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H Sensible heat flux [E L−2]
H0 Radiation in absence of atmosphere [E L−2]
HU Humidity [−]
I0β Hourly extraterrestrial radiation on inclined surface [E L−2T−1]
I0h Hourly extraterrestrial radiation on horizontal surface [E L−2T−1]
ie Effective precipitation [L T−1]
İSC Solar constant [E L−2T−1]
ka1 empirical coefficient for ground surface albedo [−]
ka2 empirical coefficient for ground surface albedo [−]
Kb Direct radiation transmittance [−]
Kc Clear-sky index [−]
Kb

c Beam component of clear-sky index [−]
Kd

c Diffuse component of clear-sky index [−]
Kd Diffuse fraction [−]
Ke Effective hydraulic conductivity [L T−1]
Khay Hay’s sky-clarity index [−]
kp Rainfall enforcement constant [−]
kR Ratio of energy received on inclined surface to horizontal

surface
[−]

Ksat Saturated hydraulic conductivity [L T−1]
Kt Clearness index [−]
Kn Normal direct transmittance index [−]
l Horizontal distance [L]
lroot plant root density [−]
Ln Net longwave radiation [E L−2]
L ↓ Downward longwave radiation [E L−2]
L ↑ Upward longwave radiation [E L−2]
LE Latent heat flux [E L−2T−1]
mr Relative optical mass [−]
mvg Parameter of pore-size distribution [−]
nc Cloud index [−]
nd Actual sunshine duration [T]
Nd Potential sunshine duration [T]
nm Manning-Strickler’s coefficient [−]
nvg Parameter of pore-size distribution [−]
Rl Reflected radiation [E L−2]
R All-wave radiation [E L−2]
Rgc Gas constant [E L−2]
rg Groundwater recharge rate [L T−1]
RX root water extraction rate [−]
s Optical path length [L]
SD Storage deficit [L]
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Symbol Definition Unit

Se Effective saturation [−]
Sf Friction slope [−]
Sm Snow melt rate [L T−1]
So Ground surface slope [−]
t Time [T]
TA Actual transpiration [L]
T Temperature [Θ]
Ta Daily mean air temperature [Θ]
T0 Threshold temperature of snowmelt initiation [Θ]
Tθ Potential temperature [−]
TP Potential transpiration [L]
Td Diffuse transmission coefficient [−]
Tw Hydraulic transmissivity [L2T−1]
TLn Linke turbidity [−]
P Pressure [M L−1T−2]
P0 Reference pressure [M L−1T−2]
Pr Total precipitation [L]
Pl Liquid precipitation [L]
qu Discharge per unit contour length [L2T−1]
ug Geostrophic u wind [L T−1]
vg Geostrophic v wind [L T−1]
wi Topographic wetness index [−]

List of Greek symbols

Symbol Definition Unit

α Solar altitude [L]
αr Root extraction reduction factors under stress [−]
αvg Parameter related to the modal pore size [−]
β Surface slope [L]
δi Optical depth of a given substance [−]
δr Rayleigh optical depth [−]
δ Solar declination angle [−]
Δv Slope of the vapor pressure curve [ML−1T−3]
ε Eccentricity correction factor [−]
εa Emissivity of the atmosphere [−]
εvs Emissivity of vegetation and soil [−]
γ Aspect of the surface [−]
γh Variogram [−]
γpc psychrometric constant [ML−1T−3]
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Symbol Definition Unit

λv Latent heat of vaporization [EL−2T−1]
λvg Shape parameter [−]
κi Attenuation coefficient [−]
ω Solar hour angle [L]
ωs Sunrise(sunset) hour angle for horizontal surface [L]
ωsr Sunrise hour angle for inclined surface [L]
ωss Sunset hour angle for inclined surface [L]
φ Solar azimuth angle [L]
ψ Geographic latitude [L]
ρ Density [M L−3]
ρa Air density [M L−3]
ρat Atmospheric albedo [−]
ρc Apparent albedo of the heaviest cloud [−]
ρg Apparent albedo of the ground under clear skies [−]
ρo Apparent albedo of observed by the satellite sensor [−]
ρs Apparent albedo of snow [−]
ρw Water density [ML−3]
σsb Stefan-Boltzmann constant [E L−2Θ−4]
τi Transmittance coefficient [−]
θ Solar azimuth angle of inclined surface [L]
θe Effective volumetric water content [L3/L3]
θres Residual volumetric water content [L3/L3]
θsat Saturated volumetric water content [L3/L3]
θz Solar zenith angle of horizontal surface [L]

List of sub- and superscripts

Symbol Definition

x x Direction of coordidnation system
y y Direction of coordination system
˙ Values in normal direction
a Actual value
p Potential value
i List of substances, stations, time intervals, etc.
e Effective value
h Horizontal surface
c Clear sky
β Inclined surface
b Cloudy sky (bewölkt in German)



Abstract

Hydrological patterns demonstrate spatial and temporal variability and organization of hy-
drological responses in the catchment, and contain rich information of underlying hydro-
logical processes. Observed patterns or patterns interpolated properly from point data are
ideal sources for distributed model input and perfect references for model calibration and
validation, whereas simulated patterns can reflect the effects of spatial land use and cli-
mate change and provide insight into the underlying hydrological processes. Investigation
of these patterns can deepen our understanding of catchment hydrology, so that we can im-
prove our interpolationmethods and hydrological models to producemore realistic patterns
for decision making in water resources management. Hydrological patterns may appear to
be random, but in many cases they are highly organized and exhibit deterministic structures
superimposed with some random variation, because the fundamental driving forces for the
catchment evolvement - solar radiation, wind, and precipitation, are strongly related to to-
pographic features - elevation, aspect and slope, and thus highly organized. Topographic
variation exists at different scales: at large-scale, earth surface features are caused mainly by
geological movements and glacial carving, and referred as macro-topography in this mono-
graph, whereas at small scale, micro-topography caused by gully incision and other secondary
processes dominates. The effects of topography on catchment process may change with the
scale, depending on the process under study. The direct topographic dependence of catch-
ment processes, such as radiation, wind, drainage network, and precipitation, are referred as
primary topographic effects in this monograph, based on which the secondary topographic ef-
fects governing the spatial patterns of evapotranspiration (ET), soil moisture content (SMC),
snow melting, soil properties, vegetation etc., can be derived. The main objective of the
study is to illustrate how topography affects these hydrological patterns at different scales
through the primary and secondary effects, and how the understanding of spatial processes
can advance hydrological modeling concept as well as improve spatial data interpolation.
To assure the generality of the research, this study applies globally available data wherever
possible. The work also exploited the three main general research methodologies in hydrol-
ogy: physically-based modeling, conceptual models, and statistical analysis.

The study first simulates the solar radiation pattern and wind pattern under topographic
modification, with the r.sun model and the METRAS-PC model respectively. The radiation
and wind patterns show a strong spatial variability related to topography. Taking these
patterns as inputs, the Soil-Water-Atmosphere-Plant (SWAP) model is used to generate the
spatial ET/SMC patterns, which are highly organized with a significant spatial difference.

The work further investigates the topographic effects on snow melting. The correlation
analysis of solar radiation with binary snow cover data from Moderate Resolution Imag-
ing Spectroradiometer (MODIS) confirms a high dependence of snow melting on radiation
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during the clear days. Several different adaptations of radiation index degree-day model
in both multiplicative and additive form have been calibrated with station data, and vali-
dated spatially against MODIS data. The results show that the incorporation of topographic
parameters into the model concept improves the model performance.

Precipitation is affected by topography at large-scale through orographic effects, and at
small-scale through wind drift. The presence of mountains causes local anisotropy of the
spatial precipitation as a random field from the geostatistical point of view. This study tries
to account for the local anisotropy caused by topographic effects by applying the curvature
distance along the ground surface in the geostatistical interpolation methods. The kriging
methods with multi-dimensional scaling (MDS) transformed curvature distances shows in
some cases improvement to the original horizontal distances. To reflect the outweighing of
vertical distance to horizontal distance, the vertical distance is scaled with a given factor.

This work also investigates the spatial precipitation variability caused by narrow-steep val-
leys which are usually neglected by hydrologists at small-scale. Because physically-based
precipitation modeling is very site- and event-specific, instead of purely physical approach,
statistical analysis based on high-density rain gauge data under the consideration of atmo-
spheric circulation patterns (CPs) is undertaken. Both parametric (One-way Analysis of
Variance) and non-parametric (Kolmogorov-Smirnov test) statistical analysis of precipita-
tion time series for the valley and non-valley stations reveals that, when the valley station
is isolated from the moisture air flow, it receives comparable amount of precipitation as the
neighboring mountain stations. Such valley effects that are usually disregarded in the spa-
tial interpolation procedures, are considered in the external drift kriging (EDK) by applying
selective directional smoothing of DEM in this work.

Through the study of the 6 topographic dependent patterns - radiation, wind, precipita-
tion, ET, soil moisture, and snow melting, this study delivers two important messages: first,
among all the elements within a catchment, topography is the major source of variability,
and this variability can be quantified to a large extent; second, pattern investigation may re-
veal the hidden principles of hydrological processes, is therefore key to the iterative loop of
observation-understanding-modeling in hydrological study. Because for part of the study,
physically justified modeling approach and globally available data are used, the methods
are applicable to other areas, thus it also contributes the PUB initiation.



Zusammenfassung

Einführung

Diese Arbeit ist von der Untersuchung zweier Oberflächenabflussmuster, abgeleitet. Das ei-
ne ergibt sich aus dem gesättigten TOPMODEL(unterflächenabflussbasiert) und das andere
aus dem hortioanischen CASC2D Modell(oberflächenabflussbasiert). Die Ähnlichkeit der si-
muliertenOberflächenabflussmuster von zwei komplett verschiedenenModellen zeigt, dass
die Topographie der maßgebende Faktor in der Wasserbewegung bzw. dem Wasserkreis-
lauf ist. Die Topographie, die durch das Digitale Höhenmodell(DHM) vertreten ist, bein-
haltet wichtige räumliche Informationen und ist in den meisten Fällen die Hauptquelle der
räumlichen Variabilität in hydrologischen Prozessen, wie Verdunstung, Bodenfeuchtegehal-
te(BFG), Temperatur, etc. Hydrologische Muster weisen die Organisation und Struktur der
zugrunde liegenden hydrologischen Prozesse auf und beinhalten wichtige Informationen,
um den Prozess zu verstehen. Desweiteren sind sie der ideale Input für räumlich verteilte
Modelle und der perfekte Bezug beim Einstellen und Bewerten von Modellen. Hydrolo-
gische Muster können den Eindruck erwecken zufällig zu sein, sind aber in vielen Fällen
hochgradig organisiert und weisen deterministische Strukturen auf, die mit einer zufälligen
Variation überlagert sind. Dies rührt daher dass die Muster der fundamentalen Antriebs-
kräfte des Verhalten des Einzugsgebiets - Sonneneinstrahlung, Wind und Niederschlag -
stark abhängig von topographischen Eigenschaften - Höhe, Ausrichtung und Neigung -
sind. Topographische Variationen existieren auf unterschiedlichen Skalen: auf großer Skala
entstanden die Eigenschaften der Erdoberfläche größtenteils aus geologischen Bewegungen
und Gletscherabrieb und werden im Folgendem als Makrotopographie bezeichnet. Auf klei-
ner Skala hingegen, wird Mikrotopographie von Rinnenbildung und anderen sekundären Pro-
zessen verursacht. Die Auswirkungen der Topographie auf Einzugsgebietsprozesse können
sich zusammen mit der Skalaändern. In dieser Monographie wird die direkte topographi-
sche Abhängigkeit auf Einzugsgebietsprozesse, wie Einstrahlung, Wind und Niederschlag,
als primäre topographische Effekte bezeichnet auf denen die sekundären topographischen Ef-
fekte basieren, aus denen die die räumlichen Muster der Evapotranspiration(ET), Boden-
feuchtegehalt(BFG), Schneeschmelze, Bodeneigenschaften, Vegetation, etc. hergeleitet wer-
den können. Das Hauptziel der Arbeit ist es darzustellen wie die Topographie diese hydro-
logischen Muster auf unterschiedlichen Skalen über ihre primären und sekundären Effekte
beeinflusst und wie das Verständnis der räumlichen Prozesse hydrologische Modellkon-
zepte und -praxis voranbringen und räumliche Dateninterpolation verbessern kann. Um
die Allgemeingültigkeit dieser Forschung zu gewährleisten wurden wo es möglich war frei
verfügbare Daten benutzt. Für die Arbeit wurden die drei hauptsächlich in der Hydro-
logie verwendeten Forschungsmethoden verwendet: physikalisch-basierte Modellierung,
konzeptuelle Modelle und statistische Analyse.
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Die Arbeit besteht aus 6 Teilen:

1. physikalische Modellierung der räumlichen Solarstrahlung im komplexen Gelände
mit Fernerkundungsdaten im Vergleich zur empirischen Modellierung der Sonnen-
scheindauer;

2. Simulation des Windfeldes des meso-skallierten meteorologischen Modell METRAS
PC mit NECP/NCAR Reanalysis Daten;

3. Simulation von Verdunstung und Erdfeuchte mit dem SWAP Modell;

4. Einführung des Solarstrahlungsindex in das Grad-Tag Modell und Vergleich; verschie-
dener Varianten;

5. Anwendung der von multi-dimensionalen Skalierung (MDS) umgewandelte Abstand
zur Behandlung die von Topographie verursachten lokalen Anisotropie;

6. Statistische Untersuchung der räumlichen Variabilität des Niederschlags in schmalen
und steilen Täler, im Zusammenhang mit atmosphärischer Zirkulation (CP) und der
Anwendung von DGM Glättung zur Verbesserung des External-Drift-Kriging.

Modellierung der Solarstrahlung

Die Solarstrahlung erhält das Leben auf der Erde und ist ebenfalls für die räumliche und
zeitliche Variation der hydrologischen Bestandteile, wie Vegetation, Biologie und Wasser
verantwortlich. Sowohl für die Meteorologie, als auch für die Hydrologie ist die präzise Be-
stimmung der räumlichen Solarstrahlung auf der Erdoberfläche von fundamentaler Bedeu-
tung. Die Globalstrahlung ist durch das Zusammenspiel der Solar-Erde-Geometrie(Solare
Positionierung, Oberflächenneigung, Geländeschattierung, usw.), den Geländeeigenschaf-
ten(Albedo, Saugfähigkeit, usw.) und den atmosphärischen Eigenschaften(atmosphärische
Dämpfung, Wolken, usw.) bestimmt. Die geometrische Beziehung zwischen der Sonne und
der Erde sind hauptsächlich von den Variationen der Topographieparameter bestimmt. Da-
bei wären die Bodenerhebungen, -neigung, -expositionen, welche totale Unterschiede der
Solarstrahlung auf lokaler Ebene verursachen können, zu nennen. Die Oberfläche und die
atmosphärischen Bedingungen können physikalisch oder empirisch parametrisiert werden.
Um das Potential(unter klarem Himmel) und die tatsächliche(unter bewölkten Bedingun-
gen) Strahlung zu parametrisieren und zu berechnen, wurden Modelle unterschiedlicher
Algorithmen und Komplexität entwickelt. Diese Modelle reichen von der einfachen empiri-
schen Gleichung bis hin zur prozessbasierten physikalischen Verfahren.

Dieses Kapitel gibt einen Überblick über das allgemeine Vorgehen der Modellierung
von Solarstrahlung sowie über die üblichsten Verfahren. Für die operative Raum-
strahlungsmodellierung wurden zwei Verfahren mit kleinstem Datenbedarf ausgewählt:
das GIS-basierte, physikalisch parametrisierte, fernerkundungsorientierte Heliosat-2-
Modell (Rigollier et al., 2004) sowie das sonnenscheindauerbasierte Angström-Prescott-
Regressionsmodell (Angström, 1924). Die Leistungsfähigkeit der Modelle für Strahlungs-
simulation auf horizontaler Oberfläche wurden durch beobachtete Daten überprüft. Des
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weiteren ist die Gültigkeit der Modelle zur Modellierung geneigter Flächen durch den Ver-
gleich der Modelleergebnisse unterteinander nachgewiesen. Die Skalenempfindlichkeit der
Modelle und die Schatteneffekte sind mit unterschiedlichen DHM Auflösungen untersucht
worden. Starke Auswirkungen der Topographie auf die räumliche Solarstrahlung unter kla-
rem Himmel in komplexem Gelände wurden mit dem Punkt-Vergleich dargestellt. Eine
Fallstudie mit einem kleinen Einzugsgebiet zeigt ebenfalls die räumliche Variabilität der
Solarstrahlung unter wolkigem Himmel. Die räumliche Variabilität der Solarstrahlung ist
besonders im Winter sehr hoch, was wahrscheinlich starke Auswirkungen auf die Schnee-
schmelze hat. Im weiteren Verlauf der Arbeit werden die Auswirkungen der durch Topo-
graphie abgeleiteten ungleichmäßigen Solarstrahlung auf Verdunstung, Bodenfeuchte und
Schneeschmelze untersucht. Dieses Kapitel hat das Potential der beiden Modelle bezüglich
des Downscaling der räumlichen Solarstrahlung, und der Möglichkeit der Anwendung von
Fernerkundung zur Modellierung der Solarstrahlung in komplexem Gelände für die hydro-
logische Anwendung, bestätigt.

Windmodellierung mit METRAS PC

Dieses Kapitel wendet das massenbeständige mesoskalige Windmodell, MEsoscale TRAns-
port and fluid (Stream) Model, PC version (METRAS PC) (Schlünzen et al., 2001) an, um
vom geostrophischen Wind zu einem täglichen lokalen Windfeld zu gelangen. Das Mo-
dell beruht auf den physikalischen Erhaltungsgleichungen, die in Flußform dreidimensional
gelöst werden. Prognostisch werden Wind, potentielle Temperatur und Feuchte sowie die
Oberflächentemperatur und Oberflächenfechte berechnet. Die Eingangsdaten des geostro-
phischen Windes für das Modell sind aus NCEP/NCAR Reanalysis-Daten abgerufen wor-
den. Simulationen sind mit den tatsächlichen täglichen Daten kontinuierlich über ein Jahr
und mit gruppierten Winddaten aus über 48 Jahren (1960∼2007) mit Clusteranalyse er-
stellt, durchgeführt worden. Es wurde eine in zwei Schritte aufgebaute Cluster-Analyse ver-
wendet: zuerst mit dem k-mean Algorithmus und dann mit Ward’s Clustering im zweiten
Schritt. Damit wurden die Daten über 48 Jahre in 200 repräsentative Cluster klassifiziert, und
der Rechenaufwand von täglichen Windsimulationen verringert werden kann. Die generier-
ten Windfelder zeigen, dass sie von Topographie und Landnutzung beeinflusst werden. Die
Ergebnisse werden anschließend für die Verdunstungsmodellierung verwendet und können
darüber hinaus für andere hydrologische Anwendungen eingesetzt werden, wie z.B, Ana-
lyse der Abdrift von Niederschlägen, Schnee, usw.

Verdunstung- und Bodenfeuchtemodellierung mit SWAP

Um die räumliche Variabilität der Verdunstung(ET), die Bodenfeuchtegehalte(BFG) sowie
die durch die Topographie verursachte räumliche Variabilität von Wind und Strahlung zu
quantifizieren, werden numerische Experimente mit dem Soil Water Atmosphere Plant-
Modell (SWAP) (van Dam et al., 1997) durchgeführt. Das eindimensionale SWAP-Modell
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wurde in einer verteilten Weise unter Annahme linearer Grundwasserspiegel, und ande-
ren identischen Randbedingungen in Abwesenheit von “lateral-flow”für jedes Raster ange-
wandt. Das SWAP-Modell verwendet einen umfassenden Penman-Monteith(PM) Ansatz,
um die Verdunstung zu berechnen. Dieser Ansatz bezieht meteorologische Faktoren, Boden-
bedeckungen und den artenabhängigen Leaf Area Index(LAI) mit ein. Desweiteren beinhal-
tet das SWAP-Modell die Richard’s Gleichung, um den Bodenwasserfluss in der ungesättig-
ten Zone unter verschiedenen Bodeneigenschaften zu berücksichtigen. Es werden sowohl
potentielle als auch tatsächliche ET, sowie die einzelnen Komponenten der Verdunstung
und Transpiration von dem Modell berechnet. Um die Skaleneffekte zu bewerten, wur-
den die numerischen Experimente mit zwei verschiedenen Auflösungen (100m and 1000m)
durchgeführt. Um die räumliche Variabilität von ET durch Wind und Strahlung zu unter-
scheiden, wurden numerische Experimente durchgeführt. Dabei wurden die Annahmen,
dass nur räumlich heterogene Strahlung auftritt oder dass der Wind mit sämtlichen Para-
meter homogen ist, getroffen. Die numerischen Experimente mit variierendem Wind und
Strahlung zeigen die umfassende Wirkung der Topographie auf die Verdunstung. In einem
weiteren Experiment wurde die Variabilität der ET, verursacht durch Vegetation, durch Ein-
gabe des landnutzungsspezifischen LAI aus MODIS(Moderate Resolution Imaging Spec-
troradiometer) betrachtet. Experimente mit Böden unterschiedlicher Beschaffenheit zeigen,
dass die Bodenarten die Trennung zwischen Verdunstung und Transpiration wesentlich be-
einflussen und einen beschränkten Einfluss auf den totalen ET haben.

Das Ergebnis zeigt eine starke räumliche Variabilität innerhalb der Einzugsgebiete bei tägli-
chen und jährlichen totalen ET und eine geringe Variabilität der Bodenfeuchte. Die räumli-
che Variabilität der ET ist verbunden mit einem Unterschied der totalen generierten Menge
des Abflusses, was möglicherweise zu signifikanten Auswirkungen des Wasserhaushalts
der Einzugsgebiete führen kann.

Vergleich den Adaptierten Grad-Tage-Schnee Modellen

Die Temperatur-Index Methode ist eine sehr beliebte Methode, bei der die Temperatur als
Surrogat des Energieaufwands genutzt wird, um die Schneeschmelze zu modellieren. Ob-
wohl die Methode in einigen Fällen recht gut funktioniert, ist sie jedoch nicht in der Lage,
die räumliche Variabilität des Energieeintrags durch räumliche Topographie zu berücksich-
tigen, mit der Ausnahme des Temperaturgradients in einer verteilten Modell-Struktur. Die-
ses Kapitel versucht die räumliche Variabilität der Strahlung, die durch Topographieeffekte
hervorgerufen wird, in das Grad-Tage Modell einzuführen. Sowohl in die additive als auch
in die multiplikative Formulierungen. Unterschiedliche Strahlungskomponenten wurden
ebenfalls untersucht. Von der potentiellen Solarstrahlung über die aktuelle Solarstrahlung
zur ganzwelligen Strahlung. Die eingebetteten Grad-Tage-Modelle werden an den Statio-
nen mit den binären MODIS Schneebedeckungsausmaß Daten, die beobachtete Temperatur-
und Niederschlagsdaten kalibriert. Validierung der Modelle geschieht mit den räumlich in-
terploierten Temperatur- und Niederschlagsdaten, und MODIS Daten. Der Vergleich der
Ergebnisse der angeglichenen Modelle mit dem Standard Grad-Tag Modell zeigt eine Ver-
besserung der Modellleistung.
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Kriging mit MDS Umgewandelten Abständen

Die Anwesenheit von Bergen kann eine lokale Anisotropie der regionalisierten hydrologi-
schen Variablen wie z.B Temperatur, Wind und Niederschlag hervorrufen. Im Gegensatz
zur globalen Anisotropie, welche durch verschachtelte Variogramme oder linear transfor-
mierte Koordinatensysteme modelliert werden kann, ist die lokale Anisotropie schwer zu
bestimmen. Dieses Kapitel beschreibt den Versuch, solche topographieabhängige Anisotro-
pien durch nichtlineare Transformation des Bogenabstands mit MultiDimensionaler Skalie-
rung(MDS) zu modellieren. Weil der vertikale Abstand ausgeprägtere Effekte als der ho-
rizontale Abstand hat, ist ein Skalierungsfaktor für die Höhe eingeführt worden. Dieser
dient der besseren Angleichung der topographieverursachten räumlichen Variabilität. Im
Bewusstsein der potentiellen Verzerrung der Koordinaten aufgrund erhöhter Eingabe von
Punkten in MDS, ist ein lokales MDS für die nächsten Nachbarpunkte, die für das Kirging
ausgewählt wurden, durchgeführt worden. Die MDS Transformation wurde sowohl für das
Ordinary Kirging (OK) als auch für das External Drifting Kirging(EDK) angewandt. Um das
Ergebniss statistisch abzusichern, wurden für den Vergleich Tagesdaten über 7 Jahre von
Temperatur und Niederschlag benutzt. Die Kreuzvalidierung zeigt eine Verbesserung des
Ordinary Krigings der Temperaturdaten und eine geringere Verbesserung in den anderen
Fällen. Der Grund dafür liegt möglicherweise im multidimensionalen Skalierungsprozess,
welcher zwischen entfernten und nahen Punkten nicht unterscheidet.

Täle-Effekte auf Niederschlag und Kriging mit Geglätteten DHM

Die kleinskalige (1∼10 km) räumliche Variabilität des täglichen Niederschlags im Alpen-
raum von Süddeutschland wird mit den hochauflösenden täglichen Niederschlagsmessun-
gen über einen Zeitraum von 40 Jahren untersucht. Unter Berücksichtigung der täglichen
großskaligen Zirkulation(CPs), welche durch den SLP(sea level pressure) oder durch 500
or 700 hPa geopotentiale Höhenanomalie definiert wird. Der tägliche Niederschlag in den
schmalen Tälern wird mit dem der benachbarten Stationen auf den Bergkämmen bezüglich
deren Mittelwert (mit one-way ANOVA) und deren kumulativer Wahrscheinlichkeitsver-
teilung (Kolmogrov-Smirnav test) verglichen. Die statistischen Tests wurden speziell für
jeden CP durchgeführt, im allgemeinen jedoch auch ohne dessen Berücksichtigung. Das
Ergebnis zeigt, dass es zwei Effekte gibt, die die räumliche Niederschlagsverteilung auf
zwei verschiedenen Skalen beeinflussen, auf der einen Seite den orthographische Effekt, wo-
durch der Niederschlag mit zunehmender Höhe ansteigt, und auf der anderen Seite den als
“schmale Täler Effekt”bekannten Effekt, wodurch der Niederschlag in schmalen Tälern ver-
gleichbar mit dem Niederschlag auf dem Bergkamm wird, wenn das Tal vom Feuchtigkeits-
fluss, welcher durch die großskalige Zirkulation angetrieben wird, abgeschirmt wird. Die
Arbeit bestätigt das Phänomen, dass der Niederschlag in den schmalen Tälern “blind”ist,
was oft in hydrologischen Anwendungen unbeachtet bleibt. Zum Beispiel bei der Interpo-
lation der Niederschläge aufgezeichneter Daten. Ein Glättungsalgorithmus, der den DHM
innerhalb eines Fensters glättet, wurde angewandt, um die topographische Daten zu glätten
und um die schmalen Täler zu füllen. Mit Rücksicht auf die Interaktion von CP und den



XVIII Zusammenfassung

Tälern, anisotrope Glättung in der Richtung der CP ist ausprobiert. Dies wurde als Hilfs-
information für das externe drift kriging(EDK) und Detrended Kriging (DTK) genutzt. Die
Ergebnisse der Kreuzvalidierung zeigen, dass EDK mit DHM, anisotrop geglättet durch ei-
ne bestimmte Fenstergröße, eine bessere Leistung bringt als mit dem ursprünglichen DHM
in Bezug des Mittelwerts und des systematischen Fehlers.

Schlussfolgerungen

Diese Arbeit hat durch die systematische Untersuchung von Solarstrahlung-, Wind-,
Verdunstung-/Bodenfeuchte-, Schneeschmelze- und Niederschlagmuster die topographi-
schen Effekte auf die hydrologischen Prozesse demonstriert. Diese Effekte wurden ange-
wandt, um die hydrologische Modellierungskonzepte und die Interpolation von räumli-
chen Daten zu verbessern. Zum Beispiel bringt die Einführung des Solarstrahlungsterms in
das Grad-Tag Modell, sowie die Anwendung geglätteter DHM mit externen drift kriging
eine höhere Leistung. Des weiteren hat diese Arbeit die drei Hauptmerkmale einer hydrolo-
gischen wissenschaftlichen Arbeit: physikalisch-basiertes Modellieren, konzeptionelle Mo-
delle und statistische Analysis. Fernerkundungsdaten, wie zum Beispiel Wolkendaten von
Meteosat oder Schnee- und Vegetationsdaten von MODIS werden extensiv benutzt. Die um-
fangreiche Anwendung von global verfügbarer Daten durch PUB(Prediction in Ungauged
Basin) hat eine datenarme Modellierungsannäherung ermöglicht.

Zusammenfassend wird diese Arbeit der hydrologischen Forschung in folgenden Aspekten
beitragen:

1. Diese Arbeit wird unser Verständnis der räumlichen Hydrologie wie zum Beispiel die
hydrologische Reaktion auf räumliche Veränderungen vertiefen;

2. Die Kenntnis der räumlichen Variabilität kann uns dabei helfen, Ergebnisse von groß-
skaligen Modellen, wie z.B. das Land-Oberflächen-Modell, runter zu skalieren, und
die beobachtete Stationdaten zur genaueren räumlichen Daten zu interpotieren;

3. Die Topographischen Effekte können in hydrologische Modelle eingebaut werden, um
das Modellkonzept zu verbessern;

4. Viele Modelle, die diese Arbeit verwenden werden, sind selbst hydrologische Modelle
und können für beliebte Einzugsgebiete eingesetzt werden.



1 General Introduction

Pattern are everywhere in nature and in science. Mathematics is commonly referred as the
“science of patterns“ (Steen, 1988); in computer science the design pattern is a general so-
lution for objective-oriented programming; in physics from the cosmos down to the crystal,
their structure all compost recurring patterns. Devlin (1997) notes that patterns can be “ei-
ther real or imagined, visual or mental, static or dynamic, qualitative or quantitative”. The
existence of patterns is not only to impress people, but is also key to understand the prin-
ciples behind them. By exploiting the information that resides in the myriad of patterns,
people advance the understanding about nature and put the science forward. For example,
Johannes Kepler developed the famous Kepler’s laws in cosmology by continuous seeking
for the perfect geometric patterns.

Observation and interpretation of spatial patterns are also fundamental to hydrology, al-
though the hydrologists have since long time avoided confronting the challenge of spa-
tial variability by focusing on streamflow as an integral (Grayson and Blöschl, 2000). Re-
cently the importance of the patterns for gaining insight into hydrological behavior has been
widely recognized (Grayson et al., 2002a; Schröder, 2006), because they can be used to “in-
form model development and reduce model uncertainty”(Grayson and Blöschl, 2000). This
study itself is inspired by the following pattern investigation of the overland flow patterns.

1.1 Motivation from Pattern Comparison

Hydrological modeling, also called rainfall-runoff modeling, deals mainly with the rainfall
runoff generation processes, as its name suggests. Whether the model concept reflects prop-
erly the runoff generation mechanism, is a matter to the model correctness, more important
to the fit test. Historically three types of runoff generation mechanisms have been experi-
mentally confirmed and well established, they are Hortonian overland flow (HOF), subsurface
storm flow (SSF) and saturated overland flow (SOF). The Hortonian overland flow, also known
as infiltration excess flow states that surface runoff is primarily a result of rainfall surplus-
ing the infiltration capacity which decreases as a function of cumulative infiltration depth
or time. It is the dominating runoff generation process in arid and semi-arid region with
thin soil and low infiltration capacity (Horton, 1933; Betson, 1964). The Green-Ampt equa-
tion (Green and Ampt, 1911), Horton equation(Horton, 1933), Philip equation(Philip, 1957),
Smith-Parlange equation(Smith and Parlange, 1978) are all models belonging to this family.
The CASC2D model (Downer et al., 2002) applies also this runoff generation concept. For
subsurface storm flow, water are connected through the preferential flow paths, and surface
runoff is rarely observable. It occurs where shallow permeable soil resides on impeding bed
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layer with steep slopes (Weyman, 1973; Harr, 1977). Another type of SSF is the piston type
of flow, i.e. old water are mobilized by pressure propagation of fresh water input of rainfall
(Zehe et al., 2010). Saturated overland flow is the runoff generated when the soil is saturated
up to the earth surface from the groundwater table (Hewlett and Hibbert, 1967; Dunne and
Black, 1970). It is usually the dominating process in humid area with shallow groundwa-
ter. Because the saturation area always expand from the river course to the flood plain, it’s
also named as variable source area mechanism. The widely used TOPMODEL by Beven et al.
(1995) is based on this mechanism.

An experimental study of the overland flow depth with the two conceptually distinct mod-
els - CASC2D and TOPMODEL was carried out at the beginning of this study, in order
to seek for hints to improve the runoff generation concept. The results are very inspiring,
and have directed the study to the topographic effects and pattern investigation. In the
following, a brief introduction about the two models will be presented, followed by the
enlightening results.

1.1.1 CASC2D Model

CASC2D is a physically-based watershed model simulating exclusively the surface HOF
(Julien et al., 1995). Although the reduction of the effective rainfall by infiltration is included
in the model, but the infiltrated water is assumed to be depleted by evapotranspiration,
and no subsurface flow is considered at all. The exclusion of baseflow render the model
incapable to simulate continuously the hydrograph, but only the flood events. The core
part of the model is essentially the diffusive flow equations implemented in explicit finite
difference scheme for channel flow in 1-dimension and for overland flow in 2-dimension.
The overland flow comprises the following diffusion wave equations:

Continuity equation:
∂h

∂t
+
∂qx
∂x

+
∂qy
∂y

= ie (1.1)

Momentum equation: Sf = So − ∂h

∂l
(1.2)

Manning equation: q =
1

nm
S

1
2
f h

5
3 (1.3)

with h : surface flow depth [L]
qx : unit discharge in x direction [L2T−1]
qy : unit discharge in y direction [L2T−1]
ie : effective precipitation rate [L T−1]
t : time [T]
Sf : friction slope in x or y direction [−]
So : ground surface slope in x or y direction [−]
l : distance in x or y direction [m]
α : ground surface slope in x or y direction [−]
nm : Manning-Strickler coefficient [−]
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Here only the basic idea of the model is presented. Detailed formulation of the CASC2D
model and its applications can be founded in Julien et al. (1995); Sánchez (2002); Marsik and
Waylen (2006).

1.1.2 TOPMODEL Model

TOPMODEL is, in contrast to the surface flow routing based CASC2D model, derived from
the groundwater Darcy Equation. The streamflow is generated by first subsurface downhill
flow, and when area close to the river starts to get saturated, also by the surface water input
onto this saturated contributing area. The TOPMODEL theory is based on the following
assumptions:

• Groundwater is in steady state with a spatially homogeneous recharge rate ru [LT−1].
Over an unit upslope area au [L], the flow per unit contour length qu [L2T−1]is:

qu = ru au (1.4)

• The effective hydraulic gradient Δh [−] is equal to the local surface slope tanβ:

Δh = tanβ (1.5)

• The transmissivity Tw [L2T−1] is spatially homogeneous and locally decrease expo-
nentially with local storage deficit SD′ [L] with a controlling parametermT [L]:

T ′w = Tw exp (−SD′/mT ) (1.6)

The core part of the model is the analytically derived topographic wetness index:

wi = ln(
au

Twtanβ
) (1.7)

A detailed description can be found in Beven (2001). One thing to bementioned is that, TOP-
MODEL does not explicitly simulate the river flow, but consider it as part of the overland
flow, whereas CASC2D simulates the river flow separately by considering the river chan-
nel geometry. Therefore, the overland flow result simulated by CASC2D in the following
section has excluded the channel part.

