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Abstract 

Typically, flood modelling in the context of everyday engineering practices is addressed 

through event-based deterministic tools, e.g., the well-known SCS-CN method. A major 

shortcoming of such approaches is the ignorance of uncertainty, which is associated with the 

variability of soil moisture conditions and the variability of rainfall during the storm event.  

In event-based modelling, the sole expression of uncertainty is the return period of the design 

storm, which is assumed to represent the acceptable risk of all output quantities (flood 

volume, peak discharge, etc.). In the meantime, the varying antecedent soil moisture 

conditions across the basin are represented by means of scenarios (e.g., the three AMC types 

by SCS), while the temporal distribution of rainfall is represented through standard 

deterministic patterns (e.g., the alternative blocks method). Furthermore, time of 

concentration is considered as a constant characteristic feature of a basin, which has actually 

been proved to be an invalid assumption.  

In order to address these major inconsistencies, while simultaneously preserving the 

simplicity and parsimony of the SCS-CN method, we have developed a pseudo-continuous 

stochastic simulation approach, suitable for ungauged basins, comprising the following steps: 

(1) generation of synthetic daily rainfall time series; (2) update of potential maximum soil 

retention, on the basis of accumulated five-day Antecedent Precipitation; (3) estimation of 

daily runoff through the SCS-CN formula, using as inputs the daily rainfall and the updated 

value of maximum soil retention;(4) daily update of the value of time of concentration 

according to the runoff generated; (5) selection of extreme events and application of the 

standard SCS-CN procedure for each specific event. 

This scheme requires the use of two stochastic modelling components, namely the CastaliaR 

model, for the generation of synthetic daily data, and the HyetosMinute model, for the 

stochastic disaggregation of daily rainfall to finer temporal scales. Outcomes of this approach 

are a large number of synthetic flood events, allowing for expressing the design variables in 

statistical terms and thus properly evaluating flood risk. 

The proposed pseudo-continuous stochastic simulation framework, along with a series of 

model variations is thoroughly investigated, in order to examine its response, prove its 

consistency and suggest further improvements and topics for future work. 
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Εκτεταμένη Περίληψη / (Extended abstract in Greek) 

Παξά ην γεγνλόο όηη ε επηζηήκε θαη εα ηερλνινγία έρνπλ ζεκεηώζεη ξαγδαία πξόνδν ηηο 

ηειεπηαίεο δεθαεηίεο, ν άλζξσπνο αγσλίδεηαη αθόκα λα αληεπεμέιζεη ζηηο πξνθιήζεηο πνπ 

ηνπ ζέηεη ε θύζε κε ηηο απξόβιεπηεο δπλάκεηο ηεο. Οη θπζηθέο θαηαζηξνθέο ζπλερίδνπλ λα 

πξνθαινύλ ζαλάηνπο θαη θαηαζηξνθή πεξηνπζηώλ. 

Μεηαμύ απηώλ, νη πιεκκύξεο έρνπλ εμέρνπζα ζέζε. Δλδεηθηηθό είλαη όηη κόλν ζην πξώην 

εμάκελν ηνπ 2017 πεξηζζόηεξνη από 1 100 ζάλαηνη πνπ απνδίδνληαη ζε πιεκκπξηθά 

γεγνλόηα έρνπλ θαηαγξαθεί παγθνζκίσο, ε γεσγξαθηθή θαηαλνκή ησλ νπνίσλ δελ 

πεξηνξίδεηαη απζηεξά ζε ρώξεο ηνπ ηξίηνπ θόζκνπ ή/θαη αλαπηπζζόκελεο ρώξεο. 

 

΢σήμα 1 : Γεωγπαθική απεικόνιζη με ηη σπήζη ηος λογιζμικού Matlab® ηων καηαγεγπαμμένων μεγάλων 

πλημμςπών, καηά ηο ππώηο εξάμηνο ηος 2017  

Σν γεγνλόο όηη κεγάιεο θαη ζαλαηεθόξεο πιεκκύξεο ζπκβαίλνπλ θαη ζηηο νηθνλνκηθά 

εύξσζηεο ρώξεο, όπνπ ηα κέζα θαη νη πόξνη γηα ηνλ αληηπιεκκπξηθό ζρεδηαζκό είλαη επαξθή 

θαη, ελ πνιινίο, δηαηίζεληαη, θαηαδεηθλύεη όηη ππάξρεη πνιύο αθόκα δξόκνο πνπ πξέπεη λα 

δηαλύζεη ε αλζξσπόηεηα, γηα λα πξνζηαηεπζεί από ηα αθξαία γεγνλόηα. 

Παξόηη ε επηζηεκνληθή θνηλόηεηα αλακβίθνια έρεη θαηαβάιεη ζεκαληηθέο πξνζπάζεηεο πξνο 

απηή ηελ θαηεύζπλζε, νη πνιύπινθνη κεραληζκνί πνπ θαζνξίδνπλ ηελ παξαγσγή 

πιεκκπξηθήο απνξξνήο δελ κπνξνύλ λα πεξηγξαθνύλ κε αθξίβεηα, όρη κόλν επεηδή ην 

επηζηεκνληθό πεδίν ηεο πδξνινγίαο είλαη ζρεηηθά λέν θαη ελ κέξεη αραξηνγξάθεην, αιιά θαη, 

θπξίσο, ιόγσ ηεο εγγελνύο αβεβαηόηεηαο ησλ πδξνκεηεσξνινγηθώλ κεηαβιεηώλ θαη 

πδξνγεσινγηθώλ δηεξγαζηώλ, πνπ δελ επηηξέπνπλ ηηο αθξηβείο πξνβιέςεηο. 

Μέζα ζε απηά ηα πιαίζηα, παξά ην γεγνλόο όηη νη πην εμειηγκέλεο κέζνδνη πνπ έρνπλ 

αλαπηπρζεί ηα ηειεπηαία ρξόληα  θαη πεξηιακβάλνπλ κνληέια ζπλερνύο πξνζνκνίσζεο ησλ 

πδξνινγηθώλ δηεξγαζηώλ κηαο ιεθάλεο απνξξνήο, έρνπλ θαηαθέξεη λα δώζνπλ αμηόπηζηεο 

πξνβιέςεηο, ε ρξήζε ηνπο παξνπζηάδεη αθόκα πξνβιήκαηα. Πην ζπγθεθξηκέλα, ηέηνηεο 

κέζνδνη απαηηνύλ βαζκνλόκεζε βαζηζκέλε ζηελ ύπαξμε πξαγκαηηθώλ κεηξήζεσλ βξνρήο – 
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απνξξνήο πνπ ζηελ πιεηνλόηεηα ησλ πεξηπηώζεσλ δελ είλαη δηαζέζηκεο. Αθόκε θαη ζηελ 

πεξίπησζε πνπ ηέηνηεο κεηξήζεηο ππάξρνπλ, ε πνηόηεηά ηνπο είλαη αξθεηέο θνξέο 

ακθηζβεηήζηκε. Σέινο, ε ρξήζε ηέηνησλ πξνζνκνησκάησλ είλαη αθελόο πνιύπινθε θαη 

απαηηεί ηδηαίηεξεο γλώζεηο, ελώ, ηαπηόρξνλα, ε ρξήζε αξθεηώλ παξακέηξσλ σο δεδνκέλα 

εηζόδνπ απμάλεη ηελ αβεβαηόηεηα ησλ ζπζηεκάησλ απηώλ.  

Ωο εθ ηνύηνπ απηά ηα ζπζηήκαηα πξνζνκνίσζεο δελ έρνπλ θαζνιηθά θαζηεξσζεί θαη ε 

ρξήζε ηνπο δελ είλαη εύθνιε. Έηζη, ε δηεζλήο θνηλόηεηα ησλ κεραληθώλ –αθόκε θαη γηα 

ιόγνπο θνπιηνύξαο, πνπ έρνπλ λα θάλνπλ κε ηελ αδξάλεηα ζηελ επηζηεκνληθή πξόνδν- ζηελ 

πιεηνςεθία ηεο ζπλερίδεη λα ρξεζηκνπνηεί ηηο θιαζηθέο κεζόδνπο πξνζνκνίσζεο γεγνλόησλ, 

παξόηη έρεη απνδεηρζεί όηη βαζίδνληαη ζε νξηζκέλεο αξθεηά αζπλεπείο θαη ζεσξεηηθά 

αβάζηκεο ππνζέζεηο. 

Οη κέζνδνη πξνζνκνίσζεο γεγνλόησλ, πνπ ζπλαληώληαη ζηηο ζπλήζεηο πξαθηηθέο ησλ 

κεραληθώλ, δελ ιακβάλνπλ ππ΄όςελ ηνπο ηελ αβεβαηόηεηα πνπ ππάξρεη εγγελώο ζηηο 

πδξνκεηεσξνινγηθέο κεηαβιεηέο, θαζώο θαη ηε κεηαβιεηόηεηα ησλ ζπλζεθώλ εδαθηθήο 

πγξαζίαο. ΢ε απηά ηα πιαίζηα, ε πηζαλνηηθή έθθξαζε ησλ πιεκκπξηθώλ όγθσλ θαη ησλ 

αληίζηνηρσλ πιεκκπξηθώλ αηρκώλ αξθείηαη ζην λα ηαπηίδεηαη κε ηελ πεξίνδν επαλαθνξάο 

ηεο βξνρόπησζεο ζρεδηαζκνύ, ε ρξνληθή εμέιημε ηεο νπνίαο αθνινπζεί έλα απζαίξεηα 

πξνθαζνξηζκέλν κνηίβν.  

Οη ζεκαληηθέο αζπλέπεηεο ησλ κεζόδσλ απηώλ, αιιά θαη νη δπζθνιίεο θαη ηα εκπόδηα ζηε 

ρξήζε ησλ πην ζπλεπώλ, αιιά πνιύπινθσλ ζπζηεκάησλ ζπλερνύο πξνζνκνίσζεο, νξίδνπλ 

θαη ηνλ πξνζαλαηνιηζκό ηεο παξνύζαο δηπισκαηηθήο εξγαζίαο. 

Δηδηθόηεξα, ζθνπόο ηεο παξνύζαο δνπιεηάο είλαη ε αλάπηπμε ελόο πιαηζίνπ ζηνραζηηθήο 

πξνζνκνίσζεο ζε ςεπδν-ζπλερή ρξόλν γηα ηελ εθηίκεζε πιεκκπξηθώλ παξνρώλ, ην νπνίν ζα 

απνηειεί κία ελδηάκεζε πξνζέγγηζε,  κεηαμύ ησλ παξαπάλσ. Έλα ηέηνην πιαίζην, αθελόο ζα 

πξέπεη λα ππεξβαίλεη ηηο ζνβαξόηαηεο αζπλέπεηεο θαη ηα ειαηηώκαηα ησλ θιαζηθώλ 

αηηηνθξαηηθώλ πξνζνκνησκάησλ θαη, αθεηέξνπ, λα παξακέλεη απιό ζηε ζύιιεςε, αιιά θαη 

θεηδσιό, ώζηε λα κελ απαηηνύληαη βαζκνλόκεζε ή εηδηθέο γλώζεηο γηα ηε ρξήζε ηνπ, όπσο 

ζπκβαίλεη ζηα κνληέια ζπλερνύο πξνζνκνίσζεο. 

΢ηα πιαίζηα ηεο παξνύζαο δηπισκαηηθήο εξγαζίαο, σο «ηππηθό αηηηνθξαηηθό πιαίζην 

πξνζνκνίσζεο» νξίδεηαη εθείλν ην πιάηζην ζύκθσλα κε ην νπνίν: 

 Η θαηαηγίδα ζρεδηαζκνύ επηιέγεηαη κε βάζε ηηο όκβξηεο θακπύιεο, γηα ηελ επηζπκεηή 

πεξίνδν επαλαθνξάο θαη δηάξθεηα  

 Η ρξνληθή εμέιημε ηεο θαηαηγίδαο ζρεδηαζκνύ θαζνξίδεηαη κε βάζε ηε κέζνδν ησλ 

ελαιιαζζόκελσλ κπινθ (alternating blocks method), κε ηαπηόρξνλε επηθαλεηαθή 

απνκείσζε ηεο βξνρόπησζεο κέζσ ηνπ δείθηε θ (Aerial Reduction Factor) 

 Τπνινγηζκόο ησλ πδξνινγηθώλ ειιεηκάησλ κε ηελ επξέσο δηαδεδνκέλε κέζνδν 

NRCS-CN, γηα κία από ηηο ηξεηο δηαθνξεηηθέο πηζαλέο ζπλζήθεο πγξαζίαο (πγξέο, 

κέζεο ή μεξέο ζπλζήθεο) 

 Μεηαζρεκαηηζκόο ηεο ελεξγνύ βξνρόπησζεο ζε πιεκκπξνγξάθεκα κε ηε ρξήζε 

κνλαδηαίνπ πδξνγξαθήκαηνο. Δλ πξνθεηκέλσ ρξεζηκνπνηείηαη κνλαδηαίν 
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πδξνγξάθεκα παξακεηξηθό σο πξνο ηνλ ρξόλν ζπγθέληξσζεο, ν νπνίνο ζεσξείηαη 

ζηαζεξόο θαη ππνινγίδεηαη κε ηε γλσζηή κέζνδν Giandotti 

Σα βαζηθά κεηνλεθηήκαηα ηεο παξαπάλσ πξνζέγγηζεο έρνπλ λα θάλνπλ κε ηελ απζαίξεηε 

επηινγή ζπλζεθώλ πγξαζίαο, ηελ εμίζνπ απζαίξεηε επηινγή ελόο πξνθαζνξηζκέλνπ κνηίβνπ, 

όζνλ αθνξά ηε ρξνληθή εμέιημε ηεο θαηαηγίδαο ζρεδηαζκνύ, ηελ ππόζεζε όηη ν ρξόλνο 

ζπγθέληξσζεο είλαη ζηαζεξόο, αιιά θαη ηελ ίδηα ηελ αληηκεηώπηζε ησλ πδξνινγηθώλ 

δηεξγαζηώλ ηεο ιεθάλεο, πνπ ππνηίζεηαη όηη δηέπεηαη από πιήξσο αηηηνθξαηηθέο ζρέζεηο. 

Πην ζπγθεθξηκέλα, ηόζν ε βηβιηνγξαθία, όζν θαη ε ίδηα ε εκπεηξία ησλ κεραληθώλ, 

θαηαδεηθλύεη όηη ε εδαθηθή πγξαζία επεξξεάδεη θαηά θύξην ιόγν ηελ παξαγόκελε απνξξνή, 

γηα κηα δεδνκέλε θαηαηγίδα. Η εθαξκνγή ηεο παξαπάλσ κεζνδνινγίαο ζπλήζσο εληάζζεηαη 

ζε κηα ινγηθή ππεξδηαζηαζηνιόγεζεο, όπνπ επηιέγνληαη νη πγξέο ζπλζήθεο ράξελ αζθαιείαο, 

παξ΄όηη έρεη παξαηεξεζεί όηη ηα αθξαία γεγνλόηα κπνξνύλ λα ζπκβνύλ αθόκα θαη ζε μεξέο 

ζπλζήθεο. Δηδηθόηεξα ζηελ Διιάδα θαη, πνιύ δε πεξηζζόηεξν ζηελ αλαηνιηθή Διιάδα, νη 

μεξέο ζπλζήθεο επηθξαηνύλ έλαληη ησλ πγξώλ (Pontikos, 2014). ΢πγρξόλσο, ζε κηα πεξίνδν 

πνπ ε αλζξσπόηεηα αγσλίδεηαη λα δηαηεξήζεη πόξνπο, ε θαηαζπαηάιεζή ηνπο θαη, άξα, ε 

θνπιηνύξα ηεο ππεξδηαζηαζηνιόγεζεο ζα έπξεπε λα απνθεύγεηαη. 

Καζίζηαηαη επνκέλσο ζαθέο όηη έλα πιαίζην ζην νπνίν πεξηγξάθεηαη ε πξαγκαηηθή θύζε ηεο 

κεηαβιεηόηεηαο ηεο εδαθηθήο πγξαζίαο, είλαη ζίγνπξα πην ζπλεπέο θαη αλαπαξηζηά πην πηζηά 

ην πξαγκαηηθό θαζεζηώο ηεο εθάζηνηε πεξηνρήο κειέηεο. Δπηπιένλ, ε δηαθξηηνπνίεζε ησλ 

ζπλζεθώλ εδαθηθήο πγξαζίαο ζε ηξεηο ηύπνπο είλαη πξνθαλέο όηη είλαη εμαηξεηηθά κε 

ξεαιηζηηθή, αθνύ ζηελ πξαγκαηηθόηεηα ην έδαθνο κπνξεί λα βξεζεί ζε νπνηαδήπνηε 

θαηάζηαζε. Βέβαηα, κηα πην ζπλεπήο πεξηγξαθή ηεο κεηαβιεηόηεηαο απηήο δελ κπνξεί λα 

γίλεη αλαζέηνληαο απζαίξεηα κία θαηαλνκή ζηηο ζπλζήθεο πγξαζίαο, αιιά, αληηζέησο ζα 

πξέπεη λα ζρεηίδεηαη κε ηηο δηεξγαζίεο εληόο ηεο ιεθάλεο. 

Σαπηόρξνλα, ε απζαίξεηε επηινγή ελόο πξνθαζνξηζκέλνπ κνηίβνπ, όζνλ αθνξά ηε ρξνληθή 

εμέιημε ηεο θαηαηγίδαο ζρεδηαζκνύ, έρεη απνδεηρζεί όηη είλαη όρη κόλν κε ξεαιηζηηθή, αιιά 

νδεγεί θαη ζε εμαηξεηηθά απίζαλεο θαηαηγίδεο, θαζώο βαζίδνληαη ζηελ ππόζεζε όηη ην ύςνο 

βξνρήο ζε θάζε ρξνληθή δηάξθεηα αληηζηνηρεί ζηελ ίδηα πεξίνδν επαλαθνξάο. ΢πλεπώο, ε 

ρξήζε ελόο πιαηζίνπ ζην νπνίν κπνξνύλ λα παξαρζνύλ πην ξεαιηζηηθά πξνθίι βξνρόπησζεο, 

ηα νπνία ζα κπνξνύλ λα δηαηεξνύλ ηα ζηαηηζηηθά ραξαθηεξηζηηθά θαη ηε δνκή 

απηνζπζρέηηζεο ηεο βξνρόπησζεο ηεο πεξηνρήο κειέηεο θαζίζηαηαη απνιύησο αλαγθαία. 

Παξάιιεια, ζύκθσλα κε ηε βηβιηνγξαθία (π.ρ. Grimaldi θ.α. (2012) ), αιιά θαη ηελ εκπεηξία 

ησλ κεραληθώλ, ν ρξόλνο ζπγθέληξσζεο δελ κπνξεί λα ζεσξείηαη ζηαζεξόο. Δίλαη πξνθαλέο 

όηη όηαλ απμάλεηαη ε απνξξνή θαη, άξα, απμάλνληαη νη παξνρέο θαη νη ηαρύηεηεο ηεο επίγεηαο 

ξνήο, θαζώο θαη ηεο ξνήο ζην πδξνγξαθηθό δίθηπν, ν ρξόλνο ζπγθέληξσζεο είλαη κεησκέλνο. 

΢ε απηή ηελ θαηεύζπλζε, πξόζθαηα ε Αλησληάδε (2016) αλέπηπμε κία κεζνδνινγία, 

ζύκθσλα κε ηελ νπνία ν ρξόλνο ζπγθέληξσζεο κεηαβάιιεηαη θαη ζπζρεηίδεηαη κε ην ύςνο 

ηεο παξαγόκελεο πιεκκπξηθήο απνξξνήο. 

Σέινο, αθόκα θαη έλα πιαίζην ην νπνίν ζα αληηκεηώπηδε ηα παξαπάλσ, δελ ζα κπνξνύζε λα 

είλαη αμηόπηζην, παξά κόλν αλ ιάκβαλε ππ΄όςε θαη ηελ εγγελή αβεβαηόηεηα ησλ 
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πδξνκεηεσξνινγηθώλ δηεξγαζηώλ θαη ησλ πδξνγεσινγηθώλ κεραληζκώλ πνπ ζρεηίδνληαη κε 

απηέο θαη επεξξεάδνπλ ηελ απόθξηζε ηεο ιεθάλεο. ΢πλεπώο, κόλν κία ζηνραζηηθή 

πξνζέγγηζε, κπνξεί λα πξνζθέξεη πην αμηόπηζηεο ιύζεηο, θαηά ηελ νπνία ηα κεγέζε 

ζρεδηαζκνύ κπνξνύλ λα πξνζεγγηζηνύλ πηζαλνηηθά. 

Λακβάλνληαο ππ΄όςελ ηα παξαπάλσ πξνηείλεηαη ην πιαίζην ζηνραζηηθήο πξνζνκνίσζεο ζε 

ςεπδν-ζπλερή ρξόλν ην νπνίν πεξηιακβάλεη αλαιπηηθά ηα αθόινπζα βήκαηα: 

1) Μειεηώληαη ηα θπζηνγξαθηθά ραξαθηεξηζηηθά ηεο ιεθάλεο θαη θαζνξίδεηαη ε ηηκή 

αλαθνξάο γηα ηελ παξάκεηξν CN 

2) Με ηε ρξήζε ηνπ Ψεθηαθνύ Μνληέινπ Δδάθνπο ηεο πεξηνρήο ππνινγίδεηαη ε ζρέζε 

ηεο απνξξνήο κε ηνλ ρξόλν ζπγθέληξσζεο. Απηό γίλεηαη κε βάζε ηε κεζνδνινγία πνπ 

πξνηείλεη ε Αλησληάδε (2016), ζύκθσλα κε ηελ νπνία ε απνξξνή ζπλδέεηαη κε ην 

ρξόλν ζπγθέληξσζεο κέζα από κία εθζεηηθή ζρέζε, ηεο κνξθήο P=atc
 -b

, όπνπ a,b>0 

θαη P ε απνξξνή ζε ρηιηνζηά. 

 

΢σήμα 2 : Η ζσέζη ηος σπόνος ζςγκένεηπωζηρ με ηην παπαγόμενη αποπποή για ηη λεκάνη ηηρ Ραθήναρ 

3) Καζνξηζκόο ησλ παξακέηξσλ ηνπ Παξακεηξηθνύ ΢πλζεηηθνύ Μνλαδηαίνπ 

Τδξνγξαθήκαηνο, όπσο απηό αλαπηύρζεθε ζηα πιαίζηα ηνπ εξεπλεηηθνύ 

πξνγξάκκαηνο «ΓΔΤΚΑΛΙΩΝ» (2014). 
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΢σήμα 3 : Σο ΜοναδιαίοΤδπογπάθημα ηηρ λεκάνηρ ηηρ Ραθήναρ για σπόνο ζςγκένηπωζηρ πος έσει 

ςπολογιζηεί με ηη μέθοδο ηος Giandotti 

4) Δπηινγή θαηάιιειεο ηζηνξηθήο ρξνλνζεηξάο βξνρνπηώζεσλ 

5) Βαζκνλόκεζε ηνπ παθέηνπ ζηνραζηηθνύ επηκεξηζκνύ HyetosMinute (2016) κε βάζε 

ηελ ηζηνξηθή ρξνλνζεηξά 

6) Παξαγσγή ζπλζεηηθήο ρξνλνζεηξάο εκεξήζησλ βξνρνπηώζεσλ κε ηε ρξήζε ηνπ 

ινγηζκηθνύ Castalia (Efstratiadis, et al., 2014). Η επηινγή ηνπ κήθνπο ησλ ζπλζεηηθώλ 

ρξνλνζεηξώλ γίλεηαη κε βάζε ηελ επηζπκεηή πεξίνδν επαλαθνξάο (10 000 ρξόληα 

παξάγνληαη γηα ηνλ αμηόπηζην ππνινγηζκό πιεκκύξαο ζρεδηαζκνύ κε πεξίννδν 

επαλαθνξάο ίζε κε 1 000 ρξόληα). 

7) ΢ηνραζηηθόο επηκεξηζκόο ησλ εκεξήζησλ βξνρνπηώζεσλ ζε ιεπηόηεξεο ρξνληθέο 

θιίκαθεο (π.ρ. 15 ιεπηά) κε ηε ρξήζε ηνπ παθέηνπ HyetosMinute (Kossieris, et al., 

2016). 

8) Τπνινγηζκόο ηεο εδαθηθήο πγξαζίαο (ηηκή ηεο παξακέηξνπ CN
i
 θαη θαη΄επέθηαζελ 

ηεο κέγηζηεο δπλεηηθήο θαηαθξάηεζεο) γηα θάζε εκέξα i, κε βάζε ηελ αζξνηζηηθή 

βξνρή ησλ πξνεγνύκελσλ πέληε εκεξώλ, P5. ΢ε απηά ηα πιαίζηα, νη μεξέο ζπλζήθεο 

αληηζηνηρίδνληαη ζην ρακειόηεξν 10% ησλ P5, ελώ νη πγξέο ζπλζήθεο ζην πςειόηεξν 

10%. Γηα θάζε ελδηάκεζε θαηάζηαζε, γίλεηαη γξακκηθή παξεκβνιή κεηαμύ ησλ δύν, 

κε βάζε ηελ εθάζηνηε ηηκή P
i
5, όπσο θαίλεηαη ζηηο αθόινπζεο ζρέζεηο. 
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Eq. ( 1-2 ) 
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΢σήμα 4 : Παπάδειγμα όπος θαίνονηαι η σπονοζειπά ηων βποσοπηώζεων, ηα ανηίζηοισα P5 και οι ηελικέρ 

ηιμέρ ηος CN πος αναηίθενηαι 

9) Τπνινγηζκόο ηεο εκεξήζηαο απνξξνήο, κε βάζε ηελ ηηκή ηνπ CN πνπ ππνινγίζηεθε 

ζην βήκα (3), κε ρξήζε ηεο κεζόδνπ NRCS-CN. 

10) Δπηινγή ησλ εηεζίσλ κεγίζησλ ηεο απνξξνήο 

11) Τπνινγηζκόο ηνπ ρξόλνπ ζπγθέληξσζεο, δεδνκέλεο ηεο παξαγόκελεο απνξξνήο θαη, 

επνκέλσο ηνπ κνλαδηαίνπ πδξνγξαθήκαηνο πνπ πξνθύπηεη γηα θάζε επηιεγκέλν 

επεηζόδην 

12) Τπνινγηζκόο ηεο ρξνληθήο εμέιημεο ησλ πδξνινγηθώλ ειιεηκάησλ κε ρξήζε ηεο 

κεζόδνπ NRCS-CN ζηελ θιίκαθα ηνπ επεηζνδίνπ θαη παξαγσγή ησλ 

πιεκκπξνγξαθεκάησλ. 

13) Δπαλάιεςε ησλ βεκάησλ (1) έσο (12) ζηα πιαίζηα κίαο πξνζνκνίσζεο Monte-Carlo, 

πξνθεηκέλνπ λα εμαρζνύλ νη πεξηζώξηεο θαηαλνκέο ησλ απνηειεζκάησλ. 

Οη παξαπάλσ πξνζεγγίζεηο εθαξκόζηεθαλ ζηε ιεθάλε ηεο Ραθήλαο θαη ηα απνηειέζκαηα 

ηεο βαζηθήο αλάιπζεο παξνπζηάδνληαη ζην αθόινπζν δηάγξακκα, όπνπ θαίλεηαη πσο ην 

θιαζηθό ληεηεξκηληζηηθό πιαίζην ππνεθηηκά αξθεηά ηηο πιεκκπξηθέο αηρκέο, κε ηε δηαθνξά 

ησλ δύν κεζόδσλ λα απμάλεηαη, θαζώο απμάλεηαη ε πεξίνδνο επαλαθνξάο. Παξάιιεια, ην 

πξνηεηλόκελν πιαίζην, ιόγσ ηεο κεζόδνπ επηκεξηζκνύ ηεο βξνρήο πνπ ρξεζηκνπνηείηαη, δίλεη 

αξθεηά ξεαιηζηηθά πιεκκπξνγξαθήκαηα, ζε αληίζεζε κε ηα ηππνπνηεκέλα 

πιεκκπξνγξαθήκαηα πνπ παξάγνληαη από ην θιαζηθό πιαίζην. 

Φπζηθά, ην πξνηεηλόκελν πιαίζην είλαη αξθεηά εύθνιν ζηε ρξήζε ηνπ θαη ρξεζηκνπνηεί ιίγεο 

παξακέηξνπο, ρσξίο λα απαηηεί ηελ ύπαξμε κεηξήζεσλ βξνρήο – απνξξνήο θαη είλαη, 

ζπλεπώο, θαηάιιειν γηα ιεθάλεο ρσξίο κεηξήζεηο, όπσο είλαη ε πιεηνλόηεηα ησλ ιεθαλώλ 

παγθνζκίσο. 
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΢σήμα 5 : Οι καηανομέρ ηων πλημμςπικών αισμών ςπολογιζμένερ με βάζη ηο πποηεινόμενο πλαίζιο και ηην κλαζική 

νηεηεπμινιζηική μεθοδολογία. Φαίνονηαι οι πεπιθώπιερ καηανομέρ ηος πποηεινόμενος πλαιζίος (άνω –κάηω όπια για 

όπια εμπιζηοζύνηρ 95% και ενδιάμεζη εκηίμηζη) και οι καηανομέρ ηος νηεηεπμινιζηικού πλαιζίος για ηοςρ ηπειρ 

ηύποςρ εδαθικήρ ςγπαζίαρ (AMCI-II-III). 

 

΢σήμα 6 : Πλημμςπογπάθημα πος ανηιζηοισεί ζε πεπίοδο επαναθοπάρ 50 έηη, ςπολογιζμένο με ηο νηεηεπμινιζηικό 

πλαίζιο 
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΢σήμα 7 : Πλημμςπογπάθημα πος ανηιζηοισεί ζηην ενδιάμεζη εκηίμηζη για πεπίοδο επαναθοπάρ 50 έηη, 

ςπολογιζμένο με ηο πποηεινόμενο ζηοσαζηικό πλαίζιο  

 

Με απηά θαηά λνπ, δηελεξγήζεθε παξάιιεια κία ζσξεία αλαιύζεσλ κε βάζε αξθεηέο 

ηξνπνπνηήζεηο ζηηο δηάθνξεο πηπρέο ηνπ πξνηεηλόκελνπ κνληέινπ, ηα απνηειέζκαηα θαη ηα 

ζπκπεξάζκαηα ησλ νπνίσλ θαηαιακβάλνπλ έλαλ ζεκαληηθό όγθν πιεξνθνξίαο θαη ζε θακία 

πεξίπησζε δελ κπνξνύλ λα παξνπζηαζηνύλ ζηελ παξνύζα πεξίιεςε, αιιά παξνπζηάδνληαη 

εθηελώο ζηα θεθάιαηα ηεο εξγαζίαο πνπ αθνινπζνύλ.  

