under a certain threshold will be aggregated into
neighboring polygons

Finally, the resulting HRUs will act as model entities in the hydrological model. The

following sections give a more detailed description of these steps.
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Figure 5-4: Flow-chart of the Delineation of HRUs for the J2000g model (Source:
SCHEFFLER, 2008)

5.1.3.1Data Preparation and Reclassification

The first step of the HRU-delineation involves data preparation and reclassification of the
GIS-datasets. This is necessary to meet the requirements for the hydrological model
(KRAUSE, 2001:P. 140). The single values of the topography, slope, aspect, geology, and
soil and land cover datasets are reclassified according to their hydrological importance to
reduce the number of HRUs.

The slope values were grouped into the following classes: low slope areas (0-5°), medium
slope areas (5- 15°) and high slope areas (>15°) according to the work of BONGARTZ
(2001). For the aspect, classes modified from BONGARTZ (2001) HELMSCHROT (2006)
and SCHEFFLER (2008) have been used, as shown in Table 5-1
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Table 5-1: Reclassify the aspect

Class Descrption Aspect in°
1 North 337.5-360; 0-22.5
Northeast 22.5-67.5
Northwest 292.5 -337.5
2 Southeast 112.5-157.5
South 157.5-202.5
Southwest 202.5 - 247.5
3 West 247.5-292.5
East 67.5-112.5

Due to no specific soil data available for the Latyan catchment, a soil map and other
information on soil type was derived using land capability and resources evaluation map of
province Tehran, Iran from Soil and Water Research Institute (SWRI, 1991). First the soil
map of (SWRI) georeferenced using georeferencing tools of ArcMap ArcGIS 9.3(ESRI,
2008), then the boundary of catchment and soil classes were digitized using edit tools of
ArcMap ArcGIS 9.3(ESRI, 2008).After analyzing the available soil dataset (SWRI, 1991), the

following classes for the catchment were delineated .

Table_5-2 Classification of the Soil Types (Source: SWRI, (1991))

Soil Group FAO Soil Type Description

1(11) Lithic and Eutric Very shallow to fairly shallow, with coarse

Leptosols, Calcaric sand, medium to coarse texture
Regosols

2(12) Lithic Leptosols, Fairly shallow in peaks, semi shallow with fine
Calcaric Regosols sand in slopes

3(21) Lithic Leptosols, Very shallow soils, without soil cover

Eutric Leptosols,
4(32) Calcaric Regosols Fairly shallow to deep, with fine sandy and
medium to coarse texture, with many lime

According to SCHEFFLER (2008) all soil groupes mentioned above summarizes soils with
clay content between 10 to 25 %, including the Leptosol and Regosol soil types.

Distinction between the major land cover classes was made based on vegetation properties,
like leaf area index, vegetation height, rooting depth, and stomata resistance.

The land cover information was grouped into land cover classes, shown in Table 5-3.

71



Table5-3: Classification of the Land Cover Classes (Source: NCC, (2005))

Land Cover | Land Cover Classes Description
Class
Agriculture 3,4,15 Dry farming, Irrigated Farming, Paddy and other
agricultural land
Decidous 13,5,9,10,14 Woodland, A forestation, Orchard, Indigenous
broad trees Forest, Forest plantation of Plane tree, single trees
and others
Decidous 22.2,1 Shrub, Thicket and Bush, Degraded Land (areas
shrubs with low vegetation)
Grassland 12,17 Grass, Pasture, Urban Area Grassland
Settlement 8, 25,27 Rural Area(residential), Urban Area(commercial,
residential, build up)
Water 6 Water, Lake dam

The available geology information was grouped into only two classes, shown in Table 5-4.

Table 5-4: Stage of Geology Classification

Class Description GSI Code
1 Sedimentary Rocks Cb;j, Ccj,
Black limestone, clayey marl intercalation, Light grey massive Cdj, Daj
dolomitic limestone, Black oolitic and intraclastic limestone,
Sandstone , shale, limestone, marl, phosphatic layers
Sedimentary Rocks €dbt, €1, €z,
Black massive dolomite, green-black shale intercalations, Red €m, €q
arkosic sandstone, Micaceous red siltstone, redsandstone,
Trilobite bearing limestone, marl, dolomite and shale,
Quartzitic sandstone
Sedimentary rocks Eshk, J12, Jd,
Calcareous and siliceous dark colored shale, Cream-bedded to J1
massive limestone,dolomite,chertly, Thin-bedded marly
limestone,marl,Amonite bearing, Thin-bedded to massive
limestone
Sedimentary rocks K1_M, K1t,
Gray,yellow, green,lime.,argilaceus lime.,marl, Light Kt
M

gray,medium-thick bed limestone.,argilaceus limestone,
Orbitolina limestone(Aptian- Albian), Miliolids limestone,
gypsum, conglomerate, siltstone, sandy marl
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Sedimentary rocks

PEcf, PEI,

Thick-bed to massive polygenetic conglomerate, sandstone, PEz, Pd,
locally limestone beds, Alveolina-nummulitic limestone, PIQcs
conglomerate, gypsum, Sandstone, shale, limestone Pr
intercalations, Mudstone intercalations, fusolina limestone,
dolomitic limestone
Sedimentary rocks Q, Q1, QI,
Young-old screeslope, talus, deposit, aluvial fan, Landslide, TR3Js,
rockfall, rock stream, Shale, sandstone, siltstone, claystone, TRde, TRIe
coal bearing, Massive dolomite, Thick-bedded to massive
limestone
Igneous Rocks Dvj, Eb, Etk,
Basaltic-andesitic lava flows, White-green tuff breccia, ash tuff, Evk
Green thick-bedded tuff, minor lava, pyroclastics, Volcanic
rocks locally basic, agglomerate, tuff,
Igneous Rocks Kv, Pe,
Volcanics includ basalt and spilite, Volcanics, pyroclasics, PEvf, Tb, Ts

tuffs, Basic and intermediate sills, Mostly syenite and some
leucosyenite porphyry
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5.1.3.2 Overlay Analysis and Reclassification

The overlay of the GIS-datasets was carried out in successive stages as shown in Figure 5-4.
The first overlay (aspect and slope) build Topography-Set (TS) entities.

In second overlay the Landcover-Soil-Set (LSS) were created by overlaying soil and land
cover. Afterwards, the resulting LSS was overlaid with the TS. In this step, first the rock
classes from deciduous shrubs separately combined as constant classes. Additionally, in forest
classes with a slope below 5°, the east / west aspects have been transformed to a north aspect.
SCHULZE, MAHARAIJ ET AL. (1997:P.29-30 analyzed the solar radiation on different
slopes and aspects. They founded that with a slope below 5° the radiation amount for North,
NE/NW, as well as E/W facing aspects was comparable, whereas SE/SW and South facing
aspects with the same slope showed a much higher radiation input. This has only been applied
to areas with dense vegetation, such as forest (SCHEFFLER, 2008:P.88). In the last step of
the successive overlay processes the resulting Topography-Soil-Vegetation Complexes were
overlaid with the geology groups. As a result of the generalization process 18113 HRUs were

defined for the Latyan catchment.

5.1.3.3Generalization and Delineation

After finishing the knowledge based aggregation, the resulting entities were overlaid with the
sub catchments. The smallest polygons with an area below 5 Raster Cells (<0.05 km?), were
then eliminated using the Dissolve Adjacent Polygons in Data Management Tools in ArcMap
9.3(ESRI, 2008). The 18113 HRUs were generalized to 5369 HRU-Polygons and used as
modelling units for the J2000g model. The physical characteristics were assigned using the
majority function for land cover, soil and geology. For elevation, slope and aspect mean

values were computed using the Arc Info Arc GIS 9.3 (ESRI, 2008).

5.2 Snowmelt—-Runoff Modelling using J2000g model

5.2.1 Model Parameterization

74



The model requires separate parameter files for land cover, soil and ground water. Each land
cover class consists of 5 land use parameters, each soil class of 2 soil parameters and each
hydrogeologic class of 1 groundwater recharge parameters. The parameter values were taken
from literature values and are explained in more detail in the following sections. (KRAUSE

AND HANISCH, 2009)

5.2.1.1Landuse-Land Cover Information

Because, the advantage of the Penman-Monteith method is the higher physical basis, in this
study, the J2000g model calculates the evapotranspiration and potential evaporation rate
based on the Penman-Monteith approach (JAMSWIKI, 2010). This approach estimates the
evapotranspiration in the canopy layer using several vegetation parameters such as leaf area
index (LAI), stomata resistance, rooting depth, and vegetation height. This information was

retrieved from literature values, shown in Table 5-4 B in Appendix B for land cover classes.

5.2.1.2Information on Soil Data

The soil information was extracted from description of land capability and resources
evaluation map of Tehran province, Soil and Water Research Institute (SWRI).That
description contains difference datasets of province of Tehran mentioned Latyan Catchment
as landtype, soil texture for the soil types, soil classes with (FAO) classification and capability
and limits of lands. The database did not contain any field probe and more detail of soil within
the study area. To achieve representative soil texture characteristics for the soil types found in
the study area, the available soil texture information was averaged according to the soil type
properties of WRB, and FAO, ISRIC (2006) and later the values for each soil type were
averaged according to the soil groups.