1.1.3 Model Results and Enlightenment

In this work, the two models have been applied to the Goodwin Creek Watershed of around
21.5 km2, for a rainfall event lasted 4.8 hours. The catchment and dataset used here are
the original data used to calibrate the CASC2D model, for a detailed description of them,
the readers can refer to Sánchez (2002). Fig.1.1 shows the overland flow depth at the half
time of the rainfall duration simulated by the two models. Fig.1.1(a) shows the overland
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flow depth modeled by CASC2D, the water depth in the channel modeled with the de-
tailed channel geometry is excluded, is thus all zero. Overland flow is presented over all
area within the catchment, and the high overland flow “branches”look like channel exten-
sions. Fig.1.1(b) shows the result from TOPMODEL without considering the channel geom-
etry, and the high water depth are mainly presented in the channel part and some overland
“branches”connected to the channel. The overland flow depth of CASC2D is much higher
than TOPMODEL, because CASC2D has excluded the subsurface flow, and all water are
flowing overland. Although the overland flow depth of the two models differ, the overland
flow pattern, i.e. the locating of high water depth (“branches”) are very similar.

(a) Overland flow depth of CASC2D (b) Overland flow depth of TOPMODEL

Figure 1.1: Comparison of overland flow patterns of CASC2D and TOPMODEL

Two models of completely different mechanisms generate surprisingly similar overland
flow patterns. Is it accidental or deterministic? Does it mean that soil type does not matter,
or there is something more dominating? It obviously can be explained by the topography-
induced lateral flow, which controls the runoff generation process. No matter water are
flowing surface or subsurface, it is controlled by the topography. The control of topography
on water movement is fundamental to hydrology, but its regulation on other energy and
mass input to the earth surface, i.e. wind, radiation, and precipitation which are the driving
force of the hydrological cycle, are also very critical. Such effects, especially wind and radi-
ation patterns resulted from topography, are neglected by most hydrological models, except
a few, such as WaSiM-ETH (Schulla and Jasper, 2007) and CATFLOW (Zehe et al., 2001).
Therefore some questions are rising here, namely:

• How does topography affect the vertical water transfer? Are they negligible or not?

• Since the assumption of TOPMODEL is “more convenient than true”(Beven, 1997), can
we find some other more physical and viable explanation through topographic related
energy and mass input and output?

• Does topography also affect other hydrological processes, which and how?

• Are there any systematic patterns in these topography-dependent hydrological pro-
cesses, like the topographic wetness index?
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Neither the questions are new, nor the answers. Still searching for satisfactory answers leads
us to further exploit the interaction between topography and hydrological processes, and
their co-evolution. The action of topography on hydrological processes are mostly known as
short-term and more dominant, whereas the reaction of topography to hydrological forces
are very chronic and indiscernible. Also from prospect of hydrological modeling, the ef-
fect of topography on hydrological processes are more important. The focus of this work
is to study the effect of topography on hydrological processes, and to search for system-
atic hydrological patterns for improving hydrological model concept and data interpolation
accuracy.

1.2 Topography, Processes and Patterns

1.2.1 Topography

Topography stands for the surface shape and features of the catchment, which varies across
scale. At large scale, earth surface features are caused mainly by geological movements and
glacial carving, and referred as macro-topography in this monograph, whereas at small scale,
micro-topography caused by gully incision and other secondary processes dominates. In cer-
tain sense, the topographic scale is related to the Strahler Stream Order (Strahler, 1952) - the
micro-topography is associated with the first several orders of the streams and the macro-
topography is associatedwith the higher orders of the streams. In this work, the topographic
scale is differentiated in a very general sense without a clearly defined threshold of Strahler
Stream Order.

Topography is usually represented by digital elevation model (DEM). Geographic Informa-
tion System (GIS) has made DEM a readily available information, and provided advanced
DEM techniques to meet the demand of distributed hydrological modeling. There are three
principal DEM data structures:

• Raster grid: raster surfaces are in grid format consisting of a rectangular array of uni-
formly spaced cells.

• Triangulated Irregular Network (TIN): elevation are sampled at irregular points, usu-
ally points with special features, such as peaks, ridges, etc.

• Vector-based contour: contour lines of each specified elevation are stored in form of
points on the contour line.

Raster grid is the most widely used DEM technique because of its easy compute implemen-
tation and computational efficiency. Based on DEM, many other topographic attributes can
be derived. Moore et al. (1991) has classified the topographic attributes into primary and
secondary (or compound) attribute, based on whether it can be directly calculated from ele-
vation data. A good example example of the secondary attributes is the topographic index
in TOPMODEL. In this work, only the three basic primary attributes will be used: elevation,
slope and aspect. GIS software packages, such as ArcGIS and GRASS greatly reduce com-
plexity of the digital handling of topographic attributes. However, the users should keep in
mind that the definitions of the attributes in different softwares are not identical.
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1.2.2 Hydrological Processes and Patterns

Pattern is defined as spatial or temporal structure that is significantly different from a ran-
dom one (Schröder, 2006). Because pattern comprises an organized or ordered structure, it
can be detected and recognized without difficulty. Except some special components, such
as lakes, reservoirs, most elements in hydrological cycle are spatially distributed, no matter
the environment variables (soil, vegetation), or state variables (soil moisture, groundwater
level, discharge, etc.). The spatial hydrological process are normally superimpositions of
random variation onto a deterministic base, thus showing the characteristics of a pattern.
When a hydrological model is implemented for the sake of hydrological system represen-
tation and prediction, patterns are concerned in every part and phase of the modeling pro-
cedure. They can be either model inputs, outputs or parameters, and they can be used to
calibrate or validate models. Model outputs in the form of patterns also offer more thorough
and straightforward information for decision making for water resources management.

Dependent on the underlying processes, patterns span awide range of space and time scales.
Small scale patterns, such as overland flow, can be observed at the hillslope scale, which
appears and disappears rapidly. Patterns of large scale processes are spatially more coherent
and slowly varying (Grayson and Blöschl, 2000). Blöschl and Sivapalan (1995) has provided
an wonderful schematic overview of the time and spatial scales of hydrological processes.

From the nature of its origin, patterns can be classified as observed, interpolated, and simu-
lated. Observed patterns are the first-hand field data, which is the most valuable and ideal
source for process investigation. Unfortunately the formidable cost and efforts of a detailed
sampling limits the observed patterns rather uncommon. Interpolation offers a solution to
circumvent the lacking of detailed observations. Different interpolation techniques, mainly
geostatistical methods, provide the possibility to obtain a spatial data from the point data.
Nevertheless, a good interpolation is based on the process understanding, as discussed later
in Chapter 6 and 7. Because most interpolation techniques are linear, they are not able to
capture the strong nonlinearity of underlying hydrological processes. Simulated patterns
from physically-based modeling provide more process-oriented spatial information, which
is more realistic than interpolation results, and more complete than the point observations,
such as catchment integrated discharge. Development in measurement technology, inter-
polation techniques, especially in remote sensing, have made an unprecedented amount of
pattern information available. Grayson et al. (2002b) summarized the pattern information
into the following three types:

• Lots of points (LOP): a sufficiently dense array of point measurements can construct
a spatial pattern. Some soil moisture map measured by time domain reflectrometry
(TDR) are reported in literatures (Bárdossy and Lehmann, 1998; Western and Grayson,
1998; Zehe et al., 2010). But still patterns from direct point measurements are very rare.

• Binary data: spatial qualitative data is a trade-off between detailed patterns and point
quantitative data. Binary patterns, such as flood inundation, snow cover, cloud cover,
etc., are also very important data for hydrological purpose.

• Surrogate data: Surrogates are variables that show some degree of correlation to the
pattern of interest that are not readily measurable. Topographic wetness index is a
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typical example. Grayson et al. (2002b) also classify all kinds of quantitative remote
sensing images derived from the spectral information as surrogate data. But identifi-
cation of surrogate data means always proper assumption and hypothesis about the
underlying hydrological conditions and/or processes, for example, hillslope position,
soil type, etc. (Zehe and Flühler, 2001).

All these patterns are generated not to impress people, but to give hints for understanding
and diagnosing the underlying hydrological processes. On the other hand, the advances of
hydrological knowledge can help to produce more realistic predictive patterns for decision
making.

1.2.3 Topographic effects on process patterns

Topography is known to have a major effects on the hydrological, geomorphological, and
ecological processes active in the landscape. Hydrological responses and patterns are af-
fected by topography both directly and indirectly, and the effects of topography on catch-
ment process may change with scale, depending on the process. The direct topographic
effects on catchment processes, such as its control on radiation, wind, and precipitation, wa-
ter flow, are referred as primary effects in this work. “primary”also has another meaning
that radiation, wind, and precipitation are the energy and mass input processes that are ex-
ternal to the catchment. Topographic effects on other processes are usually derived from the
primary effects, and some times the interaction of two of more primary effects, for example,
evaporation, snow accumulation, and snow melting, etc., which are called secondary effects
in this monograph. This definition is not completely unambiguous, for example, precipita-
tion is also affected indirectly by topography through wind. Some of these effects can be
directly expressed as an empirical function of the spatial topographic attributes, allow the
corresponding patterns to be mapped easily with analytical or empirical techniques. For
some other processes, although the impact of topography is deterministic and decisive, its
relationship with topography is highly nonlinear and can not be expressed in simple func-
tional form. In the following an extensive, though not exhaustive overview of the primary
and secondary topographic effects will be given.

Primary Effects

Among the primary effects, the fact that water flows downwards driven by the terrain and
gravity hardly needs any explanation. It is this fact that leads to the formation of drainage
network patterns in the catchment, called fractal, which is a complex issue and major topic
of geomorphology (Hallet, 1990). This monograph will focus on the other primary effects,
namely radiation, wind and precipitation.

Radiation Solar radiation is the only source of energy input to the earth, thus the ultimate
driving force of the catchment evolution and hydrological responses. The globally unbal-
anced heating resulted from radiation variability causes the atmospheric circulation, and
the climate difference at the continental scale. While at global scale, the latitudinal and lon-
gitudinal location determines the incidental radiation, at regional and local scale, terrain is
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the major factor modifying the distribution of radiation (Hofierka and Suri, 2002). Differ-
ence in elevation, surface inclination and orientation, and shadow effects result in a regional
variability of solar radiation, which in turn affects dynamics of hydrological, meteorolog-
ical, and ecological ingredients, such as air temperature and moisture, evaporation, snow
melting, soil moisture, weather variations, crop growth, etc. An enormous amount of work
have investigated the topographic modification of solar radiation, with the focus on renew-
able photovoltaic energy. In this work, a topography-based spatial radiation mapping for
hydrological purpose will be emphasized.

Wind Local topography can drastically alter the wind patterns that originate from atmo-
spheric circulation. The major driving factors of large scale winds, also called geostrophic
wind are the differential heating between the equator and the poles, and the Coriolis forces.
The geostrophic wind is modified locally by the topography and ground surface, as well as
the local heating difference, and forms a spatially varying local wind pattern. Study of wind
patterns has been widely applied in building engineering, transportation engineering, air
quality control, wind energy generation. The role of wind in hydrological cycle should not
be underestimated. Wind alters the distribution of precipitation (Blocken et al., 2005; Lehn-
ing et al., 2008), and redistribute the snow even after it reaches the ground. It is also a very
important factor in evapotranspiration and soil moisture dynamics. Not only numerical
modeling can be applied to simulate the wind field, Winstral et al. (2009) also shows that the
spatial wind pattern can be estimated empirically from the shelter-exposure of the topogra-
phy. A short but effective review of the existing approaches for wind resource estimation
can be found in Landberg et al. (2003). In this work, the wind mapping with meso-scale
meteorological model fed with reanalysis data will be applied.

Precipitation Precipitation occurs in two forms, liquid form (rain) and solid form (snow),
both are affected by topography. Rainfall is altered by topography by both primary and
secondary effects at large and small scale respectively. At larger scale, the primary oro-
graphic effects dominate, whereas at smaller scale, wind drift effects prevail. Both effects
have been extensively studied with statistical(Basist et al., 1994; Weisse and Bois, 2001; Mar-
quInez et al., 2003) and numerical methods (Sharon and Arazi, 1997; Blocken et al., 2005;
Lehning et al., 2008), which have shown a precipitation pattern at different scales (Gersten-
garbe and Werner, 2008). This monograph will discuss the spatial interpolation of precip-
itation while accounting for the spatial non-stationarity caused by larger scale orographic
effects, and it will also investigate the precipitation variability at valley scale that have been
neglected by the researchers up to now.

Snow is more special than rainfall, because it is more susceptible to wind, even after falling
to the ground. Moreover, the spatial snow distribution is complicated by the rain-snow
variability at different elevation resulted from the laps rate, and the rain-on-snow condi-
tions. Many studies have acknowledged that snow distribution is the result of interaction
between wind, terrain and vegetation (Watson et al., 2008). Since there have been already
many models available for snow distribution modeling, this issue will not be touched in this
work, but only snowmelt.
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Secondary Effects

Through the primary effects, or the interaction of different primary effects, many other hy-
drological processes will be affected, and exhibit a distinct pattern, such as snowmelt, ET,
and soil moisture, erosion, vegetation, etc.

Snowmelt Snow melting results from fluxes of energy and mass across the snow-air and
the snow-ground, and involves an array of processes (i.e. thermal radiation, condensation,
evaporation, sublimation, refreezing, vapor diffusion, settling and compaction), if the de-
tails of the physical processes are concerned. However the most decisive factor of snowmelt
is the heat-transfer related solar radiation and wind. In this work, instead of going into de-
tailed physical processes involved in snowmelt, improved radiation index degree-day snow
model will be tried to simulate the snow melting processes by matching the residual snow
cover patterns.

Evapotranspiration The energy exchange between earth surface and atmosphere is realized
in the form of sensible heat and latent heat transfer, and the latter, which is associated to
evapotranspiration, releases most of the received energy of the earth to avoid the continu-
ous warming of the earth. The governing factors of ET include radiation, wind, humidity,
temperature, vegetation, soil, and water availability, which all show to some extent a spa-
tially organized variability. Therefore, the resulting ET also shows some patterns. In this
work, the ET pattern affected by the dominating factors of radiation and wind will be inves-
tigated with a agro-hydrological model.

Soil Moisture Soil moisture is related to ET, but it is even more complex and uncertain,
because its boundary is in subsurface, which is invisible, unknown, and extreme hetero-
geneous. On the other hand, it is also more important in the hydrological cycle, because
rainfall runoff generation process is to a large extent depending on the soil moisture state,
called antecedent moisture index (AMI). Soil moisture shows a high spatial and temporal
variability at different scales Western et al. (2002). But because soil moisture change is an
cumulative process, in a shorter time span, it shows certain temporal stability (Mohanty
and Skaggs, 2001). Spatial soil moisture distribution is resulted from both lateral and ver-
tical soil-water flow. The representative soil moisture mapping based on lateral flow is the
TOPMODEL, which specifies that in the bottom of the hillslope or basin is always wetter
than the upper slope. But how about the variability caused by water flow in the vertical
direction? How will the interaction of topography, local atmospheric factors (precipitation,
radiation, temperature, humidity, pressure, etc.), soil characteristics and vegetation covers,
which are all spatially heterogeneous, influence the soil moisture pattern through vertical
water transfer? This will also be questions to be treated in this work.

Vegetation Although the spatio-temporal dynamics of snowmelt (onset, duration), ET, soil
moisture, etc., clearly depend on the specific weather conditions, their spatial differences are
mainly influenced by the topography and thus remain relatively stable over the years. Such
long-term patterns however, determine the vegetation distribution, biodiversity, and the
landscape-scale mechanisms of soil-vegetation and atmospheric exchange processes Mo-
hanty and Skaggs (2001). Although the vegetation pattern has been confirmed by many
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studies, its dependence on topography and other factors is site-specific, and very complex.
The work will not touch this issue.

Soil Soil plays an important role in hydrology. The father of soil science, Vasily Dokuchaev
(1846-1903) states that in long term soil is not inert and stable, but develops under the in-
fluence of topography, climate, vegetation from a given geological substrate. Dokuchaev
developed, and Jenny (1941) further refined the so-called functional factorial approach of
pedogenesis. Both deterministic model (Phillips, 1993) and mechanistic model (Minasny
and McBratney, 1999) have been tried to predict the soil properties, but the success is very
limited. This work will not get into this complex issue.

1.3 Objective and Methodology

This work is going to investigate the primary and secondary effects of topography on spatial
hydrological variabilities with the example of radiation, wind, ET/SMC, snowmelt, and
precipitation, and exploit the corresponding hydrological patterns. The main objectives of
this research are:

• simulating the topographic effects on spatial radiation and wind variability;

• quantifying the effects of topography induced spatial radiation and wind on ET/SMC;

• investigating the topographic effects on precipitation distribution in complex terrain
at different scales;

• exploring the possibility of improving the interpolation procedure to account for the
topographic effects at both regional and local scale;

• adapting the conceptual degree-daymodel to include the topographicmodified spatial
radiation.

The objective of the study is to quantify the topographic effects in general, namely any arbi-
trarily selected catchment or region, and the quantifying methods should be applicable no
matter it is a gauged or ungauged basin. Attention have been paid to the validity and gen-
erality of the methodology. To ensure the validity of the methods, physically-based process
modeling approaches are applied wherever possible. For those processes, where the phys-
ical descriptions are very site-specific, e.g. precipitation and snowmelt, compromise has to
be made - instead of physically-based models, conceptual models and statistical analysis are
used. But still the conclusion and findings of these methods are transferable to other areas.

The general applicability is fulfilled by applying globally available data, including pro-
cessed open-source data archives, such as NCEP/NCAR reanalysis data, and remote sens-
ing data, such as MODIS, Meteosat, etc. However, station data are required to validate the
physically-based models fed with global data.
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1.4 Study Area and Data

1.4.1 Study Area and Observed Data

To validate the physically-based approaches and to enable the conceptual and statistical
analysis, South Germany with very good data availability are selected as the study area of
this work. Depending on the hydrological process under examination, the corresponding
data demand and data availability, study area or catchment are selected considering the
availability of different data sources and the computing efforts, which will be listed in the
respective chapters.

1.4.2 Remote Sensing Data

Remote sensing has provided a novel means for collecting hydrological data, and aided
the developing of hydrological models. In this work the Moderate Resolution Imaging
Spectroradiometer (MODIS) data from US National Aeronautics and Space Administration
(NASA)and Meteosat data from European Organization for the Exploitation of Meteorolog-
ical Satellites (EUMETSAT) have been used.

MODIS

MODIS is a key instrument aboard on NASA’s EOS Terra satellite launched on 18 December
1999, and Aqua satellite launched on 4 May 2002. The MODIS sensors scan the earth in 36
spectral bands ranging from the wavelength of 0.4μm to 14.4μm. Different bands acquire
data in three native spatial resolutions: 50m (bands 1∼2), 500m (bands 3∼7), 1000m (bands
8∼36). Because the visible and infrared scanning spectrum of MODIS is far too short to
penetrate the cloud, MODIS data are not available for cloud covered area. The revisit time of
MODIS varies from 1 to 2 days depending on the latitude, and it provide data on daily base,
as well as composite data of 8-day, 16-day, monthly, quarterly and yearly. MODIS provides
4 groups of data (atmosphere, land, cryosphere, ocean) processed at different levels:

• Level-1A: raw data, radiance counts

• Level-1B: calibrated, geo-located radiance

• Level-2: derived geophysical variables at the same resolution and location as level-1
source data (swath products)

• Level-2G: level-2 data mapped on a uniform space-time grid scale (Sinusoidal)

• Level-3: gridded variables in derived spatial and/or temporal resolutions

• Level-4: model output or results from analyses of lower-level data

Data used in this study include Leave Area Index (LAI) and snow cover data. The vegetation
data are combined data of 16-day interval with a resolution of 1000m, and snow data used
in this work is 500m resolution daily snow cover data.
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Meteosat

The Meteosat satellites are a series of geostationary meteorological satellites covering Eu-
rope and Africa, operated by EUMETSAT since 1977. With a continuous upgrade, the Me-
teosat satellites have experienced three generations, the Meteosat First Generation (MFG),
the Meteosat Second Generation (MSG), and the Meteosat Third Generation (MTG) which
is going to be launched in 2015. The Meteosat Visible and Infrared Imager (MVIRI) of MFG
acquire data every 30min in 3 spectral channels of visible (VIS) (0.5∼0.9μm), infrared (IR)
(10.5∼12.5μm), and water vapor (WV) (5.7∼7.1μm), and the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) of MSG significantly improved the system by reducing the scan-
ning period to 15min and adding another 8 spectral channels and 1 high resolution (HR)
visible channel. The VIS channel of Meteosat are 4.8 km spatial resolution. Because it is sen-
sitive to the reflection of solar radiation by clouds, it enables the detection of cloud condi-
tions, which can be used for solar radiation calculation. Instead of direct Meteosat data, this
study uses the processed cloud and radiation data by SoDa (http://www.soda-is.com).

1.4.3 NCEP/NCAR Reanalysis Data

NCEP/NCAR Reanalysis is a continually updating reanalysis data set representing the
state of earth atmosphere (temperature, wind, pressure, humidity, etc.) produced jointly
by the National Centers for Environmental Prediction (NCEP) and the National Center
for Atmospheric Research (NCAR) with data assimilation techniques (Kalnay et al., 1996).
The data is distributed in Netcdf and GRIB format, and can be downloaded from http:
//www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html free of
cost. Data assimilation aims at accurate estimation and prediction of an unknown true state
of a time series by incorporating observations into a model. At each time step, observations
of the current state of the system are combined with the results from a numerical weather
prediction (NWP) model (forecast), with the uncertainty in the observation and forecast be-
ing balanced. The result is called analysis, and is considered as the best estimation of the cur-
rent state of the system with minimum uncertainty. When analysis is applied not to current
data, but to historical data, it is called reanalysis. There are several international reanalysis
data sets, and the most widely used are NCEP/NCAR Reanalysis and ECMWF (European
Center for Medium-Range Weather Forecasts) Reanalysis.

1.5 Organization of the Thesis

In line with the scope and objective of this work, this work is structured in eight chap-
ters. Chapter 2 will review the steps and algorithms of potential and actual spatial radi-
ation mapping, and compare two methods with the least data requirement, one based on
remote sensing data and the other one based on sunshine duration observations. Chapter 3
is dedicated to downscaling spatial wind pattern from NCEP/NCAR Reanalysis data with
meso-scale wind model METRAS PC. Chapter 4 will combine the spatial radiation and wind
difference, and evaluate the resulted spatial ET/SMC variability with grid application of the
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SWAP model. Chapter 5 deals with spatial heterogeneity of snowmelt caused by radiation
with different adaptations of radiation index degree-day model. Chapter 6 attempts to ex-
plore the possibility of applying multidimensional scaling (MDS) transformed distance in
kriging to account for the local anisotropy caused by topography. In Chapter 7, the val-
ley effect on spatial precipitation variability is investigated, and it reveals that when the
narrow-steep valleys are isolated from the circulation pattern, the valley will receive com-
parable precipitation as the mountain does. This discovery is implemented in the external
drift kriging procedure to improve the interpolation accuracy by an anisotropic smoothing
of DEM in the CP direction. Chapter 8 presents a summary of this work, and proposes some
interesting points for future research.



2 Solar Radiation Modeling

Solar radiation sustains the lives on the earth, and it also causes the spatial and temporal
variation of hydrological ingredients, such as vegetation, biology, and water. Precise quan-
tification of spatial solar radiation incident to the earth surface, is fundamental to both mete-
orology and hydrology. The global radiation is determined by the interaction of solar-earth
geometry (solar positioning, surface inclination, the terrain shading, etc.), surface properties
(albedo, absorptivity, etc.), and atmospheric characteristics (atmospheric attenuation, cloud
type, etc.). Solar-earth geometrical relationship are mainly determined by the variations in
topographic parameters, i.e. elevation, slope, aspect, which can cause substantial difference
in solar radiation at local scale. The surface and atmospheric conditions can be parameter-
ized physically or empirically. Models with different algorithm and of different complexity,
from the simple empirical equations to process-based physical approach, have been devel-
oped to parameterize and calculate the potential (under clear sky condition), as well as ac-
tual radiation (under overcast cloudy condition). This chapter will present an overview of
the general steps of solar radiation modeling and the most popular modeling approaches.
Two models with least data requirements are selected for operational spatial radiation mod-
eling: the GIS-based, physically parameterized, remote-sensing oriented Heliosat-2 model,
and the sunshine duration based Angström-Prescott regression model. The capability of the
models for radiation simulation on horizontal surface are verified with observed data, and
the validity of the models for modeling inclined surface are tested by comparing the mod-
els with each other. The scale sensitivity of the models and shading effects are examined
with different DEM resolution. Dominating effects of topography on spatial solar radiation
variation under clear-sky in complex terrain have been illustrated with point comparison.
A case study with a small catchment also demonstrate the spatial solar radiation variabil-
ity under cloudy conditions. The study confirms the potential of the two models in map-
ping/downscaling spatial solar radiation, and the feasibility of applying remotely sensed
data for mapping global radiation in complex terrain for hydrological application.

2.1 Introduction

Solar radiation is practically the only energy source of the terrestrial system. It affects all
the physical, chemical and biological processes on the earth, and sustains the living agents
on the global. It is also regarded as one of the most important alternatives of clean and
renewable energy. In hydrology, the importance of solar radiation can be witnessed by the
fact that, the spatial and temporal varying solar radiation determines the spatial dynam-
ics of many hydrological and landscape processes, e.g. temperature, photosynthesis and
evapotranspiration, soil moisture, and snow melting. These processes in turn affects the
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regional water balance (Fox et al., 2000), drought and flood occurrence (Danny Marks and
Garen, 2001), as well as landscape-scale distribution of vegetation (Urban et al., 2000; Dy-
mond and Johnson, 2002). Mapping of spatial solar radiation is an important prerequisite for
many solar radiation related application. For locating solar energy system, monthly maps
maybe enough (Janjai et al., 2005), but for hydro-meteorological and hydro-ecological study
concerning rapid changing processes, such as snowmelt, wind, vegetation growth etc., ra-
diation variation at finer time scale, such as daily and hourly information is often required
(Wang et al., 2002).

Solar radiation mapping may concern the individual radiation components or the total ra-
diation amount, under clear or overcast sky condition, on horizontal or incline surface. The
fact is that, due to the interaction of topography, ground surface, and atmosphere, the solar
radiation is varying strongly in space and over time. Different approaches, i.e. observa-
tions/interpolation, statistical methods, physical techniques, or the combination of them
have developed to quantify the spatial radiation. The mapping techniques also differ in
terms of spatial and temporal scale. Recent development in geostationary satellite, such as
Meteosat (Cano et al., 1986; Rigollier et al., 2004), GEOS (Dubayah and Loechel, 1997), and
MODIS (Liang et al., 2006) offers new possibility in solar radiation mapping.

This work will present a review of the most popular solar radiation modeling and mapping
concepts. Application and comparison with selected methods will be demonstrated within
a small catchment. The objective is to investigate the topographic effects, and find an op-
erational radiation model with minimum observational data requirements, which can be
used to facilitate the development and application of distributed hydrological modeling at
different resolutions.

2.2 Basics and Terminology

Solar radiation accounting is an important issue of energy balance modeling, which is
the core part of many hydro-meteorological process models, such as Land Surface Mod-
els (LSM) (Liang et al., 1994), process-based evapotranspiration models (Allen et al., 2007;
Kafle and Yamaguchi, 2009) and snowmelt models (Lehning et al., 2006; Reijmer and Hock,
2008). The surface energy balance system can be broken down into two parts regarding the
radioactive energy flow (see Fig.2.1): solar energy incoming and terrestrial energy outgo-
ing. Solar radiation is the eletromagnetic energy propagation at wavelengths less than 4μm,
therefore it is also called shortwave radiation, in contrast to the longwave radiation emitted
by the earth surface, aerosols, and clouds. The spectral radiation arriving outside the earth’s
atmosphere is called extraterrestrial radiation. For a surface perpendicular to the solar rays,
the rate of the extraterrestrial radiation fluctuate very slightly, and can be taken as a pseudo
constant. The value of this constant flux at a distance of 1 astronomical unit (roughly the
mean solar-earth distance) from the sun, is defined as solar constant (Eq.2.1).

İSC = 1353W m−2 = 4871 kJ m−2 h−1 (2.1)
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Figure 2.1: Earth radiation and energy balance

Here the difference between units expressing quantity of energy and those denoting rate of
energy has to be noticed. Hereafter the widely accepted WMO (2008) terminology will be
adopted in this paper – the term irradiation and radiation are used to refer to the amount of
energy falling on unit area over a given time interval, while irradiance and radiance is used
to denote radiant flux or intensity, which is the instantaneous solar power received by unit
area per unit time.

When solar radiation passes through the atmosphere, it will be attenuated by various con-
stituents in the earth atmosphere, by means of scattering and absorption. The attenuation
is a function of the mass of an attenuating substance the solar ray has to traverse. The air
mass in a column of unit cross section is called optical air mass, and the ratio of the optical
air mass along the oblique trajectory ds to the mass in the zenith direction dz is called rela-
tive optical massmr (see Eq.2.2). The length of the solar ray trajectory is called optical path
length s, which is different from the atmospheric depth at the zenith direction z.

mr =

∫ ∞

0
ρds/

∫ ∞

0
ρdz (2.2)

Here ρ is the air density. The residual radiation that reaches the ground surface is called
beam radiation or direct radiation, denoted as B in this work. The amount of beam radiation
incident to a surface is depending on the inclination of the surface. A portion of the scattered
radiation goes back to space, and the rest reaching the ground is referred as diffuse radiation
D. The earth surface also receives reflected radiation Rl from the surrounding terrain, which
is generally a very small portion, and is usually neglected in literatures. The actual amount
of radiation incidental the earth surface, defined as global radiationG, is the sum of the beam,
diffuse and reflected radiation (see Eq.2.3).

G = B +D +Rl (2.3)
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To keep its temperature from continually rising, the earth releases the energy it receives from
solar radiation through longwave radiation, sensible and latent heat transfer. The net long-
wave radiation Ln added to the ground surface is a balance of upward longwave radiation
L ↑ emitted by the ground surface, and downward longwave radiation L ↓ sent off by the
atmosphere. The total energy balance and the longwave balance can be expressed as:

Ln = L ↓ +L ↑ (2.4)

LE = G+ Ln −Gr −H +Aω − ΔQ

Δt
(2.5)

with LE : latent heat flux [E L−2T−1]
G : global radiation (net shortwave radiation) [E L−2T−1]
Gr : net ground heat exchange [E L−2T−1]
H : sensible heat exchange [E L−2T−1]
Aω : water-advected energy [E L−2T−1]
ΔQ : change in heat storage [E L−2]
Δt : the studying time period [T]

Radiation can be measured by radiometers which are designed to be sensitive to a specified
range of wavelength (WMO, 2008). The longwave radiation, direct radiation, and global
radiation can be measured by pyrgeometer, pyrheliometer, and pyranometer respectively.
For an accurate solar radiation measurement, the devices has to be mounted according to
the view-limiting geometry to capture exactly the desired radiation components, and regu-
lar calibration and adjustment is also required. The calibration of pygeometer also requires
quite some efforts (Reda et al., 2003). The high requirements for calibration and mainte-
nance render the radiation measurement network very sparse, for example, in Germany,
altogether only 113 solar radiation stations are available, 13 of which measure in addition
the longwave radiation. Moreover, radiation measurement is very site-specific, because of
the high spatially variability caused by heterogeneous surface and atmospheric conditions.
It is therefore more usual and simple to measure sunshine duration, nd, which is defined as
the time period with direct solar irradiance exceeds 120Wm−2.

The radiation pattern mapped from the sparse radiation network captures only spatial vari-
ability at the national or regional scale, but hydrological or hydro-ecological study often
requires very detailed spatial radiation variability, therefore radiation modeling has been
brought into forth to meet this demand.

2.3 Solar Radiation Modeling

A good solar radiation model should be capable to handle an arbitrary oriented surface
(horizontal and inclined) under all sky conditions (clear-sky and overcast-sky), by properly
representing and parameterizing the factors that affect the interactions of solar, atmosphere
and ground surface. These factors include: (Hofierka and Suri, 2002):

1. the sun-earth position, revolution and rotation;
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2. topography: elevation, surface proposition and inclination, shading;

3. atmospheric characteristics: gases, water(liquid, solid, vapor), particles

4. overcast condition: spatial and temporal cloud cover

The first two groups of the above factors can be modeled by trigonometry with high level
of accuracy. The atmospheric attenuation, which is the attenuation effects under clear sky
conditions, can only be modeled by parameterization with less but relatively good accuracy,
because the composition of atmosphere is relatively stable. The most difficult issue is the
cloud accounting, even the observed cloud data can be problematic due to the spatial and
temporal changing weather conditions, and the 3D structure of cloud. Nevertheless, many
models and softwares have been developed to model the global solar radiation, and some
of them are included as a standard package for the GIS software, e.g. r.sun in GRASS
(Hofierka and Suri, 2002), the Solar Analyst in Arcview and Arcgis (Fu and Rich, 2002), the
SRAD in TAPEG (Wilson and Gallant, 2000). Models differentiate themselves in terms of the
approaches for geometric modeling, attenuation parameterization, and overcast concept,
which will be discussed in the following respectively.

2.3.1 Solar-Earth Geometric Modeling

The geometric modeling concerns the sun position, solar incidence angle and shading.
The basic sun positioning algorithm (SPA) and solar incidence angle calculation are very
well known. With the geometrical solar-earth relationship, the theoretical solar irradiance,
hourly or daily irradiation in absence of earth atmosphere can be calculated numerically
or analytically. The analytical solution of daily and hourly solar radiation is shown in Ap-
pendix I. Shading can be caused by the inclination of the surface itself or the adjacent terrain.
It modifies the direct radiation by changing its projection or blocking it. It also reduce the
scope of the sky that scatters diffuse radiation to the ground, and on the other hand, it may
add reflected radiation from the blocking terrain to the ground.

Two main shading algorithms are available: the solar-based and the ground-based method.
For the solar-based method, shading test is conducted for a given solar altitude at each time
step for all points. The elevation of each ground point lying on the sun-point line projection
will be checked to ensure that it does not obstacle the sun-light. The GRASS solar radiation
package r.sun applies this method. The ground-based method calculates the hemispherical
viewing area (viewshed), which is the area that the point of interest is exposed to, based only
on the adjacent terrain. Direct and diffuse radiation from this area are not shaded (Dozier
and Frew, 1990; Rich et al., 1994). Once the viewshed is constructed, at each time step no
other computation but only simple check of whether the sun is lying within the viewshed,
is needed, therefore the ground-based method is more computing efficient. This method is
represented by Solar Analyst package in ArcGIS and ArcView.

The geometric modeling gives the solar radiation in absence of atmosphere on the ground
surface. But this is not the case in the real world, where the presence of air, trace gas, dust,
water vapor in the atmosphere will attenuate and deplete the radiation.
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2.3.2 Atmospheric Parameterization for Clear Sky

Fundaments of Atmospheric Parameterization

The depletion processes include scattering by air molecular (Rayleigh Scattering), scatter-
ing and absorption by aerosols, absorption by ozone layer, absorption by uniformly mixed
gases, and absorption by water vapor (Iqbal, 1983). The total atmospheric attenuation ef-
fect is the result of interaction between atmosphere conditions and solar-earth revolution,
because the relative air optical mass changes with the solar ray direction. Different sub-
stances scatter or/and absorb solar radiation at certain spectrum range, and the attenuation
processes are substance and spectrum independent, therefore can be treated individually
as monochromatic attenuation by each substance and then superimposed together. Both
monochromatic and the spectrally integrated attenuation can be described by Lambert’s law
with 3 mutually convertible parameters: the attenuation coefficient κi, the transmittance τi,
and the optical depth, also called optical thickness δi:

İi = İ0ie
−κ si (2.6)

τi = e−κ si (2.7)

δi = κi si (2.8)

Here i denotes a given atmospheric substance, which may or may not exist in throughout
the whole atmospheric layer, si is the optical path length of a given substance i, İ0i and
İi is the intensity of spectral radiation before and after passing through the atmosphere.
The attenuation coefficient is an obsolete term, and is nowadays rarely used. Because the
processes are independent, for n substances, their effects can be superimposed (see Eq.2.10).
For calculating direct radiation, it is also not necessary to differentiate between absorption
and scattering, because both effects are the same.