Οη αλαιύζεηο απηέο πξαγκαηνπνηήζεθαλ πξνθεηκέλνπ λα δηεξεπλεζεί ε επηξξνή πνπ έρνπλ 

ζην παξαγόκελν απνηέιεζκα νη δηάθνξεο ππνζέζεηο ηνπ πξνηεηλόκελνπ πιαηζίνπ θαη αλα 

αλαδεηεζνύλ ελδείμεηο πνπ λα ζηεξίδνπλ ηελ νξζόηεηα ησλ επηινγώλ καο. 

Οη δηαθνξνπνηήζεηο αθνξνύλ ηνλ επηκεξηζκό ηεο βξνρήο (κε ηε κέζνδν ησλ 

ελαιιαζζόκελσλ κπινθ ή κε κία απιή νκνηόκνξθε θαηαλνκή), ηε ζεώξεζε ηνπ ρξόλνπ 

ζπγθέληξσζεο σο ζηαζεξνύ, ελώ κειεηήζεθε θαη ην θεηδσιό ζπλερέο ελλνηνινγηθό 

πξνζνκνίσκα Annie-model πνπ αλαπηύρζεθε από ηνπο Παπνπιάθν θ.α (2017). 
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΢σήμα 8 : ΢σημαηική απεικόνηζη ηων διεπγαζιών ηηρ λεκάνηρ ζύμθωνα με ηο Annie-model 

Μεηαμύ πνιιώλ επξεκάησλ θαη ζπκπεξαζκάησλ, αλαθέξνπκε εδώ ελδεηθηηθά όηη ν ρξόλνο 

ζπγθέληξσζεο θαίλεηαη λα έρεη ηελ πην έληνλε επηξξνή ζην απνηέιεζκα, ελώ ην παθέην 

HyetosMinute, πνπ παξάγεη πην ζπκπαγή θαη πεξηνξηζκέλα ζην ρξόλν ζπζζσκαηώκαηα 

βξνρήο, κπνξεί λα παξάμεη πην δπζκελή πδξνγξαθήκαηα από ό,ηη νη άιιεο κέζνδνη 

επηκεξηζκνύ. 

Παξάιιεια, αλ θαη ην κνληέιν ππνινγηζκνύ ηεο εδαθηθήο πγξαζίαο ηνπ πξνηεηλόκελνπ 

πιαηζίνπ θαίλεηαη λα κπνξεί λα αλαπαξαζηήζεη ζε πνιύ αδξέο γξακκέο ην θαζεζηώο ηεο 

πεξηνρήο, πνπ είλαη θαηά θαλόλα μεξό,  πξνθύπηεη, ύζηεξα από κηα πνηνηηθή ζύγθξηζε κε ην 

πην πιήξεο Annie-model, όηη κηα πξνζέγγηζε βαζηζκέλε ζηελ αζξνηζηηθή βξνρή ησλ 60 ή 90 

–αληί ησλ 5- πξνεγνύκελσλ εκεξώλ ίζσο ήηαλ πην αμηόπηζηε.  

Κιείλνληαο, ζε γεληθέο γξακκέο κπνξεί λα ζεσξεζεί όηη ην πξνηεηλόκελν πιαίζην έρεη 

ηθαλνπνηεηηθή ιεηηνπξγία. Παξ΄όια απηά ζίγνπξα πξέπεη λα γίλνπλ πξνζπάζεηεο γηα ηε 

βειηίσζε νξηζκέλσλ πηπρώλ ηνπ.  

Οη πξώηεο θαηεπζπληήξηεο γξακκέο ηόζν γηα ηε βειηίσζε ηνπ πξνηεηλέκελνπ πιαηζίνπ, όζν 

θαη γηα πεξαηηέξσ απηόλνκε έξεπλα, αιιά θαη βειηίσζε ησλ δηάθνξσλ εξγαιείσλ πνπ 

ρξεζηκνπνηήζεθαλ έρνπλ ηεζεί αλαιπηηθώο ζηα θεθάιαηα πνπ αθνινπζνύλ. 
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1 Introduction  

1.1 General Context 

Despite the fact that human societies have tremendously grown spiritually, scientifically and 

technologically, thus dramatically changing all aspects of everyday life to the better, human 

nature is still having trouble coping with the unpredictable and occasionally devastating 

forces of nature -among which floods have a prominent position. 

Driven by the urging need of safer and less expensive flood control works in modern 

societies, that would protect human life and property, flood engineering has significantly 

changed in the past decades. The progress made in the field of hydrology, along with the 

computational capabilities provided by the rapid developments in computer science, have 

paved the way for the establishment of better and more consistent flood modeling schemes. 

However, not only in the underdeveloped or developing countries, but also in the most 

developed, where the necessary resources and means for protection are adequate, floods 

continue to pose a great threat, as severe events causing casualties and mass destruction keep 

occurring. In particular, according to the United Nations Office for Disaster Risk Reduction 

(2015) since 1995, floods have accounted for 47% of all weather-related disasters killing 157 

000 and affecting 2.3 billion people, while the globally recorded economic damage reaches 

totally up to662 billion US $. 

Specifically in Europe, between 1998 and 2009, over 213 major floods occurred, causing 

destruction, including the catastrophic floods along the Danube and Elbe rivers in summer 

2002. Severe floods also occurred in 2000 in Italy, France and the Swiss Alps, as well as in 

the United Kingdom, during the summer of 2007. In total, during this period 1 126 people 

died, about a half million were displaced and and the total economic loss was at least 60 

billion € in total. (EEA, 2010) 

In the first half of 2017 alone, up to the moment this study was written, over 100 different 

major flood events all over the world (as depicted in the following map)had been recorded, 

raising the death toll at approximately over 1 115 people totally. 
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Figure 1-1: Depiction of major floods recorded during the first half of 2017  

Moreover, the findings indicate that there has been an increase in observed floods worldwide, 

which is quite intriguing, since humanity has had an apparent impact upon them. Intense 

urbanization and deforestation have increased flood runoffs in many places across the world, 

while cities have been constructed in many cases on flood plains. As a result, even though the 

nature of precipitation, which is the driving force of floods, has not been altered, floods 

nowadays have more devastating effects on lives and property. In other words, anthropogenic 

changes have increased the flood magnitude for particular precipitation events, and also have 

amplified the flood damage potential.  

Moreover, apart from the loss of human life, residencies getting flooded, great numbers of 

people-even whole communities-being forced to evacuate their homes and valuable property 

being destroyed, the recurrent flooding of agricultural land, particularly in Asia, has also 

taken a heavy toll in terms of lost production, food shortages and rural under-nutrition.  

In addition to economic and social damage listed above, floods may have severe 

environmental consequences as for example when waste water treatment plants are inundated 

or when factories holding large quantities of toxic chemicals are also affected. Floods may 

also destroy wetland areas and reduce biodiversity. 

In this context, in order to protect our societies from floods and before turning to flood 

engineering, which is the subject of this study, it is essential that humanity understood that 

there are yet urgent things that need to be done. 

First and foremost, it should be made a priority that cities are expanded farther from river 

banks, thus avoiding construction on flood plains, where possible, while deforestation should 

be restricted to the minimum necessary, or even reversed, when possible. Urbanization 

should be carefully planned, providing enough space for the construction of adequate 

drainage systems that could propagate major floods, communities should be designed and 

constructed in a more flood-resilient way, taking advantage of modern technology and, of 
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course, the natural streams or rivers that cross cities should under no circumstances be 

constrained. 

Simultaneously, safety guidelines and plans should be designed and the population along 

with the authorities should be trained and well prepared, in order to behave in the best 

possible, most efficient and quickest manner, when it comes to evacuating cities and rescuing 

people under threat, thus minimizing the risk on human lives.  

In the framework of planning in order to keep our cities safe, it is essential that the flood risk 

could be calculated. Flood hazard maps, showing the extent and expected water depths/levels 

of a flooded area, as well as flood risk maps, showing potential population, economic 

activities and the environment at potential risk from flooding, should be prepared. 

However, even though flood engineering has dramatically advanced, over the past decades, 

there are yet major shortcomings to be found in the methods and formulas used in everyday 

engineering practices, that lead to significant over or underestimations of flood risk, thus 

resulting in over or undersizing flood control structures respectively. Such shortcomings, 

apart from deriving from the core weaknesses of the field of hydrology itself, are also 

indicative of another major misconception in typical engineering, which is engineer‘s inertia 

of grasping the inherent uncertain nature of hydrometeorological variables and accepting the 

fact that they cannot be described in deterministic ways. 

On the one hand, hydrology is mostly an empirically developed field of science, where the 

complexity of the mechanisms governing the processes under study remains -to its full 

extent- elusive. In addition, the established methods and formulas are not only based on 

experiments conducted exclusively on watersheds, where measurements were available, but 

have also been derived from the investigation of specific –tremendously short, compared to 

Earth‘s age- time intervals of the past, which ,in a non-deterministic universe, cannot be fully 

representative of the true nature of any hydrometeorological variable. 

On the other hand, even in a fully deterministic world, where the twists and turns of every 

complicated natural process would be completely analyzed and easily predictable, humans 

would also have to decide upon an accepted level of flood risk. Extremely low levels of 

acceptable risk would require massive flood control works, thus wasting resources that could 

be spent more wisely on other sectors, such as healthcare or education, while higher levels 

would leave human lives and property exposed. 

In this context, it becomes quite clear already, that in order to deal with the challenges set by 

nature, we should embrace the fact that, not only are our methods usually inconsistent, misled 

by the scarcity or unreliability of measurements and not adequately theoretically founded, but 

that there also is an inherent uncertainty underlying all hydrometeorological processes. 
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1.2 Objective and structure 

Given the above, the scope of this thesis is to propose a stochastic simulation framework for 

calculating flood risk, in an attempt to address the inconsistencies found in everyday flood 

engineering. 

The main goal of this work is to propose a framework that opposes the deterministic view on 

hydrological processes and is also simple and parsimonious enough, so that it can be 

implemented in studying ungauged basins, opposed to the more complex continuous models 

developed over the past decades that require calibration. 

In the second chapter, a literature review is conducted, in order to document the theoretical 

background regarding flood engineering. 

In the third chapter, the materials and methods used in the context of this study are presented. 

A more complete, yet equally simple and parsimonious hydrological model, for calculating 

the generated runoff is also presented in this chapter. Although this model needs calibration, 

thus being not appropriate for ungauged basins, its simplicity allows its implementation in 

watersheds with limited measurements, where calibrating a fully distributed, more complex 

model would require more data. 

In the fourth chapter, the typical deterministic approach is described, its shortcomings are 

analyzed and some of its key assumptions that lack a stable theoretical background are 

questioned. 

In chapter five, the need for a stochastic approach that would remedy the inconsistencies of 

typical deterministic flood engineering is stated. Moreover, the shortcomings of more 

complex continuous model are documented, which support our choice of implementing a 

midrange approach. Finally the proposed pseudo-continuous stochastic simulation framework 

is thoroughly presented. 

In chapter six, Rafina stream basin, which is the study case of this thesis is presented and the 

model parameters are set. 

In chapter seven, the analyses and investigations regarding the proposed framework are 

conducted and the results are presented. The analyses involve presenting the results of the 

typical deterministic scheme, as well as the outcome of the proposed framework and 

comparing them; examining the continuous, as well as the event based parts of the model; 

investigating different variations of the proposed framework; testing the response of Annie-

model, which is presented in this thesis; and finally, examining the influence of CN upon the 

resulting floods. 

In chapter eight, the proposed scheme is improved, based on the results of our investigations 

and the response of the improved version is also tested. 
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In the ninth chapter, summary and conclusions of this diploma thesis are presented. That 

chapter consists of a summary of the topics treated in this thesis, final remarks regarding the 

conclusions made from all analyses and, finally, suggestions for further investigation.  

It should definitely be noted that the proposed framework is based mostly on methods, 

software and tools developed over the past years by teaching staff, researchers and students 

of the School of Civil Engineering, of National Technical University of Athens (from now on 

NTUA) and more specifically the Department of Water Resources and the Environment. 
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2 Literature review  

In this chapter, a review on the literature regarding flood engineering and more specifically 

the part of hydrologic design is conducted, in order to define the necessary theoretical 

background and concepts. The main hydrological procedures governing runoff generation, 

along with the flow mechanisms determining flood propagation are described. Moreover, the 

key steps in hydrologic design -from determining the design rainfall to calculating the flood 

at the outlet of the basin- are presented. 

2.1 Floods 

2.1.1 Definitions, causes and effects 

The flow regime in rivers and streams has a changing and uncertain nature, and floods are 

actually only a part of the natural variability of river discharges. As a result, the phenomenon 

referred to as flood is mostly used to distinct only that part of the wide spectrum of that 

natural process,which posesa threat to human lives and property. Thus, since ―threat‖ cannot 

be easily quantifiedand is quite subjective, it is difficult to determine above what extent, the 

rise of water level should be considered as a flood. That is why, one can find a wide variety 

of definitions of floods in the literature, the most prominent of which are listed below. 

According to the International Glossary of Hydrology (WMO, 2012) a flood is ―(a) the rise, 

usually brief, in the water level of a stream or water body to a peak from which the water 

level recedes at a slower rate (b)Relatively high flow as measured by the stage height or 

discharge.”, while flooding is also defined as ―(a)Overflowing by water of the normal 

confines of a watercourse or other body of water (b)Accumulation of drainage water over 

areas which are not normally submerged (c)Controlled spreading of water” –with the latter 

one being not suitable in our case. 

In the meantime, European Commission, in its Flood Directive 2007/60 (EC, 2007) provides 

a more parsimonious definition, according to which flood ―means the temporary covering by 

water of land not normally covered by water”. In an attempt be more descriptive, the EC 

states that the above ―shall includefloods from rivers, mountain torrents, Mediterranean 

ephemeral water courses and floods from the sea in coastal areas, and may exclude floods 

from sewerage systems”. 

Moreover, according to the National Weather Service of the United States of America, floods 

are defined as ―any high flow, overflow, or inundation by water which causes or threatens 

damage”. 

Floods, based on their causes, as well as effects, may be described by one of the following 

types: 
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Table 2-1:  Types of flood, Causes and effects (EXIMAP, 2007) 

Type of flooding Causes of flooding Effect of flooding Relevant parameters 

River flooding in 

flood plains 

 Intensive rainfall 

and/or snowmelt 

 Ice jam, clogging 

 Collapse of dikes 

or other 

protective 

structures 

 Stagnant or 

flowing water 

outside the 

channel 

 Extent (according 

to probability) 

 Water depth 

 Water velocity 

 Propagation of 

flood 

Sea water flooding 

 Storm surge 

 Tsunami 

 High tide 

 Stagnant or 

flowing water 

behind the shore 

line 

 Salinisation of 

agricultural land 

 Same as above 

Mountain torrent 

activity or rapid 

runoff from hills 

 Cloudburst 

 Lake outburst 

 Slope instability 

in watershed 

 Debris flow 

 Water and 

sediments outside 

the channel on 

alluvial fan; 

erosion along 

channel 

 Same as above; 

 Sediment 

deposition 

Flash floods in 

Mediterranean 

ephemeral water 

courses 

 Cloudburst 

 Water and 

sediments outside 

the channel on 

alluvial fan 

 Erosion along 

channel 

 Same as above 

Groundwater 

flooding 

 High water level 

in adjacent water 

bodies 

 Stagnant water in 

flood plain (long 

period of 

flooding) 

 Extent (according 

to probability) 

 Water depth 

Lake flooding 

 Water level rise 

through inflow or 

wind induced set 

up 

 Stagnant water 

behind the shore 

line 

 Same as above 

 

2.1.2 Floods in Europe 

In Europe 222 flood events have totally occurred between 1970 and 2005, according to 

Barredo (2006). From 1998 to 2009 alone, more than 1 100 people died and more than 3 

million people were affected by catastrophic flooding events, while the total economic losses 

in the same period were more than 60 billion €.  
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Between 2003 and 2009, 320 fatalities were caused by floods in the continent, most of which 

occurred in Romania (85 deaths in 2005), Turkey (47 deaths in 2006) and Italy (35 deaths in 

2009) (EEA, 2010). In the following figure, the total deaths from 1970 until 2008 are 

depicted. 

 

Figure 2-1 : Number of fatalities caused by flood disasters in Europe, 1970 -2008 (Barredo, 2006) –edited by (EEA, 

2010) 

As already stated,the intensification of deforestation, urbanization and changes in land use, 

over the past years,  have altered the flow regime in many basins, resulting in the generation 

of larger, more frequent and more disastrous floods. It is important to note that we cannot yet 

imply that this change is due to any climatic trend.  

In the same context, it is reported that economic losses in Europe caused by floods in the past 

20 years are 10 times higher than in the 1960s –considering the inflation- (Barredo, 2006). 

This escalation of the destruction and the amplification of the economic losses is the result of 

several shifts of the socio-economic, political and the environmental system. In particular, 

according to Kundzewicz (2005) the causes can be summarized as follows: 

 Population trends in exposed areas, 

 Increase in exposed values 

 urbanization and development in flood-prone areas (land use change), 

 increase in the vulnerability of structures, goods and infrastructure, 

 failure of flood protection systems and 

 changes in environmental conditions 
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2.1.3 Floods in Greece 

It is estimated that in Greece approximately 145 006 people are exposed to floods, which is 

significantly higher -up to 44%- than previous decades (Pesaresi, et al., 2017). 

The long and intricate coastline, and the abundance of islands in Greece, lead to the 

formation of numerous small-sized steep hydrological basins. The large majority of the streams 

have ephemeral flow, characterized by non-permanent surface runoff, often increased percolation, 

since karstic formations cover 40% of the Greek territory. 

In the meantime, the mountain range of Pindos, in Greece, serves as a hydrological boundary between 

Western and Eastern parts of Greece, since it stops the movement of clouds towards the Eastern parts. 

Consequently, the western regions are more wet than the eastern. However, even in the driest basins 

of the east, rainfall intensities remain high. In particular, a single rainfall event may have a total depth 

equal to 25% of the cumulative annual rainfall.As a result, in drier areas, where rainfall is rarer, the 

flood risk may become higher than in the wetter ones, where people are more familiar with the more 

frequent rainfall. (Koutsoyiannis, et al., 2012) 

Such a steep, mountainous and/or hilly topography fitted in small basins, if combined with 

intensive and rapid rainfall, provides the ideal framework for generating flash floods.Such 

flooding events are mostly local, scattered in time and space and are caused by excessive 

rainfall in a short period of time –less than 6h approximately- and are usually characterized 

by violent torrents immediately after heavy rains that rip through river beds, urban streets, or 

mountain valleys sweeping everything before them. These floods are quite dangerous since 

they occur within several seconds to several hours with little to no warning and have an 

extremely sudden onset, with the fall of water levels being rapid as well.Urban areas are also 

susceptible to flash floods, since the imperviousness of the surface facilitates high run-off 

velocity.   

Flash flooding mostly occurs in autumn –summer. In particular, about 52% of the reported 

flash floods (between 1950 and 2005) occurred in autumn and 39% in summer (Barredo, 

2006). 

Furthermore, the chaotic and unplanned urbanization in Greece over the past decades, during 

when the economy grew, with little regard to the environment, has left Greek cities with little 

resilience against floods.Unfortunately, the natural streams with an ephemeral nature were in 

many cases converted into road network. At the same time, many buildings have been illegally 

constructed over or very close to the stream banks. Even some of the larger streams were covered, 

despite the fact that the flow had a continuous flow and their natural bed was replaced by artificial 

channels, the discharge capacity of which was inadequate to convey extreme floods. 

Given not only the above, but also the ongoing deep economic crisis that has stroke the country the 

future seems gloomy.The state is currently unable to allocate adequate funds for emergency planning 

and proper maintenance of the drainage networks and it is more than obvious that flash floods (and 

floods in general) pose a great threat in Greece and would cause massive death and destruction, once 

they occurred, unless we got properly prepared. 
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The most recent deadly flood in Greece occurred in the wider region of Messinia at 7 

September of 2016 and is a typical example of flooding in the country. Actually it is of 

specific interest, since it is representative of the devastating results that economic difficulties 

have, combined with negligence, as well as with some questionable decisions regarding the 

acceptable risk in flood engineering. 

As recorded, the total rainfall depth of the episode reached up to 278 mm in 24 hours, which 

equals a mean rainfall intensity of 11.58 mm/h. Consequently, many parts of the natural 

drainage networks of the area, such as Pamisos and Nedontas rivers, along with some of the 

smaller creeks and streams flooded, causing major damages. 

In particular, two people died from the flood, hundreds of cars were swept away by water, 

houses and agricultural land were inundated, and slope landslides as well as subsidence in the 

surface of the earth were recorded. 

 

Image  2-1 : Cars swept away by floods in Messinia (Source: www.ert.gr) 

According to the regional authorities the total economic loss caused by the flooding reached 

approximately up to 2 million €, while the responsible ministry was only able to allocate 

funds only equal to 250 000 € as compensation for the damage done. 

In the meantime, locals accused the authorities of having done nothing or little to maintain 

and clear the natural, as well as the artificial drainage network of the region. In addition, they 

claim that there have not been enough flood control works in the area such as dykes that 

could have prevented or constrained the damage. 

It is necessary in this point to note that the recorded rainfall was quite a big one, given the 

historic records of the wider region. More specifically, at some time intervals, the intensities 

measured were as much as three times larger than the corresponding values of a return period 

equal to 50 years, which is used in the hydrologic design of many flood control works. As a 

result, the flood control works such as channels and pipes, had not the adequate capacity in 

order to route the flood.  
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A characteristic example was the newly constructed major highway linking Messinia to the 

capital of Greece, Athens, which was flooded, since its drainage network could not propagate 

a flood bigger than the one with a 50-year return period, thus suddenly cutting the city off. Of 

course that is not a responsibility of the constructor, who followed the directives suggesting a 

50-year return period and, since a less frequent rainfall occurred this cannot be considered a 

failure in paper, however, such problems question whether the responsible authorities should 

dictate higher return periods for design. 

2.2 EC flood directive 

A game changer in flood engineering in Europe was the directive 2007/60/EC of the 

European Parliament and the council of 23 October 2007, on the assessment and management 

of flood risk, since it requires all EU member states to assess if all water courses and coast 

lines are at risk from flooding, to map the flood extent and assets and humans at risk in these 

areas and to take adequate and coordinated measures to reduce this flood risk. 

Flood risk is defined as ―the combination of the probability of a flood event and of the 

potential adverse consequences for human health, the environment, cultural heritage and 

economic activity associated with a flood event” (EC, 2007). 

The aim of the directive is ―to reduce the adverse consequences on human health, the 

environment, cultural heritage and economic activity‖ (EC, 2007) caused by floods, or, in 

other words, to reduce flood risk. 

According to the Directive, EU Member States should assess the flood risk and need for 

further action in each watershed and provide for the establishing of flood hazard maps and 

flood risk maps showing the potential adverse consequences associated with different flood 

scenarios, while assessing also activities that increase flood risk. Moreover, flood risk 

management plans should be developed, focusing on prevention, protection and 

preparedness. Such plans would include measures aiming to give rivers more space, 

considering where possible the maintenance and/or restoration of floodplains, the 

establishment of flood forecasting techniques and early warning systems, the promotion of 

sustainable land use practices, the improvement of water retention, the controlled flooding of 

certain areas and a wide range of other measures in order to prevent and reduce the 

consequent destruction. 

More specifically, flood hazard maps should depict the inundated areas, water depths and 

flow velocities, according to the following scenarios: 

a) Floods with low probability (extreme events, without determining the return period)  

b) Floods with a medium probability (likely return period ≥100 years) 

c) Floods with a high probability (without determining the return period) 

In the meantime, flood risk maps should determine the potential adverse consequences 

associated with the aforementioned scenarios, which include the number of people affected, 
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the type of economic activity potentially disrupted and information on possible sources of 

pollution, such as the flooding of a wastewater treatment plant. 

It is important to know, that flood risk management plans, combined with river basin 

management plans under Directive 2000/60/EC, which aim for a good ecological and 

chemical status of the water bodies of a watershed, constitute an integrated river basin 

management, providing a more holistic approach for managing the water resources at a given 

area, along with potential threats. 

2.3 Hydrologic design in the context of flood engineering 

As aforementioned, the development of flood risk management plans aiming to reduce the 

adverse consequences of flooding requires the preparation of flood hazard and flood risk 

maps, which, among others, depict the inundated areas, the corresponding water levels and 

the velocity of the flow. 

It is quite clear that determining which regions will be flooded and the flow regime on spot is 

the most essential part in assessing flood risk, since the above indicate whether an asset 

(fields, structures, road networks, agricultural land) will be flooded and if so, the severity of 

the consequences, according to the water depth and velocity of the flow. 

In this context, the necessary framework for flood mapping defines approximately that field 

of engineering which is called flood hydrology and focuses on the processes governing flood 

generation, from the initiation of a storm, to the propagation of the flood. 

The key difference between flood hydrology and the general field of hydrology is the time 

scale under study. In the first one, the time scale is the same with that of a storm, usually 

ranging between several minutes, until several days. During that period, the analysis is based 

mostly on direct runoff, since the ongoingprocesses of evapotranspiration, infiltration to soil 

and percolation through it, with the consequent changes in water volumes in the soil, as well 

as the flow velocities in the aquifers are of no importance, compared to surface runoff. 

In flood hydrology, on the other hand, one cannot underestimate the importance of 

mechanisms governing the flood propagation scheme, such as the response time, the density 

of the drainage network and its geometrical characteristics, which in general hydrology are 

completely ignored. 

In general, flood hydrology consists of the hydrologic and the hydraulic design. Hydrologic 

design, which is the subject of this thesis, is about determining the design storm, causing the 

flood, as well as the generated flood hydrograph, while, hydraulic design determines the 

spatial and temporal propagation of the generated runoff, thus defining the inundated areas 

and the corresponding flow regime, using as input the generated flood hydrograph. 

Hydrologic design is strongly correlated with the probabilistic (and stochastic) nature of 

storms and the resulting floods. The designing process is based on an extreme analysis, in the 
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context of which, each event is studied independently from others, sinceaccording to the 

extreme theory, the distribution of extremes of a hydrometeorological variable, consists of 

uncorrelated values. 

Given the above, it becomes clear, that the probabilistic nature of extreme events must be 

somehow implemented in choosing the design element for any project, in the context of flood 

control, as a quantification of the importance of the project under study and the safety that it 

is designed to provide. In particular, the more significant a flood controlwork  is, which 

means that it is required to cope with more hazardous, rather than ordinary events, the lowest 

the exceedance probability of the event must be. 

The exceedance probability, F, of a variable is closely linked to the easily conceivable 

concept of return period, T: 

T=1/F 
Eq. ( 2-1 ) 

In small scale projects of no significant importance, such as secondary and tertiary drainage 

network channels and pipes, only the peak discharge is needed as a design element, which is 

estimated by simplistic deterministic approaches such as the rational method and the return 

period used for the design is usually of low value. 

However, in the context of studying larger scale projects such as dykes, dams and spillways 

for flood protection that are of significant importance for human lives and property, 

hydrologic design is not only interested in the peak discharge of the event, but also aims for 

calculating the design flood hydrograph, thus determining the complete temporal evolution of 

the flood. This level of detail is necessary, since the key assumptions found in the rational 

method, such as the storm duration being at least equal to the time of concentration and the 

rainfall intensity being constant throughout the episode are quite unrealistic. In addition, the 

routing of the incoming flood through a dam spillway, for example, is a non-linear process, 

dependent on the volume-elevation characteristics of the reservoir and the outflow-elevation 

relationship for the spillway, which makes the calculation of the complete temporal evolution 

of the flood a necessity, for the purpose of designing the spillway. 

2.4 Design flood hydrograph estimation 

As aforementioned, hydrologic design in the context of studying larger scale projects, which 

is the subject of this thesis, is about estimating the design flood hydrograph which is in turn 

used as input in a hydraulic design model. 

A proper scheme for determining the design hydrograph starts with generating a design 

hyetograph. For the required return period a single design hyetograph is produced, which is 

considered the most severe, given that specific exceedance probability. Usually the chosen 

storm profiles are empirically determined by the engineer, based upon some basic 

assumptions. 
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Afterwards the hydrologic deficits must be abstracted from gross rainfall and then the 

generated runoff is transformed into a hydrograph, with models such as the unit hydrograph. 

The described procedure constitutes the so-called event-based modeling, while, there are 

other, more complex schemes, which are based on hydrological models operating on 

continuous time. Such models roughly describe the basic hydrometeorological processes and 

the mechanisms that govern runoff generation, thus calculating floods more accurately. The 

downside of such models is that they need calibration, which is dependent on the availability 

and quality of measurements in a basin. 

2.5 Event-based hydrologic design 

The basic elements of event-based hydrologic design are listed below. 

2.5.1 Design rainfall 

The design rainfall represents the evolution of a hypothetical storm event of the desirable 

duration and temporal resolution, which corresponds to the required return period. The 

duration, D and resolution, Δt, are characteristic temporal properties of the design rainfall. 

These two quantities determine the simulation period and time step of the hydrological 

analysis, respectively. The Intensity-duration-frequency curves are a well-known tool for 

estimating rainfall depths, for the required duration and return period. 

There is a wide range of models developed for producing typical rainfall profiles that are 

divided in four categories: 

 Deterministic patterns: Singe pre-selected time distribution curves, such as uniform, 

triangular or bimodal triangular hyetographs, with little or none probabilistic basis. 

 Almost-deterministic probabilistic: Such are empirically developed dimensionless 

patterns describing the percentage of water precipitated during each time step. They 

are linked to a probability and have mostly regional applicability, since they are based 

on measurements of locally recorded events. 

 Intensity- Duration- Frequency curve based methods: The hyetograph synthesized by 

these methods has the property that the maximum rainfall depth for every duration 

equals the depth given by the IDF curve for that duration. The most well-known 

methods of this category are the alternating blocks and the worst profile methods. 

