
Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

 

ARISTOTLE UNIVERSITY OF THESSALONIKI 

FACULTY OF SCIENCES - SCHOOL OF GEOLOGY 

DEPARTMENT OF METEOROLOGY AND CLIMATOLOGY 

 
 

 

 

 

 

 

 

 

 

 

 

IOANNIS A. TEGOULIAS 

Physicist - Meteorologist 

 

 

 

 

 

 

IMPLEMENTATION OF AN INNOVATIVE METHODOLOGY FOR THE EVALUATION AND 

OPTIMIZATION OF THE WRF MODEL FOR THE STUDY OF CONVECTIVE ACTIVITY 

IN THESSALY 

 

 

 

 

 

 

PhD Thesis 

 

 

 

 

 

THESSALONIKI 

2020 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Page intentionally left blank] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

 

ɮʄɹʅʆʁʆɳɽɳɹʁ ʃɮɿɳʃɹʅʆɶɾɹʁ ɸɳʅʅɮɽʁɿɹɼɶʅ 

ʅʋʁɽɶ ɸɳʆɹɼʍɿ ɳʃɹʅʆɶɾʍɿ -ʆɾɶɾɮ ɱɳʍɽʁɱɹɮʅ 

ʆʁɾɳɮʅ ɾɳʆɳʍʄʁɽʁɱɹɮʅ ɼɮɹ ɼɽɹɾɮʆʁɽʁɱɹɮʅ 

 
 

 

 

 

 

 

 

 

 

 

 

ɹʍɮɿɿɶʅ ɮΦ ʆɳɱʁʇɽɹɮʅ 

ʊˎˋʽˁˈˌ - ɾʶˍʶ˖ˊˇ˂ˈʴˇˌ 

 

 

 

 

 

 

ɳʊɮʄɾʁɱɶ ɼɮɹɿʁʆʁɾʁʇ ɾɳɸʁɲʁɽʁɱɹɮʅ ɮʀɹʁɽʁɱɶʅɶʅ ɼɮɹ ɰɳɽʆɹʅʆʁʃʁɹɶʅɶʅ 

ʆʁʇ ɾʁɿʆɳɽʁʇ WwC ɱɹɮ ʆɶ ɾɳɽɳʆɶ ɼɮʆɮɹɱɹɲʁʊʁʄʍɿ ɲʄɮʅʆɶʄɹʁʆɶʆʍɿ  

ʅʆɶɿ ʃɳʄɹʁʋɶ ʆɶʅ ɸɳʅʅɮɽɹɮʅ 

 

 

 

 

 

ɲɹɲɮɼʆʁʄɹɼɶ ɲɹɮʆʄɹɰɶ 

 

 

 

 

 

 

ɸɳʅʅɮɽʁɿɹɼɶ 

2020 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(˂ʶˎˁʺ ̀ ʶ˂ʾʵʰ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

ɹʍɮɿɿɶʅ A. ʆɳɱʁʇɽɹɮʅ 

ʊˎˋʽˁˈˌΣ MSc ɾʶˍʶ˖ˊˇ˂ˈʴˇˌ 
 
 
 
ɳʊɮʄɾʁɱɶ ɼɮɹɿʁʆʁɾʁʇ ɾɳɸʁɲʁɽʁɱɹɮʅ ɮʀɹʁɽʁɱɶʅɶʅ ɼɮɹ ɰɳɽʆɹʅʆʁʃʁɹɶʅɶʅ 
ʆʁʇ ɾʁɿʆɳɽʁʇ WwC ɱɹɮ ʆɶ ɾɳɽɳʆɶ ɼɮʆɮɹɱɹɲʁʊʁʄʍɿ ɲʄɮʅʆɶʄɹʁʆɶʆʍɿ ʅʆɶɿ 
ʃɳʄɹʁʋɶ ʆɶʅ ɸɳʅʅɮɽɹɮʅ 
 
 
 
ɳˁˉˇ˄ʺʻʹˁʶ ˋˍˇ˄ ʆˇ˃ʷʰ ɾʶˍʶ˖ˊˇ˂ˇʴʾʰˌ ˁʰʽ ɼ˂ʽ˃ʰˍˇ˂ˇʴʾʰˌ ˍˇˎ ʆ˃ʺ˃ʰˍˇˌ 
ɱʶ˖˂ˇʴʾʰˌ ɮΦʃΦɸΦ 
ʇˉˇʲ˂ʺʻʹˁʶ ˋˍˇ ʆ˃ʺ˃ʰ ɱʶ˖˂ˇʴʾʰˌ ɮΦʃΦɸΦ ̱ ˇ˄ Mʱˊˍʽˇ  ̱ ˇˎ нлнл 
 
ɶ˃ʶˊˇ˃ʹ˄ʾʰ ʃˊˇ˒ˇˊʽˁʺˌ ɳ˅ʷˍʰˋʹˌΥ27/04/2020 
 
 
 
 
ɮˊʽʻ˃ˈˌ ʃʰˊʰˊˍʺ˃ʰˍˇˌ ɳˉʽˋˍʹ˃ˇ˄ʽˁʺˌ ɳˉʶˍʹˊʾʵʰˌ ʆ˃ʺ˃ʰˍˇˌ ɱʶ˖˂ˇʴʾʰˌ ɿϲΥ 200 
 
 
 
 
 
 
 
 
 
ʆˊʽ˃ʶ˂ʺˌ ʅˎ˃ʲˇˎ˂ʶˎˍʽˁʺ ɳˉʽˍˊˇˉʺ 
 
ɸʶˈʵ˖ˊˇˌ ɼʰˊʰˁ˗ˋˍʰˌΣ ʁ˃ˈˍʽ˃ˇˌ ɼʰʻʹʴʹˍʺˌ, ɳˉʽʲ˂ʷˉ˖˄ 
ʃˊˈʵˊˇ˃ˇˌ ɵʱ˄ʹˌΣ ɼʰʻʹɹ́ˍʺˌΣ ɾʷ˂ˇˌ ʆˊʽ˃ʶ˂ˇˏˌ ʅˎ˃ʲˇˎ˂ʶˎˍʽˁʺˌ ɳˉʽˍˊˇˉʺˌ 
ɹ˖ʱ˄˄ʹˌ ʃˎʻʰˊˇˏ˂ʹˌΣ ɮ˄ʰˉ˂Φ ɼʰʻʹʴʹˍʺˌ, ɾʷ˂ˇˌ ʆˊʽ˃ʶ˂ˇˏˌ ʅˎ˃ʲˇˎ˂ʶˎˍʽˁʺˌ 
ɳˉʽˍˊˇˉʺˌ 
 
ɳ˅ʶˍʰˋˍʽˁʺ ɳˉʽˍˊˇˉʺ  
 
ɸʶˈʵ˖ˊˇˌ ɼʰˊʰˁ˗ˋˍʰˌΣ ʁ˃ˈˍʽ˃ˇˌ ɼʰʻʹʴʹˍʺˌ 
ʃˊˈʵˊˇ˃ˇˌ ɵʱ˄ʹˌΣ ɼʰʻʹʴʹˍʺˌ 
ɹ˖ʱ˄˄ʹˌ ʃˎʻʰˊˇˏ˂ʹˌ, ɮ˄ʰˉ˂Φ ɼʰʻʹʴʹˍʺˌ 
ɮˊ̔ˋˍʶʾʵʹˌ ɾˉʰˊˍʸ˗ˁʰˌΣ ɼʰʻʹʴʹˍʺˌ 
ɮʻʰ˄ʱˋʽˇˌ ɮˊʴˎˊʾˇˎΣ ɼʰʻʹʴʹˍʺˌ 
ɸʶˈʵ˖ˊˇˌ ɾʰˎˊˇ˃˃ɦ ˍʹˌ, ɮ˄ʰˉ˂Φ ɼʰʻʹʴʹˍʺˌ 
ʃʶˍˊˇˏ˂ʰ ɽˇˎˁʱΣ ɳˉʾˁˇˎˊʹ ɼʰʻʹʴʺˍˊʽʰ 
 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

ϭ ɹ˖ʱ˄˄ʹˌ ɮ. ʆʶʴˇˏ˂ʽʰˌ, ʊˎˋʽˁˈˌΣ MSc ɾʶˍʶ˖ˊˇ˂ˈʴˇˌΣ 2020 
ɾʶ ʶˉʽ˒ˏ˂ʰ˅ʹ ˉʰ˄ˍˈˌ ʵʽˁʰʽ˗˃ʰˍˇˌΦ  
ɳʊɮʄɾʁɱɶ ɼɮɹɿʁʆʁɾʁʇ ɾɳɸʁɲʁɽʁɱɹɮʅ ɮʀɹʁɽʁɱɶʅɶʅ ɼɮɹ ɰɳɽʆɹʅʆʁʃʁɹɶʅɶʅ 

ʆʁʇ ɾʁɿʆɳɽʁʇ WwC ɱɹɮ ʆɶ ɾɳɽɳʆɶ ɼɮʆɮɹɱɹɲʁʊʁʄʍɿ ɲʄɮʅʆɶʄɹʁʆɶʆʍɿ ʅʆɶɿ 

ʃɳʄɹʁʋɶ ʆɶʅ ɸɳʅʅɮɽɹɮʅΦ ς ɲʽʵʰˁˍˇˊʽˁʺ ɲʽʰˍˊʽʲʺ 

 

ϭ Ioannis A. Tegoulias, Physicist, MSc Meteorologist, 2020 

All rights reserved. 

IMPLEMENTATION OF AN INNOVATIVE METHODOLOGY FOR THE EVALUATION AND 

OPTIMIZATION OF THE WRF MODEL FOR THE STUDY OF CONVECTIVE ACTIVITY IN 

THESSALY. ς Ph.D. Thesis 

 

 

 

 

 

 

 

 

Citation:  

ʆʶʴˇˏ˂ʽʰˌ ɹΦɮΦΣ нлнлΦ ɳ˒ʰˊ˃ˇʴʹ ɼʰʽ˄ˇˍˇ˃ˇˎ ɾʶʻˇʵˇ˂ˇʴʽʰˌ ɮ˅ʽˇ˂ˇʴʹˋʹˌ ˁʰʽ 

ɰʶ˂ˍʽˋˍˇˉˇʽʹˋʹˌ ˍˇˎ ɾˇ˄ˍʶ˂ˇˎ WRF ʴʽʰ ˍʹ ɾʶ˂ʶˍʹ ɼʰˍʰʽʴʽʵˇ˒ˇˊ˖˄ 

ɲˊʰˋˍʹˊʽˇˍʹˍ˖˄ ˋˍʹ˄ ʃʶˊʽˇ˔ʹ ˍʹˌ ɸʶˋˋʰ˂ʽʰˌΦ ɲʽʵʰˁˍˇˊʽˁʺ ɲʽʰˍˊʽʲʺΣ ʆ˃ʺ˃ʰ 

ɱʶ˖˂ˇʴʾʰˌ ɮΦʃΦɸΦΣ ɮˊʽʻ˃ˈˌ ʃʰˊʰˊˍʺ˃ʰˍˇˌ ɳˉʽˋˍʹ˃ˇ˄ʽˁʺˌ ɳˉʶˍʹˊʾʵʰˌ ʆ˃Φ ɱʶ˖˂ˇʴʾʰˌ 

ɿ  ̌200, 160 ̀ ʶ˂.  

Tegoulias I. A., 2020. Implementation of an innovative methodology for the 

evaluation and optimization of the WRF model for the study of convective activity in 

Thessaly. Ph.D. Thesis, School of Geology, Aristotle University of Thessaloniki, Annex 

Number of Scientific Annals of the School of Geology No 200, 160 pp. 

 

ɮˉʰʴˇˊʶˏʶˍʰʽ ʹ ʰ˄ˍʽʴˊʰ˒ʺΣ ʰˉˇʻʺˁʶˎˋʹ ˁʰʽ ʵʽʰ˄ˇ˃ʺ ˍʹˌ ˉʰˊˇˏˋʰˌ ʶˊʴʰˋʾʰˌΣ ʶ˅ 

ˇ˂ˇˁ˂ʺˊˇˎ ʺ ˍ˃ʺ˃ʰˍˇˌ ʰˎˍʺˌΣ ʴʽʰ ʶ˃ˉˇˊʽˁˈ ˋˁˇˉˈΦ ɳˉʽˍˊʷˉʶˍʰʽ ʹ ʰ˄ʰˍˏˉ˖ˋʹΣ 

ʰˉˇʻʺˁʶˎˋʹ ˁʰʽ ʵʽʰ˄ˇ˃ʺ ʴʽʰ ˋˁˇˉˈ ˃ʹ ˁʶˊʵˇˋˁˇˉʽˁˈΣ ʶˁˉʰʽʵʶˎˍʽˁʺˌ ʺ ʶˊʶˎ˄ʹˍʽˁʺˌ 

˒ˏˋʹˌΣ ˎˉˈ ˍʹ˄ ˉˊˇːˉˈʻʶˋʹ ˄ʰ ʰ˄ʰ˒ʷˊʶˍʰʽ ʹ ˉʹʴʺ ˉˊˇʷ˂ʶˎˋʹˌ ˁʰʽ ˄ʰ ʵʽʰˍʹˊʶʾˍʰʽ 

ˍˇ ˉʰˊˈ˄ ˃ʺ˄ˎ˃ʰΦ ɳˊ˖ˍʺ˃ʰˍʰ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˍʹ ˔ˊʺˋʹ ˍʹˌ ʶˊʴʰˋʾʰˌ ʴʽʰ 

ˁʶˊʵˇˋˁˇˉʽˁˈ ˋˁˇˉˈ ˉˊʷˉʶʽ ˄ʰ ʰˉʶˎʻˏ˄ˇ˄ˍʰʽ ˉˊˇˌ ˍˇ ˋˎʴʴˊʰ˒ʷʰΦ 

 

ʁʽ ʰˉˈ˕ʶʽˌ ˁʰʽ ˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˉˇˎ ˉʶˊʽʷ˔ˇ˄ˍʰʽ ˋʶ ʰˎˍˈ ˍˇ ʷʴʴˊʰ˒ˇ ʶˁ˒ˊʱʸˇˎ˄ 

ˍˇ ˋˎʴʴˊʰ˒ʷʰ ˁʰʽ ʵʶ˄ ˉˊʷˉʶʽ ˄ʰ ʶˊ˃ʹ˄ʶˎˍʶʾ ˈˍʽ ʶˁ˒ˊʱʸˇˎ˄ ˍʽˌ ʶˉʾˋʹ˃ʶˌ ʻʷˋʶʽˌ ˍˇˎ 

ɮΦʃΦɸΦ 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my family 

 

 

 

 

 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Page intentionally left blank] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

Acknowledgements 
 

 

This PhD dissertation has been carried out at the Department of Meteorology 

and Climatology, Faculty of Sciences, Aristotle University of Thessaloniki. 

I would like to thank my supervisor, Emeritus Professor Theodore Karacostas 

for guiding and supporting me over the years. He has set an example of excellence as 

a researcher, mentor and instructor. He helped me in bad and good times beyond his 

supervisor role. I would like to thank my advisory committee members. I am grateful 

to my friend Ioannis Pytharoulis for his guidance, ideas and support on atmospheric 

modeling. I am thankful to Prodromos Zanis for his overall support. His scientific 

paradigm is worth following. I would like to thank the other members of the 

examination committee, Prof. Aristidis Bartzokas, Prof. Athanasios Argyriou, Assoc. 

Prof. Theodoros Mavrommatis and Assist. Prof. Petroula Louka for their 

consideration, ideas and support.  

Special thanks goes to my close associates and friends Dimitrios Bampzelis, 

Stergios Kartsios and Stylianos Kotsopoulos for their full support in the completion of 

my thesis. Late thanks to Prof. Charalambos Sahsamanoglou who attracted me in the 

science of Meteorology, to my beloved Prof. Apostolos Flocas who unfortunately 

ǿŀǎƴΩǘ ŀōƭŜ ǘƻ ǎŜŜ ƳŜ ŎƻƳǇƭŜǘƛƴƎ Ƴȅ ǘƘŜǎƛǎΣ ŀƴŘ ǘƻ tǊƻŦΦ /ƘǊƛǎǘƻǎ .ŀƭŀŦƻǳǘƛǎ ŦƻǊ Ƙƛǎ 

encouragement during the difficult years.  To Prof. Petros Pennas who knew the way 

to make you love what you do. To Prof. Panayiotis Maheras that took me a lot of 

time to finally understand. To the rest of the current and former members of the 

Department of Meteorology and Climatology, with whom I had a fruitful cooperation 

throughout my long presence in Meteoroskopeio. To my supervisors and colleagues 

in KEME-ELGA for the facilitations they offered me during the last stages of my work. 

A particular thanks goes to all of the postgraduate students of the Department 

throughout the years who, by posing questions to me, gave me the opportunity to 

widen my knowledge in areas I would never deal with, on my own. A special thanks 

to all that people who, without knowing it, inspired me with their way to go on with 

my thesis and finally bring it to an end.  