τe = τr τa τo τg τw =
i=n∏
i=1

τi (2.9)

δe =
i=n∑
i=1

δi (2.10)

with τe : effective transmittance of direct radiation by all atmospheric
substances [−]

τr : transmittance of Rayleigh (molecule) scattering [−]
τa : transmittance of aerosol scattering and absorption [−]
τo : transmittance of ozone absorption [−]
τg : transmittance of uniformly mixed gas [−]
τw : transmittance of water vapor [−]
τi : spectrally integrated transmittance of a given substances [−]
δe : effective optical depth of all substances [−]
δi : spectrally integrated optical depth of a given substances [−]



20 CHAPTER 2. SOLAR RADIATION MODELING

For diffuse radiation, absorption and scattering have to be treated separately, because the
forward scattered radiation will continue traveling to the ground, whereas absorbed radi-
ation terminates. Molecule and aerosol have also different scattering effects, namely the
molecule scattering is symmetrical in forward and backward direction, while the aerosol
has a strong forward scattering. The forward scattered radiation reaching the ground can be
expressed with the assistance the atmospheric albedo ρat, which denotes the diffuse compo-
nent reflected back to space:

ρat = τo τg τw (0.5(1− τr)τa + (1− faf )fas(1− τa)τr) (2.11)

Td = 1− ρat = τo τg τw (0.5(1− τr)τa + faffas(1− τa)τr) (2.12)

Here faf denotes the portion of forward scattered radiation. fas is scattered fraction out of
the total energy attenuated by aerosol. Td is the diffuse transmission coefficient.

Regression analysis and inversion methods using radiative transfer model (RTM) are used
to derive the attenuation parameters, based onmeasurablemeteorological data, such as tem-
perature, solar irradiance, humidity, etc. To be mentioned, these data can be also obtained
from satellite observations, i.e. the Heliosat-3 model (Mueller et al., 2004). The objective
of RTM is to find out the individual optical depth, the size of the extinction layer, or the
equivalent sum.

Besides the aforementioned parameterization for clear-sky direct and diffuse radiation mod-
eling, there are many parameterization methods in literature, a good overview of the most
popular ones can be found in Ineichen (2006). Although the parameterization methods are
so many that it is even confusing to decide for a proper one, they can be generalized into
two groups based on whether individual or integrated parameters are used in the radiation
model. The individual parameterization applies several attenuation parameters of each ex-
tinction layer (substances) together, which is represented by the Page model (Page, 1997),
SOLIS model (Mueller et al., 2004), Bird and Hulstrom model (Bird and Huldstrom, 1980),
CPCR2 model (Gueymard, 1993). The second group summarize the different processes into
Rayleigh optical depth δr and the Linke turbidity TLn, by which the transmittance of each
extinction substance are converted and summed up with reference to the spectrally inte-
grated Rayleigh optical depth of the clean and dry atmosphere (Kasten, 1996). It is used by
the European Solar Radiation Atlas (ESRA) model (Rigollier et al., 2000) and the Ineichen
model (Ineichen and Perez, 2002). Linke Turbidity can be derived by measurements of the
beam irradiance using appropriate but expensive equipment. The typical Linke Turbidity
values are widely reported in literature for different parts of the world.

Based on the parameterization schemes, the clear sky radiation on horizontal and inclined
surface can be expressed as following respectively. Note, the subscripts h and β are denoting
horizontal and inclined surface respectively, and c and b are used for clear and cloudy (bewölkt
in German) sky conditions.

Clear Sky Model on Horizontal Surface

• Direct radiation:
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for integrated parameterization:

Bhc = İSC ε cosθzexp(−0.8662 TLn m δr(m)) (2.13)

or for individual parameterization:

Bhc = İSC ε cosθzτr τa τo τg τw (2.14)

• Diffuse radiation:

for integrated parameterization:

Dhc = İSC ε Td(TLn) Fd(θz, TLn) (2.15)

or for individual parameterization:

Dhc = İSC ε cosθz Td(τi, fas, faf ) (2.16)

Here θz is the solar zenith angle of horizontal surface, ε is the eccentricity correction factor of
solar-earth distance. The diffuse transmission coefficient, for the integrated parameteriza-
tion is a function of Linke Turbidity Td(TLn), and for individual parameterization it is given
by Eq.2.12. The integrated form also includes a diffuse angular function Fd related to zenith
angle and Linke Turbidity.

Clear Sky Model on Inclined Surface

For the inclined surface under clear sky, the direct radiation will only be modified by the
solar incidence angle (see. Eq.2.17), and the diffuse radiation will be reduced in addition
by the reduced skyview fraction ν. Both direct and diffuse radiation on inclined surface
can be expressed based on the their counterparts on horizontal surface. For direct radiation
on inclined surface, expressed as Bβc, only the incidence angle changed to θ instead of θz .
Diffuse radiation on inclined surface, denoted Dβc, is usually expressed as a portion of the
diffuse radiation on horizontal surface at the same location Dhc:

Bβc = Bhc cosθ /cosθz (2.17)

Dβc = Dhc ψβ (2.18)

The formulation of coefficient ψβ depends on how diffuse radiation is treated. The basic
component of diffuse radiation is the isotropic part from all direction of the sky, sometimes
called dome or sky irradiation. In addition, two anisotropic components may be consid-
ered - circumsolar brightening caused by the strong forward aerosol scattering from ap-
proximately 5° around the direct solar beam, and the horizon brightening due primarily to
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multiple Rayleigh scattering and retro-scattering in clear atmospheres. The diffuse radiation
modelmay consider only the isotropic component as by Liu and Jordan (1961), or in addition
the circumsolar component, for example by Hay (1979), or eventually all three components,
i.e. by Perez et al. (1990) and Muneer (1990). There are an array of diffuse radiation models
which will not be repeated here. These models are applicable for both clear-sky and overcast
conditions. For a complete overview of them, the author suggests the article of Evseev and
Kudish (2009). Here the Liu-Jordan model and the Muneer model, which will be used in the
next section are given briefly.

1. Liu-Jordan model (1961)

ψβ = cos2(β/2) = (1 + cosβ)/2 (2.19)

2. Muneer model (1990)

ψβ = TM (1− FM ) + FM rb (2.20)

TM = cos2(β/2) + U
[
sinβ − β cosβ − π sin2(β/2)] (2.21)

U = 0.00263− 0.712Fm − 0.688F 2
m (2.22)

rb = max [0, (cosθ/cosθz)] (2.23)

Fm = Khay for sunlit surface and non-overcast sky (2.24)

Fm = 0 for surfaces in shadow (2.25)

Khay = Bhc/H0h (2.26)

Here, β is the slope of the incline surface; Khay is the Hay’s sky-clarity index (Hay, 1979);
denoting the proportion of beam irradiance and extraterrestrial solar irradiance on horizon-
tal surface; TM is the Muneer’s tilt factor; Fm is a composite clearness function; rb and U are
some auxiliary variables.

In complex terrain, the topography will exert a major influence on the spatial solar radiation,
especially under clear-sky conditionwhere the direct radiation dominates. In Section 2.4 two
GIS-based clear-sky radiation models - r.sun and Solar Analyst, will be compared to check
the resolution effect and the shading effect under clear sky conditions.

2.3.3 Cloud Accounting for Cloudy Sky

Cloud is the most critical factor for calculating the actual solar radiation. It is also the most
uncertain factor in radiation modeling, due to its temporal and 3D spatial variability. Actual
radiation under overcast-sky are usually processed step by step: first obtaining the overcast
global radiation on horizontal surface Ghb by modeling or observation, then the estimation
of direct and diffuse radiation proportion, finally the direct and diffuse solar radiation on
the inclined surface,Bβb andDβb, will be estimated based on their corresponding horizontal
values and summed together to get the global radiation on inclined surface Gβb. From now
on unless it is explicitly specified, global radiation means under overcast condition.
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Overcast Global Radiation on Horizontal Surface

Detailed physical modeling of cloud field for radiation analysis is beyond the objective of
this work, or even beyond the demand of hydrological study. Cloud effects are usually
quantified by a parameter called clear-sky index Kc (Kasten and Czeplak, 1980), which is
the ratio of actual global radiation on inclined surface to the potential global radiation on
horizontal surface under clear sky condition. Kb

c andKd
c are the respective diffuse and beam

components of the clear-sky index. It has to be distinguished from other similar parameters:
(1) clearness index Kt, which is the ratio of global radiation to extraterrestrial radiation on
horizontal surface, (2) the normal direct transmittance indexKn, which is the ratio of direct
normal radiance at the surface to the extraterrestrial direct normal radiation, and (3) the
Hay’s sky-clarity indexKhay mentioned above.

Kc = Ghb/Ghc (2.27)

Kb
c = Bhb/Bhc (2.28)

Kd
c = Dhb/Dhc (2.29)

Kt = Ghb/H0 (2.30)

Kn = Ḃb/Ḣ0 (2.31)

The clear-sky index can be interpreted as the cloud transmittance, and it can be obtained
through, as its definition suggests, the observation ofGhb. When no radiation observation is
available, Kc is expressed as empirical functions of one of the following parameters: (1) the
sunshine duration, (2) the cloudiness index, (3) the cloud index, or (4) some combination of
meteorological parameters, i.e. precipitation, temperature, and humidity, etc.

The Sunshine Duration Method

Angström-Prescott equation (Angström, 1924) has suggested that the monthly average daily
global radiation on a horizontal surface can be estimated through the sunshine duration as
following:

Ghb/Ghc = Kc = aap + bap nd/Ndh (2.32)

Although the original form is proposed for evaluation long-term average daily global radi-
ation, it is proved to be hold for daily radiation as well. There are many nonlinear version
of Angström-Prescott equation which will not be listed here.

The Cloudiness Index Method

Cloudness index Ck is the spatial cloud cover in okta. It does not consider the cloud type
or thickness. Kasten (1983) proposed the following relationship between cloud cover and
clear-sky index:

Kc = 1− (ak (
Ck

8
))bk (2.33)

The Meteorological Method
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There are many attempts trying to relate the clear-sky index to individual meteorological
parameters such as temperature T (Paulescu et al., 2006), humidity HU (Yang and Koike,
2002), or precipitation P or the combination of them (Hunt et al., 1998; Liu and Scott, 2001).
Some researches relate, instead of the clear-sky index, the clearness index, i.e. the ratio
of global radiation to extraterrestrial radiation, to meteorological parameters (Bristow and
Campbell, 1984; Hargreaves et al., 1985; Allen, 1997). There are so many of such empirical
relations, and all of them are very site-specific, therefore these methods will be not discussed
in more details in this work.

Kc = f(T,HU, P, ...) (2.34)

The Cloud Index Method

Cloud index nc is defined specifically for each pixel based on albedo data derived from the
satellite VIS (visible spectrum range from 0.5 to 0.9 μm) band images, i.e. Meteosat, and Kc

is a function of nc (Cano et al., 1986; Rigollier et al., 2004).

nc = (ρo − ρg)/(ρc − ρg) (2.35)

Kc = f(nc) (2.36)

with ρo : the apparent albedo observed by the satellite sensor
ρg : the apparent albedo of the ground under clear skies
ρc : the apparent albedo of the heaviest clouds

Note albedo increases with the cloud cover, which is bright thus has higher reflection. ρg
and ρc are the minimum and maximum that selected from time series of satellite images
at each pixel. This is the method that adopted in the Heliosat-2 method (Rigollier et al.,
2004). Actually with the development of meteorological satellites, an alternative of cloud
parameterization does not belong to the clearness index family called cloud optical depth
(COD) has emerged (Mueller et al., 2004), but is still subjected to improvement.

Once the clear-sky index is known, the overcast global radiation on horizontal surface Ghb

can be obtained by Eq.2.27, given that Ghc is available from observation or model estima-
tion. Then with Eq.2.30, the clearness index Kt can be obtained for further calculation. To
be mentioned, for some methods the calculation order of clearness index Kt and overcast
global radiation on horizontal surface is inversed - first Kt is directly regressed with sun-
shine duration nd (Prescott, 1940; Bahel et al., 1987) or meteorological parameters, such as
temperature (Bristow and Campbell, 1984; Allen, 1997), then based onKt, Ghb is calculated.
The latter method is supposed to be rougher than the former one, because no physical pro-
cesses are explicitly considered.

Partition of Direct and Diffuse Radiation on Horizontal Surface

The diffuse and direct radiation on inclined surface under cloud condition are derived from
their horizontal counterparts. So at the first step, the beam and diffuse radiation component
has to be obtained for the horizontal surface under cloudy conditions. They are usually



2.3. SOLAR RADIATION MODELING 25

estimated by statistical regression of historical observed data, which relate either the direct
radiation fraction, usually called direct radiation transmittance Kb (see Eq.2.37), or the dif-
fuse radiation fraction Kd (see Eq.2.38) to the clearness index, the surface albedo, the sun
elevation (or say relative air mass), and some other parameters, such as dew point temper-
ature. If the reflected radiation is neglected,Kb andKd sum to unit, i.e. Eq.2.39 holds.

Kb = Bhb/Ghb (2.37)

Kd = Dhb/Ghb (2.38)

Kb +Kd = 1 (2.39)

Direct Radiation Transmittance Kb

The DISC model of Maxwell (1987) first proposed the expression of direct radiation trans-
mittance (normal to the incident surface) as the function of clearness index and relative air
mass using regression analysis, but with some physical considerations. Perez et al. (1992)
further developed the model into the Drint model, which considers more parameters, such
as precipitable water. DirIndex model (Perez et al., 2002) is a further update of Drint.

Kb = f(Kt, nd, ...) (2.40)

Diffuse Radiation Fraction Kd

Diffuse Radiation Fraction is a more popular approach in application, and also has longer
history. It is expressed as a polynomial function of clearness index (Liu and Jordan, 1961;
Ruth and Chant, 1976) or the sun-shine duration (Iqbal, 1983). Logistic functions (Boland
et al., 2001) and functions with multiple predictors (Ridley et al., 2010) have also been de-
veloped to include more parameters, such as temperature, humidity, turbidity, etc. as a
correction of the clearness index or the sun-shine duration. Despite of the functional form,
all these equations are mainly regression analysis based on observed data, even though in
some cases physical processes may be incorporated. Comparative studies on diffuse radia-
tion modeling can be found in Torres et al. (2010).

Kd = f(Kt, nd, ...) (2.41)

Global Radiation on Inclined Surface

The direct and diffuse radiation on a tilted surface can be obtained through the similar pro-
cedure of the clear-sky conditions. The beam radiation model in Eq.2.17 and the diffuse
radiation model in Eq.2.18 derived for clear sky also hold for cloud conditions. For applica-
tion, just the subscript c in the two equations need to be replaced with b.

To give a better overview of the global solar radiation modeling, we summarize the mod-
eling steps and options in a pseudo flow chart (see Fig.2.2). This monograph is aiming to
provide an introduction and overview of solar radiation modeling, therefore it is impossible
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Figure 2.2: Scheme of Global Solar Radiation Modeling

to cover every individual model used in the research community, but just the main steps
and alternatives. Models generally comprise of the following steps: horizontal extraterres-
trial radiation H0 → clear-sky global radiation on horizontal surface Ghc → overcast global
radiation on horizontal surface Ghb → overcast global radiation on tilted surface Gβb, and
for each step, different alternatives discussed in the previous sections can be selected de-
pending on the data availability.
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2.4 Comparison of Selected Models

There are many comparative studies of different modeling approaches listed in Section 2.3
(Evseev and Kudish, 2009; Muneer and Gul, 2000; Wu et al., 2007; Iziomon and Mayer, 2002;
Ineichen, 2006; Torres et al., 2010; Trnka et al., 2005), as well as GIS solar radiation modeling
software packages (Ruiz-Arias et al., 2009), the readers can refer to the listed literatures for
details. This work is specifically focusing on the spatial modeling of solar radiation in com-
plex terrain with least data demand for hydrological application, and how it is influenced
by topography. At catchment scale, the cloudy conditions can be assumed to be uniform,
but still the topographic modulation render the interpolation methods usually unsuccessful
in such region (Batlles et al., 2008). GIS-based models calibrated with station data have been
widely applied to model the spatial solar radiation (Batlles et al., 2008; Mckenney, 1999;
Ruiz-Arias et al., 2009; Wang et al., 2006; Martı́nez-Durbán et al., 2009), but these meth-
ods always require certain station data, such as observed global radiation, or at least, sun-
shine duration for cloud parameterization and derivation of diffuse fraction, which limits
the transferability of these models in catchment without observations. Cloud parameteri-
zation using remote sensing data is an ideal substitute of ground-based data, and provide
a solution to this problem. Solar radiation model based on MODIS, GEOS, Meteosat data
have shown very promising performance in some past studies (Dubayah and Loechel, 1997;
Hammer, 2003; Liang et al., 2006).

In this work one GIS-based, physically parameterized, remote-sensing oriented model
Heliosat-2 (Rigollier et al., 2004) and the regressional model based on sunshine duration,
Angström-Prescott equation, are selected. Both are representative models of its type. Ex-
cept the cloud parameterization, other modeling procedures of Heliosat-2 are identical with
the r.sun (Hofierka and Suri, 2002). At the first step the geometrical modeling of r.sun will
checked against the Solar Analyst and observations on horizontal surface under clear-sky
conditions. The performance of r.sun on inclined surface under clear-sky conditions is val-
idated by comparing with Solar Analyst. Then the scale sensitivity of r.sun will be tested
with 30m to 500m DEM resolutions. After the clear-sky test, the performance control of the
Heliosat-2 and Angström-Prescott model under cloudy conditions will be conducted based
on global and diffuse radiation measured on horizontal surface at stations. Because solar ra-
diation observation data for this study are from horizontally mounted instruments, a more
advanced model validation on inclined surface under cloudy conditions is not possible. Fi-
nally the regional mapping, or in other words, topographic downscaling of solar radiation
using two methods will be performed

2.4.1 Test Area

The solar radiation stations in German federal state Baden-Württemberg (see Fig.2.3) are
used to test the Heliosat-2 and Angström-Prescott model. There are 3 solar radiation sta-
tions within the state - Mannheim, Stuttgart, Freiburg, which provide daily sunshine dura-
tion, global and diffuse solar radiation data from 2002 to 2007. For Stuttgart station global
radiation data from year 1990 to 1999 is also available. A small catchment within the state
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called Talhausen, close to Stuttgart city is used to test the r.sun module within the Heliosat-2
model. The Talhausen catchment is around 192 km2, with elevation varying from 216m to
530m for a 30m DEM. The south part of the catchment is a mountainous area with steep
valleys, while in the north it is relatively flat, which meets the requirement of this study,
namely a complex terrain. Four points with representative topographic features, P1∼P4 are
marked for detailed investigation. The selected points are around 10 to 15 kilometers away
from the Stuttgart solar station, which is close enough to make a parameter transfer.
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Figure 2.3: Study area of solar radiation (The left figure shows the location of the Talhausen
catchment and the meteorological stations, and the right figure shows the DEM
of the Talhausen and the selected studying points. )

2.4.2 Test of Geometric Modeling

As discussed in Section 2.3.1, r.sun applies the solar-based shading algorithm, and it is con-
ceptually simpler than the hemispheric viewshed algorithm used in Solar Analyst (SA),
which is assumed to bemore advanced and computationally efficient. Here the performance
of the two algorithms are compared for time series of point solar radiation and spatial radi-
ation of a given day under clear sky conditions. The original r.sun program in GRASS can
only calculate spatial daily irradiation or instantaneous irradiance. For more flexible calcu-
lations, such as time series of a given point and spatial time series, r.sun is adapted to be a
stand-alone program.
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Comparison of Point Time Series Radiation

The observed data at Stuttgart station and the following calculation at P1 have been obtained
for comparison (see. Fig.2.4):

1. Observed maximum daily global radiation at station Stuttgart for all data available
years (blue line with circles): The station measures global radiation at horizontal sur-
face without any shading. The maximum radiation, i.e. the most clear case of a given
day over 18 years, are taken to approximate the clear-sky radiation. Although the sta-
tion is located around 10 km away, it can be taken as the clear-sky approximation for
comparing with the calculation, because the clear-sky global radiation on a horizon-
tal surface depends only on the latitude and the atmosphere condition, the difference
within the catchment is assumed to negligible;

2. SA simulated clear-sky radiation on horizontal surface with an imaginary flat DEM
(green line): both the calculation point and the surrounding DEM are set horizontal to
be compared with the observed clear-sky radiation. In SA, the shading effect of sur-
rounding terrains is explicitly included in the program. Simulation without shading
is done by setting the terrain flat. The SA clear-sky parameters are set as following:
transmissivity=0.75, diffuse portion=0.2 by trial-and-error to maximumly approach
the clear-day approximation;

3. SA simulated clear-sky radiation on horizontal surface with actual DEM (orange line):
the result shows the shading effects of surrounding terrain addressed by SA;

4. SA simulated clear-sky radiation on inclined surface with actual DEM (purple line):
the result shows the shading effects of the surrounding terrain and the inclined surface
itself;

5. r.sun simulated clear-sky radiation on horizontal surface without shading effect (yel-
low line): the Linke Turbidity for clear sky is set to 3.0 taken from literature (Kasten
and Czeplak, 1980), constant throughout the whole year;

6. r.sun simulated clear-sky radiation on horizontal surface with shading effect (brownish
line);

7. r.sun simulated clear-sky radiation on inclined surface without shading effect (blue
line);

8. r.sun simulated clear-sky radiation on inclined surface with shading effect (red line);

From the figures we can see that, although for some days no complete clear condition has
happened over 18 years, the profile of the maximum daily radiation curve resembles the
clear-sky condition very well. SA simulated clear sky radiation on horizontal surface has
difficulties to ensemble the observed curve. In comparison, the r.sun model with the se-
lected the Linke Turbidity value applied to horizontal surface without shading, has in gen-
eral given a very good estimation to the clear-day approximation. For 2 or 3 days in July
and September, the observed clear-sky radiation is slightly above the simulated value, which
may come from the extraordinary sky clearness or some measurement error. When consid-
ering surrounding terrain, both SA and r.sun gives much lower radiation for winter time,
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Figure 2.5: Observed and simulated sunshine duration at P1

with SA gives larger difference, which may implies the significance of spatial radiation for
snowmelt. Because P1 lies on a backlit slope, the shading is happening in winter time when
sun altitude is low. When the surface is inclined, it receives much less radiation than the hor-
izontal surface, which is modeled correctly by both models. One interesting phenomenon is
that, for the backlit point P1, the shading of surrounding terrain does cause a big difference
in sunshine duration, but little difference in global radiation. The reason is that shading hap-
pens at sunrise or sunset time, but at this time because of the surface inclination, the solar
incidence angle is very small, therefore the reduced beam radiation is almost compensated
by the increased the diffuse radiation due to horizontal brightening. For P1, the sunshine
duration for horizontal surface and inclined surface calculated by r.sun, under the presence
of shading is identical, which means shading is caused by the neighboring terrain, not by
the inclination of the surface itself. The corresponding results of SA shows slightly different
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illumination time for the horizontal and inclined surface in January and December, which
may arise from the accounting of detailed micro-topography of SA.

In general, the results of the two models are consistent with each other, and validation with
observed data has shown that both models, especially r.sun, perform reasonably well on
horizontal surface under clear-sky conditions. The performance of SA is not as good as r.sun.
There is also a persistent problem for parameter selection concerning the spatial (sky size)
and temporal resolution (discretion interval). The zig-zag of curve is caused by the time-step
setting. The authors have tried many combination of parameter sets, still the problem is not
solved. SA is specially error prone for the equinox and solstice day, which can be witnessed
by the abnormal value on Dec. 22 of the green curves. With simple parameterization r.sun
gives better results which is more close to the observation. The agreement of the two models
on inclined surface can serve as a theoretical validation of the models on inclined surface,
because validation with observed data is not possible.

Comparison of Spatial Radiation

The spatial comparison of r.sun is conducted for an arbitrarily selected day (as an example
day 30 is selected, see Fig.2.6 and 2.7) and the yearly average daily radiation (see Fig.2.8 and
2.9). Both the scatter plot and the differential patterns show that there is a high correlation
between radiation and sunshine duration simulated by the two models, except very few
outliers. r.sun gives in general higher evaluation than SA for global radiation, mainly in
the valleys. The reason may lie in the fact that SA considers the micro-topography more in
details. For extremely low sunshine duration values, i.e. points that are mostly in shadow,
r.sun gives lower values than SA. Nevertheless, the strong linear relationship between the
two model results implies that by adjusting parameters properly, a good match of the two
models are possible. For the yearly average daily radiation, the difference smooths out, and
results of the two models become more close (see Fig.2.8).
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Figure 2.6: Scatter plot of spatial radiation and sunshine duration of day 30
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Figure 2.8: Scatter plot of spatial radiation and sunshine duration of yearly average daily

Correlation of Radiation with Topography

Statistical analysis shows there is a positive correlation of radiation with aspect, and neg-
ative ones with slope and elevation. Table 2.1 shows the mean daily correlation ρtopo and
associated standard deviation σtopo over one year. The aspect starts at north zero, clockwise.
The values ranging from 180°∼360° have been mirrored to 0°∼180° to get monotonic aspect
values. To be mentioned in GRASS, the aspect increase counter clockwise, with east as 0
degree.

2.4.3 Test of Scale Sensitivity

In the model the calculation of radiation is based on DEM, therefore it is natural that the
resolution of the DEM will affect the result of radiation by modifying the topographic pa-
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Table 2.1: Correlation between the terrain parameters and radiation

aspect slope elevation

ρtopo 0.686 -0.476 -0.111
σtopo 0.117 0.079 0.070

rameters and shading conditions. In the following, the changing of shading effect and the
changing spatial variability with scale will be investigated with DEM resolution varying
from 30m, 60m, 100m, 150m, 300m.

Spatial Radiation Variance with Scale

Fig.2.10 shows the distribution of clear-sky global radiation simulated by r.sun at different
scales. The spatial variance decrease with increasing grid size. For 30m DEM, the spa-
tial difference can be as large as 4 times (radiation value from less than 1500Wh/m2 to
6000Wh/m2). But a closer look shows that the extreme low and high values are very few. If
these extreme values were excluded, the radiation difference between the highest 10% areas
and lowest 10% areas, depending on the resolution, is around 5∼15%. To be alerted, there is
an artifact in the curve caused by the reduced number of cells as the grid size increases - the
differences between the curves are actually exaggerted.

For ecological study, the extreme difference caused by the micro-topography at finer reso-
lution might be important, while in catchment hydrology, people rarely go into that much
details. On the other hand, the micro-scale difference may be homogenized out at a larger
scale. To check the loss of accuracy during the scale transition, the 30m resolution radiation
is aggregated into 300m to compare with the direct simulation at 300m. Fig.2.11 shows that
simulated at larger scale smooths out the spatial variability, the aggregated radiation tends
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to be lower at low radiation, and higher at high radiation. But the predominantly major
points show little discrepancy. In principle, the aggregated and simulated radiation match
each other well, with RMSE being 41.5Wh/m2, and the correlation coefficient being 0.91.
It is subjected to the user to decide whether the simulation at larger resolution is accurate
enough for an specific application.
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Figure 2.11: Comparison of simulated and aggregated solar radiation

Shading Effect with Scale

Shading will reduce the global radiation of one point in shadow (from Gns to Gs). When
the DEM grid size increases, the micro-topographic features which can be reflected at finer
resolution, can not be resolved any more, which results in some information lost and thus
affect the shading effect, i.e. two points with one is shaded by the other may be merged as
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one point in a coarser resolution DEM. Here, the daily average radiation simulated with and
without shading effect are compared for 6 DEM resolutions.

The probability density functions (PDF) of relative difference (Gns−Gs
Gns

) of all grid points
of each DEM resolution are demonstrated in Fig.2.12. It shows that, the shading effect is
prevails at small resolution. At resolution of 30m, shading can cause a relative difference
more than 50%. When the grid size is larger than 100m, the shading effect is below 1%,
almost neglible.
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Figure 2.12: Distribution of radiation difference of simulations with and without shading at
different scales (the axis in expressed in percentage)

.

Scale Effect over Time

To check the scale effect over time, two pair of points, p1 and p2 in mountain area (Fig.2.13a
and 2.13b), p3 and p4 (Fig.2.13c and 2.13d) in flat area are examined without considering
shading effect. The results shows that the radiation difference varies at different scale, in
general at finer resolution the difference are bigger, and at higher resolution the difference
are smaller. For both pairs the scale effect is much stronger in winter than in summer. The
radiation difference also depends strongly on the local topographic condition, both the ab-
solute and relative difference between P1 and P2 is much larger than the difference between
P3 and P4.

2.4.4 Performance Test on Overcast Horizontal Surface

For testing the model performance on all-sky conditions, the Heliosat-2 model is validated
against the station data at Stuttgart, Mannheim, and Freiburg from 2002 to 2007. The
Angström-Prescott method using extraterrestrial radiation is also tested against the obser-
vations.

Heliosat-2 Method
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Figure 2.13: Point radiation difference at different scales over time

The Heliosat-2 method calculate the cloud index using Eq.2.35. The functional form of de-
riving clear-sky indexKc from the cloud index nc (Eq.2.36) is following Rigollier et al. (2004):

Kc =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1.2 if nc < −0.2
1− nc if −0.2 ≤ nc < 0.8

2.0667− 3.6667 nc + 1.6667 n2c if 0.8 ≤ nc ≤ 1.1

0.05 if nc ≥ 0.05

(2.42)

The overcast radiation Ghb is the clear-sky radiation Ghc scaled by the clear-sky index Kc.
Fig.2.14 shows the simulated result at the three stations comparing with the observations.
The correlation coefficients for all the 3 stations are above 0.96 (Stuttgart 0.964, Freiburg
0.968, Mannheim 0.968). But the scatter plots show that there is a bias in the Heliosat-2
estimated radiation, namely the estimation is in general lower than the observation. The
estimated value is multiplied with one of the following coefficient to remove the bias: the
slope from linear regression or the ratio of mean observed and modeled radiation. For sta-
tion Stuttgart and Mannheim, the slope adjustment works better, and adjustment with the
ratio of mean works better for station Freiburg.

Angström-Prescott
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Figure 2.14: Observations and Heliosat-2 simulated global radiation on horizontal surface
2002∼2007
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Figure 2.15: Observations and Angström-Prescott simulated global radiation on horizontal
surface 2002∼2007

The original Angström-Prescott equation (Eq.2.32) can be adapted to the following form
using extraterrestrial radiation instead of clear-sky radiation:

Ghb/H0 = Kt = aap + bap nd/Ndh (2.43)

The actual daily sunshine duration nd is obtained from the observations, while the potential
daily sunshine duration and extraterrestrial radiation on horizontal surface,Ndh andH0 can
be easily calculated from Eq.8.7 and Eq.8.11. To apply the Angström-Prescott equation, the
parameters aap and bap have to be estimated first. The observation data are split into two
time series (of equal length, with 2002∼2004 for calibration and 2005∼2007 for validation.
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The goodness-of-fit is controlled by the Root Mean Squared Error (RMSE) and R-squared
(see Table 2.2). It shows that aap increases and bap decrease with the latitude, which is con-
sistent to the findings of Glover and McCulloch (1958), and can be regarded as a kind of
climatic gradient. Because in our case, the three solar radiation stations are relatively close,
the Angström-Prescott coefficients do not change much, a “General”case is applied by fus-
ing the data of the three stations together for calibration, and using individual station for
validation. The result from the empirical method and the physically-based methods both
offer high quality results, and the former is even slightly better. But one should keep in
mind that, the Heliosat-2 method is free of any ground observations, which offers a satisfac-
tory solution for ungauged basins.

RMSE =

√√√√ 1

n

i=n∑
i=1

(Gest
i −Gobs

i ) (2.44)

R2 = 1−
∑i=n

i=1 (G
est
i −Gobs

i )∑i=n
i=1 (G

obs
i −Gobs)

(2.45)

Table 2.2: Simulation results of Heliosat-2 and Angström-Prescott on horizontal surface un-
der all-sky conditions

Heliosat-2 Angström-Prescott

biased unbiased calibration validation

RSME R2 RSME aap bap RSME R2 RSME R2

Stuttgart 708.58 0.930 640.56 0.214 0.572 392.92 0.972 400.13 0.969
Freiburg 581.36 0.936 581.36 0.194 0.592 416.41 0.967 422.66 0.968

Mannheim 645.47 0.937 613.29 0.201 0.561 373.19 0.973 378.85 0.973
General 645.47 0.937 613.29 0.205 0.564 400.58 0.970 400.30* 0.970*

∗Mean value of validation with all three stations.

Because the radiometers for routing measurements of solar radiation are usually mounted
horizontally, ground sources for validation of radiation on tilted surface are very scarce. A
model test for the inclined surface is not possible due to the data limitation in the study
region. Therefore the capability and correctness of Heliosat-2 methods for modeling tilted
surface under overcast sky condition has to be assumed.

2.4.5 Spatial Solar Radiation Mapping

Derivation of Diffuse Fraction

For hydrological application, usually spatial patterns of global radiation is desired. In this
section, the spatial radiation pattern will be simulated with Heliosat-2 and an adapted
Angström-Prescott method respectively. As discussed before, the calculation of radiation
components on a tilted surface under overcast condition is similar to the clear-sky condition.
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The simulated spatial radiation pattern by Heliosat-2 is taking as a reference to evaluate the
adapted Angström-Prescott method.

For calculation of global radiation on tilted surface, the partition of direct and diffuse radi-
ation is necessary. In order to implement a ground-observation free method for Heliosat-2,
the Ruth-Chant (Ruth and Chant, 1976) approach has been applied to relate diffuse fraction
to clearness index in the following form:

Kd =

{
Kc

d ifKt ≤ Kc
t

p1 K
c
t
2 + p2 K

c
t + p3 ifKt > Kc

t

(2.46)

The diffuse fraction is also evaluated as a quadratic function of relative sunshine duration:

Kd = pa nrel
2 + pb nrel + pc (2.47)

Table 2.3 shows the calibration and validation results of each station with the clearness index
method and sunshine duration method respectively. Both functional forms are calibrated
and validated with two approaches:

1. split sample approach: calibration and validation with split sample (2002∼2004 for
calibration, 2005∼2007 for validation) for each station;

2. General methods: calibration with data from all 3 stations and validation for each
station.

For each station the performance are considerable good, although the parameters varies a
bit. Actually the parameter are not very sensitive, so we can use a general parameter set
obtained from the data of all three stations. When being validated with each individual
stations, the general parameter set gives results which is even superior than the parameters
calibrated from the station itself.

Mapping Spatial Global Radiation

Once the global radiation on horizontal surface and the diffuse fraction is available, the
beam and diffuse component on the tilted surface can be derived from the horizontal sur-
face by considering the geometric modification. The spatial radiation mapping from the
horizontal value can be regarded as a downscaling procedure, by which the radiation on
horizontal surface can be considered as the regional value. While the calculation of beam ra-
diation on inclined surface from horizontal radiation is unanimous, there are many different
approaches for diffuse radiation modeling as discussed in Section 2.3.2. In fact, some com-
parative studies have shown that the results of these models do not differ much (Muneer,
1990; Evseev and Kudish, 2009). The author does not have any preference to these mod-
els. Since the Muneer model is already adopted by the r.sun model, which favors the more
physical approach, it is applied to generate the spatial radiation with the Heliosat-2 method.
The Muneer model calculates the cloud parameters at hourly interval to include the solar
altitude influence and changing sky conditions throughout the day. In our calculation, in-
stead of a hourly changing value for the clear-sky index components Kb

c and Kd
c , they are
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Table 2.3: Diffuse fraction obtained from clearness index and sunshine duration

Heliosat-2

parameter calibration validation

Kc
d Kc

t p1 p2 p3 RSME R2 RSME R2

Stuttgart 0.978 0.191 -0.648 -0.839 1.165 0.076 0.922 0.084 0.905
Freiburg 0.984 0.134 -1.369 -0.210 1.034 0.081 0.922 0.089 0.898

Mannheim 0.974 0.153 -1.096 -0.473 1.078 0.081 0.908 0.082 0.909
General 0.975 0.180 -0.903 -0.644 1.120 0.083 0.910

Heliosat-2 Angström-Prescott

general parameter calibration validation

RSME R2 pa pb pc RSME R2 RSME R2

Stuttgart 0.080 0.912 0.237 -1.020 0.974 0.066 0.942 0.072 0.930
Freiburg 0.085 0.912 0.197 -1.002 0.967 0.075 0.932 0.092 0.893

Mannheim 0.082 0.906 0.203 -0.986 0.971 0.067 0.937 0.071 0.931
General 0.229 -1.011 0.972 0.074 0.927 0.072* 0.936*

∗Mean values of RSME and R2 for general parameter sets applied to each station.

assumed to be constant over the day. In r.sun model, the modeling concept is expressed in
Eq.2.48. The lower case is used to denote the instant value, i.e. irradiance. The mean value
of the discretization interval is approximated by the value at the middle time of the interval.