 Stochastic disaggregation schemes: These involve generating more than one rainfall 

profiles that preserve the statistical characteristics and the autocorrelation structure of 

rainfall in the region. A typical stochastic disaggregation scheme is achieved with the 

use of Poison –cluster models. 
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Figure 2-2 : A stochastically generated storm profile 

2.5.2 Hydrologic deficit estimation 

During a storm, only a portion of the total rainfall depth becomes runoff. Getting to know the 

mechanisms that govern the runoff ratio is really crucial for hydrologic design, while, one 

must approximately determine the amount of generated discharge without seriously over or 

underestimating it. Significant overestimations result in expensive constructions, wasting not 

only financial, but also natural resources, while considerable underestimations pose a serious 

threat to human safety, particularly when it comes to flood control. 

Before reaching the ground, a part of the precipitated water may get intercepted by plants, 

trees, grass or other human constructions. The water that actually reaches the soil starts to fill 

the cavities on its surface, thus creating a layer of water, known as surface detention. The 

water that does not get evaporated, while staying in the surface, starts gradually infiltrating 

the soil. 

When the infiltration water reaches the subsurface water horizon of a layer of lower hydraulic 

conductivity, subsurface flow occurs, during which water travels literally above that interface 

and reappears on the surface as a seep or spring. This type runoff is often called quick return 

flow because it contributes to the hydrograph during or soon after the storm. 

After the initial demands of interception, infiltration and surface storage have been satisfied 

and/or once the rainfall rate becomes greater than the infiltration rate, surface runoff occurs 

(or overland flow), during which the water flows on the soil surface and through channels. 

At the same time, water being precipitated directly on a flowing stream is obviously entirely 

considered as generated runoff. 

The three aforementioned flow generating mechanisms i.e. subsurface flow, surface runoff 

and channel runoff, are in total referred to as direct runoff (or effective rainfall, or rainfall 

excess), which is actually the total amount of water consisting the flood during and until 
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shortly after the storm event. The precipitated water that is not a part of direct runoff, 

consisting the hydrological deficits, gets evaporated and/or refreshes the underground 

aquifers, which provide the stream baseflow throughout the whole year.  

During a flood, the generated runoff is significantly larger –up to two or three orders of 

magnitude- than the usual discharge of a river, which constitutes its baseflow. 

 

Figure 2-3 : Hydrological deficits calculated in a storm event 

2.5.3 Design Flood Hydrograph estimation 

The runoff generated by a storm event is propagated to the reference point of a basin by 

means of overland flow through the existing hydrographic network, as well as subsurface 

flow through the soil, until the water reaches the surface, entering a creek or stream. 

In non-distributed and semi-distributed models, where no Digital Elevation Models are used, 

the time-area transformation of runoff to flood flow at the basin or sub-basin outlet 

respectively, is performed under the implementation of the unit hydrograph theory.  

Another essential feature of a basin that governs the flood regime, thus being crucial for 

hydrological and hydraulic design is the time of concentration tc. 

2.5.3.1 Unit Hydrograph 

Unit Hydrograph (from now on UH) of a given storm duration D, is the flood Hydrograph 

(i.e. without representing the baseflow) observed at the basin outlet, generated by a total 

rainfall excess he equal to 10 mm. Therefore, the area of the UH, which is, by definition equal 

to the flood volume V, will be V=heA, where A is the basin area. According to the classic UH 

theory, the UH is characteristic of a basin remaining constant in time. However, in the 

framework proposed in this study, the above is questioned and a varying UH is finally 

implemented. 

The UH theory is based on the following fundamental assumptions: 
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 The rainfall intensity i=he/D is is constant during the storm event and the water gets 

uniformly precipitated throughout the whole basin. 

 In a given basin, the flood generated by any storm is independent of previous events 

 Superposition: The hydrograph resulting from a given pattern of rainfall excess can be 

built up by superimposing the unit hydrographs due to the separate amounts of rainfall 

excess occurring in each unit period 

 Proportionality: The ordinates of the hydrograph are proportional to the volume of 

rainfall excess 

Consequently, for a given total amount of rainfall excess he, with a known temporal 

distribution of the storm represented in discrete time intervals Δt, the flood generating scheme 

using the UH of duration Δt is easily accomplished, based on the principles of superposition 

and proportionality. Specifically for every time interval [t, t + Δt], a flood hydrograph is 

extracted, by multiplying the corresponding rainfall depth ht to the UH ordinates. For a total 

storm duration D, N=D/Δt amount of hydrographs are generated and superpositioned, in 

order to produce the final flood hydrograph. 

2.5.3.2 Time of concentration 

Time of concentration has been the subject of many studies and a tremendous amount of 

work has been conducted in order to detect the underlying mechanisms that determine its 

value. However, the accurate behavior of concentration time still remains elusive, since it is 

the outcome of a great number of complex processes, dependent on a wide range of different 

factors that concern the physiographic, hydrologic and hydraulic characteristics, as well as 

the urbanization degree and the –natural or artificial- drainage network of a basin.   

In the literature, one can find multiple definitions regarding the time of concentration, with 

the most common one dictating that ―time of concentration is the travel time required for a 

rain drop to flow from the hydraulically most remote point of a basin to its outlet‖. 

Consequently, for any rainfall uniformly distributed over a basin, time of concentration is the 

moment, after which, every inch of the basin contributes to runoff generation, thus 

maximizing the flow rate at the outlet, given that the duration of the storm is at least equal to 

tc and that it is also uniformly spatially distributed. 

In watersheds where measurements of rainfall and generated runoff are available, it is 

possible to determine tc, whereas in ungauged basins there is a wide range of regional 

formulas that can be implemented. Such formulas are mostly empirically developed and are 

established upon a weak or non-existent theoretical background, thus usually under or 

overestimating tc and it can absolutely not be implied that any formula could be globally 

applicable. 

Among the abundance of regional formulas the most known and well-tested are Kirpich, 

Giandotti and SCS, followed by their variances and modifications. 



PSEUDO-CONTINUOUS STOCHASTIC SIMULATION FRAMEWORK FOR FLOOD FLOWS ESTIMATION         [19]    

2.5.4 Typical event-based modelling procedure 

Summarizing the above, the typical event-based modeling scheme in the context of 

hydrologic design aiming for the estimation of the design flood hydrograph consists of the 

following steps: 

 Step 1: An extreme analysis of the parent rainfall timeseries is conducted, usually the 

IDF curves are calculated and the UH of the basin under study, as well as the time of 

concentration are determined 

 Step 2: The design storm corresponding to the desirable return period is determined, 

with duration larger than the time of concentration of the basin. The storm temporal 

evolution is also user defined. 

 Step 3: The hydrological deficits are estimated, thus calculating the effective rainfall 

 Step 4: Given the rainfall excess and the chosen storm profile, the flood hydrograph 

is calculated, based on the UH 

It must be noted that the aforementioned typical scheme is only a general description of 

event-based modeling. There are actually a wide range of methods and tools that can alter and 

enrich the above. The most prominent ones will be used for establishing the classic –

deterministic- approach that will be described in the following chapters. 

 

Figure 2-4 : A hyetograph and its corresponding flood hydrograph, as estimated through event- based modelling 

2.6 Continuous simulation frameworks 

Most of the study conducted worldwide is focused on continuous simulation. According to 

Boughton et al. (2003) the term ‗continuous simulation‘ when used in flood hydrology 
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―refers to the estimation of losses from rainfall and the generation of streamflow by 

simulating the wetting and drying of a catchment at daily, hourly and occasionally sub-

hourly time steps‖. 

An abundance of such frameworks can be found in the literature, most of which are based on 

the combination of a synthetic timeseries generation scheme, used for producing a synthetic 

rainfall timeseries, with a rainfall-runoff model, which generates the corresponding synthetic 

discharge timeseries. The design flood is estimated from the statistical analysis of the 

produced discharge timeseries. 

A continuous model represents the important hydrological procedures that govern runoff 

generation in a sub-daily time scale (hourly or even sub-hourly), during a simulation length 

which depends on the desirable return period. For instance, in order to produce statistically 

reliable results for a required return period equal to 1 000 years, the necessary simulation 

length should be several thousand years. 

Continuous simulation systems mainly involve a loss model to determine the runoff 

generated from rainfall, and a flood hydrograph model to determine the flood hydrograph at 

the outlet of the catchment. 

More specifically, precipitation, evapotranspiration, temperature, soil infiltration and 

percolation through it, snowmelt, stream baseflow and runoff propagation through the basin 

are the most commonly represented hydrometeorological variables and procedures in 

continuous modeling, since these are the most essential elements governing floods. Of course 

there is a wide variety of continuous models ranging from more complex to simpler ones, 

each of them describing the aforementioned functions of a basin in a different manner. 

Simpler models ignore some of these procedures or conceptually link them in a way that 

could be described by single parameters, while more complex models fully represent them.  

Continuous models are usually fully distributed, taking advantage of the Digital Elevation 

Models that are very helpful in estimating the spatially discretized hydrological and hydraulic 

response of a watershed. However, semi-distributed models are also used, especially in less 

complex frameworks, while, in the cases of small basins even the use of undistributed models 

can be suggested. 

It is important to note that continuous simulation does not have any start or finish of flood 

events—all durations of rainfall are calculated in every flood event- and the stream baseflow 

is not treated discretely from the runoff generated during an event  

It becomes quite evident, given the above, that continuous simulation is more realistic and 

takes into consideration the joint probability of precipitation, temperature and soil moisture 

conditions. The combination of the above, as well as the preservation of the cross-correlation 

structure of the hydrometeorological variables under study, provide a quite faithful 

representation of the actual hydrological regime of the basin in a small time-scale proper for 

flood engineering. 
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Even though such a simulation scheme, describing the most essential processes and 

mechanisms that determine flooding, provides more accurate and reliable results than event-

based models, continuous models require massive computational power particularly if a large 

simulation length is desired. 

Moreover, because of their complexity such frameworks need calibration, which means that a 

large dataset of rainfall-runoff, temperature and evapotranspiration measurements is usually 

required. In addition, even if such measurements exist, one cannot ignore their bias and 

quality. 

As a result, despite the fact that continuous simulation frameworks are at the edge of science 

nowadays, engineers still need to further develop more simplistic and parsimonious schemes 

that could be implemented in basins where measurements are not available, as is the case for 

the vast majority of basins worldwide. 
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3 Materials and methods  

The typical hydrologic design scheme of event-based flood modeling has already been 

described. In this chapter the specific methods and software used during this study are 

described. Some of them have been developed during the past years by teaching staff, 

researchers and students of the School of Civil Engineering, of National Technical University 

of Athens (from now on NTUA) and more specifically the Department of Water Resources 

and the Environment, while others are well-tested methods widely used worldwide. 

3.1 Methods used 

3.1.1 Intensity – Duration – Frequency curves 

The most common approach for determining the design storm involves the intensity- duration 

–frequency (from now on IDF) curves, which are actually a mathematical relationship 

between rainfall intensity (or depth), desirable duration and the frequency (or return period) 

required for design.  

The IDF curves are developed through a frequency analysis of rainfall measurements at a 

site. For each duration selected, the annual maximum rainfall depths are extracted from the 

historical timeseries and a frequency analysis is conducted. 

According to Flood Directive specifications (common for entire Greece), the expression 

proposed by Koutsoyiannis (1998) is implemented, representing the average rainfall intensity 

i over a timescale (also referred to as duration) d, for a given return period T, as the ratio of a 

Generalized Pareto distribution for rainfall intensity over some threshold at any time scale to 

a duration function, i.e.: 

 (   )  
  (     )

(    )⁄   
Eq. ( 3-1 ) 

,where ι΄, ς΄, θ are the scale, location and shape parameters of the Pareto distribution 

respectively, while ε, ζ are parameters related to time scales. 

The methodology for estimating the aforementioned parameters is beyond the scope of this 

thesis and is therefore not presented. A more accurate analysis has been conducted within the 

framework of Deucalion project by Efstratiadis (2012) . 

 

3.1.2 Areal Reduction Factor 

Since the parameters of IDF curves are estimated based on point (i.e. station) records, it is 

reasonable assuming that IDFs refer to the point scale. However, hydrologic design always 

involves basin or sub-basin studying as a whole, and therefore mean regional values for 
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rainfall are necessary. In the meantime, it is known that for any given return period and 

duration, the spatially averaged rainfall over a specific area is less than the maximum point 

rainfall depth. In this context, the adjustment (i.e., reduction) of point rainfall estimations (in 

terms of depths or intensities) is essential, in order to provide areal estimations over the 

corresponding catchments. 

A commonly used practice in everyday engineering for the purpose of regionally adjusting 

point values is the employment of the so-called areal reduction factor (ARF), θ, defined as 

the ratio of areal to point rainfall. This factor, which is by definition less than unity, is a 

decreasing function of area and an increasing function of time scale. A well-tested formula, 

used in the context of this thesis, is the one developed by Koutsoyiannis and Xanthopoulos 

(1999):  

    
                  

     
      

Eq. ( 3-2 ) 

 

, where θ is the dimensionless reduction factor, Α is the catchment area in km
2
, and d is the 

rainfall duration in h. The above empirical relationship has been formulated based on data 

capturing a wide range of durations(from 1 minute to 25 days) and catchment sizes (from 1 to 

30 000 km
2
). The above formula resulted to significantly reduced values of rainfall, 

particularly for small durations. We remark that the peak intensity corresponds to the smallest 

time scale, i.e. d = Δt. As the time scale increases, the rainfall intensity decreases, while the 

areal reduction factor, θ, increases. 

 

Figure 3-1 : Graph depicting ARF versus duration for different area basins 
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3.1.3 Alternating Block Method 

The alternating block method is a method for producing a typical rainfall profile based on the 

Intensity –Duration –Frequency curves of a region. The hyetograph generated by this method 

describes the rainfall pattern at N time intervals of duration Δt, such as the product N Δt 

equals the total storm duration, D. As already stated, the hyetograph synthesized by this 

method has the property that the maximum rainfall depth for every duration equals the depth 

given by the IDF curve for that duration. 

The necessary procedure for creating the rainfall profile according to this method, includes 

the following steps: 

 From the IDF relationship the average intensity for each duration Γt, 2Γt, ..., N Γt, 

and the given return period, T are calculated; 

 The cumulative rainfall depths are computed by multiplying all intensities by the 

corresponding durations; 

 The partial rainfall depths (i.e. the amounts of rainfall during each additional unit of 

time interval Γt), are computed as differences between consecutive cumulative depth 

values; 

 The rainfall increments are reordered into a time sequence with the maximum 

intensity occurring at the center of the storm, and the remaining partial depths 

arranged in descending order, alternately to the right and left of the central block;  

 

Figure 3-2 : Typical rainfall profile produced via the Alternating Blocks Method 
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3.1.4 Uniform distribution of rainfall 

For the purpose of this thesis a simplistic approach was implemented, according to which the 

temporal evolution of rainfall was considered as being uniformly distributed. 

Such a distribution does not preserve the statistical characteristics and the autocorrelation 

structure of the actual temporal evolution of rainfall in the area. As a result, this approach 

obviously fails to represent the rainfall regime of the region. 

However, this scheme is used for academic purposes only. More specifically, a uniformly 

distributed rain produces smoother flood hydrographs and without any rapid peaks, serving as 

a ―lower bound‖ for the purposes of our analyses.  

 

Figure 3-3 : A typical flood hydrograph generated by uniformly distributed rainfall 

 

3.1.5 The Bartlett-Lewis model – HyetosMinute package 

HyetosMinute (Kossieris, et al., 2016) is a package created to allow for the temporal 

stochastic simulation of rainfall process at fine time scales, i.e. from daily down to 1-minute, 

based on the Bartlett-Lewis Rectangular Pulse model. The software was coded in the 

programming language R, with some parts of code implemented in C. It operates on several 

modes and combinations of them (depending on data availability), such as the operational or 

the testing mode, and simple sequential simulation or disaggregation. In the latter case, it uses 

the Bartlett-Lewis model to generate rainfall events along with proven disaggregation 

techniques that adjust the finer scale (e.g., hourly) variables in order to obtain the given 

coarser scale (e.g., daily) value. The package comprises various variants of the Bartlett-Lewis 

model, graphical capabilities, import/export tools as well as an optimization tool for the 

estimation of model parameters. 

The Bartlett-Lewis Rectangular Pulse (BLRP) model belongs to the general category of 

Poisson-cluster models that simulate rainfall events via clusters of rectangular pulses that 
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occur in continuous time. The model is appropriate for disaggregation frameworks in which 

different time scales are involved, while it has the ability to reproduce the characteristics of 

rainfall at multiple time scales, even in cases where some of these time scales are not 

preserved explicitly by a fitting procedure. 

 

 

 

The basic assumptions of the Bartlett-Lewis clustering mechanism are: 

 Storm origins ti  occur in a Poisson process with rate k and each storm i is associated 

with a random number of cells. 

 Within each storm i, the origin tij of each cell j occurs following a second Poisson 

process with rate b, whereas the origin of first cell coincides with the storm origin. 

The time intervals of successive storm and cell origins are independent and identically 

distributed random variables that follow an exponential distribution. 

 Within each storm, the generation of cells terminates after a time span vi following the 

exponential distribution with rate c. This implies that the number of cells per storm 

has a geometric distribution of mean κc = 1 + b/c. 

 Each cell has a duration wij following the exponential distribution with rate g. 

 Each cell has an intensity xij with a specific distribution. In the simplest version of the 

model, the exponential distribution with mean κX is assumed.  

The BLRP model has been further extended to allow the reproduction of high variability of 

rainfall profile giving a total of 7 parameters. 

 

Image  3-1 : Schematic representation of the Bartlett-Lewis clustering mechanism. Filled circles denote storm origins 

while open circles denotes cell arrivals. (Kossieris, et al., 2016) 

Different sequences (clusters) of wet days, preceded and followed by at least one dry day, can 

be assumed stochastically independent, hence treated as such. For each cluster of wet days, 

the Bartlett-Lewis model runs several times to establish, in the first phase, the appropriate 

wet/dry structure, and in a second phase the intensity profile of the event. 
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For a cluster of L wet days, the disaggregation of daily rainfall into any sub-hourly depths 

(e.g., 5-min) comprises the following steps: 

1. The Bartlett-Lewis model generates sequences of storms and cells, at the specific sub-

hourly time scale (e.g. 5-min), until a cluster of exactly L wet days, followed by one 

or more dry days, is obtained. In the case that the cluster has been formed successfully 

within an allowed number of repetitions, n0, the process continues to Step 2. 

Otherwise, the cluster of L wet days is sub-divided randomly into sub-clusters with 

smaller lengths. In this case, the disaggregation process applied to each cluster 

independently, starting from the current Step 1. 

2. For the formed sequence of storms and cells, the cell intensities are generated and the 

synthetic daily depths are calculated. The synthetic daily depths are compared to the 

original ones and the difference must be below the chosen limit 0. If so, then the 

process continues to Step 3. Otherwise, new sequences are generated, until the 

difference is within the acceptable limit. 

3. For the generated sequence, the rainfall depths are adjusted according to the ratio of 

the given daily rainfall depth and the synthetic one. 

4.  

 

Figure 3-4 : Rainfall disaggregated with HyetosMinute 

 

3.1.6 NRCS-CN 

The NRCS-CN method (NRCS, 2004)is a well-known method for subtracting the 

hydrological deficits and, thus, determining the effective rainfall, developed by the National 

Resources Conservation Service of the United States Department of Agriculture. It has its 

origins in the investigations of Mockus (Mockus V., 1949) who realized that a curve drawn 

through a plot of total storm runoff versus total storm rainfall for many storms on a watershed 

is concave upward and shows that no runoff occurs for small storms. It was also apparent that 

the trend as storm size increases is for the curve to become asymptotic to a line parallel to a 
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line of equality. Ever since, Mockus‘s work has been further investigated and improved based 

on a tremendous amount of experimental work and scientific feedback, resulting in the 

NRCS-CN method in its current state, which has been integrated into several rainfall-runoff 

models, thus being nowadays widely used in the United States and across the world. 

The NRCS-CN approach is a simplistic and empirically developed hydrological model that 

estimates the direct surface runoff depth from a given rainfall event, based on the following 

assumptions: 

• During an initial time interval tα0, the entire gross rainfall is transformed to deficit 

(initial deficit), without producing any effective rainfall. Therefore, aftertime, the 

maximum effective rainfall depth cannot exceed the potential quantity P-Ia, where 

P is the total gross rainfall. 

• The additional to Ia deficit during a very large storm event cannot exceed a 

maximum quantity S, called potential maximum retention. 

• At any time t>tα0, the ratios of the cumulative effective rainfall and the total minus 

the initial deficit to the corresponding potential quantities P-Ia and S, respectively, 

are equal. 

More specifically: 

         
Eq. ( 3-3 ) 

 

    
 

 
 

 
 

Eq. ( 3-4 ) 

 

 

The combination of the above yields the common form of the NRCS-CN equation: 

  {
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Eq. ( 3-5 ) 

 

 

Where Ia is the initial abstraction, P is the cumulative rainfall depth, Q is the generated runoff 

and S is the potential maximum retention. In order to maintain the model‘s simplicity, an 

empirical relationship between initial abstraction and potential maximum retention is 

established, according to which, Ia is a proportion of S with a ratio ι, which is called initial 

abstraction ratio. 

      
Eq. ( 3-6 ) 



 

Materials and methods  [30] 

 

Eq. ( 3-5 )was justified on the basis of measurements in watersheds less than 10 acres in size. 

Despite the measurements showed that there was a considerable scatter in the data, Soil 

Conservation Service (now known as NRCS) reported that 50% of the data points lay within 

the limits 0.095 ≤ ι ≤ 0.38, which led to adopting a standard value of ι = 0.2. However, 

several studies encompassing various geographical locations have documented values 

varying in the range 0.0 ≤ ι ≤ 0.3, while other studies have demonstrated that the initial 

abstraction is neither constant in time nor in space, since  it varies from storm to storm as 

well as from watershed to watershed (Ponce, et al., 1996). In particular, recent analyses of 

flood events in a number of catchments in Greece and Cyprus have estimated ι values less 

than 0.05 (Efstratiadis, 2014), which is also approved by other researchers (Baltas, et al., 

2007). 

For further convenience, parameter S was transformed into a new dimensionless parameter 

(curve number CN) that represents the average soil type, cover and hydrological conditions. 

   
     

     
 

Eq. ( 3-7 ) 

 

 

, where S is expressed in mm. 

CN varies from 0 to 100 and embraces the physiographic characteristics of the basin that are 

associated with runoff generation into a single value. In the context of flood studies, CN is 

determined from lookup tables using two inputs, namely soil types and land use/land cover. 
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Figure 3-5 : Graphical solution of NRCS-CN method (NRCS, 2004) 

The curve number embraces the physiographic characteristics of the basin that are associated 

with runoff generation into a single value. In the context of flood studies, CN is determined 

from lookup tables using two inputs, namely soil types and Land Use/Land Cover (LU/LC). 

Primarily, NRCS identifies four hydrological soil groups, based on their infiltration and 

transpiration rates. Soils falling in group A, B, C and D exhibit high, moderate, low, and very 

low rates of infiltration, respectively, thus CN increases as the soil type changes from A to D. 

The classification is made as follows: 

Group A: Typical soil types are sand, loamy sand or sandy loam types of soils. Such soils 

have low runoff potential and high infiltration rates even when thoroughly wetted. They 

consist chiefly of deep, well to excessively drained sands or gravels and have a high rate of 

water transmission. 

Group B: Typical soil types are silt loam or loam. Such soils have a moderate infiltration rate 

when thoroughly wetted and consists chiefly or moderately deep to deep, moderately well to 

well drained soils with moderately fine to moderately coarse textures. 

Group C: Typical soil type is sandy clay loam. Such soils have low infiltration rates when 

thoroughly wetted and consist chiefly of soils with a layer that impedes downward movement 

of water and soils with moderately fine to fine structure. 
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Group D: Typical soil types are clay loam, silty clay loam, sandy clay, silty clay or clay. 

This group has the highest runoff potential. Such soils have very low infiltration rates when 

thoroughly wetted and consist chiefly of clay soils with a high swelling potential, soils with a 

permanent high water table, soils with a clay pan or clay layer at or near the surface and 

shallow soils over nearly impervious material. 

Moreover, NRCS classifies three major classes of LU/LC as urban, cultivated, and woods and 

forests. These classes were further categorized into various subclasses, on the basis of land 

treatment practices such as contoured, terraced, straight row, bare, etc. The following table, 

shows CN values across all these different types of soils and LU/LC classes as proposed by 

Chow et al (1988). 

Table 3-1: CN values for selected agricultural, suburban and urban land uses for different soil groups (Chow, et al., 

1988) 

Land Use Description 
Hydrologic Soil Group 

A B C D 

Cultivated Land: without conservation treatment 72 81 88 91 

  with conservation treatment 62 71 78 81 

Pasture or range land: poor condition 68 79 86 89 

  good condition 39 61 74 80 

Meadow: good condition 30 58 71 78 

Wood or forest land: thin stand, poor cover, no mulch 45 66 77 83 

  good cover 25 55 70 77 

Open Spaces, lawns, parks, golf courses, cemeteries, etc.:         

good condition: grass cover on 75% or more of the area 39 61 74 80 

fair condition: grass cover on 50% to 75% of the area 49 69 79 84 

Commercial and business areas (85% impervious) 89 92 94 95 

Industrial districts (72% impervious) 81 88 91 93 

Residential:           

Average lot size Average % impervious         

1/8 acre or less 65 77 85 90 92 

1/4 acre 38 61 75 83 87 

1/3 acre 30 57 72 81 86 

1/2 acre 25 54 70 80 85 

1 acre 20 51 68 79 84 
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Paved parking lots, roofs, driveways, etc 98 98 98 98 

Streets and roads:         

paved with curbs and storm sewers 98 98 98 98 

gravel 76 85 89 91 

dirt 72 82 87 89 

 

For a watershed including various land uses on different soil types, each assigned with a 

different CN value, a composite CN can be calculated. More precisely, a weighted arithmetic 

mean of CN values is estimated, according the area covered by every land use, under the 

expression: 

   ∑(
  

 
   )

 

 

 Eq. ( 3-8 ) 

 , where Ai is the area of each unit I, A is the whole area of the region and CNi is the CN value 

assigned to every unit of the area. A typical example of a map depicting assigned CN values 

to an area is attached below. 

 

Image  3-2: Map depicting assigned CN values in Alfeios river basin, in West Peloponnese, Greece (YPAPEN, 2017) 

 

It is well known, based on engineering experience through past decades, that the amount of 

generated runoff  is highly dependent on the soil moisture conditions; more water gets 

infiltrated in a dry soil, thus producing less discharge, while a wet soil generates more runoff, 

since voids are filled with water and are incapable of abstracting more. 
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In terms of CN values, one realizes that a single CN which remains constant through time 

cannot faithfully describe the properties of a watershed. Hence, the CN values described 

above correspond to normal Antecedent Moisture Conditions (AMC II) and in the literature 

two additional AMC types can be found. In particular, AMC I refers to dry conditions, while 

AMC III refers to wet conditions, which in the absence of more complex calibrated soil 

moisture accounting models, are linked to the five-day antecedent precipitation (P5), as listed 

below: 

 AMC I: Dry conditions that correspond to P5 less than 13 mm; 

 AMC II: Normal conditions that correspond to P5 ranging from 13 to 38 mm; 

 AMC III: Wet conditions that correspond to P5 more than 38 mm. 

Curve Numbers of AMC I & III are linked to Curve Number of AMC II through the 

following relationships: 

AMC I :          
        

            
 Eq. ( 3-9 ) 

AMC II:            
       

           
 Eq. ( 3-10 ) 

 

Figure 3-6 : Graph of CN II values versus CN I and CN III 
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In the literature it is suggested that the above dry, wet, and normal situations statistically 

correspond, respectively, to 90%, 10%, and 50% cumulative probability of the exceedance of 

runoff depth for a given rainfall (Hjelmfelt, et al., 1982). 

The NRCS-CN method is applicable not only to the total rainfall depth, but can also be used 

at any time during a storm event, to its corresponding cumulative rainfall depth, thus allowing 

us to obtain the temporal evolution of the hydrological deficits and the associated surface 

runoff against time, as long as the temporal distribution of the storm is provided. 

 

3.1.7 The Annie-model 

The Annie-model is a lumped conceptual scheme representing the key hydrological processes 

of a river basin, in order to transform rainfall to actual evapotranspiration, surface runoff and 

underground losses to the sea. The model was initially developed by researchers and students 

of School of Civil Engineering of National Technical University of Athens, in the context of 

a wider simulation of water-energy fluxes for a remote Greek island, Astypalaia. This work 

was conducted in the framework of the European Geosciences Union‘s 2017 General 

Assembly, where the students of School of Civil Engineering participated. The model was 

tested among the analysis conducted for this thesis and the complete work regarding the 

Astypalaia Island can be found under Papoulakos et al. (2017). The name of the model was 

inspired by the name of one of the developers, namely, Theano (Annie) Iliopoulou. 

In particular, the basin is vertically subdivided into two storage elements that represent the 

temporary interception processes on the ground and the soil moisture accounting across the 

saturated zone. Model inputsa are the daily precipitation, P, and daily potential 

evapotranspiration, PET. All fluxes are expressed in units of water depth (i.e. mm) per unit 

time (day), while storages are expressed in terms of water depths. 

The proposed model is a simple and relatively parsimonious scheme, which uses three 

parameters. The model parameters are: (a) the interception capacity, Ia (mm), representing a 

rainfall threshold for runoff generation, (b) the soil capacity K (mm), and (c) the fraction a of 

the soil storage that outflows to the sea, which acts as a recession parameter. Initial condition 

of the model is the soil storage at the start of the simulation. 

It is known that each model perceives reality in a different manner. As a result, we should 

definitely note that while the model incorporates the well-tested NRCS-CN – as presented 

below- method in order to calculate the generated runoff, the parameter Ia is not identical to 

the initial abstraction found in NRCS-CN, even though it remains strongly correlated to it.  

Moreover, the initial condition of the model may be considered negligible (if the simulation 

starts at the end of the dry period) or expressed as fraction of K. Either way, initial conditions 

play absolutely no role in determining the outcome of continuous modeling where simulation 

lengths are big. In fact, after some time needed for adjustment, the model is fully independent 

of initial conditions. According to Berthet et al. (2009), a 1-year simulation run is an adequate 
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warm-up period, after which it can be safely assumed that the model state obtained is fully 

independent of the initial conditions. 