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

I would especially like to thank my amazing family for the love, support, and 

constant encouragement I have gotten over the years. My mother Foteini and my 

sisters Vassiliki and Kyriaki who after the loss of my father Apostolos tried and kept 

our family united and strong. 

 

This PhD thesis was funded by a 3.5year PhD fellowship from National 

Scholarship Foundation. Partial funding was provided by the European Union 

(European Regional Development Fund) and Greek national funds, through the 

action "COOPERATION 2011: Partnerships of Production and Research Institutions in 

Focused Research and Technology Sectors" (contract number 11SYN_8_1088 -

DAPHNE) in the framework of the operational programme "Competitiveness and 

Entrepreneurship" and Regions in Transition (OPC II, NSRF 2007-2013).  

 

I thank NCAR, ECMWF and NCEP for providing the WRF-ARW numerical 

weather prediction model, the operational gridded analyses, and the sea-surface 

temperature data, respectively. I would like also to thank the Hellenic National 

Meteorological Service (http://www.hnms.gr/) for providing the surface 

observations and  KEME-ELGA for providing radar data.  For analysis and visualization 

purposes, the NCAR Command Language (NCL; v.6.5.0) was utilized. For the 

statistical evaluation the Model Evaluation Tools (METv6.0) was used. Model 

Evaluation Tools (MET) was developed at the National Center for Atmospheric 

Research (NCAR) through grants from the National Science Foundation (NSF), the 

National Oceanic and Atmospheric Administration (NOAA), the United States Air 

Force (USAF), and the United States Department of Energy (DOE). NCAR is sponsored 

by the United States National Science Foundation. 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

 

 

Abstract  

The present PhD dissertation investigated the capability of a state of the art 

numerical prediction model to represent convective activity in the region of 

Thessaly, Central Greece. The mesoscale meteorological model Weather Research 

and Forecasting (WRF), was tested in order to discover the optimal configuration 

able to simulate convective events. An ensemble of twelve different model 

configurations was put under test, simulating days with high convective activity. The 

impact of microphysics (MP), cumulus convection (CU) and planetary boundary layer 

(PBL) schemes was investigated and the best performing combination was chosen. 

Three MP schemes (Ferrier, WRF single-moment 6-classes, and Goddard), two CU 

schemes (Kain Fritch and Betts-Miller-WŀƴƧƛŏ) and two PBL (Yonsei University and 

Mellor-Yamada- WŀƴƧƛŏ) were tested. In the first stage, results of the simulations for 

seven individual cases were statistically evaluated against surface observations and 

radar data using classic statistical methods. The best performing setup was chosen 

and further evaluated in the second stage by widening the experimental sample. 

Thirty six more cases were selected and classified according to the prevailing 

synoptic conditions. Statistics were obtained for every synoptic type assuring that 

the selected setup performs adequately in every case. The final stage involved the 

application of a novel statistical method for the evaluation of the original ensemble 

of simulations. The new method belongs to the spatial methods, that do not perform 

a point to point evaluation, but they rather try to distinguish similarities between the 

observed and forecast fields. The particular method employed, Method for Object 

Based Diagnostic Evaluation (MODE), uses objects, discrete entities inside the field, 

and examines their characteristics. The similarity of the characteristics between the 

observed and forecast objects, as expressed by the appropriate metrics, provides the 

performance of the model. In the present study the field of reflectivity was used to 

derive the objects. The result of this novel method confirmed that the model setup, 

selected primarily using classic statistical methods has the best performance 

according to the new method too. This way the WRF-ARW model, with this 

configuration, can be a useful tool in every situation where a high convective event 

should be studied employing a numerical weather prediction model.  
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ˁ˂ʾ˃ʰˁʰˌ WRFΣ ʵˇˁʽ˃ʱˋˍʹˁʶ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʲˊʶʻʶʾ ʹ ʲʷ˂ˍʽˋˍʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ʽˁʰ˄ʺ 

˄ʰ ˉˊˇˋˇ˃ˇʽ˗˄ʶʽ ˍʹ˄ ˁʰˍʰʽʴʽʵˇ˒ˈˊˇ ʵˊʰˋˍʹˊʽˈˍʹˍʰΦ ɴ˄ʰ ˋˏ˄ˇ˂ˇ ʵ˗ʵʶˁʰ 

ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ʵʽʰ˃ˇˊ˒˗ˋʶ˖˄ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎ ˍʷʻʹˁʶ ˎˉˈ ʵˇˁʽ˃ʺΣ ˉˊˇˋˇ˃ˇʽ˗˄ˍʰˌ 

ʹ˃ʷˊʶˌ ˃ʶ ˎ˕ʹ˂ʺ ˁʰˍʰʽʴʽʵˇ˒ˈˊˇ ʵˊʰˋˍ́ ˊʽˈˍʹˍʰΦ ɳ˅ʶˍʱˋˍʹˁʶ ʹ ʶˉʾʵˊʰˋʹ ˍ˖˄ 

ˋ˔ʹ˃ʱˍ˖˄ ˃ʽˁˊˇ˒ˎˋʽˁʺˌ όMP), ʰ˄˖˃ʶˍʰ˒ˇˊʱˌ (CUύ ˁʰʽ ˉ˂ʰ˄ʹˍʽˁˇˏ ˇˊʽʰˁˇˏ 

ˋˍˊ˗˃ʰˍˇˌ (PBLύ ˁʰʽ ʶˉʽ˂ʷ˔ʻʹˁʶ ˇ ˋˎ˄ʵˎʰˋ˃ˈˌ ˃ʶ ˍʽˌ ˁʰ˂ˏˍʶˊʶˌ ʶˉʽʵˈˋʶʽˌΦ 

ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˍ́ ʾʰ ˋ˔ʺ˃ʰˍʰ ˃ʽˁˊˇ˒ˎˋʽˁʺˌ (Ferrier, WSMс ˁʰʽ GoddardύΣ ʵˏˇ 

ˋ˔̋˃ʰˍʰ ʰ˄˖˃ʶˍʰ˒ˇˊʱˌ (Kain Fritch ˁʰʽ Betts-Miller-Janjicύ ˁʰʽ ʵˏˇ ˋ˔ʺ˃ʰˍʰ 

ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ (Yonsei University ˁʰʽ Mellor-Yamada-JancicύΦ ʅˍˇ ˉˊ˗ˍˇ 

ˋˍʱʵʽˇΣ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄ ʰ˅ʽˇ˂ˇʴʺʻʹˁʰ˄ ˋˍʰˍʽˋˍʽˁʱ ʴʽʰ ʶˉˍʱ 

˃ʶ˃ˇ˄˖˃ʷ˄ʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˉʰˊʰˍʹˊʺˋʶʽˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰʽ 

ʵʶʵˇ˃ʷ˄ʰ ˊʰ˄ˍʱˊ ˃ʶ ˍʹ ˔ˊʺˋʹ ˁ˂ʰˋʽˁ˗˄ ˋˍʰˍʽˋˍʽˁ˗˄ ˃ʶʻˈʵ˖Φ˄ ɶ ˋˎ˄ʵˎʰˋ˃ˈˌ ˃ʶ 

ˍʽˌ ˁʰ˂ˏˍʶˊʶˌ ʶˉʽʵˈˋʶʽˌ ʶˉʽ˂ʷ˔ʻʹˁʶ ˁʰʽ ʰ˅ʽˇ˂ˇʴʺʻʹˁʶ ˉʶˊʰʽˍʷˊ˖ ˋˍˇ ʵʶˏˍʶˊˇ 

ˋˍʱʵʽˇ ʵʽʶˎˊˏ˄ˇ˄ˍʰˌ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ʵʶʾʴ˃ʰΦ ʃˊˇˋˍʷʻʹˁʰ˄ ˍˊʽʱ˄ˍʰ ʷ˅ʽ 

ˉʶˊʽˋˋˈˍʶˊʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˁʰʽ ˍʰ˅ʽ˄ˇ˃ʺʻʹˁʰ˄ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ʶˉʽˁˊʰˍˇˏˋʶˌ 

ˋˎ˄ˇˉˍʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˋˍʰˍʽˋˍʽˁʱ ʴʽʰ ˁʱʻʶ ˋˎ˄ˇˉˍʽˁˈ ˍˏˉˇ 

ʵʽʰˋ˒ʰ˂ʾˋˍʹˁʶ ˈˍʽ ̌ ʶˉʽ˂ʶʴ˃ʷ˄ˇˌ ˋˎ˄ʵˎʰˋ˃ˈˌ ˉʰˊʱʴʶʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹΦ ʆˇ ˍʶ˂ʶˎˍʰʾˇ ˋˍʱʵʽˇ ʰ˒ˇˊˇˏˋʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ 

˃ʽʰˌ ˄ʷʰˌ ˋˍʰˍʽˋˍʽˁʺˌ ˃ʶʻˈʵˇˎ ʴʽʰ ˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍˇˎ ʰˊ˔ʽˁˇˏ ˋˎ˄ˈ˂ˇˎ 

ˉˊˇˋˇ˃ˇʽ˗ˋʶ˖˄Φ ɶ ˄ʷʰ ˃ʷʻˇʵˇˌ ʰ˄ʺˁʶʽ ˋˍʽˌ ˔˖ˊʽˁʷˌ ˃ʶʻˈʵˇˎˌΣ ˇʽ ˇˉˇʾʶˌ ʵʶ˄ 

ʶˁˍʶ˂ˇˏ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ˋʹ˃ʶʾˇ ˉˊˇˌ ˋʹ˃ʶʾˇΣ ʰ˂˂ʱ ˉˊˇˋˉʰʻˇˏ˄ ˄ʰ ʵʽʰˁˊʾ˄ˇˎ˄ ˍʽˌ 

ˇ˃ˇʽˈˍʹˍʶˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʰˊʰˍʹˊˇˏ˃ʶ˄˖˄ ˁʰʽ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˖˃ʷ˄˖˄ ˉʶʵʾ˖˄Φ ɶ 

ˋˎ ʴˁʶˁˊʽ˃ʷ˄ʹ ˃ʷʻˇʵˇˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽΣ ʹ ɾʷʻˇʵˇˌ ʴʽʰ ˍʹ ɲ̔ ʰʴ˄˖ˋˍʽˁʺ 

ɮ˅ ʽˇ˂ˈʴʹˋʹ ɰɦ ˋʶʽ ɮ˄ ˍʽˁʶʽ˃ʷ˄˖˄ όMODE), ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ʰ˄ˍʽˁʶʾ˃ʶ˄ʰΣ ʵʽʰˁˊʽˍʷˌ 

ˇ˄ˍˈˍʹˍʶˌ ˃ʷˋʰ ˋˍˇ ˉʶʵʾˇ, ˁ ʰʽ ʶ˅ʶˍʱʸʶʽ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎˌΦ ɶ ˇ˃ˇʽˈˍʹˍʰ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ̄h ˊʰˍʹˊˇˏ˃ʶ˄˖˄ ˁʰʽ ˍ˖˄ ˉˊˇˋˇ˃ˇʽ˖˃ʷ˄˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄Σ ˈˉ˖ˌ ʰˎˍʺ 

ʶˁ˒ˊʱʸʶˍʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʽˌ ˁʰˍʱ˂˂ʹ˂ʶˌ ˃ʶˍˊʽˁʷ,̩ ˔ʰˊʰˁˍʹˊʾʸʶʽ ˍʹ˄ ʰˉˈʵˇˋʹ 
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ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΦ ʅˍʹ˄ ˉʰˊˇˏˋʰ ˃ʶ˂ʷˍʹ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˍˇ ˉʶʵʾˇ ˍʹˌ 

ʰ˄ʰˁ˂ʰˋˍʽˁˈˍʹˍʰˌ ʴʽʰ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄Φ ʆˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ʰˎˍʺˌ ˍʹˌ 

˄ʷʰˌ ˃ʶʻˈʵˇˎ ʶˉʽʲʶʲʰʾ˖ˋʶ ˈˍʽ ʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΣ ˉˇˎ ʶˉʽ˂ʷ˔ʻʹˁʶ 

ʰˊ˔ʽˁʱ  ˃ʶ ˁ˂ʰˋˋʽˁʷˌ ˋˍʰˍʽˋˍʽˁʷˌ ˃ʶʻˈʵˇˎˌΣ ʷ˔ʶʽ ˍʹ˄ ˁʰ˂ˏˍʶˊʹ ʰˉˈʵˇˋʹ ˁʰʽ 

ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ˄ʷʰ ˃ʷʻˇʵˇΦ ɾʶ ʰˎˍˈ ˍˇ˄ ˍˊˈˉˇ ˍˇ ˃ˇ˄ˍʷ˂ˇ WRF-ARW, ˃ʶ ̱́  

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ʷ˄ʰ ˔ˊʺˋʽ˃ˇ ʶˊʴʰ˂ʶʾˇ ˋˍʹ ˃ʶ˂ʷˍʹ 

ˁʰˍʰʽʴʽʵˇ˒ˈˊˇˎ ʵˊʰˋˍʹˊʽˈˍʹˍʰˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍʹˌ ɸʶˋˋʰ˂ʾʰˌΦ 
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Chapter 1 
Introduction 

 

During the previous century the science of Meteorology was greatly 

benefited from the advances in the Numerical Weather Prediction (NWP) models. 

Complex physical processes, once inconceivable by the human mind, were able to be 

simulated by meteorological models and thus became common knowledge for the 

meteorologists. Various scales phenomena, from planetary waves to microphysical 

interactions inside the clouds, were described and incorporated into the models. 

Several scientists and research groups started using the models for operational and 

research work. ¢Ƙƛǎ ƭŀǊƎŜ ǳǎŜǊΩǎ base tried and succeeded to improve the modelsΩ 

prediction ability, through their common scientific effort. The recent advent of 

powerful computers, providing amble computing power, allowed the analytical 

representation of more physical problems and the use of grid spacings much smaller 

than the previous years (Bauer et al., 2015). The arithmetic models hold a prominent 

Ǉƻǎƛǘƛƻƴ ƛƴ ŀƭƳƻǎǘ ŜǾŜǊȅ ŀǘƳƻǎǇƘŜǊƛŎ ǎŎƛŜƴǘƛǎǘΩǎ ǘƻƻƭōƻȄ ǳǎƛƴƎ ǘƘŜƳ ƛƴ ŀ ǾŀǊƛŜǘȅ of 

meteorological and climatologically applications. This disperse use raises the 

necessity of proper adaptation of the used model to the specific needs of every 

application. 

1.1 Numerical Weather Prediction Basics  

The numerical representation of dynamical, physical, energy and chemical 

processes in the atmosphere can be characterized as an atmospheric model. A wide 

number of equations, corresponding to natural laws governing the atmospheric 

processes is solved in every model. Those natural laws fall into two categories. The 

first one includes basic laws of thermodynamics and hydrodynamics. The 

conservation of mass (mass cannot be created or destroyed), the second law of 

Newton (the momentum can only be changed by a force) and the first law of 
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thermodynamics (the internal energy of a system can only change by providing work 

or adding or removing heat). 

The second category includes laws dealing with the absorption and reflection 

of long wave and short wave radiation, the evaporation and condensation of water, 

the turbulent transfer of heat and momentum (Jacobson, 2005). All atmospheric 

processes are represented by differential equation systems, including non linear 

terms, in the form of partial derivatives in time and space (Pielke, 2013)  
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 Law of ideal gas (1.6) 

3(1 0.61 )vT T q= +
 Virtual temperature (1.7) 

Equations 1.1 to 1.7 form a system of non linear partial differential equations 

with dependent variables ́  (density),  ̒ (heat), ʆ (temperature), ʆv (Virtual 

temperature), p (pressure) , ui (3d velocities), qn (water mass) and independent 

variables t (time), x, y, z (space coordinates)Φ ¢ƘŜ YǊƻƴŜŎƪŜǊΩǎ ŘŜƭǘŀ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ 

iɻj and the unit antisymmetric tenǎƻǊ ōȅ ʶijk. ʍ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŜŀǊǘƘΩǎ ŀƴƎǳƭŀǊ ǾŜƭƻŎƛǘȅ 

while Sq and S̒ in terms of change of humidity and heat respectively.  