The soil water module of the J2000g model has two parameters namely depth of the soil in cm
and entire usable field capacity of the soil in mm. For better accuracy of extracting of
mentioned soil parameters the land cover and vegetation cover of the Latyan catchment was
used. Therefore, in areas with high vegetation cover, the soil parameters were adapted.
Namely in the areas with vegetation covers, both depth and FC sum parameters is increased.

The soil parameter values shown in the table 5-5

75



Table 5-5: Parameters of the Soil Classes for the Soil Water Module

Soil Class | Depth FC sum

[cm] [mm]
111 120 73.17
11 60 10.66
112 130 211.5
12 60 21.3
121 60 21.3
21 60 10.66
132 130 211.5
32 130 211.5

5.2.1.3Information on Geology Data

In the geology data, for each hydrogeologic unit the maximum possible ground water
recharge rates per time unit are set up. It only contains the following two attributes: GID - a
clear numeric ID with which the connection to the model unit table is generated. mxPerc - the
maximum possible percolation rate (ground water recharge rate) per time interval in mm per
time unit(JAMSWIKI, 2010).

Due to poor information about maximum possible percolation of difference geological classes
in the catchment and due to simplify component of ground water recharge in the j2000g
model for both hydrogeological classes an constant parameter value about 28 was input to

hydrogeology parameter of model( Table 5-6) .

Table 5-6: Parameters of the Geology classes for the Ground Water Module

Geology Class | Max Percolation
[mm]
1 28
2 28
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5.2.2 Model application, calibration and evaluation

5.2.2.1Model application

To provide spatially consistent input information for J2000g, the Latyan catchment was
partitioned into 5369 modelling units (HRUs) resulting from a GIS overlay of slope, aspect,
land-use, soil type and hydrogeology. Slope and aspect were classified into five and three
classes in advance. After the GIS overlay, the centroid coordinates, area, mean slope, most
frequent aspect, soil type, land-use and hydrogeological type were extracted for each unit and
transformed into a J2000g compliant data table. The soil type and the land-use information are
correlated to specific tables during model initialisation to derive physical values for field
capacity and vegetation-specific parameters such as the stomatal resistances for good water
availability and the leaf-area-index. Monthly values of observed climatological input data
(temperature, precipitation, relative humidity, sunshine hours, and wind speed) from the
meteorological stations shown in figure 4-9 were transferred to each modelling unit using data
from the five closest stations. Values of the six J2000g parameters (FCA, Tbase, TMF, LVD,
ETR and GWK) had to be estimated through a model calibration procedure. The calibration
was done for 3 subbasin within the Latyan catchment boundaries with sufficient streamflow
observations. The selection of suitable subbasins was complicated by the fact that J2000g
does not explicitly recognize man-made influences on the hydrological processes and does not
account for water losses in karst regions both relevant factors for the runoff amount in some
parts of the Latyan catchment. As a result, only subcatchments with minimal man-made
influence and primarily impermeable bedrock conditions were selected for calibration.
Therefore, three subbasins were selected for calibration: Roodak, Najarkola, and Naran. The
extent area of these subbasins ranges between 31 to 430 km2 (see figure 4-2). For each
subcatchment, values for the six model parameters were calibrated automatically using the
Monte-Carlo-Analysis runs and Shuffled Complex Evolution — University of Arizona (SCE-
UA) method (Duan et al., 1994). Both methods adapt a selected number of model parameters
in order to optimise a single objective function or efficiency criteria. The calibration was done
with observed monthly climate values for the time period from October 1990 through
September 2001 using the Nash-Sutcliffe efficiency (NSE) measure as main objective

function. The calibrated parameter values are shown together with the resulting NSE values in

77



Table5-7. Table5-7, column CV indicates that the degree of variability among the three
subcatchments varies for each parameter. The values for TMF and Tbase vary the least for all
subbasins, probably because they are the most “physically based” and are largely independent
from other factors in the catchment. The low values of Tbase is caused by the monthly
modelling time steps because, Tbase represents the mean monthly temperature which has to
be considerably below 0 C° to store precipitation as snow for a longer period than one time
step of one month(KRAUSE AND HANISCH, 2009).

The value for parameter ETR also indicates relatively low variability among the
subcatchments. But the NSE, however, was very sensitive to Tbase, TMF and LVD
parameters. The remaining parameters GWK, FCA, and LVD exhibit considerably more
variability among the catchments compared to the other three parameters. However, the NSE
was not very sensitive to changes in GWK (or FCA and ETR) which accounts for the wide
range in values. The NSE values for three of subcatchments were computed between 0.78 and
0.82 which demonstrates that J2000g simulates the observed streamflow reasonably well in
the calibration period.

For the all Latyan catchment application of J2000g it was assumed that one “global”
parameter set could be derived from the calibrated parameter values from the three calibration
subcatchments that would result in “reasonable” estimates for the entire study area. This
global set was obtained by an area-weighted mean of the parameters of the model parameters
carried out for the three test catchments. To test the global parameter set it was first used in
each of the three calibration subbasins for the same time period used for the calibration. The
resulting NSE value (NSE (gps)) for each catchment is also shown in Table 5-7 Although
there was least reduction in model performance for each subcatchment, the range of NSE
(gps) values (0.68 and 0.79) is relative close to those obtained with the optimal parameter

values for two of the three subcatchments.

5.2.2.2Validation

The application of the global parameter set in the three calibration catchments resulted in the
conclusion that the J2000g model is fairly robust with an acceptable degree of certainty based
upon model calibration. To test if the model is also producing reliable results for other time
periods and other catchments, the global parameter set derived in the calibration catchments
was used in the Roodak subbasin for the longer period from October 1972 through September

2003. The simulated streamflow values were aggregated as long-term mean monthly average
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values and compared to observed streamflow records of Roodak gauge. The result is shown in
figure 5-5

The figure shows the observed (blue) and simulated (red) long-term monthly runoff for
Roodak subbasin which is very similar to whole catchment.The plot indicates that J2000g is
able to reproduce the historical 31year long-term monthly runoff values quite well for all
Latyan catchment. It should be emphasised that these results were obtained with the global

parameter set resulting from the calibration in three subcatchments.
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Figure 5-5: Result of the validation of J2000g for Roodak subbasin in the Latyan catchment
The plot shows the long-term monthly simulated (red line) and observed (blue line)

streamflow of the period from 10/1972 to 09/2003.
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Table 5-7 SubCatchment areas, J2000g parameter values from Monte-Carlo-Analysis and
SCE optimisation along with best Nash-Sutcliffe efficiency (NSE) obtained and the
efficiencies achieved with the global parameter set (NSE(gps)) for the calibration catchments.
The last column shows the coefficient of variation (CV) of the calibrated parameter values.

The values of this table were obtained with the calibration period from 10/1990 to 09/2001.

Table 5-7: SubCatchment areas, J2000g parameter values from Monte-Carlo-Analysis and

SCE optimisation

CATCHMENT | ROODAK |[NAJARKOLA| NARAN ops CV%
AREA(km2) | 430.93 60.95 31.05
LVD 1.22 3.58 1.73 1.53 47
GWK 773 5.98 2.23 72 43
Tbase -3.07 22 256 294 14
TMF 19.77 18.97 17.89 19.57 4
FCA 12.26 4.78 17.57 11.70 45
ETR 0.41 0.61 0.74 0.45 23
NSE 0.82 0.78 0.79
Log.NSE 0.80 0.65 0.76
PBIAS 56 22 71
2 0.83 0.78 0.81
NSE(gps) 0.79 0.68 0.77

Additional calibration of the internal model processes was performed with measured snow
water equivalent (SWE) of nine climate stations which lies inside the Latyan catchment. The
measured SWE data were compared with the SWE simulated on single HRUs which had
difference elevation and are located inside and around the three subcatchments. Figure shows
the simulated SWE as a red line and the measured values as blue line for the ten years of the
calibration period. The figure shows that the model is able to reproduce the development of
the snow pack of the catchment very well. The rising limb of the snow accumulation period is
captured nearly perfect despite the year 1996 as it is the maximum snow amount (despite
1996 and 1997). Obviously the snow module is defined as simplify (temperature-index)
model, therefore simulated results can be accepted as good prediction. As the snow melt
dynamics are responsible to a high amount for the runoff dynamics in the Latyan catchment it

can be concluded that the snow modelling has a large influence on the model performance.
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This is highlighted by the fact, that the four years which showed the lowest efficiencies (1997,
1999, 2000, 2001) of the validation period are also those where severe problems in the snow
modelling are obvious. It is comparable that, during this time, the water table is suffering
from a continuous decline as a result of the critical situation in available water resources and
low flow condition and drought in Tehran as well as most parts of the Iran (JAHANI AND
REYHANTI, 2006).

The brief description of the case study showed that the model is able to reproduce the
hydrological dynamics of a mountainous catchment quite well. This is of importance in
relation to the mesoscale applications in the Latyan catchment; because it shows the
transferability of the current process simplify modules to different scales. Nevertheless the
relevant hydrological dynamics can be simulated by the model with a certain degree of quality
as the results show.

Table 5-8, shows the estimated water balance components for the 11 year period (October
1990 to September 2001). According to this table there is no substantial difference between
the model results for 3 subcatchment. Notice that for all the Latyan catchment, the snowfall
constitutes almost half of the total precipitation, and consequently snowmelt has a large
impact on the river discharge. The main period of precipitation occurs during late autumn till
late winter, while river flow rises gradually in early spring to reach peak values in May. From
the foregoing it can be concluded that the runoff occurs mainly from March till June
depending upon the air temperature, indicating that most of this runoff is generated by
snowmelt.