For given inputs and parameter values the simulation procedure is the following: 

First, provided that P exceeds the interception capacity, Ia, the well-known NRCS-CN 

method for estimating overland flow is applied: 

           (    )  (         ) 
Eq. ( 3-11 ) 

,where W0 is the soil moisture level at the beginning of the time interval expressed in mm 

and, consequently, K – W0 represents the so-called maximum potential soil retention (i.e. the 

empty space of the soil tank). 

The remaining rainfall is by priority used for fulfilling the PET demand, thus generating 

direct ET i.e.: 

             (               ) 
Eq. ( 3-12 ) 

 

,while the remainder enters the soil moisture tank, thus increasing its current storage, i.e.: 

                          
Eq. ( 3-13 ) 

 

The actual evapotranspiration losses through the soil are then estimated via the conceptual 

formula: 

       (            )     (  ⁄ ) 
Eq. ( 3-14 ) 

 

Next, a fraction a of the current storage moves vertically, thus generating underground losses 

to the sea, i.e.: 

   (        ) 
Eq. ( 3-15 ) 

 

Finally, if soil moisture level, W, remains larger than the overall capacity of the soil, K, 

saturation excess runoff is produced by means of spill, i.e.: 

           (              ) 
Eq. ( 3-16 ) 
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The total runoff is the sum of the overland and excess flow, while the total actual ET is the 

sum of the direct and soil ET i.e.: 

                         
Eq. ( 3-17 ) 

 

 At the end of the time step, the final soil moisture storage, serving as the initial condition for 

the nex time step, is calculated: 

                      
Eq. ( 3-18 ) 

 

In this point it should be highlighted that the need for developing a scheme where the NRCS-

CN method could be coupled with a soil moisture accounting procedure that would also 

incorporate the scenario during which the soil is fully saturated, hence all excess water 

getting transformed into runoff, has also being successfully addressed by Michel et al. (2005) 

who proposed such a model. Later on, some important attempts in order to further develop 

the model proposed by Michel were made, the most prominent being the works of Singh et al. 

(2015) and Duran-Barroso et al. (2016).  

The aforementioned attempts treat soil moisture accounting and runoff generation as two 

separate procedures. The water content is determined by a separate model of the engineer‘s 

choice and given that the generated runoff can be estimated using these models. 

On the contrary, we tried to incorporate runoff generation and soil moisture accounting into 

one integrated scheme, where the processes of runoff generation, direct evapotranspiration, 

soil infiltration, evapotranspiration through soil, percolation through it and finally overspill, 

can actually interact. Even though these procedures may actually coincide in time, the 

prioritization we have established seems quit legit conceptually. 
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Figure 3-7 : Figure representing Annie-model 

 

 

3.1.8 Time of concentration: The Giandotti formula 

In Greece and Cyprus, it is found that the most suitable method for estimating the time of 

concentration in a watershed is the Giandotti formula, while other well-known methods, such 

as the Kirpich or the SCS formulas, significantly underestimate it, resulting in tremendously 

overestimated peak discharges (up to 100%) (Koutsoyiannis, et al., 2014). 

According to the Giandotti formula, the time of concentration tg is: 

   
 √      

   √  
 

Eq. ( 3-19 ) 

 

, where A is the area of the watershed, L is the length of the main stream and ΓΗ is the 

difference between the mean elevation of the basin and the elevation of its outlet. 

 

3.1.9 Variation of time of concentration according to runoff 

Antoniadi (Antoniadi, 2016), according to the findings within the literature that tc varies 

inversely with discharge and thus the rainfall intensity,  established a methodology for 

quantifying the variability of the travel time across the longest flow path of a watershed 
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against the rainfall excess produced during a storm. ―The methodology is based on the 

kinematic approach employed within typical design of urban sewer networks, which employs 

a semi-distributed schematization of the hydrological system and takes advantage of the 

rational method for the estimation of design peak discharge of each network element. The 

input data are derived through digital elevation model processing on geographic information 

systems.” (Antoniadi, 2016)  

Antoniadi, based on the suggestions of McCuen, examined not only the flow in the main 

stream, but also the overland flow. More specifically, McCuen (McCuen, 2009) stated that 

velocities of runoff at the watershed are lower than those on the principal flowpath, since the 

time of concentration, when determined by observations was generally longer, than 

estimations made using the principal flowpath. Consequently, in Antoniadi‘s work, the 

maximum flow route, along which the flood is propagated, includes also the overland flow. 

In turn, the peak discharge is calculated, from upstream to downstream, using the rational 

formula and considering a temporally and spatially uniform distribution of effective rainfall. 

Antoniadi suggests that travel time and rainfall excess depth, P, are strongly correlated and 

their relationship is approximated as a power type of the form P=atc
 -b

, where a,b>0. Such a 

relationship dictates that an asymptotic behavior, which practically means that for extreme 

hydrological events the time of concentration converges to a minimum value. A very 

intriguing finding is that the widely used Giandotti formula, results in a time of concentration 

corresponding to a total rainfall excess depth of only 2 mm. 

 

3.1.10 Parametric Synthetic Unit Hydrograph 

Usually a wide range of existing Synthetic UH approaches are implemented, where the UH 

shape is based upon the physiographic characteristics of a basin. Such an approach was 

developed by the Itia Research Team, NTUA, in the framework of Deucalion project 

(Koutsoyiannis, et al., 2014), where a Parametric Synthetic UH (from now on PSUH) was 

proposed, based on the time of concentration tc. 

More specifically the time to peak tp and base time tb of the PSUH of a storm duration d, are 

calculated by the following formulas and are finally rounded up in order to be expressed as 

integer multiples of d: 

     ⁄      Eq. ( 3-20 ) 

  

         
Eq. ( 3-21 ) 

 

, where β, γ are parameters with 0<β<1 and γ≥1. 
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Since tp, tb, β, γ are determined, the ordinates of the PSUH are calculated. In particular: 

 ( )       ⁄            Eq. ( 3-22 ) 

 

 ( )        (     )⁄           Eq. ( 3-23 ) 

 

, where qp is the peak discharge, and k is such, so as u(tb)=q0=0.001A, where A is the area of 

the basin. Consequently: 

      (    ⁄ ) Eq. ( 3-24 ) 

 

The determination of peak discharge qp has no analytical solution and requires instead a 

repetitive arithmetic procedure, based on the continuity equation, which dictates that the 

flood volume calculated by the area of the PSUH should be equal to the total flood volume V 

generated by the storm, where V=heA. 

 

Figure 3-8: Parametric Synthetic Unit Hydrograph of a storm duration d (Koutsoyiannis, et al., 2014) 

 

3.1.11 Monte Carlo Simulation 

―The first thoughts and attempts I made to practice [the Monte Carlo Method] were 

suggested by a question which occurred to me in 1946 as I was convalescing from an illness 

and playing solitaires. The question was what are the chances that a Canfield solitaire laid 

out with 52 cards will come out successfully? After spending a lot of time trying to estimate 

them by pure combinatorial calculations, I wondered whether a more practical method than 

"abstract thinking" might not be to lay it out say one hundred times and simply observe and 

count the number of successful plays. This was already possible to envisage with the 

beginning of the new era of fast computers, and I immediately thought of problems of neutron 
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diffusion and other questions of mathematical physics, and more generally how to change 

processes described by certain differential equations into an equivalent form interpretable as 

a succession of random operations. Later [in 1946], I described the idea to John von 

Neumann, and we began to plan actual calculations.”(Ulam, recounting his inspiration) 

In flood engineering all hydrological models involve the use of parameters as inputs, whose 

estimation is quite a difficult and highly uncertain procedure. In the meantime, the true nature 

of hydrometeorological variables is also inherently uncertain and the mechanisms governing 

flood generation are yet elusive. In this context it is absolutely necessary to highlight that 

recognizing uncertainty as an essential attribute of a system, especially when it comes to 

systems regarding hydrometeorological variables and natural hazards, is the only way to fully 

take into account and reproduce in a process-based framework the dynamics of hydrological 

systems (Montanari, et al., 2012). 

Given the above, a Monte Carlo simulation model will be used in this study, in order to deal 

with the uncertainties regarding flood engineering. 

The Monte Carlo simulation is a stochastic simulation model applied in all fields of science, 

from economy to nuclear physics. It is based on computational algorithms that rely on 

repeated random sampling to obtain numerical results. The essential idea that this model has 

established is using randomness in order to treat for the inherent uncertainty of model 

parameters, thus probabilistically approaching the solution to a problem and defining its 

confidence intervals. 

The modern version of the Markov Chain Monte Carlo method was invented in the late 1940s 

by Stanislaw Ulam, while he was working on nuclear weapons projects at the Los Alamos 

National Laboratory. Being secret, the work of von Neumann and Ulam required a code 

name. A colleague of von Neumann and Ulam, Nicholas Metropolis, suggested using the 

name Monte Carlo, which refers to the Monte Carlo Casino in Monaco where Ulam's uncle 

would borrow money from relatives to gamble. 

The benefits of using such a stochastic simulation framework, as well as the inconsistencies 

of everyday engineering practices that make the establishment and implementation of such 

schemes a necessity, will be documented in the following chapters 

 

3.1.12 GEV-max theoretical distribution 

The application of a specific distribution function depends not only on probability theory and 

the examination of the particular sample, but also the general hydrologic experience, which in 

our case dictates that the GEV-max distribution function is suitable. Of course, even such a 

choice could be further questioned and analyzed, since tremendous work has been conducted 

on the subject of fitting distributions, especially when it comes to extremes, where fitting a 

distribution with a heavier or lighter tail may have a great impact on the result. However such 

an analysis is beyond the scope of this thesis –one can find more under the study based on a 

large global dataset conducted by Papalexiou (2013). 
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The General distribution of Extreme Values (GEV maxima) is a generalization of the extreme 

values which combines the three types of Extreme Values (EVI & II & III) distributions. The 

distribution has three parameters; the shape parameter θ, the scale parameter ι and the 

location parameter ς. When θ→0, the function corresponds to the EVI, whereas for θ>0 and 

ς=1/θ we can obtain the EVII. 

 

The relation of the GEV-max distribution is the following: 

 ( )   
     (

 
 
  )  

 
 ⁄

 
Eq. ( 3-25 ) 

 

The above relation holds for values of θ different than 0. When θ→0 the relation of EVI 

distribution function is used: 

 ( )     
 

 
 
  

 
Eq. ( 3-26 ) 

 

The inverse distribution function is expressed as follows: 

 ( )     
 

 
 (    )                  

Eq. ( 3-27 ) 

 
 

 ( )        (    )             
Eq. ( 3-28 ) 

 

The parameters θ, ι, ς of the distribution are estimated via the Moments and L-moments 

method for the purposes of this study. 

3.1.12.1 Moments method 

The Moments method has been proposed by Koutsoyiannis (2004) and the parameters are 

estimated according to the following relationships: 

  
 

 
 

 

            √(      )     
 Eq. ( 3-29) 

    √ (    )    (   )⁄  
Eq. ( 3-30 ) 

      
Eq. ( 3-31 ) 

     (   )     ⁄  
Eq. ( 3-32 ) 

    ⁄     
Eq. ( 3-33 ) 
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, where ζ is the standard deviation, κ is the average and Cs is the skewness of the sample. 

3.1.12.2 L-moments method 

L-moments obtain their name from their construction as linear combinations of order 

statistics. Unlike product moments, the sampling properties for L-moments statistics are 

nearly unbiased -even though there are indications of bias regarding record length 

(Papalexiou, et al., 2013)- and are near normally distributed. 

The L-moments are calculated as follows: 

      
Eq. ( 3-34 ) 

          
Eq. ( 3-35 ) 

              
Eq. ( 3-36 ) 

 

, where  

      ∑  

 

   

 Eq. ( 3-37 ) 

      ∑  

 

   

 (   ) (   )  Eq. ( 3-38 ) 

      ∑  
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Eq. ( 3-39 ) 

 

, where the data x1:n are ranked from ascending order from 1 to n. 

Having estimated the L-moments the parameters of the distribution as calculated as follows: 

              

        
   

   
 

 

    
 

Eq. ( 3-40 ) 
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Eq. ( 3-41 ) 
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Eq. ( 3-42 ) 
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,where the coefficient of skewness η3 is defined as: 

   
  

  
 

Eq. ( 3-43 ) 

 

In the analysis conducted in this thesis, the GEV-max distribution fitted to the data is 

depicted with the use of a transformation method. The aim of this transformation is the better 

depiction of the sample and of the distribution functions, as much linearly as possible, thus 

making it easier for the user to examine each graph, especially regarding higher return 

periods that normally have an asymptotic behavior.  

The Gumbel paper is used for projection in this thesis. 

 

Figure 3-9 : GEV-max distribution fitted to a hydrometeorological variable using the L-moments method 
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3.2 Software used 

3.2.1 Castalia: A stochastic scheme for synthetic timeseries generation 

Hydrological processes, such as precipitation, are extremely complicated and difficult to 

reproduce. Upon generating a synthetic timeseries, one must not only preserve the basic 

marginal statistics and the joint second order statistics of the variable under investigation, but 

also several characteristic properties that are closely related to their temporal evolution, 

particularly:  

a) Long-Term Persistence  

Long-Term Persistence (from now on LTP) was discovered by Hurst (Hurst, 1951) 

while studying Nile‘s discharge timeseries, within the framework of designing the 

Aswan High Dam. Hurst found out that wet years tend to cluster into multi-year wet 

periods and dry years tend to cluster into multi-year drought periods hence called 

―Hurst phenomenon‖. Since then, LTP behavior has been identified in a wide range of 

hydroclimatic and geophysical processes, including precipitation.  

LTP is quantified by the Hurst coefficient, H (0<H<1), defining a timeseries as 

persistent, for values greater than 0.5 or anti-persistent otherwise. A persistent 

timeseries exhibits a positive autocorrelation coefficient, while being negative in anti-

persistent timeseries. 

As shown by (Iliopoulou, et al., 2016) there are notable indications of weak LRD in 

the annual rainfall globally, with a mean H of 0.58. For the 95% confidence interval, 

H values fluctuate between 0.4 and 0.8. 

b) Periodicity 

Periodicity in precipitation appears at the sub-annual scale (e.g., monthly) and is due 

to the Earth motion 

c) Intermittency 

Intermittency (often referred to as probability dry) of a hydroclimatic variable, such as 

precipitation, is the probability that the variable has a value equal to zero, within a 

time interval. Intermittency is an essential characteristic of the rainfall regime in a 

region, thus being very important for hydrological design. Intermittency also results in 

significant variability and high positive skewness of rainfall, which are difficult to 

reproduce by most generators. 

Castalia (Efstratiadis, et al., 2014) is free software, developed and supported by the research 

team ITIA, in the National Technical University of Athens, that can faithfully generate a 

synthetic timeseries, whilst preserving the essential statistical characteristics of a 

hydroclimatic variable. The initial version of the program for monthly stochastic simulations 

was implemented as component of a decision support system for the management of the 

water supply system of Athens. The current version also supports daily simulations, through a 

three-level multivariate disaggregation scheme. For intermediate time scales (e.g., seasonal, 

weekly), synthetic data is straightforwardly provided by aggregating from the closest finer 

scale. 
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Image  3-3: The environment of Castalia Software 

The generating procedure implemented in Castalia preserves the marginal statistics up to 

third order (mean, standard deviation, skewness) as well as the joint second order statistics, 

particularly the first order autocorrelations and lag zero crosscorrelations, at the daily, 

monthly and annual time scales. These are generally assumed as the essential statistical 

properties that should be preserved by stochastic hydrological models (Matalas, et al., 1976). 

Furthermore, the model reproduces LTP behavior at the annual and over-annual scales, the 

periodicity at the monthly scale, and the intermittency at the daily scale (in terms of 

preserving the probability dry of the process of interest). 

The necessary model parameters are estimated by the statistical characteristics of  the parent 

historical data. First, at the annual time scale, LTP is reproduced through a Symmetric 

Moving Average scheme that implements a user-defined autocovariance function, which 

enables the representation of a wide range of stochastic structures, i.e. from ARMA-type, 

which are characterized by short term persistence, to Hurst-Kolmogorov behavior, with as 

high long-term persistence as needed. For the monthly and daily time scales, auxiliary time 

series are initially provided by a multivariate periodic autoregression scheme. Daily values 

are generated through a gamma distribution.A disaggregation procedure is employed to 

establish statistical consistency between the three temporal scales; first the monthly series are 

adjusted to the known annual ones and then the daily time series are adjusted to the 

disaggregated monthly data, using a multivariate coupling scheme. 
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Figure 3-10: Flowchart of computational procedures of Castalia (Venediki, et al., 2013) 

The length of simulations may reach several thousands of years, in order to represent 

statistically rare events and evaluate extreme probabilities. 

Considering that Castalia software was initially developed for the simulation of rainfall and 

runoff, it is confirmed that this program can further conduct stochastic simulations of a wide 

spectrum of hydrometeorological variables. In particular, it can be used for multivariate 

stochastic simulation of hydrometeorological processes such as sunshine duration, wind 

speed and precipitation on annual, monthly and daily scale. 

Castalia can be downloaded at http://www.itia.ntua.gr/en/softinfo/2/. 

 

3.2.2 R software 

Since HyetosMinute was coded in R programming language, the R software was used for the 

purpose of this thesis. 

R is an open source programming language and software environment for statistical 

computing and graphics that is supported by the R Foundation for Statistical Computing. The 

R language is widely used all over the world among statisticians and data miners for 

developing statistical software and data analysis, while its popularity has significantly 

increased over the past years. 

The R Foundation is a not for profit organization working in the public interest. It has been 

founded by the members of the R Development Core Team in order to: 

 Provide support for the R project and other innovations in statistical computing.  

 Provide a reference point for individuals, institutions or commercial enterprises that 

want to support or interact with the R development community. 

 Hold and administer the copyright of R software and documentation. 

http://www.itia.ntua.gr/en/softinfo/2/
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R is an official part of the Free Software Foundation‘s GNU project, and the R Foundation 

has similar goals to other open source software foundations like the Apache Foundation or 

the GNOME Foundation. 

Among the goals of the R Foundation are the support of continued development of R, the 

exploration of new methodology, teaching and training of statistical computing and the 

organization of meetings and conferences with a statistical computing orientation. 

R is a GNU package. The source code for the R software environment is written primarily in 

C, Fortran, and R. R is freely available under the GNU General Public License, and pre-

compiled binary versions are provided for various operating systems.  

The fact that R is open source has allowed the community to rapidly burst and expand, 

creating a very vivid community-based scheme, where one can find innumerable functions 

and packages that are user-developed and, of course, available for free. 

In this context, the capabilities of R have extended through user-created packages, which 

allow specialized statistical techniques, graphical devices, import/export capabilities, 

reporting tools etc. These packages are developed primarily in R, and sometimes in Java, C, 

C++, and Fortran. 

In the meantime, even though R is an open source project supported by the community 

developing it, there are some companies providing commercial support and/or professionally 

developed extensions for their customers. 

More information can be found at the official site, where the software is also available for 

downloading: https://www.r-project.org/  

 

3.2.3 Rstudio 

While R has a command line interface, there are several graphical front-ends available. 

Among them, Rstudio has a prominent position. 

More specifically, RStudio is a free and open-source Integrated Development Environment 

(IDE) for R, written in the C++ programming language –it is also available in commercial 

editions. It includes a console, syntax-highlighting editor that supports direct code execution, 

as well as tools for plotting, history, debugging and workspace management, which constitute 

a more user-friendly and easy environment (as depicted in the following image) for 

programming in R. 

https://www.r-project.org/
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Image  3-4 : Rstudio Environment, while running HyetosMinute package 

 

3.2.4 Matlab® 

MATLAB® (MATrix LABoratory) is a multi-paradigm numerical computing environment 

and fourth-generation programming language, developed by MathWorks. While MATLAB® 

was initially designed for numerical linear algebra – as its full name indicates-, it has become 

a tool for all types of mathematical calculations in the meantime. Nowadays, MATLAB® is 

applied in nearly every field of scientific or technical calculations. In the academic branch 

there is almost no university where MATLAB® is not available. Of course, even though the 

use of MATLAB® has significantly expanded to almost all branches and fields of science, 

numerous linear algebra calculations are still available, such as inversion of matrices, 

eigenvalue and eigenvector determination, which can be applied to perform various tasks, for 

example, the solution of systems of linear equations. 

In general, with MATLAB® all types of mathematical operations can be performed. One 

may perform basic statistics, numerical differentiation and integration, evaluate all types of 

functions, solve dynamical systems and partial differential equations, estimate parameters and 

so forth.  MATLAB® is also suitable for matrix manipulations, plotting of functions and 

data, implementation of algorithms, creation of user interfaces, and interfacing with programs 

written in other languages, including C, C++, C#, Java, Fortran and Python. All this is part of 

core MATLAB®, a collection of basic mathematical tools. 

The user-friendly graphical interface, the quite detailed ―help‖ section, where every function 

is analytically described along with practical examples, the abundance of useful tools , such 

as tools aimed for developing, managing and even error tracing, that consist of clusters of 

functions focused on solving specific complex problems and, finally, the well-developed 
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Graphical User Interface, which enables 2-D, 3-D high-end depiction of data in graphs, image 

editing and animation, are only some of the key features of MATLAB® that make it a state 

of the art tool for programming. 

Given the above, and also taking into consideration the feedback procedure, where the 

community was successfully widely and thoroughly engaged in the process of further 

improving and developing the software, it is no wonder why MATLAB® has become in our 

days an excellent choice for solving problems in every scientific field. 

The basic parts of the MATLAB® environment (as depicted in the following image) are the 

Command Window, where commands can be entered and immediately called, the 

Workspace, where the results of all calculations, as well as the variables created are shown, 

the ―Current Folder‖ section, where one can access the project folders and files, the Editor, 

where scripts can be written and edited and the Toolbar, where all tools, toolboxes, function 

libraries, help sections, settings and actions can be found. 

 

Image  3-5 : MATLAB® working environment 

More information on MATLAB® can be found on the official site of the software developers, 

MathWorks: http://www.mathworks.com 

 

3.2.5 Hydrognomon software 

Hydrognomon is an independent software application for Microsoft Windows developed for  

time series processing by researchers of Department of Water Resources and the 

Environment of the School of Civil Engineering, NTUA. 

The most important functions provided by the system, are among others the following: 

http://www.mathworks.com/
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 Time series transformation to one with a regular time step 

 Aggregation to coarser temporal scales 

 Standard consistency tests like homogeneity test, extreme values test and time 

consistency test 

 Linear regression between time series, multiple regression, organic correlation and 

autocorrelation 

 Estimation of missing values by means of linear regression, option to introduce a 

random term in order to maintain the statistical properties. Time series expansion 

 Evapotranspiration and potential evapotranspiration calculation using analytical or 

semi – empirical methods.  

 Time series sampling, statistical property estimation, statistical parameter adjustment, 

statistical predictions, statistical tests and confidence interval estimation. (This 

subsystem is known as Pythia.) 

 Time series analysis of special rainfalls – Intensity - Duration - Frequency (IDF) 

curve estimation by means of consistent methodologies. (This subsystem is known as 

Omvros.). 

The software, with the information and documentation necessary is available for free under 

www.hydrognomon.org. 

 

Image  3-6 : The environment of Hydrognomon software 

 

  

file:///C:/Users/Yiannis%20Moustakis/AppData/Roaming/Microsoft/Word/www.hydrognomon.org
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4 Typical deterministic framework  

The scope of this chapter is to describe the steps of a typical modeling framework regarding 

ungauged basins, used in everyday flood engineering all over the world. In turn, the 

theoretical inconsistencies of such a scheme, which make the establishment of a stochastic 

approach a necessity, are documented. 

4.1 Framework description 

The typical deterministic framework for flood engineering in ungauged basins, implemented 

in everyday practice all over the world, involves the most common tools and methods for 

every step of hydrological design. Of course, the framework described below, can be found in 

many different versions, with each step varying, since, as already stated, a wide range of 

widely used techniques are available in the literature. However, the core of such schemes, 

which is the implementation of event-based models only approached through a deterministic 

prism, remains the same to all possible variations, being the main reason why all of them 

remain highly inconsistent. 

For the purpose of this thesis, we only list one typical framework among many, which 

consists of the following steps: 

Step 1: The physiographic characteristics of the watershed are determined and the basic 

parameters are estimated. In particular the time of concentration is estimated through the 

Giandotti formula, the Unit Hydrograph is shaped and a CN value is assigned to the area. 

Step 2: The point IDF curves are extracted from an appropriate hyrdrometeorological station. 

If no station exists in the basin under study, then the rainfall measurements of a nearby 

watershed may be used, as long as the climatic conditions of the measured region are similar 

and comparable to our case. In most cases, this task has already been carried through and the 

IDF curves can be found in the literature, under the responsible Ministry or local authority. 

Step 3: The desirable return period is determined, according to the magnitude and the 

importance of the project under study. Sometimes this is dictated by the responsible 

authorities and if not, one can rely on suggestions based on engineering experience. It should 

be noted that when it comes to flood control, the choice also depends on the importance of 

the regions under threat. For instance, a flood control work such as a dyke protecting a 

cultural heritage site is of high importance and its design would require a larger return period, 

than any other structure protecting an ordinary asset, located on the flood plain of a river. 

Step 4: For the determined return period and for the desirable duration, the design storm is 

produced via the alternating blocks method and the point rainfall is adjusted with the ARF. 

The duration is preferred to be at least equal to the time of concentration. A common choice 

is a duration of 24 hours. 
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Step 5: According to the importance of the flood control work, an Antecedent Moisture 

Condition (wet, normal or dry) is selected, thus the corresponding CN value is obtained. 

Step 6: The hydrological deficits are estimated via the NRCS-CN method, thus calculating 

the rainfall excess. 

Step 7: Given the temporal evolution of rainfall excess and the PSUH, the design flood 

hydrograph is estimated. 

4.2 Documenting the inconsistencies 

As already stated, hydrology is a relatively newly established filed of science which is mainly 

semi-empirically developed. In the meantime, hydrometeorological procedures have an 

inherently uncertain nature, thus making hydrological modeling a difficult task.  

In the context of highlighting and documenting the inconsistencies of everyday flood 

engineering one could list hundreds of misconceptions of bigger or smaller importance, 

pointed out in the literature. Ranging from the errors in the measurements and the 

uncertainties even of the IDF curves, to the arbitrary choices of Unit Hydrographs or even the 

flaws of rainfall excess estimation, the spectrum of misconceptions and inconsistencies in 

hydrology is quite broad.  

Obviously it is the hydrologist‘s duty to highlight those flaws and, fortunately, the work 

conducted in the purpose of further developing and improving our tools and methods has 

been tremendous, over the past decades. 

However, in the framework of developing a simple and parsimonious modeling framework, 

suitable and easily applicable in everyday engineering, especially for ungauged basins, only 

the major inconsistencies are to be addressed.  

After all, the true motivation of our thesis is our strong belief that significant improvement in 

approaching flood engineering can be made, without the implementation of complex, multi-

parametric, fully distributed continuous models being necessary. It is known that the 

complexity of such schemes possibly imposes great uncertainty to a system, especially when 

measurements and available data cannot be fully trusted, or are not provided at all, while the 

use of such models in ungauged basins, that are calibrated in other ―similar‘ regions, is not a 

wise choice. 

To summarize, in this chapter only the most significant inconsistencies will be documented. 

For the remedy of these inconsistencies the stochastic simulation framework, which will be 

discussed in the following chapters, will be proposed. 

4.2.1 Antecedent Moisture Conditions 

It is well-known that rainfall events of equal cumulative depths do not necessarily produce 

the same flood hydrograph neither in terms of the temporal evolution, nor regarding the total 
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amount of flood volume. On the one hand, the shape of the flood hydrograph is obviously 

governed by a wide variety of factors, the most important of which being the temporal 

evolution of the storm and the time of concentration, which control the hydraulic response of 

a watershed. 

On the other hand, when it comes to comparing the total amount of generated runoff between 

storms of equal cumulative depth or even of identical rainfall profiles, differences are mostly 

due to the varying initial moisture conditions at the beginning of the event, which have been 

found to be of significant importance.  

As already stated in the chapter describing runoff generation mechanisms, direct runoff 

occurs only after the initial demands of interception, infiltration and surface storage have 

been satisfied and/or once the rainfall rate becomes greater than the infiltration rate. 

Consequently more wet soils have a small capacity of withholding water, thus generating 

more runoff compared to a dry earth layer, where the soil voids are still empty and more 

water can be abstracted and percolated through them. Moreover, while the voids of an 

initially dry soil get more and more saturated during a storm, direct runoff gets generated 

more intensively. 

As a result, it is quite evident, that the hydrological cycle and more particularly the sequences 

of dry and wet periods fully govern the hydrological response of a watershed, in terms of 

determining the initial soil moisture conditions.  

In the literature the importance of estimating the initial soil moisture conditions in event-

based modeling has been excessively highlighted. According to Berthet et al. (2009) who 

conducted a study on 178 watersheds where measurements were available, event-based 

strategies can be efficiently used for operational flood forecasting purposes, since the loss in 

performance compared to a continuous model is not substantial and the difference is actually 

not significant. 

However, as Berthet (2009) states event-based models can only be reliable in cases where the 

analysis is conducted on a short pre-forecast period, since only under this scheme the initial 

soil moisture conditions can be properly estimated. 

In any other case, where the initial soil moisture conditions are arbitrarily chosen – as 

happens in everyday engineering practice- the generated flood can be significantly over or 

underestimated, because of the heavy dependence of event- based models on soil moisture 

levels. In addition, since hydrological processes and the models representing them are 

essentially nonlinear, even a slight change on initial conditions could lead to significantly 

heavier discrepancies in the results. 

It has been found that ―catchments with a more uniform hydrological response are less 

sensitive to antecedent soil water conditions. Thus, the role of the initial soil water content is 

more important in catchments where the presence of plant cover increases the spatial 

variability of soil characteristics and produces a mixture of runoff and run-on sites that are 

determined by soil wetness‖ (Castillo, et al., 2003) 
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Especially in regions where flash floods are the prominent type of flooding, characterized by 

rather rapid peaks, the initial conditions have been found to be really crucial in peak 

discharge estimations. 

As already stated, in the context of taking into account the variability of soil moisture 

conditions, the NRCS-CN method provides for three different Antecedent Moisture 

Condition (AMC) types assigning a CN value for each of them, according to the CN 

determined for the normal AMC type. 

Given the above, when designing with event-based models, the arbitrary choice of an AMC 

type is inevitable. A common practice in everyday flood engineering practice, in the context 

of overengineering, is selecting the AMC III type (i.e. wet condition), thus usually resulting 

in overestimating peak discharges and consequently oversizing flood control works. 

