
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
                                                      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEVELOPMENT OF A DISTRIBUTED 

HYDROLOGICAL SOFTWARE 

APPLICATION EMPLOYING NOVEL 
VELOCITY - BASED TECHNIQUES  

Athens, November 2018 

Supervisor: A. Efstratiadis 

Konstantina Risva 

National Technical University of Athens  

INTERMEDIATE ï INTERVENTIONAL 
POSTGRADUATE PROGRAMME 

ñWATER RESOURCES SCIENCE AND TECHNOLOGYò 

ñWATER 
RESOURCES 
SCIENCE AND 

TECHNOLOGYò 



 

  



 

 

DEVELOPMENT OF A DISTRIBUTED 

HYDROLOGICAL SOFTWARE APPLICATION 

EMPLOYING NOVEL VELOCITY - BASED 
TECHNIQUES  

Athens, November 2018 

Supervisor: A. Efstratiadis 

Konstantina Risva 

National Technical University of Athens  

INTERMEDIATE ï INTERVENTIONAL POSTGRADUATE 
PROGRAMME 

ñWATER RESOURCES SCIENCE AND TECHNOLOGYò 



 



i 

ȺɡɢŬɟɘůŰɑŮɠ 

ũɟɎűɞɜŰŬɠ ŬɡŰɏɠ Űɘɠ ŰŮɚŮɡŰŬɑŮɠ ɔɟŬɛɛɏɠ Űɖɠ ŮɟɔŬůɑŬɠ ŬɡŰɐɠ ɜɘɩɗɤ Űɖɜ ŬɜɎɔəɖ ŬɟɢɘəɎ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɞ ȹɟ. ɄɞɚɘŰɘəɧ ɀɖɢŬɜɘəɧ ȷɜŭɟɏŬ ȺɡůŰɟŬŰɘɎŭɖ, ɛɏɚɞɠ ȺȹȽɄ Űɖɠ ůɢɞɚɐɠ 

ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ Ⱥ.ɀ.Ʉ. ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɛɞɡ ɏŭŮɘɝŮ ŬɜŬɗɏŰɞɜŰɎɠ ɛɞɡ ɏɜŬ 

ɘŭɘŬɑŰŮɟŬ ŮɜŭɘŬűɏɟɞɜ əŬɘ ůɡɜɎɛŬ ŬˊŬɘŰɖŰɘəɧ ɗɏɛŬ. ɉɤɟɑɠ Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ Űɞɡ əŬɘ Űɖ 

ůɡɜŮɢɐ Űɞɡ əŬɗɞŭɐɔɖůɖ ɖ ŮɟɔŬůɑŬ ŬɡŰɐ ŭŮɜ ɗŬ ɐŰŬɜ ɑŭɘŬ. Ɂɘɩɗɤ ɘŭɘŬɑŰŮɟŬ Ůɡɔɜɩɛɤɜ ůŰɞ űɑɚɞ 

ˊɚɏɞɜ ȷɜŭɟɏŬ ˊɞɡ ɛɞɡ ɢɎɟɘůŮ ŬˊɚɧɢŮɟŬ ɧɚɖ Űɖ ɔɜɩůɖ Űɞɡ ůŰɞ ɔɜɤůŰɘəɧ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ 

ɡŭɟɞɚɞɔɑŬɠ əŬɘ Űɤɜ ˊɚɖɛɛɡɟɩɜ ůŰŬ ɛɘəɟɎ ŮɜŰŬŰɘəɎ ɛŬɗɐɛŬŰŬ ˊɞɡ ɛɞɡ ˊɟɧůűŮɟŮ ůŰɞ ɔɟŬűŮɑɞ 

208. ɉɎɟɖ ůŰɖɜ ŬɜŮɝɎɜŰɚɖŰɖ ɡˊɞɛɞɜɐ Űɞɡ əŬɘ Űɖ ŭɘŬɟəɐ Űɞɡ ˊŬɟŬəɑɜɖůɖ ŬɜŰɘɛŮŰɩˊɘɕŬ Űɘɠ 

ɛɘəɟɏɠ ŬˊɞɔɞɖŰŮɨůŮɘɠ əŬɘ ŭɡůəɞɚɑŮɠ ůŰɖɜ ˊɞɟŮɑŬ ɛɞɡ ˊɟɞɠ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŮɟɔŬůɑŬɠ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮəűɟɎůɤ Űɖɜ Ůɡɔɜɤɛɞůɨɜɖ ɛɞɡ ůŰɞɜ ə. ȷ. Ⱦɞɡəɞɓɑɜɞ ȷɔɟɞɜɧɛɞ əŬɘ ɇɞˊɞɔɟɎűɞ 

ɀɖɢŬɜɘəɧ, ɔɘŬ Űɖ ůŰɐɟɘɝɖ əŬɘ Űɘɠ əŬɑɟɘŮɠ ůɡɛɓɞɡɚɏɠ Űɞɡ, ˊɞɡ ŬˊɞŭŮɑɢŰɖəŬɜ ɘŭɘŬɑŰŮɟŬ ɢɟɐůɘɛŮɠ 

ůŰɖ ˊɞɟŮɑŬ Űɖɠ ŮɟɔŬůɑŬɠ, əŬɗɩɠ əŬɘ ůŰɘɠ Ⱥ. ɆŬɓɓɑŭɞɡ, Ⱥ. ɀɘɢŬɖɚɑŭɖ əŬɘ Űɖɠ Ɇ. ȷɜŰɤɜɘɎŭɖ ˊɞɡ 

ůɡɜɏɓŬɚŬɜ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ɛŮ Űɘɠ ŮˊɘůŰɖɛɞɜɘəɏɠ Űɞɡɠ ŮɟɔŬůɑŮɠ  əŬɘ Űɖ ɓɞɐɗŮɘɎ Űɞɡɠ ůŰɖɜ 

ŮˊɘŰɡɢɐ ɞɚɞəɚɐɟɤůɖɠ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ.  

ȺɡɢŬɟɘůŰɩ ɘŭɘŬɑŰŮɟŬ Űɞɜ ȷɜŬˊɚɖŰɤŰɐ ȾŬɗɖɔɖŰɐ Ɂ. ɀŬɛɎůɖ Űɖɠ Ɇɢɞɚɐɠ ɄɞɚɘŰɘəɩɜ 

ɀɖɢŬɜɘəɩɜ Ⱥ.ɀ.Ʉ. əŬɘ Űɖɜ Ⱥˊɑəɞɡɟɖ ȾŬɗɖɔɐŰɟɘŬ ə. ȷɘəŬŰŮɟɑɜɖ ɁɎɜɞɡ, ɛɏɚɖ Űɖɠ ŰɟɘɛŮɚɞɨɠ 

ŮˊɘŰɟɞˊɐɠ ɔɘŬ Űɖɜ Űɘɠ ˊɞɚɨŰɘɛŮɠ ůɡɛɓɞɡɚɏɠ Űɞɡɠ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ɞɘəɞɔɏɜŮɘŬ ɛɞɡ ɔɘŬ Űɖɜ ŮɛˊɘůŰɞůɨɜɖ əŬɘ Űɖ ŭɘŬɟəɐ Űɞɡɠ 

əŬɗɞŭɐɔɖůɖ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɤɜ ɛŮŰŬˊŰɡɢɘŬəɩɜ ɛɞɡ ůˊɞɡŭɩɜ. ȽŭɘŬɑŰŮɟŬ ŮɡɢŬɟɘůŰɩ Űɞɜ 

ŬŭŮɚűɧ ɛɞɡ, ˊɞɡ Ŭɜ əŬɘ 2000 ɢɘɚɘɧɛŮŰɟŬ ɛŬəɟɘɎ , ɐŰŬɜ ˊɎɜŰŬ Űɞ ůŰɐɟɘɔɛɎ ɛɞɡ ůŰɘɠ ŭɨůəɞɚŮɠ 

ůŰɘɔɛɏɠ. ȰɜŬ ŮɡɢŬɟɘůŰɩ ɞűŮɑɚɤ ůŰɞɡɠ űɑɚɞɡɠ ɛɞɡ ɔɘŬ Űɖ ŭɨɜŬɛɖ ˊɞɡ ɛɞɡ ɏŭɘɜŬɜ əɎɗŮ űɞɟɎ 

ˊɞɡ ŬˊɞɔɞɖŰŮɡɧɛɞɡɜ. ɇɏɚɞɠ, ŭŮɜ ɗŬ ɛˊɞɟɞɨůŬ ɜŬ ˊŬɟŬɚŮɑɣɤ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ɡˊɞɣɐűɘɞ 

ŭɘŭɎəŰɞɟŬ ȹɘɞɜɨůɖ Ɂɘəɞɚɧˊɞɡɚɞ ɢɤɟɑɠ Űɞɜ ɞˊɞɑɞ ɖ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŮɟɔŬůɑŬɠ ŬɡŰɐɠ ŭŮɜ ɗŬ 

ɐŰŬɜ ŮűɘəŰɐ. ȼ ŬˊŮɟɘɧɟɘůŰɖ ɓɞɐɗŮɘŬ əŬɘ ɡˊɞůŰɐɟɘɝɖ ́ ɞɡ ɛɞɡ ɏŭɘɜŮ ůŮ əɎɗŮ ɓɐɛŬ ŮɑɜŬɘ ŬŭɨɜŬŰɞ 

ɜŬ ˊŮɟɘɔɟɎűɞɡɜ ůŮ ɚɑɔŮɠ ɔɟŬɛɛɏɠ. 

 

 

  
ȾɤɜůŰŬɜŰɑɜŬ ɅɑůɓŬ, 

Ɂɞɏɛɓɟɘɞɠ 2018 



ii  

Abstract 

The aim of this study is the development of an event-based distributed hydrological model, 

incorporating novel methodologies for estimating the effective rainfall and representing the 

routing processes. First, we distinguish the effective from the gross rainfall, at a cell basis, thus 

extracting the spatial distribution of surface runoff during the simulation period. The underlying 

model is based on an improved NRCS-CN scheme, which uses a spatially-varying CN (different 

for each cell) and two lumped dimensionless parameters, i.e. one for representing the antecedent 

soil moisture conditions (AMC) of the basin at the beginning of the storm event, and one for 

estimating the initial rainfall abstraction. Key modelling novelty is the adjustment of the so-

called reference CN value (i.e. the value that refers to average soil moisture conditions and 20% 

abstraction ratio) against the two aforementioned lumped parameters. For the propagation of 

runoff to the basin outlet two flow types are considered, i.e. an overland flow across the 

catchmentôs terrain, and a channel flow along the river network. These are synthesized by 

employing a velocity-based approach, to determine the flood hydrograph. This approach 

implements an original methodology for assigning realistic velocity values along the river 

network. These use macroscopic hydraulic information as well as the time of concentration of 

the basin, which is considered function of runoff intensity. The proposed approach takes 

advantage of regional relationships and literature values for assigning appropriate values to all 

model attributes, except for the two lumped parameters of the rainfall-runoff transformation, 

which are either manually assigned or inferred through calibration. In the last case, it is essential 

to extract the sub-surface flow component (interflow) from the total hydrograph, which may be 

done through several approaches of varying complexity. Here we propose an empirical method, 

requiring the fitting of a lumped hydrological model the observed hydrograph, which explicitly 

accounts for the contribution of interflow to total runoff. An alternative, more integrated 

approach, aims at running the distributed model with additional functionalities, in order to 

obtain the full hydrograph at the basin outlet. In this context, we have also developed a more 

generic version of the modeling framework, in which the NRCS-CN procedure is combined 

with a continuous soil moisture accounting scheme, thus generating both the surface (overland) 

runoff as well as the interflow through the unsaturated zone. Apparently, this augmented 

version requires few additional parameters, since more processes are accounted for within the 

simulation procedure. For the schematization of the model domain, the user needs to formulate 

two spatial layers, i.e. a grid-based partition of the basin to equally-dimensioned (squared) cells, 

and a graph- based configuration of the hydrographic network, comprising junctions and 

interconnected river segments. In the context of model development, we used the high-level 

programming language, Python, to build a GUI interface, for data management and 

visualization, and to run simulations and optimizations. The two modeling versions and the 

software are successfully tested in the representation of two flood events across Nedontas river 

basin. 