Gβb(i, j) = Bβb(i, j) +Dβb(i, j)

=

∫ ωss

ωsr

(bβb(i, j) + dβb(i, j))dω

=

∫ ωss

ωsr

(bhb(i, j) cosθ/cosθz + dhb(i, j) ψβ)dω

=

∫ ωss

ωsr

(bhc(i, j) K
b
c cosθ/cosθz + dhc(i, j) K

d
c ψβ)dω

(2.48)

The geo-latitude and sky condition can be assumed to be constant within the catchment,
therefore,

bhc(i, j) = bhc

dhc(i, j) = dhc
∀i, j (2.49)

Eventually, Eq.2.48 can be simplified in following form,

Gβb(i, j) =

∫ ωss

ωsr

(bhc K
b
c cosθ/cosθz + dhc K

d
c ψβ)dω (2.50)

The Liu-Jordan model is chosen to be applied in accompany with Angström-Prescott
method, because of its simplicity. The Liu-Jordan method estimates only isotropic diffuse
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Figure 2.16: Diffuse fraction fitted as a function of clearness index and relative sunshine du-
ration for 2002∼2007

component by geometric calculation of the sky exposure of the tilted surface, which is a con-
stant over time. As demonstrated in Section 2.4.3, the shadow effect is anyhow negligible
from certain resolution. For application with the empirical Angström-Prescott methods, the
author considers this approach to be proper and consistent. The hourly value is integrated
analytically to get daily value by assuming constant diffuse fraction throughout the day.
Following similar procedure for extraterrestrial radiation in the Appendix 8.2, Eq.2.51 can
be obtained.

Gβb(i, j) =

∫ ωss

ωsr

(bhb(i, j) cosθ/cosθz + dhb(i, j) ψβ)dω

= Bhb

∫ ωss

ωsr

cos θz
cos θ

dω +Dhb(i, j) ψβ

(2.51)

If the clear-day global radiation on horizontal surface is calculated using Angström-Prescott
method, the adapted Angström-Prescott approach for spatial solar radiation mapping is
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obtained as following:

Gβb(i, j) = Ghb(1−Kd) ξ +GhbKd ψβ

= H0 (aap + b nrel)(1−Kd) ξ +H0 (aap + b nrel)Kd ψβ

(2.52)

Fig.2.17 shows the comparison of the mapping results of year 2002 with the two methods.
The left figure shows the R-square and RMSE of the two methods over the year. The R-
square (denoted as circle) is considerably high, most of time over 0.80 except for a short
period around month in summer time, even in summer it never goes below 0.60, and the
RMSE (denoted as square) is also relatively small, which demonstrates the two methods
agree well with each other. The RSEM mainly originate from the deviation of the regional
radiation calculated by the two methods. The right figure illustrates the relative variability
of the spatial radiation, which is denoted by P90−P10

μs
, P90 and P10 is the 90 and 10 percentiles

of the spatial values in a specific radiation map, and μs is the mean radiation of that map. We
do not use the standard deviation, because the distribution of spatial radiation is depending
on the topography, and not necessarily normally distributed. It shows that the spatial vari-
ability is in general larger in winter, which implies the importance of the spatial effects on
seasonal hydrological processes occurring in winter, such as snowmelt.
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Figure 2.17: Comparing the spatial mapping results of r.sun and Angström-Prescott (In the
left figure, R-square is denoted as circle and RMSE is denoted as square.)

2.5 Conclusion, Discussion and Outlook

2.5.1 Conclusion

The ultimate goal of this chapter, as stated in the very beginning, is to seek for proper all-sky
spatial solar radiation mapping or downscaling methods, which are suitable for hydrologi-
cal applications. The methods should be on one hand accurate, i.e. be able to account for the
spatial topographic effects, and on the other hand, user-friendly, i.e. less data-demanding
and computationally efficient.
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First an overview of the radiation modeling theory and methods is provided, and the steps
for deriving all-sky radiation on an arbitrary oriented surface are summarized. Among all
the options, the emphasis is put on the on the remote-sensing oriented Heliosat-2 method,
which is implemented considering the detailed spatial topographic features derived from
GIS. Since the accuracy of the final results, i.e. all-sky spatial radiation on inclined surface
can not be tested due to the problem of data availability, the model is tested in three steps:
in the first step the geometric modeling of the model is tested by comparing with Solar
Analyst and observed data. Because no observed data on inclined surface is available to
test the model performance for inclined surface, the inclined surface modeling can only be
verified theoretically and rationally by comparing the model results with each other; in the
second step scale sensitivity of the model is tested; in the third step, the models are validated
for horizontal surface under cloudy conditions at three weather stations in South Germany.

After the three-step validation, the model is applied to inclined surface under overcast con-
ditions, because the principle of modeling inclined surface under clear and overcast condi-
tions are identical. The Angström-Prescott method based on sunshine duration observation
has also been implemented. The comparison of the two methods shows very good agree-
ment. The results show that, both potential and actual radiation demonstrate considerable
spatial variability over the year circle, predominantly in winter time, due to the topographic
effects. In the following chapter, this effects on hydrological processes will be examined for
ET, soil moisture and snowmelt.

2.5.2 Discussion and Outlook

In this chapter the performance of the model on inclined surface can not be verified by ob-
served data, but only be analyzed theoretically and rationally. This is also a general problem
for solar radiation research because of the horizontal instrumental mount of routine mea-
surement. In energy oriented research, this problem is not that important, because there the
focus is the normal radiation. So a designed observation network to test the inclined surface
radiation is highly appreciated.

In this research, the clear-sky index and sunshine duration for the study area is considered
to be constant, which is a reasonable assumption for a catchment up to certain area. For a
large basin, the weather situation is certainly not spatially even, and should be accounted
for. For this problem we can count on the future generation of Meteosat data with high res-
olutions, which will replace the current 5×5 km2 resolution data. Another possibility might
be the combination of the Meteosat data with MODIS 500× 500m2 cloud data. Refining the
geostationary satellite data with the sun-synchronous satellite data will be a very interesting
research work.



3 Topographic Downscaling of Wind

This chapter applies the mass-consistent mesoscale wind model, MEesoscale TRAnsport
and fluid (Stream) Model, PC version (METRAS PC) (Schlünzen et al., 2001) to downscale
from the geostrophic wind to daily local wind field. METRAS PC model reflects the topo-
graphic and land use modification of wind, i.e. sheltering, amplification due to wind-tunnel
effect, etc. The input geostrophic wind data is retrieved from NCEP/NCAR Reanalysis data.
Simulations are conducted with actual daily data for one year continuously, and with clus-
tered daily wind data over 48 years (1960∼2007). Two-step cluster analysis, with k-mean
clustering for the first step and Ward’s clustering for the second step, are used to classify the
48 years data into 200 representative cases, in order to reduce the computational efforts of a
daily wind simulation. The generated wind fields show effects from both topography and
land use. The results can be used for hydrological applications, e.g. ET modeling, analysis
of wind drift of precipitation, etc.

3.1 Introduction

The impact of wind on hydrological processes, such as ET/soil moisture, precipitation drift,
snowpack distribution and melt, is widely recognized. Yet applications of detailed wind
data in hydrological study is still not very common, probably due to the lack of detailed
wind data. Standard meteorological stations report both the wind speed and wind direction
at a height over 10meters, and averaged over a given time frame, typically 10min, measured
by anemometers. However, the density of such meteorological stations is usually very low,
taken Germany as an example, German Weather Service (DWD) provides a measurement
network with 175 stations over the whole Germany. Moreover, wind observations can be
very inaccurate, because it is a common practice to record the wind force in Beaufort Scale,
which rates the wind force qualitatively through depicting the behavior of smoke, trees,
waves, etc.

Mesoscale wind simulation has provided an solution to overcome the scare station observa-
tions. Wind modeling been widely applied for optimal locating of wind turbines in wind
energy research (Finardi et al., 1998; Ayotte, 2008). It is also routinely coupled with chem-
ical transport models to study air pollution (Pielke and Uliasz, 1998). The COST Action
728 (http://www.cost728.org/) has provided an overview of the existing integrated
mesoscale systems in Europe. But practice of wind modeling for hydrological purpose is, as
to the knowledge of the author, still very rare. In this chapter, the METRAS PC model will
be applied to downscale wind fields from geostrophic wind data. Fig.3.1 demonstrates the
schematic mechanism of wind downscaling with METRAS PC.
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Geostrophic wind

local wind

Figure 3.1: Scheme of wind downscaling with METRAS PC

3.1.1 METRAS PC Model Description

METRAS PC is the PC version of the MEsoscale TRAnsport and fluid (Stream) Model
(METRAS) (Schlünzen et al., 2001), which is a three dimensional, mass consistent fluid
model based on a terrain-following coordinate system (K.H.Schlünzen and Bigalke,
2001a). The model consists of momentum equation, continuity equation, the equations of
heat/water/substances conservations, and equations for the ideal gas law and the definition
of potential temperature. Only few approximations, such as anelastic assumption, Boussi-
nesq approximation, and constant Coriolis parameter, are applied in the model, which en-
sure a wide range of model applications. The roughness length is parameterized using
Charnock’s Formula, with the cloud microphysics being depicted by Kessler-type cloud
scheme. The subgrid scale turbulent transport terms in the model equations are parame-
terized by a first order closure. Two alternative approaches to determine the exchange coef-
ficients above the Prandtl-layer (countergradient closure and TKE-ε closure) are provided in
the model. METRAS PC is an “up-to-date”mesoscale model with complete functionalities
for flow and transport simulation. For a detailed description about the equations and the
features of the model, the readers can refer to Schlünzen et al. (2001) and K.H.Schlünzen and
Bigalke (2001a,b), here we only present the domain discretization, model input/output and
functionalities of the model, which are of interest of the model application.

METRAS PC is capable of simulating wind, temperature, humidity, cloud- and rain-water-
content, as well as pollutant concentration field over areas up to 800× 800 km2. It applies a
horizontally non-uniform but orthogonal grid, with minimum grid increment of about 20m,
and maximum increments of about 5 km, which allows a detailed study of the process con-
centrated area. The minimum grid size is around 100m, smaller grid size may cause prob-
lems due to the turbulence parameterization. Vertically the model uses a non-orthogonal
terrain-following μ-coordinate system, which can be also non-equidistant, with smaller grid
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size close to the ground surface.

The main inputs of the model are the geographic location and the synoptic meteorological
data at the initializing point, which include:

• surface pressure

• wind speed (ug, vg) and corresponding height

• temperature profile (real temperature (RT) at more than one point, or one real temper-
ature with one or more potential temperature gradient (PTG))

• relative humidity profile (relative humidity at more than one vertical point)

3.1.2 Geostrophic Wind and NCEP/NCAR Reanalysis Data

For this study, the synoptical data is extracted from pressure level data of the NCEP/NCAR
reanalysis-I data set (Kalnay et al., 1996). The pressure level data provides four-times daily,
daily and monthly values for 17 pressure levels (1000∼10mbar, some data, such as humid-
ity, has less data levels. The data is available for 2.5 × 2.5 global grids. In this study the
daily data is used, and the pressure levels used are depending on the data. The large-scale
wind provided by reanalysis data is the geostrophic wind, which is the theoretical wind
that would result from the balance of Coriolis effect and pressure gradient with neglecting
the friction force exerted by the ground surface. The theoretical geostrophic wind should
prevail above the friction layer, usually above 600 meters, and blow parallel to the isobars,
but due to the friction force from the ground and the centrifugal force from curved air flow,
it seldom happens in the nature. Nevertheless, geostrophic wind is usually a good approx-
imation for the synoptic scale wind in the mid-latitude. Assuming geostrophic balance, the
geostrophic wind components (ug, vg) at a given pressure level can be derived from the
geopotential height as following:

ug = − g

fcor

∂Z

∂y
(3.1)

vg =
g

fcor

∂Z

∂x
(3.2)

Here, fcor [T−1] is the Coriolis parameter. NCEP/NCAR provides geostrophic wind at dif-
ferent pressure levels. A positive ug component means that the wind is blowing from west
to east, and the positive vg component indicates the wind originates from south. Following
the suggestion of the model inventors, the wind data at the 850mbar is chosen as the input,
which is lowest level wind that is most likely not affected by lower boundary, Fig.3.2 shows
the windrose of the daily geostrophic wind of the 48 years at the first 4 pressure levels.
Frank and Landberg (1997) applied the wind data of the same pressure level for simulating
the wind climate in Ireland by Karlsruhe Atmospheric Mesoscale Model (KAMM).

Profiles of relative humidity and real temperatures can be obtained from the reanalysis data
at different pressure levels. The potential temperature Tθ is defined as the temperature if a
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Figure 3.2: Windrose of geostrophic wind from NCEP/NCAR Reanalysis-I data (1960∼2007)

parcel of air with temperature T at pressure P is brought to a standard reference pressure P0

of 1000mbar adiabatically, and can be calculated with the Poisson’s equation (see. Eq.3.3).

Tθ = T (
P0

P
)
Rgc
cp (3.3)

Here R is the gas constant, and the cp is the specific heat capacity at a constant pressure.
With the retrieved real temperature and geopotential heights, the potential temperature and
the corresponding PTG can be obtained. In this study, the temperature input option is using
one real temperature plus two levels of PTGs.

3.2 Cluster Analysis of Wind Data

The wind simulation is very time consuming, and is usually running on super computers.
As reported by the model developer, the simulation time of METRAS PC is about 2 × 10−4
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to 5 × 10−4 seconds per grid per time step for 200 MHz CPU power. The model can be run
on daily base for short time period. If long time period or statistical result is desired, the
input data have to be classified into representative cases. In this work, a two-step cluster
analysis is used to classify the more than 40 years data, with k-mean clustering for the first
step and Ward’s clustering for the second step. Sensitivity tests of the METRAS PC model
show that humidity is not a sensitive parameter. Therefore humidity is excluded from the
cluster analysis, an arbitrary value will be assigned for the simulation, which will not affect
the wind simulation results.

Clustering, or grouping is considered the most important unsupervised learning technique,
which deals with finding a structure in a collection of unlabeled high-dimensional data.
Clustering is done based on the measure of associations between clusters or original data,
which is called similarity or its counterpart dissimilarity. Distance is most popular similarity
criterion. Two or more objects belong to the same cluster are “close”in terms of a given
distance, e.g. the Minkowski metric,

dp(xi, xj) = (

N∑
d=1

|xi,d − xj,d|p)
1
p (3.4)

where N is the dimensionality of the data. The Euclidean distance is the special case of
Minkowski metric with p = 2.

Clustering methods can be distinguished according to operational methodology into hier-
archical and partitional methods. The affiliation of an object to the clusters can be exclusive,
overlapping or fuzzy weighted. A complete clustering assigns every object to a cluster,
whereas a partial clustering does not (Tan et al., 2005). In this work, the complete exclusive
clustering method of both hierarchical and partitional method have been used, and will be
discussed in the following.

3.2.1 Ward’s Method

Hierarchical clustering creates a hierarchy of clusters in a tree structure called dendrogram.
The root of the tree, i.e. the highest level of cluster is a a single cluster containing all data ob-
jects, and the lowest level of clusters are the individual data objects. The hierarchical cluster-
ing can go “bottom-up”, subsequently merge two clusters with smallest distance (agglom-
erative hierarchical clustering), or “top-down”, recursively split the clusters that are farthest
(divisive hierarchical clustering). Agglomerative clustering is easy to implemented, thus the
most frequently used hierarchical method. For the agglomerative hierarchical clustering,
differences may arise depending on the way of defining distance between clusters. The sin-
gle linkage clustering defines the minimum distance between the closest objects within two
clusters as the cluster distance, and the complete linkage uses, on the contrary, the longest
object distance. The average group linkage uses the mean of all the distances of all the object
pairs formed by the two clusters. The Ward’s method specifies the linkage function as the
increases in the “error sum of squares”(ESS) after fusing two clusters into a single cluster.
Ward’s method seeks to merge the clusters while minimizing the increase in ESS at each
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step.

ESSj =

Nj∑
i=1

|xji − cj |2 (3.5)

D(j1, j2) = ESS(j1, j2)− (ESS(j1) + ESS(j2)) (3.6)

cj =

nj∑
i=1

xji (3.7)

ESS(j1, j2) is the error sum of squares, once cluster j1 and j2 are merged into one cluster.
For the agglomerative hierarchical clustering, of course including the Ward’s method, all
the possible combinations have to be calculated, and stored for comparison, which leads to
a large intermittent storage demand. So the methods are only appropriate for small datasets.

3.2.2 k-mean Clustering

k-mean Clustering is the most representative partitional clustering method, which divide
the data into a specified number of clusters fixed a priori. The algorithm is done in following
steps:

1. Define k centroids, one for each cluster cj(j = 1, ..., k);

2. Associate each data point to the nearest centroid, being denoted as xji ;

3. Recalculate the new centroid of the nj data point of each cluster j: cj =
∑nj

i=1 x
j
i ;

4. Repeat step 2 and 3, until the location of k centroids do not change any more.

Because a matrix of distance does not have to be determined and stored in the k-mean clus-
tering, therefore it can be applied to much larger data sets. In this study, to classify the more
than 40 years daily data, a two-step clustering with the first step using k-mean, and the
second step using Ward’s method with refinement by k-mean has been applied.

3.2.3 Clustering Results

Before clustering, the different dimensions of the data have been standardized at the first
step, the daily real temperature at 1000mbar and the lowest two potential temperature gra-
dients (1000∼925mbar level and 925∼850mbar level) have been classified into 10 groups
by k-mean clustering. Fig.3.3 shows the example scatter plot of grouped data between
1960∼1970.

In the next step, each temperature class is clustered with Ward’s method, and refined by
k-mean method. The refinement with k-mean improves the clustering accuracy, and offer
the possibility to automatically fix the number of sub-clusters (Hosking and Wallis, 1997).
Fig.3.4 shows the example result of the different cluster method for one temperature class.
Wind originate from west (horizontal) and south (vertical) are denoted as positive. Fig.3.4a
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Figure 3.3: Clustering of temperature data of 1960∼1970

shows the clustered wind data of one temperature subset by Ward’s method without re-
finement by k-mean clustering, and Fig.3.4b shows the case with refinement. The refined
result is more reasonable, for example, some of the data objects in cluster No.8 is more close
to cluster No.6 before refinement. One problem can be noticed in both Fig.3.4a and 3.4b is
that wind with very diversified directions, even complete opposite directions are classified
into one group, which is not proper. Therefore, some constraints on the wind direction for
distance calculation are imposed on the clustering algorithm, which shows Fig.3.4c.

The final 200 temperature-wind clusters are shown in Fig.3.5a, and the windrose of the 200
wind clusters are shown in Fig.3.5b. As we can see that by taking the centroid of all data
objects, the maximum wind speed of the clusters is smaller than the original data in Fig.3.2.
One may also notice that, the windrose is a flip of the clusters in Fig.3.5a, this is because that
windrose denotes the originating direction of the wind, whereas in the cluster plot express
the wind in the opposite direction as specified before.

3.3 Simulation Results

3.3.1 Results for Clustered Wind

The final result for the Talhausen area is shown in Fig.3.6. Because the windmodel requires a
rectangular domain, an area cover the Talhausen catchment is used. Fig.3.6a shows the DEM
of simulation domain, and Fig.3.6b presents the land use of the simulated area, mixed use
is mainly agriculture. Fig.3.6c displays the mean weighted wind strengthen, and in south-
east part of the domain the wind pattern resembles the DEM relatively well, i.e. stronger
wind at higher elevation. In the west part of the domain, such feature can not be detected.
Fig.3.6c,d,e demonstrate the wind rose at the selected points P1, P2, P3 respectively. It shows
that the spatial wind is related both to the topography and the surface roughness. Fig.3.7
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(b) Clustering by Ward’s and refined by k-mean
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(c) Clustering with wind direction restriction

Figure 3.4: Example cluster results of wind data (The unit of the axes are in m/s. The small
circles are the individual data objects, and the big circles stand for the clusters.
The centers of the big circles reflect the cluster center, and the area of circles rep-
resent the number of the objects belongs to the corresponding clusters.)
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Figure 3.5: Temperature-wind clusters and windrose of wind speed clusters

shows the distribution of wind energy for each land use type. It shows that for forest and
building area which have a bigger surface roughness, the wind is generally smaller, whereas
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for grass and agriculture the wind is stronger.
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Figure 3.6: Wind simulation results for Talhausen
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Figure 3.7: Distribution of wind strength of different land use

Table 3.1 shows the statistical results of correlation between the wind speed resulted from
each wind cluster and the three topographic parameters. ρwind is the average correlation co-
efficient of windwith the individual topographic parameters, and σwind is the corresponding
standard deviation. ρwind is the correlation coefficient of the weighted mean wind with to-
pography. In this case, no correlation between wind and any topographic parameters can
be detected. Because wind may not show a linear relationship to topographic aspect, wind
strength is classified into 8 categories according to the aspect, and themeanwind of different
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Table 3.1: Correlation between the terrain parameters and wind

aspect slope elevation

ρwind 0.054 0.000 0.140
σwind 0.014 0.030 0.150
ρwind 0.127 0.056 -0.035

aspects are compared. For all days the Null-hypothesis that the mean wind at points with
different aspects are the same, is rejected. Fig.3.8 shows the boxplot of the mean daily wind
of different aspects. The lower, middle and upper line within the box are the lower quartile
(Q1), the median(Q2), and the upper quartile (Q3) respectively. Whiskers extend from the
box out to the limits of 1.5 times the interquartile range (IQR). Extreme values out of this
range is denotes as crosses. The notches at the median bar indicate the 5% significance level
of the median. Notches do not overlap each other means that the medians are significantly
different.
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Figure 3.8: Boxplot of wind vs. aspect for mean daily wind

3.3.2 Results for Daily Wind

A continuous simulation fed with daily synoptic wind data of year 2002 is also performed
for another bigger area with a resolution of 1000m, the topographic and land use infor-
mation of the study area can be found in Chapter 4. Fig.3.9a shows the mean daily wind,
which shows a very similar pattern with DEM. The correlation coefficient of mean daily
wind speed with DEM is as high as 0.594. The high correlation of wind speed with DEM
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is also demonstrated by statistically for multiple days. The DEM dependence of wind force
agrees with the results of other statistical study (Winstral et al., 2009) and model simulations
(Ayotte, 2008). The missing correlation in the east part in the Talhausen domain, is presum-
ably caused by the small size of the domain, which may not resolve the influence of the
neighboring terrain. Table 3.2 shows the statistical results of correlation between daily wind
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Figure 3.9: Wind results for continous daily simulation

speed and topographic parameters. Fig.3.9b shows the boxplot of the mean daily wind of
different aspects. For this area, wind also demonstrate some influence from aspect.

Table 3.2: Correlation between the terrain parameters and wind

aspect slope elevation

ρwind 0.066 0.012 0.302
σwind 0.007 0.011 0.066
ρwind 0.127 0.057 0.594

In this chapter, the the local wind patterns have been mapped with a dynamic downscal-
ing approach with mesoscale meteorological model METRAS PC. The statistical wind field
show strong spatial difference resulted from topography and land covermodification, which
is related by the topography, aspect, and land use. The spatial wind pattern will conse-
quently affect hydrological processes, such as ET, precipitation drift, snow accumulation
and snowmelt, etc. In the following chapter, we will demonstrate the wind effects on differ-
ent hydrological processes.



4 Topographic Effects on ET and Soil
Moisture

Numerical experiments with the Soil Water Atmosphere Plant (SWAP) model (van Dam
et al., 1997) are applied to quantify the spatial variability of evapotranspiration (ET) and soil
moisture content (SMC) caused by topography-induced spatial wind and radiation differ-
ences. The field scale SWAP model is applied in a distributed way for each grid, assuming
linear groundwater table, identical boundary conditions and in absence of lateral flow. The
SWAP model utilizes a comprehensive Penman-Monteith(PM) approach that incorporates
meteorological factors, land cover conditions, and species-dependent leaf area index (LAI)
to calculate ET, and the Richard’s Equation to account for soil water flow in unsaturated
zone under different soil characteristics. Both potential and actual ET, as well as the in-
dividual components of evaporation and transpiration are calculated by the model. The
numerical experiments are conducted for grids with two different resolutions (100m and
1000m) to evaluate the scale effects. To separate the spatial ET variability caused by radi-
ation and wind, numerical experiments assuming only spatially heterogeneous radiation
or wind with all other parameters being homogeneous are performed. Numerical experi-
ment with both spatial varying wind and radiation demonstrates the comprehensive effect
of topography on ET. In another experiment, the spatial ET variability caused by vegetation
is considered by supporting the model with land use specific LAI obtained from MODIS.
Experiments with different soil conditions reveals that the soil type changes mainly the par-
tition between evaporation and transpiration, and has very limited effect on the total ET.

Spatial wind and solar radiation are obtained with the procedures described in previous
chapters with globally available data. The results shows a strong spatial intra-catchment
variability in daily and annual total ET, and less variability in soil moisture. The spatial
variability in ET is associated with a difference in total amount of runoff generated, which
may lead to a significant consequence in catchment water balance, snowmelt and rainfall-
runoff generation processes.

4.1 Introduction

Evapotranspiration is such an important element in hydrological cycle that it is adopted
by Thornthwaite and Mather (1955) as the criteria for climate classification. Globally evap-
otranspiration amounts to more than 60% of the precipitation that falls on the continents
(Dingman, 2002), and in arid and semi-arid regions, it is much higher. At long-term, evapo-
transpiration determines the regional water balance and hydro-ecological system, whereas
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at short-term, it affects the crop growth and yield, as well as the antecedent moisture con-
ditions (AMC) which controls the rainfall-runoff generation processes, thus the hydrologic
response of an area. The importance of ET and SMC are witnessed both on small agriculture
field scale and in large-scale modelling of land atmosphere interaction. For most climate
conditions, soil moisture and evapotranspiration are strongly coupled together, and they
are the key parameters for soil water budget, which helps to optimize water balance man-
agement and forecast the flash floods (Cassardo et al., 2002; Norbiato et al., 2008). Temporal
ET and SMC dynamics also has a strong implication on the interpretation of global climate
change.

Several characteristic ET values are available in the literatures, i.e. potential ET (ETP), ac-
tual ET (ETA), and reference ET. PET is originally defined as “the amount of water tran-
spired in a given time by a short green crop, completely shading the ground, of uniform
height and with adequate water status in the soil profile”by Penman (1948), and it has been
generalized to describe the maximum evapotranspiration possible under specific climatic
conditions with unlimited water availability in the soil for any vegetation. ETA is the exact
water loss by soil and vegetation under water stress conditions. Reference ET is definition
adapted by FAO (1990), which refers to “the rate of evapotranspiration from a hypothetical
reference crop with an assumed crop height of 0.12m, a fixed surface resistance of 70 sec m−1

and an albedo of 0.23, closely resembling the evapotranspiration from an extensive surface
of green grass of uniform height, actively growing, well-watered, and completely shading
the ground”. In this work, the terms of ETP in general sense and ETA are used.

ET/SMC show a high spatial heterogeneity at different scales (Bresnahan and Miller, 1997;
Western et al., 2002), resulted from the interaction of local atmospheric factors (precipitation,
radiation, temperature, humidity, pressure, etc.), soil characteristics and vegetation covers,
all of which possess a highly heterogeneous nature, and many of which show a dependence
on topography. Except radiation, wind, and temperature, for most of these factors, such as
soil texture and vegetation features, it is difficult to quantify their spatial distribution with
topography. But this does not contradict to the fact that, topography plays an important role
in the spatial distribution of ET/SMC. The spatial pattern of ET/SMC gives insight into the
spatial water consumption, provides necessary information for water resource allocation
and land use management, and helps to understand the spatial rainfall-runoff generation
processes. Understanding, monitoring, and quantifying the spatial ET/SMC variability as
well as the topographic effects on these variability is important for both theoretical and
practical purpose in catchment hydrology.

In contrast to other hydrological parameters such as precipitation and temperature, reliable
direct measurement of evapotranspiration and soil moisture is more difficult and expensive.
Soil moisture can be measured with gravimetry, lysimetry, radiological techniques such as
neutron scattering, or dielectricity based reflectometry (WMO, 2008). ET are usually indirect
measured through water budget methods. The direct Pan-evaporation measurement givens
only an approximation of free-water evaporation, which need to be adjusted empirically
to obtain free-water evaporation under natural conditions. Eddy-correlation measurements
are often considered to be the “true”ET rate, however it is not applicable for routine mea-
surement because of its stringent instrumentation requirements. The strong spatial variation
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of ET and soil moisture with the local meteorological and hydrological conditions, referred
by Western et al. (2002) as scale effect, together with the high cost of measurements, render
all types of point measurements impractical for an extensive spatial measurements.

Methods based on remote sensing are nowadays widely deployed to measure soil moisture
and to derive evapotranspiration. Three types of microwave sensors with different wave-
length are used to capture soil moisture information from space: radiometers, Synthetic
Aperture Radars (SARs), and scatterometers. Wagner et al. (2007) conclude that the opera-
tional coarse-resolution (25∼50 km) soil moisture products can be expected within next few
years from radiometer and scatterometer systems, yet operational soil moisture retrieval
at finer scale (≤ 1 km) from SAR still need technological breakthroughs. The main limita-
tions for the operational soil moisture remote sensing are the interfering signal of soil sur-
face roughness and vegetation canopy, and the restricting signal penetration depth (Western
et al., 2002). An alternative of inferring evapotranspiration with modeling approach using
other remotely sensed parameters, such as land surface temperature (LST), vegetation index
(NDVI/EVI), etc. are widely used (Cleugh et al., 2007; Wang et al., 2007; Mu et al., 2007).

Many methods exist for PET evaluation. Empirical equations based on simple meteoro-
logical input are widely used to estimate regional ET. Xu and Singh (2000) provided an
overview of the temperature and radiation based method. Other empirical methods utilize
the remotely sensed LST and vegetation index data to calculate the the actual evapotran-
spiration, such as triangle method (Price, 1990), B-method (Carlson et al., 1995), temper-
ature/vegetation dryness index (TVDI) (Andersen et al., 2002). A good overview of the
remote sensing based techniques can be found in Verstraeten et al. (2008). More physical
approaches are based on the conservation of either energy, mass, or both. Penman-Monteith
method, also called combination method, because it eliminates the surface temperature and
does not need an explicit calculation of sensible heat flux, is the most popular approach used
in modeling the physical process of ET. The surface energy balance method, usually applied
in land surface models (LSM), on the contrary, try to employ remotely sensed LST data to
derive aerodynamic surface temperature, and to explicitly determine sensible heat flux, so
that the latent heat flux associated with ET can be calculated as a residual (Bastiaanssen
et al., 1998; Su, 2002).

This chapter applies the Soil Water Atmosphere Plant (SWAP) model to investigate the spa-
tial ET/SMC variability originate from spatial wind and radiation difference. First a brief
introduction of the SWAP model will be given. Because the SWAP model utilizes a Penman-
Monteith approach for ET estimation, a short review of sensitivity analysis of PM equation
is summarized prior to the model application, in hope to give some justification of the study
of wind and radiation. Then the possibility of the application of MODIS LAI data with the
model is examined. Finally the numerical experiments with the SWAP model is performed.
To test solely the spatial radiation effect, all other parameters at each grid are holding the sta-
tion observed values except radiation. So does for the wind. The ET/SMC resulting from the
interaction of spatial wind and radiation are also examined with both parameters assuming
spatial variant input. The experiment with land-use specific LAI are tested to approximate
the topographic induced ET variability under more realistic conditions. The impact of soil
type on ET has been also investigated with point experiments.
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4.2 Study Area and Data

The study is focusing on the topographic effects on ET/SMC, i.e. the water exchange and
transfer in vertical direction, while neglecting the horizontal/lateral flow. A delineated wa-
ter basin is not necessary. Instead, a region with rich topographic features is required. An
rectangular region contains both mountains and flood plains in Southern Germany is taken
as the study area for our purpose (see Fig.4.1). On this larger area, simulations are done at
1000m resolution. A small area on the north-east mountain part of the study area is taken
for detailed study, and simulation are performed at 100m resolution.

The original land use of the study area are defined by 16 classes. For wind simulation, the
land use is re-classified into 9 groups as specified in the METRAS PC model. To further sim-
plify the parameterization evapotranspiration modeling, similar land use are again merged
into one class assigned with unique parameter sets in the SWAP model. The final land use
map consists of 5 land use types - grass, agriculture, deciduous forest, coniferous forest, and
others, which stands for residence and industrial area in the original land use map. In this
study such area are assigned with parameters of bare soil.

!

!

Rottenburg-Kiebingen

Stuttgart

P2
P1

DEM (m)
High : 1441

Low : 58

Land use
Others
Grass
Agriculture
Decidous forest
Coniferous forest

Figure 4.1: The study area (left) and the corresponding land use (right)

4.2.1 Meteorological Data

Daily spatial radiation and wind pattern of year 2002 are obtained with the approaches de-
scribed in previous chapters with globally available data. The wind field is simulated under
the consideration of surface roughness caused by land use difference. Fig.4.2 shows the
daily spatial variation expressed by P90−P10

μs
over the year. The wind fields of both inner and

outer domain are simulated at 1000m resolution. For both area, the difference between the
lower and upper 10 quartile of wind force can be as high as two times the mean wind force
for some days. For radiation, the inner domain is simulated with 100m resolution, whereas
the outer domain is simulated at 1000m resolution. In addition to the variance of actual
radiation, the variance of potential radiation is also displayed in the figure by the solid line.
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Except in very few winter days, the spatial variation of potential radiation is normally larger
than the variation of actual radiation. Because of the finer resolution of the inner domain,
the relative radiation difference is up to 90%, whereas the outer domain shows a maximum
relative difference of 15%. The avoid the reduced spatial radiation variability resulted from
a coarse DEM resolution, the aggregated actual radiation from 500m and 100m resolution is
simulated, and plotted for the sake of comparison. It shows that except in the summer time,
the spatial variance of aggregated radiation from 500m simulation is almost doubled of the
direct 1000m simulation, whereas the improvement with aggregation from 100m simulation
is marginal. In this work, the aggregated radiation from simulation with 500m resolution
will be used. The spatial variation of both solar and wind are more stable in summer season,
and vary strongly in winter season.

Table. 4.1 shows the spatial variation of mean daily radiation and wind of both domains.
The mean potential radiation shows a much higher variation then the mean actual radia-
tion. For radiation, because of the finer resolution of the inner domain, the spatial variation
of inner domain is much larger than the outer domain. But for wind, under the same reso-
lution, the outer domain shows higher variation, because the outer domain contains more
diversified topographic features.