For discussion two interesting periods is selected with large and small snow accumulation and
melt. The first period is from October 1992 to September 1993 for large snow and from
October 2000 to September 2001 for small snow. All relevant information for these periods is

given in Figure 5-6.
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Figure 5-6: Monthly precipitation, mean air temperature, snow water equivalent and

snowmelt, Roodak subbasin, J2000g model simulation, 1992-1993.

The degree day method assumes that all precipitation falls as snow when the mean
temperature of the subcatchment is lower than Tbase and as rain when the temperature is
higher than Tbase. The mean temperature in the catchment drops below zero from December
till end March, and accordingly only snowfall occurs and the snowpack gradually builds up to
reach about 438 mm of water equivalent at the first March, while there is almost no snowmelt.
From end of March, the temperature becomes positive and about 119 mm of snow melts.
From mid April till first May, increase temperature continues and snowmelt increase to 152
mm. Finally, at the end of July all snow has completely melted. It to be noted that, the

snowmelt finish earlier July in dry years with low precipitation and high temperature.
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Figure 5-7: Monthly precipitation, mean air temperature, snow water equivalent and

snowmelt, Roodak subbasin, J2000g model simulation, 2000-2001.

The figure 5-7 clearly showed the fluctuations of snowmelt in the dry year of 2000-2001. In
this time all the study area and Tehran covered by severe drought (JAHANI and REYHANI,
2006). In addition revealed that the condition of snowmelt and SWE is not constant in the
Latyan catchment and snowmelt in end of May is finished

Figure 5-8 shows a graphical comparison between observed and computed Runoff at Roodak
subcatchment. In the figure the blue line represents the observed runoff and the red line
represents the simulated runoff. The Parameter values used to simulate the runoff are shown
in table 5-7. From the graphs of simulated and observed runoff curves, it can be seen that the
model can faithfully simulated the both high and low flow. Also the model is found to
simulate the recession limb very efficiently. Howevere, in all the cases NSE was moderately

high (0.82) which means that the model traced very well agree with the observations.
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Figure5-8: Graphical comparison between simulated and observed Runoff at Roodak

subcatchment in the Latyan catchment, from 10.1990 through 09.2001

5.2.2.3Verification of the Modeling Results
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The simulated snowmelt values range between 199 mm and 730 mm and, in conjunction with
precipitation amounts between 557 mm to 1376 mm, which results in a snowmelt/rainfall
ratio of 36 to 53 %. In other words, between 36 % and 53 % of the precipitation is falled as
snow and melted. Hence, the snowmelt values are indicated that snow is important
hydroclimatic factor in the catchment. Similar ranges for the percentage of snow were
achieved by SHAFIEE (1999) and water and energy research institute (WEI) (2004).

SHAFIEE calculated snow ratio of the Northern part of Tehran in his research about snow
hydrology. He calculated values showing that between 35 to 57 % of the winter and annual

precipitation of this region is falled as snow.
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Figure 5-9: Mean Annual Runoff. Modelled using the J2000g Model

In addition computed evapotranspiration values are between 267 mm and 463 mm, which
results in an evapotranspiration/rainfall ratio indicated that, between 34 % and 48 % of the
precipitation water is evapotranspired. The estimated actual evapotranspiration was compared

to estimated actual evapotranspiration values found in FARAMARZI ET AL., (2008). The
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values of 267 mm to 463 mm for the entire modeled period are within the estimated range of

211 and 780 mm for the Tehran Province.
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Figure 5-10: Mean Annual Actual Evapotranspiration. Modelled using the J2000g Model

Also comparison of coefficient variation(CV) between predicted and observed runoff
illustrated that the variation between both values is very low and is about 1% as well as
between snowmelt and precipitation were not high and is as follow about 3 and 11%.

Table xxx illustrates the computed water budget components simulated by the J2000g model

time period from 1990 to 2001.
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Table5-8: Water Balance Components for the Entire Modelled Period (1990-2001)

YEAR |PRECIP| POTET | ACTET |[SNOWMELT | QSIM | QOBS

MM) | (MM) (MM) (MM) MM) | (MM)
1990 - 91 719 753 356 288 329 501
1991 - 92 1376 665 425 730 802 883
1992 - 93 1000 737 401 560 661 754
1993 - 94 967 748 347 342 655 569
1994 - 95 1125 744 415 356 711 829
1995 - 96 984 707 370 470 593 659
1996 - 97 557 765 315 241 311 339
1997 - 98 988 747 463 462 485 565
1998 - 99 604 806 367 244 287 341
1999 - 00 601 782 267 311 332 368
2000 - 01 657 681 415 199 260 234
MEAN 871 739 376 382 493 549
MAX 1376 806 463 730 802 883
MIN 557 665 267 199 260 234
STDEVP 249 40 53 152 189 206
CV % 29 5 14 40 38 37

Spatial distributions of modelled snow water equivalents at the beginning of the winter and at
the time of maximum snow accumulation are shown in Figure 5-11

Figures 5-9, 5-10, and 5-11 indicated that topography slopes as well as aspects played
important role in the rainfall type fall, spatial distribution of snow cover, runoff generation
and adjustment of evapotranspiration in the catchment. Additionally the output result also
revealed the capability of the J2000g in the mountainous area for generation of runoff.Namely
at the time of maximum accumulation; high elevation area and gradients seem to have
dominant effect on spatial distribution of snow. Hence with increasing elevation in the
catchment, the values of snow cover and SWE will increase and maximum of snowpack
distribution and SWE 1is seen in the high altitude areas. These results comply with the
knowledge of snowmelt spatial distribution in mountains. Thus, the modelled results seem to

be reasonable.
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Figure 5-11: Mean Annual (1990-2001) Snow Water Equivalent (SWE) Modelled using the
J2000g Model

In addition the various visual modelled results of the model J2000g illustrated a good relation
ship between temperature, topography and, SWE and snowmelt, namely in the Latyan
catchment in low elevation areas in the southern side of catchment like valleys and around
lake dam average temperature is higher than northern side catchment and high altitude.
Therefore the time of snow melt in valleys and lowlands of catchment begins erlier than
northern of catchment. Additionally in the mentioned areas values of SWE is lower than
northern of catchment. In other words, in the end of snowmelt in the southern side of Latyan,
in same time in summer (July to August) the snowmelt exist and continue in the high
elevations like Shemshak and Garmabdar areas. Figure 5-13 show the continuing of snowmelt
on 19th august 2008 near Shemshak.
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Figure 5-12: Mean Annual Temperature (1990-2001) modelled using J2000g model in the
Latyan Catchment
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Figure 5-13: snowmelt in the high elevation areas of the Alborz Mountains (source:

http://www flickr.com/photos/ 2780623124 _f0ff04d206_19_aug_2008.
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6. CONCLUSIONS AND FUTURE RESEARCH
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6.1 Conclusions and Future Research

A spatially distributed process-oriented hydrological model J2000g was developed and test in
the Latyan catchment, Iran, based on simple temperature-index snow module. The model
performance was tested by simulating snow accumulation and melt in the three sub
catchments.

The model performance was first tested by simulating runoff as well as snowmelt and snow
water equivalent (SWE) in the three subcatchments of the Latyan (Roodak, Najarkola and
Naran) with various extents between 30 through 430 km?, in the mountainous area in north-
eastern part of the Tehran, Iran. The model was applied and calibrated with 11 years (1990-
2001) of monthly observed precipitation, air temperature, sunshine duration, relative humidity
and wind speed. Monthly discharge data at Roodak, Naran, and Najarkola gauge station was
used for model calibration. The model calibration was performed automatically by means of
Monte-Carlo-Analysis and SCE methods for extracting global parameter sets of the model
only, whereas spatial model parameters (DEM, landcover and soil maps, and characteristics
derived) are fixed as modelling unit’s entities (HRU). The model efficiency criteria especially
NSE (Nash-Sutcliffe- Efficiency) turns out to be 0.78 through 0.82. In order to show the
performance of the model two interesting periods with high and low snow accumulation and
melt were discussed in detail. Peak discharges as well as low flow and Drought were well
predicted by the model as compared to the measured data and observed hydrographs.

The model was also developed and tested by simulating SWE separately and in the 9 snow
measurement with various spatial and temporal variability inside the Latyan catchment, The
model is applied for simulating SWE in single HRUs station with difference elevation and
slope 0° (degree) as well as 1 m? area. Therefore the J2000g SWE module calibrated
automatically using Monte-Carlo-analysis runs with 11lyears (1990-2000-01) of measured
monthly SWE. As mentioned, seasonal measurements SWE data inside the Latyan and near
three sub catchments were used for model calibration. Hence, two snow parameters (Tbase,
TMF) are calibrated for the J2000g snow module. The comparison of the separate SWE
models resulted in values between 0.28 - 0.68 for NSE and values between 0.53 - 0.83 for r2.
The resulting SWE hydrographs was good and show that the model is able to reproduce the
development of the snow pack of the catchment very well despite of simply snow module
components. It is concluded that the degree day method for snowmelt with calibrated
parameters gives good results.