Keywords: rainfall-runoff modelling, Python & hydrology, improved NRCS-CN method, 

runoff intensity-dependent channel velocities, distributed event-based model 
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ȺəŰŮɜɐɠ ˊŮɟɑɚɖɣɖ 

ȷɜɎˊŰɡɝɖ əŬŰŬɜŮɛɖɛɏɜɞɡ ɡŭɟɞɚɞɔɘəɞɨ ɚɞɔɘůɛɘəɞɨ ɛŮ ŮűŬɟɛɞɔɐ əŬɘɜɞŰɧɛɤɜ 

əɘɜɖɛŬŰɘəɩɜ ŰŮɢɜɘəɩɜ 

ȺɘůŬɔɤɔɐ 

ɇŬ ɛɞɜŰɏɚŬ ɓɟɞɢɐɠ ï Ŭˊɞɟɟɞɐɠ, ˊɟɞůˊŬɗɞɨɜ ɜŬ ˊɟɞůɞɛɞɘɩůɞɡɜ ɛɑŬ Ŭˊɧ Űɘɠ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ 

űɡůɘəɏɠ ŭɘŮɟɔŬůɑŮɠ, ŬɡŰɐ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ɓɟɞɢɐɠ ůŮ ɡŭɟɞɔɟɎűɖɛŬ 

Ŭˊɞɟɟɞɐɠ. ȳˊɤɠ ɧɚŬ ŰŬ ɛɞɜŰɏɚŬ, ŬˊɞŰŮɚɞɨɜ ɛɑŬ Ŭˊɚɞˊɞɘɖɛɏɜɖ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ 

ˊɟŬɔɛŬŰɘəɧŰɖŰŬɠ. ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ůɡɜŬɜŰɩɜŰŬɘ ˊɞɘəɑɚŬ ɛɞɜŰɏɚŬ, ŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ 

ůɡɜɞˊŰɘəɎ ɜŬ əŬŰɖɔɞɟɘɞˊɞɘɖɗɞɨɜ ŬɜɎɛŮůŬ ůŮ: 

Á ȷŭɘŬɛɏɟɘůŰŬ əŬɘ əŬŰŬɜŮɛɖɛɏɜŬ: ɇŬ ŬŭɘŬɛɏɟɘůŰŬ ŬɜŰɘɛŮŰɤˊɑɕɞɡɜ ɧɚɖ Űɖ ɚŮəɎɜɖ ůŬɜ 

ɛɑŬ ŮɜɧŰɖŰŬ ɛŮ əɞɘɜɏɠ űɞɟŰɑůŮɘɠ əŬɘ əɞɘɜɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɔɘŬ ɧɚɖ Űɖɜ ɏəŰŬůɖ Ůɜɩ ŰŬ 

əŬŰŬɜŮɛɖɛɏɜŬ ŮˊɘɢŮɘɟɞɨɜ Űɖ əŬŰɎŰɛɖůɖ ůŮ ˊɞɚɚɏɠ ɛɘəɟɧŰŮɟŮɠ ɢɤɟɘəɏɠ ŮɜɧŰɖŰŮɠ ɛŮ 

ŭɘŬűɞɟŮŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ. 

Á Event-based (Ⱥɜɧɠ ŮˊŮɘůɞŭɑɞɡ) əŬɘ ůɡɜŮɢɧɛŮɜŬ ɛɞɜŰɏɚŬ: ɇŬ ˊɟɩŰŬ Ŭűɞɟɞɨɜ ɛɑŬ 

ůɡɔəŮəɟɘɛɏɜɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŬɟɞɡůɘŬůŰŮɑ ɖ Ŭˊɧəɟɘůɖ Űɖɠ ɚŮəɎɜɖɠ 

Ŭˊɞɟɟɞɐɠ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ɔŮɔɞɜɧɠ ɓɟɞɢɐɠ. ȷɜŰɘɗɏŰɤɠ, ŰŬ ůɡɜŮɢɧɛŮɜŬ ɛɞɜŰɏɚŬ 

ˊɟɞůɞɛɞɘɩɜɞɡɜ ɛŮɔɎɚŮɠ ɢɟɞɜɘəɏɠ ˊŮɟɘɧŭɞɡɠ, ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɔŮɔɞɜɧŰŬ 

ɓɟɞɢɧˊŰɤůɖɠ əŬɘ ɛɖ, əŬɗɩɠ əŬɘ ɛŮŰŬɓŬɚɚɧɛŮɜŮɠ ůɡɜɗɐəŮɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ˊɟɞůɞɛɞɑɤůɖɠ. Ɇɡɜɐɗɤɠ, ŰŬ event-based ɛɞɜŰɏɚŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɡŬɘůɗɖůɑŬ ɤɠ ˊɟɞɠ 

Űɘɠ Ŭɟɢɘəɏɠ ůɡɜɗɐəŮɠ, ɔŮɔɞɜɧɠ ˊɞɡ ŬˊŬɘŰŮɑ ɘŭɘŬɑŰŮɟɖ ˊɟɞůɞɢɐ Ŭˊɧ Űɞ ɢɟɐůŰɖ əŬŰɎ Űɞɜ 

əŬɗɞɟɘůɛɧ Űɞɡɠ. 

Á ɀɞɜŰɏɚŬ űɡůɘəɐɠ ɓɎůɖɠ (Ɏůˊɟɞɡ əɞɡŰɘɞɨ - white-box), ŮɛˊŮɘɟɘəɎ (ɛŬɨɟɞɡ əɞɡŰɘɞɨ - 

black-box) and ŮɜɜɞɘɞɚɞɔɘəɎ ɛɞɜŰɏɚŬ.  ɇŬ ˊɟɩŰŬ ɓŬůɑɕɞɜŰŬɘ ůŰɖ ɢɤɟɘəɐ əŬŰŬɜɞɛɐ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ əŬɘ ˊŮɟɘɔɟɎűɞɡɜ ŰŬ űɡůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ. ɋůŰɧůɞ, ůɡɜɐɗɤɠ ˊɟɧəŮɘŰŬɘ 

ɔɘŬ ˊŮɟɑˊɚɞəŬ ɛɞɜŰɏɚŬ. ȳůɞɜ ŬűɞɟɎ ŰŬ ŮɛˊŮɘɟɘəɎ ɛɞɜŰɏɚŬ, ŬɡŰɎ ɛˊɞɟɞɨɜ ɜŬ 

ˊɟɞɓɚɏˊɞɡɜ ɛŮ ŬəɟɑɓŮɘŬ, ɧɛɤɠ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ ůŮ ŭɘŬűɞɟŮŰɘəɐ ɚŮəɎɜɖ. 

ɇɏɚɞɠ ŰŬ ŮɜɜɞɘɞɚɞɔɘəɎ ɛɞɜŰɏɚŬ ŮɑɜŬɘ ˊŬɟŬɛŮŰɟɘəɎ, ɓŬůɑɕɞɜŰŬɘ ůŮ ɖɛɘ ï ŮɛˊŮɘɟɘəɏɠ 

ůɢɏůŮɘɠ. 

Á  ɁŰŮŰŮɟɛɘɜɘůŰɘəɎ əŬɘ ůŰɞɢŬůŰɘəɎ ɛɞɜŰɏɚŬ: ɇŬ ɜŰŮŰŮɟɛɘɜɘůŰɘəɎ ɛɞɜŰɏɚŬ ŭɖɛɘɞɡɟɔɞɨɜ 

Űɞ ɑŭɘɞ ŬˊɞŰɏɚŮůɛŬ ůŮ əɎɗŮ Űɟɏɝɘɛɞ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ŭŮŭɞɛɏɜŮɠ Űɘɛɏɠ ˊŬɟŬɛɏŰɟɤɜ. 

ȷɜŰɘɗɏŰɤɠ, ŰŬ ůŰɞɢŬůŰɘəɎ, ŬɝɘɞˊɞɘɩɜŰŬɠ ˊɘɗŬɜɞŰɘəɏɠ əŬŰŬɜɞɛɏɠ, ˊŬɟɏɢɞɡɜ 

ŭɘŬűɞɟŮŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɜɎɚɞɔŬ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ. 

ɀŮɗɞŭɞɚɞɔɘəɐ ˊɟɞůɏɔɔɘůɖ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŬɜŬˊŰɨůůŮŰŬɘ ɏɜŬ ɛɞɜŰɏɚɞ ɓɟɞɢɐɠ ï Ŭˊɞɟɟɞɐɠ ˊɟɞůɞɛɞɑɤůɖɠ Ůɜɧɠ 

ɛŮɛɞɜɤɛɏɜɞɡ ŮˊŮɘůɞŭɑɞɡ (event-based), ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ əɡɟɑɤɠ ɛɑŬ əŬŰŬɜŮɛɖɛɏɜɖ 

(distributed) ˊɟɞůɏɔɔɔɘůɖ ŬɝɘɞˊɞɘɩɜŰŬɠ ˊŬɟɎɚɚɖɚŬ əŬɘ ŬŭɘŬɛɏɟɘůŰŮɠ  ˊŬɟŬɛɏŰɟɞɡɠ ɔɘŬ 

əɎˊɞɘŮɠ ŭɘŬŭɘəŬůɑŮɠ, əŬɗɩɠ əŬɘ ŭɘɎűɞɟŮɠ ŰŮɢɜɘəɏɠ ɔɘŬ Űɖɜ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ, 

Űɧůɞ Ůɜɜɞɘɞɚɞɔɘəɏɠ ɧůɞ əŬɘ űɡůɘəɐɠ ɓɎůɖɠ. 