To investigate the spatial ET/SMC variability caused by wind and radiation, all other inputs
are assuming spatially homogeneous values, therefore observations at one station is enough.
Temperature and precipitation data are obtained from the station Rottenburg-Kiebingen for
the year 2002. Because the station does not provide humidity, these data are taken from the
nearest meteorological station Stuttgart-Echterdingen. In case humidity data is not avail-
able, it can also be estimated with temperature data (Thornton et al., 1997). First dew-point
temperature Td [°C] is approximated by minimum daily temperature Tmin. Then the ambi-
ent vapor pressure ea can be derived from Tmin, and the saturated vapor pressure es can be
evaluated at the mean daily temperature Ta, which can be expressed as a weighted average
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Figure 4.2: Spatial variation of wind and radiation over time
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Table 4.1: Spatial variability of mean daily wind and radiation

Potential
radiation

Actual
radiation

wind

Inner domain 21.16% 12.98% 37.01%
Outer domain 6.51% 3.96% 50.93%

of max daily temperature Tmax and minimum daily temperature Tmin.

ea = 0.611 exp(
17.3 Tmin

237.3 + Tmin
) (4.1)

es = 0.611 exp(
17.3 Ta

237.3 + Ta
) (4.2)

Ta = 0.606 Tmax + 0.394 Tmin (4.3)

4.2.2 Land Use Data and LAI

Leave Area Index (LAI) required by the SWAP model are obtained from MODIS 8-day com-
posite data (Yang et al., 2006). A preliminary investigation of the MODIS LAI data shows,
the cell-based LAI values show a strong fluctuation, which may come from the data un-
certainty. Fig.4.3 shows LAI of two randomly selected points. To remove the strong time
variation, the land use specific LAI, which is the spatial average value of the same land use,
is applied. As shown in Fig.4.1, the study area are dominated by several land use types, the
16 land use types are aggregated into 5 main land use types: grass, agriculture, coniferous
forest, deciduous forest, and others. The right figure in Fig.4.3 shows the land use specific
LAI, and the time varying feature is reduced.
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4.3 SWAP model

The SWAP model is an agro-hydrological model that simulates transport of water, solutes
and heat in saturated/unsaturated soils (van Dam et al., 1997). SWAP is designed ideally for
field scale study, but it can also be applied to regional scale. It considers a one-dimensional
column in the vertical direction, with the lower atmospheric layer being the upper bound-
ary and the unsaturated zone or the upper part of the saturated zone being the bottom
boundary. The soil water flow is simulated by the Richard’s Equation discretized in a finite
difference scheme. Three potential rates are modeled by the Penman-Monteith algorithm
(see Appendix 2) by varying the crop resistance, crop height and albedo: potential ET of wet
crop (ETPw), potential ET of dry crop (ETPd), and potential evaporation of bare soil (EPs),
based on which the actual rates of a fully covered or non-covered surface can be calculated.
For partly covered soils, the potential ET of wet or dry crop is partitioned into potential
evaporation (EP ) and potential transpiration (TP ) according to soil cover fraction (SC) as
shown in Eq.4.4 or the energy interception by LAI of the vegetated area (see Eq.4.5) .

EP = (1− SC)EPs (4.4)

EP = EPse
−κgr LAI (4.5)

TP = ETPd − EP (4.6)

Here, κgr is the extinction coefficient for solar radiation. The actual transpiration is the
integrated root water uptake of each root layer taking into the reduction due towater and/or
salinity stress. In absence of any stress, the total root uptake capacity equals to the potential
transpiration rate.

RXp(z) =
lroot(z)∫ 0

−Droot
lroot(z)dz

TP (4.7)

RXa(z) = αr RXp(z) (4.8)

TA =

∫ 0

−Droot

RXa(z)dz (4.9)

where lroot(z) and RXp(z) is root density and the potential root water extraction rate at
depth z. Droot is the root layer thickness. αr is the reduction factors due to water, salin-
ity stress and frozen conditions. RXa(z) and TA is the differential and integrated actual
transpiration respectively.

Fig.4.4 shows the example of water stress coefficient αrw as a function of soil water pressure
head. The water stress caused reduction of transpiration is depicted in Fig.4.4. In the range
h3 < h < h2 root water uptake is optimal. Below h3 root water uptake linearly declines until
zero at h4 (permanent wilting point). The threshold pressure h3 increases with potential
transpiration rates. For low potential transpiration TPlow, the threshold pressure h3l is lower
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Figure 4.4: Reduction coefficient for root water uptake

than the threshold pressure h3h at high potential transpiration rate TPhigh. Above h2 root
water uptake linearly decreases due to insufficient aeration until zero at h1. In this study,
the recommended values from SWAP manual is taken, which usually allows a wide range
of optimal uptake. The crop specific parameters are listed in Table.4.2.

The maximum soil evaporation Emax is restricted by the soil water suction at the top soil
layers based on Darcy’s law:

Emax = K1/2(θ) (
hatm − h1 − z1

z1
) (4.10)

whereK1/2(θ) [cm · d−1] is the average hydraulic conductivity between the soil surface and
the first node as a function of soil water saturation θ [-], hatm is the soil water pressure head
[cm] in equilibrium with the air relative humidity, h1 is the soil water pressure head of the
first node, and z1 is the soil depth [cm] at the first node. SWAP provides also the option to
choose empirical evaporation functions of Black et al. (1969) and Boesten and Stroosnijder
(1986). In SWAPmodel, the actual soil evaporationEA is determined by theminimum value
of EP , Emax, or results of the empirical functions. The soil water head and hydraulic con-
ductivity under unsaturated condition are modeled following the Mualem-van Genuchten

Table 4.2: Crop specific parameters for SWAP modeling

Droot [cm]
characteristic suction heads [cm]

h1 h2 h3h h3l h4

Natural grass 60 0.0 -1.0 -200.0 -800.0 -8000.0
Maize 5∼100 -15.0 -30.0 -325.0 -600.0 -8000.0

Pine forest 70 -0.0 -1.0 -600.0 -600.0 -6000.0
Deciduous forest 100 -1.0 -2.0 -600.0 -600.0 -6000.0
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functions as following.

Se = (1 + |αvghsuc|nvg)−mvg (4.11)

mvg = 1− 1

nvg
(4.12)

Ke = KsatS
λvg
e (1− (1− S1/mvg

e )mvg)2 (4.13)

Se =
θe − θres
θsat − θres (4.14)

with Se : effective saturation [−]
hsuc : soil water head [L]
αvg : parameter related to the modal pore size −]
nvg : parameter of pore-size distribution [−]
mvg : parameter of pore-size distribution [−]
Ke : effective hydraulic conductivity [L T−1]
Ksat: saturated hydraulic conductivity [L T−1]
λvg : shape parameter [−]
θe : effective volumetric water content [L3/L3]
θres : residual volumetric water content [L3/L3]
θsat : saturated volumetric water content [L3/L3]

Soil in the study region are mainly clay (soil A) and loam (soil B), their hydraulic parameters
are shown in Table.4.3. Besides the actual soil conditions, the study also investigates the
effects of soil types on ET/SMC by simulating with a more permeable soil configuration
(soil C and soil D in Table.4.3).

4.4 Sensitivity Analysis of Penman-Monteith Based
Evapotranspiration

Sensitivity analysis can estimate the relative response of each input factors. Frey and Patil
(2002) and Saltelli et al. (2006) provide a good overview of approaches available for sensitiv-
ity test. Sensitivity analysis of Penman-Monteith actual ET have been investigated for three

Table 4.3: Soil parameters for SWAP modeling

θres θsat αvg nvg Ksat λvg
[cm3/cm3] [cm3/cm3] [−] [−] [cm d−1] [−]

Soil A 0.01 0.42 0.0099 1.288 2.36 -2.244
Soil B 0.01 0.42 0.0191 1.152 13.79 -1.384

Soil C 0.01 0.43 0.0227 1.548 9.65 -0.983
Soil D 0.02 0.38 0.0214 2.075 15.56 0.039
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sites in UK by Beven (1979) with the nominal range sensitivity analysis, i.e. by individually
varying only one of the model input while holding all other inputs at their nominal or base-
case values (Cullen and H.C., 1999). Recently Bois et al. (2008) applied the more advanced
Sobol’s method, which enables the evaluation of the interaction between the input variables.
The Sobol’s method decompose the total variance V of the model output into variance with
different orders in response to individual or simultaneous variation of the model inputs. For
a model with k input variables, 2k − 1 variance terms can be obtained:

V =
∑
i

Vi +
∑
i<j

Vij +
∑

i<j<m

Vijm + · · ·+ V1,2,...,k (4.15)

where Vi is the first-order variance in response to variation of the ith input variable, and Vij
is the second-order variance to the simultaneous change of the ith and the jth model input,
and so-on. The Sobol’s sensitivity index, which measures the model output variance caused
the ith model input, including all the possible interactions with other inputs, is defined as:

STi =
Vi +

∑
j Vij +

∑
j<m Vijm + · · ·+ Vi,j,...,k

V
(4.16)

Bois et al. (2008) have shown that wind speed has a major impact on ET during winter
season and solar radiation is more influential during summer, whereas other meteorological
parameters show no significant effects. The analysis is achieved with the SIMLAB software
(Saltelli et al., 2007), which will not repeated here.

4.5 Numerical Experiments and Results

4.5.1 Model Setup

To simulate the actual ETwith SWAP, not only themeteorological input, but also detailed the
soil hydraulic information, vegetation leaf and root properties, and groundwater dynamics
are required. The soil hydraulic parameters and the vegetation properties are extremely
heterogeneous, and are associated with high uncertainty. Spatial acquisition of such data
are very expensive, if not impossible. The aim of this work is to seek the theoretical pattern
caused by decisive topographic-induced spatial patterns of radiation and wind, therefore
a resort of spatial soil-vegetation data is not necessary. Nevertheless, the application of
the actual spatial data will lead to a better approximation of the actual spatial ET/SMC
patterns, therefore a maximum utilization of the actual data is attempted in this work with
the application of remote sensing data. The numerical experiments are conducted at two
different resolutions, 100×100m2 for the inner domain and 1×1 km2 for the outer domain to
check the scale effect. For all simulations and each grid, the boundary and initial conditions
are set to be identical, and are set as following:

• Bottom boundary condition: a shallow groundwater aquifer of 3m on top of an imper-
vious layer is assumed for the region, thus each grid, which implies a zero bottom flux



4.5. NUMERICAL EXPERIMENTS AND RESULTS 65

boundary. A simplification of regional groundwater table is assumed - groundwater
depth is linearly related to the local elevation, with a groundwater depth of 0.7m at
the lowest elevation close to the river, and a depth of 1.5m at the highest elevation;

• Lateral drainage condition: groundwater dynamics caused by groundwater flow is
considered to be equivalent to drainage to surface water with drainage bottom at 5 cm
below the groundwater table;

• Soil hydraulic properties: the upper 2m soil consisting of an upper 30 cm less perme-
able clay and an underlying 170 cmmore permeable loam (see Table. 4.3), is considered
in the simulation.

Meteorological data, such as temperature, precipitation, and humidity are station observa-
tions at Rottenburg-Kiebingen. Station radiation and wind data from Stuttgart station is
used in case that spatially constant value is required for a given experiment. Both fictitious
homogeneous vegetation data and actual remote sensing LAI have been used depending on
the experiment objective. Following numerical experiments have been tested:

• Experiment 1: Spatial actual radiation, station wind, homogeneous vegetation of
grass;

• Experiment 2: Station radiation, spatial wind, homogeneous vegetation of grass;

• Experiment 3: Spatial actual radiation, spatial wind, homogeneous vegetation of grass;

• Experiment 4: Spatial actual radiation, spatial wind, actual land use;

4.5.2 Simulation Results

Point Results

Two points, P1 and P2 (see Fig.4.1), with distinct topographic features are chosen for com-
parison. P1 is located at the north side of the mountain foot, whereas P2 is located in south
aspect of the mountain peek. The topographic information of the two points are listed in
Table 4.4. Fig.4.5 shows the common (see Fig.4.5a) and specific meteorological inputs ob-
tained at 100m scale (see Fig.4.5b) at two selected points P1 and P2. P2 receives considerably
higher radiation and exposed to stronger wind (see Fig.4.5b). Both points are simulated by
assuming a vegetation cover of natural grass. Fig.4.5c and 4.5d show that the soil moisture
dynamics of the two points simulated at the spatial resolution of 100m. The soil moisture
profile of the both points are similar, but point P2 is much drier than point P1. The driest
period is from March 24 to April 11, during which there is no rainfall in around two weeks.

Table 4.4 shows the simulated water balance at the two points simulated with two different
soil configurations, a less permeable soil conditions (soil A & B) and a highly permeable soil
conditions (soil C & D). The simulation is done for two different scales, 100m and 1000m. At
both scale, morewater are evaporated/transpired at P2 than P1. At P1morewater is drained
through groundwater and/or surface runoff than at P2. The highly permeable soil allows
strong infiltration, therefore most water are drainage through subsurface, and very little
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Figure 4.5: Meteorological inputs and simulated soil moisture time series at P1 and P2

surface runoff is generated. There is no big difference between the actual and the potential
evapotranspiration, because south Germany is a humid region, and ET is a energy limited
process rather than a water availability limited process. The actual transpiration is more
close to the potential value, and in the case of more permeable soil conditions, they are even
identical, which is resulted from the strong water transportation capacity of plants than soil
texture. As shown in the table, simulation at coarser resolution diminishes the difference
between the two locations. At 100m resolution, the difference of potential and actual ET
at the two points are around 23.7% and 20.6% respectively, and at 1000m resolution, the
difference are around 14.9% and 13.7% respectively. The soil condition does not change
the total actual ET much, but the partition between evporation and transpiration. In the
case of highly permeable soil, the soil transportation capacity is much weaker than the less
permeable clay and loam, therefore the soil evporation is reduced, and the available energy
is consumed by plants and increases the amount of tranpiration.

Spatial Results

This section shows the spatial results of the numerical experiments simulated at different
scales. Fig.4.6a and 4.6b show the spatial variability of the spatial radiation and wind by the
probability density function (PDF). Fig.4.6c, 4.6d, and 4.6e show the PDFs of the yearly total
evaporation, transpiration, and evapotranspiration of the respective numerical experiments.
The results of Experiment 4 spread much wider than the others because of the variation
of vegetation types, they are shown individually in Fig.4.6f to avoid the distortion of other
experiment results in the figure. To bementioned, the negative value in Fig.4.6f is an artifacts
coming from the kernel smoothing of the distribution curve, when zero transpiration of bare
soil occurs in the data.
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Figure 4.6: Spatial variation of meteorological inputs and ET of outer domain
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Figure 4.7: Spatial variation of meteorological inputs and ET of inner domain
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Table 4.4: Comparison of point simulation results with clay and loam

P1 P2

100m 1000m 100m 1000m

elevation [m] 616 608 820 811
aspect [degree] 315.0 6.92 194.5 188.8
slope [degree] 26.98 5.74 5.97 1.46

mean radiation [MJ/m2] 9.33 10.54 12.25 11.98
mean wind [m/s] 1.73 3.10

Acutal soil (Soil A & B)

Initial water storage [mm] 801.5 802.1 786.0 786.7
transpiration [mm] 339.1(343.1) 357.1(360.9) 417.1(419.6) 414.1(416.6)
evaporation [mm] 154.3(197.4) 161.9(214.7) 177.7(248.8) 176.1(244.9)
drainage [mm] 509.7 486.7 411.5 416.3
runoff [mm] 88.0 85.9 78.7 78.9
Final water storage[mm] 816.8 817.1 807.4 807.8

Test soil (Soil C & D)

Initial water storage [mm] 654.2 656.1 601.2 603.6
transpiration [mm] 344.3(344.3) 361.9(361.9) 421.7(421.7) 418.7(416.6)
evaporation [mm] 146.6(196.2) 153.2(213.6) 167.3(246.7) 165.8(244.9)
drainage [mm] 600.9 577.5 495.8 500.0
runoff [mm] 0.8 0.2 0.3 0.0
Final water storage[mm] 668.2 669.8 622.6 624.6

Note: The values in the parentheses are potential values.

Fig.4.7 shows the spatial variation of radiation (Fig.4.7a), wind (Fig.4.7b), EA (Fig.4.7c), TA
(Fig.4.7d), ETA (Fig.4.7e), and the results with actual land use (Fig.4.7f) for the inner domain
at finer scale. The PDF of Experiment 1 which considers only radiation effects, both evap-
oration and transpiration spread much narrower than the PDF of other experiments. For
both domains, especially for the outer domain, the result of Experiment 2 is very close to
Experiment 3, which means the wind effects dominate the radiation effects. The variation
caused by different vegetation can also be observed through the multiple peeks in the PDFs
in Fig.4.6f and 4.7f. Because in general, agriculture field has a higher ET depending on the
planted crops, and ET is decreasing in the order of grass, deciduous forest, pine forest, and
bare soil, Experiment 4 with actual land use gives less ET than Experiment 3 with natural
grass only. The partition of evaporation and transpiration also changes with plant type,
forest shows higher transpiration because of the strong root uptake capability and higher
vegetation cover of soil.

The spatial variation quantified by P90−P10
μs

is shown in Table.4.5 and 4.6. The variation of ET
is much smaller than the variation of energy input, i.e. wind and solar radiation, because of
the nonlinearity of the process. The inner domain has a larger variation in radiation and a
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smaller variation in wind, therefore the resulted variation by radiation of the inner domain
is much larger than the outer domain, and vice versa, the variation originated from wind is
smaller. The inner domain shows also a higher yearly area mean ET than the outer domain,
because it is lying on a mountainous region.

Fig.4.8a, 4.8b, 4.8c, 4.8d show the resulted spatial actual ET of the four numerical exper-
iments respectively. The data in the inner catchment are shown in the scale of the outer
domain. The strong contrast within the inner domain shows that the fine scale simulation
captures the spatial variation better. The extreme low ET represented by the lower tail in
the PDFs in Fig.4.6 and 4.7 occurs exclusively the on the north side of steep mountains and
in river valleys, where sunshine is shielded. Such small area may not be very significant for
rainfall-runoff generation process, but is ecologically very important. Under homogeneous
land use, the patterns of ET demonstrate a strong structured feature which is related to the
topography. When land use is considered, the heterogeneity of ET is strongly related to land
use type (see Fig.4.8d). Fig.4.8e shows the soil moisture of upper 20 cm on April 8th, which
is the end of around two weeks dry weather in the spring. The soil moisture is strongly re-
lated to the topography, which comes from the assumption of elevation related groundwater
table. Fig.4.9 shows the monthly actual areal ET (see Fig.4.9a) and the spatial variation of
actual ET over the year (see Fig.4.9b) for the outer domain resulted from Experiment 3 when
both spatial wind and radiation are considered. In the winter time, although the amount of
evapotranspiration is relatively small, the variation in terms of P90−P10

μs
is as high as 180%,

which may also imply a strong effect on snowmelt.

4.6 Discussion

In this chapter, numerical experiments have been applied to a mountainous region at two
different scales to simulate the evapotranspiration and soil moisture. The study aims at
analyzing the spatial variability of ET/SMC caused by spatial radiation, wind, and their
interaction. Simulations with spatial vegetation information obtained from MODIS LAI are
also performed to check the effect of spatial vegetation distribution on ET/SMC. The result
shows that, under the humid climate condition of the study area, ET is an energy controlled
process. A spatial ET pattern exists, and in the case of homogeneous land use, it is well
related to topography. When heterogeneous land uses present, ET pattern is strongly con-

Table 4.5: Numerical experiment results of outer domain

Spatial variation P90−P10
μs

(%) Annual area mean (mm)

EA EP TA TP ETA ETP SM* EA EP TA TP

EX 1 1.02 2.09 1.34 1.10 1.20 1.47 6.53 172.0 236.0 398.1 401.3
EX 2 4.90 6.20 8.95 9.33 7.95 8.00 7.35 170.9 233.9 393.5 396.7
EX 3 5.01 6.77 9.04 9.43 7.34 8.05 8.18 171.6 235.7 395.0 398.3
EX 4 62.23 113.72 33.54 39.69 19.39 24.60 34.65 150.6 228.9 336.1 359.9

∗Maximum daily spatial soil moisture variation over the year



70 CHAPTER 4. TOPOGRAPHIC EFFECTS ON ET AND SOIL MOISTURE

Table 4.6: Numerical experiment results of the inner domain

Spatial variation P90−P10
μs

(%) Annual area mean (mm)

EA EP TA TP ETA ETP SM* EA EP TA TP

EX 1 3.57 7.00 3.42 3.53 3.53 4.74 5.45 173.1 237.4 402.8 405.8
EX 2 4.09 5.07 7.14 7.39 6.35 6.36 6.21 172.6 236.7 400.4 403.4
EX 3 6.10 9.30 8.68 9.08 8.12 8.80 6.45 172.9 237.3 400.7 403.7
EX 4 77.53 148.17 28.83 31.65 18.35 22.88 33.34 134.3 180.7 374.7 377.96

∗Maximum daily spatial soil moisture variation over the year
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Figure 4.9: Monthly ET and daily spatial variation of ET

trolled by land use type. Different soil conditions will change the partition between evapo-
ration and transpiration and, partition between surface runoff and subsurface flow, but has
very limited impact on total amount of ET and runoff. Radiation causes a stronger spatial
variation of ET/SMC at finer scale than at coarser scale, especially for evaporation. But
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under homogeneous land use, spatial wind effect is dominating the spatial radiation dif-
ference at both scales. Because of the nonlinearity of the evapotranspiration process, the re-
sulted spatial variation is smaller than the variation in the meteorological inputs. The spatial
variation is much stronger in the winter time, which may cause a very different snowmelt
progress. The spatial difference in ET is offset by the amount of runoff generated, which
may have an implication in flood generation.

The SWAP model is applied with radiation and wind data mapped from global data and
physically-based model, which demand very few observation data. Because the lack of
groundwater data, a linear groundwater table is assumed for the numerical experiments in
this study. In order to implement a complete spatial simulation, the SWAP model should be
coupled with a groundwater model, to update the groundwater level at each step.

This study has confirmed the effects of topographic induced spatial radiation and wind
on ET, and this information may be utilized to improve hydrological concepts in ET/SMC
modeling. Moore et al. (1993) derived a dimensionless evaporation scaling ratio based on
spatial radiation differences. Vertessy et al. (1990) developed a radiation weighted wetness
index, which is a combination of potential solar radiation index (the ratio of the potential
solar radiation on a sloping surface to that on a horizontal surface) and wetness index. As
we have seen, that the wind effect is much stronger than radiation, so the inclusion of wind
effect into the wetness index following a similar approach to Vertessy et al. (1990) is desired
in the future.



5 Topographic effects on Snowmelt

Temperature-index method is a very popular method for modeling snowmelt, by which
the temperature is used as surrogate of energy input for snowmelt. Although the method
performs reasonably well in some cases, the temperature index method is not able to ac-
count for the spatial variability of the energy input caused by spatial topography, except
for the elevation through the lapse rate in a distributed model structure. This chapter at-
tempts to incorporate the spatial radiation variability caused by topographic effects into the
distributed degree-day model, in both additive and multiplicative formulations. Different
radiation components are also investigated, from potential solar radiation, to actual solar
radiation, to all-wave radiation. The implemented degree-day models are calibrated at the
stations with the binary MODIS snow cover extent (SCE) data, observed temperature and
precipitation data, and validated with spatially interpolated temperature and precipitation
data, as well as MODIS data. Comparison of the results of the adapted models with the
standard degree-day model shows an improvement of the model performance.

5.1 Introduction

5.1.1 Review of Physical and Conceptual Snowmelt Modeling

In alpine regions of the mid-latitudes snow accumulation and ablation are often the domi-
nating hydrological processes, thus crucial for water resources management, hydro-power
planning, and disaster prevention. In many areas of the world, snowmelt contributes the
dominating part of the seasonal or annual runoff. Anderton et al. (2002) demonstrated the
importance of spatial accumulation and melt patterns of snow for runoff generation. Conse-
quently, accurate monitoring and modeling of spatial snow properties and dynamics, such
as snow cover extent (SCE), snow water equivalent (SWE), and snow depletion curve (SDC),
have an important implication in hydrological applications. The snowmelt process is inex-
tricably controlled by various external energy exchange with the surroundings, and con-
ductive heat flux, internal to the snowpack, and involves many sub-processes, such as sub-
limation/vaporization, ripening, layering, refreezing, etc (Dingman, 2002). These processes
are resulted from the interaction of the snowpack metamorphism, the weather conditions,
and the underlying soil/vegetation environment (DeWalle and Rango, 2008). Many process-
based energy budget models have tried to quantify the snowmelt dynamics by resolving the
detailed processes, such as the ISNOBAL model by Marks et al. (1999), the UEB model by
Tarboton et al. (1995), the ALPINE3d model by Lehning et al. (2006). To describe the un-
derlying processes, such models generally require very detailed input data, including the
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meteorological data(temperature, dew point, vapor pressure, wind, radiation), snow char-
acteristics (snow layering, SWE, albedo), and the underneath soil and vegetation conditions.
Such data are usually very site-specific. The data availability has limited the applicability
of the process-based models. Moreover, the process-based energy budget approach are ex-
clusively designed for point scale by neglecting the lateral energy and mass transfer, which
render the spatial application of such model troublesome (Cazorzi and Fontana, 1996).

The temperature index method, also called degree-day model, offers an option to circum-
vent the data problem. Since in the process-based method, air temperature is already a pre-
dominant variable energy budget equations, it is logical to explore the possibility of remov-
ing other variables which are not routinely available, by statistical regression. The method
has been adopted by many operational hydrological models, e.g. HBV model (Bergström,
1995), SRM model (Martinec and Rango, 1986), even “physically-based”models, such as the
WaSiM-ETH model (Schulla and Jasper, 2007) and the SHE model (Bø ggild et al., 1999). The
approach has also been validated out of a complete hydrological model in different spatial
and temporal scales, as well as under different climate conditions (Semádeni-Davies, 1997;
Singh et al., 2000; Schumann and Lauener, 2005), and is well justified by its simplicity and
relatively good performance, even when compared with process-based snowmelt models.
Recently, Walter et al. (2005) tried to feed the process-based model with only temperature as
site-specific input, with all othermissing inputs and parameters being estimated empirically,
and the results shew no significant differences from the results obtained from temperature-
index method. Debele et al. (2009) also suggests that temperature-index snowmelt estima-
tion model is sufficient in case that net solar radiation is dominating the turbulent heat flux,
by comparing the process-based and temperature index based approaches within the SWAT
model.

Because the nominal melt-rate coefficient is in principle a synthesis of many factors involved
in the snowmelt process which vary spatially and seasonally, it is not a constant. Zuzel and
Cox (1975) have pointed out the necessity of including meteorological parameters in addi-
tion to temperature. There have been many alternatives of degree-day models to account
for the time-dependent environmental effects, e.g. wind, albedo, rain-on-snow etc., and a
summary can be found in WMO (1986) and Melloch (1999). Inspired by the combination
approach of temperature-index with simple energy balance by Anderson (1973), researchers
started to explore the possibility to incorporate radiation into the simple temperature index
method (Martinec, 1989; Kane et al., 1997; Kustas et al., 1994; Brubaker et al., 1996). In these
models, the temperature term and radiation term are generally expressed in an additive
form, namely, the temperature and the radiation are in two separated terms.

Sm =

{
CCt (Ta − T0) + CCg G if Ta > T0

0 if Ta ≤ T0
(5.1)

Here, Sm is snow melt rate in water equivalent [L], CCt is the degree-day factor [L T−1Θ−1],
Ta is the daily average air temperature [Θ], and T0 is the threshold temperature for snow
melt initiation [Θ]. CCg is a constant converting energy to water depth [E L3], and G is the
net shortwave radiation [E L−2] (Kane et al., 1997) or the balance of both shortwave and
longwave radiation (Martinec, 1989; Kustas et al., 1994; Brubaker et al., 1996). In most of
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these study, radiation are obtained from station observations, and in some cases longwave
radiation are evaluated from other meteorological data, e.g. temperature, humidity, and
cloud information. Nevertheless, radiation is assumed to be spatially constant, even though
Kustas et al. (1994) have recognized the importance of “obstruction, reflection, emission
from adjacent surface”in complex terrain.

However, as shown in previous chapters, the energy input also show a strong spatial vari-
ability caused by the topographic factors. Tappeiner et al. (2001) have demonstrated the sig-
nificant correlation between snow cover duration with the topographic parameters. Several
attempts of accounting for the spatial radiation caused by topographic modification using
an adapted degree-day model in a spatially distributed way have appeared in the literature,
and were summarized by Hock (2003). Male and Gray (1981) has applied a multiplicative
formulation of the radiation effects by scaling the standard melting coefficient on horizontal
surface with a factor kR. kR is the ratio of radiation received on the inclined surface to the
radiation on the horizontal surface. When potential radiation is used, kR equals to the ξ in
Eq.8.25.

Sm =

{
CCt kR (Ta − T0) if Ta > T0

0 if Ta ≤ T0
(5.2)

Male and Gray (1981) applied the Eq.5.2 in a semi-distributed way, i.e. dividing the catch-
ment into several elevation bands and aspect/slope classes. Braun et al. (1994) and Dunn
and Colohan (1999) applied similar semi-distributed multiplicative approach, and the ra-
diation used for calculating kR are monthly mean. Cazorzi and Fontana (1996) proposed
a fully-distributed application of multiplicative temperature-index method. They applied
again the monthly mean clear-sky solar radiation for calculating kR, and justified it by
showing that kR is rather time-invariant, which is somehow debatable. In contrary to Ca-
zorzi and Fontana (1996) who suggested using smaller time-step of kR will not improve the
model performance, but rather increase the computation burden, Hock (1999) believe that
a hourly varying melt factor according to the spatio-temporal variation of clear-sky direct
solar radiation performs better in terms simulation of daily and sub-daily discharge pattern.
Except that Hock (1999) has tried the additive formulation, all the other distributed and
semi-distributed radiation incorporation follow the multiplicative formulation.

Based on a review of temperature-index methods, (Hock, 2003) concludes that temperature-
index models need to be enhanced “in order to bridge the gap between restricted data
availability and increasing demand for high resolution estimates of melt rates in space and
time”. In this work, different formulations of the radiation index in the degree-day model,
i.e. multiplicative and additive, shortwave radiation and all-wave radiation, potential and
actual radiation, time-invariant and time-dependent radiation index, all implemented in
fully-distributed way, will be tested, and their performance will be compared.

5.1.2 Remote Sensing for Snow Modeling

Recent advancement in remote sensing has provided more information for driving, cali-
brating and validating snow modeling. Immerzeel et al. (2009) used the MODIS SCE data
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to drive the Snow Runoff Model (SRM) to investigate the climate change scenarios of Hi-
malayan river basins. Corbari et al. (2009) has successfully applied the elevation corrected
MODIS SCE data to calibrate a snow accumulation and melt model. Andreadis and Letten-
maier (2006) assimilated the MODIS SCE and ASMR-E SWE data with Ensemble Kalman
filter (EnKF) into the Variable Infiltration Capacity (VIC) model to accommodate both model
errors and satellite data errors. Nagler et al. (2008) applied the compensated MODIS SCE
data and the radar snow image of Envisat ASAR data in the SRM model. Durand et al.
(2008) merged the high temporal resolution MODIS data with the high spatial resolution
Landsat Enhanced Thematic Mapper(ETM+) for reconstructing the SWE with model. Tong
et al. (2010) used SSM/I SWE in combination of MODIS 8-day composite data to derive the
snow distribution.

There is an array of satellite sensors to obtain SCE and SWE data respectively. A good
overview can be found in Schmugge et al. (2002). Some frequently used remote sensing
snow data are listed in Table 5.1

Table 5.1: List of frequently used remote sensing snow data

Type Data Platform
Spatial Temporal Launched
resolution resolution time

Optical MODIS AQUA 500m daily 2002
TERRA 2000

AVHRR TIROS-N 1.25km twice daily 1978
MERIS ENVISAT 1.20km 3 days 2003

Thermal TM,
ETM+

Landsat 30m 16 days 1972

Active ASRA ENVISAT 12.5km 3 days 1995
microwave

Passive SMSR-E AQUA 25km daily 2002
microwave SSM/I DMSP 25km daily 1987

In general the optical remote sensing provides data with superior time and spatial resolu-
tion, but have problems with cloud cover. Microwave Radar can penetrate the cloud, but
has in general very low spatial resolution. Thermal spectrum, instead, has a high spatial
resolution but low time resolution. All the sensors except passive microwave provides only
the qualitative SCE data. Passive microwave sensors can derive the quantitative SWE, and
overcome the cloud problem. But the strongly varying snow and land cover properties
severely impairs the data accuracy. Several studies have revealed that MODIS data shows
an agreement with observation over 80% (Tekeli et al., 2005; Klein and Barnett, 2003) and
in some area up to 95% (Parajka and Blöschl, 2006). The superiority of spatio-temporal res-
olution and accuracy make it the most frequently used operational remote sensing data,
with sometimes other remote sensing sources being used as auxiliary data. Because of the
MODIS cloud problem, most studies applying MODIS data have taken only the clear im-
ages, e.g. cloud cover less than, for example 20% (Andreadis and Lettenmaier, 2006; Nagler
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et al., 2008). In this work, combination of MODIS AQUA and TERRA daily SCE data will be
used with no additional processing.

5.2 Methodology

Traditionally the standard degree-day model and the different adaptation of radiation
degree-day models are calibrated and validated with snow lysimeter or the hydrography,
or the combination of both. The objective of this work is to compare the different formu-
lation of radiation degree-day model. If other runoff generation processes of a hydrolog-
ical model are involved, and model performance is judged by hydrograph, then the error
compensation or propagation of different model components can not be properly evaluated.
Therefore, in this study, only the snow accumulation and melt will be simulated, and criteria
will be the SCE information. The binary snow pattern is a complementary to the discharge
measurement, because it provides the information where the water has originated (Western
and Grayson, 1998). Although snow cover information is not a state variable as quantita-
tive as snow depth, SWE or hydrograph, but it is the most objective information, which is
not contaminated by any other measurement or modeling errors. Moreover, the snow cover
information for a given cell is just an qualitative massage, but the SCE which integrates the
information over an area, does offer an quantitative objective function to evaluate the model
performance.

In this research, the Heidke Skill Score (HSS)(Heidke, 1926), which is commonly used in
quantifying the quality of meteorological forecast, is defined as the objective function, and
optimized by simulated annealing. The outcome of the simulation or prediction of a binary
system can be expressed as a contingency table 5.2. The cell counts for each of the four
possible combinations of simulation/prediction and observed event are represented by a, b,
c and d. n = a+ b+ c+ d is known as the sample size. HSS is defined as following (Livezey,
2003):

Base Rate: s =
a+ c

n
(5.3)

Hit Rate: H =
a

a+ c
(5.4)

False Alarm Rate: F =
b

b+ c
(5.5)

Proportion Correct: PC =
a+ d

n
(5.6)

Expected Proportion Correct: E = (
a+ c

n
)(
a+ b

n
) + (

b+ d

n
)(
c+ d

n
) (5.7)

Heidke Skill Score: HSS =
PC − E
1− E =

a2(1− s)(H − F )
s+ s(1− 2s)H + (1− s)(1− 2s)F

(5.8)

HSS =
a d− b c

(a+ c)(c+ d) + (a+ b)(b+ d)
(5.9)
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HSS measures the fraction of correct simulations after eliminating those simulations which
would be correct due purely to random chance. (Corbari et al., 2009) applied the correct
performance index (CPI) to evaluate the simulation of snow cover, by which the CPI is
actually the hit rate. Since the goodness of simulation depends on maximizing the number
of hits while minimizing the number of false alarms, the hit rate alone is insufficient for
measuring the simulation system.

Table 5.2: Contingency table of simulation or prediction of a binary system

Simulation/ Observed

Prediction Yes No Total

Yes a b a+ b

No c d c+ d

Total a+ c b+ d a+ b+ c+ d = n

Several researchers tried to reconstruct the MODIS snow cover map using spatial or tempo-
ral filter (Parajka and Blöschl, 2008; Gafurov and Bárdossy, 2009), but the author deems that
this will introduce additional errors. Therefore in this work, only the combination of original
MODIS AQUA and TERRA data are used to avoid any artificial errors from data process-
ing. Since in this work, the different formulations of degree-day model are investigated
in a fully-distributed way, the interpolation of spatial temperature and precipitation data
will inevitably introduce errors. To minimize the errors introduced by such interpolation,
the models are calibrated using station data only. For validation, the spatially interpolated
input are used.