The differential equations are solved using numerical methods in a grid of 

one to three dimensions. Time and space difference techniques are employed in the 

solution of the above mentioned equations (Pielke, 2013). The common practice is to 

replace the partial derivatives of the above equations by finite differences. 
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Bjerknes (1904) while outlined the principle of such a thought, did not 

prescribe the details of practically realizing it. Lewis Fry Richardson (1922) was the 

first to put this idea into practice. IŜ ǇƻǊǘǊŀȅŜŘ ǘƘŜ ƻǊƎŀƴƛȊŀǘƛƻƴ ƻŦ ǘƘŜ άŎƻƳǇǳǘŜǊǎέ 

(in the literal form of the word) needed to perform his simulations and found out 

ǘƘŀǘ άспΦллл ŎƻƳǇǳǘŜǊǎ ǿƻǳƭŘ ōŜ ƴŜŜŘŜŘ ǘƻ ǊŀŎŜ ǘƘŜ ǿŜŀǘƘŜǊ ŦƻǊ ǘƘŜ ǿƘƻƭŜ ƎƭƻōŜέΦ 

His thought inspired many artists to draw sketches picturing this envision (Fig. 1.1). It 

took him 2 years to perform the calculations and his forecast was a total failure. He 

predicted a change in pressure of 145hPa in 6 hours. Today, knowing the 

assumptions he made and what led to this failed forecast we can give him the credit 

he deserves for his ground breaking effort. In 1949 Charney, using the ENIAC, the 

first multi-purpose programmable electronic digital computer, performed the first 

ǎǳŎŎŜǎǎŦǳƭ άŦƻǊŜŎŀǎǘέ (Charney et al., 1950). From then on the evolution of numerical 

 

Figure 1.1. !ƴ ŀǊǘƛǎǘΩǎ ƛƳǇǊŜǎǎƛƻƴ ƻŦ wƛŎƘŀǊŘǎƻƴΩǎ CƻǊŜŎŀǎǘ CŀŎǘƻǊȅ ό!Φ [ŀƴƴŜǊōŅck, 

Dagens Nyheter, September 22, 1984, Stockholm). Adopted from Lynch 

(2006). 
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weather prediction models was continuous. In September 1954, Carl-Gustav 

wƻǎǎōȅΩǎ ǘŜŀƳ ƛƴ {ǘƻŎƪƘƻƭƳ ǳǎŜŘ ǘƘŜ /ƘŀǊƴŜȅΩǎ ƳƻŘŜƭΣ ōŀǎŜŘ ƻƴ ǘƘŜ ōŀǊƻǘǊƻǇƛŎ 

equation, to produce the first operational forecast. Operational numerical 

forecasting began in the USA in 1955 in the Joint Numerical Weather Prediction Unit 

a joint effort of the US Air Force, the US Weather Bureau and the US Naval Weather 

Service. Today every meteorological service in the world makes use of a numerical 

model for its every day forecasts. Furthermore every organized University 

Department or Research Center in the area of Meteorology employs such a model 

for educational purposes. 

 

1.2 Aim - Objectives 

The main aim of the current study is to evaluate the performance of the 

Weather Research and Forecasting (WRF) numerical model and propose the best 

combination of its parameterizations, which should be used for the forecast of 

convective events that shall take place in the area of Thessaly, in central Greece. This 

study was part of the research project ƴŀƳŜŘ ά5!tHb9έ ŀƛƳƛƴƎ ǘƻ ǘŀŎƪƭŜ ǘƘŜ 

problem of drought in this area, by examining the possibility of a rain enhancing 

program through Weather Modification (Karacostas et al., 2015). The scheduling of 

the flights would require an a priori good knowledge of the possibility of convective 

activity in the area. A numerical weather prediction model tuned to perform its best 

obeying to those requirements would be the best tool in this manner. 

 In order to fulfill this target three subtasks were created.  

1. The first task involves the selection of various WRF parameterizations and 

the realization of simulations in certain days on which the performance of the model 

will be evaluated. 

2. The second task deals with the primary evaluation of the modelΩǎ 

performance using traditional statistic measures. 

3. The third task intends on re-assessing ǘƘŜ ƳƻŘŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǳǎƛƴƎ ŦƻǊ 

the first time in Greece a novel technique belonging to the spatial methods of 

forecast evaluation. 
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By carrying out those tasks a valuable and tested tool would then be in the 

hands of the Weather Modification operators helping them to plan the everyday 

operations program. 

1.3 Thesis Outline 

The current thesis is structured in 6 chapters including the current: 

Chapter 2 describes the meteorological model WRF that was employed in this 

study. Dynamical and physical aspects of the model are presented; implementation 

steps required for the integration of the model are discussed. The microphysics, 

cumulus convection and boundary layer schemes used in this study are further 

analyzed. 

 In Chapter 3 the primary evaluation of the model is performed using weather 

station and radar data. In the first step a small number of cases is selected and 

simulations are performed using a large number of parameterization combinations. 

The best performing setup is selected and further evaluated by adding more 

simulated cases in the evaluation sample. Another feature is introduced, since the 

new cases are categorized by the synoptic type that prevailed over the area in each 

case. 

In Chapter 4 the theoretical basis of the novel Method for Object based 

Diagnostic Evaluation (MODE), belonging to the spatial methods of model evaluation 

is presented and analyzed. 

Chapter 5 hosts the application of the MODE using the radar reflectivity to 

ŘŜǊƛǾŜ άƻōƧŜŎǘǎέ ŦǊƻƳ ōƻǘƘ, the radar and the simulations. 

Finally, Chapter 6 includes the summary and conclusions of this thesis. 
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Chapter 2 
The Weather Research and 
Forecasting (WRF) Model 
Overview and parameterizations used  

2.1 Introduction 

In the late 1990s five renowned US agencies collaborated with the common 

goal of developing a next-generation mesoscale forecast and assimilation system. 

The system ought to be flexible enough to be used for both operational and research 

applications, with portable code able to run from personal computers to systems 

counting thousand of processor cores. It had to be modular in such a way that every 

new scientific knowledge could be incorporated easily into the main core of the 

model. Appreciating the importance of the initial conditions its creators foresaw the 

need of being able to ingest every current and future source of observations. 

{ƻƻƴ ŀŦǘŜǊ ƛǘǎ ǇǳōƭƛŎ ǊŜƭŜŀǎŜ ƛƴ нллл ƛǘǎ ǳǎŜǊΩǎ ōŀǎŜ ǎǘŀǊǘŜŘ ǘƻ ƎǊƻǿ ǊŀǇƛŘƭȅΦ 

Today with almost forty thousand registered users in every continent of the earth, 

WRF is the most extensibly used numerical atmospheric model in the world. WRF is 

used in forecast applications as an operational tool, in long term studies as a climate 

model (Coppola et al., 2018; Katragkou et al., 2015), in research and education of 

future meteorologists. Its derivatives, consisting of the main model coupled with 

another specialized model are used in fire weather modeling, (WRF-Fire, Coen, 2013; 

Kartsios, 2020), atmospheric chemistry (WRF-Chem, Fast et al., 2006; Grell et al., 

2005), Hydrology  (WRF-Hydro, Gochis et al., 2015), hurricane studies (Hurricane-

WRF, Tallapragada et al., 2014)), idealized simulations and even more. Thousand of 

scientific papers in peer review journals dilute every part of it, helping in advancing 

its quality.  

! ǇƛŎǘƻǊƛŀƭ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ²wCΩǎ ǇǊƛƴŎƛǇŀƭ ŎƻƳǇƻƴŜƴǘǎ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎ. 

2.1. The dynamic solvers, together with the physics packages interfacing with the 
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solvers, initialization filters, WRF-Var and WRF-Chem are wrapped around by the 

WRF Software Framework (WFS) that acts as the coordinator of those components.  

 

Figure 2.1. WRF system components (adopted from Skamarock et al., 2008). 

Up to 2016 two dynamic solvers were developed in parallel. The Advanced 

Research WRF (ARW) solver maintained by NCAR and the Nonhydrostatic Mesoscale 

Model (NMM) solver developed at NCEP.  From 2016 onward the development of 

NMM solver stopped due to inadequate funding. In the present study the ARW 

solver was employed and the description that follows deals with this solver. 

The WRF-ARW is routinely integrated in the Department of Meteorology and 

Climatology (http://meteo.geo.auth.gr), School of Geology, Aristotle University of 

Thessaloniki in Greece, for more than twelve years. Its results are available daily at 

http://meteo3.geo.auth.gr/WRF/home.html. 

A large number of scientific contributions have been produced during those 

years by members of the Department (Bampzelis et al., 2015; Karacostas et al., 2018; 

Kartsios et al., 2017, 2015, 2014b, 2014a; Katragkou et al., 2015; Krestenitis et al., 

2017; Pytharoulis et al., 2015a, 2015b, 2014a, 2018, 2016; Stolaki et al., 2012; 

Tegoulias et al., 2017, 2014a, 2014b) 
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2.2 The ARW Dynamics Solver 

2.2.1 Governing equations 

The nonhydrostatic, compressible Euler equations form the base of the ARW 

dynamics solver. Variables with conservation properties are used to transform the 

equations in flux form, following Ooyama's (1990) technique. The terrain-following 

hydrostatic-pressure vertical coordinate proposed by Laprise (1991) formulate 

further the equations. The mass vertical coordinate  ́ used in the ARW solver is 

another form of the ̀  coordinate used in many hydrostatic models and is defined as  

h htp p
h

m

-
=

 
(2.1) 

with  

hs htp pm= -
 (2.2) 

where ph is the hydrostatic component of the pressure and pht and phs are the 

pressure at top boundaries and surface respectively (Fig. 2.2). From its definition ˃ 

represents the mass per unit area at point (x,y) for the entire atmospheric column. 

. 

Figure 2.2. ARW ́ coordinate (adopted from Skamarock et al., 2008). 
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Prognostic equations cast in conservative form are generally expressed as 

K

d k
F

dt

m
=

 
(2.3) 

where d/dt is the total derivative and FK corresponds to sources and sinks 

related to variable k. 

Using the vertical coordinate ́ from 2.1 we can define the variables in flux form  

( , , ),    ,    V v U V Wm mh mq= = W= Q= (2.4) 

with v = (u,v,w) the vector of the two horizontal and one vertical velocities,  ̟

= h  and ̒  is the potential temperature. 

With the use of the above introduced variables the Euler equations in flux 

form are now: 

( ) ( ) ( )x u

U
Vu p p F

t x
hj j

h

µ µ µ
+ ÐÖ - + =

µ µ µ  
(2.5) 

( ) ( ) ( )y v

V
Vv p p F

t y
hj j

h

µ µ µ
+ ÐÖ - + =

µ µ µ  
(2.6) 

( ) w

W p
Vw g F

t
m

h

å õµ µ
+ ÐÖ - - =æ ö

µ µç ÷  
(2.7) 

( )V F
t

qq
µQ
+ ÐÖ =

µ  
(2.8) 

( ) 0V
t

mµ
+ ÐÖ =

µ  
(2.9) 

[ ]1 ( ) 0V gW
t

j
m j-µ
+ ÖÐ - =

µ  
(2.10) 

where p is the pressure and ˒ = gz is the geopotential. The terms Fu, Fv, Fw and F̒ 

account for phenomena related to earth rotation, geometric spherical projections 

and unresolved subgrid processes. The parameterizations used in the model take 

care of the effect of these terms on the explicitly resolved variables. 

Adding the relation which diagnoses the inverse density  h

j
am

h

µ
=-

µ , 
(2.11) 
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and the equation of state  

0

0

dR
p p

p a

g

qå õ
= æ ö
ç ÷ 

(2.12) 

creates the full set of equations which are the core of WRF. 

The above equations are formulated for dry air. The inclusion of moisture 

further alters the equations, retaining the conservation equation for dry air and 

describing the course of each hydrometeor with a prognostic equation of its mixing 

ratio. 

2.2.2 Map projections 

{ƛƴŎŜ ǘƘŜ ŜŀǊǘƘ Ƙŀǎ ŀ ǎǇƘŜǊƛŎŀƭ ǎǳǊŦŀŎŜ ŀƴŘ ƛǘΩǎ ŜŀǎƛŜǊ ǘƻ ǇǊŜǎŜƴǘ ŀƴŘ ŀƴŀƭȅȊŜ 

meteorological variables in a plane, a relation should be found that translates 

spherical surface points to plane surface points. This translation which is known with 

the familiar term projection should retain as much as possible of the characteristics 

of the original surface to the projected surface. WRF supports various projections 

with the more commonly used in mid-latitudes the Lambert Conformal (LC).  The LC 

projection is isotropic meaning that the ratio of grid spacing in x and y dimension 

ƻǾŜǊ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ ǘƘŜ ǎŀƳŜ ƛƴ ǘƘŜ ǿƘƻƭŜ ŘƻƳŀƛƴΦ  

To account for the change between the actual distance between two grid 

Ǉƻƛƴǘǎ ƛƴ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ɲx όɲȅύ ŀƴŘ ǘƘŜ ŘƛǎǘŀƴŎŜ ƛƴ ǘƘŜ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ƎǊƛŘ ɲ· (ɲʇύ 

the map factor m is introduced  

x

x

X
X m x x

m

D
D = D ÝD = (2.13) 

y

y

Y
Y m y y

m

D
D = D ÝD = (2.14) 

for x and y distances respectively. 

Using the map factors the governing equations are rewritten in projected 

form. Care is also taken that the right hand side terms of equations 2.5-2.12 take into 

account curvature and Coriolis effects. 
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2.2.3 Model discretization 

2.2.3.1 Temporal discretization 

The physical processes analyzed in the WRF model fall into two separate 

categories according to their time scale. Low frequency, meteorologically significant 

and high frequency acoustic modes. Those temporal scales are separated and 

integrated using two different time steps in order to improve computational 

efficiency. This time split integration uses a short time step to integrate high 

frequency modes and a longer time step to integrate low frequency waves. The slow 

meteorologically significant modes use a third order Runge-Kutta time integration 

scheme - RK3 (Wicker and Skamarock, 2002) while a smaller time step is employed in 

high frequency modes to retain numerical stability. 

The Runge-Kutta methods, developed in the first years of the twentieth 

century, include implicit and explicit iterative methods. If the model equations are 

defined as ʊt =R(ʊ) where ʊ = (U,V,W,ɸ, Ω˒Σ˃ΩΣvm) are the prognostic variables of 

the model, a solution from ʊόǘύ to ʊ(t+ɲt) with the RK method requires 3 separate 

steps: 

( )
3

t tt
R* D

F =F + F
 

(2.15) 

( )
2

t t
R** *D

F =F + F
 

(2.16) 

( )t t t tR+D **F =F +D F (2.17) 

ǿƘŜǊŜ ɲǘ ƛǎ ǘƘŜ ǘƛƳŜ ǎǘŜǇ ŦƻǊ ǘƘŜ ƭƻǿ ŦǊŜǉǳŜƴŎȅ ƳƻŘŜǎ όŘǘ ƛƴ ƳƻŘŜƭ ƴŀƳŜƭƛǎǘύ ŀƴŘ 

the superscripts denote time levels. The smallest time step for both the low and high 

frequency modes is set in such a way that no instabilities occur in the integration of 

the model 

In real situations the RK3 time step is governed by the advective Courant 

number 

t
C U

x

D
=
D  

(2.18) 
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and the choice of the advection scheme. Wicker and Skamarock (2002) calculated 

the maximum one dimensional stable values, Cmax,for the Courant numbers for every 

combination of time integration scheme and order of discretization of the advection 

terms. For three-dimensional advection the above calculated Courant numbers must 

be multiplied by 1/ 3   and the time step must satisfy the following equation 

 

max
max

max3

C x
t

u

D
D <

 
(2.19) 

where umax is the maximum velocity likely to occur in the simulation. The most 

common places for maximum horizontal velocities are the jet stream areas, while 

high vertical velocities could be reached in convective updrafts. Taking these into 

account and providing headroom for maximum stability, the proposed time step of 

integration is three to six times (in seconds) the grid spacing (in kilometers). 

2.2.3.2 Spatial discretization 

A C staggered grid shown in Figure 2.3, is used for the spatial discretization in 

the ARW solver. Normal velocities are staggered one-half grid length from the 

ǘƘŜǊƳƻŘȅƴŀƳƛŎ ǾŀǊƛŀōƭŜǎΦ DŜƻǇƻǘŜƴǘƛŀƭ ˒ ƛǎ ŘŜŦƛƴŜŘ ƛƴ ŎƻǊǊŜǎǇƻƴŘŜƴŎŜ ƻŦ ǿ 

 Fig 2.3. Horizontal and vertical grids of the WRF-ARW (adopted from Skamarock et 

al., 2008) 
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velocities while the moisture, column mass, diagnostic variables used in the model, 

pressure p and inverse density a, are computed at points of thermodynamic 

variables. Staggered grids permit the evaluation of certain partial derivatives over a 

smaller grid interval, thus increasing artificially the spatial resolution and decreasing 

truncation errors (Haltiner and Williams, 1980). The vertical discretization is 

performed either automatically and the user just sets the number of required 

vertical levels, or setting explicitly every vertical level with the constrain that =́0 at 

model top and ́=1 at the surface and there is monotonical increase between the top 

and the surface.  