ɋɠ ˊɟɤŰŬɟɢɘəɧ ůŰɎŭɘɞ, ɔɑɜŮŰŬɘ ŭɘŬɢɤɟɘůɛɧɠ Űɖɠ ŮɜŮɟɔɞɨ ɓɟɞɢɧˊŰɤůɖɠ, ůŮ ŮˊɑˊŮŭɞɡ əŮɚɘɞɨ, 

ŮɝɎɔɞɜŰŬɠ əŬŰɎ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɖ ɢɤɟɘəɐ əŬŰŬɜɞɛɐ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Ŭˊɞɟɟɞɐɠ ůŰɖɜ 

ŮɝŮŰŬɕɧɛŮɜɖ ˊŮɟɑɞŭɞ ˊɟɞůɞɛɞɑɤůɖɠ. ɇɞ ˊɟɞŰŮɘɜɧɛŮɜɞ ɛɞɜŰɏɚɞ ɓŬůɑɕŮŰŬɘ ůŮ ɛɑŬ ɓŮɚŰɘɤɛɏɜɖ 

Ůəŭɞɢɐ Űɖɠ NRCS-CN ɛŮɗɧŭɞɡ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɑŬ Űɘɛɐ ŬɜŬűɞɟɎɠ CN ɖ ɞˊɞɑŬ ŮɑɜŬɘ 

ŭɘŬűɞɟŮŰɘəɐ ɔɘŬ əɎɗŮ əŮɚɑ əŬɘ ŭɨɞ ŬŭɘɎůŰŬŰŮɠ ˊŬɟŬɛɏŰɟɞɡɠ, əɞɘɜɏɠ ɔɘŬ ɞɚɧəɚɖɟɖ Űɖ ɚŮəɎɜɖ. 



iv 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ ɛɑŬ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɘɠ ůɡɜɗɐəŮɠ ɡɔɟŬůɑŬɠ Űɞɡ ŮŭɎűɞɡɠ əŬŰɎ Űɖɜ ɏɜŬɟɝɖ 

Űɞɡ ɔŮɔɞɜɧŰɞɠ əŬɘ ɖ ŭŮɨŰŮɟɖ Űɖɜ Ŭɟɢɘəɐ əŬŰŬəɟɎŰɖůɖ Űɞɡ ŮŭɎűɞɡɠ. ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ 

ɛŮɗɞŭɞɚɞɔɑŬ ɏɢŮɘ ˊɞɚɚɏɠ əŬɘɜɞŰɞɛɑŮɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ Űɘɛɐ ŬɜŬűɞɟɎɠ CN Ŭˊɧ 

ɔŮɤɢɤɟɘəɎ ŭŮŭɞɛɏɜŬ əŬɘ Űɖɜ ŬɜŬ́ɟɞůŬɟɛɞɔɐ Űɖɠ ɛɏɔɘůŰɖɠ ŭɡɜɖŰɘəɐɠ əŬŰŬəɟɎŰɖůɖɠ ůŮ ůɢɏůɖ 

ɛŮ Űɘɠ ŭɨɞ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ɛɞɜŰɏɚɞɡ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮəŰɘɛɖɗŮɑ ɖ Ŭˊɞɟɟɞɐ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɚŮəɎɜɖɠ Ŭˊɞɟɟɞɐɠ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ŭɨɞ 

ɓŬůɘəɞɑ Űɨˊɞɘ ɟɞɐɠ: ɖ ŮˊɘűŬɜŮɘŬəɐ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɚŮəɎɜɖɠ əŬɘ ɖ ɟɞɐ ůŰɞ ɡŭɟɞɔɟŬűɘəɧ 

ŭɑəŰɡɞ. ȷɝɘɞˊɞɘɩɜŰŬɠ ɛɑŬ ɜɏŬ ˊɟɞůɏɔɔɘůɖ ɓŬůɘɕɧɛŮɜɖ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŰŬɢɡŰɐŰɤɜ ůŮ əɎɗŮ 

əŮɚɑ (velocity-based approach) əŬɘ ůɡɜŭɡɎɕɞɜŰŬɠ Űɞɡɠ ŭɨɞ Űɨˊɞɡɠ ɟɞɐɠ ůɡɜɗɏŰŮŰŬɘ Űɞ 

ˊɚɖɛɛɡɟɞɔɟɎűɖɛŬ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɚŮəɎɜɖɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ́ ɟɞůɏɔɔɘůɖ ůŰŬ əŮɚɘɎ ˊɞɡ Ŭɜɐəɞɡɜ 

ůŰɞ ɡŭɟɞɚɞɔɘəɧ ŭɑəŰɡɞ Űɖɠ ˊŮɟɘɞɢɐɠ ɔɑɜŮŰŬɘ ɛɑŬ ɣŮɡŭɞ-ɡŭɟŬɡɚɘəɐ ŮəŰɑɛɖůɖ ɖ ɞˊɞɑŬ ůŮ 

ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ɏɤɠ ŰɩɟŬ ˊɟɞůŮɔɔɑůŮɘɠ, ŭɘɞɟɗɩɜŮɘ Űɖɜ ŮəŰɘɛɩɛŮɜɖ ŰŬɢɨŰɖŰŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ 

Ŭˊɧ Űɞ ɢɟɧɜɞ ůɡɔəɏɜŰɟɤůɖɠ Űɖɠ ɚŮəɎɜɖɠ ůŮ əɎɗŮ əɚɎŭɞ Űɞɡ ŭɘəŰɨɞɡ, ŬɜɎɚɞɔŬ ŰŬ űɡůɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ əɚɎŭɞɡ (əɚɑůɖ, ŰɟŬɢɨŰɖŰŬ). ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ŭɑɜɞɜŰŬɘ ɟŮŬɚɘůŰɘəɏɠ Űɘɛɏɠ 

ŰŬɢɨŰɖŰŬɠ ůŰŬ ŰɛɐɛŬŰŬ Űɞɡ ɡŭɟɞɔɟŬűɘəɞɨ ŭɘəŰɨɞɡ ˊɞɡ ŭɘŬűɏɟɞɡɜ ɢɤɟɘəɎ. ȷəɧɛɖ, ɔɑɜŮŰŬɘ  

ŭɘɧɟɗɤůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ ɚɧɔɤ ɢɟɞɜɘəɐɠ ɛŮŰŬɓɚɖŰɧŰɖŰŬɠ ɛŮ ɓɎůɖ Űɖɜ ɏɜŰŬůɖ Ŭˊɞɟɟɞɐɠ Űɞɡ 

ŮˊŮɘůɞŭɑɞɡ, Ŭűɞɨ ɚŬɛɓɎɜŮŰŬɘ ŮˊɘˊɟɧůɗŮŰŬ ɡˊɧɣɖ ɖ ůɨɔɢɟɞɜɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ɡˊɞŭŮɘəɜɨŮɘ 

ɧŰɘ ɞ ɢɟɧɜɞɠ ůɡɔəɏɜŰɟɤůɖɠ ɛɑŬɠ ɚŮəɎɜɖɠ Ŭˊɞɟɟɞɐɠ ŭŮɜ ŮɑɜŬɘ ɏɜŬ ůŰŬɗŮɟɧ ɛɏɔŮɗɞɠ, ŬɚɚɎ 

ɛŮŰŬɓŬɚɚɧɛŮɜɞ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ɏɜŰŬůɖ Űɖɠ Ŭˊɞɟɟɞɐɠ əŬɘ ŭɑɜɞɜŰŬɘ ˊɟɞůŮɔɔɘůŰɘəɏɠ ůɢɏůŮɘɠ. 

ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛŮɗɞŭɞɚɞɔɑŬ, ŬɝɘɞˊɞɘɩɜŰŬɠ Űɘɠ ɢɤɟɘəɏɠ ůɢɏůŮɘɠ əŬɗɩɠ əŬɘ Űɘɠ ɓɘɓɚɘɞɔɟŬűɘəɏɠ 

Űɘɛɏɠ ɗɏŰŮɘ əŬŰɎɚɚɖɚŮɠ Űɘɛɏɠ ůŮ ɧɚŬ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɛŮɔɏɗɖ Űɞɡ ɛɞɜŰɏɚɞɡ, ŮəŰɧɠ Ŭˊɧ Űɘɠ 

ŭɨɞ əɞɘɜɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ˊɞɡ Ŭűɞɟɞɨɜ ɧɚɖ Űɖ ɚŮəɎɜɖ. Ƀɘ ŰŮɚŮɡŰŬɑŮɠ, ŮɑŰŮ ɞɟɑɕɞɜŰŬɘ ɛŮ 

ŮəŰɑɛɖůɖ Űɞɡ ɛŮɚŮŰɖŰɐ, ŮɑŰŮ ˊɟɞəɨˊŰɞɡɜ ɛɏůɤ ɓŬɗɛɞɜɧɛɖůɖɠ ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɡˊɎɟɢɞɡɜ 

ŭɘŬɗɏůɘɛŬ ŭŮŭɞɛɏɜŬ ˊŬɟŬŰɖɟɖɛɏɜɖɠ Ŭˊɞɟɟɞɐɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

ŮəŰɘɛɞɨɜŰŬɘ ɛɏůɤ ɓŬɗɛɞɜɧɛɖůɖɠ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɞ ŭɘŬɢɤɟɘůɛɧɠ Űɖɠ ɡˊɞŭŮɟɛɘəɐɠ ɟɞɐɠ Ŭˊɧ 

Űɞ ůɡɜɞɚɘəɧ ɡŭɟɞɔɟɎűɖɛŬ. ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ůɡɜŬɜŰɩɜŰŬɘ ˊɞɘəɑɚŮɠ ŭɘŬŭɘəŬůɑŮɠ ŭɘŬɢɤɟɘůɛɞɨ 

ŭɘŬűɞɟŮŰɘəɐɠ ́ ɞɚɡˊɚɞəɧŰɖŰŬɠ. ɆŰɞ ́ ɚŬɑůɘɞ Űɖɠ ́ ŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ́ ɟɞŰŮɑɜŮŰŬɘ ɛɑŬ ŮɛˊŮɘɟɘəɐ 

ɛɏɗɞŭɞɠ, ˊɞɡ ŬˊŬɘŰŮɑ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Ůɜɧɠ ŬŭɘŬɛɏɟɘůŰɞɡ ɡŭɟɞɚɞɔɘəɞɨ ɛɞɜŰɏɚɞɡ ůŰɞ 

ˊŬɟŬŰɖɟɖɛɏɜɞ ɡŭɟɞɔɟɎűɖɛŬ, ɩůŰŮ ɜŬ ŮəŰɘɛɖɗŮɑ ɖ ůɡɛɓɞɚɐ Űɖɠ ɓŬůɘəɐɠ ɟɞɐɠ ůŰɞ ůɡɜɞɚɘəɧ 

ɡŭɟɞɔɟɎűɖɛŬ əŬɘ ɜŬ ŬűŬɘɟŮɗŮɑ.  