Besides the snow cover type, the precipitation type resulted from the snow accumulation
routine of the models is also compared with the observed rainfall type data.

5.3 Data

An area from Baden-Württemberg is taken for this study (see Fig.5.1). In this region, there
is no persistent annual snow cover, but just event-based snow cover during the winter time.
Because the models are not calibrated with discharge, the study area is not necessarily a
water basin. The only criteria is that the selected study area is able to address the issue of
topographic effects. For the convenience of the data processing, a rectangular area covering
part of the Blackforest and part of the Swabian Alps is taken for this study. Precipitation
data, both amount and type are available at 125 stations, and 47 out of them provided also
temperature. The solid circle in Fig.5.1 shows the precipitation stations, and the double
circle shows the temperature data. The study area is constrained within the station covered
area to avoid the extrapolation for gridded data. MODIS TERRA data is available since the
beginning of 2000, and AQUA data is provided for the time period started from July 2002.
In the study, the overlapping time period of AQUA and TERRA data since Fall 2000 is used.
The AQUA and TERRA data are simply combined to reduce the cloud cover. For the cells
that AQUA and TERRA provide contradictory data, the cell is marked as cloud.
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P1

P2

Figure 5.1: Study area and the available observation stations (Solid circle denotes precipi-
tation stations, double circles are temperature stations. P1 and P2 are selected
points for detailed investigation.)

5.4 Preliminary Investigation of Radiation on Snow

To check the spatial radiation caused snowmelt variability, a simple statistical analysis of
snow cover fraction with potential solar radiation is carried out for the selected very clear
days (snow cover area (SCA) fraction larger than 70%) of snowmelt events. Assume an ho-
mogeneous spatial snowfall, the SCA fraction of each class during the snowmelt is supposed
to be inversely related to the accumulated actual melting energy since the beginning of the
snow melt event. Here the mean potential radiation of each class is used as an surrogate of
the accumulated actual melting energy. A negative correlation of snow cover with potential
solar radiation is expected. Snowmelt event are identified based on the consecutive SCA
fractions. Here the snowmelt event in December 2004 is selected. On Dec. 11, the sky is
considerably clear, Fig.5.2 shows the corresponding snow cover situation. First, the study
area is divided into 10 classes according to the received potential radiation. Then, the SCA
fraction of each class on the clear day is calculated. The correlation of the potential radiation
of each class with the snow cover fraction of the corresponding class on the day is as high
as -0.95. A further correlation analysis considering the land cover type is also conducted for
the period 2002∼2007, and for each snow melt event such high negative correlations can be
found. The simple correlation analysis confirms again the importance of solar radiation in
snow melting.
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Land
Cloud
Snow

Figure 5.2: MODIS snow cover on Dec. 11, 2004

5.5 Formulations of Different Radiation Degree-Day Model

In the literature, additive and multiplicative formulations of radiation degree-day model
considering either extraterrestrial shortwave radiation, actual shortwave radiation, or actual
all-wave radiation can be found. In this section we will compare 11 different adaptations of
the degree-day model.

Model 1: Simple degree-day model

The degree-day model which considers the melting energy input by rainfall, is taken as the
reference degree-day model in this study. The model is expressed as the following mathe-
matical form:

Sm =

{
CCt(Ta − T0) if Ta > T0

0 if Ta ≤ T0
(5.10)

CCt = min(CCmax, CC0 + kp Pl) (5.11)

Pl =

{
Pr if Ta > T0

0 if Ta ≤ T0
(5.12)

with CCmax : a limiting value to the degree day factor [mm Θ−1T−1]
CC0 : degree-day factor when there is no rainfall [L Θ−1T−1]
kp : rainfall enforcement constant [Θ−1T−1]
Pl : daily depth of liquid precipitation [L]
Pr : daily depth of total precipitation [L]
Ta : mean daily air temperature [Θ]
T0 : threshold temperature for snow melting [Θ]

Model 2: Multiplicative mid-day radiation index
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Model 2 includes a radiation index which is a function of the slope, aspect and the day num-
ber (see. Eq.5.16), and the radiation index kR is approximated by the ratio of extraterrestrial
radiation on inclined surface to the extraterrestrial radiation on horizontal surface at noon
time(mid-day), i.e. solar hour angle ω = 0. Refer to Eq.8.4 and 8.12, one can obtain kR
through Eq.5.16. The elevation effect is reflected by the lapse rate using the external drift
kriging (EDK) of temperature. In model 2, the Eq.5.11 is changed to:

CCt = min(CCmax, kR CC0 + kp Pl) (5.13)

kR =
I0β
I0h

(5.14)

=
cosθ

cos θz

∣∣∣∣
ω=0

= cosβ − sinβ tan(ψ − δ) cosγ (5.15)

= cosβ − sinβ tan(φ− δ) cosγ (5.16)

with I0β : extraterrestrial radiance on inclined surface at mid-day [E L−2T−1]
I0h : extraterrestrial radiance on horizontal surface at mid-day [E L−2T−1]
θ : solar azimuth angle of inclined surface [L]
θz : solar azimuth angle of horizontal surface [L]
ω : solar hour angle [L]
β : surface slope [L]
ψ : geographic latitude [L]
δ : solar declination angle [L]
γ : aspect of the surface [L]

The underlying simplifications and assumptions for this formulation include:

1. the longwave radiation is negligible;

2. albedo is considered to be spatially homogeneous;

3. daily potential radiation is approximated by the mid-day radiation, i.e. the hour angle
ω and solar azimuth ψ both are equal to zero.

Model 3: Multiplicative mid-day actual radiation index

In model 3, the radiation index is expressed as the ratio of actual solar radiation on the tilted
surface(Gβb [E L−2]) to the horizontal surface approximated by mid-day(Ghb [E L−2]). That
is

kR =
Gβb

Ghb
(5.17)

The actual radiation on inclined surface under cloudy condition can be calculated follow the
approach in Chapter 2, i.e., based on the diffuse fraction, which is expressed as linear func-
tion of the relative sunshine duration nrel (see. Eq.5.18), instead of a quadratic function as
in Eq.2.47 to reduce the number of parameters. The potential sunshine radiation is approx-
imated by the value at horizontal surface, i.e. nrel = nd/Ndh, Ndh can be obtained through
Eq.8.7 in Appendix 8.2, and kd is an empirical parameter to be optimized.

Kd = 1− kd nrel (5.18)
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Also, for the simplicity, the diffuse radiation is assumed to be spatially even, i.e. indepen-
dent from the topography. The actual solar radiation is the sum of direct solar radiation(Bβb)
and diffuse solar radiation(Dβb).

Gβb = Bβb +Dβb = Ghb(1−Kd)
cosθ

cosθz

∣∣∣∣
ω=0

+Ghb Kd (5.19)

Eventually we can get

kR =
Gβb

Ghb
= 1 + kd nrel(

cosθ

cosθz

∣∣∣∣
ω=0

− 1) (5.20)

The formulation of Model 3 allows the consideration of reduced radiation variability due
to cloud, for example, in case of complete overcast day degree-day factor of horizontal and
inclined surface will be identical.

Model 4: Multiplicative daily radiation index

Model 4 is an improvement of Model 2, by which the ratio of potential radiation on inclined
surface and horizontal surface are using the integrated daily value,H0β andH0h. Except kR
in Eq.5.16 is replaced with ξ in Eq.8.25 in Appendix 8.2, all other equations remain the same.

kR =
H0β

H0h
= ξ (5.21)

Model 5: Multiplicative daily actual radiation index

Model 5 replaces the mid-day approximation in Model 3 with analytical form of the daily ra-

diation. The modification factor of direct radiation using mid-day approximation cosθ
cosθz

∣∣∣∣
ω=0

is replaced by the daily integrated value ξ.

kR = 1 + kd nrel(ξ − 1) (5.22)

Model 6: Net all-wave radiation degree-day model

Model 6 considers the net all-wave radiation. The snow albedo is included to get the net
shortwave radiation (Eq.8.27), and the net longwave radiation is obtained following the FAO
approach which utilizes only the mean temperature (FAO, 1990) as in Eq.8.28 in Appendix
8.2. The change in snow albedo with time t (days) is described by an empirical relationship
from literature (see Eq.5.25).

Rhb = Ghb(1− ρs) + Ln = H0h(aap + bapnrel)(1− ρs) + Ln (5.23)

Rβb = Ghb(1 + kd nrel(ξ − 1))(1− ρg) + Ln (5.24)

ρs = 1− ka1(1 + e−ka2 t) (5.25)

kR =
Rβb

Rhb
(5.26)
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with Rhb : all-wave radiation on horizontal surface [E L−2]
Rβb : all-wave radiation on inclined surface [E L−2]
Ghb : shortwave radiation on horizontal surface [E L−2]
ρs : snow albedo [−]
Ln : new longwave radiation [E L−2]
aap : Angström-Prescott coefficient [−]
bap : Angström-Prescott coefficient [−]
ka1 : empirical coefficient [−]
ka2 : empirical coefficient [−]
t : number of days after the first snowfall [−]

Here aap and bap are the Angstrom-Prescott coefficients using the extraterrestrial radiation,
which takes values estimated in Chapter 2.

For each multiplicative formulation, there is a corresponding additive alternative. When the
additive formulation is used, the absolute quantity of radiation has to be calculated.

Model 7: Additive mid-day potential radiation index

Model 7 is the additive formulation of Model 2, with the snowmelt formulation as Eq.5.1.
The rainfall melting reinforcement is considered in the same way as in the multiplicative
formulation. The half of the mid-day radiation is used to approximate the daily average
radiation R. Again the sunshine duration is approximated by the simple case of horizontal
surface. Here the radiation is not the actual value, therefore consideration of snow albedo is
not necessary. The ”*” means an arbitrary surface, which can be horizontal or inclined.

R = 0.5 I∗0 Ndh (cosβ cos(φ− δ) + sinβcosγ sin(φ− δ) (5.27)

Model 8: Additive mid-day actual radiation

Model 8 is corresponding to Model 3. The difference is that in the multiplicative formula-
tion, the snow albedo is canceled off, but for the additive formulation, the snow albedo is
kept in the equations.

Ghb = 0.5 I0h Ndh (aap + bap nrel) (5.28)

Gβb = Ghb (1 + kd nrel(
cosθ

cosθz

∣∣∣∣
ω=0

− 1)) (5.29)

R = G∗b (1− ka1(1 + e−ka2 t)) (5.30)

Model 9: Additive daily potential solar radiation

The basic equations of Model 9 are modified based on Eq.5.1, and radiation is taking the an-
alytically integrated daily value of the horizontal surface or inclined surface. The calculation
of H0∗ can be found in Appendix I.

R = H0∗ (5.31)

Model 10: Additive daily actual solar radiation
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Model 10 is similar to Model 8, but instead of mid-day actual radiation, it uses the analyti-
cally integrated daily solar radiation using the Angström-Prescott approach.

Ghb = H0h (aap + bap nrel) (5.32)

Gβb = Ghb (1 + kd nrel(ξ − 1)) (5.33)

R = G∗b (1− ka1(1 + e−ka2 t)) (5.34)

Model 11: Additive daily actual all-wave radiation

Model 11 uses the all-wave radiation in an additive form. The advantage of the additive
formulation is that it can account for the negative radiation balance. Under clear skies the
incoming longwave radiation is much less than the longwave radiation loss from a melting
snowpack, and meanwhile the large portion of incoming solar radiation are reflected by the
fresh snow with high albedo. Consequently the net longwave or even the net all-wave ex-
change could be negative (DeWalle and Rango, 2008), i.e. there is pure energy loss from the
snowpack, which may be compensated by conductive energy transfer from air to snowpack,
thus reduce the melting rate caused by temperature. The calculation of the radiation is the
same as in Model 6.

R = G∗b (1− ka1(1 + e−ka2 t)) + Ln (5.35)

5.6 Results and Discussion

The models are calibrated at the stations, and validated for all grid points. All models are
run from August 2002 to the end of 2007, and the performance are calculated only for the
winter days, i.e. the from October of previous year to April of the next year. The calibrated
parameters and model performance for selected points are listed in Table 5.3, and the spatial
calibration and validation results in Table 5.4. The performance criteria of calibration of the
model are measured by two HSSs, one for precipitation type and one for snow cover. For
calibration, the simulated precipitation type (rainfall or snow) evaluated by the snowmelt
temperature threshold are compared with the observed precipitation type. Spatially inter-
polated precipitation type is very problematic, therefore HSS for precipitation type is not
applied for validation. In general the model performances of calibration and validation
(both spatially and at P1 and P2) in terms of HSS do not differ much except for Model-1.

Two simulations are applied to the standard degree-day model: simulation with spatially
interpolated temperature by external drift kriging (Model-1a), and simulations with spa-
tial mean temperature measured at the stations (Model-1b), which is essentially a lumped
model. The significantly lower HSS of Model-1b (0.646 for precipitation type and 0.767 for
snow cover) comparing with the other cases shows that, the distributed degree-day model
with interpolated temperature does provide higher accuracy than the lumped model. A
detailed look into the contingency table and calibrated model parameters gives more infor-
mation about the model performance. The optimized parameters are also very reasonable.
The degree-day factor for all the radiation snow models are of no exception smaller than the
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Table 5.3: List of model parameters and point performance at selected points

parameters HSS

T0 CC0 CCmax kp kd ka1 ka2 CCr P1 P2

Model-1a 0.259 2.454 1.181 0.012 - - - - 0.580 0.753
Model-1b -0.172 2.099 1.879 0.043 - - - - - -
Model-2 0.202 2.265 0.474 0.054 - - - - 0.605 0.759
Model-3 0.210 2.366 1.113 0.014 0.734 - - - 0.616 0.767
Model-4 0.217 2.352 0.936 0.018 - - - - 0.605 0.759
Model-5 0.223 2.392 0.276 0.025 0.503 - - - 0.616 0.765
Model-6 0.225 2.280 0.710 0.021 0.618 0.377 0.179 - 0.582 0.753
Model-7 -0.495 1.825 1.526 0.020 - - - 0.303 0.612 0.778
Model-8 0.286 2.340 1.831 0.015 0.051 0.325 0.203 0.051 0.612 0.766
Model-9 0.514 0.874 1.731 0.012 - - - 0.371 0.580 0.758
Model-10 0.188 2.112 1.967 0.021 0.671 0.522 0.282 0.242 0.612 0.777
Model-11 0.062 1.798 2.216 0.001 0.811 0.378 0.305 0.608 0.600 0.778

degree-day factor of the standard model. It is straightforward for the additive formulations,
where the introduction of radiation melting term offsets the temperature melting factor. For
the multiplicative formulation, the degree-day factor for the standard model can be under-
stood as a spatial average of all cells, while for the radiation snow models, it is the reference
melting factor of the horizontal surface. Furthermore, for the multiplicative formulations,
models applying actual radiation have an larger degree-day factor than the models apply-
ing potential radiation, which is reasonable, because the potential radiation is larger always
than the actual radiation.

For a detailed investigation of the model performance, two specific points, P1 and P2, are
selected. The two points are lying closely in the same elevation belt, with P1 in north slope
and P2 in south slope. The topographic information of P1 and P2 are given in Table 5.5.
Because the two points are located closely to each other and in the same elevation, the tem-
perature of the two stations are almost identical. The difference in the melting process at the
two points can be considered mainly being resulted from the radiation difference.

The model performance for the selected points are listed in the last two columns in Table
5.3. In general the radiation model improves the HSS at the two points. The simulated
SWE by the 11 models are plotted together with the MODIS snow cover information of
a snow event between Jan.27 and Mar. 10, 2002 in Fig.5.3. Because some of the model
results are somehow similar, only the results of Model-1, Model-2, Model-3, and Model-
11 are demonstrated here. First of all, the melting process at the two points reflected by
MODIS snow cover data have shown a clear radiation enhancement at the southern slope.
Despite the cloud disturbance, the MODIS data shows that, snow persisted at P1 until Mar.
5, while at P2, snow is melted off since Mar. 4. Because Model-1 does not account for the
radiation effects, the simulated SWE curve at two points are almost identical (Fig.5.3a). With
the potential radiation being approximated by mid-day radiation, the simulated snow cover
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Table 5.4: List of model performance of station calibration and spatial validation

calibration valibration

HSS a b c d HSS a b c d

Model-1a
0.708* 1121 372 290 4852

0.661 2283948 923857 625565 8218757
0.814** 210 7 85 6617

Model-1b
0.646* 949 462 290 4934

0.636 1894106 489757 1015407 8652857
0.767** 187 1 108 6623

Model-2
0.708* 1121 373 290 4851

0.694 2193518 619905 715995 8522709
0.814** 210 7 85 6617

Model-3
0.708* 1121 373 290 4851

0.694 2191807 617325 717706 8525289
0.814** 210 7 85 6617

Model-4
0.707* 1120 373 291 4851

0.694 2195864 624463 713649 8518151
0.814** 210 7 85 6617

Model-5
0.707* 1120 373 291 4851

0.694 2192267 617804 717246 8524810
0.814** 210 7 85 6617

Model-6
0.711* 1119 363 292 4861

0.692 2199072 637563 710441 8505051
0.814** 210 7 85 6617

Model-7
0.713* 1078 298 333 4926

0.694 2102981 495859 806532 8646755
0.729** 173 1 122 6623

Model-8
0.713* 1121 372 290 4852

0.694 2204560 636708 704953 8505906
0.814** 210 7 85 6617

Model-9
0.710* 1116 361 295 4863

0.695 2193848 617193 715665 8525421
0.857** 229 7 66 6617

Model-10
0.707* 1106 353 305 4871

0.695 2189767 607473 719746 8535141
0.797** 203 7 92 6617

Model-11
0.710* 1110 352 301 4872

0.696 2203692 624794 705821 8517820
0.789** 199 6 96 6618

*HSS for snow cover. **HSS for precipitation type.

Table 5.5: List of characteristics of selected points

alt asp slp

P1 937 350.11 9.01
P2 915 187.78 5.91

at P1 lasts longer than at P2 (Fig.5.3b). Because the radiation difference is diminished due
to cloud when actual radiation is applied, the melting process are prolongated two or three
days, as it can be seen for P1 in case of Model 3 (Fig.5.3c) and Model 11 (Fig.5.3d). Because
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Model 11 applies all-wave radiation, so the outgoing long-wave will reduce the total energy
input to the snow pack, the snow melting process is again slightly delayed as comparing to
Model 3. The radiation signal contained in the curve is not so strong, but still detectable. In
general, the introduction of the radiation factor into the degree-day model leads to a more
realistic melting process with regarding to theMODIS information. It alsomodels the spatial
difference more reasonably.

5.7 Discussion

In this study, different formulations of radiation degree-day models have been compared in
terms of their capacity of simulating snow melting process. In general, the radiation models
show higher accuracy than the standard degree-day model, and there is little performance
difference among the different formulations, no matter additive or multiplicative, actual
or potential radiation, shortwave or all-wave radiation. The author still believes there is
some difference which can not be detected by the data currently being used. Applying the
original MODIS data to calibrate and validate the model is a compromise of data availability.
Following problems can be identified for our approach:

• The original MODIS data contains errors, for example, it happens that MODIS shows a
no-snow cover condition in between several snow cover conditions, and snow on flat
region in a hot summer day. To what extent can we trust the MODIS data is not clear.
Additional processing attempt to reduce such errors will always bring new errors;

• The original MODIS data is contaminated by cloud. The discrimination power of our
approach relies on the transition days from snow to no-snow. If this transition phase
is covered by cloud, then the radiation model tempted to fail;

• The fixed threshold temperature is problematic. Even if only the precipitation type is
selected as the objective function, the highest HSS for calibration is 0.875.

Despite these problems, both the spatial validation and the point results show that the
adapted radiation models perform better than the standard one. The superiority of the more
complex formulation may be proved with higher resolution and more accurate data. All of
the models apply routinely available data, i.e. air temperature or in addition, the sunshine
duration. As to the author, Model-2 provides a conceptually complete, and computation-
ally simple alternative, with relatively good performance, is therefore a good alternative to
the standard model. Still the readers are encouraged to choose the model according to the
available data and their own preference.
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(a) Results of Model 1
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(b) Results of Model 2
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(c) Results of Model 3
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(d) Results of Model 11

Figure 5.3: MODIS snow cover, simulated snow depth and temperature (Figures on the left
hand are for P1, and on the right hand side for P2. From the first row to the last
row it is in the order of Model-1, Model-2, Model-3, and Model-11. The diamond
line to be read at the primary axis is the simulated SWE in mm, and the line with
square shows the MODIS snow cover, with 200 for snow, 50 for cloud and 25 for
no snow. The circle line represents the temperature.)



6 Space Transformation to Account for
Topographic Anisotropy

The presence of mountains can cause local anisotropy for the regionalized variables repre-
senting some hydrological parameters (temperature, wind, precipitation). Unlike the global
anisotropy which can be modeled by nested variograms or linear transformed coordinate
with isotropic variogram, local anisotropy is difficult to quantify. This chapter presents an
attempt of modeling such topography-depending anisotropy by nonlinear transformation
of the arc distances following the topography with Multidimensional Scaling (MDS) and a
global isotropic variogram in the transformed space. Because the vertical distance has more
pronounced effects than horizontal distance, a scaling factor of the elevation is introduced to
best approximate the topography-induced spatial variability. Being aware to the potential of
distortion of coordinates when more points are included in MDS, a local MDS is performed
for the nearest neighbors selected for kriging. The MDS transformation is applied to both or-
dinary kriging (OK) and external drift kriging (EDK). Cross validation results are compared
in terms of multi-criteria, such as mean absolute error (MAE), percentage of improved sta-
tions (POI), number of days improved (DoI), etc., for standard kriging, kriging with local
MDS (LMDS), and kriging with global MDS (GMDS). The comparison is based on 7-year
daily temperature and precipitation data to ensure a statistical conclusion.

6.1 Introduction

A prerequisite for any hydrological model is to provide it with the most accurate input
data. If these data are of poor quality, then the entire hydrological simulation is flawed from
the outset. Although bearing a lot of controversies, distributed hydrological modeling has
gradually become a trend for the modeling practice. To provide the model with a spatial
input, a proper and accurate interpolation of stations data is indispensable. Particularly in
mountainous areas, where complex interactions among topography, vegetation canopies,
and climate exist, it is essential that spatial interpolation methods that account for these
effects should be applied to estimate the spatial fields of meteorological input (Garen and
Marks, 2005).

Kriging is probably the most widely used geostatistical technique to interpolate the spatial
variables, and different variants of kriging have been successfully applied in hydro-geology,
meteorology, and ecology, etc. (Bárdossy and Lehmann, 1998; Goovaerts et al., 2005; Mon-
estiez et al., 2006). Kriging computes the best linear unbiased estimator at the unobserved lo-
cation for a given random field based on a spatial dependence model called variogram. The
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algorithm considers the underlying spatial variable as random function, and assumes the
second order stationarity, i.e. a constant mean over the domain and a distance-depending
covariance, which are the prerequisites of applying kriging. But unfortunately many nat-
ural parameters do not fulfil the stationarity hypothesis, some non-stationary cases known
as drift where the studying variable is a function of some external variables and anisotropy
where the stationarity only holds on certain directions, always happen. In case of a globally
systematic drift, universal kriging (UK), regression kriging (RK), or external drift kriging
(EDK) can be applied (Deutsch and Journel, 1998). Global anisotropy occurs in two ma-
jor types: geometric anisotropy and zonal anisotropy. The global geometric anisotropy by
which the range of variogram changes in different directions with the sill remaining con-
stant can be corrected by a linear transformation of the spatial locations to an equivalent
isotropic model, while the zonal anisotropy can be handled by data detrending or a nested
variogram model. Local anisotropy is more difficult to deal with, a good summary of meth-
ods can be used to deal with the local anisotropy can be found in (Sampson et al., 2001). A
usual approach is splitting the domain into globally varying, locally stationary and isotropic
sub-regions (Haas, 1990) and smoothing at the boundary of sub-regions (Fuentes, 2001), but
dividing the data into small datasets may lead to unreliable statistics (Deutsch and Jour-
nel, 1998). Another major group of approaches is nonlinear bijective deformation of the
sampling space to a virtual space by multidimensional scaling (MDS), so that in the new
space whose dimension may be higher than the original one, the covariance of the samples
increases monotonically with distance (Sampson and Guttorp, 1992). The basic idea is to ob-
tain a transformed space which fits the data under the condition of stationarity. So the focus
is on achieving a perfect fitting of the data without looking at the physical reason behind the
non-stationarity. As we know in the catchment, the spatial distribution of many hydrolog-
ical variables depends on the topography which affects the heat, air, and moisture transfer.
That’s why it is not surprising that different weather often appears at two different sides of
the mountain. Lehner et al. (2006) has demonstrated the effect of such topographic effects on
stationarity, and the possibility to accommodate the topography-induced anisotropy with
three different distance functions in an interpolation process similar to but not exactly the
same as kriging. Recently Boisvert and Deutsch (2009) have shown a case where the locally
varying anisotropy is strictly related to the arc length between two points in some geological
formations, and in such cases where the underlying anisotropy is known, they successfully
applied MDS to transform the space, and obtained much better results than kriging with
original Euclidean distance.

Our approach is an application following the basic idea of Sampson and Guttorp (1992),
but we try to address the physical reason, i.e. the anisotropy caused by topography, when
transforming the space as done by Boisvert and Deutsch (2009). In normal kriging systems,
Euclidean distance or radial distance, i.e. the Euclidean distance is used, which is the length
of straight-line path, and does not take into consideration of the topography in between.
Lehner et al. (2006) has tried the arc length of convex hull and radial distance plus highest
peak in the so-called DayMet interpolation. Because the simple inverse distance interpola-
tion they have used does not require any positive definiteness as required by kriging, the
non-Euclidean distances are directly applied without any transformation. In our case, we
will define our arc distance, and transform it by MDS. The next section will present the
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outline of the method, how the distance is defined, and the criteria applied to evaluate the
method. In section 3, the application of different variants of the method will be shown with
7-year daily dataset of temperature and precipitation, and compare the results with stan-
dard OK and EDK procedure, which are taken as references. We conclude this study with
some theoretical and applied questions for further research.

6.2 Method

6.2.1 Basics of Kriging

Kriging is a group of geostatistical techniques to interpolate the value Z(x0) of a random
field Z(xi) at an unobserved location x0 from observations of the neighboring locations
xi, (i = 1, ..., n), based on the spatial dependence model fitted as variogram γh or covariance
function Ch from the observed data. Kriging computes the best linear unbiased estimator
Ẑ(x0) of Z(x0), as well as the estimation variance σ2(x0) which is minimized. Kriging has
many variants, but here only ordinary kriging (OK) and external drift kriging (EDK) that
have been used in this study will be described. The methodology and techniques of the
space transformation with MDS described later is general, and can be also applied for other
kriging approaches.

For all kriging approaches, the spatial variable Z(xi) is considered as a random function,

Z(xi) = μ(xi) + Er(xi) + Ee(xi) (6.1)

where μ(xi) represents the expected value of the random field, Er(xi) is the random error
and Ee(xi) is the measurement error. For OK it is assumed to be constant over the domain,
i.e. μ(xi) = m, while for EDK it is considered as function of a known external variable, i.e.
μ(xi) = a + b Y (xi), with a and b being unknown constants. The estimator Ẑ(x0) for any
given location is a linear combination of the neighboring points:

Ẑ(x0) =
n∑

i=1

λi Z(xi) (6.2)

with
n∑

i=1

λi = 1 (6.3)

Under condition of Eq.6.3 called unbiasness condition, the kriging variance

σ2(x0) = V ar(Ẑ(x0)− Z(x0)) = −
n∑

i=1

n∑
j=1

λiλjγ(xi, xj) + 2

n∑
i=1

λiγ(xi, x0) (6.4)

should be minimized with the Lagrange multiplier to get the weights of λi, which results in
a linear equation system. Here, Z(x0) is the true value. When the Euclidean distance is used,
and certain legitimated variogram models are applied, the resulting equation system can be
proved to be positive definite and solvable. For a given variogram model, the weights λi is
unique and only depending on the distance, i.e., the configuration of the observation points.
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6.2.2 Arc Distance

In standard kriging systems, Euclidean distance is used for both variogram fitting and cal-
culation, which means the spatial dependence and the calculated weights of the neighboring
stations in Eq.6.2 is exclusively depending on the Euclidean distance. But two pairs of points
with the same Euclidean distance but separated by different topography will have different
spatial dependence. So for two points p and q, Euclidean distance is only a function of the
point coordinates, i.e. di,j = f(p, q). To account for the topography between the point pair,
we can use distance function suggested by Lehner et al. (2006), i.e. di,j = f(p, q,G), where
G is the elevation function in the domain for all points. In the distance function defined by
Lehner et al. (2006), only the surface path between the points is considered, i.e. the intersec-
tion of the terrain surface with a vertical plane that contains the two points. This intersection
is a planar curve representing the profile of the direct path between the two points along the
earth surface, which gives the elevation of any point on the path. Based on the distance
function, Lehner et al. (2006) have used different subset of the elevation function G to get
different realization of , e.g. arc length of convex hull and radial distance plus highest peak,
etc. In this work the whole profile of G will be used for calculating distance. Because the
vertical distance has larger effects than horizontal distance, a scaling factor zs is introduced
to the elevation function to amplify the distance in vertical direction so that the topography
effects can be reflected properly. Iteration or optimization algorithm can be applied to find
the proper scaling factor, but in this work, zs = 30 is applied, based on experimental results.

6.2.3 Multidimensional Scaling (MDS)

As mentioned before, the kriging equation system is positive definite, only if the Euclidean
distance is used and proper variogram model is applied. The distance obtained by the dis-
tance function di,j = f(p, q,G) is non-Euclidean, thus if they are directly used in kriging,
the resulting equation system will be singular and not solvable. A solution for this prob-
lem is to apply Multidimensional Scaling (MDS) to transfer the arc distance into Euclidean
space. MDS is the technique to find the coordinates of n points in a p-dimensional geomet-
ric space whose inter-point distances approximate the specified dissimilarities of the points
(Johnson and Wichern, 1992). The distance function described in the previous section can
be considered one type of dissimilarity. Here the detailed mathematics of MDS will not be
repeated, the readers can refer to Borg and Groenen (2005) for details. Something deserve
to mention here is the difference between metric MDS and non-metric MDS: metric MDS tries
to minimize the disagreement of the observed dissimilarities and the inter-point distance in
the transformed space, which is sometimes too strict, and the solution may result in points
configurations whose rank of distances conflict with the rank of the dissimilarities. Instead
of approximate the dissimilarities themselves, non-metric MDS tries to preserve the ordering
of dissimilarities. Because in kriging, both the absolute distances and the relative distances
are important, and absolute distances are more substantial, a metric MDS is applied in this
study.

MDS can also be regarded as an optimization algorithm, in the sense that it minimizes the
disagreement between the observed dissimilarities or the rank of the dissimilarities in the
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transformed space, which is called stress. The most often used stress function is Kruskal
stress,

Sk =

√√√√∑n
i=1

∑n
j=1(d̂ij − dij)2∑n
i=1 d

2
ij

(6.5)

Here, dij and d̂ij is the inter-point distance or dissimilarities of the original space and trans-
formed space respectively. Usually the higher the dimension is, the smaller the stress is, but
not always, as we can see later in this study. Usually the dimension where an “elbow”is
detected in the scree plot is taken as the optimal dimension.

6.2.4 Cross Validation

Cross validation is used to assess the performance of the interpolation method at the points
where observation is available, which can be taken as a proxy of the overall performance.
For cross validation, the value at each observation point will be evaluated with the rest data
at other points, as if the value at the point under cross validation is unknown, and then
compared with the true value (Clark, 1986). Errors from kriging with a valid variogram
model should satisfy the following criteria:

1

n

n∑
i=1

(ẑi − zi) = 0 (6.6)

1
n

∑n
i=1(ẑi − zi)2

1
n

∑n
i=1 σ

2
i

= 1 (6.7)

For cross validation, a minimized estimation error is desired. The usually applied error
criteria are the mean absolute error (MAE) (Eq.6.8) and the root mean squared error (RMSE)
(Eq.6.9).

MAE =
1

n

n∑
i=1

|ẑi − zi| (6.8)

RMSE =

√√√√ 1

n

n∑
i=1

(ẑi − zi)2 (6.9)

The both are in principle reflecting the same error property. In this study, MAE is chosen
as the criteria. Because of the problem of the error compensation among the station esti-
mations, another criteria called percentage of improved stations (PoI), which is, as its name
suggested, the percentage of stations whose absolute error have been reduced, is applied.
For multi-days results, the number of days that more than 50% stations get smaller error,
referred as DoI, is also used.
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6.3 Study Area and Data

The study region locates in south-west Germany covering the Swabian Alps, part of the
Black Forest and the flood plain of upper Neckar River between them. The presence of
two different mountain ranges cause the local anisotropy that are of interest of this study.
Because we are interested only in the data, instead of water basin in the hydrological sense,
for the convenience in data preparation a rectangular area of about 14, 000 km2 is taken. The
elevation in the study area varies from 93m a.s.l at the catchment outlet to about 1169m
a.s.l in the south-west corner of the region (see. Fig.6.1). The climate can be characterized
as humid, the long-term average annual precipitation is 950mm, ranging from 750mm in
the lower part to over 1200m in the Black Forest. A good data coverage is ensured by 47
temperature stations, denoted by squares, and 129 precipitation stations, represented by the
solid circles. The data is provided by German Weather Service (DWD) from 2002 to 2007,
but due to the station system change, data at a few stations is incomplete. In the worst case,
24 temperature stations and 63 precipitation stations are available, which is still satisfactory.
In order to avoid extrapolating, the inner rectangular region is taken for grid interpolation.
In case of cross-validation, all stations are checked, and the depth function Rousseeuw and
Ruts (1996) is used to find out whether the estimation is interpolation or extrapolation.
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Figure 6.1: Study area and observation stations

6.4 Transformed Space by MDS

The study area is discretized into 1500m regular grids. Because the stations may not lo-
cate in the centre of one grid, it is shifted to the center for the convenience of arc distance
calculation. Due to the micro-topography within the grid, there is some disagreement be-
tween the grid elevation and the station elevation within it, but still acceptable (±100m).
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Fig.6.2a shows the first try of coordinate transformation with MDS, for which all the grids
(denoted be blue dots) together with the observed stations (denotes by purple squares) are
transformed, and the method is called here global MDS (GMDS). Fig.6.2a-c shows the coor-
dinates in the transformed space for different scaling factors zs, where a deformation of the
original regular grids can be detected.
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Figure 6.2: MDS transformed space

The deformation starts from the foot of the hill, i.e. the distance between transition region
from flat part to mountain part increases, while the distance of the points within the indi-
vidual lower and higher region changes much less, which is presumed to be favorable for
correct representing topography caused regional difference. As the elevation scaling factor
increases, the departure of points at the south-east hill foot can be visualized, and the distor-
tion of the coordinates is more pronounced and the effects of topography are enlarged. To be
mentioned, the transformed spaces by MDS may have a different orientation from the orig-
inal one, and with the introduction of elevation scaling factor, they also differ in size. But
what matters for the following kriging process is the relative location of the points, which
is kept constant during offsetting, rotating, mirroring, and scaling, defined in this context as
alignment. Therefore, for the purpose of comparison of the points in different spaces, or what
can be called coordinate systems, the resulting spaces from MDS will be again transferred
by these alignment techniques with regarding to two reference points, which is denoted as
green dots in Fig.6.2.

A problem arises when finer resolution is used, the amount of points will exceed the mem-
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ory limit for computation. An alternative to avoid this problem is to transform each grid cell
individually with regard to the observed stations, which we call partial MDS (PMDS). An
experiment with zs = 30.0 shows that there is little difference between the results of PMDS
and GMDS (see Fig.6.2c and Fig.6.2d). For each grid cell, the coordinates of the transformed
stations may differ, but the mean standard deviation of the station coordinates is 311m in
x direction and 260m in y direction, which is negligible for the station density in the study
area. The similarity of the results of PMDS and GMDS also reveals that the MDS procedure
may be dominated by certain pair of points while minimizing the overall stress.