This study showed that the spatially distributed conceptual hydrological model J2000g model,

for snow accumulation and melt has great potentiality to simulate the impact of snow
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accumulation and melt on the hydrological behaviour of a river basin. Hence, it can be
concluded that accurate snowmelt prediction is possible with a temperature-index approach
with coupling HRU concept as modelling unit entities with automatically parameters
calibration like Monte-Carlo-Analysis and SCE-UA methods.

This study presents very promising results for hydrological snow modelling. However,
uncertainties still exist, from which key areas for further research can be derived.

It is clear that energy and temperature variations in a snow can be more complex than
assumed in the present model. However, a more comprehensive approach would need very
accurate temporal and spatial observations of snow depth, water content, temperature, as well
as energy fluxes, which in practice are usually not available especially in mountainous
regions. Certainly such data can be achieved by satellite data and remote sensing techniques.
Hence, the method presented can be a useful tool for simulating snowpack processes and
snowmelt, but should be verified in the field and improved provided more comprehensive
datasets become available.

* Slope and aspects played important role in the spatial distribution of snow cover at the
beginning of the winter, too. At the time of maximum accumulation, elevation gradients seem
to have dominant effect on spatial distribution of snow.

* Another hydrological significant output of the J2000g model is the prediction outflow from
melting snow. It may help to identify the parts of the catchment which dominate in providing
meltwater for overland runoff formation. High snowmelt output areas may also contribute to
floods at the beginning of the snowmelt thus affecting water resource management and
environmental hazards.

* Another source of error in this module could be the quality and temporal scale of input data
as monthly precipitation, temperature, sunshine duration, and potential evapotranspiration,
which are distributed over the watershed by the various measuring and computing. This is
rather inaccurate for heterogeneous landscapes. Other methods and temporal scale data like
daily data and radar data may be more reliable and could be considered in future studies.

* Elevation seems to be the most important factor influencing the spatial distribution of areas
with melting snow. Much higher snowmelt occurred along the lower elevations with dense
vegetations. All these results comply with the knowledge of snowmelt spatial distribution in
mountains. Therefore using topological approach for routing flows to outlet catchment and

downstream can increase the capability of the model.
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* Certainly, residence areas have an important impact on snow accumulation and melt,
although few studies have been done to show these effects. Hence, working on these areas in
future can improve the model.

* Lastly, extending the model application to macroscale areas with various spatial and
temporal variability and applying satellite data for evaluation of model and also simulation of
impact projected climate change on the spatially distributed waterbalance, as well as more
focus under sensitivity and uncertainty analysis can help the enhance applicability and

capability of model And should also be performed in future research.
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Appendix A

The Manual of Hydrological Model J2000g
Abstract

The Model J2000g was developed as a simplified hydrological model to calculate temporally
aggregated, spatially allocated hydrological target sizes. The representation and calculation of
the hydrological processes is carried out one-dimensionally for an arbitrary number of points
in the space. These model points enable the use of different distribution concepts (Response
Units, grid cells, catchment areas) without further model adjustments.

The temporal discretization of the modeling can be carried out in daily or monthly steps.
During the modeling the following processes are calculated for each time step: regionalization
of punctual existing climate data to the referring model units, calculation of global and net
radiation as access for the evaporation calculation, calculation of the land-cover-specific
potential evaporation according to Penman-Monteith, snow accumulation and snowmelt, soil
water budget, groundwater recharge, retardation in runoff (translation and retention). The
individual processes are described in more detail below.

Distribution and Attribute Tables

The model J2000g is not bound to any specific distribution concept because the processes are
calculated on the basis of points in the space that are independent of each other (1D-model
concept). These points can represent different space units, e.g. single station positions,
polygons, grid cells, catchment areas or subcatchments but also rather administrative units
such as field unit or administrative districts. In the following text the term “model unit” is
used for these points.

Model Unit Attribute Table

Each model unit needs to be described with specific attributes for the modeling. These are:

ID - a clear numeric ID

X - the easting of the centre (centroid) as Gauss-Kriiger coordinate

Y - the northing of the centre (centroid) as Gauss-Kriiger coordinate

area - the area of the model unit in m?

elevation - the mean elevation of the model unit in m above sea level(m.a.s.l)

slope - the mean slope of the model unit in degree

aspect - the aspect of the model unit in degree from North clockwise
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soilID - a clear numeric ID for the soil type (serves as allocation to the soil attribute table)
landuselD - a clear numeric ID for the land use/land cover type (serves as allocation to the
land use table)

hgeolD - a clear numeric ID for the hydrological unit of the model unit (serves as allocation to
the hydrogeology table)

The model unit attribute table contains the attribute names in the first row. These must not be
changed because they are used as variable name for the attribute generation during the model
parameterization. The second row contains the minimal possible value of the referring
attribute, whereas the third one contains the maximum possible value. In the fourth row the
physical unit of the attribute needs to be entered. Then, as many rows as needed are given that
contain the attribute values of the single model units. The table needs to be completed by a
comment row which starts with the comment symbol (#). The tab (\t) has to be used to
separate the rows.

Soil Attribute Table

The soil attribute table contains soil-physical characteristics for each soil unit that occurs in
the area. In the current model version only the usable field capacity for each decimeter is
needed. On the basis of the field capacity the maximum storage capacity of the soil water
storage is calculated in dependence of the effective root depth of the vegetation on the model
unit during the model parameterization.

The format of the soil attribute table is very similar to the model units attribute table. The
table can be started with an arbitrary number of comment rows that need to be started with the
comment symbol (#). In the first interpreted row the attribute names need to be given. The
spelling is very important here. The following attributes need to be included:

SID - clear numeric ID with which the connection to the model unit table is generated

depth - depth of the soil in cm

fc_sum - entire usable field capacity of the soil in mm

fc_1 to fc_n - usable field capacity for each decimeter in mm/dm

To complete the table, a comment row must be given (introduced with #). The tab (\t) has to
be used to separate the rows.

Land Use Attribute Table

The land use attribute table contains vegetation parameters that are nearly exclusively needed
for the evaporation calculation according to Penman-Monteith. In the table the following
attributes need to be given for each land use unit and land cover unit that occurs in the area:

LID - a clear numeric ID with which the connection to the model unit table is generated.
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description - a description as text

albedo - albedo [0 ... 1]

RSCO_1 to RSCO_12 - the stomatal resistances for good water availability for the months
January (RSCO_1) to December (RSC0_12) in s/m

LAI_d1 to LAI_d4 - the area leaf index in m?/m? for the Julian Days 110 (d1), 150 (d2), 250
(d3) and 280 (d4) for a terrain height of 400 m.a.s.1.

effHeight_d1 to effHeight_d4 - effective vegetation height in meter for the Julian Days 110
(d1), 150 (d2), 250 (d3) and 280 (d4) for a terrain height of 400 m.a.s.l.

rootDepth - the effective root depth in dm

To complete the table, a comment row must be given (introduced with #). The tab (\t) has to
be used to separate the rows.

Hydrogeology Attribute Table

In the hydrogeology attribute table the maximum possible ground water recharge rates per
time unit are set up for each hydrogeologic unit. It only contains the following two attributes:
GID - a clear numeric ID with which the connection to the model unit table is generated.
mxPerc - the maximum possible percolation rate (ground water recharge rate) per time
interval in mm per time unit

To complete the table, a comment row must be given (introduced with #). The tab (\t) has to
be used to separate the rows.

Input Data - Model Driver

For the model run climate time series of an arbitrary number of climate and precipitation
stations are needed. The time series have to be preprocessed in the referring formatted data
files. The files have the following format:

Rows 1 to 13 contain meta information about the data. They are arranged in blocks which are
started with descriptions which in turn are started with the AT-symbol (@). Multiple entries
per row are separated via the tab (\t).

@dataSetAttribs (attribute of the dataset)

missingDataVal - value that marks missing data

dataStart - start date of the dataset (DD.MM.JJJJ] HH:MM)

dataEnd - end date of the dataset (DD.MM.JJJJ HH:MM)

tres - termporal resolution (days "d", months "m"

@statAttribVal (attributes of the climate stations)

name - the names of the climate stations

ID - a numeric, clear ID
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elevation - the elevation of the station in m.a.s.l.

X - easting as Gauss-Kriiger-coordinate

y - northing as Gauss-Kriiger-coordinate

dataColumn - describes the column in which the data for the referring station can be found

In the following rows the actual data for each time step is listed — starting with:

@dataVal

The format is Date, Time followed by Data that is separated by the tab.

Installation and Start

Model Initialization

Regionalization

The regionalization module is used for the transfer of punctual values to the model units. The
procedure was taken from the hydrological Model J2000 without any changes and is arranged
in the following steps:

Calculation of a linear regression between the station values and the station heights for each
time step. Thereby, the coefficient of determination (r2) and the slope of the regression line
(bH) is calculated.

Definition of the n gaging stations which are nearest to the particular model unit. The number
n which needs to be given during the parameterization is dependent on the density of the
station net as well as on the position of the individual stations.

Via an Inverse-Distance-Weighted Method (IDW) the weightings of the n stations are defined
dependently on their distances for each model unit. Via the IDW-method the horizontal
variability of the station data is taken into account according to its spatial position.
Calculation of the data value for each model unit with the weightings from point 3 and an
optional elevation correction for the consideration of the vertical variability. (The elevation
correction is only carried out when the coefficient of determination —calculated under point 1
— goes beyond the threshold of 0.7.)