ȺˊɘˊɟɧůɗŮŰŬ ɧɛɤɠ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ əŬɘ ɏɜŬ ŭŮɨŰŮɟɞ əŬŰŬɜŮɛɖɛɏɜɞ ɛɞɜŰɏɚɞ, Űɞ ɞˊɞɑɞ 

ˊɟɞůɞɛɞɘɩɜŮɘ əŬɘ Űɖɜ ɡˊɞŭŮɟɛɘəɐ ɟɞɐ ɛɏůɤ Ůɜɧɠ ɛɞɜŰɏɚɞɡ ɔɟŬɛɛɘəɞɨ ŰŬɛɘŮɡŰɐɟŬ ůŮ əɎɗŮ 

əŮɚɑ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɞɡ ɞɚɘəɞɨ ɡŭɟɞɔɟŬűɐɛŬŰɞɠ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɚŮəɎɜɖɠ. ȷɜŬˊŰɨɢɗɖəŮ əŬŰɎ 

ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɛɑŬ ˊɘɞ ɔŮɜɘəŮɡɛɏɜɖ Ůəŭɞɢɐ Űɞɡ ɛɞɜŰɏɚɞɡ, ůŰɖɜ ɞˊɞɑŬ ɖ NRCS-CN 

ŭɘŬŭɘəŬůɑŬ ůɡɜŭɡɎɕŮŰŬɘ ɛŮ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ɡɔɟŬůɑŬ Űɞɡ ŮŭɎűɞɡɠ ůŰɞ 

ɢɟɧɜɞ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŬɚɚɎ əŬɘ Űɖɜ ɡˊɞŭŮɟɛɘəɐ Ŭˊɞɟɟɞɐ. ȳˊɤɠ ŮɑɜŬɘ 

ŬɜŬɛŮɜɧɛŮɜɞ ŬɡŰɧ Űɞ ˊɘɞ ɞɚɞəɚɖɟɤɛɏɜɞ ɛɞɜŰɏɚɞ (ůɡɜɞɚɘəɧ ɛɞɜŰɏɚɞ) ɏɢŮɘ ˊŮɟɘůůɧŰŮɟŮɠ 

ŬˊŬɘŰɐůŮɘɠ ˊŬɟŬɛɏŰɟɤɜ, ɚɧɔɤ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ŭɘŮɟɔŬůɘɩɜ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ůɢɖɛŬŰɞˊɞɘɖɗŮɑ Űɞ ɛɞɜŰɏɚɞ, ŬˊŬɘŰɞɨɜŰŬɘ ŬɟɢɘəɎ ɖ ɚŮəɎɜɖ Ŭˊɞɟɟɞɐɠ əŬɘ Űɞ 

ɡŭɟɞɔɟŬűɘəɧ ŭɑəŰɡɞ ůŮ ŮˊɑˊŮŭɞ əŮɚɘɞɨ. ɇŬ ŭɨɞ ŬɡŰɎ ŮˊɑˊŮŭŬ ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɢɗɞɨɜ ɛŮ ɓɎůɖ 

Űɞ ɊɖűɘŬəɧ ɀɞɜŰɏɚɞ ȺŭɎűɞɡɠ (Digital Elevation Model ï DEM) Űɖɠ ɚŮəɎɜɖɠ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰŬ ŭɘŬɗɏůɘɛŬ ŮɟɔŬɚŮɑŬ ůŮ ˊŮɟɘɓɎɚɚɞɜ ũŮɤɔɟŬűɘəɩɜ ɆɡůŰɖɛɎŰɤɜ 

Ʉɚɖɟɞűɞɟɘɩɜ (Geographical Information System ï GIS). ũɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ɢɤɟɘəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ ŰŬ Ůɝɐɠ ɔŮɤɔɟŬűɘəɎ ŭŮŭɞɛɏɜŬ: 

¶ ũŮɤɚɞɔɘəɞɑ ɢɎɟŰŮɠ 

¶ ɉɎɟŰŮɠ ɡŭɟɞˊŮɟŬŰɧŰɖŰŬɠ 

¶ ɉɎɟŰŮɠ ɢɟɐůŮɤɜ/əɎɚɡɣɖɠ ɔɖɠ 

¶ ɉɎɟŰŮɠ əɚɑůŮɤɜ 



v 

¶ ɇɛɐɛŬŰŬ Űɞɡ ɡŭɟɞɔɟŬűɘəɞɨ ŭɘəŰɨɞɡ əŬɘ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ  

ȷəɧɛɖ, ɞ ɢɎɟŰɖɠ ɢɤɟɘəɐɠ əŬŰŬɜɞɛɐɠ Űɖɠ ɓɟɞɢɧˊŰɤůɖɠ ɔɘŬ ɛɑŬ ŭŮŭɞɛɏɜɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɞ ůŰɞɘɢŮɑɞ Ůɘůɧŭɞɡ Űɞɡ ɛɞɜŰɏɚɞɡ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɓŬɗɛɞɜɧɛɖůɖɠ, ŮɑŰŮ Űɞ 

ˊɚɖɛɛɡɟɞɔɟɎűɖɛŬ (ɔɘŬ Űɞ ŮˊɘűŬɜŮɘŬəɧ ɛɞɜŰɏɚɞ) ŮɑŰŮ Űɞ ůɡɜɞɚɘəɧ ɡŭɟɞɔɟɎűɖɛŬ (ɔɘŬ Űɞ 

ůɡɜɞɚɘəɧ ɛɞɜŰɏɚɞ) ɗŮɤɟɞɨɜŰŬɘ ŬɜŬɔəŬɑŬ. 

ȾŬŰɎůŰɟɤůɖ ŮɝɘůɩůŮɤɜ ɛɞɜŰɏɚɤɜ 

ȷɝɘɞˊɞɘɩɜŰŬɠ Űɖɜ ˊŬɟŬəɎŰɤ ŮɛˊŮɘɟɘəɐ ůɢɏůɖ ɡˊɞɚɞɔɑɕŮŰŬɘ Űɞ ŮɜŮɟɔɧ ɨɣɞɠ ɓɟɞɢɐɠ. ɇŬ ɛŮɔɏɗɖ 

ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ŮɑɜŬɘ ŬɗɟɞɘůŰɘəɎ. 

Ὤ

π           Ὤ Ὤ  

Ὤ Ὤ

Ὤ Ὤ Ὓ
  Ὤ Ὤ  

 

Ⱥɝ.1 

Ὤ ‗Ὓ Ⱥɝ. 2 

ȳˊɞɡ  Ὓ: ɖ ɛɏɔɘůŰɖ ŭɡɜɖŰɘəɐ əŬŰŬəɟɎŰɖůɖ əŬɘ  ‗ ŬŭɘɎůŰŬŰɖ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ŮəűɟɎɕŮɘ 
ˊɞůɞůŰɧ. 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ əɚŬůɘəɐ ˊɟɞůɏɔɔɘůɖ əŬŰɎ Űɖɜ SCS, ɖ ɛɏɔɘůŰɖ ŭɡɜɖŰɘəɐ əŬŰŬəɟɎŰɖůɖ ŭɑɜŮŰŬɘ 

Ŭˊɧ Űɖ ůɢɏůɖ: 

Ὓ ςυτ
ρππ

ὅὔ
ρ 

Ⱥɝ. 3 

ȾŬŰɎ ŰŬ ˊɟɧŰɡˊŬ Űɖɠ SCS ɖ ˊɞůɧŰɖŰŬ CN ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŮŭɎűɞɡɠ 

əŬɗɩɠ əŬɘ Ŭˊɧ Űɖɜ ŮŭŬűɘəɐ ɡɔɟŬůɑŬ əŬŰɎ Űɖɜ ɏɜŬɟɝɖ Űɞɡ ɔŮɔɞɜɧŰɞɠ. ȹɘŬɢɤɟɑɕɞɜŰŬɘ ŰɟŮɘɠ 

əŬŰŬůŰɎůŮɘɠ ŮŭŬűɘəɐɠ ɡɔɟŬůɑŬɠ (ɇɨˊɞɡ I: ɂɖɟɐ, ɇɨˊɞɡ II: ɀɏůɖ, ɇɨˊɞɡ III: Ɉɔɟɐ). ȼ 

Ⱥɝɑůɤůɖ 3 ŬɜŬűɏɟŮŰŬɘ ůŮ ɛɏůɖ ŮŭŬűɘəɐ ɡɔɟŬůɑŬ. ũɘŬ ɚɧɔɞɡɠ ŮɡəɞɚɑŬɠ ɞɘ Űɘɛɏɠ Űɞɡ CN ˊɞɡ 

ůɡɜŬɜŰɩɜŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ɛɏůŮɠ ůɡɜɗɐəŮɠ ɡɔɟŬůɑŬɠ. ũɘŬ Űɞɡɠ Ɏɚɚɞɡɠ 

ŭɨɞ Űɨˊɞɡɠ ɡɔɟŬůɑŬɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɘ ˊŬɟŬəɎŰɤ ŮɝɘůɩůŮɘɠ: 

ὅὔ
τȢςὅὔ

ρπ πȢπυψὅὔ
 

Ⱥɝ. 4 

ὅὔ
ςσὅὔ

ρπ πȢρσὅὔ
 

Ⱥɝ. 5 

ɋůŰɧůɞ, ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ Űɞ CN ɔɘŬ Űɘɠ ɛɏůŮɠ ůɡɜɗɐəŮɠ ɡɔɟŬůɑŬɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ ɔɘŬ əɎɗŮ əŮɚɑ ůŮ ˊŮɟɘɓɎɚɚɞɜ GIS Ŭˊɧ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ: 

ὅὔ ρπ ω Ὥ φ Ὥ σ Ὥ  Ⱥɝ. 6 

ȳˊɞɡ iPERM, iVEG  əŬɘ iSLOPE ɞɘ ŰɟŮɘɠ əɚɎůŮɘɠ ŮŭɎűɞɡɠ, ˊŮɟŬŰɧŰɖŰŬ, ɢɟɐůŮɘɠ ɔɖɠ əŬɘ ŭɡɜŬŰɧŰɖŰŬ 

ŬˊɞůŰɟɎɔɔɘůɖɠ, ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ ˊɑɜŬəŮɠ əŬɘ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 1 ɏɤɠ 5. 

ȾɟɑɜŮŰŬɘ ŬɜŬɔəŬɑɞ ɞɘ Űɘɛɏɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɔɘŬ Űɞ CN ɜŬ ŭɘɞɟɗɩɜɞɜŰŬɘ ɩůŰŮ ɜŬ ɚŬɛɓɎɜŮŰŬɘ 

ɡˊɧɣɖ ɖ əŬŰɎůŰŬůɖ ɡɔɟŬůɑŬɠ əŬɘ ˊɟɘɜ Űɞ ɔŮɔɞɜɧɠ ɓɟɞɢɐɠ. ȾŬŰɎ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɔɘŬ 

ɞˊɞɘŮůŭɐˊɞŰŮ ůɡɜɗɐəŮɠ ɡɔɟŬůɑŬɠ ˊɞɡ ŮəűɟɎɕɞɜŰŬɘ ɛŮ ˊɞůɞůŰɧ (0 ï 1) ŬɝɘɞˊɞɘŮɑŰŬɘ ɞ 

ˊŬɟŬəɎŰɤ Űɨˊɞɠ: 
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Ⱥɝ. 7 

ȷˊɧ Űɘɠ ŮəŰɘɛɖɛɏɜŮɠ Űɘɛɏɠ Űɞɡ CN ɡˊɞɚɞɔɑɕŮŰŬɘ ɖ ɛɏɔɘůŰɖ ŭɡɜɖŰɘəɐ əŬŰŬəɟɎŰɖůɖ ɔɘŬ 

ůɡɜŰŮɚŮůŰɐ ŬˊɤɚŮɘɩɜ 20% ɛŮ ɓɎůɖ Űɖɜ ˊŬɟŬəɎŰɤ Ůɝɑůɤůɖ: 

Ὓ ςυτρππὅὔ ρ  Ⱥɝ. 7 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬˊɤɚŮɘɩɜ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɧŰŮɟɞɠ Ŭˊɧ 20% ůŰɞɜ ŮɚɚŬŭɘəɧ ɢɩɟɞ 

ůɨɛűɤɜŬ ɛŮ ɛŮɚɏŰŮɠ ˊɞɡ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ŭɘɧɟɗɤůɖ Űɞɡ 