Such an approach, not only overestimates the flows in the basin outlet, but also ignores the 

actual rainfall regime of a region, since it does not take into consideration the autocorrelation 

structure of rainfall (i.e. the tendency of wet days occurring in clusters and the correlation 

between the sequential rainfall depths), nor the intermittency which are really crucial for 

determining the soil moisture levels. For instance, according to Curtis et al. (2013) who 

studied the rainfall regime of Phoenix, AZ-US, dry conditions can be safely assumed and are 

recommended for design.  

To summarize, one of the main inconsistencies that make event-based modeling unreliable is 

the lack of a procedure that could adequately determine the initial conditions at the beginning 

of a storm, based on the rainfall regime of the region, rather than using recipes or arbitrary 

setting conditions in the context of overengineering.   

4.2.2 Alternating Blocks Method 

The hyetographs synthesized by the Alternative Blocks Method have the property that the 

maximum rainfall depth for every duration equals the depth given by the IDF curve for that 

duration. This actually means that the probability of rainfall observed for various durations 

within a storm is constant. 

Even though this method produces a unique hyetograph requiring no additional assumptions 

and depends on local data, instead of transferring rainfall profiles from other regions, which 

make it an easily applicable and not complex tool for everyday engineering practices, it has 

some significant shortcomings. 

The ABM method is not capable of providing any probability measure for the unique and 

unusual arrangement it implies and the basic assumptions upon which it is established are not 

the outcome of observed rainfall profiles or any physical reasoning. Of course, it is highly 

inconsistent to assume that the frequency of occurrence of rainfall observed for various 

durations within a storm is the same for all durations. (Koutsoyiannis, 1994) 
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Moreover, this method was established in the purpose of creating rainfall profiles that tend to 

maximize the resulting flood hydrographs and completely ignores the actual autocorrelation 

structure of rainfall, dictating the rainfall regime of the region.  

Consequently, it becomes quite clear that not only is such a storm temporal evolution highly 

unrealistic, nearly impossible and physically un-based, but that it also results in a significant 

increase in joint uncertainty of the final outcome, when other sources of uncertainty are also 

taken into consideration. 

In the meantime, the fact that this technique leads to the generation of a unique hyetograph 

prevents us from conducting a probability-based study of the peak discharge. Such an 

approach could only be done in the context of a stochastic disaggregation scheme where the 

production of a series of probable profiles – and, of course, realistic -, instead of a single 

event, would be possible. 

4.2.3 Time of concentration  

As mentioned, the true nature of the time of concentration and the mechanisms governing it 

remain elusive, thus rendering time of concentration a quite ambiguous concept in hydrology. 

For ungauged basins, tc is usually estimated by empirical formulas which are based on the 

basin response time as function of its lumped geomorphological characteristics, such as the 

Giandotti formula previously described. 

Apart from the underlying uncertainty in determining the physiographic, geomorphologic and 

geometric characteristics of the watershed and its drainage network, the most misleading 

hypothesis is treating time of concentration as a constant. 

According to Grimaldi (2012), who studied observed rainfall-runoff events in four 

watersheds, there is an inherent variability in time of concentration, changing through events, 

leading to a variability up to 500% in its estimation, if only a partial event set is available. 

Moreover, the study indicates that it is not possible to accurately predict even the lower and 

upper bounds to tc, due to discrepancies and misconceptions in definitions and estimation 

procedures. However, Grimaldi found out that the variability of time of concentration could 

be described as a function of the return period and peak flows. 

4.2.4 Exceedance probability 

Taking into consideration the above, it becomes quite clear that rainfall is not the sole factor 

that governs runoff generation. The temporal evolution of a storm, the initial soil moisture 

conditions and the time of concentration play also a significant role in shaping the 

hydrological and hydraulic response of a watershed. These factors have a significant 

variability and it is important to consistently represent them, rather than arbitrarily 

determining them and/or treating them as constant characteristics of the basin, despite their 

true nature. 

The deterministic framework actually assumes that the return period of the peak discharge 

observed at the outlet of the basin equals the return period of the cumulative rainfall depth of 
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the storm (i.e. The 100-year storm generates the 100-year discharge). However, in reality this 

is absolutely not the case. The specific temporal evolution, initial conditions and time of 

concentration during an episode, have also separate exceedance probabilities that ought to be 

accounted for. 

As a result, the deterministic approach presented in this chapter, which is widely used in 

everyday engineering across the globe, is severely lacking in terms of estimating the joint 

probability of a flood hydrograph occurring.  
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5 Pseudo-continuous stochastic simulation 

framework  

As already stated, the typical deterministic event-based approaches used in everyday flood 

engineering are established upon some major misconceptions. Such inconsistencies inevitably 

affect the outcome of any analysis and need to be addressed, since more accurate and realistic 

predictions are required for properly protecting human lives, property and the environment 

against floods. 

The engineers across the globe should be using consistent modeling schemes, avoiding 

physically un-based assumptions that usually involve highly unrealistic design storms and 

even more unlikely flood hydrographs. Even though in the context of overengineering such 

modeling frameworks, combined with oversizing during construction – for example 

construction of free boards that add capacity beyond design - could be proved adequate in 

terms of safety, such engineering practices should not be implemented in an era when 

humanity must desperately struggle to preserve resources. 

On the contrary, the use of more complex continuous models is not an easy task, especially in 

ungauged basins. Such models need calibration based on adequate rainfall-runoff 

measurements which are usually unavailable or unreliable. A common practice which 

involves implementing model parameters in a watershed which have been estimated in 

different regions through calibration should be avoided, since physical and hydrologic 

similarity are actually elusive and widely misconceived concepts.  

In this chapter, a pseudo-continuous stochastic simulation framework will be proposed, in 

order to address the aforementioned inconsistencies. 

At first the theoretical and technical issues regarding our choice will be documented and, in 

turn, the proposed framework will be described in detail.  

Before continuing in the presentation and documentation of the proposed framework,  we 

should note that here, the term ―ungauged‖ is related to watersheds that lack discharge 

observations, while it is assumed that common Digital Elevation Models (DEMs) with a 

standard resolution, soil-use digital support (i.e. CORINE 2000) and rainfall raingauge data 

are accessible. 

5.1 Towards a pseudo-continuous stochastic model 

5.1.1 Addressing the inconsistencies of event-based modeling: Continuous 

simulation 

As already stated, the tremendous advance in the field of hydrology, combined with the 

significant technological progress over the past years have paved the way for the 
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development of continuous models, that remedy most flaws and inconsistencies of event- 

based modeling. 

Continuous simulation represents the basic procedures of a basin, governing runoff 

generation in a continuous time, usually at a sub-daily time scale and, as Blazkova and Beven 

(2009) indicate ―This approach has the potential to represent properly the way in which 

rainfall characteristics, antecedent conditions in a catchment, and flood runoff generation 

processes change with time and severity of an event‖. 

The inputs of such models are usually -depending on the complexity of the model- 

stochastically generated and cross-correlated synthetic rainfall, temperature and potential 

evapotranspiration timeseries at the desirable timescale and length, as well as parameters 

regarding the hydraulic response and the physiographic characteristics of a watershed. 

The main benefit of continuous simulation in contrast with event-based modeling is that, 

since continuous models fully represent the basic processes of a basin, they treat for the 

estimation of the initial conditions at the start of every storm event, which are of great 

importance in determining the amount of generated runoff. 

The initial soil moisture conditions are estimated via a Soil Moisture Accounting (SMA) 

procedure that continuously calculates the level of saturation in the soil, with the use of 

simpler or more complex hydrological models that account for evapotranspiration, soil 

infiltration and percolation through it. 

In the previous chapters it was highlighted that since soil moisture plays the most important 

role in runoff generation, storms of larger cumulative depths do not necessarily generate 

greater floods. For instance a 100-year storm occurring under completely dry conditions 

could possibly generate a smaller flood than a 50-year storm occurring when the soil is 

saturated. As a result, in a continuous simulation framework with an underlying SMA 

procedure, the arbitrary assumption, commonly found in event-based modeling, that the 

storm of a given return period  generates flood of equal return period is no longer made. 

The generation of rainfall timeseries in temporal scales finer than daily is usually the case in 

such models, which means that the actual rainfall regime of a region is taken fully into 

consideration and, in addition, any arbitrary choices between recipes regarding the temporal 

evolution of storms are avoided. 

Furthermore, such models also allow for accounting for the variability of some important 

intrinsic model parameters such as the time of concentration. As already mentioned, time of 

concentration has been found not to be a constant of a catchment, but rather a varying 

characteristic, mostly linked to the amount of generated runoff. 

As a result, besides from faithfully representing the hydrologic response of a watershed, 

continuous models can also provide for estimating its ever-changing hydraulic response. 
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To summarize, it becomes quite evident that continuous simulation frameworks can be the 

solution to the flaws, misconceptions and inconsistencies that are found in common 

deterministic frameworks, implemented in everyday engineering practice. 

5.1.2 The shortcomings of continuous simulation frameworks 

A faithful representation of the essential hydrological processes governing flood generation 

and the mechanisms related to flood propagation in a watershed is not an easy task. 

Continuous models are more complex and require more parameters as inputs, than event-

based ones. Hence, apart from establishing a consistent conceptual framework that can 

include the above and at the same time take into consideration the specific characteristics of a 

basin, we also need to calibrate these models. 

The establishment of a conceptual model and the choice of the essential processes that should 

be represented demands a deep knowledge of the hydrological regime, soil layers, as well as 

the hydraulic characteristics of the basin under study.  

It is quite obvious that we cannot implement the same model in a mountainous steep 

watershed with nearly impermeable soils and in one with a smoother topography, significant 

snowmelt and karstic soil formations filled with cavities. In the first case the hydraulic 

response of the watershed is immediate and flash floods are most likely to occur. In the latter 

one, subsurface flow through the karstic cavities, which reaches the outlet of the basin after a 

significant time lag and the process of snowmelt play an important role, extending floods in 

time beyond the end of a storm. As a result, soil formations and snowmelt play a key role in 

shaping the hydraulic response of the watershed and absolutely need to be represented in the 

model. However, such a model would be of no use for the first basin.  

Luckily, in the literature a substantial number of different continuous models can be found, 

with each and every one of them being targeted towards different types of watersheds and 

needs and, even though one could choose an appropriate model the problem of calibration 

still remains. 

In ungauged basins, where there are no recorded rainfall-runoff data available, model 

calibration is impossible. Hence, it is common to use models with parameters calibrated upon 

other, ―similar‖ catchments and regional recipes found to be appropriate for them. However, 

even if this sounds a good engineering practice, there is actually a major inconsistency 

underlying the sole concept of ―similarity‖.  

It is yet uncharted under which premise, criteria and metrics two areas should be considered 

as similar. Even though significant scientific work has been conducted in the context of 

determining similarity, collapsing the vast complexity of environmental factors that define 

the hydrologic regime of natural catchments into a few parsimonious numbers, distributions 

or models, remains a difficult and ambiguous task and further improvement is still needed 

(Wagener, et al., 2007). According to (Oudin, et al., 2010) the physical descriptors classically 

used in regionalization studies ignore a number of important features of hydrological 

behavior and new descriptors should be developed to characterize the role of underground 
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catchment properties, process dynamics at the catchment scale, or catchment heterogeneity 

and complexity. 

Scientists nowadays also focus on determining how many measurements are needed in order 

to calibrate an ungauged basin if gauges are to be installed. As Seibert et al. (2009) suggest, a 

hydrologically intelligent choice of only a small number of observations –instead of regularly 

or randomly choosing measurement times- could perform well. However, such approaches 

still need further investigation. 

While in ungauged basins the use of continuous models is quite ambiguous and uncertain, in 

gauged basins, where rainfall-runoff measurements are available, thus enabling calibration, 

problems still occur, having to do with the uncertainty and quality of the provided data. 

Since floods are, by definition, rare phenomena that occur without advance warning, it is 

important that the monitoring systems operate automatically, measuring at preset time 

intervals and logging the data that must be accessible remotely via telecommunication 

systems.  

However this is not always the case. Usually flow gauges are primarily designed for 

measuring low flow conditions. As a result, during extreme floods they might get inundated. 

According to Escarameia et al. (2001) when a flow measurement structure or rated channel 

section is drowned or out-flanked by a flood flow the uncertainties associated with flow 

measurement rise from the 3% for in-bank flow to 30% or more for out-of-bank flood 

conditions and estimates of flood frequency may be significantly biased. 

Moreover, historical records can be significantly biased even if the measurements are correct. 

For example rapid changes in the built environment during a historically recorded flood, such 

as a dyke failure, could have led to substantially misleading measurements which, even if 

true, do not actually represent the response of the watershed. Moreover, in some cases 

records may have even been possibly acquired at a moment prior to the time when the peak 

discharge occurred, thus underestimating it. 

Apart from gauges being inundated and measurements being biased regarding time, there is 

yet one reason why available data are not always reliable. In most cases river discharge is 

indirectly calculated by measuring the river stage and converting it into river discharge by 

means of a stage-discharge relationship, namely, the so-called rating curve. According to 

Baldassarre et al. (2011) errors in the individual stage and discharge measurements used to 

parameterize the rating curve; uncertainty inherent to the least squares estimation of its 

parameters; presence of unsteady flow conditions; extrapolation of the rating curve beyond 

the range of measurements used for its derivation and temporal changes in the geometry of 

the channel, make such measurements uncertain. Baldassarre also indicates that such 

uncertainty could lead to 10% or in some cases 20% over or underestimation. 

However, even if it could be assumed that measurements were completely correct and 

reliable and the underlying uncertainty ignored, the difficulties regarding calibration and its 

inherent uncertainty are yet to be overcome. In many cases continuous models require several 
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parameters, whose estimation is not based on any kind of measurement techniques. Such 

parameters do not reflect reality directly but are distorted representations of the real world as 

seen by the model.  

In everyday engineering practice, a monte carlo simulation is used in order to identify the 

optimum parameter set. However, according to Beven (1993) such an approach is flawed in a 

number of ways, the most important being that it discourages the consideration of uncertainty 

in parameter values and predictions. In addition, there could even be multiple optima for a 

single calibration method. 

Beven, who addressed most of the major inconsistencies and the uncertainty regarding 

parameter estimation of continuous distributed models, sarcastically indicated that the 

predictions of such models should be treated more as an exercise in prophecy rather than 

prediction and proposed a scheme in order to account for model uncertainty. 

It is quite evident, that modeling uncertainty in continuous modeling schemes, where great 

computational power is already necessary, when treated in a deterministic manner, is quite a 

difficult task. Given also that simulations of length reaching up to several thousands of years 

are needed in order to obtain statistically reliable and consistent results, the consequent cost 

in resources and time is quite heavy. 

Finally, Makropoulos et al. (2007) come to the quite interesting conclusion that “in typical 

practical applications, parameter parsimonious conceptual models, with a simple 

mathematical structure, may yield better results than physically based ones, which are 

restrained by the large amount of spatially distributed data required to represent 

heterogeneity of physical processes and the intrinsically deficient knowledge of the physical 

system”. 

5.1.3 The need for a stochastic approach 

In deterministic frameworks the outcome of a model is uniquely determined through fully 

described relationships and equations. A given input will always result in the same output and 

uncertainty is not taken into consideration. Of course, this applies not only to simple event-

based models, but also to more complex continuous schemes. 

However, it has become quite evident up until now that in flood modeling there are many 

sources of uncertainty ranging from the inherent uncertainty in hydrometeorogical processes, 

to the uncertainty in initial conditions, measurements, model parameters estimation and the 

mechanisms regarding the hydraulic response of a basin and many more. 

As a result, the outcome of deterministic models, which is obviously fully dependent on the 

model inputs, is heavily biased. For example, even in a continuous model where a 

stochastically generated rainfall timeseries is used as input, the storm of a certain return 

period corresponds to a specific set of initial conditions, as calculated by the model. 

However, it could possibly be that these were different and the model itself cannot account 

for this possibility. 
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Hence, it is quite evident that integrating uncertainty into our analysis is not just a persistence 

of academics and researchers, but actually an attribute that should be taken seriously into 

consideration in flood modeling. 

The necessity of taking uncertainty into consideration tends to be fully accepted among the 

scientific community nowadays. In this point, it should be once more highlighted that, instead 

of trying to avoid uncertainty, which is actually unavoidable, recognizing it as an essential 

attribute of a system is the only way to fully take into account and reproduce the dynamics of 

hydrological systems (Montanari, et al., 2012). 

The modern engineer must be able not only to trace the sources of uncertainty, but should 

also try and integrate uncertainty in modeling, in order to estimate the confidence level of the 

results. Even though such a task is not quite easy and requires knowledge and effort, it is the 

only way if we aim for capturing the true nature of floods. 

According to Montanari et al. (2012) any deterministic scheme can be converted into a 

stochastic one, therefore incorporating randomness in hydrological modeling as a 

fundamental component. In particular they propose such an approach that results in replacing 

the single output of a deterministic model with the probability distribution thereof, which is 

estimated by stochastic simulation. 

 

Figure 5-1 : Flowchart of the proposed Monte Carlo simulation procedure proposed by Montanari et al. (2012) 

 

5.1.4 The need for a pseudo-continuous approach 

As already stated continuous modeling can address most of the inconsistencies found in 

event-based modeling. However, in ungauged basins things are more complicated and the use 

of such frameworks is not suggested, while even when the required data are available, the 

implementation of such models is yet difficult, as already stated, especially when it comes to 

everyday engineering practice. 

According to Boughton et al. (2003) ―continuous simulation is unlikely to be used for the 

design of minor works in the foreseeable future. Event-based methods using generalized 

rainfall statistics will continue to be the main approach to design of minor works whose cost 
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and consequences of failure will not justify the effort of data preparation and calibration of a 

continuous simulation system‖. 

In addition, the complexity of continuous simulation frameworks requires knowledge and 

skills that are mostly found in the research and academic environment, rather than in ordinary 

engineers, who mostly need to rely on simple and parsimonious schemes. As a result, the 

engineering community worldwide prefers using event-based models that are easily 

implemented, since their (few) parameters can be directly obtained from bibliographic 

sources (Efstratiadis, et al., 2014). 

In the meantime, Berthet et al. (2009) suggest that besides being a matter of knowledge and 

complexity, the tendency of engineers to favor event-based approaches might be even 

cultural. More specifically they note that ―Some endusers, who traditionally use hydraulic 

propagation methods, are culturally in favor of an event-based approach. Despite all the 

good reasons advanced by hydrologists for using continuous approaches, practitioners often 

continue using event-based models and see them as the only solution‖. 

Given the above, the scope of this thesis is to propose a framework that is neither event-

based, nor continuous, but rather takes a midrange approach by combining the basic elements 

of event-based analysis with some of the key features of continuous modeling. As a result, we 

regard the proposed framework as a ‗pseudo-continuous‘ simulation scheme. The most 

important goal of this work is to propose a framework as described above that, however, still 

remains simple and parsimonious enough. 

More specifically, the proposed framework is an undistributed model, which involves the 

synthetic generation of daily rainfall; its disaggregation into finer temporal scales; a very 

simplistic procedure for the estimation of initial soil moisture conditions based on 5-day 

Antecedent Precipitation; runoff calculation; selection of annual maxima of generated runoff; 

and finally the calculation of the design flood hydrograph for the selected events. 

The specifics of the proposed simulation scheme will be described in detail in the following 

chapter. 

5.2 The proposed pseudo-continuous stochastic simulation framework 

The proposed stochastic simulation framework is actually a mid-range approach between 

event-based and continuous modeling. A very simplistic Soil Moisture Accounting procedure 

is incorporated in continuous time, the daily generated runoff is estimated and the annual 

maxima events are extracted. From then on, the selected events are transformed into flood 

hydrographs according to event based modeling. The Monte Carlo Simulation scheme, allows 

for accounting for the uncertainty. 

The main benefits of the model is that it remains simplistic and parsimonious enough, for 

everyday engineering practice, while simultaneously addressing some of the major 

shortcomings of event-based modeling and accounting for uncertainty. 
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5.2.1 The basic steps 

Step 1: The physiographic characteristics of the watershed are studied and a CN value is 

assigned to the area. 

Step 2: A Digital Elevation Model of the region is incorporated in order to estimate the 

relationship of time of concentration versus generated runoff. This is done according to the 

work of Antoniadi (2016) that suggests a power type relationship of the form P=atc
 -b

, where 

a,b>0 and P is the generated runoff.  

Step 3: A Parametric Unit Hydrograph that uses time of concentration as a parameter is 

shaped. In our case we use the Parametric Synthetic Unit Hydrograph presented in the 

Methods chapter. It is obvious that since time of concentration is varying according to the 

amount of generated runoff, the shape of the PSUH will be varying too. 

Step 4: A rainfall timeseries is extracted from an appropriate hydrometeorological station.  

Step 5: HyetosMinute model is calibrated using the historical timeseries 

Step 6: Using the historical timeseries as input to the Castalia model, a synthetic daily 

timeseries is stochastically generated.  

Step 7: The stochastically generated synthetic daily rainfall timeseries is disaggregated into 

finer temporal scales (i.e. 15 minutes) via the HyetosMinute stochastic disaggregation 

scheme 

Step 8: The value of CN is treated as a continuous variable and is updated daily, based on the 

5-day Antecedent Precipitation, thus updating the value of maximum potential soil moisture 

retention S, which is a function of CN 

Step 9: The daily runoff is estimated through the NRCS-CN method, using as inputs the 

synthetic daily rainfall and the updated value of soil moisture retention S. 

Step 10: The annual maxima of daily runoff are extracted 

Step 11: Time of concentration, based on the calculated daily runoff and the corresponding 

Parametric Synthetic Unit Hydrograph are estimated for every selected event. 

Step 12: The flood hydrographs of the selected events are produced, since the temporal 

evolution of rainfall and the PSUH are provided. The temporal evolution of hydrological 

deficits is estimated via the NRCS-CN method. 

Step 13: Steps 6 through 12 are repeated in a Monte Carlo simulation scheme, in order to 

estimate the confidence intervals of the results and obtain a set of design flood hydrographs 

for the desirable return period. 



PSEUDO-CONTINUOUS STOCHASTIC SIMULATION FRAMEWORK FOR FLOOD FLOWS ESTIMATION         [67]    

5.2.2 Important notes on the proposed framework 

5.2.2.1 Defining the term “ungauged” 

As already stated, the term ―ungauged‖ is related to watersheds that lack discharge 

observations, while it is assumed that common Digital Elevation Models (DEMs) with a 

standard resolution, soil-use digital support (i.e. CORINE 2000) and rainfall raingauge data 

are accessible. 

It is quite obvious that if no rainfall measurements are available, the proposed framework 

cannot be implemented. 

5.2.2.2 Rainfall measurements 

If no station exists in the basin under study, then the rainfall measurements of a nearby 

watershed may be used, as long as the climatic conditions of the measured region are similar 

and comparable to our case. One should definitely keep in mind the aforementioned 

regarding the concept of hydrological similarity. 

5.2.2.3 Desirable return period 

The desirable return period is determined, according to the magnitude and the importance of 

the project under study. Sometimes this is dictated by the responsible authorities and if not, 

one can rely on suggestions based on engineering experience. It should be noted that when it 

comes to flood control, the choice also depends on the importance of the regions under threat. 

For instance, a flood control work such as a dyke protecting a cultural heritage site is of high 

importance and its design would require a larger return period, than any other structure 

protecting an ordinary asset, located on the flood plain of a river. 

5.2.2.4 Simulation length 

The length of the generated timeseries in order to obtain statistically consistent and reliable 

results depends on the desirable return period. For instance, for a return period of 1 000 years, 

a timeseries of length equal to 10 000 years is generated.  

5.2.2.5 Parametric Synthetic Unit Hydrograph 

In order to take into consideration the varying hydraulic response of a watershed, it is 

important that a Synthetic Unit Hydrograph that uses time of concentration as a parameter is 

incorporated. In our case we propose the Parametric Synthetic Unit Hydrograph presented in 

the Methods chapter that has been developed in National Technical University of Athens and 

is well-tested.  

However, different PSUH‘s could be used, if needed, depending on the physiographic 

characteristics of a watershed. 
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5.2.2.6 Calibrating HyetosMinute 

In the context of calibrating the HyetosMinute model, measurements of finer –than daily- 

temporal scales need to be available. If the historical timeseries of the region is of coarser 

scale, then the timeseries of a different yet hydrologically similar region can be used. 

5.2.2.7 Daily updating of CN value 

CN is treated as a continuous variable that is daily updated based on the 5-day cumulative 

Antecedent Precipitation, which is the cumulative rainfall depth received the last 5-days 

leading up to the event. 

This is actually one of the key elements differentiating our approach from event-based 

modeling, since a continuous procedure for soil moisture accounting is introduced. However, 

such an approach, based on antecedent precipitation is quite simplistic and by no means can 

perform better than a calibrated more complete continuous hydrological model. 

The use of antecedent precipitation as an indicator for initial conditions has been widely 

criticized and poor results have been mentioned [ (Tramblay, et al., 2010), (Brocca, et al., 

2007) and others] when compared to continuous hydrological models. However, none of 

these writers suggest the abolishment of methods based on antecedent precipitation. 

In the framework proposed in this thesis we incorporate a method based on 5-day antecedent 

precipitation, since we consider it suitable enough for the midrange approach between event-

based and continuous modeling that we wish to establish. Given that a basin is ungauged, a 

complete hydrological model cannot be trusted and the best choice is to take into 

consideration the actual rainfall regime, affecting soil moisture, even if performed in a 

simplistic manner. The same is suggested by Berthhet et al (2009) who indicates that such 

approaches are the best and most informative available, when it comes to event-based 

modeling. 

Moreover, according to Aronica et al. (2007) the simplicity of treating the soil moisture 

conditions by using a very simple descriptor such as the Antecedent Precipitation Indexes, 

actually allows to have a robust modeling of the flood formation process. 

The scheme regarding the daily update of CN values is performed with a simple linear 

interpolation between the typical dry and wet Antecedent Moisture Conditions (types I and 

III), corresponding to lower and higher 10% of the non-zero 5-day Antecedent Precipitation 

(P5), respectively.  

In order to do so, firstly the Index of P5 throughout the synthetic timeseries is calculated and 

the lower and higher 10% of non-zero values are estimated based upon their empirical 

distribution. These values (expressed in mm) correspond to the AMCI and AMCII type and 

the CNI and CNII values are assigned to them respectively. 

The daily value of P5 determines the value of CN according to the above. In particular, for 

values of P5 ranging between dry and wet P5 values, CN is obtained through a simple linear 



PSEUDO-CONTINUOUS STOCHASTIC SIMULATION FRAMEWORK FOR FLOOD FLOWS ESTIMATION         [69]    

interpolation between CNI and CNII. Moreover, in order to avoid extremely unrealistic 

conditions, where the soil might be completely saturated, hence fully impermeable or fully 

unsaturated, hence no runoff being generated, the values of CNI and CNII are used as lower 

and upper bounds of CN respectively. 

The above can be expressed as follows: 

  
    

   

  
      

    
       

         
 

      
   

   
    

    

Eq. ( 5-1 ) 

              
    

   
 

Eq. ( 5-2 ) 

                
    

    
Eq. ( 5-3 ) 

 

, where   
   

 and   
    are the lower and upper 10% of non-zero P5 values respectively,   

  is 

the value of P5 calculated for the day i of the timeseries and CNi  is the value of CN finally 

assigned to the day i. 

 

Figure 5-2 : Relationship of CN versus 5-day antecedent precipitation (P5) 
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Figure 5-3 : Example of a rainfall timeseries (P) with its corresponding cumulative 5-day antecedent precipitation 

(P5) and the resulting CN values 

In the literature, more variations on Antecedent Precipitation approaches can be found that 

consider different weights for each antecedent day, being greater for the most recent 

precipitation, however further investigation is beyond the scope of this thesis. 

5.2.2.8 Issues regarding the selection of annual maxima of daily runoff 

By selecting the annual maxima of daily runoff it is straightforwardly assumed that greater 

flood volumes result in greater peak discharges, even though this is actually not the case. A 

greater flood volume that happens to be uniformly distributed in time can reach a peak 

discharge smaller than the one generated by a flood of smaller volume, but with a temporally 

more concentrated distribution. 

However this cannot be addressed. Estimating the flood hydrograph of each day separately 

(treating each day independently) and then selecting the most severe flood would require 

massive computational power and would be extremely time consuming, given the necessary 

simulation lengths and the repetition in the context of the Monte Carlo simulation. 

After all, the great simulation lengths and the Monte Carlo simulation, can remedy this minor 

inconsistency. 

5.2.2.9 The Monte Carlo simulation scheme 

The rainfall of a certain return period can occur under a wide range of possible initial 

conditions and temporal evolution profiles. 

The Monte Carlo simulation scheme is conducted in order to account not only for the 

variability of Antecedent Moisture Conditions across days, but also the stochasticity of sub-

daily rainfall. This is performed by generating more than one synthetic timeseries, each of 

them assigning a different CN value to the event of a certain return period and, in turn, 

running the selected daily events with multiple sub-daily rainfall patterns. 
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The above allow for estimating the joint uncertainty of varying daily rainfall (thus varying 

Antecedent Moisture Conditions, CN value, time of concentration and shape of Unit 

Hydrograph) and varying sub-daily rainfall. 
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6 Study basin  

The scope of this thesis is the proposal and documentation of a simple and parsimonious 

pseudo-continuous stochastic simulation scheme for flood modeling that can be used in 

every-day engineering, instead of typical event-based modeling that has been found to be 

highly inconsistent.  

Hence, the proposed scheme is not established upon a specific study basin, but is rather a 

general framework aimed for being easily implemented in every small or medium sized 

ungauged basin. 

However, we selected a study basin in order to analyze and report the functionality and the 

results of the proposed model and also conduct further investigations. 

In this chapter the study basin and the data available are presented and the input parameters 

are determined. 

6.1 Rafina stream basin 

The selected study area is Rafina watershed, a periurban area in the greater southeast 

Mesogeia region in Eastern Attica, Greece. 

 

Image  6-1 : The DEM of Attica region and the boundaries of the study area (Papathanasiou, et al., 2013b) 
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Image  6-2 : Satellite image of the study region with its boundaries and more important sites noted (www.flire.eu) 

6.1.1 Topographic characteristics 

The area covers 123.3 km
2 

and geographically extends east of Ymittos mountain to the 

coastline of Evoikos Gulf. The mean altitude of the region is approximately 227 m, with the 

maximum value being 909 m and the minimum 0 m. The ground slope ranges from 0% to 

37.8% and its mean value is approximately 7.5%. Increased slopes are mostly found in the 

upstream parts of the region and are clustered at its north part. 