The calculation of the data value for each model unit (DWU) without elevation correction is
carried out with the weightings (W(i)) and the values (MW(i)) of each n gaging station

according to:

DW= ANV (i) W)
i=1
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For the calculation with elevation correction the elevation difference (HD(i)) between the
gaging station and the model unit as well as the slope of the regression line (bH) are taken

into account. Thus, the data value for the model unit (DWU) is calculated according to:

n
D - = Z WHD(E) - by + AW E)) - W]
i=1

Precipitation Correction
Precipitation values partly show a clear systematic error in measurement which is caused
instrument-determined or due to the selection of the instrument position. This error in
measurement has two causes: (1) the moistening error and evaporation error, which each
depends on the type of the instrument and (2) the wind error which emerges due to the drifting
of the precipitations. Both errors in measurement are strongly dependent on the type (rain or
snow) of the precipitation amount.
For the correction of both errors a correction method according to Richter (1995) is used
which is applied in the same way in the Model J2000. The procedure for the evaporation
correction differs with regard to the temporal resolution of the precipitation data.
Monthly Precipitation Correction
The corrected precipitation (Pkorr) is calculated for monthly time steps on the basis of the
decrease of the measured precipitation (Pm) and the percental monthly error in measurement
(MFt) (see adjacent table):

A E;

L0

Daily Precipitation Correction

-PHOJ'?'=-Pm+-Pm'

For the daily precipitation correction the two error terms are calculated explicitly. For this
purpose, correction functions were derived on the basis of the tabled error values according to
Richter (1995).

Moistening Loss and Evaporation Loss

For a continual error correction of the moistening loss and evaporation loss continual
correction functions were adjusted to the tabled values by Richter (1995). They are shown in
the adjacent figure. The correction functions were derived each separately for the winter half
year (November till April) and summer half year (May till October). With these functions the
moistening loss and evaporation loss is calculated in mm for precipitations <= 9 mm

according to:

BVso = 0.08 - In( V) +0.225
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Bl = 0,05 In{N) 4+ 0.13

If the amount of precipitation is greater than 9 mm, a constant error of 0.47 mm in the
summer half year and of 0.3 mm in the winter half year is assumed.

Wind Error

The calculation of the wind error of the precipitation measurement with the Hellman
precipitation gauge is also carried out according to the tabled error values from Richter (1995)
which was adjusted to the referring continual correction functions. For the correction it is
differentiated whether the precipitation was rain or snow. The way of internal differentiation
is described further below. The relative correction value is calculated as follows:

WA, =05420 N e cow

WA, =0.1421 - N Yg0 ain,

The corrected precipitation value (PK) is finally calculated on the basis of the value (PM), the
relative correction value for the wind error (WKs, WKr) as well as the moistening loss and
evaporation loss (BVSom, BVWin) as follows:

PK = P_U + JP_’LI ) ”_I{S.r + BITSom.'II'iﬂ

Radiation Calculation

For the evaporation calculation according to Penman-Monteith, the net radiation is needed as
initial value and can be calculated on the basis of the global radiation. If the global radiation is
not available, it can be defined approximately on the basis of the sunshine duration. For this
purpose, a number of intermediate calculations are necessary. The following calculations act
on the assumption of a daily modeling. When the model runs in monthly time steps, the
calculations listed below are carried out on the 15th of each month. The resulting terms are
then accumulated on the basis of the days per month.

Extraterrestrial Radiation

The extraterrestrial radiation (Ra) is the short-wave radiation energy flux of the sun at the
upper boarder of the atmosphere. Ra is calculated for a specific place in dependence of its
latitude (lat in radians), the declination of the sun (decl in radians), the solar constant (Gsc in
MIJ / m2min), the hour angle at sundown (ws in radians) and the inverse relative distance

between earth and sun (dr in radians) according to:

24
Ra = -_L_m Gsc-dr-{ws - sin({at) - sin{decl) + cos(lat) - cos{decl) - sin(res) )

i

The solar constant (Gsc in MJ / m2min) results from the Julian Date (jD [1... 365,366]) as

follows:
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(isc = 0.02139 4 0.00291 - cos (L gD — '15))
[ [MJ / m2min]

The relative distance between earth and sun (dr in radians) results from the Julian Date (jD

[1... 365,366]) as follows:

2
dr =1+ 0.033 - cos ( - -jD)
olid) [rad.]

The declination of the sun (decl in radians) results from the Julian Date (jD [1... 365,366]) as

follows:

decl = 040954 - sin(0.0172 - (j D — ‘_Q-Sf}jj[rad.]

The hour angle at sundown (ws in radians) results from the latitude (lat in radians) and the

declination (decl in radians) as follows:
ws = arccos{—1 - tan{lat ] - tan{decl ) ) q

Global Radiation

The global radiation (Rg) is calculated on the basis of the extraterrestrial radiation (Ra in
MIJ/m2d) and the degree of cloudiness. At this, the degree of cloudiness is approximated on
the basis of the relation of the measured sunshine duration (D in h/d) to the astronomic
possible sunshine duration (SO in h/d) with the help of the Angstrom formula. Thus, Rg is

calculated as follows:

T

5
Hg= Ra- (a-l—b- T)
S/ [MI/mad]

The coefficients a and b need to be estimated for the position. Often 0.25 is used for a and
0.50 is used for b.
The maximum astronomic possible sunshine duration (SO in h) is calculated on the basis of

the hour angle at sundown (ws in radians) as follows:

2
S =
e WS [h/d)
Net Radiation

The net radiation (Rn in MJ/m?2d) results from the single radiation components and provides
the energy for the evaporation. The net radiation is calculated on the basis of the difference of
the global radiation (Rg in MJ/m?d) and the effective long-wave radiation (Rl in MJ/m2d). The
global radiation is reduced by the albedo (alpha) of the referring land cover.

En={l—a)-Rg— Rl
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The effective long-wave radiation (Rl in MJ/m2d) is calculated on the basis of the Bolzmann
constant (Bk = 4.903E-9 MJ/K4m?d), the absolute air temperature (Tabs in K), the actual
vapor pressure of the air (ea in kPa), the actual global radiation (Rg in MJ/m2d) and the
maximum global radiation for unclouded sky (Rg0 in MJ/m2d):

Eit)
Hagly

— L35

Rl = Bk Tabs*- {034 — 0.11 - /eq) - (lQJ : )
[MJ/m?2d]

The actual vapor pressure of the air (ea in kPa) is calculated on the basis of the saturation
vapor pressure (es in kPa) and the relative humidity (U in %) according to the following
equation:

(7
" 100[KPa]

The saturation vapor pressure of the air (es in kPa) results from the air temperature (T in °C)

£l — £X

according to:

17.27-T
es = (LG105 - 75+ T[kPa]

The maximum global radiation for uncovered sky (Rg0 in MJ/m2d) results from the
extraterrestrial radiation (Ra in MJ/m2d) and the terrain height (h in m.a.s.1.) as follows:

Rg0 = (0.75+2 107" - b} Re pyyja)

Evaporation Calculation

The calculation of the potential evaporation can be carried out according to Penman-Monteith
or Haude. The advantage of the Penman-Monteith method is the higher physical basis.
However, much more input data is needed. For the calculation according to Haude only air
temperature and relative humidity are required.

Potential Evaporation according to Penman-Monteith

The calculation of the inventory evaporation according to Penman-Monteith (PET in mm/d) is

calculated as follows:
| s (An—G)+p-ep- =
PET — - L ru
o S+-ﬁ=-(l+;)

[mm/d]
with:

Ld : latent heat of evaporation [MJ/kg]

s : slope of the vapor pressure curve [kPa / K]

Rn : net radiation [MJ/m2d]

G : soil heat flux [MJ/mzd]
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p : density of the air [kg/m3]
cP : specific heat capacity of the air (=1.031E-3 MJ/kg K]
es : saturation vapor pressure of the air [kPa]
ea : actual vapor pressure of the air [kPa]
vy : psychrometer constant [kPa / K]
ra : aerodynamic resistance of the land cover [s/m]
1s : surface resistance of the land cover [s/m]
The latent heat of evaporation (Ld in MJ/kg) results from the air temperature according to the
following equation:

2501 — 2,361 - T

LOO0 [MJ/kg]

L, =

The slope of the saturation vapor pressure curve (s in kPa/K) is calculated on the basis of the
air temperature:
17277
00 - LGOS - TS
(T 4237.3)2

=

[kPa/K]

The soil heat flux (G in MJ/m?2d) results from the net radiation (Rn in MJ/m?2d):

G o= 0.1 - Bn (My/mad]

The density of the air (p in kg/m3) results from the air pressure (p in kPa) and the virtual

temperature (vT in K):

. I
= 34806 - —
b E.‘T[kg/m3]
If the air pressure (p in kPa) is not available as value, it can be calculated approximately on
the basis of the terrain height (h in m.a.s.l.) and the absolute air temperature (Tabs in K)

according to the following equation:
G.511

1013 . |~ b mrrasa )
o L0 [kPa]

The virtual temperature (vT in K) results from the air pressure (p in kPa), the absolute air

temperature (Tabs in K) and the actual vapor pressure of the air (ea in kPa):
Tabs
= -

| — 378 =2

7 [K]