ůɡɜŰŮɚŮůŰɐ S ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŬɟŬəɎŰɤ ůɢɏůɖ ɩůŰŮ ɜŬ ŬɜŰŬˊɞəɟɑɜŮŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜɞ 

ůɡɜŰŮɚŮůŰɐ ŬˊɤɚŮɘɩɜ: 

Ὓ
ς‗Ὤ ρ ‗Ὤ  Ὤ Ὤ ρ ‗ τ‗Ὤ

ς‗
 

Ⱥɝ. 8 

ɆŰɖɜ ůɡɜɏɢŮɘŬ, ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ůə ɜɏɞɡ ɞɘ Ŭɟɢɘəɏɠ ŬˊɩɚŮɘŮɠ, ɖ ŮɜŮɟɔɧɠ ɓɟɞɢɧˊŰɤůɖ əŬɗɩɠ əŬɘ 

ɖ ŰŮɚɘəɐ ŭɘɞɟɗɤɛɏɜɖ Űɘɛɐ Űɞɡ CN: 

ὅὔ ςυτππȾὛ ςυτ  Ⱥɝ. 9 

ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞ ɣɖűɘŬəɧ ɛɞɜŰɏɚɞ ŮŭɎűɞɡɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ŬɟɢɘəɎ ɞɘ ŮˊɘűŬɜŮɘŬəɏɠ 

ŰŬɢɨŰɖŰŮɠ ɛŮ ɓɎůɖ Űɖɜ əɚɑůɖ Űɞɡ ŮŭɎűɞɡɠ J əŬɘ Űɖɜ ˊŬɟɎɛŮŰɟɞ k , ůɡɜŰŮɚŮůŰɐɠ ŰɟŬɢɨŰɖŰŬɠ 

ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ˊɑɜŬəŮɠ ůɨɛűɤɜŬ ɛŮ Űɘɠ ɢɟɐůŮɘɠ ɔɖɠ əŬŰɎ Űɞɜ MacCuen. 

ὠ Ὧ ὐϳ   Ⱥɝ. 10 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ Ŭɜ ɖ əɚɑůɖ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 4%, ɔɘŬ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɡˊŮɟŮəŰɑɛɖůɖ Űɖɠ 

ŰŬɢɨŰɖŰŬɠ ɔɑɜŮŰŬɘ ɖ ˊŬɟŬəɎŰɤ ŭɘɧɟɗɤůɖ: 

Jȭ= 0.05247 + 0.06363S ï 0.182 eï 62.38J Ⱥɝ. 11 

ȷɜŬűɞɟɘəɎ ɛŮ Űɘɠ ŰŬɢɨŰɖŰŮɠ ůŰŬ ŭɘɎűɞɟŬ ŰɛɐɛŬŰŬ Űɞɡ ɡŭɟɞɔɟŬűɘəɞɨ ŭɘəŰɨɞɡ ŬɡŰɏɠ 

ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɛŮ ɓɎůɖ Űɖɜ ůɢɏůɖ: 

ὠ  ὐȾ   Ⱥɝ. 12 

ȳˊɞɡ ɖ ˊŬɟɎɛŮŰɟɞɠ ɓ ɗŮɤɟŮɑŰŬɘ ůŰŬɗŮɟɎ ůŰɞ əɎɗŮ ŰɛɐɛŬ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŰŬ ŰɞˊɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ (ŰɟŬɢɨŰɖŰŬ, ɔŮɤɛŮŰɟɑŬ). 

 ὧȾὲ  Ⱥɝ. 13 

Ƀ ˊŬɟɎɔɞɜŰŬɠ ŰŬɢɨŰɖŰŬɠ c ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɢɟɧɜɞ ůɡɔəɏɜŰɟɤůɖɠ Űɖɠ ɚŮəɎɜɖɠ  ὸ əŬɘ ɎɟŬ Ŭˊɧ 

Űɞ ɛɐəɞɠ Űɖɠ ɛɏɔɘůŰɖɠ ŭɘŬŭɟɞɛɐɠ Űɞɡ ɡŭŬŰɞɟŮɨɛŬŰɞɠ. 
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Ⱥɝ. 14 

ȳˊɞɡ  tr : ɞ ɢɟɧɜɞɠ ŭɘŬŭɟɞɛɐɠ ɛɏůɤ Űɤɜ ŰɛɖɛɎŰɤɜ Űɞɡ ɡŭŬŰɞɟŮɨɛŬŰɞɠ, ɡˊɞɚɞɔɘɕɧɛŮɜɞɠ ɛɏůɤ 

Űɖɠ ůɢɏůɖɠ  

ὧ ὸ ὸ ὸ  Ⱥɝ. 15 

ɧˊɞɡ ὸ ɞ ɢɟɧɜɞɠ ůɡɔəɏɜŰɟɤůɖɠ Űɖɠ ɡˊɞɚŮəɎɜɖɠ ŬɜɎɜŰɖ Űɖɠ əɨɟɘŬɠ ŭɘŬŭɟɞɛɐɠ Űɞɡ 

ɡŭŬŰɞɟŮɨɛŬŰɞɠ ɧˊɞɡ ůɡɜŰŮɚŮɑŰŬɘ ɛɧɜɞ ŮˊɑɔŮɘŬ ɟɞɐ. 

ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ɞ ɢɟɧɜɞɠ ůɡɔəɏɜŰɟɤůɖɠ ŮɑɜŬɘ ɎɛŮůŬ ŮɝŬɟŰɖɛɏɜɞɠ Ŭˊɧ Űɞ 

ŮˊŮɘůɧŭɘɞ ɓɟɞɢɐɠ. ɆɡɜŮˊɩɠ, ɖ Ŭəɧɚɞɡɗɖ ůɢɏůɖ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ɢɟɧɜɞɡ 

ůɡɔəɏɜŰɟɤůɖɠ: 

ὸ ὸ Ὥ   Ⱥɝ. 16 

ȺɘŭɘəɎ ɔɘŬ Űɞ ɛɞɜŰɏɚɞ ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ɞɚɘəɞɨ ɡŭɟɞɔɟŬűɐɛŬŰɞɠ ɘůɢɨɞɡɜ ŰŬ əɎŰɤɗɘ: 

ȿɧɔɤ Űɞɡ ɛɘəɟɞɨ ɢɟɞɜɘəɞɨ ɞɟɑɕɞɜŰŬ ɖ ŮɝŬŰɛɘůɞŭɘŬˊɜɞɐ ˊŬɟŬɚŮɑˊŮŰŬɘ Ŭˊɧ Űɞ ɘůɞɕɨɔɘɞ ɜŮɟɞɨ 

ůŮ əɎɗŮ əŮɚɑ. ȼ ɛɏɔɘůŰɖ ŭɡɜɖŰɘəɐ əŬŰŬəɟɎŰɖůɖ ɛŮŰŬɓɎɚɚŮŰŬɘ ɢɟɞɜɘəɎ əŬɘ ůɡɛɓɞɚɑɕŮŰŬɘ ɤɠ St, 

əŬɘ ɡˊɞŭŮɘəɜɨŮɘ ŰɖɜɢɤɟɖŰɘəɧŰɖŰŬ ɛɑŬɠ ɡˊɞɗŮŰɘəɐɠ ŭŮɝŬɛŮɜɐɠ ɞɚɘəɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ K ɔɘŬ 

ŮŭŬűɘəɐ ɡɔɟŬůɑŬ. ȼ ŭŮɝŬɛŮɜɐ ˊɟɞůɞɛɞɘɩɜŮɘ Űɖɜ ŬəɧɟŮůŰɖ ɕɩɜɖ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ɖ ɓɟɞɢɧˊŰɤůɖ 

ˊɞɡ ŭɘŮɘůŭɨŮɘ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɡˊɞŭŮɟɛɘəɐ ɟɞɐ ɐ əŬŰŮɑůŭɡůɖ ůŮ ɓŬɗɨŰŮɟŮɠ ɕɩɜŮɠ. ȼ Ůɝɑůɤůɖ 

Űɞɡ ɡŭŬŰɘəɞɨ ɘůɞɕɡɔɑɞɡ ŭɘŬɛɞɟűɩɜŮŰŬɘ ɤɠ: 

ὡ ὡ Ὅ ὣ Ὃ Ⱥɝ. 17 

ɧˊɞɡ Wt ɖ ŮŭŬűɘəɐɠ ɡɔɟŬůɑŬ ůŰɞ ɓɐɛŬ t, It ɖ ɓɟɞɢɐ ˊɞɡ ŭɘŮɘůŭɨŮɘ, Yt ɖ ɡˊɞŭŮɟɛɘəɐ ɟɞɐ əŬɘ Gt 

ɖ əŬŰŮɑůŭɡůɖ. ȷˊŬɟŬɑŰɖŰɖ ˊŬɟɎɛŮŰɟɞɠ ŮɑɜŬɘ ɖ Ŭɟɢɘəɐ ŮŭŬűɘəɐ ɡɔɟŬůɑŬ W0. ɀŮ Űɖɜ ɔɜɩůɖ Űɖɠ 

ɛɏɔɘůŰɖɠ ŭɡɜɖŰɘəɐɠ əŬŰŬəɟɎŰɖůɖɠ ůŰɖɜ Ŭɟɢɐ Űɞɡ ŮˊŮɘůɞŭɑɞɡ ɚɧɔɤ Űɤɜ ˊɟɞɔŮɜɏůŰŮɟɤɜ 

ůɡɜɗɖəɩɜ ɡɔɟŬůɑŬɠ, ɖ ɢɤɟɖŰɘəɧŰɖŰŬ Ὼ ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ: 

ὑ ὡ Ὓ Ⱥɝ. 18 

ɆɡɜŮˊɩɠ ůŮ əɎɗŮ ɢɟɞɜɘəɧ ɓɐɛŬ ɛŮ Űɖɜ Ůˊɑɚɡůɖ Űɞɡ ɘůɞɕɡɔɑɞɡ ɖ ɜɏŬ ɛɏɔɘůŰɖ ŭɡɜɖŰɘəɐ 

əŬŰŬəɟɎŰɖůɖ ɓɟɑůəŮŰŬɘ Ŭˊɧ Űɖɜ ůɢɏůɖ  19: 

Ὓ ὑ ὡ  Ⱥɝ. 19 

ȼ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ ůɡɜɘůŰɎ ɛɑŬ ůɖɛŬɜŰɘəɐ ŭɘŬűɞɟɞˊɞɑɖůɖ Ŭˊɧ Űɖɜ əɚŬůůɘəɐ ˊɟɞůɏɔɔɘůɖ 

SCS-CN ˊɞɡ ɗŮɤɟŮɑ Űɞ ɛɏɔŮɗɞɠ Ὓ ůŰŬɗŮɟɧ ůŰɞ ɢɟɧɜɞ. ɆŰɖɜ ˊŬɟɞɨůŬ ˊɟɞůɏɔɔɘůɖ, Űɞ Ὓ 
ɛŮɘɩɜŮŰŬɘ ɧůɞ ɔŮɛɑɕŮɘ ɖ ŭŮɝŬɛŮɜɐ ŮŭŬűɘəɐɠ ɡɔɟŬůɑŬɠ, ŭɖɚŬŭɐ ɖ ŭɘɐɗɖůɖ ɓɟɞɢɐɠ ŮɑɜŬɘ 

ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ əŬŰŮɑůŭɡůɖ əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɡˊɞŭŮɟɛɘəɐɠ ɟɞɐɠ. ȷɜŰɑɗŮŰŬ, ɧŰŬɜ 

ůŰŬɛŬŰɐůŮɘ ɖ ɓɟɞɢɧˊŰɤůɖ Űɞ Ὓ ůŰŬŭɘŬəɎ ŬɡɝɎɜŮŰŬɘ. ȼ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ ŮˊɘŰɟɏˊŮɘ ɛŮɔŬɚɨŰŮɟɖ 
ɘəŬɜɧŰɖŰŬ ŬɜŬˊŬɟɎůŰŬůɖɠ ɛɖ-ɔɟŬɛɛɘəɩɜ ůɡɛˊŮɟɘűɞɟɩɜ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ɛŮŰŬŰɟɞˊɐɠ Űɖɠ 

ɓɟɞɢɐɠ ůŮ Ŭˊɞɟɟɞɐ əŬɘ əŬɚɨŰŮɟɖ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ˊŰɤŰɘəɩɜ əɚɎŭɤɜ Űɤɜ 

ɡŭɟɞɔɟŬűɖɛɎŰɤɜ. 



viii  

Ƀɘ ŭɘŮɟɔŬůɑŮɠ ɡˊɞŭŮɟɛɘəɐɠ ɟɞɐɠ əŬɘ əŬŰŮɑůŭɡůɖɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɤɠ əɚɎůɛŬŰŬ Űɖɠ ŮŭŬűɘəɐɠ 

ɡɔɟŬůɑŬɠ ůɨɛűɤɜŬ ɛŮ Űɘɠ ůɢɏůŮɘɠ: 

ὣ ‖ ὡ  Ⱥɝ. 20 

Ὃ ‘ ὡ  Ⱥɝ. 21 

ɧˊɞɡ ‖ əŬɘ ɛ ˊŬɟɎɛŮŰɟɞɘ ˊɞůɞůŰɞɨ. 

ȾŬɘ ɔɘŬ ŰŬ ŭɨɞ ɛɞɜŰɏɚŬ, ɔɘŬ Űɖ ŭɘɧŭŮɡůɖ Űɖɠ ˊɚɖɛɛɨɟŬɠ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɚŮəɎɜɖɠ Ŭˊɞɟɟɞɐɠ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɖ ɛɏɗɞŭɞɠ Űɤɜ ɘůɞɢɟɧɜɤɜ əŬɛˊɡɚɩɜ, Ŭűɞɨ ˊɟɩŰŬ 

ŮəŰɘɛɖɗŮɑ ɞ ɢɟɧɜɞɠ ŭɘŬŭɟɞɛɐɠ əɎɗŮ űŬŰɜɑɞɡ ˊɟɞɠ Űɖɜ ɏɝɞŭɞ Űɖɠ ɚŮəɎɜɖɠ, ɛŮ ɓɎůɖɠ Űɘɠ 

ŰŬɢɨŰɖŰŮɠ Űɤɜ űŬŰɜɑɤɜ ˊɞɡ ůɡɜŬɜŰɎ ůŰɖ ŭɘŬŭɟɞɛɐ (Űɨˊɞɡ ŮˊɑɔŮɘŬɠ ŰŬɢɨŰɖŰŬɠ ɐ Űɖɜ ŰŬɢɨŰɖŰŬ 

ŰɛɐɛŬŰɞɠ ɡŭɟɞɔɟŬűɘəɞɨ ŭɘəŰɨɞɡ). ȺɘŭɘəɎ ɔɘŬ Űɖ ˊŮɟɑˊŰɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ɞɚɘəɞɨ 

ɡŭɟɞɔɟŬűɐɛŬŰɞɠ ŮɘůɎɔŮŰŬɘ ɛɑŬ ˊɟɧůɗŮŰɖ ˊŬɟɎɛŮŰɟɞɠ  

ɄŮɟɘɞɢɐ ɛŮɚɏŰɖɠ 

Ƀ ˊɞŰŬɛɧɠ ɁɏŭɞɜŰŬɠ ŬɜɐəŮɘ ůŰɞ ɈŭŬŰɘəɧ ȹɘŬɛɏɟɘůɛŬ ȹɡŰɘəɐɠ ɄŮɚɞˊɞɜɜɐůɞɡ (GR01), əŬɘ 

ŭɘɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ȾŬɚŬɛɎŰŬ, ˊɟɤŰŮɨɞɡůŬɠ Űɞɡ Ɂɞɛɞɨ ɀŮůůɖɜɑŬɠ. ɄɖɔɎɕŮɘ Ŭˊɧ Űɘɠ ŭɡŰɘəɏɠ 

əɚɘŰɨŮɠ Űɞɡ ɇŬɒɔŮŰɞɡ əŬɘ ŮəɓɎɚɚŮɘ ůŰɞɜ ɀŮůůɖɜɘŬəɧ Ⱦɧɚˊɞ, ŭɡŰɘəɎ Űɞɡ ɚɘɛŬɜɘɞɨ Űɖɠ 

ȾŬɚŬɛɎŰŬɠ, ɛŮ ůɡɜɞɚɘəɧ ɛɐəɞɠ 26 km. ɆŰɖ ɚŮəɎɜɖ ŬɡŰɐ ŭŮɜ ŮɜŰɞˊɑɕɞɜŰŬɘ ɏɟɔŬ ˊɞɡ ɗŬ 

ɛˊɞɟɞɨůŬɜ ɜŬ ɛŮŰŬɓɎɚɚɞɡɜ Űɖɜ ɡŭɟɞɚɞɔɘəɐ Űɖɠ ŭɑŬɘŰŬ (ˊ.ɢ. űɟɎɔɛŬŰŬ, ŮəŰɟɞˊɏɠ, 

ɚɘɛɜɞŭŮɝŬɛŮɜɏɠ). ɇŬ ɛŮŰŮɤɟɞɚɞɔɘəɎ ůŰɞɘɢŮɑŬ ˊɞɡ ůɡɚɚɏɔɞɜŰŬɘ Ŭˊɧ ůŰŬɗɛɧ Űɞɡ ŬŮɟɞŭɟɞɛɑɞɡ 

ůŰŬ 6 km ŭɡŰɘəɎ Űɖɠ ȾŬɚŬɛɎŰŬɠ ˊŬɟɏɢɞɡɜ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɞ ɡŭŬŰɘəɧ ŭɡɜŬɛɘəɧ Űɖɠ ˊŮɟɘɞɢɐɠ, 

Űɞ ɞˊɞɑɞ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɓɟɞɢɞˊŰɩůŮɘɠ 600 mm ůŰŬ ɜɧŰɘŬ Űɞɡ Ɂɞɛɞɨ ɀŮůůɖɜɑŬɠ 

(ūɞɘɜɘəɞɨɜŰŬ ï ɀŮɗɩɜɖ), 1500 mm ůŰŬ ɞɟŮɘɜɎ əŬɘ 800-1200 mm ůŰɘɠ əŮɜŰɟɘəɏɠ, ɓɧɟŮɘŮɠ 

ˊŮŭɘɜɏɠ əŬɘ ɖɛɘɞɟŮɘɜɏɠ ˊŮɟɘɞɢɏɠ. ɇŬ ŭɘŬɗɏůɘɛŬ ɢɤɟɘəɎ ŭŮŭɞɛɏɜŬ, ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ɔɘŬ Űɖɜ ɚŮəɎɜɖ Ŭˊɞɟɟɞɐɠ, ŬűɞɟɞɨůŬɜ Űɖɜ ɡɣɞɛŮŰɟɘəɐ ˊɚɖɟɞűɞɟɑŬ, ŭɞɛɖɛɏɜɖ ůŮ ɏɜŬ ŭɑəŰɡɞ 

ŰŮŰɟŬɔɤɜɘəɞɨ ˊɚɏɔɛŬŰɞɠ ŬɜɎɚɡůɖɠ 25 m, Űɘɠ ɢɟɐůŮɘɠ ɔɖɠ (Corine 2000), Űɞ ɔŮɤɚɞɔɘəɧ 

ɡˊɧɓŬɗɟɞ əŬɘ Űɘɠ ɗɏůŮɘɠ ɢɤɟɞɗɏŰɖůɖɠ Űɤɜ ɛŮŰɟɖŰɘəɩɜ ůŰŬɗɛɩɜ. ɆŰɞ ɆɢɐɛŬ ˊɞɡ ŬəɞɚɞɡɗŮɑ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŮɝŮŰŬɕɧɛŮɜɖ ɚŮəɎɜɖ əŬɗɩɠ əŬɘ Űɞ ɡŭɟɞɔɟŬűɘəɧ Űɖɠ ŭɑəŰɡɞ. 

ȷɝɘɞˊɞɘɐɗɖəŬɜ ŭɨɞ əŬŰŬɔŮɔɟŬɛɛɏɜŬ ŮˊŮɘůɧŭɘŬ ɛŮ ˊŬɟŬŰɖɟɐůŮɘɠ ɓɟɞɢɐɠ ůŮ ŭɘɎűɞɟɞɡɠ 

ůŰŬɗɛɞɨɠ Űɖɠ ˊŮɟɘɞɢɐɠ əŬɘ ˊŬɟŬŰɖɟɖɛɏɜɞ ɡŭɟɞɔɟɎűɖɛŬ ůŰɖɜ ɗɏůɖ ɚŬŰɞɛŮɑɞ ɀˊɎəŬ. 
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ɆɢɐɛŬ 1: ȿŮəɎɜɖ Ŭˊɞɟɟɞɐɠ ɁɏŭɞɜŰŬ əŬɘ ɡŭɟɞɔɟŬűɘəɧ ŭɑəŰɡɞ. 

ȷɜɎˊŰɡɝɖ ɚɞɔɘůɛɘəɞɨ 

ũɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ˊŬɟŬˊɎɜɤ ɛŮɗɞŭɞɚɞɔɘɩɜ ŮˊɘɚɏɢɗɖəŮ ɖ ɢɟɐůɖ Űɖɠ ɔɚɩůůŬɠ Python, 

ɏɜŬɜŰɘ Ɏɚɚɤɜ, əɡɟɑɤɠ ɚɧɔɤ Űɤɜ ˊɞɚɚŬˊɚɩɜ ˊɚŮɞɜŮəŰɖɛɎŰɤɜ Űɖɠ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ 

ˊɚɐɗɞɠ ˊŬəɏŰɤɜ ˊɞɡ ˊŬɟɏɢŮɘ. ɆŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ, ˊɏɟŬɜ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ˊɞɡ ɔɟɎűŰɖəŬɜ 

ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ɔɚɩůůŬ, ŭɖɛɘɞɡɟɔɐɗɖəŮ əŬɘ  ɏɜŬ ɚɞɔɘůɛɘəɧ ɔɘŬ Űɖɜ əŬɚɨŰŮɟɖ ŭɘŬɢŮɑɟɘůɖ 

Űɤɜ ŭŮŭɞɛɏɜɤɜ Ůɘůɧŭɞɡ, Űɖɠ ŬɡŰɞɛŬŰɞˊɞɑɖůɖɠ Űɤɜ ŭɘŬŭɘəŬůɘɩɜ ˊɟɞůɞɛɞɑɤůɖɠ əŬɘ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ, əŬɗɩɠ əŬɘ Űɖɠ ɞˊŰɘəɞˊɞɑɖůɖɠ Űɤɜ ŮɝŬɔɧɛŮɜɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɆŰŬ 

ɆɢɐɛŬŰŬ ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɛɞɟűɐ Űɞɡ ɔŮɜɘəɞɨ ˊŬɟŬɗɨɟɞɡ əŬɘ ŭɘɎűɞɟɤɜ 

ɚŮɘŰɞɡɟɔɘɩɜ. 