2.2.4 Turbulent mixing and model filters 

Numerous formulations are used in the WRF-ARW solver for turbulent mixing 

and filtering. A number of these filters are responsible for the elimination of 

numerical issues. Divergence damping filters acoustic modes from the solution, and 

polar filtering helps in lowering the time step restriction which is the result of 

converging grid lines of the latitude-longitude grid. Unresolved subgrid turbulent 

processes are catered by energy removing filters. These filters are only triggered 

when no planetary boundary layer scheme is used. When a PBL scheme is used 

vertical mixing is parameterized within the PBL physics scheme. 

2.2.5 Model initialization 

In order to perform simulations for real cases, as in the current study, initial 

conditions and, for any limited area numerical simulation, lateral boundary 

conditions, are required. The first step in the procedure is to define the integration 

domain. That includes the location of the domain, the projection to be used, the grid 

spacing of the parent and the possible nested domains.  

Then a dedicated software package, named the WRF pre-processor system 

(WPS), is used in order to provide the ARW with  

¶ input data on the correct horizontal and vertical staggering, 

¶ hydrostatically balanced reference state and perturbation fields and 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

The WRF Model - Overview and parameterizations used  

15 

 

¶ metadata dealing with information, such as the date, grid physical 

characteristics, and projection details. 

2.2.5.1 The WRF preprocessing system 

Global data for meteorological fields and geographical data in GRIB (GRIdded 

Binary) format are the usual input for WPS. The use of WPS transforms them in a 

form suitable for input to the real data cases interpolation program (REAL), which is 

then used to generate the initial and boundary conditions for the model. 

 

Fig 2.4. Schematic of the WPS package and the data flow between its components 

(Adopted from Skamarock et al., 2008). 

Figure 2.4 depicts the interaction between the WPS components and the data 

flow in and out of them. Letters in the light blue rectangles indicate program names. 

GEOGRID is the first program used, responsible for the interpolation of static data 

(e.g Coriolis parameter, terrain elevation, land-use type, land/water mask, albedo, 

map scale factors) into the selected domain. UNGRIB is then used to decode the 

three dimensional GRIB formatted meteorological data into an intermediate data 

format. The data outputs of both GEOGRID and UNGRIB are then passed as inputs to 

the METGRID program. METGRID performs horizontal interpolation into the selected 

domain in every level (including the surface) of the UNGRIB output data. In this stage 

the WPS is finished and the WPS output data are ready to be processed by the REAL 

program. Those data contain among others three-dimensional fields of temperature, 
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relative humidity and the horizontal components of momentum rotated to the 

model projection. 

2.2.5.2  Generation of initial and lateral boundary conditions 

In the next stage the REAL program proceeds in the vertical interpolation and 

ŜȄǘǊŀǇƻƭŀǘƛƻƴ ƻŦ ƛǘǎ ƛƴǇǳǘ Řŀǘŀ ŎǊŜŀǘƛƴƎ ǘƘŜ ƳƻŘŜƭΩǎ ƛƴƛǘƛŀƭ ŎƻƴŘƛǘƛƻƴǎΦ Lǘ ŀƭǎƻ ŎǊŜŀǘŜǎ 

the lateral boundary conditions file for the most coarse/parent domain. Due to their 

mission they are also called relaxation or nudging boundary conditions. As can be  

 

Figure 2.5. Specified and relaxation zones for a grid with a single specified row and 

column, and four rows and columns for the relaxation zone. These are 

typical values used for a specified lateral boundary condition for a real-

data case (Adopted from Skamarock et al., 2008). 

seen in Fig 2.5, WPS creates a specified zone (depicted in yellow) by temporal 

interpolation of the external forecast or analysis. The width of the zone is user 

specified but its default value is set to 1. The inner zone (depicted in light blue) is the 

relaxation zone. A gradual relaxation or nudging of the large-scale forecast to the 

model happens in this area. The lateral boundary condition file contains values that 
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Figure 2.6. Lateral boundary condition times (adopted from Gill, 2015). 

are valid at the initial time of the lateral boundary time and tendency terms to get to 

the next boundary time period. This way the boundary layer file holds one less time 

period than was processed by WPS (Fig. 2.6) 

 

2.2.6 Nesting 

The idea of nesting in numerical prediction models is vital when the study 

should be focused over a region of interest. The WRF-ARW supports horizontal 

nesting giving the opportunity to introduce one or more additional grids into the 

simulation. The nested domains are rectangular and are contained and referred to 

the coarser (parent) within which they are nested. 

2.2.6.1 Nesting options 

WRF-ARW gives the options to perform nested simulations using either 1-way 

nesting or 2-way nesting (Table 2.1). The multiplicity of the way has to do with the 

interaction of the coarse and fine grid. The common factor between the two types of 

nesting is that the coarser domain always provides lateral boundary conditions to 

the finer domain. In 1-way nesting this is the only interaction between the two grids. 

In a 2-way nesting simulation grids points belonging to the coarse grid, located inside 

the fine grid, take values from the solution of the fine grid. In this manner there is a 

2-way information exchange (coarse domain provides later boundary conditions to 
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the fine domain, fine domain solutions replace coarse domain solution inside the fine 

domain) leading to the 2-way naming of the simulation.  

 

Table 2.1. One way and 2 way nesting options in the ARW (Adopted from Skamarock 

et al., 2008). 

1 way ARW Simulation 2 way ARW Simulation 

Two consecutive ARW 

simulations 

Concurrent ARW 

simulation with two 

domains 

Concurrent ARW 

simulation with two 

domains 

1) Run coarse grid (CG) 

simulation 

2) Process CG for initial 

condition (IC) for fine grid 

(FG) 

3) Process CG for lateral 

boundary condition (LBC) 

forFG 

4) Run FG simulation 

1) Both CG and FG 

simulations run within the 

same WRF 

2) FG LBC from CG at each 

coarse time step 

3) CG integrates one time 

step, then the FG 

integrates up to the same 

time 

Both CG and FG  

simulations run within the 

same WRF 

2) FG LBC from CG at each 

coarse time step 

3) CG integrates one time 

step, then the FG 

integrates up to the same 

time  

4) Feedback FG to CG 

In a nested simulation the fine grid may be initialized in several ways: 

¶ The coarse grid provides both the meteorological and terrestrial grid 

variables to the fine grid through interpolation 

¶ The fine grid variables are taken from an external file containing 

meteorological and terrestrial data in high resolution. 

¶ The static data fields are initialized from an external high resolution file 

while the meteorological fields are interpolated from the coarse grid. The 

advantage of the fine resolution static fields is obvious in this case. This 

was the way that the simulations were performed in this study. 

For a gradual transition from coarse boundary conditions to local scale 

modeling, multiple nesting must take place. Dudhia (personal communication) urge 

the use of intermediate coarse domains to avoid abrupt steps in the nesting. The 
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coarse domains are computational cheap and provide better relaxation in the 

meteorology fields. 

 

Figure 2.7. Nested grids examples: (a) Telescoping nests, (b) Nested domains on the 

same level sharing the same parent grid, (c) Overlapping grids: Not 

acceptable, (d) Fine grid with two parent domains: Not acceptable 

(Adopted from Skamarock et al., 2008).  

The coarse domain in a nested simulation is typically called the parent 

domain while the nested grid is called the child grid. When multiple nesting is 

employed one specific domain may be the child of coarser domain and the parent of 

a finer domain. Figure 2.7 presents various nest configurations. In Figure 2.7a the 

most common use of nested grids is presented: a telescopic nest with a depth of 

four. The coarser domain contains three more levels on nesting. Two or more fine 

nests may be contained in a parent nest (Fig. 2.7b) provided that the fine nests do 

not overlap. In this case (Fig. 2.7c) the nesting is not permitted. Finally a fine grid can 

only have one parent. This is another disallowed case (Fig 2.7d).  

The ratio of the grid spacing between the parent and child domains must be 

an integer. Typical values for the ratio are one to three (1:3) or one to five (1:5). An 

odd ratio is preferred over an even ratio.  This ratio also defines the ratio between 

the integration time step (dt) of each domain. Same level childs could have different 
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ratios to the parent domain. In this context the ratio of grid 2 to grid 1 in Fig 2.7b 

may be 1:5 and the ratio of grid 3 to grid 1 may be 1:3. 

2.2.6.2 Staggering and feedback 

The grid staggering used by the WRF-ARW is an Arakawa-C type staggering. In 

this type of staggering the thermodynamic, mass, chemistry and scalar variables are 

located at the center of the grid and the momentum variables u and v are normal to 

ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ŎŜƭƭǎΩ ŦŀŎŜǎ όCƛƎ нΦуύΦ ¢ƘŜ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ƘƻǊƛȊƻƴǘŀƭ ǾŜƭƻŎƛǘȅ ŀǊŜ 

averaged values across the respective face of the grid cell. For the variables at mass 

points their value represents the mean for the whole cell. 

 

 

Figure 2.8. Arakawa-C staggering shown part of the coarse grid and an embedded 

nest domain with a 3:1 grid size ratio. Boundaries of the coarse grid are 

depicted with solid lines while dashed lines denote fine-grid cells 

boundaries (Adopted from Skamarock et al., 2008). 

As mentioned above odd ratios are preferred when preparing a simulation. 

That is because in this case the staggering imposes that there is always a coincident 

point between the coarse grid and the fine grid for both the mass and momentum 
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points. This is clearly evident in Figure 2.8. The coincident point for mass variables is 

in the center of the fine grid cell, while for the horizontal momentum this point lies 

along the grid boundaries. 

In order to preserve the mean values of both mass and momentum variables 

across the nests, feedback mechanisms are employed. Referring to figure 2.8 for 

mass points the mean of the nine mass points of the fine grid is received by the 

coarse grid. The mean of the three wind values of the fine grid, along the coarse and 

fine grid coincident face, are fed to the coarse grid.  

2.2.6.3 Integration sequence  

¢ƘŜ ƎǊƛŘΩǎ ƛƴǘŜƎǊŀǘƛƻƴ ƛǎ ǊŜŎǳǊǎƛǾŜΦ ¦Ǉƻƴ ŎƻƳǇƭŜǘƛƻƴ ƻŦ ŜŀŎƘ ƎǊƛŘΩǎ ǘƛƳŜ ǎǘŜǇ 

the existence oŦ ŀ ŎƘƛƭŘ ƴŜǎǘ ƛǎ ǉǳŜǊƛŜŘΦ LŦ ǘƘŜ ŎƘƛƭŘΩǎ ƴŜǎǘ Ǌǳƴκƴƻ Ǌǳƴ ŦƭŀƎ ƛǎ ƘƛƎƘ ǘƘŜ 

run continues with calculations in the child nest up to the time that the parent grid 

Ƙŀǎ ŀƭǊŜŀŘȅ ōŜŜƴ ƛƴǘŜƎǊŀǘŜŘΦ !ŦǘŜǊ ǘƘŀǘ ǘƘŜ ŜȄŜŎǳǘƛƻƴ ŎƻƴǘƛƴǳŜǎ ǘƻ ǘƘŜ ŎƻŀǊǎŜΩǎ ƎǊƛŘ 

next time step. 

 

2.2.7 The ARW Physics 

The WRF-ARW has a multitude of physics options which may be combined in 

order to perform a simulation. The selection of physics used, together with the 

meteorological and geographical data that will create the initial and boundary 

conditions, paired with the domain selection, form what is commonly known as the 

setup of the model for a particular simulation. 

The physics categories that the user may choose fall into the following 

categories: (1) microphysics, (2) cumulus convection parameterization, (3) planetary 

boundary (and its companion surface layer) parameterizations, (4) land surface 

physics, and (5) radiation 

For each category several choices exist. The total number of setups that may 

be created by only altering the different physics schemes and their parameters is 

over two million (Gill, 2015). 
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The physics schemes form autonomous pieces of code in the model that 

perform calculations related only to the scheme itself. The physics drivers are 

responsible for the communication between the physics schemes and the dynamic 

solver. 

A short description of the role of each physics category and the way it is 

implemented in the model will be presented here while in the next subchapter the 

microphysics, cumulus and boundary layer schemes used in this study will be 

presented in more detail. 

2.2.7.1 Microphysics 

Microphysics includes explicitly resolved water vapor, cloud and precipitation 

processes. Figure 2.9 presents the complexity of the interactions analyzed by a 

complex microphysics scheme. Depending on the scheme complexity a number of 

two to six separate mixing ratios may be calculated. Cloud water (Qc), Rain (Qr), 

Cloud Ice (Qi), Snow (Qs), Graupel (Qg) and Hail (Qh). In higher moment schemes 

apart from the mass variables their corresponding number concentrations are 

calculated. The microphysics scheme is called by the ARW solver at the end of each  

  

Figure 2.9. The complexity of the microphysics (adopted from Dudhia, 2015). 
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model time step to make sure that the saturation balance is accurate for the 

updated temperature and moisture. For convection allowing simulations, schemes 

with mixed phase physics are preferable, despite their computational cost. 

2.2.7.2 Cumulus parameterization 

Cumulus schemes are used for grid columns that contain convective clouds. 

Their purpose is to account for vertical convective fluxes that are unresolved by the 

model. The cumulus scheme is responsible for identifying column conditions that will 

make the scheme to be triggered, i.e. to diagnose when an individual column of air is 

considered convectively unstable. The triggering of cumulus scheme removes 

instability from the atmosphere since the subsidence around the triggered column 

warms and dries its surroundings.  

Cumulus convection parameterization is probably needed for simulations 

with grid spacing larger than 10km since the model cannot resolve the smaller 

processes. In simulations with grid spacing smaller than 3km the use of cumulus 

parameterization is generally not proposed, but there are cases where the early 

triggering of the convection provides better results. The grid spacing from 3 to 10km 

is the gray zone where the cumulus parameterization may be used in case by case 

analysis. 

2.2.7.3 Surface Layer 

The surface layer schemes are employed in the calculation of friction 

velocities, exchange coefficients and diagnostics of 2m temperature and moisture as 

well as 10m winds. The planetary boundary layer scheme then uses them to 

calculate surface stress and the land surface model scheme to deduct surface heat 

and moisture fluxes. In case of water surfaces the SL scheme calculates the surface 

fluxes and surface diagnostic fields itself. Not every surface layer scheme can be 

combined with every planetary boundary layer scheme. The Monin-Obukhov 

similarity theory (Monin and Obukhov, 1954) is the basis for all surface schemes. The 

main differences between the schemes are the stability functions and the roughness 

lengths. 
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2.2.7.4 Land surface model 

The land surface models receive atmospheric information from the SL 

schemes, radiative forcing from the radiation schemes and precipitation forcing from 

the microphysics and cumulus convection scheme. Combining those data with

 

Figure 2.10. Land surface processes (adopted from Dudhia, 2015). 

ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ƭŀƴŘΩǎ ǎǘŀǘŜ ǾŀǊƛŀōƭŜǎ ŀƴŘ ƭŀƴŘ ǎǳǊŦŀŎŜ ǇǊƻǇŜǊǘƛŜǎ ǘƘŀǘ ŀǊŜ ŀƭǊŜŀŘȅ 

contained in the model it calculates heat and moisture fluxes over land and sea-ice 

points. The planetary boundary layer scheme uses those fluxes as bottom boundary 

conditions for the vertical transport. Figure 2.10 depicts the various processes 

handled by the land surface scheme.  

2.2.7.5 Planetary Boundary Layer 

The planetary boundary layer (PBL) schemes takes care of the eddy induced 

transports, present in the whole atmospheric column, resulting in vertical sub-grid 

fluxes. The explicit vertical diffusion in the model seizes when a PBL scheme is 

activated. The surface layer and the land surface schemes feed the PBL scheme with 

surface fluxes. Atmospheric tendencies of temperature, moisture, including clouds, 

and horizontal momentum in the entire atmospheric column are calculated by the 
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PBL scheme which determines the flux profiles in both the stable and the well mixed 

boundary layer. Resolved eddies and sub-grid scale eddies are considered separate 

down to a scale of a few hundred meters. 

2.2.7.6 Radiation 

The radiation schemes regulates the radiative flux divergence induced 

atmospheric heating, and the downward short-wave and long-wave radiation 

affecting the ground heat budget. LW radiation comprises of infrared or thermal 

radiation absorbed and emitted by gases and surfaces.  The upward LW emitted 

radiation is conditioned by the surface emissivity, which is dependent on the land 

use category and surface temperature. The Sun is the original supplier of the SW 

radiation which is then absorbed, reflected and scattered in the atmosphere and the 

surfaces. The surface albedo regulates the reflected SW radiation. Clouds and water 

content of the atmosphere play an important role in radiation budget together with 

ozone, carbon dioxide and trace gasses. The available radiation schemes in WRF are 

column schemes and every grid is integrated independently of its surroundings.  

2.2.7.7 Physics interactions 

As mentioned earlier, the physics drivers are responsible for the 

communication between the physics schemes and the ARW solver. To accomplish 

this task the physics drivers make use of model state variables (e.g., moisture), their 

related tendencies and surface fluxes. 