The psychrometer constant (y in kPa / K) is calculated on the basis of the specific heat

capacity of the air (=1.031E-3 MJ/kg K), the air pressure (p in kPa), the relation of the
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molecular weight of dry and humid air (VM = 0.622) and the latent heat of evaporation (L.d in
MlJ/kg):
i Cp-P
VUV L
The surface resistance of the land cover (rs in s/m) results from the leaf arca index LAI, the
stomatal resistance for the given point in time (rsc in s/m) and the surface resistance of an
uncovered surface (rss = 150 s/m) as follows:

1

= = -
L—0.F LAy U_I?n'_.fluf
+

wac rssa

The aerodynamic roughness of the land cover (ra in s/m) results from the wind speed (v in
m/s) and the effective vegetation height (eH in m)

3.0 2 -
r.=—-1In (—)
o 0.1 - eH / [s/m] for stands with eH < 10 m

20

0.412 - ¥ [s/m] for stands with eH >= 10 m

7

T4

Potential Evaporation according to Haude
The potential evaporation according to Haude is calculated on the basis of the saturation
deficit of the air and an empirical, dimensionless Haude-factor (hF). The saturation deficit
results from the saturation vapor pressure (es in kPa) and the relative air humidity (U in %).
The Haude-factor has to be defined for different vegetation types. The calculation of the
potential evaporation (PET in mm) is carried out according to:

. U
PET = cs- (1___) hE

LOo

The saturation vapor pressure of the air (es in kPa) results from the air temperature (T in °C):
17.27-T

g5 = (LGLOS - 7575+ T [kPa]

Snow Cover Calculation

The snow cover calculation is implemented as simple accumulation and snowmelt approach.
The method decides on the basis of the air temperature whether water is saved as snow on a
model unit or whether potentially existing snow melts and produces snowmelt runoff. For this
purpose, two temperatures are calculated from the minimum temperature (Tmin), average

temperature (Tavg) and maximum temperature (Tmax) of the referring time step:

Tacc _ Imz'n + Taa'g

The accumulation temperature as: 2 [°C] and
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T . .Tat'g —I_ T-;‘Ii'.ﬂ..'l:
mielt —

the snowmelt temperature as: 2 [°C]

If the accumulation temperature (Tacc) lies on or below a threshold (Tbase) that needs to be
given by the user, it is assumed that potentially occurring precipitation falls as snow. It is then

saved on the model unit.

If the snowmelt temperature goes beyond the temperature threshold Tbase, the snowmelt is
calculated with the help of a simple snowmelt factor (TMF). For this purpose, a potential
snowmelt rate is calculated on the basis of the TMF (in mm/d K), the temperature threshold

and the snowmelt temperature:

Sﬂfp = TJIF . i:rj-rlrneff - Tbaﬂe)[mm/d]

This potential snowmelt rate is then compared to the actual saved snow water equivalent
which is then partly or fully melted. The resulting snowmelt water is passed on as input to the

following module.

INPUT
Precipitation(P)
Temperature(T)

If (T acc) < (T base)
(P) is Snow

Figure A 3: The Snow module Concept of the J2000g Model

Soil Water Budget
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The soil water budget module serves as allocator of the input (precipitation and snowmelt) to
the output paths (evaporation, direct runoff, ground water recharge). The central element is
the soil storage which is dimensioned via the usable field capacity of the rooted soil area. The
maximum fill volume can be adjusted by a multiplicative user-controlled calibration
parameter (FCA).

First, the input (precipitation and snowmelt) is allocated to the evaporation until the potential
evaporation is reached. The surplus (inflow) is then allocated in direct runoff (SQ) and
infiltration (INF), in dependence of the relative soil saturation (®) and a calibration parameter

(DFB). The calculation is carried out as follows:

S =07 Inflow
AT ‘- DEs
INF=({1-6 I+ I flow
The infiltration (INF) is allocated to the soil storage until it is completely saturated. If there is
a surplus (excess water EW), it is allocated to the two paths interflow (SSQ) and ground water

recharge (GWR) in dependence of the slope (a) and a calibration parameter (LVD). The

calculation is carried out according to the following equation:

SSQ = tana - LVD - EW g

&R = |[]_ — tan f_‘:l:l LY E”'[mm/d]

The ground water recharge is seen as source for the basis runoff (BQ) now.

Runoff Concentration and Retardation in Runoff

The runoff concentration and retardation in runoff is represented as simple function of the
catchment area for the three runoff components (direct runoff, SQ, intermediate runoff SSQ
and basis runoff BQ). For this purpose, the generation rates of the three components are
accumulated area-weighted and are lead by their own linear cascade (Nash-cascade). For each
of the three cascades the user has to determine the following two parameters: number of

storages (n) and retention coefficient (k).
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Input
Calculation fmad ActET

*HRU Data -Radiation
slope,aspect,... *Pot ET 1

*Climatic Data
temp, precip,... Snow module 'S

l, *Snowmelt

-Regionalization
-Correction
- Precipitation
- Wind Error

*SWE

Figure A 3-1: The Modelling System Runoff Generation of the J2000g Model
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Appendix B
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Table B 5-4: The Landuse/Landcover Class Parameters for Evapotaranspiration and Soilwater

Module in the Latyan Catchment

Landcover ALB |Resistance Stomata LAI Effective RD
Class EDO |Conductance Height
[%] | [s/m] [-] [dm]
[m]

DI |D2 |D1I |D2

Agriculture 0.25 |80 [80 |75 |65 |45 |50 |1 5 0.05 0.5 L.5
50 [50 [50 |65 [80 (80 |3 1 0.3 1]0.05

Decidous broad
trees 80 |80 |70 |65 |55 |55 |1 8 3 10
0.17 |55 |55 |60 |75 |80 |80 |8 1 10 3 20

Decidous shrubs

0.2 80 |80 |70 |60 |50 |50 |3 5 1.5 |25
50 |55 |55 |70 |80 (80 |5 3 25 |15 15

Grassland
0.25 |80 [80 |70 [60 |40 (45 |2 5 0.3 0.5
45 |45 {50 |60 |80 |80 |5 2 0.5 0.3 6
Settlement 0.1 90 |90 [80 |70 [50 |55 |1 1 3 5
(not dense) 55 {55 |60 |70 {90 |90 |1 1 5 3 3
Water 20 {20 |20 {20 (20 |20 |1 1 0.1 0.1

0.05 |20 {20 |20 |20 |20 |20 |1 1 0.1 0.1 20

The values in the table are taken from :(( Krause, (2001), and JAMSWIKI, (2010)).
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Appendix C

Sensitivity analysis and Uncertainty analysis of the Hydrological model J200g in the

Latyan catchments

WP A, s FCA

“Snovi ddf

Thaze -+

“Snow ddf

Thase

Sniow ddt

At sy T et s e SRl
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Figure C-4: Runoff ensemble from multi parameters variation of monthly Roodak model



Appendix D

The J2000g model calibration and results (Runoff, Snowmelt, SWE) for Latayan

catchment

] JAMS Launcher: J2000g [F:\JAMS\Naran\j2000g__roodav5_90-2001_best res... [= |[B][X]
Datei Extras Model Protokolle  Hife

PRt

[ Main
| Observed Runoff
I
|
I
I

Workspace directory iﬂJ.ﬁ.MS'l,Naran |

Efficiencies Craburn (J2220MMITT) Ihrzeit (55:MM
Zalibration L r —
Start: looo ¢ fio |2l |||l Ji

Monte Carlo Analysis

Plats

Tirme interval e [ { I ]
Ende; 2001 el 1 (] )
Distributed Qutput el poot |rlp ek |||l |
T —— |
Einhit: | Mot v

Interyvallangs: |l |
Caching F

HRL parameter File: Iparameter'l,hru_ru:u:udavS.par

D-1: Main page of the Model

] JAMS Launcher; J2000g [F:\JAMSWNaranj2000g__ roodav5_90-2001_best res... [= |[B][]

Datei  Extras Modell  Protokolle  Hilfe
&)
' Main |
ObsRunoff ¥
|| Observed Runoff
Efficiencies | Runoffiriter
I E?ﬂtlrat_h:'ﬂ_.__._i Flowdiggregator
5 |
1 obsCicap
'= - =-"—! .
|__Distributed Qutput | ObsRunoffDataReader

D-2: Visual availability selection of the model
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[ JAMS Launcher: J2000g [F:\JAMS\Naran\j2000g__roodav5_90-2001_best res... [= |[B[X]
Diabei Extras Modell Protokolle Hife

[ M

| observed Runoff

l Efficiencies

| Calibration

| Monte Carlo Analysis

| Plots

| Distributed Output

Daturn (1133fMM{TT) Ubirzeit {55:MM)
Start: loar g0 4 [t [+l |
Time intersal | £ e poor |db |pls ||l |ap |
Einheit: [ Moat 2
Intervalllangs: || |
ec_full
ec_cal [+

D-3: Efficiency selection of model

] JAMS Launcher: J2000g [F:\JAMS\Naran\j2000g__roodav5_90-2001_best res... = |[B][X]

Datei  Extras  Model

Protokolle  Hilfe

Main

Efficiencies

|
| Observed Runoff
|
|

Zalibration

I| Monte Carlo Analysis

| Flaks

| Diskribuked Outpot

zamples 10000

parameter lisk W ater, inETRed; Snow. t_thres;Snow, ddf ; Groundis'a
MCA, boundaries 0x50];[0.3=1.0];[-10=0]:[0=20];[0=10];[0=100]
MCA, effMethodilames e2;lez;phias; absvalErr;rsq

MCA, enable FI

MCA, aktribHeader simRunaff

MCA, paraFileManme oukpukt 20000 _par . bxk

MCA, aktribFileMamme  \oukpuklj20000_atk, bxk

D-4: Monte Carlo Analysis method for automatically running model

129




e |

'} JAMS Launcher: J2000g [F:\JAMS\Naran}j2000g_ roodav5_90-2001_best res... [ |[B]]

Datei Ewbras Modell Protokalle  Hife

| Main Sciliiaterstora o
= il aterstorage:

| observed Runoff ' o dns

| Efficiencies SoilwaterSaturation: 7]

L Calibration Groundiaterstarage: [

| Mante Carlo Analysis .