Fig.6.3a demonstrates the change of absolute stress and relative stress (Kruskal stress) for
the temperature stations with a scaling factor of 30. The 3-d Scree-plot (Fig.6.3b) regarding
both scaling factor zs and number of dimensions shows that the minimum Kruskal stress
is achieved in a 3-dimensional transferred space by MDS when scaling factor is less than a
threshold zs = 20.0 in case of the temperature stations. For precipitation stations the thresh-
old is zs = 18.0. Above the threshold value, 4 dimensional MDS gives the optimal result,
but for higher dimensional spaces the stress increases slightly. Actually space with lower
dimensionality can be regarded as a special case for the high dimensional space. So the in-
creasing stress with dimensionality is a mathematical artifact caused the MDS algorithm. So
the 3-dimensional space can be taken as the optimal space with lowest stress.
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Figure 6.3: Scree plot

A close check of the stress for each pair of distances taking the example of zs = 30 shows
that for 32 out of 47 stations, the largest relative stress occurs at one of its 10 closest neigh-
bors, while for 28 out of 47 stations, the smallest relative stress happens to 30 faraway non-
neighbors, which means MDS optimizes the overall stress at the expense of distorting small
distances. But in Kriging, it is the neighboring points that are important. As a remediation
of such undesired distortion of the distances in the transformed space, we propose to use a
moving window PMDS (LMDS) instead of the PMDS for the whole domain, which means
for each interpolation point, the MDS is done for the point itself together with the neighbor-
ing stations that are within the range of the variogram. Given that a certain searching radius
and a certain limit is specified for the number of neighbors within the moving window, most
points will remain the same with only one or two points being replaced when the window
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is shifted, which ensures a smooth transition of coordinates within the domain.

Fig.6.4a demonstrates the different coordinates for LMDS and PMDSwith scaling factor zs =
30.0 for the region located in the north-east corner of domain (see Fig.6.4b). The station 2863
is taken as studying points, and all three sets of coordinates are aligned in one coordinate
system with keeping the studying point and its closest neighbor 2868 fixed. It shows clear
by the figure, that the distortion is smaller by LMPS than by PMDS.
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Figure 6.4: Comparison of tranformed distances by LMDS and PMDS

Table 6.1 shows the original and transformed distances before alignment, as well as the
stresses. For both cases, the distances have been increased. The stress, which will introduce
errors in kriging process, for PMDS is almost double as in case of LMDS. More important is
that, LMDS still keeps the order of the arc distances, while for PMDS the order is changed
due to the metric MDS procedure, which shows that with less data included in MDS process,
the risk of changing the order of dissimilarities is reduced.

Table 6.1: Comparison of original and MDS-transformed distances for station 2863

Station
ID

Euclidean
distance

Arc
distance

Distance
LMDS

Distance
PMDS

Rel. stress
LMDS

Rel. stress
PMDS

2868 6708.2 6950.6 8295.3 9383.7 0.19 0.35
2749 11423.7 25519.6 25034.3 25233.0 -0.02 -0.01
2746 16770.6 18253.4 19011.4 18335.4 0.04 0.00
2717 19500.0 27574.6 33897.7 33737.1 0.23 0.22
2866 21213.2 22002.9 22820.0 27329.4 0.04 0.24
2923 22299.1 26139.0 29699.4 29722.7 0.14 0.14∑

0.14 0.17
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6.5 Results of Kriging

Correlation analysis of the 6-year data shows that temperature data is highly correlated with
elevation, with a mean correlation coefficient of -0.73 and variance of 0.09. No significant
correlation between rainfall and elevation has been detected (mean correlation coefficient
0.09 and variance 0.04). In the following the comparison of cross-validation results by PMDS
and LMDS with regards to kriging with standard distance will be shown step by step - first
the result of one example point, then the result of all points for one day, and finally the
statistical results of all points in all days.

6.5.1 Example Results of One Station

A small experiment is done for the station 2863 with its 6 neighbors shown in Fig.6.4 for Jan.
1, 2002 with EDK, the true value (observed value) at station 2863 is -7.1°C. The result shows
that the LMDS gives best estimation with smallest error, because the closest point 2868 is
getting much closer after transformed by LMDS. The weights of two other nearby stations
2749 and 2717 are reduced comparing with the case of kriging with standard distance, be-
cause the two stations are lying on the mountains. The effect of LMDS is that the difference
of distance getting larger, i.e. closer points get closer, farther points get further (due to to-
pography), therefore the weights of the points exhibit larger contrast, and consequently the
variance is getting larger. Because PMDS has compensated the distance difference among
the points, the points which should be physically closer, have been widened. In this case,
LMDS generates a better estimation with a larger variance, comparing with PMDS.

Table 6.2: Kriging with original and MDS-transformed distances for station 2863 (Jan. 1,
2002)

Station
ID

Temperature
(°C)

Weights
by std.
kriging

Weights
by LMDS
kriging

Weights
by PMDS
kriging

2868 -7.0 0.584 0.694 0.555
2749 -9.0 0.328 0.138 0.194
2746 -7.7 0.123 0.091 0.303
2717 -5.2 -0.112 -0.043 -0.080
2866 -6.7 0.108 0.153 0.056
2923 -6.8 -0.032 -0.033 -0.028

Est. -7.917 -7.380 -7.732
Est. var. 0.817 0.821 0.661

6.5.2 Example Results of All Stations

Cross-validation for all stations shows that not all stations get improvement. For an arbi-
trary selected day (Dec.15,2007) with 24 stations data available, the cross validation results
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are shown in Fig.6.5 and Table 6.3. Taking the ordinary kriging with standard distance as
reference, for different points, the 4 methods perform differently. The mean absolute error
and the percentage of improvement is taken as evaluation criteria. In this case, ordinary
kriging with 2 dimensional PMDS transformed distance obtains the lowest overall estima-
tion error, whereas OK with 3 dimensional LMDS has the highest PoI. When other scaling
factor values are applied, the results will be changed – a dataset where major points get
improvement with one scaling factor may get an overall degradation of in estimation errors
with another scaling factor. This shows that a proper scaling factor to reflect the anisotropy
properly is important. But at the moment, we have not found a suitable approach to obtain
the correct scaling factor. An option might be application of optimization algorithm to for
cross-validation to find the best scaling factor and then apply it to interpolation.
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Figure 6.5: Scatter plot of cross validation results for multi-stations

Table 6.3: Kriging with original and MDS-transformed distances for multi-stations (Dec.15,
2007)

Method MAE NoI PoI

OK std. dist 1.840 - -
OK PMDS 2d 1.414 17 71%
OK PMDS 3d 1.486 19 79%
OK LMDS 2d 1.745 18 75%
OK LMDS 3d 1.631 20 83%
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6.5.3 Statistical Results for Multi-stations and Multi-days

The different algorithms are applied to temperature data from Jan.1, 2002 to Dec.31, 2007, in
order to draw a statistically significant conclusion. For the 2191 days applying scaling factor
zs = 30, following results in Table 6.4. The days for which more than half of the stations get
smaller absolute estimation error comparing with the reference case are also counted. Sta-
tions are differentiated between interpolation and extrapolation by depth function. When
EDK is applied, the kriging results are much better than the corresponding OK, but com-
paring with the EDK reference case, all methods with MDS transformation show lower per-
formance, except EDK PMDS 3d. The reason might be that part of the non-stationarity or
anisotropy is explained by the application of external drift. In general, kriging with MDS
transformed distances obtains better results in terms of MAE for OK, and for EDK the MAE
of interpolation has been improved. For all cases, the MAE for interpolation are smaller
than for extrapolation, but for LMDS, PoI is higher for extrapolation than for interpolation.

Table 6.4: Comparison of kriging with original and MDS-transformed distances for multi-
days (temperature)

Method MAE MAE(in) MAE(ex) PoI PoI(in) PoI(ex) DoI

OK std. dist 1.126 1.080 1.226 - - - -
OK PMDS 2d 1.083 1.041 1.171 0.559 0.564 0.548 1346
OK PMDS 3d 1.054 0.943 1.258 0.554 0.570 0.520 1482
OK LMDS 2d 1.081 0.922 1.469 0.633 0.622 0.658 1443
OK LMDS 3d 1.078 0.928 1.286 0.630 0.607 0.680 1470

EDK std. dist 0.661 0.633 0.721 - - - -
EDK PMDS 2d 0.663 0.631 0.744 0.496 0.496 0.495 913
EDK PMDS 3d 0.653 0.629 0.712 0.508 0.505 0.513 1110
EDK LMDS 2d 0.671 0.632 0.790 0.513 0.512 0.514 553
EDK LMDS 3d 0.665 0.616 0.760 0.518 0.520 0.512 636

The seasonal performance of each method comparing with the standard kriging methods
has also been investigated(see Table 6.5), but no significant improvements can be found.

Although no positive conclusion can be drawn from the multi-day results, it shows that
PoI for all 4 MDS methods are getting larger for year 2006 and 2007, when only 24 stations
instead of 47 stations are available. Fig.6.6 shows the example for OK with 2 dimensional
LMDS. This means, when few stations are available in kriging, the MDS approaches work
better. It shows that the anisotropy is induced by macro-topography, i.e. large mountains,
not by the local micro topography.

6.5.4 Results with Precipitation Data

While the results of temperature data with both OK and EDK show some improvement
comparing with kriging with standard distance, the results with precipitation show little



100

CHAPTER 6. SPACE TRANSFORMATION TO ACCOUNT FOR TOPOGRAPHIC

ANISOTROPY

Table 6.5: Seasonal results of temperature kriging

Method MAE MAE(in) MAE(ex) PoI PoI(in) PoI(ex) DoI

Winter

OK std. dist 1.233 1.179 1.348 - - - -
OK PMDS 2d 1.194 1.157 1.272 0.551 0.551 0.551 335
OK PMDS 3d 1.156 1.019 1.403 0.562 0.580 0.524 394
OK LMDS 2d 1.185 1.017 1.602 0.642 0.627 0.673 358
OK LMDS 3d 1.184 1.027 1.420 0.634 0.607 0.691 358

Spring

OK std. dist 1.111 1.063 1.212 - - - -
OK PMDS 2d 1.071 1.032 1.151 0.550 0.558 0.531 343
OK PMDS 3d 1.053 0.945 1.250 0.551 0.566 0.518 361
OK LMDS 2d 1.063 0.902 1.450 0.635 0.619 0.669 376
OK LMDS 3d 1.061 0.910 1.275 0.630 0.600 0.694 385

Summer

OK std. dist 1.036 0.987 1.141 - - - -
OK PMDS 2d 0.993 0.940 1.104 0.564 0.578 0.534 357
OK PMDS 3d 0.971 0.869 1.163 0.553 0.575 0.504 358
OK LMDS 2d 0.995 0.835 1.385 0.625 0.617 0.644 390
OK LMDS 3d 0.992 0.842 1.190 0.628 0.608 0.670 389

Autumn

OK std. dist 1.128 1.092 1.204 - - - -
OK PMDS 2d 1.080 1.039 1.159 0.570 0.568 0.574 311
OK PMDS 3d 1.042 0.943 1.218 0.552 0.560 0.536 369
OK LMDS 2d 1.083 0.939 1.443 0.632 0.626 0.645 319
OK LMDS 3d 1.077 0.933 1.274 0.630 0.614 0.665 338

Winter

EDK std. dist 0.714 0.682 0.782 - - - -
EDK PMDS 2d 0.726 0.691 0.818 0.487 0.487 0.486 213
EDK PMDS 3d 0.710 0.679 0.782 0.505 0.506 0.502 280
EDK LMDS 2d 0.722 0.677 0.854 0.528 0.529 0.525 141
EDK LMDS 3d 0.715 0.679 0.785 0.539 0.545 0.527 175

Spring

EDK std. dist 0.612 0.589 0.662 - - - -
EDK PMDS 2d 0.615 0.588 0.683 0.499 0.501 0.494 237
EDK PMDS 3d 0.609 0.589 0.655 0.510 0.503 0.526 282
EDK LMDS 2d 0.629 0.593 0.735 0.494 0.500 0.480 127
EDK LMDS 3d 0.624 0.585 0.697 0.496 0.503 0.483 143

Summer

EDK std. dist 0.626 0.598 0.687 - - - -
EDK PMDS 2d 0.624 0.594 0.702 0.495 0.496 0.494 231
EDK PMDS 3d 0.620 0.595 0.681 0.512 0.505 0.527 273
EDK LMDS 2d 0.637 0.598 0.761 0.499 0.489 0.522 137
EDK LMDS 3d 0.633 0.576 0.743 0.500 0.494 0.515 155

Autumn

EDK std. dist 0.691 0.663 0.753 - - - -
EDK PMDS 2d 0.687 0.652 0.774 0.502 0.501 0.505 232
EDK PMDS 3d 0.676 0.653 0.730 0.504 0.506 0.498 275
EDK LMDS 2d 0.697 0.661 0.810 0.531 0.532 0.529 148
EDK LMDS 3d 0.691 0.626 0.815 0.536 0.541 0.526 163
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Figure 6.6: PoI for interpolation period from 2002 to 2007

improvement(see Table 6.6). The extrapolation of 3d PMDS gives a very high MAE, but
the PoI is also relatively high, which means that few points on the boundary have been
extremely distorted by 3d PMDS.

Table 6.6: Comparison of kriging with original and MDS-transformed distances for multi-
days (precipitation)

Method MAE MAE(in) MAE(ex) PoI PoI(in) PoI(ex) DoI

OK std. dist 1.115 1.065 1.367 - - - -
OK PMDS 2d 1.135 1.076 1.423 0.590 0.588 0.600 486
OK PMDS 3d 2.989 1.077 11.442 0.594 0.588 0.620 534
OK LMDS 2d 1.136 1.065 1.470 0.586 0.588 0.577 524
OK LMDS 3d 1.132 1.076 1.284 0.581 0.582 0.576 481

EDK std. dist 1.147 1.102 1.374 - - - -
EDK PMDS 2d 1.192 1.118 1.549 0.580 0.578 0.589 432
EDK PMDS 3d 3.053 1.124 11.582 0.582 0.579 0.599 455
EDK LMDS 2d 1.173 1.098 1.527 0.583 0.585 0.577 445
EDK LMDS 3d 1.169 1.105 1.342 0.582 0.582 0.582 417

The correlograms of the two datasets show that for precipitation, a clear isotropic variogram
can be fitted for the time series, while for temperature data, the correlation is more scattered,
which means higher non-stationarity (Fig.6.7). The purpose of space transformation with
MDS is mainly to assimilate the non-stationarity by changing the distance. If the data is
more or less stationary, the method will not provide better results than the standard kriging
method. Another reason may lie in the large number of precipitation stations.
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Figure 6.7: Correlograms of precipitation and temperature

6.6 Conclusion and Discussion

In this chapter, theMDS transformed space are applied to reduce the non-stationarity caused
by topography for hydrological parameters. Space transformation with global, partial, and
local MDS have been checked. Just look at the distances in the transformed space, LMDS
provides a more reasonable spaces with less non-stationarity, and PMDS will probably
change the order of the points, because the objective function of the metric MDS algorithm is
to reduce the overall stress. Although the non-metric MDS is said to be able to preserve the
order of the distances, it is impossible when more points with complex dissimilarity are pre-
sented in MDS. The point results with both a single station and multiple stations show good
improvement with the LMDS method. But to be mentioned, the selected multi-station case
is one day with only 24 stations. When the MDS transformations are applied to all stations
for 2191 days from 2002 to 2007, no significant improvement can be detected, except for ordi-
nary kriging of temperature data. Still for the last two years when less stations are available,
the results are better, which corroborate the results of one-day multi-station case with less
stations. The reason might be when more stations are presented, the MDS accounts more for
the micro-topography, which has less or nothing to do with the non-stationarity. A solution
to remove the micro-topographic effects might be digital elevation model smoothing. The
better performance for temperature data than precipitation data shows that the method is
only proper for the case, when high non-stationarity are presented. A methodology to check
existence of non-stationarity and quantify it are expected, and should be used to evaluate
whether the MDS approach is proper or not. An intrinsic problem exists for the MDS al-
gorithm, both metric and non-metric MDS try to minimize the overall stress. Since all the
distances are considered equally, the closest points with smaller distance are considered less
important in the algorithm. On the other hand, these points are the most important points
in the kriging system. A proper MDS scheme, which assigns more weights to the nearest
points, are expected to solve this problem.



7 Valley Effects on Precipitation
Interpolation

The small-scale (1∼10 km) spatial variability of daily precipitation in the alpine region in
South Germany is investigated with observed daily precipitation from high-density rain
gauges for a period over 40 years, with consideration of the daily general circulation pat-
terns (CPs) defined by SLP(sea level pressure) or alternatively, 500 or 700 hPa geopotential
height anomalies. The daily precipitation at stations located in the narrow-steep valleys
is compared with the neighboring stations at the mountain crest in terms of mean value
(by one-way ANOVA) and their cumulative probability distribution (Kolmogorov-Smirnov
test). The statistical tests are performed specifically for each CP, and also in general without
considering CPs. The results reveal that there are two effects governing the spatial pre-
cipitation pattern at two different scales - the orographic effect by which the precipitation
increases with elevation at a larger scale (10∼100 km) and the other, what we call “narrow-
valley effect”, by which the precipitation in narrow-steep valleys is comparable with the
precipitation at the mountain crest at a smaller scale (1∼10 km), when the valley is shielded
from the moisture flow driven by general circulations. The study confirms the phenomenon
that the precipitation is “blind”to the narrow-steep valleys, which is quite often disregarded
in hydrological applications, for example, rainfall interpolation from observation data. A
kernel smoothing algorithm with different window sizes and directions is applied to smooth
the topographic data and fill the narrow-steep valleys, which is consequently used as aux-
iliary information for external drift kriging (EDK). The cross-validation results show that
EDK with DEM smoothed by a certain window size performs better than with the original
DEM in terms of both mean square error (MSE) and bias.

7.1 Introduction

Two major topographic effects on precipitation have been reported in the literatures: oro-
graphic effects and wind-drift effects. The orographic effects deals with spatial distribution
of precipitation at large scale consisting of major mountain-valley topography, and are re-
flected by an elevation-precipitation relationship at upslope and rain shadowing at leeside.
The orographic phenomenon have been confirmed and studied by theory (Houze, 1993;
Haven, 2004), modeling (Jiang, 2007), and statistical analysis (Basist et al., 1994; Weisse and
Bois, 2001; MarquInez et al., 2003). The wind-drift effects focuses on, instead of the precipi-
tation climatology, the precipitation trajectories affected by topography-conditioned pertur-
bations in the local wind field at fine scale featured by complex terrain, which have also been
investigated with both observation data and models (Sharon and Arazi, 1997; Blocken et al.,
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2005; Lehning et al., 2008). The orographic effects concerns with precipitation climatology
at major mountain-valley areas at the scale of around 100 km, while very few studies look
into the climatological precipitation variability at the secondary mountain-valley areas. A
climatology study over time scales of years at fine scale of about 25 km presented by Frei
and Schär (1998) already demonstrates that a simple precipitation-height relationship does
not exist on the Alpine region, but their study still concerns with regional scale. Wastl and
Zängl (2008) have investigated the small scale mountain-valley precipitation difference with
selected mountain-valley station pairs, and tried to relate the difference to MM5 simulated
wind and vertical moisture profile. They found that in some cases the valley stations receive
comparable rainfall as the mountain stations, and in some cases not. Such phenomenon can
neither be captured by the orographic effects, nor be reflected in the wind-drift mechanism,
forming a spatial gap, as well as a climatological gap that has motivated this work.

The major mountain-valley topography, which will be referred as macro-scale in this pa-
per, is mostly resulted from tectonic movements or glacial carving, is therefore wide and
gentle-slope, and reflects the underlying trend in the terrain. The orographic precipitation
dominates at this scale and causes mainly a precipitation-height relationship. The secondary
mountain-valleys are micro-scale features caused by gully incision, and other secondary
surface processes (Jordan, 2007). Yet the distribution of precipitation over mountains at fine
scale which is not captured by the precipitation-height relationship, is critically important
for flood forecasting (Westrick and Mass, 2001), natural hazard (landslides, avalanches) as-
sessment (Conway and Raymond, 1993), and understanding co-evolution of precipitation
and topography (Stolar et al., 2007), which makes statistical and numerical investigation
of the rainfall variability at this scale necessary. Meteorological precipitation models can
give spatial precipitation distribution, but require detailed input of environmental parame-
ters, such as temperature, lapse rate, wind, and background precipitation, which render the
modeling practice rather location- and event-specific (Smith, 2006). Even with most detailed
data, current models still have a limited accuracy and capacity in resolving the small scale
precipitation. Ultimately model results have to be validated with observation from a dense
rain gauge network. Due to the limitation of the modeling approach, statistical studies on
topography-altered spatial precipitation have been very popular, which range from pure
precipitation-altitude relationship (Sevruk and Nevenic, 1998) to multivariate regression
models relating precipitation to more topographic parameters including elevation, slope,
orientation and exposure (Prudhomme and Reed, 1998; Sun et al., 2008), and in some cases
also wind (Johansson and Chen, 2003) and other climatic factors (Daly et al., 2002). But rain
gauge networks seldom have the spatial density that is fine enough to sample the micro-
scale variations in precipitation, and the distribution of stations tends to biased towards
valley sites. As a consequence, most of these statistical studies are oriented to macro-scale.

In south Germany, a high-density rain gauge network with long time series data enables the
investigation of the micro-climatology. In the chapter, the spatial precipitation variability
in the mountainous region with a steep relief and narrow valleys in south German State
Baden-Württemberg has been analyzed with both parametric and non-parametric statistical
approach with consideration of circulation patterns (CPs). The rain gauge stations are first
classified into valley and non-valley stations, to assist the comparative statistical analysis
and search for a systematic mountain-valley difference. The ultimate goal is to include the
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interacting topographic and CP effects in interpolation algorithm to improve spatial inter-
polation accuracy. So the first part of the paper an introduction of the study domain and the
dataset will be given, which will be followed by the presentation of the valley recognition al-
gorithm and the statistical analysis of the precipitation time series. Afterwards an isotropic
DEM smoothing as well as an directional DEM smoothing technique will be introduced, and
their improvement in improving the cross validation results for EDK will be demonstrated.

7.2 Study Area and Data

7.2.1 Study Domain and Topography

Because this study relies mainly on observational data, the German Federal state with
good precipitation data availability and rich topographic features - Baden-Württemberg
(35, 751 km2) is taken as the research areas (see Fig.7.1). Baden-Württemberg locates in
south-west Germany, and covers two mountain ranges, black forest in the west and the
Swabian Alps in the east. Both the black forest and Swabian Alps extend from southwest to
northeast, with the black forest located in the west part and Swabian Alb in the east. The
highest peak in the Swabian Alps is 1, 015m, whereas the highest mountain in the black
forest stretches to 1, 493m. For the study area, a 30m DEM is available from the local envi-
ronmental agency, and is resampled to 100m.
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Figure 7.1: Study area and location of rain gauges
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7.2.2 Station Data

The basis for the statistical analysis is the rain-gauge observations with high spatial resolu-
tion provided by German Weather Service (DWD). In Baden-Württemberg there are in total
294 stations, shown in Fig.7.2a, which is equivalent to a mean gauge distance of around
10 km. In certain regions of study area, the mean gauge distance reaches 2.5 km, with a min-
imum distance of around 1.5 km. The high density network employed in this study enables
the statistical study of mountain-valley precipitation variation at micro-scale. The station
data span over 40 years from 1961 to 2007, but during the reference period some stations
have been stopped due to the introduction of Radar stations and others newly opened. In
general the number of daily stations decreaseswith time because of the deployment of Radar
stations, especially since year 2000. Before 2000, the station density exhibits only slight vari-
ations, therefore we take 40 years from 1960 to 1999 as the studying time period.

Fig.7.2b figures shows the altitudinal distribution of the fraction of rain-gauges, the fraction
of surface area, and the corresponding mean daily precipitation of stations lying in each
elevation band. In the study areas, the number of rain gauges in different elevation belts is
in general well correlated to the surface area of the corresponding elevation belt, except for
the elevation belt between 1050m to 1400m, where no rain gauge station is available. So no
precipitation data is available for this elevation band. Because of the presence of one station
at the mountain peek, and several stations on the top of the lowermountain within the study
region even the highest peek, are available, which make the comparison of mountain-valley
stations possible. The average precipitation of daily mean precipitation shows a increasing
trend with the increasing elevation.

7.2.3 Circulation Pattern its Classification

In this work, the station data are analyzed under consideration of the circulation patterns
(CPs). CP is the mean air pressure distribution over an area, and is defined using 500 or
700 hPa geo-potential anomalies. Any given circulation type persists for several days and
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during this time the main features of weather remain mostly constant across the CP covered
region. Then through a rapid transition, another CP will emerge. Similar CPs will generate
similar weather conditions, and can be classified by their characteristic pressure field. In this
work, the CPs are classified with the automated fuzzy-rule based algorithm by Bárdossy
et al. (2002). Fuzzy rules specify the position of high- and low- pressure anomalies, and
are then optimized automatically with simulated annealing (SA) algorithm. With the help
of the optimized fuzzy rules the pressure fields, i.e. the large-scale atmospheric CPs, can
be classified into groups associated with a certain local precipitation fields (Bardossy et al.,
2005). For the study area the daily circulation patterns have been classified into 18 groups,
and 6 of them are so-called wet CPs, which produce more rainfall than the climatological
average (see Table 7.1). Fig.7.3 shows the geopotential anomalies and the Wetness Index
of example dry and wet CP respectively. The Wetness Index is the ratio of precipitation
associated with each CP to the meteorological mean, with high values indicating wet CPs.
CP04 is a dry CP, for which the study region is covered by a high pressure center, whereas
CP10 is a wet CP associated with a low pressure center.

Table 7.1: CPs classified by automated fuzzy-rule based algorithm

CP Direction Type CP Direction Type

CP01 NE dry CP10 NW wet
CP02 E dry CP11 SW dry
CP03 SE dry CP12 SW dry
CP04 SE,E dry CP13 W dry
CP05 SW wet CP14 NW dry
CP06 W,SW dry CP15 SE dry
CP07 E,SE wet CP16 S dry
CP08 S dry CP17 W wet
CP09 N wet CP18 NW wet

7.3 Statistical Analysis

Because the goal of this chapter is to investigate the effects of narrow-steep valleys, in the
first step we will define and identify the target valleys, i.e. separate the station in narrow-
steep valleys from the other stations. Then a preliminary study of the mountain-valley sta-
tion difference will be demonstrated by the scatter plot of station precipitation and eleva-
tion. Eventually statistical analysis with Kolmogorov-Smirnov test and One-way ANOVA
for selected pairs will give an insight into the spatial precipitation distribution.

7.3.1 Valley Profile Classification

Valleys are formed by river or glacial erosion, or sequential occupation of one after the other.
With its erosion, transportation, and sedimentation functions, river will form valleys with
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Figure 7.3: Geopotential anomalies and Wetness Index of CP04 (upper) and CP10 (lower)

different cross section shapes depending on the surrounding topography - rivers with steep
gradients produce steep walls with a narrow bottom, and rivers with smaller slopes will
result in broader and gentler valleys, both resulted valleys are commonly V-shaped. At
the lowest reach of a river, a floodplain comes into being by sedimentation. The invasion
and recession of the glaciers will form the U-shaped valleys, which does not depend on
the floor gradient, but the glacier’s size. In addition to the driving force, the underlying
topography, rock types and the climate produce a lot of transitional forms between V-, U-
and plain valleys. Characteristics, such as bottom width, shoulder width, ridge-crest-to-
valley-bottom relief, and cross-sectional area are used to classify the valley shapes. In this
study, criteria based on elevation difference for all cross sections passing a given location are
selected. Whether a given point P with elevation Zp is located in valley or non-valley area
is justified by the following trial-and-error procedure:

1. A vertical plain passing point P intersect the terrain at a planar curve S. The plain will
be rotated N times such that its horizontal angle to the east changes from 0 to 360 at
an interval of 360

N ;

2. For each rotation, search on the plain for the lowest elevation (Z l
l and Z l

r) on each side
of the station along the curve within a horizontal distance l;

3. Search for the highest elevation Zh
l on the one side of the station within a horizontal

distance L(L > l), the actual distance from the highest point to point P is recorded as
Ll;
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4. Search for the hightest elevation Zh
r on the other side of the station within a distance

of L− Ll;

5. For a station to be recognized within narrow-steep valley, n out of N plain should
satisfy the following conditions:

max(Zh
l , Z

h
r )−min(Z l

l , Z
l
r) ≥ Δh1 (7.1)

min(Zh
l , Z

h
r )−max(Z l

l , Z
l
r) ≥ Δh2 (7.2)

max(Zh
l , Z

h
r )− Zp ≥ Δh3 (7.3)

(7.4)

ExceptN is set to 72, all the other parameters (L, l,Δh1,Δh2,Δh3, n) are determined by trial-
and-error procedure started on a reasonable guess, and changed by visual comparison with
DEM map. For the study area, a reasonable classification is obtained with the parameter
set: L = 3200m, l = 1000m,Δh1 = 180m,Δh2 = 150m,Δh3 = 150m,n = 30. Fig.7.4
demonstrated the identified valley stations together with their station numbers.
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7.3.2 Scatter Plot of Altitude vs. Precipitation

Fig.7.5 shows the scatter plot of mean daily precipitation at both the valley and non-valley
stations. The valley stations are given as circles with the corresponding station number. The
general elevation-precipitation trend of the mixed point clouds demonstrates the orographic
effect. One can also detect that the valley stations lie on the upper edge of the scatter cloud,
except two clusters (marked by two ovals in Fig.7.5). The upper lying valley stations can
be interpreted in two ways: for a valley station and non-valley station located at the same
elevation, the valley stations receives more rainfall. Because the valley stations are usually
in the mountainous region, it reflects the higher regional precipitation at mountains than in
flat areas. Or it can be interpreted in another way that, a valley station receives comparable
rainfall as a station which is located at a much higher elevation, i.e. a mountain station.
This is also physically reasonable - the orographic precipitation theory states that the pre-
cipitation is formed when the rising moist air flow is forced to condense, for example on the
windward side, and on the leeside when the moist air can sink down freely, precipitation
will stop or reduced. For steep-narrow valleys, there is no enough space for the air to sink
down, therefore no reduction in precipitation is to be detected.

As to the outliers, closer investigation shows the two clusters of outlier stations are all lo-
cated in the two sides of the Swabian Alps, where a smaller regional mean precipitation
occurs. If the scatter plot for the regional stations for all stations on each side of the Swabian
Alps, the valley stations mixed in the middle of the cloud in Fig.7.5 will appear again on the
upper part with regarding to its surrounding stations(see Fig.7.6).

Another single outlier station 73945 is a station in the river valley, which is not actually
narrow and steep, and identified as a valley station just because the inaccuracy of the valley
identification procedure.

Scatter plots of daily precipitation also demonstrate similar feature, but shows that the dis-
tribution of the scatter points seems to related to the CPs. A further look of the scatter plot of
each CP is given in Figure. 7.7. For CP07, the valley and non-valley stations are rathermixed.
For other wet CPs, valley stations are still somehow on the upper edge, but their position
are changing for different CPs, for example, for CP05, the valley and non-valley stations are
clearly separated, but in CP07 some of them become mixed, which may imply that, valley
stations receiving comparable precipitation as some non-valley stations for CP05 receives
less precipitation for CP07. Whether the assumption is true should be checked through de-
tailed comparison of the neighboring valley and non-valley precipitation time series data.

7.3.3 Statistical Test of Pairwise Stations

To confirm whether valley-mountain precipitation difference are affected by CPs, two sta-
tistical tests of the precipitation time series are performed for the selected valley-mountain
station pairs: non-parametric Kolmogorov-Smirnov (KS) test of the cumulative distribution
and One-way ANOVA test of the mean precipitation. Both tests are conducted for daily pre-
cipitation of each CP and for all days in general. The Null-hypothesis of KS-test is that the
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Figure 7.5: Scatter plot of mean daily precipitation vs. elevation
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Figure 7.6: Location of outlies and local scatter plot

two stations are drawn from the same continuous distribution, and for One-way ANOVA
test is that the mean precipitation of the two station are the same. To eliminate the effect
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Figure 7.7: Scatter plot of mean daily precipiation of wet CPs

of orographic effects, the selected stations should be close to each other, with some on the
mountain and others in the valley. But a general problem for rain gauge is that there are
very few stations that are located on the mountains due to the operation and maintenance
difficulties. In this work three groups of stations have been selected and studied.

Station 71038 and 71039

The two stations lie in Swabian Alps, a low mountain region. Station 71038 is a mountain
station (911m a.s.l.), whereas station 71039 is a valley station (698m a.s.l.) oriented in east
direction. Table 7.2 shows the p−values of the test results, and the values in parenthesis are
to be rejected. For a significance level of α = 0.05, except for CP09 and CP17, by which the
valley orientation is the same as the CP direction, i.e. the valley is open to the moist air flow.
For other CPs, especially the wet CPs, the two stations show little precipitation variation
despite the elevation difference. Fig.7.8 shows the comparison results of CP09 and for all
days in general.

Station 71306 and 71307

Station 71306 is a valley station with an elevation of 421m a.s.l., and station 71307 is a moun-
tain station (740m a.s.l.), both located in the north end of the Black Forest. The valley in
which station 71306 is located, is oriented to north. To be mentioned, although the two sta-
tions are close, but station 71306 is in a valley surrounded by lower ridges than the station
71307, i.e. it is in a valley of the downslope of the station 71307. Only when the direction of
the CP is perpendicular to the direction connecting the two stations, no orographic effects
will present, for example, most of CPs with south-east direction over this region are indif-
ferentiable. For other CPs, although the Null-hypothesis can not be rejected, the p−value is
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Table 7.2: Statistical test results of station 71038 and 71039

CP KS-p ANOVA-p CP KS-p ANOVA-p

CP01 0.636 0.382 CP10 0.558 0.643
CP02 0.862 0.786 CP11 0.999 0.803
CP03 0.299 0.771 CP12 1.000 0.935
CP04 0.999 0.941 CP13 0.986 0.637
CP05 0.894 0.473 CP14 0.999 0.953
CP06 0.990 0.816 CP15 1.000 0.959
CP07 0.987 0.913 CP16 1.000 0.429
CP08 0.998 0.829 CP17 (0.027) (0.006)
CP09 (0.008) (0.007) CP18 1.000 0.994

ALL 0.466 0.141
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Figure 7.8: CDF and mean comparison of station 71038 and 71039

relatively low. This means that, because the interference of the orographic effects, the steep-
valley effects can be observed, but not so strong as for station pair of 71038 and 71039. Table
7.3 shows the comparison statistics of the station pair.

Station 70334-70340 and 70334-70332

For this comparison, 2 station pairs consisting of 3 stations that are located in the south part
of black forest, have been investigated. Data at other nearby stations in this small area are
not used, because their precipitation time series are too short to give a strong test result.
Station 70332 with an elevation of 1486m a.s.l. are lying at the highest peek of this moun-
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Table 7.3: Statistical test results of station 71306 and 71307

CP KS-p ANOVA-p CP KS-p ANOVA-p

CP01 0.282 0.157 CP10 0.310 0.123
CP02 0.113 0.373 CP11 0.872 0.526
CP03 0.528 0.630 CP12 0.725 0.376
CP04 1.000 0.817 CP13 0.411 0.353
CP05 0.090 (0.012) CP14 0.052 0.080
CP06 0.068 0.071 CP15 0.962 0.721
CP07 0.643 0.530 CP16 0.810 0.497
CP08 0.560 0.935 CP17 0.277 0.116
CP09 (0.019) (0.027) CP18 (0.006) (0.002)

ALL 0.000 0.000

tain primary massif, which is in the southwest-northeast direction. Station 70334 (650m
a.s.l.)and station 70332 (1023m a.s.l.) are lying on the nearby lower mountain secondary
ridges which is somehow perpendicular to the primary massif, with 70334 being a valley
station and 70340 being a mountain station. The ridges of the northwest oriented valley
where station 70334 is locating has an elevation comparable to station 70340. The rejection
of Null-hypothesis for station 70334 and 70332 in all almost all conditions shows a clear oro-
graphic effects. Station 70334 and 70340 show difference in case of CP05 and CP09, which
is in this case difficult to interpret. One possible reason might be the complex local wind
field, which may adjust the direction of moisture flow. The general circulation pattern is the
defined at a scale larger than 1000 km, but will be altered by the topography. It gives only a
rough estimation of the air flow, the exact air flow is depending on the local air flow direc-
tions, which may be very complicated. Since the large scale circulation pattern can explain
most of the cases, we will leave such exceptional cases, and not go into detail.