 

Image  6-3 : Detailed DEM of the study basin (Papathanasiou, et al., 2013) 

file:///C:/Users/Yiannis%20Moustakis/AppData/Roaming/Microsoft/Word/www.flire.eu
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6.1.2 Hydrographic network 

The hydrographic network of the study basin is quite dense in the upstream, where the 

topography is more intense. The main water body of the area is the Rafina stream which 

collects smaller streams and creeks from the upstream and reaches the outlet of the basin, 

flowing towards the South Evoikos Gulf. 

 

Image  6-4 : The hydrographic network of the study basin drawn on its DEM (Papathanasiou, et al., 2013) 

6.1.3 Hydrometeorological regime 

The climate in the region is characterized as a typical subtropical Mediterranean climate, with 

prolonged hot and dry summers succeeded by considerably mild and wet winters. Snowfall is 

rare in the region and the mean annual precipitation is estimated at 400 mm. The drought 

period usually starts in May and ends in October. The daily mean temperature ranges 

between 27°C during the summer months and 11°C during winter months. 

6.1.4 Geological characteristics 

The region is part of the Attico-Cycladic Massif. Two main units dominate in the geological 

structure of Attica, namely the crystalline basement (Paleozoic-Upper Cretaceous) and the 

Neogene-Quaternary clastic deposits. The basement consists of schists and carbonate rocks. 

The Neogene and Quaternary deposits fill up both the degradations and tectonic grabens of 

the East Attica basin and consist of maly limestones, marls, clays, sandstones, conglomerates 

and other coarse, unconsolidated sediments. 

The greater area presents neogene sediments and the thickness of these deposits in the 

northern part of the study area exceeds 150 m and is estimated at about 80 m in the central 

part, decreasing towards the schists. The mio-Pliocene deposits are characterized by the 
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presence of lignite in the upper parts. The thickness of the lignite-bearing layers is 

approximately 6 m to the west of Rafina. Schists, phyllites, limestones and crystalline 

marbles of Upper Cretaceous age occur in the southern part of the study area. According to oral 

information from borehole owners, deep drillings in the northern and eastern parts of the Spata 

basin also show the presence of lignite layers.  

Tectonically, the entire region is controlled by a fault system with predominate east–northeast 

and west–northwest directions. The formation of the Mesogea tectonic graben is a result of the 

northeast–southwest faulting, whereas the Ymittos mountain marble massif tectonically controls 

the western part of the basin. The central part of the basin is highly affected by the great pre-

alpine syncline fold of northeast–southwest direction and definitely formed by the post-alpine 

faulting. (Papathanasiou, et al., 2013b) 

6.1.5 Land use 

Rafina basin includes forests (~30%), arable soils and grasslands (~50%) mainly located 

upstream and urban cells (~20%) located downstream. (Alonistioti, 2011) The land cover 

properties of the study area are constantly changing and intense urbanization has been 

reported in the region, over the past decades. 

 

Image  6-5 : Land use map drawn in 2009 (Papathanasiou, et al., 2013) 
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6.1.6 Hydraulic response and floods in the region 

The region presents medium to high flood risk becaouse of topography and urbanization 

levels, constituting flood control a necessity. Flood risk has greatly increased since extensive 

forested areas have been burned by wildland fires occurring over the past two decades. 

 

Image  6-6 : Forest fires in the study area for the period 2000-2012 (Papathanasiou, et al., 2013) 

6.2 Parameters of the study basin 

6.2.1 Historical timeseries 

The historical timeseries is of daily timescale and was extracted by a nearby 

hydrometeorological station located in Tatoi, in the region of Attica. The historical timeseries 

and the fitted GEV-max distribution of its annual maxima are presented in the following 

graphs. 
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Figure 6-1 : Graph of the historical daily rainfall timeseries 

 

Figure 6-2 : The fitted GEV-max distribution of the annual maxima of the historical timeseries 

6.2.2 NRCS-CN Parameters 

The CN value of the Rafina stream basin is estimated as 60. 

The runoff mechanisms of the region are best described with an initial abstraction Ia equal to 

0.05*S, where S is the potential maximum retention. (Koutsoyiannis, et al., 2014) 

6.2.3 Time of concentration 

According to Antoniadi (2016) the relationship of time of concentration versus the generated 

runoff is described by the following expression: 

           
       

Eq. ( 6-1 ) 
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Figure 6-3 : The relationship of time of concentration versus the amount of runoff generated 

6.2.4 Parametric Synthetic Unit Hydrograph 

The Parametric Synthetic Unit Hydrograph of the Rafina basin is determined based on the 

suggestions of Koutsoyiannis in the Deukalion project (Koutsoyiannis, et al., 2014). In 

particular we determine the parameters as following; 

β=0,3 and γ=5 

 

Figure 6-4 : The shape of the 15min Parametric Synthetic Unit Hydrograph of the Rafina basin, when time of 

concentration is calculated via the Giandotti formula 
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6.2.5 HyetosMinute parameters 

HyetosMinute has been calibrated for the region of Attica and the model parameters are listed 

below. 

Table 6-1 : Table of the HyetosMinute model parameters 

 
lambda phi kappa alpha v mx sxmx 

Jan 0.2115 0.490071 0.061309 150 68.3091745 55.85088 1 

Feb 0.179823 0.369566 0.079567 150 45.29799638 55.96484 1 

Mar 0.175569 0.219374 0.065356 150 39.27718449 57.25784 1 

Apr 0.105171 0.803011 0.071454 150 85.23040712 50.61669 1 

May 0.116005 0.068099 0.03775 150 80.77257464 144.1119 1 

Jun 0.043155 0.076942 0.047353 150 63.59520007 205.1426 1 

Jul 0.031376 0.056437 0.038994 150 100.696013 190.7726 1 

Aug 0.025476 0.026041 0.018823 150 67.95964156 138.9034 1 

Sep 0.024085 1.1406 0.100049 150 115.5787362 167.9183 1 

Oct 0.098127 0.119333 0.027722 150 46.21295957 128.7391 1 

Nov 0.169945 0.25168 0.057052 150 57.78682077 94.79975 1 

Dec 0.246718 0.362942 0.079427 150 45.62160533 63.25976 1 
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7 Analysis and results  

In this chapter the results of the analyses conducted in the context of this thesis will be 

presented.  

Our analyses involve the implementation of the proposed pseudo-continuous stochastic 

simulation framework and its comparison to the results obtained by the typical deterministic 

scheme, as well as further investigations regarding the variation of soil moisture conditions 

and the time of concentration. 

Moreover, alternative, less complex approaches and model variations will be tested and 

compared to the proposed framework. 

Among the presentation of the results, some preliminary conclusions will also be listed, 

which will be further discussed in the chapters to follow. 

The analyses to their full extent were made with the use of the Matlab® programming 

language in the Matlab® environment. 

7.1 Introduction 

As already stated the pseudo-continuous stochastic simulation framework presented in this 

thesis is a midrange approach between continuous simulation and event-based modelling. 

This framework is established upon some essential assumptions regarding the key processes 

represented in the model, as well as the tools and methods used. 

In the continuous part of the proposed framework, the key assumptions made, regard the 

variability incorporated in CN, which is treated as a continuous variable, rather a discrete 

one, hence accounting for every possible soil moisture condition instead of the three typical 

Antecedent Moisture Conditions represented in typical event-based modeling. This is 

performed through the 5-day cumulative Antecedent Precipitation. 

When it comes to the event-based part of the proposed framework, the key elements that 

differentiate it from everyday engineering practices are the rainfall disaggregation scheme, 

used for obtaining the temporal evolution of the storm in finer (i.e. sub-daily) temporal scales 

and the implementation of a varying time of concentration in a daily basis, according to the 

amount of runoff generated daily. The variance of time of concentration results in a varying 

shape of the Parametric Synthetic Unit Hydrograph. 

To summarize, the key aspects differentiating our approach than typical event-based models 

could be roughly sated as: 

 Variance  of soil moisture conditions 

 Implementation of stochastic rainfall disaggregation scheme 

 Variance of time of concentration 
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Moreover, a Monte Carlo Simulation scheme is incorporated in order to account for the 

uncertainty generated by the variability and inherent stochastic nature of the above. 

Given the aforementioned, our analysis will be focused on each and every one of these key 

elements of the proposed framework and their impact on the outcome, while several 

approaches regarding the modeling of the above will be tested and compared to the proposed 

scheme. In addition, the response of the model for different sets of parameters will be tested. 

The purpose of these analyses is, on the one hand, to compare the outputs of the proposed 

framework to the results of the typical deterministic scheme described in the previous 

chapters. On the other hand, it is also intended to present the significance of the changes that 

we implement in everyday flood modeling, by comparing different variations of the proposed 

model, regarding the methods used for treating for the above elements. In the meantime some 

preliminary conclusions will be made, that will be further discussed in the chapters to follow. 

In most cases the flood hydrographs and other characteristics such as time of concentration 

and CN distributions for return periods equal to 5,10, 20,50,100,200,500,1000 years are 

examined. These values are selected, not only because it is practically meaningless to provide 

results for many different return periods, but also because they are commonly used in design. 

7.2 Types of analysis 

The types of analysis conducted are listed below and their respective results will be presented 

in the same order: 

a) The typical deterministic framework 

During this analysis the typical deterministic framework used in everyday engineering 

is implemented in the Rafina stream basin. The distribution of peak discharges, as 

well as the design flood hydrographs for different return periods and Antecedent 

Moisture Conditions is presented. 

 

b) The proposed pseudo-continuous stochastic simulation framework 

During this analysis the pseudo-continuous stochastic simulation framework proposed 

in this thesis is implemented in the Rafina stream basin. The distributions of peak 

discharges for the 95% confidence intervals are presented, the results will be 

compared to the typical framework and a set of flood hydrographs corresponding to 

the median estimation for some indicative return periods, usually implemented in 

design, are also provided. The sets of flood hydrographs corresponding to different 

confidence intervals are listed in Appendix A. 

 

c) Analysis and further investigation regarding the continuous part of the proposed 

framework 

This series of analysis includes investigations regarding the variability of Soil 

Moisture conditions, as indicated by the CN value assigned to each day of the 
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simulation, during the continuous (on a daily scale) analysis. The main scope of these 

investigations is to determine whether the proposed continuous simulation, combined 

with a Monte Carlo scheme represent the variability of Soil Moisture conditions in the 

region in a more faithful manner, rather than a more simplistic stochastic approach 

where a distribution is arbitrarily assigned to CN values instead.  

Moreover, the distribution of the annual maxima of daily runoff with their 

corresponding rainfall events is presented and it is proved that annual maxima of 

rainfall do not produce the maximum flood volumes. 

 

d) Analysis and further investigation regarding the event-based part of the proposed 

framework 

This spectrum of analysis focuses on the event-based part of the pseudo-continuous 

stochastic simulation scheme that is presented in this thesis and includes testing and 

comparing different variations of the model, regarding the nature of time of 

concentration and the disaggregation of rainfall that could be implemented. More 

specifically, time of concentration can be treated as a constant, calculated via the 

Giandotti formula and the rainfall can be alternatively disaggregated through the 

alternating blocks method or randomly uniformly distributed. Consequently, five 

more variations of the main framework arise by combining the aforementioned 

alternatives, all of which are tested and compared to the proposed scheme and, of 

course, to the deterministic approach. The analysis is once again conducted for Rafina 

stream basin. 

The main scope of the aforementioned analyses is to estimate the significance of the 

nature of concentration time and temporal evolution of storms to the outcome in flood 

engineering. 

Moreover the distribution of time of concentration is estimated and issues regarding 

the difference between selecting the annual maxima of rainfall, rather than the annual 

maxima of daily rainfall are further discussed. 

Instead of a daily approach, the response of the model is also tested and discussed, in 

occasions where the duration of the storm is determined alternatively (i.e. two or three 

days). 

Finally, two different ways of estimating GEV distribution parameters, namely 

Moments and L-moments methods, are compared. 

 

e) The proposed pseudo-continuous stochastic simulation framework with the 

incorporation of Annie-Model 

The Annie-Model presented in this thesis is also tested, replacing the simplistic soil 

moisture accounting procedure performed via the 5-day cumulative Antecedent 

Precipitation. The distribution of maximum peak discharges is estimated and the flood 

hydrographs for different return periods are also listed. 

In addition the distribution and the temporal evolution of soil moisture levels is 

examined and its link to Antecedent Precipitation is also investigated, in order to find 

a link that may imply the consistency of approaches based on Antecedent 

Precipitation. 
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Since the model is not calibrated based on measurements from Rafina stream basin 

we cannot conduct reliable comparisons with the proposed framework. However, the 

parameters of the model are arbitrarily set, in order to better reproduce the response of 

the proposed framework. 

It is quite evident that calibrating Annie-Model without any measurements, but only 

in the context of reproducing –in terms of quality- the response of our framework is 

not actually reliable. As a result, only preliminary investigations are made in order to 

identify any apparent relationships and behaviors and safe conclusions can absolutely 

not be drawn. 

 

f) The influence of CN over the response of the model 

It is well known that the NRCS-CN method is non-linear. As a result, combined with 

the non-linearity of the rainfall disaggregation scheme, our framework is highly non-

linear. 

In order to check the non-linearity of our model, its response for different values of 

CN is examined. The relationship of CN values with the GEV distribution parameters 

of the resulting peak discharges is investigated and some indicative distributions are 

also presented.  
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7.3 Abbreviations 

Before presenting the results, it is important to list the abbreviations used in the figures and 

graphs that follow. 

Table 7-1 : Abbreviations used in the presentation of results 

Abbreviation Description 
QpeakmaxQ Peak Discharge abstracted from events where annual maxima of runoff occurred 

Qpeakmaxrain Peak Discharge abstracted from events where annual maxima of rainfall occurred 

CNmaxQ CN values assigned to events where annual maxima of runoff occurred 

Cnmaxrain CN values assigned to events where annual maxima of rainfall occurred 

maxQ Annual maxima of runoff 

Qmaxrain Runoff generated during events where annual maxima of rainfall ocurred 

maxrain Annual maxima of rainfall 

rainmaxQ Rainfall depth during events where annual maxima of rainfall occurred 

WmaxQ 
Soil moisture level in Annie-model, corresponding to days where runoff annual 

maxima occured 

MM GEV fitted using the Moments Method proposed by Koutsoyiannis (2004) 

LM GEV fitted using the L-moments method 

AMCI Deterministic model with Type I Antecedent Moisture Condition 

AMCII Deterministic model with Type II Antecedent Moisture Condition 

AMCIII Deterministic model with Type III Antecedent Moisture Condition 

P5 5-day cumulative Antecedent Precipitation 

 

As already mentioned, five model variations arise, by combining the aforementioned 

alternatives. Moreover, two model variations with the implementation of the Annie-model are 

also examined. For the purpose of showing the results, each variation was assigned an 

abbreviation, as listed in the following table.  
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Table 7-2 :Abbreviations assigned to the different model variations 

Abbreviation Rainfall Disaggregation Time of concentration Continuous part 

HDI HyetosMinute 
Varying Daily - 

(Antoniadi, 2016) 
Antecedent 

Precipitation 

HCG HyetosMinute Constant - Giandotti 
Antecedent 

Precipitation 

ADI Alternating Blocks 
Varying Daily - 

(Antoniadi, 2016) 
Antecedent 

Precipitation 

ACG Alternating Blocks Constant - Giandotti 
Antecedent 

Precipitation 

UDI Uniform distribution 
Varying Daily - 

(Antoniadi, 2016) 
Antecedent 

Precipitation 

UCG Uniform distribution Constant - Giandotti 
Antecedent 

Precipitation 

Annie-HDI HyetosMinute 
Varying Daily - 

(Antoniadi, 2016) 
Annie-Model 

Annie-HCG HyetosMinute Constant - Giandotti Annie-Model 
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7.4 The typical deterministic framework 

The typical deterministic framework is implemented in the Rafina stream basin and the 

results are listed below. In particular, the distributions of the peak discharges for the three 

different Antecedent Moisture Condition types and the design flood hydrographs for the 

selected return periods are presented.  

 

Figure 7-1 : Distribution of Peak Discharges estimated through the typical deterministic framework 
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Figure 7-2: Flood hydrographs for the three different AMC types (T=5 years) 
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Figure 7-3 : Flood hydrographs for the three different AMC types (T=10 years) 
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Figure 7-4 : Flood hydrographs for the three different AMC types (T=20 years) 
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Figure 7-5 : Flood hydrographs for the three different AMC types (T=50 years) 
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Figure 7-6 : Flood hydrographs for the three different AMC types (T=100 years) 
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Figure 7-7 : Flood hydrographs for the three different AMC types (T=200 years) 
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Figure 7-8 : Flood hydrographs for the three different AMC types (T=500 years) 
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Figure 7-9 : Flood hydrographs for the three different AMC types (T=1000 years) 
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7.5 The proposed pseudo-continuous stochastic simulation framework 

The proposed pseudo-continuous stochastic simulation framework is implemented in the 

Rafina stream basin and the results are listed below.  

The analysis was conducted based on four different rainfall timeseries, with length equal to 

10.000 years, each of which was disaggregated five times into finer into a 15 minute time 

scale. As a result, twenty different rainfall timeseries were produced. Under this Monte Carlo 

simulation scheme, the peak discharges were sorted in order to obtain the confidence 

intervals of our estimations, which are shown in the following graphs and tables. 

Furthermore, the set of flood hydrographs corresponding to the median estimation will be 

presented here, while the sets assigned to confidence intervals equal to 95%, 70% and 50% 

will be listed in the Appendix. 

 

Figure 7-10 : Distribution of peak discharges, where the Upper and Lower bounds of 95% Confidence Interval, as 

well as the median estimation are depicted, along with the results of the typical deterministic framework 

 

It is quite clear from Figure 7-10 that the proposed framework provides significantly greater 

floods, than the ones estimated through the typical deterministic framework. This difference 

in estimation becomes more intense while return period increases.  

In the meanwhile, as shown in Table 7-3 and Table 7-4, the variability of the results produced 

by the pseudo-continuous scheme increases, as return period becomes larger. The variability 

is such that that the peak discharges assigned to 500 years return period, coincide and even 

exceed the value corresponding to the 95% Lower Bound of the estimations for a return 

period equal to 1 000 years. 
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Table 7-3 : Table showing the results properly sorted, in order to obtain the Upper and Lower bounds for the desirable Confidence Intervals 

 

Table 7-4 : A compact Table showing the Boundaries for the desirable Confidence Intervals 

Median

5 84.1 84.7 84.9 85.1 85.2 85.3 85.4 85.5 85.5 85.6 85.7 86.0 86.3 86.4 86.5 86.5 86.9 87.3 87.4 87.8

10 148.2 149.3 150.0 150.0 150.4 150.7 150.8 150.9 150.9 151.2 151.2 151.4 151.5 153.1 153.2 153.3 154.3 154.4 155.3 155.9

20 229.6 232.5 234.2 234.8 235.0 236.3 236.9 237.0 237.5 238.1 238.2 240.1 240.3 240.6 240.8 241.3 241.3 242.4 243.0 245.7

50 361.9 371.8 372.1 375.4 377.6 385.9 388.2 388.6 391.5 392.3 393.1 393.4 393.6 396.3 396.9 397.2 398.4 399.1 400.1 408.3

100 517.9 520.5 520.7 523.8 525.1 526.2 527.6 528.3 531.2 536.8 540.0 546.8 551.6 553.2 558.2 559.4 559.5 566.9 568.6 594.3

200 658.9 685.5 693.0 696.6 698.0 701.0 707.3 710.4 713.4 715.6 728.9 751.8 759.6 763.4 764.5 765.4 769.5 771.6 779.3 799.2

500 902.1 913.8 925.7 950.5 978.0 982.5 986.2 988.7 1006.4 1018.3 1020.3 1024.8 1037.3 1041.0 1045.7 1049.1 1070.4 1083.5 1100.7 1101.0

1000 1070.3 1185.0 1196.6 1206.2 1228.0 1232.1 1244.3 1246.8 1248.9 1270.1 1286.4 1316.2 1321.8 1333.7 1344.6 1357.2 1358.0 1381.6 1419.7 1435.9

     Peak Discharges (m3/s)

Return 

Period 

(yrs)

    95% confidence interval

     70% Confidence interval

     50% Confidence interval

95% 

Lower 

Bound

70% Lower 

Bound

50% Lower 

Bound
Median

50% Upper 

Bound

70% Upper 

Bound

95% Upper 

Bound

5 84.7 85.1 85.3 85.7 86.5 86.9 87.4

10 149.3 150.0 150.7 151.2 153.2 154.3 155.3

20 232.5 234.8 236.3 238.2 240.8 241.3 243.0

50 371.8 375.4 385.9 393.1 396.9 398.4 400.1

100 520.5 523.8 526.2 540.0 558.2 559.5 568.6

200 685.5 696.6 701.0 728.9 764.5 769.5 779.3

500 913.8 950.5 982.5 1020.3 1045.7 1070.4 1100.7

1000 1185.0 1206.2 1232.1 1286.4 1344.6 1358.0 1419.7

     Peak Discharges (m3/s)
Return 

Period (yrs)
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Figure 7-11 : Flood hydrographs for T=5, 10 and 20 years (median estimation)  
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Figure 7-12 : Flood hydrographs for T=50, 100 and 200 years (median estimation)  
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Figure 7-13 : Flood hydrographs for T=500 and 1 000 years (median estimation) 

 

After having examined not only the set of flood hydrographs presented in this chapter, but 

also the hydrographs listed in the Appendix, it is easily assumed, based on engineering 

experience that such hydrographs are far more realistic than the ones provided by the typical 

deterministic framework. This is mostly due to the stochastic disaggregation scheme 

incorporated into the framework, which produces realistic rainfall profiles, contrary to the 

standard rainfall pattern produced via the alternating blocks method.  

An indicative example of the above is the flood hydrograph corresponding to 50 years return 

period, when two peaks occur. Such a hydrograph shape cannot be obtained by any of the 

commonly used frameworks. 

Of course, peak discharges are highly dependent on the temporal evolution of the storm. As 

anticipated, greater peak discharges occur when rainfall depth is more concentrated in smaller 

time intervals. 
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Finally, it should definitely be highlighted that, even if each simulation had a length equal to 

10.000 years, only the results up until a return period of 1 000 years were considered reliable. 

The rest were omitted from our investigations. 
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7.6 The continuous part of the proposed framework 

The continuous part of the proposed framework is implemented in the Rafina stream basin. 

Firstly the results from a single simulation with a length equal to 1 000 years are presented, 

regarding the generated runoff and the distribution of CN values across days. Moreover, the 

difference between selecting events of annual maxima of runoff and events of annual maxima 

of rainfall is investigated.  

It should definitely be noted that among different simulations soil moisture conditions vary 

and not always the same CN values are assigned to rainfall of a given return period. Hence, a 

unique simulation is indicative and reliable only in terms of identifying coarser behaviors and 

apparent tendencies.  

 

Figure 7-14 : Daily runoff calculated by the continuous simulation scheme 

 

Figure 7-15 : Distribution of runoff annual maxima 
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Figure 7-16 : A scatter of the daily rainfall versus the generated runoff 

In Figure 7-16 the variability of soil moisture conditions is quite apparent. Two lines are 

distinct serving as the upper and lower boundaries of the graph that correspond to the CNIII 

and CNI values respectively. One can easily deduce that, of course, larger rainfall depths do 

not necessarily produce larger flood volumes, since, some of the largest storms, in terms of 

total depth, occur in dry conditions (i.e. bottom line). 

 

Figure 7-17 : Scatter of daily values of CN versus the daily runoff 

In Figure 7-17 it is quite evident that, even though most of the greatest flood volumes are 

generated under wet soil, significant floods occur also under medium or even dry conditions. 
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Figure 7-18 : Scatter of daily rainfall versus 5-day cumulative Antecedent Precipitation ( P5 ) 

In order to further investigate the circumstances under which rainfall occurs, Figure 7-18 is 

attached, where no apparent relationship between rainfall and the 5-day cumulative 

Antecedent Precipitation is evident. However, more indicative is the following figure, where 

the distribution of CN values across days is depicted. 

 

Figure 7-19 : Histogram of daily CN values 

It becomes quite clear, based on Figure 7-19, that dry conditions are significantly the most 

prominent state in which the catchment can be found. However, this is highly biased by 

seasonality and dry periods, where no rainfall occurs, thus being of no interest for flood 

engineering. 

What can be more helpful is Figure 7-20, which depicts the distribution of CN values only 

across wet days (i.e. days when rainfall has occurred). It should be noted that, even if dry 

conditions are still prominent, their frequency is significantly lower. This is indicative of the 

tendency of wet days to form clusters of multi-day wet periods. However, this distribution is 

still quite biased, since storms of extremely small rainfall depths that are still of no interest to 

flood engineering are still included.  



PSEUDO-CONTINUOUS STOCHASTIC SIMULATION FRAMEWORK FOR FLOOD FLOWS ESTIMATION         [105]    

 

Figure 7-20 : Histogram of CN values across wet days (i.e. days when rainfall occurs) 

The true state of the catchment area regarding the soil moisture conditions that highly affect 

the outcome is depicted in Figure 7-21 which follows. The figure shows the distribution of 

CN values across the events during which the annual maxima of runoff were generated. Here, 

it becomes quite clear that extreme events occur almost equally in dry as well as wet 

conditions. However, dry conditions still tend to be dominant. 

 

Figure 7-21 : Histogram of CN values for the selected events (where annual maxima of runoff occur) 

In order to examine whether there is an apparent relationship between the total rainfall depth 

and the soil moisture conditions a scatter of CN values versus rainfall depths of the selected 

events is shown in Figure 7-22. It is clear that no evident relationship exists, even though it 

seems slightly more frequent for most extreme rainfalls to occur in drier conditions. 
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Figure 7-22 : Scatter of CN values versus rainfall depths for selected events 

 

Figure 7-23 : Histograms of CN values for annual maxima of rainfall and annual maxima of runoff 

In Figure 7-23 the distribution of CN values for the events when the annually maximum 

rainfall depths occurred, are compared to the selected events (annual maxima of runoff). It is 

obvious in the graph that the first occur mostly in dry conditions. This is characteristic of the 

rainfall regime of the region and is the reason why the two approaches provide different 

results. 

In fact, the above comply with the findings of Pontikos (2014) who suggests that dry 

conditions are most prominent in eastern Greece and, consequently, arbitrarily choosing wet 

or medium conditions in the context of hydrological design may result in oversized expensive 

hydraulic works. On the contrary, he claims that the probabilistic nature of the soil moisture 

conditions must be taken into consideration, in order to conduct statistically consistent 

studies. 

In this context, only a procedure including simulation is necessary in order to properly 

represent the actual probabilistic nature of soil moisture. We should note that a Monte Carlo 

scheme, with no simulation incorporated, during which a distribution (usually uniform) is 
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arbitrarily assigned to soil conditions, is actually inconsistent and fails to represent the actual 

regime of the region. 

 

Figure 7-24 : Scatter of annual maxima of runoff (maxQ) versus the corresponding runoff generated by the events of 

annual maxima of rainfall (Qmaxrain) for every year 

 

Figure 7-25 : Scatter of rainfall generating the annual maxima of runoff (rainmaxQ) versus the corresponding annual 

maxima of rainfall (maxrain) for every year 

The difference between selecting the events where the largest runoff is generated, instead of 

the ones where the largest amount of water is precipitated, is depicted in Figure 7-24, as well 

as Figure 7-25. We should definitely note that differences arise mostly on small and medium 

return periods where some significant floods may be neglected if we select based on rainfall 

maxima. As a result, selecting based on runoff maxima rather than rainfall maxima is more 

appropriate, even if the two approaches coincide when it comes to the most extreme events. 
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7.7 The event-based part of the proposed framework 

This chapter involves investigations regarding the event-based part of the pseudo-continuous 

stochastic simulation scheme.  

The analysis is based on a single simulation with a length equal to 10 000 years, which, of 

course, is indicative and reliable only in terms of identifying coarser behaviors and apparent 

tendencies. 

Different variations of the model, involving alternative approaches for estimating time of 

concentration and disaggregating rainfall will be implemented, in order to compare them with 

the proposed framework. 

Firstly the impact of time of concentration in the results will be examined. As already stated, 

time of concentration, can alternatively be treated as a constant and calculated via the 

Giandotti formula. 

 

Figure 7-26 : Distribution of Peak Discharges estimated through HDI and HCG models 

In Figure 7-26, where HDI and HCG models are compared, one can clearly notice the heavy 

impact that time of concentration has. HDI model, in the context of which time of 

concentration varies daily, produces far more significant floods than HCG model, where time 

of concentration is treated as a constant. Moreover, the non-linearity introduced in the model 

by the daily variation of time of concentration is also evident, since the shape parameter in 

HDI is larger than HCG. 

When it comes to rainfall disaggregation, it can alternatively be conducted using the 

alternating blocks method, or by randomly uniformly distributing rainfall in time. 
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Figure 7-27 : Distribution of Peak Discharges estimated through HDI, ADI and UDI models 

In Figure 7-27 the impact of the disaggregation scheme implemented in the model is 

presented. In particular, it appears that HDI model produces the most extreme floods, 

followed by ADI and UDI models. It seems that the patterns produced by the HyetosMinute 

model can produce greater peak discharges than the alternative blocks method, while a 

uniform distribution of rainfall produces the smaller floods. 

Moreover the values of shape parameter are indicative of the non-linearity introduced by the 

stochastic disaggregation scheme, compared to the other two methods. Here, it is quite 

interesting that the uniform distribution of rainfall produces an ―equally smooth‖ distribution 

of extremes. 

In order to further examine the results between HDI, ADI and UDI models, the hydrographs 

corresponding to a return period equal to 20 and 100, years are presented in Figure 7-28 and 

Figure 7-29 that follow. 

It is quite clear in these graphs that, on the one hand, a uniform distribution provides a 

smooth flood hydrograph extended in time, while, on the other hand, the HyetosMinute 

model provides rapid hydrographs, given that it happens that the rainfall depth is 

concentrated in small time intervals. The alternating blocks method provides a hydrograph 

that is not as rapid, since the rainfall increments are distributed throughout the whole day, 

rather than being concentrated in smaller scales, as in the second case. 