In Table 2.2 summary of the interactions between the physics of the model is 

presented. The i symbol corresponds to input of this variable into the respective 

physics scheme, while the o symbol means that the physics scheme calculates a new 

value for the selected variable. The surface physics interacts with almost every other 

scheme providing updates for the land state variables. The same is performed by the 

microphysics scheme which is executed last in the sequence of integration to provide 

the updates to the atmospheric state variables. The radiation, cumulus convection 

and boundary layer schemes are called with a different time step and the tendencies 

produced are kept constant between successive calls.  
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Table 2.2. WRF physics interactions (adopted from Skamarock et al., 2008.) 

  Radiation Microphysics Cumulus PBL Surface 

Atmospheric 

State or 

Tendencies 

Momentum   i io  

Potential 

Temperature 
io io io io  

Water Vapor i io io io  

Cloud i io o io  

Precipitation i io o   

Surface 

Fluxes 

Longwave Up i    o 

Longwave 

Down 
o    i 

Shortwave 

Up 
i    o 

Shortwave 

Down 
o    i 

Surface 

Convective 

Rain 

  o  i 

Surface 

Resolved Rain 
 o   i 

Heat Flux    i o 

Moisture Flux    i o 

Surface Stress    i o 

 

 

2.3 Cumulus Convection, Microphysics and Planetary Boundary Layer   

The numerical weather prediction and climate models represent the effects 

of the unresolved scale physical processes through parameterizations. These are 

necessary in order to achieve an accurate modeling of the atmospheric flow. The 

Weather Research and Forecasting model with the Advanced Research dynamic 

solver (WRF-ARW) includes a large number of schemes for the parameterization of 

deep and shallow moist convection, microphysics, planetary boundary layer (PBL) 

and surface layer processes, shortwave and longwave radiative fluxes, land surface 

processes etc. (Skamarock et al., 2008; Wang et al., 2014). 
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The representation of moist convection, microphysics and boundary layer 

processes is of primary importance, especially during periods favorable for intense 

convective activity (Yano et al., 2018). The sensitivity of WRF-ARW to the 

parameterization of these physical processes is investigated in this thesis. The former 

two kinds of schemes model the sub-grid effects of deep and/or shallow convection 

and microphysical processes, respectively, and determine the precipitation and the 

latent heat release. The boundary and surface layer parameterizations calculate the 

turbulent fluxes and their distribution in the atmospheric column at sub-grid scales 

(Skamarock et al., 2008). The numerical experiments of this work employ all the 

twelve (12) combinations of: (a) the Kain-Fritsch and the Betts-Miller-Janjic cumulus 

schemes, (b) the Eta-Ferrier, the WRF single-moment 6-class and the Goddard 

microphysics and (c) the Yonsei University and the Mellor-Yamada-Janjic PBL 

parameterizations with their corresponding surface layers. The main features of 

these schemes are presented here. 

 

2.3.1 Kain-Fritsch cumulus convection scheme  

The Kain-Fritsch cumulus parameterization (KF) was originally developed by 

Kain and Fritsch (1993, 1990), following the fundamental assumption of Fritsch and 

Chappell (1980) that convection removes convective available potential energy 

(CAPE) during a convective time scale. Kain (2004) presents the modifications of the 

updated form of the scheme, implemented in order to ameliorate its performance in 

various weather conditions. A CAPE closure is employed using the properties of an 

entraining air parcel. In convective clouds, the mass flux augmentation is based on 

the consumption of at least 90% of CAPE. KF provides convective precipitation, 

tendencies of temperature, specific humidity (parameterizing glaciation processes) 

and cloud water detrainment to the resolved scales, while it simulates coarsely the 

transport of momentum (Kain and Fritsch, 1993). A thorough description of this 

scheme is provided by Mazarakis (2010). 

YC ƛǎ ōŀǎŜŘ ƻƴ άŀ ƻƴŜ-dƛƳŜƴǎƛƻƴŀƭ ŜƴǘǊŀƛƴƛƴƎκŘŜǘǊŀƛƴƛƴƎ ǇƭǳƳŜ ƳƻŘŜƭέ (Kain 

and Fritsch, 1990) representing entrainment of environmental air and detrainment 
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of the updraft. Thereby, a 2-way exchange of mass between the environment and 

the clouds at each model layer is allowed. Mixtures of clear and cloudy air with 

positive (negative) buoyancy are assumed to rise in the updraft (to detrain into the 

environment). The entrainment rate of environmental air in the mixing area at the 

periphery of an updraft is proportional (inversely proportional) to the cloud-base 

mass flux (radius of the updraft). The net entrainment rate of environmental air is 

imposed to be at least half of the abovementioned maximum possible environmental 

air entrainment rate. This modification has prevented the easy activation of deep 

convection in neutral or slightly unstable conditions and has resulted to a reduction 

of light precipitation in wide regions and an increase of precipitation maxima, 

bringing the results closer to observations (Kain, 2004). The cloud radius (1-2 km) is a 

function of the large-scale convergence through a dependence on the vertical 

velocity at the lifting condensation level. The introduction of the minimum 

entrainment rate and the variable cloud radius allow higher (weaker) dilution to be 

associated with weak (strong) low-level forcing. 

Deep or shallow moist convection is triggered when the sum of the 

temperature of a candidate lower tropospheric air parcel, called the Updraft Source 

Layer (corresponding to a mixture of a layer at least 60 hPa deep), lifted at its lifting 

condensation level (LCL) and a temperature perturbation is warmer than the 

ambient air temperature at the LCL. The temperature perturbation is proportional to 

the time-averaged grid-scale vertical velocity at the LCL and it is introduced in order 

to consider the effect of background vertical motion. The parcel ascents taking into 

account the entrainment, detrainment and water loading. If the cloud-depth exceeds 

a variable minimum threshold (2-4 km) that depends on the cloud-base temperature, 

deep precipitating convection will be activated. Otherwise, if none of the candidate 

lower tropospheric layers qualifies for deep ascent, shallow convection will be 

triggered. In the latter case, the mass flux at the cloud-base depends on the 

turbulent kinetic energy below the cloud layer (Kain, 2004). 

Downdrafts that transport air with low values of equivalent potential 

temperature to the lower troposphere, are parameterized by KF. They are 

considered to develop at a layer 150-200 hPa above the updraft source layer and 

emanate only from environmental air. In their presence, detrainment initiates below 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

The WRF Model - Overview and parameterizations used  

29 

 

the top of the updraft source layer. The downdraft may be active until it becomes 

positively buoyant or it reaches the ground/sea. The strength of its mass flux at the 

updraft source layer is proportional to the relative humidity deficit at its source layer 

and on the updraft mass flux at the updraft source layer. The relative humidity of the 

downdraft is 100% within the cloud, while it decreases linearly (20% per km) below 

the cloud base. 

 

2.3.2 Betts-Miller-WŀƴƧƛŏ cumulus convection scheme 

The Betts-Miller-WŀƴƧƛŏ convective parameterization (BMJ) is based on the 

original Betts-Miller scheme (Betts, 1986; Betts and Miller, 1986) and the important 

modifications introduced by όWŀƴƧƛŏΣ мффпύ. Moreover, BMJ has been optimized 

during its multi-year operational use in NCEP as part of ETA numerical weather 

prediction model όWŀƴƧƛŏΣ нлллύ. A detailed description of the updated BMJ 

parameterization is provided by Baldwin et al. (2002), while a summary of its latest 

features in WRF-ARW model can be found in Skamarock et al. (2008). 

It is a lagged static convective adjustment scheme which has been created to 

represent directly the atmospheric conditions after deep convective activity, 

avoiding the uncertainties associated with an indirect determination of them using 

complex algorithms (Betts and Miller, 1993).  The basic idea behind its development 

came from numerous observations of convective clouds during tropical experiments. 

They have shown that the state of the atmosphere after deep convection is nearly 

moist adiabatic, through the sub-ŎƭƻǳŘ ƭŀȅŜǊΩǎ ŜǉǳƛǾŀƭŜƴǘ ǇƻǘŜƴǘƛŀƭ ǘŜƳǇŜǊŀǘǳre. 

Thereby, such pre-ŘŜŦƛƴŜŘ άǊŜŦŜǊŜƴŎŜέ ŀǘƳƻǎǇƘŜǊƛŎ ǇǊƻŦƛƭŜǎ ŀǊŜ ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ 

implementation of the scheme. BMJ provides convective precipitation (associated 

with deep convection), as well as tendencies of temperature and moisture, but no 

cloud water to the grid-scale (Baldwin et al., 2002).   

In the scheme, moist convection may be activated by the most unstable 

parcel of air of the lowest 200 hPa of the troposphere, if it is buoyant at least at 

some vertical levels. Its LCL and the highest model level at which the parcel is 
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positively buoyant (following moist adiabatic lifting) determine the cloud base and 

top, respectively.  

If the cloud depth is larger than 200 hPa, the scheme checks the activation of 

deep convection. Reference (first-guess) profiles of temperature and specific 

humidity are created using pre-existing soundings observed in the vicinity of deep 

convection (Betts, 1986) ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ άŎƭƻǳŘ ŜŦŦƛŎƛŜƴŎȅέ ǇŀǊŀƳŜǘŜǊ όWŀƴƧƛŏΣ 

1994). The cloud efficiency is a non-dimensional function of entropy change, mean 

cloud temperature and precipitation at a single time-step. Janjic, (1994) introduced 

the application of a range of equilibrium states, generating the first-guess profile as a 

function of two extreme ones, a moist and a dry profile corresponding to low and 

high cloud efficiency, respectively. The specific cloud efficiency of the candidate grid-

point at each timestep determines its first-guess profiles of temperature and 

humidity. The latter are adjusted (shifted in a thermodynamic diagram) 

appropriately in order to achieve conservation of enthalpy in the cloud layer. In this 

way, the released latent heat will be associated with removal of water vapor from 

the cloud layer and precipitation at the surface. In this case, deep convection is 

activated at this grid-point and the model adjusts to the final reference profiles of 

temperature and humidity at a relaxation time that also depends on the cloud 

efficiency. Baldwin et al. (2002) showed that the activation of deep convection by 

the BMJ scheme is strongly dependent on the moisture of the cloud layer. 

Downdrafts are parameterized at the grid-points with deep convection using a 

simple scheme (Betts and Miller, 1993). Their source layer is located near 850 hPa 

and their low-level outflow is considered to take place at the 3 lowest model levels. 

They are considered to be unsaturated, unless their inflow is saturated.  

Shallow non-precipitating convection is evaluated for activation when the 

modeled cloud depth is smaller than 200 hPa or the reference profiles generated by 

the abovementioned check of deep convection result to negative precipitation (after 

the conservation of enthalpy), provided that various additional criteria are met 

(Baldwin et al., 2002; Janjic, 1994). The cloud base remains the same, but the cloud 

top is defined as the level with the fastest reduction of relative humidity in a depth 

of 200 hPa above the base. The temperature and humidity profiles are adjusted to 

reference profiles that correspond to observed soundings in shallow cumulus or 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

The WRF Model - Overview and parameterizations used  

31 

 

stratocumulus. The effect of modeled shallow convection is to warm (cool) and dry 

(moisten) the cloud base (aloft), as in reality.  

 

2.3.3 Ferrier microphysics scheme 

CŜǊǊƛŜǊ ƻǊ άEta Grid-scale Cloud and Precipitation scheme released in 2001έ 

(EGCP01) is a bulk microphysical parameterization originally implemented in the 

Meso Eta model of NCEP (Ferrier et al., 2002; Rogers et al., 2001). In bulk schemes, 

semi-empirical particle size distributions (usually gamma or exponential) are 

employed to represent the microphysical properties of the clouds (Khain et al., 

2015). Ferrier is a good candidate scheme for operational numerical weather 

prediction systems (e.g. Katsafados et al., 2012; Pytharoulis et al., 2014b), because of 

its efficacy in various weather conditions (exhibiting a good/satisfactory 

performance) and its low computational cost (Ferrier et al., 2002). Lookup tables are 

used in order to store the results of complex calculations (e.g. for precipitation 

processes) and achieve computational efficiency. 

The parameterization predicts the specific humidity of the water vapor and 

the total condensate, which includes cloud water (small not-falling droplets), cloud 

ice (small crystals of ice), rain and precipitation ice. The latter comprises of snow, 

graupel and sleet depending on its density. The scheme determines the fractional 

contribution of ice condensates (sum of cloud ice and precipitation ice) to the total 

condensate and that of rain to the liquid hydrometeors (Ferrier et al., 2002). The 

information of the different hydrometeors is stored in different arrays locally in 

order to be used only internally by the microphysics scheme. The water vapor and 

the total condensate are advected, but not the different hydrometeors. 

The triggering of cloud condensation depends on a critical value of the 

relative humidity which is a function of grid spacing and tends to 100% at fine 

resolutions. In line with other high-resolution models, the condensation algorithm 

follows Asai (1965).  

The precipitation that falls at the surface includes rain, freezing rain and snow 

(actually precipitation ice). The precipitation fluxes are integrated downwards from 
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the top of the cloud. They are partitioned in a fraction that remains in the grid-box 

(proportional to its vertical size) and the rest that fall from the bottom of the grid-

box. The microphysical processes that take place in the grid-box modify the specific 

humidity of precipitation in the grid-box and the precipitation flux at the bottom of 

the box. The processes of deposition of water vapor and riming of supercooled water 

droplets are taken into account in the calculation of the density of precipitation ice 

(Skamarock et al., 2008). Its mean size depends on temperature, in line with the 

observations of Ryan (1996). The ice crystals of cloud ice are assumed to have a fixed 

ƳŜŀƴ ǊŀŘƛǳǎ ƻŦ нр˃ƳΦ wŀƛƴΣ ŎƭƻǳŘ ƛŎŜ ŀƴŘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƛŎŜ ǇŀǊǘƛŎƭŜǎ ŀǊŜ ŀǎǎǳƳŜŘ ǘƻ 

be exponentially distributed. The parameterization allows the occurrence of mixed-

phase conditions (only ice) at cloudy conditions with air temperatures above (below) 

-30ϲC (Skamarock et al., 2008). Various microphysical processes and their latent 

heating/cooling are represented: vapor condensation, evaporation of cloud, 

autoconversion to form rain, evaporation of rain, collection of cloud droplets by rain, 

riming of supercooled water on ice, freezing of supercooled water, ice deposition, ice 

melting and sublimation, evaporation from wet ice.  

 

2.3.4 WRF Single-Moment 6-class microphysics scheme  

WRF Single-Moment 6-class (WSM6) is a bulk microphysical parameterization 

developed by Hong and Lim (2006). It is a single-moment scheme (like Ferrier), thus, 

only the mass concentration (specific humidity) of each microphysical species is 

predicted explicitly. It is an extension of the WRF Single-Moment 3-class (WSM3) and 

WRF Single-Moment 5-class (WSM5) microphysical schemes (Hong et al., 2004; Hong 

and Lim, 2006). WSM3 assumes simple-ice processes, forecasting only the three (3) 

variables of water vapour, cloud water/ice and rain/snow in line with Dudhia (1989) 

who considered the existence of cloud water and rain (cloud ice and snow) in 

positive (sub-zero) temperatures. No supercooled water or mixed-phase processes 

are parameterized. WSM5 upgrades the previous scheme by forecasting separately 

five (5) species (water vapour, cloud water, rain, cloud ice and snow) and permitting 

the existence of supercooled water and mixed-phase processes (Hong and Lim 2006). 
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Comparing the three, WSM6 is more suitable for fine resolution numerical weather 

prediction (Skamarock et al., 2008; Wang et al., 2014) increasing the rainfall amount 

and its peak intensity (Hong and Lim, 2006). 

WSM6 predicts the specific humidity of six (6) water variables: water vapour, 

cloud water, rain, cloud ice, snow and graupel. An important improvement relative 

to WSM5 is the addition of graupel and the parameterization of its related processes 

according to Rutledge and Hobbs (1984) and Lin et al. (1983). The graupel number 

concentration, as a function of its diameter, is assumed to follow an exponential 

distribution. The formula of Locatelli and Hobbs (1974) was adopted for the 

calculation of the terminal velocity of graupel. The ice microphysics follow the 

methodology of Hong et al. (2004). 

A wide range of microphysical processes are accounted for the 

production/dissipation of each hydrometeor Hong and Lim (2006). These processes 

are considered in two different regimes, depending on whether the temperature is 

ǿŀǊƳŜǊ ƻǊ ŎƻƭŘŜǊ ǘƘŀƴ лϲ/Φ 

The microphysical processes of cloud water in WSM6 are: (a) aggregation:  

formation of rain via autoconversion of cloud water, (b) accretion: collection of cloud 

water by rain, snow and graupel, (c) freezing: both homogeneous and 

heterogeneous freezing are parameterized, using a critical temperature of -40ϲC, (d) 

condensation and evaporation, and (e) melting: cloud ice becomes cloud water via 

melting. 