In general, it can be concluded that if the valley is open to the air flow, it will receive less
precipitation as the mountain ridges do, whereas if the valley is isolated from the air flow,
the valley and mountain ridge will receive comparable precipitation.

7.4 Kriging with Smoothed DEM

The orographic effects, i.e. the precipitation-elevation can not be accounted with tradi-
tional interpolation methods, such as inverse distance, spline, and ordinary kriging, etc.
Non-stationary kriging methods, such as residual kriging (RK), also called detrended krig-
ing (DTK), or external drift kriging (EDK), can consider the systematic drift of interpolated
variables with external variables, but the local valley effects can not be resolved by such ap-
proaches. For a proper interpolation method, the results should be unbiased, i.e. although
for individual data, the estimation error is unavoidable, but the error should be normally
distributed with zero mean. But these methods, when directly applied to precipitation in-
terpolation in complex terrain, will cause systematic bias in the interpolation results. Cross
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Table 7.4: Statistical test results of station 70332 and 70334 and 70340

70334 vs. 70340 70334 vs. 70332

CP KS-p ANOVA-p KS-p ANOVA-p

CP01 0.392 0.071 (0.000) 0.232
CP02 0.970 0.218 (0.000) 0.058
CP03 0.925 0.947 (0.000) 0.092
CP04 1.000 0.692 (0.010) 0.564
CP05 (0.007) (0.031) (0.000) (0.017)
CP06 0.205 0.065 (0.000) 0.091
CP07 0.957 0.983 (0.036) 0.745
CP08 0.746 0.319 (0.019) 0.260
CP09 (0.000) (0.000) (0.001) (0.044)
CP10 0.980 0.912 0.222 0.084
CP11 0.935 0.062 (0.013) 0.165
CP12 0.954 0.534 0.005 0.286
CP13 0.990 0.367 (0.000) 0.130
CP14 0.154 0.099 (0.001) 0.060
CP15 0.976 0.233 0.059 0.515
CP16 0.962 1.000 (0.002) 0.651
CP17 0.580 0.213 0.078 0.906
CP18 0.113 0.416 (0.003) (0.005)

general (0.000) (0.000) (0.000) (0.000)

validation with both ordinary kriging and external drift kriging has been performed on the
40 years daily precipitation data, and the station mean bias are shown in Fig.7.9. Fig.7.9a
shows that the bias of OK shows a systematic trend for both valley and non-valley stations,
because of neglection of the orographic effects. Consideration of orographic effects by EDK
reduces the bias, leading to a more normally distributed errors, a exaggerated difference be-
tween valley and non-valley stations has been generated artificially. For valley stations EDK
gives a positive mean bias (Z − Ẑ) of around 0.4mm, with a mean bias of around −0.10mm

for the non-valley stations, i.e. there is a essential underestimation for valley stations, and a
slightly overestimation of non-valley stations. The smoothing techniques have been applied
to overcome this problem. First an isotropic smoothing is tried, followed by a directional
smoothing technique to consider the CP effects.

7.4.1 Isotropic and Anisotropic DEM smoothing

The statistical precipitation analysis for mountain-valley pairs and groups shows that at
small scale the precipitation is “blind”to the topography. Physically it means that for small
narrow-steep valleys there is no enough space for the moisture air to sink down, therefore it
stays lifted, and produce as much precipitation in the valleys as at the mountain ridges. This
raises the question in our rainfall interpolation procedure, especially for external drift krig-
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Figure 7.9: Bias of valley and non-valley stations for standard OK and EDK

ing (EDK), which considers the elevation-precipitation orographic effects. While accounting
for the orographic effects, it underestimates the rainfall at small scale valleys which receives
the similar rainfall as the mountain ridges. One solution to overcome this problem is to
smooth the DEM, so that the local topographic change is homogenized out while the topo-
graphic trend at larger scale is still kept. We use a kernel smoothing technique to smooth
the topography. For a given cell, the elevation is taken as the weighted average of a window
centering at the cell, and the weight of the cells within the window is inversely proportional
to their distances to the smoothed cell. In case of a square window parallel to the coordinate
system, the smoothing is called isotropic. Fig.7.10a and 7.10b shows the smoothed DEM with
a window size of 2.5 × 2.5 km2 and 5 × 5 km2. It shows that with the increasing smoothing
window size, the micro topographic features disappeared, and the elevation difference is
also reduced.

Isotropic smoothing technique will represent the valley stations properly, if the valley sta-
tions behave completely the same as the non-valley stations. This holds only when the val-
ley is completely isolated with surrounded mountains. For valleys that are open to the flat
region in a given direction, interaction of CP with the topography leads to a CP-dependent
precipitation behavior, as shown in Section 7.3. If the air flow direction of a CP is parallel
to the open valley, then the moist air will not be lifted in the valley, consequently the val-
ley station will receive less precipitation. The isotropic smoothing can not reflect such cases
properly. To overcome this problem, an anisotropic smoothing technique, which smooths the
DEM in the CP direction, can be applied. For anisotropic smoothing, a rectangular smooth-
ing window with its long edge parallel to the CP direction is taken. The length of long edge
is denoted as Ls, and the ratio of the long edge to the short edge is marked as λs.

Two different anisotropic smoothing are tried to see whether the differentiation between
CPs of two opposite directions, e.g. CP from southwest and CP from northeast, is necessary:

• Two-side anisotropic smoothing: the smoothing rectangle is centered at the point to
be smoothed, by which the effects of CPs from two opposite directions are considered
identical;

• One-side anisotropic smoothing: the smoothing rectangle is lying on the side behind
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Figure 7.10: DEM smoothing with different techniques

the point in the CP direction, i.e. DEM is smoothed only within the half window.

Fig.7.10c shows the two-side anisotropic smoothing with a main range Ls equal to 5km and
λs equal to 4. The valleys that are northwest and southeast oriented, are still kept, while val-
leys in other directions, especially those that are orthognal to the main smoothing direction
disappear. Fig.7.10d demonstrates the one-side anisotropic smoothing with the same win-
dow size. The pattern of the DEM is very similar to the result two-side smoothing, but the
whole DEM seems to shift to the northwest, because the smoothing is done on the southeast
side of a point. Theoretically, for a CP coming in the same direction as the valley orientation,
the interpolated precipitation in the valley by EDK with anisotropically smoothed DEM will
not change much comparing with EDK with original DEM, because of the selected smooth-
ing of DEM does not change the elevation in the valleys open to the CP.
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7.4.2 Kriging Results

The different smoothed DEMs have been utilized in EDK and DTK procedure to check
whether a desired improvement of the interpolation results can be obtained. Following
cases have been compared in this study:

• OK: Ordinary kriging

• EDK STD: External Drift Kriging with original DEM

• EDK ISO: EDK with isotropic smoothing

• EDK ANISO2: EDK with two-side anisotropic smoothing in the CP direction

• EDK ANISO1: EDK with one-side anisotropic smoothing in the CP direction

• DTK STD: Detrended Kriging with original DEM

• DTK ISO: DTK with isotropic smoothing

• DTK ANISO2: DTK with two-side anisotropic smoothing in the CP direction

• DTK ANISO1: DTK with one-side anisotropic smoothing in the CP direction

The results are compared for the cross validation in terms of bias and mean squared error
(MSE).

Results for each CP

CPs are specified in 8 directions over 360 degree, by visual inspection of the pressure con-
tour plot. Because CPs are obtained from the large continental scale, it is not very accurate,
and certain tolerance is allowed. The DEM is smoothed in 8 directions for two-side smooth-
ing, and 16 directions for one-side smoothing, both at an interval of 22.5°. At each station,
cross validation is performed for each DEM smoothing, and the best result from the DEM
smoothed in direction αs, with |αs−αcp| ≤ 22.5 is taken as the result of CP direction smooth-
ing.

Table 7.5 shows the daily average of mean squared error (MSE) for each CP for the two-side
smoothing.

MSE =

mcpi∑
d=1

nobs∑
i=1

(ẑi − zobs)2 (7.5)

wheremcpi is number of raining days for the ith CP, nobs is number of station observations.
In most cases, MSE is very small for OK, but as shown before, a systematic bias is associated
with OK. MSE for anisotropic smoothing in different directions changes for different CP, but
in general the smoothing in CP direction shows the smallest MSE. The isotropic smoothing
with the same smoothing window area shows a better results than standard EDK, but is not
as good as the anisotropic CP smoothing. The results for DTK is not as good as the corre-
sponding EDK, but the improvement with the smoothing technique are similar to EDK. The
results of individual one-sided smoothing are not listed in the table, but only the smoothing
in CP direction, which have shown a better performance for the cross validation comparing
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to the two-sided smoothing. If the relative MSE with reference to EDK with original DEM is
considered, all the wet CPs show much higher relative improvement. The relative improve-
ments are not listed in the table, but they can be easily calculated from the table. The highest
relative improvement is for CP10, around 10%. It may sound not so exciting, but we should
keep in mind that, the MSE is evaluated for all stations, including stations located not in the
mountainous area, which are not affacted by the smoothing, thus the error reduction at the
mountainous stations are deminished by these stations.

Results for Stations

The results are also evaluated for the valley and non-valley stations by looking at the station
average of BIAS and MSE. Because the precipiation show strongly season difference, the
results are also listed for each season.

MSE =

nobs∑
i=1

m∑
d=1

(ẑi − zobs)2 (7.6)

BIAS =

nobs∑
i=1

m∑
d=1

(zobs − ẑi) (7.7)

wherem is number of days of a given season in case of seasonal result, or all seasons in case
of general result. Table 7.6 and 7.7 show the mean squared error and bias respectively. The
result of EDK STD is not as good as OK in terms of both average MSE and average bias,
but if we look at the error distribution of all stations (see Fig.7.9), EDK is less biased, and in
our case, it is even completely random. The lower average bias of OK is resulted from the
compensation of the negative errors at lower elevation and positive errors at higher eleva-
tion. With smoothing, both the underestimation for valley stations and the overestimation
of non-valley stations are reduced (see Fig.7.11). The systematic bias over different elevation
is almost removed for both EDK and DTK with smoothing. The best result is obtained by
the one-sided anisotropic smoothing. EDK ANISO1 provides not only the smallest average
MSE and bias, but also a more randomly distributed error (see Fig.7.11c). For example, the
highest station in the study area is slightly underestimated with OK, and strongly overesti-
mated with EDK, but with EDK ANISO1, the error is minimum.

Smoothing with different ranges and ratios of range have also been tried, it seems that the
level of improvement is depending on the two smoothing parameters Ls and λs. Theoret-
ically, both EDK and DTK will approach the result of OK, when a complete smoothing of
DEM is undertaken. Currently, the author suggests to use an optimization or traversing to
seek for the best smoothing parameters.

Detailed Results of Station Time Series

A more convincing result is given by the detailed interpolation output of the station time
series. Fig.7.12 shows the interpolation result by OK, EDK STD, and EDK ANISO1 for the
valley-mountain station pairs 71306-71307. The positive value for the valley station 71306
shows the systematic underestimation with EDK STD, while the negative value shows the
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Table 7.5: Comparison of MSE for different kriging methods

CP days
EDK
STD

EDK ANISO 2 EDK
ISO

EDK
ANISO190° 112.5° 135° 157.5° 0° 22.5° 45° 57.5° CP

CP01 413 7.31 7.12 7.14 7.13 7.11 7.13 7.12 7.12 7.12 7.06 7.14 6.97
CP02 296 2.59 2.50 2.51 2.51 2.51 2.53 2.53 2.52 2.51 2.50 2.52 2.53
CP03 350 4.44 4.37 4.38 4.38 4.37 4.37 4.37 4.38 4.38 4.35 4.38 4.30
CP04 149 10.96 10.83 10.81 10.78 10.76 10.79 10.82 10.84 10.84 10.72 10.84 10.63
CP06 524 3.00 2.94 2.96 2.97 2.96 2.94 2.94 2.94 2.94 2.92 2.96 2.88
CP08 285 11.62 11.49 11.47 11.46 11.47 11.48 11.49 11.49 11.50 11.36 11.49 11.41
CP11 321 9.90 9.76 9.76 9.75 9.75 9.76 9.78 9.78 9.76 9.71 9.77 9.60
CP12 384 6.21 6.09 6.10 6.09 6.08 6.08 6.09 6.09 6.09 6.05 6.10 5.98
CP13 350 9.79 9.70 9.69 9.70 9.71 9.71 9.72 9.72 9.71 9.66 9.73 6.90
CP14 452 7.23 6.80 6.84 6.82 6.78 6.80 6.82 6.83 6.82 6.74 6.87 6.54
CP15 126 6.84 6.69 6.69 6.70 6.72 6.74 6.74 6.72 6.71 6.67 6.72 6.66
CP16 366 7.61 7.48 7.49 7.49 7.48 7.49 7.49 7.50 7.49 7.42 7.50 7.41

CP05 1218 8.20 7.93 7.95 7.94 7.91 7.91 7.92 7.93 7.93 7.86 7.96 7.70
CP07 385 8.13 7.95 7.95 7.95 7.95 7.96 7.97 7.98 7.97 7.90 7.98 7.79
CP09 972 10.11 9.76 9.78 9.78 9.76 9.79 9.80 9.80 9.77 9.72 9.82 9.61
CP10 388 14.77 13.73 13.80 13.74 13.63 13.64 13.66 13.70 13.70 13.55 13.79 13.32
CP17 840 10.50 10.10 10.16 10.15 10.08 10.07 10.07 10.09 10.09 10.00 10.13 9.91
CP18 1539 10.51 9.92 9.97 9.94 9.87 9.87 9.88 9.92 9.92 9.82 9.97 9.58

CP OK
DTK
STD

DTK ANISO 2 DTK
ISO

DTK
ANISO190° 112.5° 135° 157.5° 0° 22.5° 45° 57.5° CP

CP01 7.24 7.48 7.26 7.28 7.27 7.25 7.27 7.27 7.27 7.26 7.22 7.29 7.13
CP02 2.53 2.68 2.58 2.58 2.59 2.60 2.62 2.62 2.60 2.59 2.58 2.60 2.61
CP03 4.28 4.51 4.42 4.43 4.43 4.42 4.42 4.42 4.42 4.42 4.40 4.43 4.37
CP04 10.62 11.21 11.02 11.06 11.08 11.06 11.03 11.05 11.05 11.04 11.01 11.09 10.89
CP06 2.95 3.06 2.98 2.99 2.99 2.99 2.97 2.97 2.98 2.98 2.96 2.99 2.92
CP08 11.28 11.92 11.69 11.67 11.66 11.67 11.68 11.70 11.71 11.71 11.58 11.72 11.62
CP11 9.53 10.04 9.86 9.87 9.87 9.86 9.86 9.88 9.88 9.87 9.83 9.90 9.71
CP12 6.09 6.43 6.21 6.22 6.22 6.20 6.19 6.19 6.20 6.20 6.16 6.23 6.09
CP13 9.49 10.06 9.88 9.87 9.86 9.85 9.84 9.87 9.89 9.89 9.80 9.91 6.99
CP14 6.99 7.41 6.87 6.91 6.88 6.84 6.83 6.85 6.88 6.88 6.81 6.93 6.67
CP15 6.67 6.91 6.79 6.80 6.80 6.81 6.81 6.80 6.80 6.80 6.78 6.82 6.73
CP16 7.36 7.76 7.62 7.63 7.62 7.61 7.61 7.62 7.62 7.63 7.58 7.65 7.50

CP05 7.93 8.51 8.14 8.15 8.14 8.11 8.09 8.11 8.13 8.14 8.06 8.17 7.88
CP07 7.85 8.28 8.08 8.08 8.09 8.09 8.09 8.11 8.10 8.09 8.05 8.12 7.94
CP09 9.84 10.29 9.93 9.95 9.96 9.95 9.95 9.97 9.97 9.95 9.90 10.01 9.82
CP10 14.29 15.88 14.31 14.35 14.26 14.12 14.10 14.17 14.28 14.32 14.05 14.41 13.60
CP17 10.00 10.97 10.42 10.46 10.45 10.39 10.36 10.38 10.42 10.43 10.31 10.47 10.15
CP18 10.07 11.11 10.20 10.24 10.20 10.10 10.08 10.11 10.18 10.21 10.06 10.26 9.75

overestimation of station 71307. In contrast to EDK STD, OK provides an underestimation of
station 71307. Instead, EDK ANISO1 provieds for both stations the best results with smallest
bias in most of the days.
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Table 7.6: Comparison of average station MSE
MSE

OK
EDK DTK

STD ISO ANSIO1 ANISO2 STD ISO ANSIO1 ANISO2

Winter
V* 10.058 10.668 9.774 8.014 8.834 11.566 10.128 8.163 9.093

NV** 4.805 5.056 4.723 4.089 4.461 5.354 4.844 4.161 4.563

Spring
V 8.921 9.283 8.842 7.707 8.189 9.756 9.123 7.996 8.472

NV 5.754 5.920 5.742 5.214 5.496 6.122 5.863 5.335 5.620

Summer
V 16.098 16.576 16.234 14.765 15.254 16.975 16.628 15.193 15.666

NV 13.427 13.725 13.593 12.606 13.092 14.011 13.817 12.870 13.353

Autumn
V 8.513 8.926 8.451 6.995 7.680 9.679 8.831 7.335 8.037

NV 5.379 5.519 5.327 4.752 5.073 5.766 5.481 4.876 5.217

ALL
V 11.011 11.469 10.942 9.500 10.107 12.081 11.291 9.804 10.435

NV 7.496 7.711 7.508 6.819 7.188 7.969 7.664 6.967 7.348

∗V stands for valley stations. ∗∗NV stands for non-valley stations.

Table 7.7: Comparison of average station bias

Bias

OK
EDK DTK

STD ISO ANSIO1 ANISO2 STD ISO ANSIO1 ANISO2

Winter
V 0.183 0.405 0.273 0.166 0.242 0.484 0.284 0.171 0.251

NV -0.068 -0.108 -0.071 -0.038 -0.058 -0.099 -0.057 -0.027 -0.045

Spring
V 0.099 0.258 0.161 0.098 0.144 0.261 0.153 0.101 0.140

NV -0.045 -0.073 -0.046 -0.018 -0.034 -0.055 -0.031 -0.009 -0.021

Summer
V 0.033 0.166 0.081 0.046 0.085 0.141 0.064 0.041 0.072

NV -0.044 -0.073 -0.051 -0.010 -0.032 -0.059 -0.040 -0.005 -0.025

Autumn
V 0.090 0.296 0.186 0.091 0.162 0.303 0.182 0.095 0.160

NV -0.052 -0.082 -0.054 -0.026 -0.043 -0.067 -0.040 -0.016 -0.031

ALL
V 0.099 0.276 0.172 0.099 0.155 0.292 0.124 0.167 0.153

NV -0.052 -0.083 -0.055 -0.022 -0.041 -0.069 -0.042 -0.014 -0.030

7.5 Conclusion and Discussion

In this chapter, the precipitation variability in complex terrain are analyzed with statistical
methods based on high-density rain gauge network data. The study have confirmed the
interaction of topography and circulation patterns, and demonstrated that, when a narrow-
steep valley is isolated from the CP, the valley will receive comparable precipitation as the
mountain station does, whereas when the valley is open to the CP, then the orographic pre-
cipitation will take effect. Due to the neglection of such phenomenon occurring at small
scale, standard interpolation algorithm will produce systematic bias, thus fail to provide
a reasonable interpolation for complex terrain. A solution is suggested by this chapter to
apply DEM smoothing techniques. Both external drift kriging and detrended kriging with
isotropic, two-sided anisotropic, and one-sided anisotropic smoothing, all have shown the
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Figure 7.11: Bias of valley and non-valley stations for kriging with smoothed DEM

capability to remove the systematic error in the cross validation procedure. In addition to
a more randomly distributed error, the anisotropic smoothing techniques also gives smaller
errors values, with the best results provided by one-sided anisotropic smoothing. It is also
shown that, the improvement of anisotropic smoothing for cross validation results are de-
pending on the smoothing parameters - the smoothing range and ratio of ranges, which
may be restricted by some physical processes. At the moment, the author suggest to use
optimization or traversing to search for the best parameters.

In this work, the valley classification is very subjective. An automatic and more subjec-
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Figure 7.12: Time series of bias for valley-mountain station pair

tive approach should be developed, which is applicable to any region. A potential method
might be the automatic optimized fuzzy-rule by simulated annealing. Due to the smooth-
ing, the elevation of mountainous region are reduced, which may lead to an overshoot, i.e.
an underestimation of the mountain area instead of overestimation. Instead of smoothing, a
valley-filling algorithm may be applied. Analogy to the Strahler stream order, valleys can be
assigned to an order. Depending on the scope of the valley effect, to which order the valley
should be filled can be specified. Implementation of the approach is beyond the scope of
this work, and will be tried in the following-up work.



8 Summary and Outlook

8.1 Summary

This work is motivated by an occasional comparison of overland flow patterns of
the saturated-overland-flow based TOPMODEL and the Hortonian-overland-flow based
CASC2D model. The similarity of simulated overland flow patterns from the two models
with distinct mechanism directed our attention to the control of topography over hydrolog-
ical responses and the resulted spatial variabilities, in other words, patterns. A short review
of the topographic effects and hydrological patterns shows that the topographic influence
on hydrological cycle is extensive. Besides its governing on horizontal water transfer, DEM
also control the water transfer in vertical direction. Because DEM is a readily available infor-
mation, the thesis is dedicated to investigate the DEM effects on hydrological processes in
vertical direction and search for hydrological patterns resulted from topography. It started
from the primary topographic effects on solar radiation, wind, and precipitation, and ad-
dresses several special aspects of the secondary effects:

• physically based spatial radiation and wind mapping;

• the spatial ET/SMC variability caused by heterogeneous vertical water transfer origi-
nated from topography, as a supplement of numerous studies on the spatial variability
caused by lateral soil water flow;

• conceptualizing of the topographic effects into the snowmelt model;

• Improvement of interpolation techniques by accounting for the local anisotropy
caused by regional mountains and precipitation patterns resulted from local valleys.

The study has exploited the topographic effects with three different means: physically-based
model, conceptual model, and statistical analysis. This work has also applied a wide vari-
ety of operational remote sensing data, from the cloud data from geostationary satellite
Meteosat to vegetation and snow data from MODIS, and demonstrated the benefit of appli-
cation of such data in hydrological research.

Although the wind simulation is not the central topic of this work, the utilization of
mesoscale wind model in this work is a step further to the coupling of meteorological and
hydrological model. It shows that introduction of meteorological elements into hydrology
will open a much broader view for the hydrologists. The future is expecting an interdis-
ciplinary research, a more compact integration of meteorology, hydrology, and ecology is
desired.

In summary, the work will contribute to hydrological research in the following aspects:
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• The study will deepen our understanding of spatial hydrology, i.e. hydrological re-
sponses to any spatial changes, such as land use;

• Knowledge of spatial variability can be used for downscaling of results of large scale
models, such as land surface model, and more accurate interpolation of station obser-
vations;

• The topographic effects can be abstracted into hydrological models to improve the
model concept;

• Some approaches applied in this work themselves can be regarded as modeling pro-
cedures with less data requirements, and can be applied to ungauged basin. In one
word, the work also contribute to the PUB initiative.

8.2 Outlook

This work has provided an insight into the topographic effects on hydrological processes,
some of which are rather complex. Beside the improvement in understanding the topo-
graphic effects, there is also a demand to develop simple and operational techniques and
models which are able to include these effects. The conceptualized snow model incorporat-
ing the radiation index is just one example. An index similar to the topographic wetness
index, but including the topographic induced spatial radiation and wind variations may be
developed in further study.

So far, this work has dealt with radiation, wind, ET/SMC, snowmelt, and interpolation, spa-
tial soil variability is left by this work, therefore a homogeneous soil condition is assumed for
the ET/SMC mapping in Chapter 4. Actually spatial soil type and depth is also subjected to
the influence of topography, therefore to some extent, soil properties can also be predicted
with modeling approach. Actually, several models have been developed as mentioned in
Chapter 1. A proper model maybe selected and adapted to be applied together with the
radiation and wind model to implement a realistic and complete observation free ET/SMC
mapping approach. A validation of the simulated ET/SMC map is desired, if advanced
remote sensing data of soil moisture at fine scale is available in the future.

Besides some small improvements for the individual studies as mentioned in the discus-
sion part of each chapter, an interesting work might be correction of remote sensing data
from different satellite sources. For example, the cloud cover from Meteosat (fixed view an-
gle) and MODIS (changing view angle), the vegetation and snow data from MODIS (finer
resolution) and AVHRR (coarser resolution), how to combine the data and minimize the
uncertainty of both data set is a very important and interesting issue.



Appendix I: Solar-Earth Geometry and
Analytical Radiation Modeling

Earth’s revolution around the sun changes the solar declination angle δ as well as the sun-
earth distance (represented by the eccentricity correction factor ε), both being function of the
day number of the year dn (see Eq.8.1 ), ranging from 1 on 1 January to 365 on 31 December.
February is always assumed to have 28 days. The earth self-revolution leads to a change of
hour angle ω with time t (the hour angle is zero at noon, and positive in the morning.), as
well as the sun-earth distance. The eccentricity correction factor

δ = 0.409sin(
2π

365
dn − 1.39) (8.1)

ε = 1 + 0.033 cos(2πdn /365) (8.2)

ω =
2π

24
(12− t) (8.3)

Figure 8.1: Celestial coordinate system of sun-earth system (used from Iqbal (1983))
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The SPA described here is based on the celestial horizontal coordinate system with a imag-
inary celestial sphere concentric with the earth (see Fig.8.1). The zenith is the direction nor-
mal to a horizontal surface at a particular point. The horizon is the plane which passes
through the center of the earth orthogonal to the zenith. The plane that intersects the zenith
and the north direction of the horizon and perpendicular to the horizon is called the local
meridian. The solar is positioned with the solar zenith θz and azimuth angle φ. Solar zenith
is the complement of the solar altitude α, i.e. α = 90− θz , which is the sun’s angular height
above the horizon. The azimuth angle φ is the horizontal angle between the sun and the
meridian.

cosθz = sinδ sinφ+ cosδ cosφ cosω = sinα (8.4)

cosφ = (sinα sinφ− sinδ)/cosα cosφ (8.5)

Here ψ is the geographic latitude. The sunrise hour angle ωs for the horizontal surface can
be obtained by solution of Eq.8.4.

ωs = cos−1(−tanφ tanδ) (8.6)

On the horizontal surface, sunset hour angle and sunrise hour angle are symmetrical. The
day length is 2ωs, and can be expressed as:

Ndh =
2

15
cos−1(−tanφ tanδ) (8.7)

For a horizontal surface, the zenith angle is also the solar incidence angle, i.e. the angle
between the solar beam and the normal of the surface. The irradiance on a horizontal surface
can be written as

İ0h = İSC cosθz = İSC ε (sinδ sinφ+ cosδ cosφ ω). (8.8)

The irradiation I0 from t1 to t2 (t1 and t2 are counted in 24-hour format) is

I0h =

∫ t2

t1
İSC(sinδ sinφ+ cosδ cosφ cosω)dt. (8.9)

The hourly irradiation for 1 h centered around the hour angle ωi is then

I0h = İSC ε

∫ ωi+π/24

ωi−π/24
(sinδ sinφ+ cosδ cosφ cosω)dω

≈ İSC(sinδ sinφ+ cosδ cosδ cosωi).

(8.10)

The daily irradiation is then

H0h = İSC ε

∫ ss

sr
(sinδ sinφ+ cosδ cosφ cosω)dω

=
24

π
İSC ε (ωss sinδ sinφ+ cosδ cosδ cosωs).

(8.11)
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On an inclined surface with slope β and surface azimuth angle γ, the solar incidence angle
θ is different (see Eq.8.12). To be mentioned, the surface azimuth angle γ is the deviation
between the projection of the normal of the surface and the local meridian, south zero, east
positive(counter clockwise). The aspect γarcgis in GIS software are defined differently. In
ArcGIS, the aspect is defined clockwise from zero at north to 2π, therefore γ = π − γarcgis.

cosθ = (sinφ cosβ − cosφ sinβ cosγ) sinδ
+ (cosφ cosβ + sinφ sinβ cosγ) cosδ cosω

+ (cosδ sinβ sinγ sinω)

(8.12)

By setting θ = π/2 in Eq.8.12, the sunrise angle ωsr and sunset angle ωss can be obtained.

0 = A sinω +B cosω + C (8.13)

where

A = cosδ sinβ sinγ, (8.14)

B = cosδ cosφ cosβ + cosδ sinφ sinβ cosγ, (8.15)

C = sinδ sinφ cosβ − sinδ cosφ sinβ cosγ. (8.16)

By solving this equation, we get

cosω =
−BC ±√A4 +A2B2 −A2C2

B2 +A2
(8.17)

For east oriented surface, 0 < γ < π:

ωsr = min

{
ωs, cos

−1
(
−BC −√A4 +A2B2 −A2C2

B2 +A2

)}
(8.18)

ωss = −min
{
ωs, cos

−1
(
−BC +

√
A4 +A2B2 −A2C2

B2 +A2

)}
(8.19)

For west oriented surface, π < γ < 2π:

ωsr = min

{
ωs, cos

−1
(
−BC +

√
A4 +A2B2 −A2C2

B2 +A2

)}
(8.20)

ωss = −min
{
ωs, cos

−1
(
−BC −√A4 +A2B2 −A2C2

B2 +A2

)}
(8.21)
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The day length on the inclined surface Ndβ is

Ndβ =
12

π
(ωsr − ωss) (8.22)

By the same procedure as for the horizontal surface, the hourly irradiation I0β for inclined
surface can be obtained as

I0β =
12

π
İSC ε

∫ ωi+π/24

ωi−π/24
(A sinω +B cosω + C)dω

= (12/π)İSC ε (0.26A sinωi + 0.26B cosωi + (π/12)C)

(8.23)

The daily irradiation H0βγ is

H0β = (12/π)İSC ε (C‖ωss − ωsr‖+B ‖sinωss − sinωsr‖+A‖cosωss − cosωsr‖) (8.24)

ξ = H0h/H0β =
C‖ωss − ωsr‖+B ‖sinωss − sinωsr‖+A‖cosωss − cosωsr‖

ωss sinδ sinφ+ cosδ cosδ cosωs
(8.25)



Appendix II: Penman-Monteith Equation and
Longwave Radiation Estimation

The most widely used Penman-Monteith approach to estimate evapotranspiration from
land surface is expressed in the following form:

ET =
Δv (Gn + Ln) + ρacaCat(es − ea)
ρwλv(Δv + γpc(1 + Cat/Ccan))

(8.26)

with ET : evapotranspiration rate [LT−1]
Δv : slope of the vapor pressure curve [ML−1T−3]
Gn : net shortwave radiation [EL−2T−1]
Ln : net longwave radiation [EL−2T−1]
ρa : air density [ML−3]
ca : heat capacity of air [EM−2T−1]
es : the saturation vapor pressure [ML−1T−2]
ea : actual vapor pressure [ML−1T−2]
ρw : water density [ML−3]
λv : latent heat of vaporization [EL−2T−1]
γpc : psychrometric constant [ML−1T−3]
Cat : atmospheric conductance [LT−1]
Ccan: canopy conductance [LT−1]

The net short wave radiation Gn depends on the ground surface albedo ρg [-], which is
related to the land cover.

Gn = G(1− ρg) (8.27)

The longwave radiation Ln, as demonstrated in Chapter 2, is a result of the outgoing long-
wave radiation and the downward longwave radiation emitted by the atmosphere and
clouds.

Ln = L ↓ −L ↑= fc(εvs(1− εa))σsbT 4
a ≈ fc(εvs − εa)σsbT 4

a (8.28)

with

εa − εg = 0.261 e−7.77∗10
−4T2

a−0.02 (8.29)

fc = 0.9nrel + 0.1 (8.30)

(8.31)
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with L ↓ : downward longwave radiation [EL−2T−1]
L ↑ : upward longwave radiation [EL−2T−1]
fc : adjustment coefficient for cloud cover [−]
εvs : emissivity of vegetation and soil, ≈ 0.98 [−]
εa : emissivity of the atmosphere [−]
σsb : Stefan-Boltzmann constant [E L−2Θ−4]
Ta : mean air temperature [Θ]
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Semádeni-Davies, A.: Monthly snowmelt modelling for large-scale climate change studies
using the degree day approach, Ecological Modelling, 101, 303 – 323, 1997.

Sevruk, B. and Nevenic, M.: The geography and topography effects on the areal pattern
of precipitation in a small prealpine basin, Water Science and Technology, 37, 163 – 170,
doi:10.1016/S0273-1223(98)00329-1, 1998.

Sharon, D. and Arazi, A.: The distribution of wind-driven rainfall in a small valley: an
empirical basis for numerical model verification, Journal of Hydrology, 201, 21 – 48, doi:
10.1016/S0022-1694(97)00034-6, 1997.

Singh, P., Kumar, N., and Arora, M.: Degree-day factors for snow and ice for Dokriani
Glacier, Garhwal Himalayas, Journal of Hydrology, 235, 1 – 11, 2000.

Smith, R. B.: Progress on theory of orographic precipitation, Geological Society of America
special paper 398, Tectonics, Climate and Landscape Evolution, pp. 1–16, 2006.

Smith, R. E. and Parlange, J. Y.: A parameter efficient infiltration model, Water Resources
Research, 14, 533–538, 1978.

Sánchez, R. R.: GIS-based upland erosion modeling, geovisualization and grid size effects
on errosion simulations with CASC2D-SED, Ph.D. thesis, Colorado State University, 2002.



Steen, L. A.: The Science of Patterns, Science, 240, 611–616, doi:10.1126/science.240.4852.611,
1988.

Stolar, D., Roe, G., and Willett, S.: Controls on the patterns of topography and erosion rate
in a critical orogen, Water Resources Research, 112, 1–17, doi:10.1029/2006JF000713, 2007.

Strahler, A. N.: Hypsometric (Area-Altitude) analysis of erosional topography, Geological
Society of America Bulletin, 63, 1117–1142, 1952.

Su, Z.: The Surface Energy Balance System (SEBS) for estimation of turbulent heat fluxes,
Hydrology and Earth System Sciences, 6, 85–100, doi:10.5194/hess-6-85-2002, 2002.

Sun, R., Zhang, B., and Tan, J.: A Multivariate Regression Model for Predicting Precipita-
tion in the Daqing Mountains, Mountain Research and Development, 28, 318–325, doi:
10.1659/mrd.0944, 2008.

Tan, P.-N., Steinbach, M., and Kumar, V.: Introduction to Data Mining, (First Edition),
Addison-Wesley Longman Publishing Co., Inc., Boston, MA, USA, 2005.

Tappeiner, U., Tappeiner, G., Aschenwald, J., Tasser, E., and Ostendorf, B.: GIS-based mod-
elling of spatial pattern of snow cover duration in an alpine area, Ecological Modelling,
138, 265 – 275, 2001.

Tarboton, D. G., Chowdhury, T. G., and Jackson, T. H.: A spatially distributed energy bal-
ance snowmelt model, in: In: Tonnessen, K.A., Williams, M.W., Tranter, M. (Eds.), Biogeo-
chemistry of Seasonally Snow-Covered Catchments, IAHS Publication No., pp. 141–155,
1995.
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