The aforementioned are also validated by the findings presented in Figure 7-30, where HCG, 

ACG and UCG models are compared. In this comparison, time of concentration is constant; 

hence the observed differences appear due to the distribution of rainfall alone.  
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Figure 7-28 : Flood hydrographs produced by HDI, ADI and UDI (from top to bottom) - (T=20 years) 
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Figure 7-29 : Flood hydrographs produced by HDI, ADI and UDI (from top to bottom) - (T=100 years) 
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Figure 7-30 : Distribution of Peak Discharges estimated through HCG, ACG and UCG models 

Finally, the following graph depicts a total comparison of all models examined in this 

chapter, including the results of the typical deterministic framework. 

 

Figure 7-31 : Comparison of all the variations of the model, including the typical deterministic framework for the 

three AMC types 

By examining Figure 7-31 we can see that HCG model and the deterministic framework for 

AMCIII, appear to provide quite similar results. In the following figure, a closer look in these 

two is taken. 



PSEUDO-CONTINUOUS STOCHASTIC SIMULATION FRAMEWORK FOR FLOOD FLOWS ESTIMATION         [113]    

 

Figure 7-32 : Distribution of peak discharges estimated through HCG model and the typical deterministic framework 

for AMCIII 

At this point the impact of treating time of concentration as a constant is apparent, even 

though in HCG model soil moisture conditions still vary daily. However, even if HCG model 

and the typical deterministic framework for wet conditions seem to provide similar results, 

the first is still more consistent, since it provides more realistic flood hydrographs, in contrast 

to the ―standard‖ shape of the hydrographs produced by the latter one, because of the given 

pattern of rainfall. 

The above may have significant influence when the produced hydrographs need to be used as 

inputs for any hydraulic model.  

In Figure 7-33 and Figure 7-34the scatters of time of concentration and CN values versus the 

corresponding peak discharges are shown. These are extracted by the twenty simulations 

conducted under the Monte-Carlo scheme. 

Not surprisingly, the relationship between time of concentration and peak discharges is quite 

similar to the relationship between time of concentration and runoff. 

Meanwhile, as anticipated, the scatter of CN values versus peak discharges is very similar to 

the distribution of CN values across the days where the annual maxima of runoff are 

generated. Obviously, throughout the twenty simulations the most extreme floods in terms of 

peak discharge were generated under wet conditions. However, some of the greatest floods 

were produced under medium and even conditions as well. 
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Figure 7-33 : Scatter of QpeakmaxQ values versus the corresponding time of concentration 

 

Figure 7-34 : Scatter of CN values versus the corresponding Peak Discharges 

 

In turn, the analysis regarding the determination of the duration of storms is presented. As 

already stated, the HDI model will also be implemented in cases where the duration of a 

storm is determined as 2 and 3 days. The results are shown in Figure 7-35.  

We should note that the initial conditions under these schemes are the conditions occurring at 

the beginning of every multi-day episode, which have been estimated through an 

implementation of the continuous part of the model in a daily scale. 

Given the nature of the NRCS-CN method where the portion of rainfall turning into runoff 

gets higher while the storm develops, one would anticipate that duration equal to 3 days 

would provide the most extreme floods. However, this is not the case, since it appears that 

duration equal to 1 day still provides greater peak discharges, followed by two and three 

days. 
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Figure 7-35 : Distribution of peak Discharges estimated through HDI model, where the duration of a storm is 

determined as 1, 2 and 3 days 

 

The paradox mentioned above is mostly due to the rainfall disaggregation model which 

generates storms whose incremental depths are not necessarily distributed closely in time, as 

seen in the following flood hydrographs. As a result, the resulting hydrograph may have two 

or three peaks and a unique rapid peak is not observed instead. Figure 7-36 which depicts the 

flood hydrographs of the three models for a given return period is quite indicative. 

A model providing storm temporal evolutions consisting of more compact clusters of rain, 

instead of separate pulses, would probably produce the anticipated results, however further 

investigation is beyond the scope of this thesis. 

Moreover, we should also highlight an issue regarding the determination of the initial 

conditions as the conditions at the beginning of a multi-day storm. In order to better grasp 

this, an example will be provided.  

The rainfall depth of a 3-day event, following a multi-day dry period, falls as follows; 5mm 

in the first day, 30 mm in the second day, and 50mm in the third day. The 50mm precipitated 

in the third day follows the 100 mm observed in the second one.  

In a daily analysis these 100mm would be included in the estimation of the 5-day Antecedent 

Precipitation, thus, increasing the wetness of the soil. However in a multi-day analysis, the 

initial conditions of the event would be considered as dry. As a result less runoff would be 

generated by the same amount of rainfall. 

Of course, the opposite can also happen (i.e. taking into consideration an antecedent day that 

would not otherwise affect the result). As a result, since the model is quite non-linear the 

outcome cannot be predicted and no safe results can be made. 
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In order to investigate the above, Figure 7-37,Figure 7-38and Figure 7-39 are listed below. 

These figures show that wet conditions are slightly more prominent when the analysis is 

based on duration equal to 3 days. However, this tendency is not apparent and may vary 

between different simulations.  

Of course, we can safely deduce that the distribution of CN values is roughly the same in all 

three cases. Given that, it becomes clearer that the sole thing affecting the results is the 

distribution of rainfall. 

Moreover, it would definitely be more consistent if the time of concentration and/or soil 

moisture conditions would gradually change during an event, providing smaller hydraulic 

response times and greater CN values, as the storm developed. However, such an 

investigation is beyond the scope of this thesis. 

In addition, the applicability of NRCS-CN method in multi-day events is yet another question 

that needs to be addressed. 

In the context of this thesis, a preliminary investigation was made and further research 

definitely needs to be conducted. 
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Figure 7-36 : Flood hydrographs estimated via HDI model, where the duration of a storm is determined as 1, 2 and 3 

days 
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Figure 7-37 : Distribution of CNmaxQ values (duration of storm = 1 day)  

 

Figure 7-38 : Distribution of CNmaxQ values (duration of storm = 2 days)  

 

Figure 7-39 : Distribution of CNmaxQ values (duration of storm = 3 days) 

Finally, the distributions of Qpeakmaxrain and QpeakmaxQ estimated through the HDI 

model are shown in Figure 7-40. As one can clearly notice the two distributions almost 

coincide and one would wonder whether an analysis based on selecting the events when the 
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annual maxima of runoff occurred is actually better than an analysis based on the annual 

maxima of rainfall. 

In order to further investigate this Figure 7-41 and Figure 7-42 are also attached. In the first 

graph, the scatter of QpeakmaxQ versus the corresponding Qpeakmaxrain values is depicted. 

Here, it is evident that the greatest events coincide in the two cases, as already stated in the 

previous chapters. 

However, the second graph –which is actually the same scatter plot- is far more interesting, 

since it focuses only on events of smaller significance (i.e. with a return period no more than 

50 years approximately). Here it is quite clear that when it comes to smaller return periods 

the two approaches greatly differ. One should also notice that there are also events where the 

Qpeakmaxrain is larger than QpeakmaxQ. This is of course natural, since smaller flood 

volumes can actually produce greater peak discharges, depending on the temporal distribution 

of rainfall. 

 

Figure 7-40 : Distributions of Peak Discharges estimated through the HDI model. In the first case QpeakmaxQ and in 

the latter Qpeakmaxrain are shown 
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Figure 7-41 : Scatter of QpeakmaxQ versus the corresponding Qpeakmaxrain of every year 

 

Figure 7-42 : Scatter of QpeakmaxQ versus the corresponding Qpeakmaxrain of every year focused on less 

significant events 

Consequently, it is quite evident that the approach based on selecting annual maxima of 

runoff is better in terms of estimating floods of return periods smaller than 50 and provides 

the same results with selecting the annual maxima of rainfall, when it comes to estimating 

greater floods. As a result, the first approach is far more consistent and beneficiary. 

Finally it should be noted that the GEV distribution cannot be properly fitted to the 

distributions of peak discharges, when the shape, scale and location parameters are estimated 

through the L-moments method, as shown in the following figure. The L-moments method 

seems to be insensitive to greater values and highly biased by the main body of the 

distribution.On the contrary, fitting the GEV distribution based on the Moments method 

proposed by Koutsoyiannis (2004) seems to provide better results. 

Nevertheless, we should definitely state that maybe other distributions could be used instead. 

However, further investigation was not conducted since this is beyond the scope of this 

thesis. 
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Figure 7-43 : Distributions of peak discharges provided by HDI, ADI and UDI models. In the first case, GEV is fitted 

through Methods Moment, while, in the latter case the L-moments method is used 

7.8 Annie-Model integrated in the proposed framework 

In this chapter the Annie-HDI model will be tested, which is actually the proposed 

framework, with the Annie-model incorporated instead of the continuous scheme based upon 

the Antecedent Precipitation. 

As already stated in 7.2, since the model has not been calibrated based on measurements from 

Rafina stream basin we cannot conduct reliable comparisons with the proposed framework. 

However, the parameters of the model are arbitrarily set, in order to better reproduce the 

response of the proposed framework. The parameters were set such, that Annie-HDI would 

produce the same runoff/rainfall ratio with the HDI model, throughout a simulation. 

More specifically, we have set the parameters as follows; 
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Table 7-5 : Parameter set for Annie-model 

Parameter Value 

Initial abstraction (Ia) 10 mm 

Soil Storage (K) 300 mm 

Recession rate for percolation (a) 0.017 

 

At this point we should definitely note that there are more than one parameter sets that may 

provide results similar to the HDI model, however further investigations are beyond the scope 

of this thesis and, after all, there are no measurements available. As already stated, there 

could be multiple optima for a single calibration method (Beven, 1993). Further investigation 

and a more complete Monte-Carlo scheme under which multiple sets of parameters were 

determined can be found under Papoulakos et al. (2017). 

It is quite evident that calibrating Annie-Model without any measurements, but only in the 

context of reproducing –in terms of quality- the response of our framework is not actually 

reliable. As a result, only preliminary investigations are made in order to identify any 

apparent relationships or behaviors and safe conclusions can absolutely not be drawn. Hence, 

no comparison between the Annie-HDI and the proposed HDI model will be made, as they 

may prove to be quite misleading. 

The analysis was based on a single simulation with a length equal to 1 000 years and a 

Monte-Carlo simulation with the use of more than one timeseries was not conducted, since 

the estimation of confidence intervals would be of no use to a non-calibrated model. 

 

Figure 7-44 : Distribution of Peak Discharges estimated through Annie-HDI and Annie-HCG models 
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Firstly, the peak discharge distributions estimated through Annie-HDI and Annie-HCG 

models are presented in Figure 7-44. Since the only thing that changes from the proposed 

framework is the continuous part of the model regarding the estimation of initial conditions at 

the beginning of every event, the impact of time of concentration and rainfall disaggregation 

technique obviously remain the same. 

 

Figure 7-45 : Distribution of peak Discharges estimated through Annie-HDI model, where the duration of a storm is 

determined as 1, 2 and 3 days 

The above is also implied by Figure 7-45, whose findings suggest that the relationship 

between the distributions of peak discharges, for durations determined as 1, 2 or 3 days, 

remains the shame, regardless of the continuous model incorporated. An analysis based on 1-

day events still produces greater floods than 2-days, followed by 3-days analyses. 

In turn, we will try to examine whether the results of Annie-model validate in any way the 

results that the continuous scheme which is based on Antecedent Precipitation produces. Of 

course, as already stated, the validation we are after, is only conceived by means of 

qualitative coarser relationships and behaviors. If such relations actually appear, this could be 

an indication implying that the model based on Antecedent Precipitation could be as efficient 

as a more complete continuous model would probably be.  

However, it should be strictly highlighted that such any deductions made are only preliminary 

and further investigation is absolutely necessary. 

The findings regarding soil moisture variability are depicted in Figure 7-46. There, dry 

conditions appear to be the most prominent, as happened in the HDI model. 

Meanwhile, greater floods seem to occur mostly under medium and wet conditions, as shown 

in Figure 7-47. Extremely wet conditions do not occur, but, of course, this may not 

necessarily the case in Rafina stream basin, since the results are strongly dependent on the 

determination of K and Ia. Nevertheless, the tendency of dry conditions being prominent in 

the region still appears, as in the Antecedent Precipitation based approach. 
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It should be noted, that it is of highly importance that the actual rainfall regime appears to be 

properly taken into consideration, in terms of soil moisture variability. Dry periods followed 

by sudden storms under dry conditions are mostly the case in Greece and Attica in particular. 

 

Figure 7-46 : Histogram of daily Soil moisture level 

 

Figure 7-47 : Scatter of Initial Soil Moisture Level versus the corresponding generated runoff 

 

In Figure 7-48 a scatter of the Soil Moisture Level at the end of every event, versus the 

corresponding generated runoff is depicted. Compared to Figure 7-48, where the same 

generated runoff is scattered versus the Initial Soil Moisture Level (i.e. at the beginning of a 

storm) it is quite evident that Figure 7-48 leans more to the right (i.e. towards more wet 

states). This comparison is indicative of the model‘s response regarding soil moisture 

variability and is better represented by Figure 7-49.  
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Figure 7-48 : Scatter of Soil Moisture Level at the end of an event versus the corresponding generated runoff 

 

Figure 7-49 : Scatter of Initial Soil Moisture Level versus the corresponding Soil Moisture Level at the end of each 

event 

 

Finally, the evolution of Soil Moisture Level will be examined and its possible relationship 

with Antecedent Precipitation will be investigated. 

It is evident in Figure 7-50 that the evolution of soil moisture has a periodicity. This behavior 

is mostly due to the periodicity of temperature that governs Potential and actual 

Evapotranspiration. In addition, the distribution of rainfall depth throughout the year also 

plays a minor role in shaping the twists and turns of this behavior. 
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Figure 7-50 : The evolution of Soil Moisture Level over a time interval equal to 20 years 

 

In Figure 7-51 the maximum retention S estimated through the 5-day cumulative Antecedent 

Precipitation is scattered versus the corresponding soil storage left ( K-W ), calculated 

through the Annie-model. Given that both schemes are based on the NRCS-CN method, the 

two variables should be correlated. Of course, as already stated, the model has not been 

calibrated, hence only coarser relations should be expected. In the figure it becomes quite 

evident that no correlation exists. 

 

Figure 7-51 : Scatter of maximum retention S, calculated through the 5-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 

 

These findings agree with the following figure, where the evolution of 5-day Antecedent 

Precipitation over a time interval equal to 20 years is plotted. There it becomes quite clear 

that the shape of the plot is strongly variant, preserving approximately the daily variability of 

rainfall. Hence, the kind of periodicity characterizing the evolution of Soil Moisture Level –

depicted in Figure 7-50- does not appear in this case. 
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Figure 7-52 : The evolution of 5-day cumulative Antecedent Precipitation over a time interval equal to 20 years 

 

In order to further investigate the above, we conducted a series of analyses using different 

numbers of days used for the calculation of Antecedent Precipitation each time. As shown in 

the following figures (from Figure 7-54 through Figure 7-59), calculations were conducted 

for 10, 20, 30, 60, 90, 120 and 150 days. 

 

Figure 7-53 : Scatter of maximum retention S, calculated through the 10-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 
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Figure 7-54 : Scatter of maximum retention S, calculated through the 20-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 

 

Figure 7-55 : Scatter of maximum retention S, calculated through the 30-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 

 

Figure 7-56 : Scatter of maximum retention S, calculated through the 60-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 
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Figure 7-57 : Scatter of maximum retention S, calculated through the 90-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 

 

Figure 7-58 : Scatter of maximum retention S, calculated through the 120-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 

 

Figure 7-59 : Scatter of maximum retention S, calculated through the 150-day cumulative Antecedent Precipitation, 

versus the corresponding storage left in the soil, as calculated via the Annie-model 
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The figures listed above show that when the analysis is conducted based on 60 antecedent 

days, maximum retention is more strongly correlated to the soil storage left estimated through 

the Annie-model. This is only slightly better than the results provided when the analysis is 

based on 90 antecedent days. 

In fact, the plots of the evolution of 60 and 90-days cumulative Antecedent Precipitation in 

Figure 7-60 and Figure 7-61 respectively are support the aforementioned allegations. It is 

quite evident that the shape of the plot presents a roughly similar periodicity to the one 

appearing in the evolution of soil moisture levels. 

 

Figure 7-60 : The evolution of 60-day cumulative Antecedent Precipitation over a time interval equal to 20 years 

 

 

Figure 7-61 : The evolution of 90-day cumulative Antecedent Precipitation over a time interval equal to 20 years 

 

The strong indications stated above actually suggest that there is a time interval equal to two 

months approximately, that governs the soil moisture regime of the region. In order to further 

investigate this, Figure 7-62 is attached. Here, it seems that the only months when the 

percentage of runoff maxima exceeds the percentage of rainfall maxima are December, 
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January, February and March, which are the months that follow the most wet two or three-

month periods. On the contrary, September and October (and probably November), are 

strongly dependent on the dry summer and early-autumn period.  

 

Figure 7-62 : Histogram of the months when the annual maxima of runoff and annual maxima of rainfall occurred 

 

Figure 7-63 : Histogram depicting the percentage of non-zero values during each month in the historical rainfall 

timeseries 

 

Figure 7-63 depicts the percentage of non-zero values during each month, recorded in the 

historical rainfall timeseries. This graph strongly supports our implications and the most 

indicative example is November. In particular, November is affected by September and 

October, which are relatively dry -especially the first-, despite being a wet month, during 

which extreme storms occur. 
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To summarize, the 60 or 90-days cumulative Antecedent Precipitation seems to be 

conceptually legit. However, further investigation needs to be done, in order to support this 

suggestion.  
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7.9 The influence of CN 

In this chapter, the response of the proposed framework for different values of CN is 

examined. The analysis was conducted for all possible CN values ranging from 1 to 100. 

 

Figure 7-64 : Distributions of peak discharges estimated through the HDI model for different values assigned to CNII 

 

In Figure 7-64 some indicative distributions are shown. As anticipated, greater CN values 

produce greater floods. However, the most interesting part of the previously shown figure is 

the differences found in shape parameter. It seems that non-linearity increases as CN 

decreases. 

Of course, this is due to the inherent non-linearity of the NRCS-CN method which is 

incorporated into the HDI model. It is well-known that under this method, non-linearity 

increases as CN decreases. Nevertheless, non-linearity still exists even for a CN value equal 

to 100, because, not only a non-linear rainfall disaggregation scheme is used, but also due to 

the inherent non-linearity that underlies rainfall. 

The impact of CN on the distribution of peak discharges is further investigated in the 

following figures, where the relations between CN and shape, scale and location parameters 

of the GEV distribution are examined. 

We should note that GEV-parameters are estimated via the Moments Method proposed by 

Koutsoyiannis (2004). 
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Figure 7-65 : Plots of Shape, Scale and Location parameters of the GEV distribution versus CN values 
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Figure 7-66 : 2D-Plots between Shape, Scale and Location parameters. Each time the third parameter is represented 

in colors 
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Figure 7-67 : 2D-Plots between Shape, Scale and Location parameters. Each time CN is represented in colors 

 

 

It becomes clear that the parameters of the GEV distribution are a linear function of CN and 

are, hence, intercorrelated. 
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Moreover, it is proved, by examining the relationship of shape parameter and CN values, that 

non-linearity becomes more intense as CN decreases. 
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8 Improving the proposed framework  

Based on the findings of the analyses conducted in the framework of this thesis, we have 

identified two elements of the proposed framework that could possibly be revised. 

In this chapter, the framework is revised in order to remedy these shortcomings and the 

results are presented. However, it should be noted that the newer version is experimental only 

and its consistency is yet to be proved. 

In particular, the proposed framework will be modified as follows: 

 As suggested in the previous chapter, a 60 or 90 days period possibly describes more 

accurately the evolution of soil moisture across time. As a result, in this chapter a 60-

day cumulative Antecedent Precipitation is used in order to estimate the initial soil 

conditions. 

 During our analyses it became quite clear that considering initial abstraction Ia as a 

portion of maximum retention S should definitely be questioned.  

On the one hand, a daily variance of Ia does not seem consistent, based on engineering 

experience. Of course, Ia may vary, depending on vegetation state of development, 

however, such a variation could be merely seasonal. 

On the other hand, this daily variation, especially in a region where dry conditions are 

prominent, thus high values of S are being obtained, leads mostly in equally high 

values of Ia, while during wet days, smaller values of Ia are estimated, thus over or 

underestimating flood volumes. 

In this context, we treat Ia as a constant and equal to 10mm, which corresponds to the 

average initial abstraction estimated in the results of the proposed framework. 

 

In Figure 8-1 the distribution of peak discharges estimated via the modified framework is 

presented alongside the results of the initial version of the model. It seems that the modified 

framework provides greater floods than the initially proposed model.  
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Figure 8-1 : Distribution of peak discharges estimated through the proposed framework (HDI) and its revised version 

(HDImodified) 

 

In order to better understand the response of the modified model, Figure 8-2, Figure 8-3 

Figure 8-4 are presented which explain the result. Here, it is quite evident that the distribution 

of CN values is similar –in terms of quality- to the distribution of Soil moisture levels 

estimated through the Annie-Model. In the meantime, even if dry conditions are still 

prominent, they occur less frequently than in the initial framework, where they reach a 

percentage equal to 70% approximately. 

As a result, the modified model provides greater floods, since wet conditions occur more 

frequently than the initial framework. 

 

 

Figure 8-2 : Histogram of CN values across days estimated through the modified version 
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Figure 8-3 : Histogram of daily CN values estimated through the initially proposed framework 

 

Figure 8-4 : Histogram of daily Soil moisture level estimated via Annie-Model 

 

In addition, in order to examine the difference between estimating soil moisture through 60 or 

90 antecedent days, Figure 8-5 is presented. Here, it seems that the two approaches have 

actually no difference. 
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Figure 8-5 : Distribution of peak discharges estimated through the modified version of the proposed framework. In 

the first case Antecedent precipitation is based on a 60days interval, while in the latter case a 90days interval is used 

 

In order to examine the impact of each improvement separately, Figure 8-6 is presented. Here 

it becomes quite clear that Ia plays no important role. However, this is due to determining Ia 

equal to the average initial abstraction estimated in the results of the proposed framework. 

 

Figure 8-6 : Distribution of peak discharges estimated through the proposed framework (HDI), its revised version 

(HDImodified), the proposed framework with Ia treated as aconstant (onlyIa) and the proposed framework with 

60days antecedent precipitation (only60) 

Finally, it should be highlighted that treating Ia as a constant, or even considering a seasonal 

variability should be more thoroughly investigated, even though they seem consistent, based 

on engineering experience. Moreover, deeper examination is needed in order to test the 

validity of approaches based on antecedent precipitation and the number of antecedent days 

that need to be taken into consideration.  
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The necessary further work was not conducted in the context of this thesis, due to time 

limitations; however, this chapter was added in order to serve as a motive for future work. 
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9 Summary, conclusion and discussion  

9.1 Summary 

Despite crossing an era during which technological progress has been tremendous, humanity 

is still struggling with the forces of nature. Disastrous natural hazards, with floods being 

prominent among them, occur without warning causing deaths and destruction.  

Significant efforts have been made by the engineering community in order to predict extreme 

events more accurately, in order to properly protect human lives and property. However, the 

exact mechanisms that govern runoff generation are yet elusive, while the natural variability 

of hydrological processes requires further investigation. 

In the meantime, the methods developed by researchers are usually either too sophisticated 

and cannot be used by common engineers or require rainfall-runoff measurements that are 

usually unavailable or of bad quality. As a result, engineers across the world mostly use 

simplistic methods, which are proved to be highly inconsistent. 

The main objective of the present study was to propose a simple and parsimonious stochastic 

simulation framework, suitable for ungauged basins that can be easily implemented in 

everyday flood engineering. Such a framework, should remedy the significant inconsistencies 

that underlie typical deterministic frameworks. 

In this context, the shortcomings of typical deterministic flood engineering schemes, 

regarding the variability of soil moisture conditions, the disaggregation of rainfall into finer 

temporal scales and the variability of time of concentration, as well as the problems related to 

more complex models were documented, based not only in the literature, but also engineering 

experience. 

The proposed method was presented and it was implemented on Rafina stream basin, 

comparing the results with the typical deterministic scheme. In turn, further analyses were 

conducted in order to check the model‘s response under different states and modifications. 

9.2 Conclusions 

Even if a wide range of analyses and a series of deductions were made in the framework of 

this thesis, the most important remarks are briefly listed below: 

 The typical deterministic framework that is widely used in everyday engineering 

practice (i.e. NRCS-CN coupled with alternating blocks method and constant time of 

concentration) is highly inconsistent, because it ignores significant uncertainties 

associated with flood design. 
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 The complex continuous schemes that have been developed over the past years rely 

drastically on the availability and quality of data. Still, in cases where measurements 

pose no limitation, the calibration of such models is a difficult and uncertain 

procedure. 

 The proposed framework attempts to address the major shortcomings found in typical 

deterministic schemes, while remaining simple and parsimonious. The actual response 

of a watershed is better described when accounting for inherently variable quantities, 

such as the antecedent soil moisture conditions, the time of concentration and the 

temporal distribution of rainfall events. 

 Key issue of the methodology is the Monte-Carlo approach, which allows for 

describing all results in probabilistic terms and estimating the uncertainty bounds 

around each return period. 

 The pseudo-continuous scheme, coupling the daily time step with finer scales, is an 

efficient equilibrium between significantly complex and computationally tedious 

continuous modeling and over-simplistic event-based methodologies. 

 The well-known NRCS-CN method, is easily adapted in the modeling procedure by 

considering a daily varying CN value, according to the accumulated Antecedent 

Precipitation, and a daily varying time of concentration, based upon the effective 

rainfall of each day. 

 Two distinguished stochastic tools are implemented i.e. Castalia for the generation of 

daily synthetic rainfall and HyetosMinute for disaggregating daily rainfall series into 

finer temporal scales. 

 In contrast to the arbitrary hydrographs produced by specific temporal rainfall patterns 

(e.g. alternating blocks), our method provides flood hydrographs that are consistent 

with reality, since the statistical properties and autocorrelation structure of rainfall are 

preserved within the stochastic model. 

 Due to soil moisture variability, rainfall of a certain return period does not necessarily 

produce a flood of equal return period. For this reason, selecting the annual maxima 

of runoff, instead of the rainfall annual maxima, is more suitable for floods of small 

and medium return periods, while the two approaches coincide for larger return 

periods. 

 The key assumption that the time of concentration is a decreasing function of the daily 

runoff provides quite greater flood flows than the typical deterministic practice, 

particularly for large return periods. 

 By ignoring the major hypothesis of varying time of concentration, thus considering a 

constant time estimated via the Giandotti formula, we obtain peak flood estimations 

that are close to the results of the deterministic scheme under wet conditions.  
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 The statistical behavior of extreme floods is highly dependent on the reference CN 

value of the watershed. In particular, the tail of the distribution as quantified by the 

shape parameter of the GEV distribution becomes heavier as CN decreases. 

9.3 Suggestions for future work 

The driving force of this thesis was an urge to combine in a single framework all the tools, 

methods and the knowledge produced over the past years in the Department of Water 

Resources and the Environment of School of Civil Engineering, NTUA. The work conducted 

during this study was mostly investigative in the purpose of highlighting problems, 

inconsistencies and flaws that could lead to further research. 

In this context every aspect of the proposed framework was thoroughly investigated. Based 

on the results of the analyses and while the thesis was still ongoing, a wide spectrum of ideas 

for further investigation kept emerging, most of which were beyond the scope of this work, or 

could not be properly examined due to time limitation.  

These ideas are listed below and some really interesting future work may be conducted upon 

them, in order to make the proposed framework more robust and improve the tools used.  

In particular, the proposals for future work are listed below: 

 In this method, the response and the mechanics of the proposed framework were 

investigated mostly in terms of engineering evidence and theoretical consistency. 

However, the results provided by the model should also be tested upon actual flood 

data from gauged catchments, in order to validate its predictive capacity in 

quantitative terms. 

 The Monte-Carlo scheme can be generalized in order to also treat the uncertainty 

associated with several model inputs that have been considered as fixed quantities 

(e.g. the parameters of the Unit Hydrograph). Apparently such an extended Monte-

Carlo analysis would definitely provide even wider uncertainty bounds. However, 

assigning a proper distribution to these parameters is not an easy task. 

 The implementation of this model results in the generation of a wide series of flood 

hydrographs corresponding to each return period. These flood hydrographs can be 

used as input to a stochastic hydraulic model which accounts for parameter 

uncertainty. Under this scheme, the uncertainty of both hydrologic and hydraulic 

design can be taken into consideration and the joint probability of a flood occurring 

can be estimated. 

 Since the variability of time of concentration has a great impact in the results, its 

relation to generated runoff needs to be further examined and tested. Significant work 

related to the issue is already being conducted by Michailidi et al. (2017), but further 
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work is needed in order to develop a scheme under which the time of concentration 

would vary during the storm event. 

 The daily generating scheme within Castalia software requires improvement in order 

to address some flaws that we came across. In particular, issues regarding 

intermittency emerged, since months with less than 10% probability-dry were 

occasionally being generated. During these months multi-day wet clusters with 

extremely small rainfall depths were generated. In addition, the extremes of the 

historical timeseries were not always faithfully represented, due to the use of Gamma 

Type III distribution for the generation of white noise, which fails to preserve the 

actual tail of the distribution. 

 The Bartlett-Lewis model used for rainfall disaggregation fails to reproduce the actual 

variability of rainfall events, due to the overclustering of pulses associated with the 

overestimation of probability-dry (Kossieris, et al., 2013). This provides too intense 

rainfall clusters, thus tending to overestimate the peak flows. On the other hand, long 

dry time intervals tend to underestimate floods, for long storm durations (e.g. larger 

than 24 hours). The model should be revisited in order to remedy this problem. 

 Treating initial abstraction, Ia as a portion of maximum retention should be 

questioned, because the variability of the two quantities should not be identical. 

Particularly in dry conditions –which are prominent in our case- high values are 

usually assigned to initial abstraction, thus resulting in very low runoff rates, even for 

extreme storms. In order to restore consistency, a seasonal variation of Ia could be 

considered, based on surface characteristics of the catchment and development stages 

of vegetation. 

 Estimating soil moisture conditions based on 5-day cumulative Antecedent 

Precipitation cannot properly represent the dynamics of soil moisture storage across 

seasons. As shown with the help of Annie-model, an approach based on 60 to 90 daily 

intervals may be more accurate. However, further research should be made regarding 

this issue. 