Ir Plote Frecip:

| Cistributed Sutput ET:
SWE:
Sraielk:
Runoff components:
Runaff:
SimRunaff: ]
Temparatire: ]

D-5: Difference visual plots of model

| JAMS Launcher: J2000g [F:\JAMS\Naran\j2000g__roodav5_90-2001_best res... [= |[B][X]
Datei  Extras Mu’:uu:lg_ll F‘ri;gtr:!kl_:ulle_ Hilfe:

Main _
EntityOutput: v
Observed Runoff YOUEpUl

Efficiencies Weight: Ihe![,aa

Calibration

Maonte Carlo Analysis

I
I
i |
| FileMarne: loutputisnomMelt . bt !
_ Statevari  snowtelt |

|[ Distributed Cutput

D-6: Entity output option of model for design spatial distribution of (SWE, Snowmelt,
Runoff, etc.)
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) JAMS Launcher: J2000g [F:\UJAMS\Maran}j2000g  roodavd 90-2001_best res... |;]|E||z|

| Mante Carlo Analysis

| Plats

| Distributed Output

Snnl.ﬂg.t_tl'ires:
Snow.ddf:
Ground'Water ik

SoilWater, petMul

Soilwater, maxPercAdaptation:

ki

ObsRunofF, calurnn;

Datei Extras Modell Protokolle  Hife
| L TnitSoilWater FCAdaptation:  |12,.26037274 |
(] L] arer, JRCatior | i
| Observed Runoff ST : Sk e |
| Efficienciss Soil ater JatiertDist: 1216086407 |
| calibration Soiliater inETRad: 0.407374838 |

3085529878 |

19.77416889 |

7728605673 |

f !

[

| JamsProaress |

RunoffPlot

1.250
1.200
1.150

| SwERIt

|_Snowmelplot
| ROCompFiot

RunoffPlot
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runoff
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g
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01-1991

1AM

‘4 Start

D-8: Runoff Prediction of model for Roodak subcatch
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| J2000g

| JAmsPragres: |
| Presipplac_|
| ok
SWEPot
SnowMeltPiot
| ROCompPlot
| RunoffPlot

Snow water equivalent
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Time

D-9: Snowmelt simulation for Roodak subcatchment
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Time
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D-10: Snow Water Equivalent (SWE) simulation for Roodak subcatchment
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effftarcdate: 1221-10-01 00-00

| S\WEFlak INFO: effEnddate: Z001-02-01 00-00

SnowMelRlor || INFO:
B e R e e e e
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INFO: Dauer der Modellausfiihrung: £547 ms
B Lif |

] Start W 1AmMS. - 220009
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|| calibration Sailwater inETREd: D.614561645 |
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ObsRunof. colurn; 52_—|

D-12: Calibration of Model Parameters for Najarkola subcatchment
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E— obsRunoff — simRunoff B precipitatiunl

D-13: Runoff Prediction of model for Najarkola subcatchment
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D-14: Snowmelt simulation for Najarkola subcatchment
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D-15: Snow Water Equivalent (SWE) simulation for Najarkola subcatchment
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D-16: Model evaluvation of objective functions for Najarkola subcatchment
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| JAMS Launcher: J2000g [F:\JAMS\Maran\j2000g narav5_best result_optas.xml] |:||E| |g|

Datei Extras  Modell  Protokolle  Hife
®
| el TritSailw ater . FCAdapt atior Il? SREE7430 |
nitSoilwater Foadaptation: 117,
| oObserved Runoff i TR et
| Effigences SolWater stiertDst:  |L73024781 |
|[ Calibration Soilwater inETRed: 0. 744664054 |
| Monke Carlo Analysis . . i
e Srioi k- thres: 2556533613 |
I_ Plots S el SR
| Distributed oukput Snow. ddf: i17.89267427 |
EroumdwWater ki ‘E_2_25:12_6EI§9? |
Soilwater, pethult: 1 |
Soilaker faxPercadaptation: 5600046441 |
©bsRunaff. column: :_ |

D-17: Calibration of Model Parameters for Naran subcatchment
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D-18: Runoff Prediction of model for Naran subcatchment
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D-19: Snowmelt simulation for Naran subcatchment
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D-20: Snow Water Equivalent (SWE) simulation for Naran subcatchment
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INFO: effStartdate: 1991-10-01 0000
INFO: effEnddate: Z001-02-01 00:00
INFO:

B I e L L e s k]

INFO: Efficiencies for period: 1220=-10-01 00:00 Z001-09-01 00:00 £ 1

 RuncffPlot |

| SimRunoffRlat
- ||INFO: ZBampler: ec
INFD: o e o ol i o o e i e R o o ol ot S o e o i e oty i ol e o o ol i i e i ol o oo ol e e R o o e o
INFO: el: [
INFO: eZ: 0_.73778
INFO: log el: 0_E&g7Ez
INFO: log =2: o.7ezle
INFO: ioal: 0.8111Z2
INFO: ioaf: 0.9503E
INFO: r2: 0.8E338
INFO: grad: 0.36142
INFO: wr#: 0.7?92z4
INFO: dsGrad: 0.9z831
INFO: AVE: 111.1710E
INFO: PBMSEE: & G3000
INFO: PEIAZ: 2328213
INFO:
INFD: o e o ol o i o o e i e R o o ol i S o e o i i oty i ol o o ol i i e i ol oo ol e e i o o e o o
INFO: Efficiencies for period: 19921-10-01 00:00 Z001-0%-01 O0:00 2 1

INFO: Sampler: ecCal
INFD- rThkEhrhhkrttrhrhhrhktrrhrhhrhktrrrhhrhrrrrrhhrrrttrrtrrhrttrrrtrhht:

INFO: el: 0.&5071E
INFO: ez: 0. 733658
INFO: log_el: 0.L5s0lz
INFO: log_el: 076651
INFO: ioal: O.E804Z1
INFO: ioaf: 094217
INFO: r2: 0_81487
INFO: grad: 093801
INFO: wrs: 076417
INFO: dsCGrad: 0.92E2323
INFO: AVE: SE_9BEEE
INFO: PBMEE: &_86018
INFO: PEIAZ: 7.08071

INFO: Dauer der Modellaunsfihrung: 207 ns

D-21: Model evaluvation of objective functions for Naran subcatchment
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JAMS Launcher: J2000g [F:\JAMS\Naran}j2000g _roodavs_90-2001_best res... [= |[B][X]
Datei  Extras Modell Protokolle  Hife

| bzl Rirett

InitSoilwater. FCAdaptation:

| Efficiencies

Soilater latvertDist:

Il Calibration

Soilwater. iInETRed:

[ Plots

= Snowk b Ehres:

| Distributed Output Snows.ddf:

D-22: Calibration of model with global parameter set(gps) generated using area-weighted

Grourd'Water b

Soilwater. pethul:

Seilwater maxPerchdaptation; 2120265216 |

CbsRunoff column: 1 |

average of parameters for Roodak

| J2000g

fu]d

PrecipPlok

ROCompFlat |

ETPlok INFG:

T I ——
SYEPoL INFO:

[ Snowieltplat || THFO:
| INFO:
INFO:

INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:
INFO:

effEnddate: Z001=03=-01 00:00

B e o e L e

Efficiencies for period: 1920=10-01 0000 EZ00Ll-02-01 Q00:00 2 1
Sampler: ac

Ehkbkkh kb ko k kb kb kb hk kb kb kb kb hk bk ok

el: 0_E5890s
e O.800z21
Loy el: O.3ez4z
Loy eZ: O.EEDED
ioal: 0O_804EE
icaZ: O.3EZ08
gz 083 ZEE
grad: O.983E57
wEE 0.81885
d=sGrad: 1.06877
LVE: 21110 8RIET
LMZE: 10z.0799E
DBTXS: =7 IZE04Z

B R L
Efficiencies for period: 1991-10-01 0000 Z001-05-01 Qo-00 -2 1
Sampler: ecCal

B e et

el: 060778
sE: O.80154
log_el: 040565
Loy eZ: O.84233
ioal: O.803ES
iocaZ: 085221
¥ 083107
grad: 0.3787E
WE 0.8134Z
dsGirad: 108203
AVE: 1485 85855
DMSE: 102577320
PEILS: -5 57048

Dauer der Modellausfihrung: 5984 m=
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D-23: Objective function results model after calibration of model using global parameter sets
(gps) for Roodak

Ciatel Extras Modell Protokolle Hilfe
S e
| el InitSoilviater, FCAdaptation: 111,70 J
| Observed Runoff g sl :“—'---
(T s SoilWtater, latvertDist: 1.53 |
I[ Calibratian Soilwater inETRed: l0.45 |
| Monte Catlo Analysis : i
; Sniona b thres: |-2.94 |
I Plats ' —
| Distributed Oukput S, ddf: 13.57 |
Graundivater k: 7.20 |
Soilwater, pekMulk: o |
SoilWater, maxPercAdsptation: 138.3425625 |
ObsRunaff, column: 2 J