The parameterized microphysical processes of cloud ice are: (a) initiation of 

cloud ice crystals: nucleation of ice from water vapor, (b) aggregation: snow 

formation through autoconversion of cloud ice, (c) accretion: collection of cloud ice 

by rain, snow and graupel, (d) freezing: both homogeneous and heterogeneous 

freezing are parameterized with a critical temperature of -плϲC, (e) deposition and 

sublimation, and (f) melting. 

The parameterized microphysical processes for the rain are: (a) 

autoconversion: formation of rain via autoconversion of cloud water, (b) accretion, 

(c) freezing to form graupel, (d) evaporation and condensation, and (e) melting.  

The parameterized microphysical processes of snow are: (a) aggregation: 

formation of snow because of aggregation of ice crystals, (b) accretion, (c) 
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deposition/sublimation, (d) melting: the accretion of rain and cloud water by snow 

enhances its melting, and (e) evaporation of snow that melts.  

The parameterized microphysical processes of graupel are: (a) aggregation: 

formation of graupel through autoconversion of snow, (b) accretion, (c) freezing: rain 

freezes to form graupel, (d) deposition of water vapor or sublimation, (e) melting of 

graupel which can increase due to the accretion of cloud water and rain in 

temperatures above 0ϲ, and (f) evaporation of graupel that melts in a sub-saturated 

environment (relative to ǿŀǘŜǊύ ǿƛǘƘ ǘŜƳǇŜǊŀǘǳǊŜ ŀōƻǾŜ лϲC. 

 

2.3.5 Goddard Cumulus Ensemble microphysics scheme 

Goddard is the microphysical parameterization of the Goddard Cumulus 

Ensemble model (Tao et al., 2014; Tao and Simpson, 1993). It is a bulk single-

moment scheme, suitable for fine resolution weather forecasts (Wang et al., 2014), 

which has been developed by the Goddard Space Flight Center of NASA.  

The scheme is based mainly on the parameterization of Lin et al. (1983) and 

the upgrades of Rutledge and Hobbs (1984) on the representation of the physics of 

graupel. In the default version, Goddard includes prognostic equations for the mass 

content (specific humidity) of six (6) variables:  water vapor, cloud water, rain, cloud 

ice, snow and graupel. Mixed-phase processes are included. The numerous studies 

performed with this parameterization either using the Goddard Cumulus Ensemble 

model (e.g. Lang et al., 2007) or by incorporating the scheme in other NWP models 

(e.g. in MM5 and WRF), have resulted to various modifications/improvements.  

The user of WRF-ARW model has the option to integrate the scheme with hail 

instead of graupel (McCumber et al., 1991; Tao et al., 2003; Wang et al., 2014). The 

density of graupel is lower than that of hail, while a higher number of small (large) 

particles are associated with graupel (hail) (Skamarock et al., 2008). Regarding the 

ice microphysics, there are two additional options to run Goddard only with (a) cloud 

ice and snow (without graupel/hail) or (b) cloud ice and graupel in extreme 

conditions (Wang et al., 2014). 
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The saturation technique has been revised in order to prevent sub-saturation 

in cloudy grid-points and super-saturation in clear conditions (Tao et al., 2003). The 

major assumptions of the followed methodology of Tao et al. (1989) are: (a) At 

ǘŜƳǇŜǊŀǘǳǊŜǎ ōŜǘǿŜŜƴ лϲ/ ŀƴŘ ŀ ŎǊƛǘƛŎŀƭ ǾŀƭǳŜ όōŜǘǿŜŜƴ -олϲ/ ŀƴŘ -плϲ/ύΣ ǘƘŜ 

saturation mixing ratio of water vapor is a mass weighted value of the saturation 

mixing ratios over ice and liquid water. Only liquid water (cloud ice) is present at 

ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ лϲ/ όōŜƭƻǿ ǘƘŜ ŎǊƛǘƛŎŀƭ ǾŀƭǳŜύΦ όōύ ¦ƴŘŜǊ ƳƛȄŜŘ-phase 

supersaturation, the excess water vapor is condensed/deposited into cloud 

water/ice. In sub-saturated conditions, the cloud water (ice) evaporates (sublimates). 

The condensation/deposition and evaporation/sublimation rates are linear functions 

of the tempŜǊŀǘǳǊŜ όōŜǘǿŜŜƴ лϲC and the critical sub-zero value). 

The computation of the transfer rates of the processes that are not related to 

evaporation, sublimation and melting is based on one thermodynamic state. In this 

way, the equal treatment of these microphysical processes is ensured (Tao et al., 

2003). Otherwise, one microphysical process would be activated first, affecting the 

temperature and moisture before the activation of another process. An additional 

improvement is related to the assurance of the water budget in the microphysical 

computations (Skamarock et al., 2008).  

Finally, it is noted that Tao et al. (2003; their Table 3) suggested that tuning is 

needed for the optimum use of the Goddard parameterization in different 

environments. 

 

2.3.6 Mellor-Yamada-WŀƴƧƛŏ ōƻǳƴŘŀǊȅ layer scheme 

The Mellor-Yamada- WŀƴƧƛŏ  turbulence parameterization (hereafter MYJ) was 

originally developed by Mellor and Yamada (1982) and later was updated and 

significantly improved for research and operational use by WŀƴƧƛŏΣ нллмΣ мфф4, 1990). 

It employs a 1.5 order closure (Stensrud, 2011) with local vertical mixing and predicts 

turbulent kinetic energy. The N-th order closures parameterize the unknown N+1 

order correlations in terms of the lower moment predicted terms (Cohen et al., 

2015). In the case of non-integer order schemes, e.g. 1.5-order, 1st order moments 
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are diagnosed for a number of variables and 2nd order moments for others (Tymvios 

et al., 2018). In a local scheme, the variables at a level are affected only by the ones 

at adjacent vertical levels. 

WŀƴƧƛŏ όнллмύ provided a solution to the singularity problem of the original 

scheme that appeared when the turbulent kinetic energy (TKE) tended to vanish (e.g. 

Gerrity et al., 1994). Not only the TKE and the master length scale are required to be 

positive, but also a maximum value is imposed to the master length scale. The 

master length scale is estimated within the atmospheric boundary layer following 

Mellor and Yamada (1974), Miyakoda and Sirutis (1977) and WŀƴƧƛŏ όмффпΣ мффлύ. 

Above the boundary layer, it is a percentage of the vertical grid spacing. In MYJ, the 

lowest model level height at which the production of TKE cannot balance dissipation 

determines the height of the boundary layer. WŀƴƧƛŏ όнллмύ suggested that the upper 

ǾŀƭǳŜ ƻŦ ǘƘŜ ƳŀǎǘŜǊ ƭŜƴƎǘƘ ǎŎŀƭŜ Ƴǳǎǘ ōŜ άǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ǎǉǳŀǊŜ Ǌƻƻǘ ƻŦ ǘǿƛŎŜ 

the TKE and a function of large-ǎŎŀƭŜ ōǳƻȅŀƴŎȅ ŀƴŘ ǎƘŜŀǊέ ƛƴ ƻǊŘŜǊ ǘƻ ōŜ ŀōƭŜ ǘƻ 

implement this parameterization without a singularity issue in stable and unstable 

regimes.  

The MYJ parameterization is implemented in conjunction with the Eta surface 

layer scheme which follows the similarity theory (Monin and Obukhov, 1954). During 

free convection and zero wind speed, the singularity problem is corrected through 

the methodology of Beljaars (1995), in which part of the surface buoyancy is 

transformed into kinetic energy. An important feature of the Eta surface layer 

scheme is the use of a viscous sublayer. This is a near surface layer which is so thin 

that there is no room for the development of turbulence. Therefore, the momentum, 

heat and moisture are transported through molecular diffusion. In the presence of 

the viscous sublayer, the surface energy fluxes are weaker because the molecular 

diffusion is much weaker than turbulence.  

Over the land, the viscous sublayer is parameterized using the formula of 

Zilitinkevich, (1995) which defines the roughness height of temperature and 

humidity relative to the one for momentum όWŀƴƧƛŏΣ нллмύ. Three difference regimes 

are considered over water grid-points: (a) smooth and transitional, (b) rough and (c) 

rough with spray όWŀƴƧƛŏΣ нлмфΣ мффпύ. The depth of the viscous sublayer as well as 

the roughness length is a function of the friction velocity όWŀƴƧƛŏΣ мффпύ. Heat and 
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moisture (momentum) are transported through this sublayer in the first two (one) 

regimes. Janjic (1994) presented the improvements due to combination of this 

scheme with updates on the MYJ and BMJ schemes of Eta model, on the 

precipitation. Pytharoulis, (2008) provided evidence about the effect of this sublayer 

on the surface fluxes of heat and moisture, as well as on temperature and 

precipitation over the Mediterranean sea, through numerical experiments with the 

SKIRON/Eta model. 

 

2.3.7 Yonsei University boundary layer scheme 

The turbulence parameterization of the Yonsei University (YSU, Hong et al., 

2006) is an upgraded version of the widely used MRF boundary layer scheme (Hong 

and Pan, 1996) suggesting a revised treatment of the vertical diffusion. It uses a first 

order closure with nonlocal vertical mixing within the planetary boundary layer 

(Cohen et al., 2015), that is the variables at a specified level are determined from the 

ones at multiple (and not just from the adjacent) levels. The local approach is 

followed above the mixed layer. 

YSU parameterization has been developed in order to treat various 

deficiencies of the MRF, related with too much mixing in windy conditions that 

results to a drier lower boundary layer, much deeper boundary layer height, weak 

mixing in a convection-dominated boundary layer, weakening of the convective 

inhibition that affects the simulated precipitation etc. (Hong et al., 2006). The new 

scheme treats the entrainment at the top of the boundary layer explicitly, via an 

additional term for the entrainment flux at the inversion layer. Moreover, it follows 

ǘƘŜ άƴƻƴƭƻŎŀƭ Yέ ŀǇǇǊƻŀŎƘ ƻŦ Troen and Mahrt (1986) taking into account the 

countergradient fluxes for potential temperature and momentum, but not for 

moisture. The large eddies are considered in the turbulence diffusion equations 

through a gradient correction factor.  

In the definition of the boundary layer top, a critical value of zero (0) is 

assumed for the bulk Richardson number. Thereby, the boundary layer height is 

found through the investigation of the stability, taking into account the perturbation 
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in the potential temperature because of the surface buoyancy flux (Hong et al. 

2006).  

The surface layer is parameterized by the MM5 scheme. It is based on Monin-

Obukhov similarity theory όWƛƳŞƴŜȊ Ŝǘ ŀƭΦΣ нл12) and uses the stability functions of 

Dyer and Hicks (1970), Paulson (1970) and Webb (1970) in order to calculate the 

transfer coefficients. Four stability regimes are considered, depending on the bulk 

Richardson number (Zhang and Anthes, 1982): (a) stable conditions, (b) damped 

mechanical turbulence, (c) forced convection and (d) free convection. The wind 

speed at the lowest model level and thus the surface fluxes are enhanced, using a 

convective velocity (Beljaars, 1995) and a subgrid velocity (Mahrt and Sun, 1995; 

only for grid spacings greater than 5 km). A viscous sublayer (Carlson and Boland, 

1978), up to the height of the roughness length over the water and 0.01 m over land, 

is employed in the computation of the transfer coefficient for moisture. Over water 

the roughness length is related to the friction velocity (Skamarock et al., 2008).  

Finally, in the default version the drag coefficient is a monotonically 

increasing function of the wind speed (Green and Zhang, 2013). However, according 

to Donelan (2004) and Powell et al. (2003) this is not valid over the sea for wind 

speeds greater than 33 m/s. Moreover, the dissipative heating is not considered in 

the calculation of the sensible heat fluxes. Two additional options, with modified 

roughness lengths and exchange coefficients as well as with dissipative heating, are 

available in WRF-ARW model (Green and Zhang, 2013; Wang et al., 2014). 

Pytharoulis et al. (2018) investigated the sensitivity of a simulated medicane (that 

developed in November 2014) on these options. 
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Sensitivity studies and model 
performance 

 

The first statistical evaluation of the numerical studies performed in the 

framework of the current dissertation is presented in this chapter. The focus is on 

convective activity simulations with the WRF model. Characteristic cases belonging 

to various synoptic conditions are examined in order to have a more representative 

sample of storm days. The study aims on identifying the best performing of the 

different setups engaged to conduct the simulations without first examining their 

synoptic forcing. The impact of different WRF physics schemes employed on the 

simulation of convective activity over Thessaly is assessed. Three microphysics 

schemes, two planetary boundary layer schemes (with their corresponding surface 

schemes) and two cumulus convection schemes were tested. After the selection of 

the most appropriate setup, the performance of the model is assessed again with the 

inclusion of more test cases and the drawing of conclusions related to the synoptic 

conditions of each case. Surface weather observations from weather stations, along 

with radar data, were used for the evaluation. Particular emphasis was given on 

mean sea level pressure, surface temperature, surface relative humidity and surface 

winds, when using station data and on geometrical/morphological characteristics of 

clouds, when using radar data.  

3.1 Introduction 

The central part of Greece -which mainly belongs to the administrative area 

of Thessaly-, is one of its main agricultural production areas. As Greece is an 

agricultural country the production of the Thessaly plain has a major influence in 

ŎƻǳƴǘǊȅΩǎ ǎƻŎƛƻ-economic status and plays a crucial role in its financial life. 

With an area of almost 14.000 km2 and places where the elevation is below 

mean sea level pressure (dried lakes in the south east part) up to a little less than 
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3000m (in the south part of mount Olympus) Thessaly occupies the eastern part of 

central Greece. Following the Mediterranean climate type, precipitation mainly 

occurs during the cold period (from October to April), while during summer the small 

amounts of precipitations mainly come from small duration and high intensity 

convective events. Apart from the described high inter-annual variation, the Pindus 

aƻǳƴǘŀƛƴǎ ƭƻŎŀǘŜŘ ƛƴ ¢ƘŜǎǎŀƭȅΩǎ ǿŜǎǘ ǇŀǊǘΣ ŎƻƳōƛƴŜŘ ǿƛǘƘ ǘƘŜ ŜŀǎǘǿŀǊŘ ƳƻǾing 

atmospheric circulation, results in high spatial heterogeneity of the precipitation 

regime. Low elevation areas in the east accept around 420mm while in high 

elevation areas in the west precipitation exceeds 2.000mm (Flocas, 1994). Those 

characteristics that could classify the eastern plain area as semi-arid, have not yet 

reduce in a sizable way the agricultural production. Fruits (like apples, pears, 

cherries) and agricultural commodity products (as wheat, cotton, maize, etc) make 

ǳǇ ǘƘŜ ŀǊŜŀΩs production. The intensification of the applied agricultural activities, 

leads to further exploitation of underground water, which combined with the 

reluctance of farmers to perform good irrigation methods has led to significant water 

deficit in the area presented as lowering of the underground water levels  (Petalas et 

al., 2005).  

As population increases and irrigation absorbs during the demanding warm 

period of the year more and more water, drought is an imminent threat presenting 

its signs in the last decades over the area (Tzabiras et al., 2016). The DAPHNE 

research project that was active from 2013 to 2015 tried to propose a methodology 

to tackle the problem of drought in the area. Using Weather Modification 

(Karacostas et al., 2015) favorable atmospheric conditions could be identified and 

convective clouds could be characterized as being candidates for assisted production 

of rain/snow through cloud seeding. The same effect could have been the collateral 

benefit of melting hailstones and their transformation into raindrops. The in advance 

knowledge of the atmospheric conditions, when dealing with convective scale 

phenomena, could only be realized using a state-of-the-science numerical weather 

prediction model configured in such a way, able to maximize its performance in 

analyzing moist convection in the area of interest. 

Atmospheric models are built having in mind that they will deal with a huge 

number of scales from local turbulence in the scale of centimeters to synoptic scale 
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in mid-latitude weather systems and even more in planetary waves (Grabowski et al., 

2019). In the work of 0ǳǊƛŏ ŀƴŘ WŀƴŎ όнлммŀΣōύ, who examined storms in Serbia from 

1981 to 1995 using convection allowing numerical weather models, the total 

convective precipitation was effectively resolved by the models. In recent studies by 

Pytharoulis et al. (2016) and Lompar et al. (2017) extreme storms,  that happened in 

Greece and Serbia respectively, accompanied by large amount of precipitation were 

simulated with the WRF numerical weather model. 

 For convection scale numerical simulations the microphysics scheme used 

plays an important role in the proper representation of the storms (Clark et al., 2012; 

Lean et al., 2008; Roberts and Rutledge, 2003; Stein et al., 2015; Weisman et al., 

2008). The boundary layer structure as represented by the selected boundary layer 

scheme is a key factor in convective storm initiation, structure, and development. 

The boundary layer scheme regulates the onset of the convection scheme and 

together with the convection scheme adjust the vertical instability όaǀōƛǎ ŀƴŘ 

Stevens, 2012). Finally convection scheme also acts as a mean of regulating the 

available convection potential in a starting storm (Roberts and Rutledge, 2003).  