 The proposed framework does not treat properly for the spatial variability of both 

rainfall and the physiographic characteristics of the catchment. This is a well-known 

problem of non-distributed models that treat a catchment as a solid completely 

homogenous unit, all over which rainfall is uniformly distributed. In order to handle 

heterogeneities, multivariate stochastic models for rainfall coupled with semi-

distributed hydrological models should be incorporated. 
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Appendix A: Design flood hydrographs  

The sets of flood hydrographs produced by the proposed framework for the Upper and Lower  

Bounds of 95%, 70% and 50% Confidence Intervals, are listed below. The hydrographs 

correspond to return periods equal to 5, 10, 20, 50, 100, 200, 500 and 1 000 years. 
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Figure 1 : Lower bound flood hydrographs (T=5 years) 



PSEUDO-CONTINUOUS STOCHASTIC SIMULATION FRAMEWORK FOR FLOOD FLOWS ESTIMATION         [157]    

 

Figure 2 : Upper bound flood hydrographs (T=5 years) 
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Figure 3 : Lower bound flood hydrographs (T=10 years) 
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Figure 4 : Upper bound flood hydrographs (T=10 years) 
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Figure 5 : Lower bound flood hydrographs (T=20 years) 
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Figure 6 : Upper bound flood hydrographs (T=20 years) 
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Figure 7 : Lower bound flood hydrographs (T=50 years) 
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Figure 8 : Upper bound flood hydrographs (T=50 years) 



 

Appendix A: Design flood hydrographs  [164] 

 

Figure 9 : Lower bound flood hydrographs (T=100 years) 
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Figure 10 : Upper bound flood hydrographs (T=100 years) 
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Figure 11 : Lower bound flood hydrographs (T=200 years) 
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Figure 12 : Upper bound flood hydrographs (T=200 years) 
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Figure 13 : Lower bound flood hydrographs (T=500 years) 
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Figure 14 : Upper bound flood hydrographs (T=500 years) 
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Figure 15 : Lower bound flood hydrographs (T=1000 years) 
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Figure 16 : Upper bound flood hydrographs (T=1000 years) 
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APPENDIX B: CODE  

In the context of this thesis 9 different models were investigated in total. As a result over 70 

functions and scripts were created. Of course such a big amount of code cannot be attached in 

this thesis. 

As a result, only the scripts regarding the main proposed pseudo-continuous stochastic 

simulation framework and the typical deterministic scheme, along with the functions 

incorporated in them are presented here. 

I. Main script of the proposed framework 

clear 
%clc; 
tic 

  
%Rainfall timestep and duration of storm 
d=1; 
vima=15; 
vimahour=vima/60; 
nosteps=d*24*60/vima; 

  
%Model parameters 
CNII=60; 
A=123.3; 
lamda=0.05; 
tca=760.34; 
tcb=2.956; 
beta=0.3; 
gamma=5; 

  
%Read Hyetos files 
folder='C:\Users\Giannis 

Mous\Documents\MATLAB\thesismoustakis\Hyetos\Tatoi_OBL'; 
[ Hyetos ] = funReadHyetos(vima,folder); 
[rain5,dry,wet]=accurainfive(Hyetos(:,4)); 
[a,b]=linearCN(CNII,dry,wet); 

  
%Luse tin SCS daily gia na vreis ta CNdaily k.o.k. 
[Sdaily,CNdaily,Qdaily,Iadaily]=SCSfun(dry,wet,a,b,Hyetos(:,4),rain5,lamda)

; 
tcdaily=funtcdaily(Qdaily,tca,tcb); 

  
%Prosdiorise ta CN,S,Ia,Q tou kathe episoiou diarkeias "d" imeron 
[rain,CNepisode,Yearepisode,Qepisode,RowHyetos,TCepisode] = 

funScsEpisode(lamda,d,Hyetos(:,4),CNdaily,Hyetos(:,3),tcdaily); 

  
%Select max episodes 
[maxrain,Qmaxrain,rainmaxQ,maxQ,CNmaxrain,CNmaxQ,Rowmaxrain,RowmaxQ,tcmaxra

in,tcmaxQ] = 

funSelectEpisode(rain,Qepisode,Yearepisode,CNepisode,TCepisode); 

  
%Create matrix with disaggregated episodes 
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[ rainstructmaxrain,rainstructmaxQ ] = funChooseEpisodeDisag( 

d,Hyetos,Rowmaxrain,RowmaxQ,RowHyetos ); 
[Dischargemaxrain,accuDischargemaxrain] = 

SCSeventfun(rainstructmaxrain,CNmaxrain,lamda,nosteps); 
[DischargemaxQ,accuDischargemaxQ] = 

SCSeventfun(rainstructmaxQ,CNmaxQ,lamda,nosteps); 

  
%Estimate qp, Tb, Tp for all tc 
if d>1 
    tcmaxrain=round(tcmaxrain,1); 
    tcmaxQ=round(tcmaxQ,1); 
end 
ho=10; 
Vo=A*ho*10^3; 
qo=0.001*A; 
dt=0.001; 
maxtc=max(max(tcmaxrain(:)),max(tcmaxQ(:))); 
mintc=min(min(tcmaxrain(:)),min(tcmaxQ(:))); 
tc=(round(mintc:0.1:maxtc,1))'; 
Tp=zeros(length(tc),1); 
Tb=zeros(length(tc),1); 
par=zeros(length(tc),1); 
for i=1:length(tc); 
[ par(i),Tp(i),Tb(i)] = funMY(A,tc(i),beta,gamma,vima,Vo,qo,dt); 
end 
k=-log(qo./par); 

  
%Assign qp,Tb,Tp to each episode 
[ TCmaxrain,TBmaxrain,TPmaxrain,Qpmaxrain ] = 

funTCtablesdaily(nosteps,accuDischargemaxrain,tc,tcmaxrain,Tb,Tp,par ); 
[ TCmaxQ,TBmaxQ,TPmaxQ,QpmaxQ ] = 

funTCtablesdaily(nosteps,accuDischargemaxQ,tc,tcmaxQ,Tb,Tp,par ); 
  

%Estimate floods 
[maxQsizemaxrain ] = funQsize(TBmaxrain,vima); 
[maxQsizemaxQ ] = funQsize(TBmaxrain,vima); 
[ Floodmaxrain,Qpeakmaxrain,Qsizesmaxrain ] = 

funFlood(Dischargemaxrain,TBmaxrain,TPmaxrain,maxQsizemaxrain,vima,ho,qo,Qp

maxrain ); 
[ FloodmaxQ,QpeakmaxQ,QsizesmaxQ ] = 

funFlood(DischargemaxQ,TBmaxQ,TPmaxQ,maxQsizemaxQ,vima,ho,qo,QpmaxQ ); 

  
Toc 

 

 

II. Main script of the typical deterministic framework 

clear; 
clc; 
tic 
%Model parameters 

A=123.3; 
L=29.6; 
Dz=225.6; 
lamda=0.05; 
beta=0.3; 
gamma=5; 
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CNII=60; 

 
%Uncomment the desired AMC type I or II 
%CNII=4.2*CNII/(10-0.058*CNII); 
%CNII=23*CNII/(10+0.13*CNII); 

 
%ombrian curve parameters 
thetaombrian=0.17; 
etaombrian=0.77; 
kombrian=0.15; 
lamdaombrian=207; 
psiombrian=0.61; 

  
%Rainfall timestep 
vima=15; 
vimahour=vima/60; 
nosteps=24*60/vima; 

  
%Return Periods 
mikos=10000; 
Taf=mikos./(1:mikos); 
F=1-1./Taf; 
Z=((-log(1-F)).^(-0.15)-1)/0.15; 

  
rainlocal=24*lamdaombrian*(Taf.^kombrian-

psiombrian)/((1+24/thetaombrian)^etaombrian); 
[ rain, ARF ] = funARF( rainlocal,A,24 ); 
[ rainstructmaxQ ] = 

funAlterBlocks(rainlocal,thetaombrian,etaombrian,kombrian,lamdaombrian,psio

mbrian,24,vimahour,nosteps,A ); 
CN=ones(size(rainstructmaxQ,2),1).*CNII; 
[DischargemaxQ,accuDischargemaxQ] = 

SCSeventfun(rainstructmaxQ,CN,lamda,nosteps); 
Q=accuDischargemaxQ(end,:)'; 

  
%Concentration time (Giandotti) 
tg=round((4*A^0.5+1.5*L)/(0.8*Dz^0.5),1); 

  
%Estimate qp, Tb, Tp for different tc 
ho=10; 
Vo=A*ho*10^3; 
qo=0.001*A; 
dt=0.001; 
[ Qp,Tp,Tb] = funMY(A,tg,beta,gamma,vima,Vo,qo,dt); 

  
k=-log(qo./Qp); 

  
%Create flood hydrographs 
[maxQsize ] = funQsize(Tb,vima); 
[ FloodmaxQ,QpeakmaxQ,QsizesmaxQ ] = 

funFloodConstant(DischargemaxQ,Tb,Tp,maxQsize,vima,ho,qo,Qp ); 

  

III. Functions 

function [ rain,f ] = funARF( rainlocal,A,d ) 
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%FUNARF Areal reduction factor 

  
f=max(1-(0.048*A^(0.36-0.01*log(A)))/(d^0.35),0.25); 
rain=rainlocal.*f; 
end 
 

 

function [ rainstruct ] = 

funAlterBlocks(rainlocal,thetaombrian,etaombrian,kombrian,lamdaombrian,psio

mbrian,d,vimahour,nosteps,A ) 
%FUNALTERBLOCKS Alternative Blocks method 
T=((rainlocal.*(1+d/thetaombrian).^etaombrian)./(d*lamdaombrian)+psiombrian

).^(1/kombrian); 
D=(vimahour:vimahour:vimahour*nosteps)'; 
rainstruct=zeros(size(D,1),size(T,1)); 

  
for i=1:length(T) 

     
    I=lamdaombrian.*(T(i).^kombrian-

psiombrian)./(1+D./thetaombrian).^etaombrian; 
    f=max(1-(0.048.*A.^(0.36-0.01.*log(A)))./(D.^0.35),0.25); 
    h=I.*f.*D; 

     
    Dh=zeros(length(D),1); 
    Dh(1)=h(1); 
    for k=2:length(D); 
        Dh(k)=h(k)-h(k-1);         
    end 
    order=[fliplr(1:2:nosteps-1),2:2:nosteps]'; 
    sorth=sort(Dh,'descend'); 

     
    for j=1:length(order); 
    rainstruct(j,i)=sorth(order(j)); 
    end 
end 

    
end 

  

 
function [Flood,Qpeak,Qsizes] = funFloodConstant( 

Discharge,TB,TP,maxQsize,vima,ho,qo,Qp ) 
%FUNFLOODCONSTANT Create flood hydrographs 

  
Flood=zeros(maxQsize,size(Discharge,2)); 
arithmossimion=TB*60/vima+1; 
vimahour=round(vima/60,2); 
Qsizes=zeros(size(Discharge,2),1); 

  
for i=1:size(Discharge,2) 

     
    u=zeros(); 
j=1; 
for k=1:size(Discharge,1) 
 u(j:j+arithmossimion-1,k) =Discharge(k,i)/ho.*( funU( qo,Qp,vimahour,TP,TB 

))'; 
j=j+1; 
Qsize=size(u,1); 
end 
Flood((1:Qsize),i)=sum(u,2); 
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Qsizes(i)=Qsize; 
end     
Qpeak=(max(Flood))'; 

  
end 

  
 

 

function [ Hyetos ] = funReadHyetos(vima,folder) 
%FUNREADHYETOS  
%   Detailed explanation goes here 
Jan=dlmread([folder,'\Jan.txt.Disag.txt']); 
Feb=dlmread([folder,'\Feb.txt.Disag.txt']); 
Mar=dlmread([folder,'\Mar.txt.Disag.txt']); 
Apr=dlmread([folder,'\Apr.txt.Disag.txt']); 
May=dlmread([folder,'\May.txt.Disag.txt']); 
Jun=dlmread([folder,'\Jun.txt.Disag.txt']); 
Jul=dlmread([folder,'\Jul.txt.Disag.txt']); 
Aug=dlmread([folder,'\Aug.txt.Disag.txt']); 
Sep=dlmread([folder,'\Sep.txt.Disag.txt']); 
Oct=dlmread([folder,'\Oct.txt.Disag.txt']); 
Nov=dlmread([folder,'\Nov.txt.Disag.txt']); 
Dec=dlmread([folder,'\Dec.txt.Disag.txt']); 

  

  
rowJan=find(Jan(:,1)==1); 
rowFeb=find(Feb(:,1)==1); 
rowMar=find(Mar(:,1)==1); 
rowApr=find(Apr(:,1)==1); 
rowMay=find(May(:,1)==1); 
rowJun=find(Jun(:,1)==1); 
rowJul=find(Jul(:,1)==1); 
rowAug=find(Aug(:,1)==1); 
rowSep=find(Sep(:,1)==1); 
rowOct=find(Oct(:,1)==1); 
rowNov=find(Nov(:,1)==1); 
rowDec=find(Dec(:,1)==1); 

  
sunathrisi=vima/15; 
Hyetosstart=zeros(size([Jan;Feb;Mar;Apr;May;Jun;Jul;Aug;Sep;Oct;Nov;Dec],1)

,size([Jan;Feb;Mar;Apr;May;Jun;Jul;Aug;Sep;Oct;Nov;Dec],2)); 
Hyetos=zeros(size([Jan;Feb;Mar;Apr;May;Jun;Jul;Aug;Sep;Oct;Nov;Dec],1),(siz

e([Jan;Feb;Mar;Apr;May;Jun;Jul;Aug;Sep;Oct;Nov;Dec],2)-4)/sunathrisi+4); 

  
rowstart=1; 
for i=1:length(rowJan)-1 
    

rowfinish=rowJan(i+1)+rowFeb(i+1)+rowMar(i+1)+rowApr(i+1)+rowMay(i+1)+rowJu

n(i+1)+rowJul(i+1)+rowAug(i+1)+rowSep(i+1)+rowOct(i+1)+rowNov(i+1)+rowDec(i

+1)-12; 
    Hyetosstart(rowstart:rowfinish,:)=[Jan(rowJan(i):rowJan(i+1)-

1,:);Feb(rowFeb(i):rowFeb(i+1)-1,:);Mar(rowMar(i):rowMar(i+1)-

1,:);Apr(rowApr(i):rowApr(i+1)-1,:);May(rowMay(i):rowMay(i+1)-

1,:);Jun(rowJun(i):rowJun(i+1)-1,:);Jul(rowJul(i):rowJul(i+1)-

1,:);Aug(rowAug(i):rowAug(i+1)-1,:);Sep(rowSep(i):rowSep(i+1)-

1,:);Oct(rowOct(i):rowOct(i+1)-1,:);Nov(rowNov(i):rowNov(i+1)-

1,:);Dec(rowDec(i):rowDec(i+1)-1,:)]; 
    rowstart=rowfinish+1; 
end 
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Hyetosstart(rowstart:end,:)=[Jan(rowJan(end):end,:);Feb(rowFeb(end):end,:);

Mar(rowMar(end):end,:);Apr(rowApr(end):end,:);May(rowMay(end):end,:);Jun(ro

wJun(end):end,:);Jul(rowJul(end):end,:);Aug(rowAug(end):end,:);Sep(rowSep(e

nd):end,:);Oct(rowOct(end):end,:);Nov(rowNov(end):end,:);Dec(rowDec(end):en

d,:)]; 

  

  
if sunathrisi>1 
    Hyetos(:,5:end)=Hyetosstart(:,5:2:end)+Hyetosstart(:,6:2:end); 
    Hyetos(:,1:4)=Hyetosstart(:,1:4); 
else 
    Hyetos=Hyetosstart; 
end 

  

  
end 
  

 
function [ rain5, dry, wet ] = accurainfive(rain) 
 %Calculate Antecedent Precipitation and estimate dry and wet conditions  
rain5=zeros(length(rain),6); 
L=length(rain); 
numberofdays=5; 

  
for i=numberofdays+1:L 
    rain5(i,1)=sum(rain((i-numberofdays):(i-1))); 
end 

  
rain5(1,1)=0; 

  
for i=2:numberofdays 
    rain5(i,1)=sum(rain(1:(i-1))); 
end 

 
rain5(:,2)=sort(rain5(:,1)); 

  
rowstart=find(rain5(:,2)>0,1,'first'); 

  
for i=rowstart:L 
    rain5(i,3)=(i-rowstart+1)/(L-rowstart+1); 
end 

  
rain5(:,4)=abs(rain5(:,3)-0.1); 
rain5(:,5)=abs(rain5(:,3)-0.9); 

  
dry=rain5(find(rain5(:,4)==min(rain5(:,4)),1,'first'),2); 
wet=rain5(find(rain5(:,5)==min(rain5(:,5)),1,'first'),2); 
end 

 

 

function [ a,b ] = linearCN(CNII,dry,wet ) 

%FUNTCDAILY Performs a linear regression of CN 

  
CN=[4.2*CNII/(10-0.058*CNII);CNII;23*CNII/(10+0.13*CNII)]; 
P5=[ones(3,1),[dry;0.5*(dry+wet);wet]]; 

  
c=P5\CN; 
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a=c(2,1); 
b=c(1,1); 
end 

 

 

function [ Sevent, CNevent, Q, Iaevent] = 

SCSfun(dry,wet,a,b,rain,rain5,lamda) 
 %FUNTCDAILY: Estimate CN and generated runoff in a daily basis 

 
CNevent=zeros(length(rain),1); 
Q=zeros(length(rain),1); 

  
CNevent(find(rain5(:,1)<=dry))=a*dry+b; 
CNevent(find(rain5(:,1)>=wet))=a*wet+b; 
CNevent(find(rain5(:,1)>dry & rain5(:,1)<wet))=a.*rain5(find(rain5(:,1)>dry 

& rain5(:,1)<wet))+b; 
Sevent=25400./CNevent-254; 
Iaevent=lamda.*Sevent; 

  
idx=find(rain(:)>Iaevent(:)); 
Q(idx)=((rain(idx)-Iaevent(idx)).^2)./(rain(idx)+Sevent(idx)-Iaevent(idx)); 

  
end 

 

 
function [ tc ] = funtcdaily(Q,tca,tcb ) 
%FUNTCDAILY Estimate daily value of tc 
tcmax=round((tca/1)^(1/tcb),1); 

  
tc=tcmax*ones(length(Q),1); 
tc(find(Q>1))=round((tca./Q(find(Q>1))).^(1/tcb),1); 

   
end 

 

 

function [Rain,CNepisode,Yearepisode,Qepisode,RowHyetos,TCepisode] = 

funScsEpisode(lamda,d,rain,CN,year,tcdaily) 
%FUNSCSEPISODE Defining variables corresponding to every episode. If d=1 

episodes coincide with daily calculations 
Hyetosrows=zeros(size(rain,1)+d-1,d); 
Table=zeros(size(rain,1)+d-1,d); 
TableYear=zeros(size(rain,1)+d-1,d); 
if nargin==6 
TableTC=zeros(size(rain,1)+d-1,d); 
end 

  
for i=1:d 
    Table(i:size(rain,1)+i-1,i)=rain; 
    TableYear(i:size(rain,1)+i-1,i)=year; 
    Hyetosrows(i:size(rain,1)+i-1,i)=(1:size(rain,1)); 
end 
SumTable=sum(Table,2); 
SumTableYear=round(sum(TableYear,2)./d,0); 
Yearepisode=SumTableYear(d:end+1-d); 
Rain=SumTable(d:end+1-d); 
CNepisode=CN(1:end-d+1); 
RowHyetos=fliplr(Hyetosrows(d:end+1-d,:)); 
Sepisode=25400./CNepisode-254; 
Iaepisode=lamda.*Sepisode; 
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idx=find(Rain>Iaepisode); 
Qepisode=zeros(size(CNepisode,1),size(CNepisode,2)); 
Qepisode(idx)=((Rain(idx)-Iaepisode(idx)).^2)./(Rain(idx)+Sepisode(idx)-

Iaepisode(idx)); 

  
if nargin==6 
    for i=1:d 
        TableTC(i:size(rain,1)+i-1,i)=tcdaily; 
    end 
    SumTableTC=sum(TableTC,2)./d; 
    TCepisode=SumTableTC(d:end+1-d); 
end 

     
end 
  

 

function 

[maxrain,Qmaxrain,rainmaxQ,maxQ,CNmaxrain,CNmaxQ,Rowmaxrain,RowmaxQ,tcmaxra

in,tcmaxQ,Qoverflowmaxrain,QoverflowmaxQ,Qscsmaxrain,QscsmaxQ] = 

funSelectEpisode(rain,Qepisode,Yearepisode,CNepisode,TCepisode,Qoverflowepi

sode,Qscsepisode) 
%FUNSELECTEPISODE Select episodes for annual maxima of runoff and annual 

maxima of rainfall 
A=unique(Yearepisode); 

  
maxrain=zeros(length(A),1); 
Qmaxrain=zeros(length(A),1); 
rainmaxQ=zeros(length(A),1); 
maxQ=zeros(length(A),1); 
B=zeros(length(A),1); 
CNmaxrain=zeros(length(A),1); 
CNmaxQ=zeros(length(A),1); 
Rowmaxrain=zeros(length(A),1); 
RowmaxQ=zeros(length(A),1); 
if nargin>=5 
    tcmaxrain=zeros(length(A),1); 
    tcmaxQ=zeros(length(A),1); 
end 

  
if nargin<=6 
    Qoverflowmaxrain=zeros(length(A),1); 
    QoverflowmaxQ=zeros(length(A),1); 
    Qscsmaxrain=zeros(length(A),1); 
    QscsmaxQ=zeros(length(A),1); 
end 

  
for i=1:length(A) 

     
    B(i)=find(Yearepisode==A(i,1),1); 
end 

  
for i=1:length(A)-1; 

     
    maxrain(i)=max(rain(B(i):B(i+1)-1)); 
    maxQ(i)=max(Qepisode(B(i):B(i+1)-1)); 
end 
maxrain(length(A))=max(rain(B(length(A)):length(rain))); 
maxQ(length(A))=max(Qepisode(B(length(A)):length(Qepisode))); 
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for i=1:length(A)-1 
    rowmaxrain=find(rain(B(i):B(i+1)-1)==maxrain(i),1); 
    rowmaxQ=find(Qepisode(B(i):B(i+1)-1)==maxQ(i),1); 
    Qmaxrain(i)=Qepisode(B(i)-1+rowmaxrain); 
    rainmaxQ(i)=rain(B(i)-1+rowmaxQ); 
    CNmaxrain(i)=CNepisode(B(i)-1+rowmaxrain); 
    CNmaxQ(i)=CNepisode(B(i)-1+rowmaxQ); 
     if nargin>=5 
        tcmaxrain(i)=TCepisode(B(i)-1+rowmaxrain); 
        tcmaxQ(i)=TCepisode(B(i)-1+rowmaxQ); 
     end 

     
     if nargin>=6 
         Qoverflowmaxrain(i)=Qoverflowepisode(B(i)-1+rowmaxrain); 
         QoverflowmaxQ(i)=Qoverflowepisode(B(i)-1+rowmaxQ); 
         Qscsmaxrain(i)=Qscsepisode(B(i)-1+rowmaxrain); 
         QscsmaxQ(i)=Qepisode(B(i)-1+rowmaxQ); 
     end 
    Rowmaxrain(i)=B(i)-1+rowmaxrain; 
    RowmaxQ(i)=B(i)-1+rowmaxQ;          
end 

  
elementmaxrain=find(rain(B(length(A)):length(rain))==maxrain(length(A),1),1

); 
elementmaxQ=find(Qepisode(B(length(A)):length(rain))==maxQ(length(A),1),1); 
Qmaxrain(length(A))=Qepisode(B(length(A))-1+elementmaxrain); 
rainmaxQ(length(A))=rain(B(length(A))-1+elementmaxQ); 
CNmaxrain(length(A))=CNepisode(B(length(A))-1+elementmaxrain); 
CNmaxQ(length(A))=CNepisode(B(length(A))-1+elementmaxQ); 
if nargin>=5 
    tcmaxrain(length(A))=TCepisode(B(length(A))-1+elementmaxrain); 
    tcmaxQ(length(A))=TCepisode(B(length(A))-1+elementmaxQ); 
end 

  
if nargin>=6 
    Qoverflowmaxrain(length(A))=Qoverflowepisode(B(length(A))-

1+elementmaxrain); 
    QoverflowmaxQ(length(A))=Qoverflowepisode(B(length(A))-1+elementmaxQ); 
    Qscsmaxrain(length(A))=Qscsepisode(B(length(A))-1+elementmaxrain); 
    QscsmaxQ(length(A))=Qscsepisode(B(length(A))-1+elementmaxQ); 
end 
Rowmaxrain(length(A))=B(length(A))-1+elementmaxrain; 
RowmaxQ(length(A))=B(length(A))-1+elementmaxQ; 
end 

 

 

function [ rainstructmaxrain,rainstructmaxQ ] = funChooseEpisodeDisag( 

d,Hyetos,Rowmaxrain,RowmaxQ,RowHyetos ) 
%FUNCHOOSEEPISODEDISAG Choose rainfall profiles from Hyetos matrix 
rainstructmaxrain1=zeros(length(Rowmaxrain)*d,size(Hyetos(:,5:end),2)); 
rainstructmaxQ1=zeros(length(Rowmaxrain)*d,size(Hyetos(:,5:end),2)); 
rainstructmaxrain=zeros(length(Rowmaxrain),size(Hyetos(:,5:end),2)*d)'; 
rainstructmaxQ=zeros(length(Rowmaxrain),size(Hyetos(:,5:end),2)*d)'; 

  
start=1; 
finish=d; 
for i=1:length(Rowmaxrain) 
    

rainstructmaxrain1(start:finish,:)=Hyetos(RowHyetos(Rowmaxrain(i),:),5:end)

; 
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    rainstructmaxQ1(start:finish,:)=Hyetos(RowHyetos(RowmaxQ(i),:),5:end); 
    start=start+d; 
    finish=finish+d; 
end 
rainstructmaxrain2=rainstructmaxrain1'; 
rainstructmaxQ2=rainstructmaxQ1'; 

  
rainstructmaxrain(:)=rainstructmaxrain2(:); 
rainstructmaxQ(:)=rainstructmaxQ2(:); 
end 

 

 

function [finalQ,Qaccu] = SCSeventfun(rainstruct,CN,lamda,nosteps ) 
 %Scseventfun Calculate runoff evolution during event through NRCS-CN  
finalQ=zeros(nosteps,size(rainstruct,2)); 
Qaccu=zeros(nosteps,size(rainstruct,2)); 
Ia=zeros(nosteps,size(rainstruct,2)); 

  
S=repmat(25400./(CN)'-254,nosteps,1); 

  
Ia=S.*lamda; 
cumrain=cumsum(rainstruct); 

  
row=find(cumrain-Ia>0); 

  
Qaccu([row])=(cumrain([row])-Ia([row])).^2./(cumrain([row])+S([row])-

Ia([row])); 

  
for i=2:nosteps 
    finalQ(i,:)=Qaccu(i,:)-Qaccu(i-1,:); 
end 
finalQ(1,:)=Qaccu(1,:); 

     
end 

 

 

function [ par,Tp,Tb] = funMY(A,tc,beta,gamma,vima,Vo,qo,dt) 

%funMY estimate Unit hydrograph  

step=vima/60; 

  
tp=step*0.5+beta.*tc; 
tb=step+gamma.*tc; 
Tp=round(tp/step)*step; 
Tb=round(tb/step)*step; 

  
options=optimoptions(@fmincon,'Display','none'); 
[par]=fmincon(@(qp) funObj( qo,qp,dt,Tp,Tb,Vo 

),100,[],[],[],[],0,2000,[],options); 

  
end 

 

 
function [ SE] = funObj( qo,qp,dt,Tp,Tb,Vo ) 
V = funV( qo,qp,dt,Tp,Tb); 
SE=(Vo-V)^2; 
end 

 

 
function [ V] = funV( qo,qp,dt,Tp,Tb ) 
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u=funU( qo,qp,dt,Tp,Tb) ; 
V=sum(u*dt*60*60); 
end 

 

 

 
function [ TC,TB,TP,Qp ] = 

funTCtablesdaily(nosteps,accuDischarge,tc,tcmax,Tb,Tp,par) 
%funTCtablesdaily Assign UH characteristics to every time interval of every 

episode 

  
TC=zeros(1,size(accuDischarge,2)); 
TB=zeros(1,size(accuDischarge,2)); 
TP=zeros(1,size(accuDischarge,2)); 
Qp=zeros(1,size(accuDischarge,2)); 

  
for i=1:length(tc) 
    TC(find(tcmax==tc(i)))=tc(i); 
    TB(find(tcmax==tc(i)))=Tb(i); 
    TP(find(tcmax==tc(i)))=Tp(i); 
    Qp(find(tcmax==tc(i)))=par(i); 
end 

  
TC=repmat(TC,nosteps,1); 
TB=repmat(TB,nosteps,1); 
TP=repmat(TP,nosteps,1); 
Qp=repmat(Qp,nosteps,1); 

  
end 

 

 
 function [ maxQsize ] = funQsize(Tb,vima) 
Qsize=zeros(size(Tb,2),1); 
 %funQsize determine the size of every flood hydrograph 

 
for k=1:size(Tb,2) 

     
for i=1:size(Tb,1) 
    Qsize(k)=max(Tb(i,k)*60/vima+1+i-1); 
end 
end 

  
maxQsize=max(max(Qsize(:))); 
end 

 

 
function [ Flood,Qpeak,Qsizes ] = 

funFlood(Discharge,TB,TP,maxQsize,vima,ho,qo,Qp ) 
 %funFlood Estimate flood hyhdrograph 

 
Flood=zeros(maxQsize,size(Discharge,2)); 
arithmossimion=zeros(size(Discharge,1),size(Discharge,2)); 
vimahour=round(vima/60,2); 
Qsizes=zeros(size(Discharge,2),1); 

  
for j=1:size(arithmossimion,2)  
    for i=1:size(arithmossimion,1) 
        arithmossimion(i,j)=TB(i,j)*60/vima+1; 
    end 
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end 

  
for i=1:size(arithmossimion,2) 

     
    u=zeros(); 
j=1; 
for k=1:size(TB,1) 
 u(j:j+arithmossimion(k,i)-1,k) =Discharge(k,i)/ho.*( funU( 

qo,Qp(k,i),vimahour,TP(k,i),TB(k,i) ))'; 
j=j+1; 
Qsize=size(u,1); 
end 
Flood((1:Qsize),i)=sum(u,2); 
Qsizes(i)=Qsize; 
end     
Qpeak=(max(Flood))'; 

     
end 

 