ɆŰɞ ŬɟɘůŰŮɟɧ ŰɛɐɛŬ Űɞɡ ˊŬɟŬɗɨɟɞɡ ɞ ɢɟɐůŰɖɠ ŮɘůɎɔŮɘ ɧɚŬ ŰŬ ŬˊŬɟŬɑŰɖŰŬ ŭŮŭɞɛɏɜŬ. ȷɡŰɎ 

ŮɑɜŬɘ: 

¶ ɊɖűɘŬəɧ ɀɞɜŰɏɚɞ ȺŭɎűɞɡɠ - DEM (.tiff ) 

¶ ȾɎɜɜŬɓɞɠ ŭɘŮɨɗɡɜůɖɠ ɟɞɐɠ - Flow Direction (.tiff)  

¶ ȹŮŭɞɛɏɜŬ ɓɟɞɢɧˊŰɤůɖɠ (.xlsx) 

¶ ȸɟɞɢɞɛŮŰɟɘəɞɑ ůŰŬɗɛɞɑ (.shp) 

¶ ȾɎɜɜŬɓɞɠ CN - Curve Number (.tiff) 

¶ ȾɎɜɜŬɓɞɠ ɢɟɐůŮɤɜ ɔɖɠ (.tiff)  

¶ Ƀɘ Űɘɛɏɠ k ɛŮ ɓɎůŮɘ Űɘɠ ɢɟɐůŮɘɠ ɔɖɠ (.xlsx) 

¶ ɀɐəɞɠ ŰɛɖɛɎŰɤɜ ɡŭŬŰɞɟŮɨɛŬŰɞɠ əŬɘ Űɘɛɏɠ Manning (.shp) 

¶ ȾɎɜɜŬɓɞɠ ɡŭŬŰɞɟŮɨɛŬŰɞɠ (.tiff)  

¶ ɄŬɟŬŰɖɟɖɛɏɜɖ Ŭˊɞɟɟɞɐ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɚŮəɎɜɖɠ  (.xlsx) 
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ɆɢɐɛŬ 2:  ɄŬɟɎɗɡɟɞ Űɖɠ ŮűŬɟɛɞɔɐɠ Űɞɡ ɚɞɔɘůɛɘəɞɨ, ŮɘůŬɔɤɔɐ əŬɘ ŬˊŮɘəɧɜɘůɖ DEM. 
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ɆɢɐɛŬ 3: ɄŬɟɎŭŮɘɔɛŬ ŭɘŮɝŬɔɤɔɐɠ ˊɟɞůɞɛɞɑɤůɖɠ ɛŮ ˊŬɟŬɛɏŰɟɞɡɠ ɞɟɘůɛɏɜŮɠ Ŭˊɧ Űɞ ɢɟɐůŰɖ. 

ȷˊɞŰŮɚɏůɛŬŰŬ ŮűŬɟɛɞɔɐɠ ɛɞɜŰɏɚɤɜ  

ɆŰŬ ůɢɐɛŬŰŬ 4 əŬɘ 5 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɨɞ ˊŬɟŬŭŮɑɔɛŬŰŬ Ŭˊɧ Űɖɜ ŮˊɘŰɡɢɐ ŮűŬɟɛɞɔɐ Űɤɜ ŭɨɞ 

əŬŰŬɜŮɛɖɛɏɜɤɜ ɛɞɜŰɏɚɤɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ (ůɡɜŰŮɚŮůŰɏɠ Nash-

Sutcliffe Efficiency 0.95 əŬɘ 0.90 ŬɜŰɑůŰɞɘɢŬ) ɆɡɜɞɚɘəɎ, ŮɝŮŰɎůŰɖəŬɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ 

ŮˊŮɘůɧŭɘŬ ɓɟɞɢɧˊŰɤůɖɠ, əŬɘ ɞɘ ůɡɜŰŮɚŮůŰɏɠ Ŭˊɧŭɞůɖɠ Nash-Sutcliffe əŬɘ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ 

ɐŰŬɜ ɘŭɘŬɑŰŮɟŬ əŬɚɞɑ, Ůɜɩ əŬɘ ɖ ŬɜŬˊŬɟŬɔɤɔɐ Űɤɜ Ŭɘɢɛɩɜ əŬɘ Űɤɜ ɢɟɧɜɤɜ ŮɛűɎɜɘůɖɠ Űɞɡɠ 

ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ŬɝɘɞˊɘůŰɑŬ. ɆŰɞ ɆɢɐɛŬ 6 ŬˊŮɘəɞɜɑɕŮŰŬɘ ɤɠ ˊŬɟɎŭŮɘɔɛŬ ɖ ɢɤɟɘəɐ 

əŬŰŬɜɞɛɐ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰŬɢɨŰɖŰŬɠ Űɞɡ ɜŮɟɞɨ əŬɗɩɠ əŬɘ ɖ ɢɤɟɘəɐ əŬŰŬɜɞɛɐ Űɖɠ ŰŬɢɨŰɖŰŬɠ 

ůŰɞ ɡŭɟɞɔɟŬűɘəɧ ŭɑəŰɡɞ ɔɘŬ ɏɜŬ Ŭˊɧ ŰŬ ŮˊŮɘůɧŭɘŬ. 
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ɆɢɐɛŬ 4: Ɇɨɔəɟɘůɖ ɛɞɜŰɏɚɞɡ ůɡɜɞɚɘəɞɨ ɡŭɟɞɔɟŬűɐɛŬŰɞɠ ɛŮ ˊŬɟŬŰɖɟɖɛɏɜɞ ɡŭɟɞɔɟɎűɖɛŬ. 

 

 

ɆɢɐɛŬ 5: Ɇɨɔəɟɘůɖ ɛɞɜŰɏɚɞɡ ŮˊɘűŬɜŮɘŬəɐɠ Ŭˊɞɟɟɞɐɠ ɛŮ ˊŬɟŬŰɖɟɖɛɏɜɞ ɡŭɟɞɔɟɎűɖɛŬ ɧˊɞɡ ɏɢŮɘ 

ŬűŬɘɟŮɗŮɑ ɖ ɡˊɞŭŮɟɛɘəɐ ɟɞɐ. 
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ɆɢɐɛŬ 6: ɇŬɢɨŰɖŰŮɠ əŮɚɘɩɜ Űɞɡ əŬŰŬɜŮɛɖɛɏɜɞɡ ɛɞɜŰɏɚɞɡ (ŭɨɞ Űɨˊɞɘ, ŮˊɘűŬɜŮɘŬəɐ ŰŬɢɨŰɖŰŬ əŬɘ 
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1 Introduction 

1.1 General context 

The scope of this study is the development of an event based distributed hydrological model 

dealing with rainfall-runoff simulation. In contrast with most contemporary hydrological 

models (some of them discussed in Chapter 2), we seek for a parsimonious approach in data 

requirements and parameters needed. Also, this study aims to incorporate many novel and 

recent methodologies/techniques that fuse geospatial operations with rainfall ï runoff modeling 

and attempt to solve a common problem with most rainfall-runoff models that are not coupled 

with hydraulic models: that of the oversimplified assumption of a spatiotemporally constant 

value of channel network velocity. 

Also, there is a second, but equally important HydroInformatics ï related objective of this 

thesis: the integration of various tools that help the modern hydrologist perform data analysis, 

geospatial operations, simulation/optimization, numerical analysis and visualization in a single 

platform. For automation of data handling, simulation and optimization procedures and 

visualization, a GUI software is implemented, written in the high-level programming language 

Python. Also, novel programming paradigms (in the sense of the usual ñengineeringò approach 

to programming) such as parallel programming and Just-In-Time (JIT) compilation are 

implemented, so as to reduce the typically expensive computation cost (in terms of execution 

time) associated with distributed models that operate in fine time and spatial scales (usually 

time step smaller than one hour, and grid size smaller than 100 m) These fine scales 

exponentially increase computations needed and such models are of particular interest for code 

optimization. 

1.2 Structure of the thesis 

This thesis comprises ten chapters: 

In the second Chapter a literature review is conducted in order to document and analyze the 

theoretical background regarding the rainfall ï runoff models. Also, some of the most known 

distributed models are described.  

The third Chapter is a review of GIS programming tools, presented in order to illustrate the 

most common available tools in hydrological studies and to stimulate the reader about modern 

practices. 

The fourth  Chapter consists of an overview of the chosen programming language, Python, 

and its advantages over others. In addition, the packages and libraries employed in this thesis 

are introduced. 

In Chapter five the applied methodology of this study is thoroughly described. All the 

procedures used in the implementation of the two models and the novelties of this work are 

listed in this chapter. 

Chapter six provides the necessary information regarding the calibration procedure. 

Chapter seven is the model implementation in Python, in which the procedure followed for the 

creation of the two models is described in detail. Also, in the same chapter is described the 

software application which is developed, with all its capabilities. 



2 

In Chapter 8, Nedontas stream basin, which is the study case of this thesis is presented and the 

relevant data. 

Next, Chapter 9 contains the results, the parameters as well as the performance metrics of the 

two models implemented. 

Chapter 10 discusses the conclusions of this study. This chapter consists of a summary of the 

topics treated in this thesis, the novelties of the work, final remarks regarding the conclusions 

made from all analyses and, finally, suggestions for further research. 
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2 Review of distributed hydrological models 

As the scope of this work is the development of an event-based distributed hydrological model, 

this chapter acts as a brief introduction to rainfall-runoff modelling and a short review of some 

widespread distributed models that are extensively referred in the literature. 

2.1 Classification of rainfall -runoff models  

Rainfall ï runoff models are no different than other general computational models in the sense 

that they are simplified representations of real-world systems. In fact, hydrological models deal 

with the complex nature of rainfall-runoff processes, which is determined by a number of highly 

interconnected water, energy and vegetation processes at various and mixed spatial scales, most 

of them not well understood or easy to represent with equations and/or models. All these 

processes exhibit large uncertainty, thus making essential to employ several modeling 

assumptions. Hydrologists rely on their self- understanding of the system gained through 

interaction with it, observation and experiments, in what is known as perceptual modeling 

(Beven, 2001). 

There are many classifications of rainfall-runoff models found in the literature. The most 

common distinctions are between (Sorooshian et al., 2008): 

¶ Deterministic and stochastic models: Deterministic models generate the same output for 

every model run, for given parameters, whereas stochastic models use probabilistic 

inputs, thus providing different outputs for given parameters. 

¶ Event-based and continuous: Event-based models run for a specific time period, to 

represent the response of the basin against a given rainfall event, whereas continuous 

models simulate arbitrary long periods of time, comprising both rainfall and non-rainfall 

events and generally changing conditions throughout simulation. Typically, event-based 

models are quite sensitive against the initial conditions, which should be carefully 

determined by the user. 