D-24: Calibration of model with global parameter set (gps) generated using area-weighted
average of parameters for Najarkola
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PrecipPlat

ETFlat: INFO: effftartdate: 1291-10-01 00:00
INFO: effEnddate: Z001-02-01 00:00
| SnowMeltPlot || THFO:

B e e e e
ormpPo -

f INFO: Efficiencies for period: 1230-10-01 00:00 Z001-05-01 0Q0:00 2 1
| RunoffFlot
INFO: Sampler: ec

THED: FFr s e A T A A A A R A L AT AT AT AR LT LT R E

INFO: el: 0.5z865
INFO: eZ: 0.e884¢e
INFO: log el: 0.41727
INFO: log ezZ: 055931
INFO: iocal: 0.73038
INFO: dicaZi: 0.87714
INFO: r®: 0.74248%
INFO: grad: 0. 546390
INFO: wri: 0.40330
INFO: dsGrad: 1.1z22032
INFO: AVE: 337.7L633
INFO: PBMSE: 24 04814
INFO: PBIAS: =11.131e65
INFO:

IHFO: s A A Rk T AR AR A Rty

INFO: Efficiencies for period: 1991-10-01 00:00 Z001-09-01 00:00 2 1

INFO: Sampler: ecCal
INFD- EEE R TR LA LTI LT AT XL XL T L XL T LT AT AT X AT A LA A XA AT AT A LR AL L LA LA L AL 444

INFO: el: 0.5z083
INFO: =Z: 0.&8682
INFO: log el: 0.41583
INFO: log eZ: 0.E4351
INFO: dical: 0.725823
INFO: ioaf: 0_8756%
INFO: rf: 0.74801
INFO: grad: 0.E54183
INFO: wr?: 0.40530
INFO: dsGrad: l-lza?z
INFO: AVE: 28032755
INFO: DM2E: 24.Z224¢6
INFO: PEIAS: =2.36327

INFO: Dauer der Modellausfihrung: 1237 ms

D-25: Objective function results model after calibration of model using global parameter sets
(gps) for Najarkola

] JAMS Launcher: J2000g [F:\JAMS\Naran1j2000g__narav5_90-2001_best res... (= |[0][X]
Datei Extras Model  Protokolle  Hife

Main
| InitSailwater  FCAdaptation: 11.70
| Observed Runaoff
| Efficiencies Soilwaker,|latvertDist: 1.53
|[ _alibration Soilwater inETRed: 0.45
| Monke Carlo Analysis
Snow.t_thres: -2.94
| Plots
| Distributed Cutput Snovy.ddf: 19.57
GroundiWater, ki 7.20
Soilwater. petMult: 1
Soilwfater. maxPercAdaptation: |21,20265216
ObsRunoff, colurmmn: ]

142



D-26: Calibration of model with global parameter set (gps) generated using area-weighted
average of parameters for Naran

efficartdat 1831-10-01 00:00

I SWEPlat INFO: effEnddate: E001-09-01 D0O:00
I_SnowMeItPIot_ INFO:

| ROCampPlot | [THFO:
f ~— ||INFO: Efficiencies for period: 1%20-10-01 00:00 Z001-0%2-01 00:00 2 1
| RunoffFlot

INFO: Bampler: ec
THFQ: *htstttr bttt h btk E kot h bk E kb ok khhE

L e e

INFO: el: 0.57038
INFO: =Z: 0.798E52
INFO: log el: 0.33405
INFO: log eZ: 0. 44350
INFO: dcal: D.76E7L
INFO: doaZ: 0.24086
INFO: r?: 0.20781
INFO: grad: 0.75183
INFO: wr2: 0.63954
INFO: dsCrad: 0.272E7
INFO: AVE: 184 _ 58618
INFO: DPMEE: E.67777
INFO: PEIAS: 13.92328
INFO:

B R L L L Ly L

INFO: Efficiencies for period: 1931-10-01 00:00 2001-0%-01 00:00 2 1

INFO: Sampler: ecCal
B R o Bt T e S T =t

INFO: el: 0O.EEEED
INFO: eZ: o.7e8lz
INFO: log el: 0.3z008
INFO: log eZ: 0.4z295%8
INFO: dioal: 075295
INFO: doaZ: 0.33621
INFO: £?: 0.79214
INFO: grad: 0.77038
INFO: wr?: 0.81487
INFO: dsGrad: 0.8710s8
INFO: AVE: 17107624
INFO: BM2E: S.9ELED
INFO: PEIAS: 13.9E5830

INFO: Dauer der Modellausfihrung: 207 ms

E< Al[f 1|

D-27: Objective function results model after calibration of model using global parameter sets
(gps) for Naran
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| JAMS Launcher: J2000g [F:\sony. data_29.04.2010\JAMS_swelNarantj2000... [= |[B][X]

Mair _ !
[ R Workspace dirackary [Fihsony_data_29.04. 20100 JAMS_swelMaran | Q
l EFficienicies ! - . 11 L i o . T S i - e D e |
[ Calibration Deatum {13330 TT ‘Uhrzeit (55:0M)
[ Monte Carlo Analysis L | T =
Start: a0 | fio | i o | ri0
| F'lclt‘s |.__| |._| .j |._| |_|
| Distributed Sukput e . . = :
: Time intersal Ende: 2001 -'II?_l £l ':'_l 0
Einheit: [ Menat |
Intervallanges: |l |
Caching iIZI !
HRLI parameter File: !parameter'l,hru_shemshakst.par |

D-28: Start running the single HRU parameter model for SWE simulation in Shemshak
station

| JAMS Launcher: J2000g [F:\sony_data_29.04,2010UAMS_swe\Naran\j2000g... [= |[B][X]
[ratei  Extras Modell  Protokolle  Hilfe:

| Main ) ;

| Efficiencies =Sk 'E'DDD—l

L Celbraton Bttty e i SR |
IEMDntE Carla Analysis | MCA Brundaries iL-lD?"r];[_EI_:f_Z_EI] |

| Flats

MCA effiethodtiames (e2;le2;phias;shsyolErmrsq |

| Distributed Output |
MCA.enable Fl

MCA:attribHeader E_S:!_I‘ER_LI_I_‘LD_FF |

MCA. paraFiletlame: :.'!,Eug_ltput'l,j_Z!Z_l_El_I;Ip_swe _par.kxk |

MCA.attribFilehlame  joutputli2000g_swe_stt.txt |

D-29: Running the model using Monte Carlo Analysis Method for generation best parameter
of SWE in various snow stations in the Latyan catchment
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I JAMS Launcher: J2000g [F:\sony_data_29.04.2010WUAMS_swe\Naran\j2000g... |:| [E| [E|

Dastei  Extras Modell Protokolle Hife

| Main e : gt T i
S InikSoilwater . FCAdaptation: 12,2603 !
| Efficiencies & e e =
|[ Calibration Soil ater latYertDist: {1.216 __!
| Monte Carlo Analysis SailWater inETRed: 0.407 _.!

| Plats ,
— Snowk_thres: i-4.065 !
| Distributed Output : e =5
snow.df: 17.774 |
Groundwater. k '?EEE __!
SoilWater. petMult: L o
Sl ater maxPercidaptation: (21,202 __!
CbsSWE, column: 4 =

D-30: Calibration of SWE module for SWE simulation in the Shemshak snow station

SWEPIot

1.400
1.300
1.200
4.100 -
1.000
oo
200
700

8O0

snow water equivalent

500.

ITVe

01-01-1692 12.00 01-01-1904 12.00 01-01-1898 12.00 01-01-1008 12:00 01-01-2000 12:00
Time

|— obsSWE — simswE]

D-31: SWE simulation using Single HRU in the Shemshak snow station

145



[ J20008

SnowMeltPlot

" 01041982 1200 010118941200 OfOti9es 1200 O1O0F48SE 1200 01012000 1200
Time

— obsSSWE — simSWE |
D-32: SWE simulation using Single HRU in the Ahar snow station

| J2000g

‘SWEPIot

750

SnowheltPlot

700
850
600
560
500
450
400
350

300

-snow water equivalent

250

200

100

p A A

] - - ;

01:01-1062 12:00 01-01-1894 12:00 01-01-1096 1200 01-01-1998 12:00 01-01-2000 12:00
Time

— ohsSWE — sim3WE

D-33: SWE simulation using Single HRU in the Garmabdar snow station
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SWEPIot

T SWERIoE

|_SnowMeltPlot 425

350
325
300
275
250
225
200 I.

1785

snow water eguivalent

150

100

75

I/\M M

A

01.01:1983 12:00 01-01-1904 12:00 01-01-1808 12.00 01.01-1898 12:00
Time

|— obsSWE — simswE]

04-01-2000 12:00

D-34: SWE simulation using Single HRU in the Konde Olya snow station

.| J2000g

SWEPIot

snow water equivalent
: iR
= [=}
m o
=

I )

i

01-01-1682 12:00 01:07-1994 12:00 07-04-1006 12:00 01:01-1888 12:00
Time

|— ohsSWE — simSWE]

01-01-2000 12:00

D-35: SWE simulation using Single HRU in the Lawasan snow station
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