3.2 Upper-air synoptic circulation types 

Synoptic types classification has been globally used from many researchers 

(Hess and Brezowsky, 1977; Lamb, 1972; Muller, 1977), attempting to identify air-

mass properties with circulation patterns and their connection with the appearance 

of certain weather events over a place.  Likewise, several Greek researchers dealt 

with producing synoptic types over Greece using different calculation methods 

(Karacostas, 2003; Karacostas et al., 2018, 1992; Kassomenos et al., 1998; Maheras 

et al., 2000). In this study, the classification method proposed by (Karacostas, 2003) 

and (Karacostas et al., 2018) is used for classifying each day into certain atmospheric 

schemes using ECMWF gridded analysis data. It is a manual classification scheme 

based on synoptic charts of the upper atmospheric isobaric surfaces of 300hPa, 

500hPa and 700hPa along with the presence of the trough/ridge axis and its 

position/orientation.  

A brief description of the synoptic types used in this study follows: 
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Open Long Wave trough (OPTR): This synoptic type is characterized by the 

presence of a slow-moving long wave trough dominating the area of interest (Fig. 

3.1).  Sometimes the long wave trough might be stationary. In this synoptic situation 

the upper airflow over the area is generally light, having a northwest to west wind 

direction. Air masses prevailing over the area are generally characterized as 

moderately unstable. An accompanying surface low sometimes associated with 

frontal activity is situated to the east or southeast of the area of interest. In case of 

evident baroclinic zone, this is placed between the trough line and the surface low 

pressure system. An anticyclone is generally positioned northwest of the area of 

interest. As a result to that, a north-west wind flow is observed over the surface. 

 

Figure 3.1.  Geopotential height at 500hPa during OPTR circulation type. 

Closed Long Wave trough (CLO): If one or more closed geopotential height 

lines are observed in the upper air synoptic charts this synoptic situation is named 

CLO (Fig. 3.2). This synoptic type is similar with OPTR synoptic type, but in this case, a 

more organized trough with easily observed developed baroclinic zone is present 

resulting in deeper and well-organized associated surface low pressure system. In 

this case air masses over the area are almost unstable, as a result of cold air 

advection due to the trough. Surface winds have a northerly component. Frequent 

thunderstorm is observed over the area, especially during the warm period of the 

year. 
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Figure 3.2.  Geopotential height at 500hPa during CLO circulation type. 

Cut-Off Low (CUT): This synoptic situation is described as the mature stage of 

both OPTR and CLO, formerly described, synoptic types. Closed contour lines are 

observed, resulting in a cut-off upper air low pressure system which is separated 

from the main westerly upper air flow (Fig. 3.3). This synoptic system presents 

almost no inclination from bottom to top of the atmosphere. Usually within these 

situations the kinetic energy of the weather system has been converted into dynamic 

energy. The associated surface low pressure system, which is almost vertically 

situated below the upper air cut-off low, remains longer time over the area 

producing scattered thunderstorm activity.  

 

Figure 3.3. Geopotential height at 500hPa during CUT circulation type. 
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North-West flow (NW): At this synoptic type a long wave ridge is located west 

or northwest of the area of interest. Usually a long wave trough is situated to east or 

southeast of the area as well (Fig. 3.4). Sometimes, the resulting northwest flow is 

embedded with a number of short-wave troughs and ridges following the main 

northwest air flow. The presence of an aligned baroclinic zone over or east of the 

area is also evident. At the surface, a low pressure system is present to the east and 

a high pressure system to the north or northwest of the area. A northwest to 

southeast cold front appears sometimes, as the result of the embedded upper air 

short wave trough. Due to upper cold air advection the air mass becomes more 

destabilized resulting in frequent thunderstorm activity. According to the orientation 

of the trough axis the airflow ranges from westerly to northerly directions. 

 

Figure 3.4. Geopotential height at 500hPa during NW circulation type. 

South-West flow (SW): This synoptic type is characterized by the presence of 

a long wave trough situated to the west or southwest of the area of interest (Fig. 

3.5). Accordingly, a long wave ridge to the east or northeast of the area is also 

present. As a result to that, a southwest flow prevails over the area, sometimes 

coupled with a series of embedded short wave troughs and ridges. The baroclinic 

zone is usually aligned over, or to the east of the area of interest. At the surface, a 

low-pressure system is observed to the east or northeast and a high-pressure system 

to the south or southwest of the area. A warm front is sometimes observed, 

embedded to the southwest to northeast airflow, as a result of the upper air short 
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wave trough. Alike with SW synoptic type, the orientation of the trough axis tilts 

airflow from southerly to westerly directions.  

 

Figure 3.5. Geopotential height at 500hPa during SW circulation type. 

Zonal flow (ZON) (Fig. 3.6): This synoptic type is the outcome of the presence 

of a low amplitude trough to the west and north of the area and a low amplitude 

ridge to the east and south. According to the pressure gradient, the resulting 

westerly winds vary in strength. Within this flow, embedded short waves are 

developed and move quite rapidly, passing over the area. Surface low pressure 

systems and associated frontal zones are generally moving from west to east having,  

 

Figure 3.6. Geopotential height at 500hPa during ZON circulation type. 
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under the upper level baroclinic zone, cold air masses to the north and the warm air 

masses to the south. 

According to Yarnal (1993) there are two main ways for circulation type 

classification. Circulation to environment and environment to circulation. In the first 

way the atmospheric circulation classification occurs first and then a relation is 

established with an environmental phenomenon. In the second method, the 

circulation classification is carried based on observed parameters of environmental 

phenomena. In the present study the second approach was adopted. Moreover, the 

manual synoptic classification scheme proposed by Karacostas et al. (1992) and 

Karacostas (2003) was used. 

 

3.3 Case Selection 

A two step procedure was chosen for the final selection of the model setup to 

be used at the operational runs of the DAPHNE research project.  

In the first stage, seven (7) characteristic cases from year 2010 were selected 

and simulations were performed with variable model setups (12 different setups, 

explained later in section 3.4). This way a total number of 7 x 12 = 84 simulations 

were performed and evaluated to reach the preliminary decision about the setup to 

be used. The selected days that were chosen are presented in Table 3.1. 

Table 3.1. Dates of the simulated cases during the first stage of the selection 

procedure 

19/06/2010 27/06/2010 20/07/2010 04/08/2010 

12/09/2010 20/09/2010 25/09/2010  

 

Stepping up on the synoptic classification of the upper air circulation types, 

the initial number of selected cases was raised to thirty-six (36). Six cases from every 

different upper-air synoptic circulation type were selected (Table 3.2) for days that 

convective activity affected the examined area. For these days simulations were 

performed with the setup selected in the first stage and evaluated.  
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Table 3.2. Dates of the simulated cases during the second stage of the selection 

procedure categorized by synoptic type 

Zonal (ZON) 
19/09/2007 24/09/2008 06/07/2009 

13/09/2009 17/09/2009 19/06/2010 

Northwest (NW 
14/06/2007 25/05/2009 04/07/2009 

19/09/2009 23/05/2010 18/07/2010 

Southwest (SW) 
04/06/2008 15/05/2009 17/04/2010 

15/05/2010 04/08/2010 25/09/2010 

Open Trough (OPTR) 
09/06/2008 03/07/2009 06/09/2009 

20/04/2010 07/07/2010 20/09/2010 

Closed Low (CLO) 
02/09/2007 27/09/2008 22/05/2010 

22/06/2010 27/06/2010 12/09/2010 

Cut-off Low (CUT) 
24/05/2007 28/06/2009 29/06/2009 

05/06/2010 11/07/2010 20/07/2010 

 

This way the performance of the selected setup was tested for consistency in 

a broader sample of convective days. The familiarity to the characteristics of the area 

of interest in terms of the local weather and environment, assisted by previous radar 

based climatological studies in the examined area (Bampzelis and Karacostas, 2016, 

2014) provided the required assurance for the representativeness of the selected 

cases. 

3.4 Numerical Model setup 

The meteorological model used is the WRF-ARW model, version 3.5.1 (WRF-

ARW Version 3.5.1 (Skamarock et al., 2008; Wang et al., 2014, thoroughly described 

in Chapter 2). Three nested domains were used (Fig. 3.7). The coarser domain (D01) 

with grid spacing of 15Km x 15km covers Europe and a large part of Northern Africa 

(301x261 grid points). Synoptic scale characteristics can be captured in detail in this 

resolution. The middle domain (D02) with grid spacing of 5km (grid ratio 1:3) covers 

Greece, the lower Balkans and part of Asia Minor (253x253 grid point). Finally the 

finest domain (d03) has a grid spacing of 1.67Km and is centered over Thessaly 
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(201x171 grid points). The top level of the model was located at 50 hPa. The model 

sigma levels number was set to thirty-nine (39). Variable vertical resolution was used 

with coarser resolution in the upper levels and layers close to each other at the 

boundary layer. Ten minutes output interval was set for the innermost domain 

(D03), as a mean to capture the fast evolving field of radar reflectivity. 

Table 3.3.  Model Setups used in the study 

Experiment Microphysics Boundary layer Surface layer 
Convection 

(D01 and D02) 

ETA-KF-YSU ETA YSU MM5 KF 

ETA-KF-MYJ ETA MYJ ETA BMJ 

ETA-BMJ-YSU ETA YSU MM5 KF 

ETA-BMJ-MYJ ETA MYJ ETA BMJ 

WSM6-KF-YSU WSM6 YSU MM5 KF 

WSM6-KF-MYJ WSM6 MYJ ETA BMJ 

WSM6-BMJ-YSU WSM6 YSU MM5 KF 

WSM6-BMJ-MYJ WSM6 MYJ ETA BMJ 

GOD-KF-YSU Goddard YSU MM5 KF 

GOD-KF-MYJ Goddard MYJ ETA BMJ 

GOD-BMJ-YSU Goddard YSU MM5 KF 

GOD-BMJ-MYJ Goddard MYJ ETA BMJ 

In order to find the best performing mix of physics schemes, a number of 12 

combinations was tested (Table 3.3). Three (3) microphysics (mp) schemes were 

employed in the simulations: Ferrier-ETA (ETA, mp_physics=5) which is the 

operational microphysics scheme in NCEP, simple, fast, but yet efficient scheme with 

diagnostic mixed-phase processes. WRF Single Moment 6-class (WSM6, 

mp_physics=6) which is suitable for high-resolution simulations, cloud water, rain, 

ice, snow and graupel are represented in separate variables (Wang et al., 2014). 

Goddard (GOD, mp_physics=7) which also classifies ice, snow and graupel in 

separate variables. Two planetary boundary layer schemes: Yonsey University (YSU, 

bl_pbl_physics=1) which is a non local-K vertical mixing scheme with explicit 

entrainment. Mellor-Yamada-WŀƴƧƛŏ (MYJ, bl_pbl_physics=2), a local closure scheme 
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that predicts turbulent kinetic energy. Finally two cumulus parameterization 

schemes were used only in the two outer nests (D01, D02): Kain-Fritsch (KF, 

cu_physics=1) addresses deep and shallow convection. Betts-Miller-WŀƴƧƛŏ (BMJ, 

cu_physics=2), the operational ETA scheme aiming at a well-mixed profile through 

column moist adjustment (Wang et al., 2014). The physics schemes are better 

described in chapter 2 of the present dissertation. 

 

 Figure 3.7.  Model domain setup used by WRF-ARW in the numerical experiments. 

(inline picture presents innermost domain topography, radar position 

and stations used in model validation in D03). 

The Rapid Radiative Transfer Model application for Global (RRTMG, 

ra_sw_physics=4) climate models (Iacono et al., 2008) was used for both the 

longwave and shortwave radiation. The surface layer scheme employed was 

dependent on the boundary layer scheme selected. MM5 similarity 

(sf_clay_physics=1) based on Monin-Obukhov with Carlson-Boland viscous sub-layer 

and standard similarity functions from lookup tables when Yonsei University 

boundary layer scheme was selected, and Eta similarity based on Monin-Obukhov 

with Zilitinkevich thermal roughness and standard similarity functions from lookup 
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tables when Melor-Yamada-WŀƴƧƛŏ boundary layer scheme  was selected (Wang et al., 

2014). Surface physics was represented by the NOAH (NCEP/Oregon State 

University/Air Force/Hydrologic Research Lab) Unified model (sf_surface_physics=2, 

Chen & Dudhia, 2001) 

The resolution of 5km falls in to the grey zone for the use of parameterized 

convection. Prior use from the writer and other researchers suggests that this is not 

uncommon in everyday use of meteorological models for operational purposes in 

grid spacings of this order of magnitude in Greece and other Mediterranean Sea 

regions (Kotroni and Lagouvardos, 2004; Lagouvardos et al., 2013; Pytharoulis et al., 

2016; Sindosi et al., 2012) 

Data from the European Centre for Medium-Range Weather Forecasts 

(ECMWF), at a horizontal resolution of 0.25ox0.25o was used as initial and boundary 

conditions. Their temporal resolution was six hours and they consisted of operational 

analyses (and not forecast products) to avoid the error inherent to forecast products. 

National Center for Environmental Prediction (NCEP) SSTs was retrieved at horizontal 

resolution of ~ 0.083ox0.083o and they were kept constant for the whole simulation. 

Topography and the land-use data were provided by USGS (United States Geological 

Survey) at the fine-ǊŜǎƻƭǳǘƛƻƴ ƻŦ олΩΩȄолΩΩΦ 

For every selected day, data from the 12:00 UTC cycle of the previous day 

from ECMWF was used for the initialization of the model. The forecast horizon was 

36 hours, thus reaching the 24:00UTC for the day of interest. For every case chosen it 

was checked that convective activity for both the simulations and observation was 

already over at that time. The first 12 hours were used for model spin-up and a net 

duration of 24 hours (00:00UTC to 24:00UTC for the selected day) was used for the 

analysis. 

3.5 Verification data: Weather stations, Radar data and TITAN 

Data provided by the Hellenic National Meteorological Service (HNMS) was 

used for the statistical evaluation of the model performance in the domain D02 over 

Greece. Meteorological data were available every three hours and the corresponding 

forecast values were extracted from the simulations. For Larissa and Aghialos (Fig. 
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3.7) hourly data were used for statistical evaluation in D03. The fields of 2 m air 

temperature (TEMP), 2 m air relative humidity (RH), mean sea-level pressure (MSLP) 

and wind speed at 10 m (WIND) was used for the evaluation. 

. 

Figure 3.8.  Detailed topography (m) of the model domain D02. Overploted with red 

dots the meteorological stations of the Hellenic National Meteorological 

Service, which were used in the validation of D02 simulations.  

A C-band (5cm) weather radar located in the center-north west part of the 

examined area is the source of the radar data. It takes around 3.5 minutes for the 

radar to cover the area around it at 26 levels, with the lowest being at 1km and the 

highest at 19.75km. The field of reflectivity is interpolated at a grid having a 

resolution of 750m in each dimension. Taking account for the cone of silence, a circle 

with diameter of 30 km was created and the data contained in the circle were not 

considered for analysis. The convective cells are identified using TITAN 

(Thunderstorm Identification, Tracking, Analysis, and Nowcasting) software (Dixon 

and Wiener, 1993). TITAN is a software suite used in real time for operational 

purposes in weather modification applications, and in archived mode for post 
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analysis of past cases, providing identification, tracking and forecasting of convective 

cells taking as input data raw reflectivity measurements from a weather radar. By 

setting a threshold on the reflectivity value one can identify a storm as a three 

dimensional entity satisfying the criterion. Roberts & Rutledge (2003) proved that 

setting the threshold to 35dBz acquired a satisfying correlation with the 

development of mature cumulonimbus clouds. The Greek National Hail Suppression 

Program (Karacostas, 1989, 1984) uses the same threshold for the initiation of cloud 

seeding operations. For the purposes of this study cloud top, cloud base, area and 

maximum reflectivity were produced by TITAN.  

The 10 minutes outputs from D03 of the model were the initial data for the 

calculations of the convective activity in the area of interest. The same 35dBz 

threshold employed in the radar data was used for the model results. Convective 

activity was considered to occur when the composite (maximum throughout the 

atmospheric column) reflectivity, in the model was higher than 35 dbz. Valid data 

were considered those that were contained on a 140km x 140km region centered on 

the weather radar (Liopraso, 39.674oN, 21.837oE) and laying outside the cone of 

silence of the radar (3.7 inline). The NCEP Unified Post Processing module of WRF 

(UPP; Wang et al., 2014) ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƳǇǳǘŜ ƳƻŘŜƭΩǎ ǊŜŦƭŜŎǘƛǾƛǘȅ ƛƴ ŜǾŜǊȅ ƳƻŘŜƭ 

ǘƛƳŜ ǎǘŜǇ ŀƴŘ ǘƘŜƴ ōȅ ǳǎƛƴƎ ǘƘŜ орŘ.Ȋ ŎǊƛǘŜǊƛƻƴ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŎƭƻǳŘΩǎ ǘƻǇ ŀƴŘ ŀǊŜŀΦ 

The last step was to transform both radar and model data into hourly data by taking 

into account maximum reflectivity, average area and maximum cloud top that 

happened through the examined hour. 