¶ Physically-based (white-box), empirical (black-box) and conceptual (grey-box) models: 

The differences of these three approaches are summarized in Table 2.1. 

 

Table 2.1: Summary of empirical, conceptual and physically-based models (adapted from Gayathri et al., 

2015). 

Empirical  Conceptual  Physically -based 

¶ Data-driven or metric or 

black box  

¶ Involve mathematical 

equations, derive value 

from available time  series 

¶ Little consideration  of 

features and processes of 

the system 

¶ Parametric or grey box  

¶ Based on modeling of 

reservoirs and include 

semi-empirical equations 

with macroscopic 

physical basis 

¶ Parameters are derived 

from calibration  

¶ Mechanistic or white box  

¶ Based on spatial distribution, 

evaluation of parameters 

describing physical 

characteristics 

¶ Require data about initial 

state of model and 

morphology of the 

catchment  
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¶ High predictive power, low 

explanatory depth  

¶ Cannot be transferred to 

other catchments  

¶ Examples: ANN, unit 

hydrograph  

¶ Valid within the boundary 

of given domain  

¶ Simple and easily 

implemented i n 

computer code  

¶ Require large 

hydrological and  

meteorological data  

¶ Examples: HBV model, 

TOPMODEL 

¶ Calibration involves curve 

fitting make difficult 

physical interpretation  

¶ Complex model , requir ing 

human expertise and 

computational capability  

¶ Suffer from scale -related 

problems  

¶ Examples: SHE/MIKESHE 

model, SWAT 

¶ Valid for w ide range of 

situations 

 

¶ Lumped and distributed models:  

The latter is essentially the most distinctive model classification. In lumped models, the spatial 

variability is discarded from the model, as the whole basin is a unit generating runoff. Thus, the 

input data (mainly the precipitation) is forced to relate with the output data (streamflow) without 

considering spatial processes, patterns and characteristics. The lumped hydrologic models 

impose many assumptions, especially in large watersheds, as variables and parameters are 

representative average values (lumped) for a river basin with semi ï empirical equations 

describing the physics (Refsgaard, 1996). Lumped models were first conceived nearly 170 years 

ago, to address the limitation of data and computational power. The first widely used rainfall ï

runoff model is attributed to Mulvaney (1851), and it is widely known as the rational method.  

On the other hand, a distributed model accounts for spatial variations of processes and 

properties, thereby explicit characterization of the processes and patterns is made (Beven, 1985; 

Refsgaard, 1996; Smith et al., 2004). Probably, the first distributed model was introduced by 

Ross (1921), who attempted to divide zones in the catchment area on the bases of travel time 

to outlet and used routing techniques. The modern availability of high spatial resolution data 

such as DEM, precipitation, vegetation, soil and other atmospheric variables has led to a recent 

surge in developing many sophisticated distributed hydrologic models. In a distributed 

physically ïbased model the water and energy fluxes are usually computed from the prevailing 

partial differential equations (e.g., Saint Venantôs equations for overland and channel flow, 

Richardôs equation for unsaturated flow and Boussinesqôs equation for groundwater flow) 

(Refsgaard, 1996). Distributed models have advantages, in terms of considering spatially 

variable inputs and outputs, assessment of pollutants and sediment transport, and also analyzing 

the hydrological responses at ungauged basins (Smith et al., 2004). Due to the fact that 

distributed models make distributed predictions, there is a lot of potential for evaluating not 

only the predictions of discharge at a catchment outlet, but also the internal state variables, such 

as water table levels, soil moisture levels, and channel flows at different points on the network. 

In the last two decades, few attempts were made to validate the predictions. This is clearly 

partly due to the difficulty of collecting measurements (Beven, 2012). It is worth noting that all 

distributed models require effective parameter values to be specified at the scale of the 

calculation elements that may be different from values measured in the field. Distributed 

predictions indicate that distributed data can be used in model calibration but evaluation of this 

type of model may be difficult due to differences in scale of predictions and measurements, and 
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the fact that the initial and boundary conditions for the model cannot be specified with sufficient 

accuracy. 

2.2 Physical processes modeled within rainfall-runoff models 

Beven (2012) argues that our understanding on the physical processes is still evolving and there 

is a debate among many hydrologists about the most important processes in rainfall-runoff 

modelling and generally, different processes may be dominant in different environments. 

Conceptually, most hydrological models incorporate variations of the processes represented in 

Figure 2.1. These are mostly attributed to mechanisms from the seminal works of Horton 

(1933), Cappus (1960), Hewlett (1961), Hursch (1936), Betson (1964), Dunne (1970), and 

Weyman (1970), as depicted in Figure 2.2 (Beven, 2012). 

 

Figure 2.1: Hydrological processes incorporated in most rainfall -runoff models (Beven, 1991). 
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Figure 2.2: Mechanisms represented in seminal works in hydrology (Beven, 2012). 
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In their simpler form, hydrological models require two essential components: one to determine 

how much of a rainfall event becomes part of the storm hydrograph (the runoff generation 

component, related to volume), the other to take account of the distribution of that runoff in 

time to form the shape of the storm hydrograph (the runoff routing component, related to 

temporal distribution). These two components may appear in many different guises and degrees 

of complexity in different models, but they are always there in any rainfallïrunoff model, 

together with the difficulty of clearly separating one component from the other. In general, it is 

accepted that the runoff generation problem is the more difficult (Beven, 2012). Practical 

experience suggests that the complexities and nonlinearities of the flow generation processes 

are much greater than for the routing processes, and that relatively simple routing models may 

suffice. One of the most common routing processes in the literature is the Muskingum method. 

2.3 Brief review of common distributed hydrological models 

Some hydrological models based on a grid to grid approach are listed below. Firstly, the fully 

3-D models of Binley et al. (1989a, 1989b) and Paniconi and Wood (1993) use a grid-based 

spatial discretization. The ANSWERS model (Beasley et al., 1980; Silburn and Connolly, 1995; 

Connolly et al., 1997), which has its origins in one of the very first fully distributed grid-based 

models of Huggins and Monke (1968), essentially considers only an infiltration excess runoff 

generation mechanism, using the GreenïAmpt infiltration equation to predict excess rainfall on 

each grid element. The runoff generated is then routed towards the stream channel in the 

direction of steepest descent from each grid element. The CASC2D model of Doe et al. (1996) 

and Downer et al. (2002) is similar in that it also uses a GreenïAmpt infiltration equation, but 

it uses a 2-D diffusion wave approximation to model overland flow on the hillslopes and a 1-D 

diffusion wave model for the channel reaches. CASC2D was later extended to include more 

subsurface flow processes as the Gridded Surface/Subsurface Hydrologic Analysis (GSSHA) 

model (Downer and Ogden, 2004; Downer et al., 2005). Moreover, the 3-D version of 

HILLFLOW of Bronstert and Plate (1997) is a grid ï based model, with the interesting option 

of modelling the Richards equation using the fuzzy logic methodology of Bardossy et al. (1995). 

HILLFLOW also has a 2-D option for modelling individual hillslope elements. 

2.3.1 SHE Model 

A widely known hydrological model based on grid elements is the Syst¯me Hydrologique 

Europ®en (SHE) model, which was introduced in 1977, as collaboration between the UK 

Institute of Hydrology, the Danish Hydraulics Institute (DHI) and SOGREAH of Grenoble in 

France. Beven et al. (1980) have published an early description of the model. Later, an 

explanation of the modelling philosophy was provided by Abbott et al. (1986a, 1986b), and 

finally, the first full application, to the Institute of Hydrology River Wye experimental 

catchments at Plynlimon, Wales (10 km2) was published in a series of articles by Bathurst 

(1986a, b). 

SHE, which is a grid ï based model, divides the catchment into a number of square or 

rectangular grid elements, linked to channel reaches that run along the boundaries of the 

hillslope grid. The grid size in case studies that employ SHE ranges from 50 m up to 2 km in a 

recent case study for the Kolar and Narmada catchments in India, which is a very wide range. 

However, it is obvious that in the latter case the grid size is so large that the model cannot be 

considered to be representing flow on the hillslopes or in the smaller channels of the catchment 

in any meaningful way. 

Each hillslope grid element has a specified surface elevation and model components for 

interception, evapotranspiration, snowmelt and one-dimensional vertical unsaturated zone flow 

where appropriate. A two-dimensional surface runoff and groundwater components links the 
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grid elements. Internal boundary conditions allow the coupling of surface flow and infiltration 

into the unsaturated zone, the unsaturated and saturated zones at the local water table, and 

groundwater and channel flows. The model is able to predict a variety of runoff generation 

processes on each grid element, including both infiltration excess and saturation excess runoff, 

and the groundwater flow component can be used to simulate subsurface contributions to the 

hydrograph under suitable conditions.  

The main disadvantage of this model is the large number of parameters. The parameter values 

required are effective values at the grid element scale, which may not be the same as values that 

might be measured locally. Nevertheless, the model also offers the potential to specify fully 

distributed precipitation and meteorological data across the model grid elements, if the data are 

available. The predictions are, however, dependent on the grid scale used. 

2.3.2 SHE evolution 

A UK version of SHE is SHETRAN, which is based within the Water Resource Systems 

Research Unit at the University of Newcastle. SHETRAN has added contaminant and sediment 

transport components (Bathurst et al., 1995, 2004; Ewen et al. 2000). The DHI version, MIKE 

SHE, has also added a contaminant transport component (Refsgaard and Storm, 1995). In both 

cases, the predictions of contaminant transport are based on the advectionïdispersion equation. 

Both DHI and the University of Newcastle now have versions of SHE which make fully 3 ïD 

solutions for the unsaturated ï saturated flow domain. MIKE SHE has also added options to 

use a simple groundwater store where a fully subsurface solution is not justified and to predict 

a preferential recharge to the saturated zone as a simple proportion of the infiltration rate 

(Refsgaard and Storm, 1995). Such modifications undermine the way in which models purport 

to be ñphysically-basedò. 

2.3.3 G2G model 

In the Probability Distributed Moisture PDM model, which is described in Figure 2.3, the 

multiple storage elements are allowed to fill and drain during rainstorm and interstorm periods 

respectively. If any storage component is full then any additional rainfall is assumed to reach 

the channel quickly as storm runoff. A slow drainage component is allowed to deplete the 

storages between storms, contributing to the recession discharge in the channel and setting up 

the initial storages prior to the next storm. Evapotranspiration is also taken from each store 

element during the interstorm periods. 

The advantages of the PDM model are its analytical and computational simplicity. It has been 

shown to provide good simulations of observed discharges in many applications so that the 

distribution of conceptual storages can be interpreted as a realistic representation of the 

functioning of the catchment in terms of runoff generation. However, no further interpretation 

in terms of the pattern of responses is possible, since there is no way of assigning particular 

locations to the storage elements. In this sense, the PDM model remains a lumped representation 

at the catchment scale. 
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Figure 2.3: Structure of the PDM model (K.J. Beven, 2012). 

The Figure 2.4 illustrates a PDM model, used as a semi-distributed model, where PDM 

elements represent grid squares feeding a grid-to-grid routing method. 

 

Figure 2.4: Integration of the PDM grid elements inti the G2G model (after Moore et al. 2006). 

  








































































































































































































