3.6 Sensitivity results 

3.6.1 Performance at domain D02 

Using data provided by the 20 stations of HNMS presented in Fig. 3.8 the 

ƳƻŘŜƭΩǎ ǎǘŀǘƛǎǘƛŎŀƭ ŜǾŀƭǳŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ aƻŘŜƭ 9Ǿŀƭǳŀǘƛƻƴ ¢ƻƻƭ 

(METv.60, Brown et al., 2017)  The plots were created using NCL (NCAR Command 

Language, UCAR/NCAR/CISL/TDD, 2018). Three-hourly values exported from the 

available meteorological messages and the corresponding model values were 

considered. Using the distance weighted mean interpolation method with data from 
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the four closest grid points, the forecasted values at the station location were 

obtained. 

Fig. 3.9 presents the mean error ME (a) and mean absolute error MAE (b) for 

mean sea level pressure. The model underestimates the MSLP in every case. There is 

a clear distinction between the two cumulus schemes. Simulations performed using   

 

 

Figure 3.9. The Mean Error (a) and Mean Absolute Error (b) of mean sea-level 

pressure forecasts of WRF-D02 over Greece in the twelve sets of 

experiments (See Table 3.3 for more info on the specific model setups). 

the Kain-Fritsch cumulus scheme have a systematically bigger mean error.  The 

values of mean error range from -1.3hPa to -0.2hp for KF cumulus scheme and from -

-1.0hPa to -0.1hPa for BMJ scheme. The simulations performed using YSU boundary 

layer scheme correspond to those presenting the bigger values. They also have wider 

spread than the cases simulated using the BMJ boundary layer scheme. The mean 

absolute error has the same behavior with values ranging from 0.8hPa to 1.4hPa. It is 
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worth noting that the case of 20/09/2010 presents the best results in every 

simulation while the worst represented case is the one of 12/09/2010. This was a 

case which led to model crashes in at least two simulations. Some simulations 

(mainly using Goddard microphysics) presented erratic results and are not shown in 

the graph (and the subsequent graphs for the other parameters). 

 

 

Figure 3.10.  The Mean Error (a) and Mean Absolute Error (b) of 2m air temperature 

forecasts of WRF-D02 over Greece in the twelve sets of experiments 

(See Table 3.3 for more info on the specific model setups). 

Temperature ME and MAE are presented in Fig 3.10a and 3.10b respectively. 

The ME shows values from 0.1K to -1.1 (with one outlier at -1.6K). There is no 

systematical error related to the cumulus scheme as in MSLP but there is a 

distinction based on the BL scheme. Better results are obtained on the simulations 

using the YSU boundary layer scheme. The WSM6-KF-YSU and the WSM6-BMJ-YSU 

model setups present the smaller overall MAE with values from 1.3K to 1.8K while 

(a) 

(b) 
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their spread of values is also the smallest. On the opposite side the WSM6-KF-MYJ 

and WSM6-BMJ-MYJ model setups came out with the worst results reaching values 

of MAE close to 2.6K almost double the mean values of the other setups. The relative 

humidity results of the simulation exhibit the greatest dependence on the boundary 

layer scheme used, which is evident from the successive ups and downs in Fig. 3.11a 

and 3.11b presenting the ME and MAE of relative humidity. Relative humidity is over 

estimated in almost every case. In the cases where YSU boundary layer was used the 

values of ME ranges from -1.0% to 5.8%. On the other hand when MYJ scheme was 

used the values of ME are all positive from 1.9% to 8%. The MAE values range from 

7.9% to 11.1% for simulations performed using the YSU BL scheme compared to 9.0% 

to 13.0% with the MYJ BL scheme. 

 

 

Figure 3.11.  The Mean Error (a) and Mean Absolute Error (b) of 2m relative humidity 

forecasts of WRF-D02 over Greece in the twelve sets of experiments 

(See Table 3.3 for more info on the specific model setups). 

(a) 

(b) 
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Finally WRF overestimated the wind speed as is shown in Fig 3.12. The mean 

error (Fig. 3.12a) ranges from 0.4m/s to 1.9m/s. The dependence on the boundary 

layer scheme used is noticeable for wind speed too. The YSU boundary layer 

simulations have a ME reaching 1.6m/s and in only 2 cases 1.7m/s. The BMJ  

 

 

Figure 3.12. The Mean Error (a) and Mean Absolute Error (b) of 10m wind speed 

forecasts of WRF-D02 over Greece in the twelve sets of experiments 

(See Table 3.3 for more info on the specific model setups). 
 

boundary layer simulations reach values from 0.7m/s to 1.9m/s.  The BMJ cumulus 

scheme coupled with MYJ boundary layer scheme presents the biggest mean ME for 

all the cases. That high value of ME is the result of high values in all the cases and not 

a result of outliers indicating as systematic unmatched combination.  

 

3.6.2  Cloud Characteristics at domain D03 

The characteristics of the simulated convective activity in WRF-D03 and those 

measured  by  the  radar  for  a typical  case  are  shown  in  Fig. 3.13  to  Fig. 3.15  as  

a

) 

(a) 

(b) 
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Figure 3.13. Cloud top and base for WRF-D03 grid points with composite reflectivity 

greater than 35 dBz (for August 4, 2010). Blue markers represent radar 

measurements, green markers model results for KF convection scheme 

and red markers results for BMJ convection scheme used in WRF D01 

and WRF D02. 

(a) (b) 

(c) (d) 

(e) (f) 
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represented by cloud top, cloud base, maximum reflectivity and cloud area. In the 

analysis the results are presented in relation to the cumulus scheme, even if cumulus 

convection was not used in D03. The cumulus convection scheme used refers to D01 

and D02. 

3.6.2.1 Cloud Height 

In every simulation the model over estimated the cloud height. The 

simulations present a more rapid growth of the cloud than the one calculated by the 

radar data. For Ferrier microphysics (mp5) from the time that the cloud has reached 

reflectivity of more than 35dBz its top height remains almost constant. This is more 

pronounced in the KF (cu=1) than in BMJ (cu=2) simulation (Fig. 3.13a and 3.13b). 

The WSM6 (mp=6) simulations present a variation in top height, more evident when 

KF cumulus scheme is used. The timing of the maximum height is well simulated (Fig 

3.13c).  The simulations using the BMJ cumulus scheme (Fig. 3.13c and 3.13d) show 

an onset of light convective activity (reflectivity more that 35dBz in lower heights) 

three to five hours before the actual start of the activity. The Goddard microphysics 

(mp=7) simulations overestimate more than the other setups the cloud height 

reaching 14km. Furthermore the Goddard scheme coupled with MYJ boundary layer 

scheme (bl=2) causes a rapid evolution of the convective activity that ends at least 

1.5 hour earlier that the other setups (Fig. 3.13f). The cloud base is almost 

independent of the setup used and is calculated at about 2km, almost double the 

one measured from the radar data. 

3.6.2.2 Maximum Reflectivity 

Maximum reflectivity (simulated and measured) is shown in Fig. 3.14. All 

simulations results are in close agreement with the maximum reflectivity measured 

from the radar.  The simulations using the Ferrier microphysics (Fig 3.14a and 3.14b) 

present smaller reflectivity in the beginning of the activity but soon reach the actual 

values measured. The onset of the activity is well represented but the end of the 

activity is sharper and while the radar measures reflectivity more than 35dBz the 

model predict smaller values, less than 35dBz. When WSM6 is the microphysics 

scheme  employed  in  the  simulations  the  reflectivity  is  overestimated  by  2-4dBz  
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Figure 3.14. Maximum reflectivity in WRF-D03 grid points with composite reflectivity 

greater than 35 dBz (for August 4, 2010). Blue markers represent radar 

measurements, green markers model results for KF convection scheme 

and red markers results for BMJ convection scheme used in WRF D01 

and WRF D02. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.15. Cloud area in WRF-D03 grid points with composite reflectivity greater 

than 35 dBz (for August 4, 2010). Blue markers represent radar 

measurements, green markers model results for KF convection scheme 

and red markers results for BMJ convection scheme used in WRF D01 

and WRF D02. 

(a) (b) 

(c) (d) 

(e) (f) 
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when the YSU boundary layer scheme is used (Fig. 3.14c) and by 2-5dBz when the 

MYJ boundary layer scheme is used (Fig. 3.14d). The temporal evolution is well 

replicated especially when the YSU boundary layer scheme is coupled with KF 

cumulus convection scheme (used in D01 and D02). Good agreement in reflectivity 

values is attained in Goddard simulations (Fig. 3.14e and 3.14f). The coupling with 

YSU boundary layer scheme results in convection start and end time match, with 

simulated reflectivity very close to the measured by the radar throughout the event. 

The use of MYJ boundary layer keeps the simulated reflectivity higher during the 

event with a subsequent rapid fall before the actual end of the event, as this is 

measured by the radar. 

3.6.2.3 Cloud Area 

The area of the cloud as simulated by the model and calculated using TITAN 

from radar data is shown in Fig. 3.15. The onset of the activity is properly predicted 

by the simulations in most of the model setups. The raise in cloud area is far more 

progressive in the calculated area (radar) than in the simulations. In the first half of 

the event (the true duration of the event is based on the radar measurements) the 

simulated area reaches values up to 600km2 while the calculated one is much less 

(<100km2). In the second half of the event the calculated area increases up to 

1200km2 while the simulated start to decrease and falls to almost zero about at the 

ҁ ƻŦ ǘƘŜ ŜǾŜƴǘ ŘǳǊŀǘƛƻƴΦ ¢ƘŜ CŜǊǊƛŜǊ ǎƛƳǳƭŀǘƛƻƴǎ όCƛƎΦ оΦмрŀ ŀƴŘ оΦмрōύ ǇǊŜǎŜƴǘ ǘƘŜ 

lowest overall area while the Goddard (Fig. 3.15e and 3.15f) the highest. The WSM6 

simulations (Fig 3.15c and 3.15d) present the same temporal evolution with the 

radar but with a time shift due to the fastest evolution of the convective activity in 

the simulations. The maximum area from the WSM6-YSU simulations reaches half 

the area of the calculated from the radar data. 

3.6.3 Daily cycle at domain D03 

The performance of the model simulations was assessed in the innermost 

domain WRF-D03 using data from two stations located in the area, namely Larissa 

and Aghialos (their position is shown in Fig. 3.7).  Due to the limited number of 
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trustworthy weather stations in the area the performance of the model was checked 

examining the daily cycle of T2m (temperature at 2m) and RH (relative humidity at 

2m). As in WRF-D02 some simulations produced extreme results and were discarded 

from analysis. Typical results for 2 days (20/07/2010 and 04/08/2010) are presented 

in the following pages. As in the previous section, for results presented in relation to 

the cumulus scheme, this refers to the cumulus convection scheme used in D01 and 

D02 since no cumulus convection parameterization was used in D03. 

 

 

Figure 3.16. Daily cycle of measured and simulated 2m temperature and relative 

humidity in WRF-D03 for 20-07-2010 at Larisa (a and b) and Anghialos (c 

and d). 

(a) (b) 

(c) (d) 
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3.6.3.1 Case of July 20 2010 

The daily cycle of 2m temperature and relative humidity for 20/07/2010 is 

presented in Fig. 3.16. For Larisa the combination of Ferrier microphysics, Betts-

Miller-Janjic Cumulus and Mellor-Yamada-Janjic boundary layer scheme is better in 

representing maximum and minimum temperatures (Fig. 3.16a). The WSM6-KF-YSU 

setup does not predicts the extreme temperatures but shows an overall better 

behavior, following the observed values during the whole day. As for RH all 

simulations fail to predict the high values of relative humidity during the first 

morning hours but adequately follow the daily cycle (Fig. 3.16b). For Anghialos, 

which is located closer to the sea, the WSM6- KF-YSU setup predicts the midday 

temperatures without the overestimation shown in other experiments from 8UTC to 

12UTC (Fig. 3.16c). The experiments using the Ferrier microphysics present low 

ability to predict the night temperatures. For RH the experiments using the WSM6 

microphysics scheme have the most consistent representation of the measured 

values (Fig. 3.16d). On the other hand the use of Ferrier microphysics scheme shows 

the biggest deviations during the night time. 

3.6.3.2 Case of August 4 2010 

Figure 3.17 presents the daily cycle of T2m and RH for Larissa and Anghialos 

for 04/08/2010.  All experiments show a good agreement in T2m for Larissa during 

the day time but the same is not true for night time (Fig. 3.17a). WSM6 based 

experiments show the smallest deviations during the midday, followed by Ferrier 

based experiments. The experiments that use Goddard microphysics present 

substantial inconsistencies during the midday and afternoon. RH for Larissa is well 

represented from the first morning hours till the afternoon but after 17:00UTC the 

errors are increasing (Fig. 3ΦмтōύΦ CƻǊ !ƴƎƘƛŀƭƻǎΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜ Ƴŀƛƴ 

characteristic is that all the experiments miss by almost 2.5K (2.5k to 3.5) the 

maximum afternoon temperature while they are quite accurate in the morning and 

the early night hours. Relative humidity daily cycle is well captured during the first 

morning hours by the experiments using Ferrier microphysics (Fig. 3.17d). 
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Figure 3.17. Daily cycle of measured and simulated 2m temperature and relative 

humidity in WRF-D03 for 04-08-2010 at Larisa (a and b) and Anghialos (c 

and d). 

Goddard microphysics based experiments present the highest deviations for the 

whole day while WSM6 based experiments have the lowest overall deviations during 

the whole day, especially when WSM6 is coupled with YSU boundary layer scheme. 

3.6.4 General Evaluation of the sensitivity experiments 

From the twelve (12) performed set of experiments the ones employing 

Goddard microphysics scheme showed the worst statistics and biggest deviations in 

(a) (b) 

(c) (d) 
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WRF-D02 and WRF-D03 regardless the boundary layer and cumulus scheme coupled 

to. The experiments using Ferrier microphysics and especially when coupled with 

MYJ boundary layer showed some good results in WRF-D02. The coupling of Ferrier 

to YSU on the other hand proved to exhibit worst statistics than the former 

configuration. Talking about cumulus convection schemes (employed in WRF-D01 

and WRF-D02 only) the KF showed overall better behavior both in results for WRF-

D02 and WRF-D03. The coupling of WSM6 microphysics to YSU boundary layer and 

KF cumulus convection scheme showed the most consistent statistics overall in all 

cases (and those not presented here) and was selected for further evaluation in an 

enlarged sample of cases. 

 

 

3.7. Performance evaluation of the selected scheme combination 

3.7.1 Surface weather station evaluation 

The same number of 20 stations of the Hellenic National Meteorological 

Service (HNMS), presented in Fig. 3.8, was the source for statistical evaluation of the 

selected model configuration (WSM6 microphysics, YSU boundary layer and KF 

cumulus schemes) in the inner domain of Greece (WRF-D02) This time the 

verification was carried out categorizing the selected cases according to the 

prevailing upper-air synoptic circulation types presented in section 3.2. The tool used 

to perform the statistics calculation was again the Model Evaluation Tool  (MET 6.0, 

Brown et al., 2017). The time increment of the used meteorological data was three 

hours. The meteorological parameters examined were 2 m air temperature (TEMP), 

2 m air relative humidity (RH), mean sea-level pressure (MSLP) and wind speed at 10 

m (WIND). Using the distance weighted mean interpolation method with data from 

the four closest simulated grid points the value at the station location was obtained. 

Starting from Fig. 3.18 up to Fig. 3.21 the calculated statistics are pictured while 

Table 3.4 and Table 3.5 tabulate their actual values. 
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Figure 3.18. The minimum, average and maximum Mean Error (ME; model - 

observations) (a) and Root Mean Square Error (RMSE) (b) for 2m air 

temperature (TEMP) in relation to the upper-air synoptic circulation 

type for the inner domain (WRF-D02). 

(a) 

(b) 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

Sensitivity studies and model performance  

67 

 

 

 

 

Figure 3.19. The minimum, average and maximum Mean Error  (ME; model - 

observations) (a) and Root Mean Square Error (RMSE)  (b) for  2m 

relative humidity (RH) in relation to the upper-air synoptic circulation 

type for  the inner domain (WRF-D02). 

 

 

(a) 

(b) 
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Fig. 3.18 presents the Mean Error (ME) (Fig. 3.18a) and the Root Mean Square 

Error (RMSE) (Fig. 3.18b) of 2m air temperature by reference to the upper air 

synoptic types. The results shown are the aggregated statistics from all the six cases 

selected in each synoptic type. Minimum, mean and maximum values of ME and 

RMSE are shown. The maximum value of temperature overestimation is 0.5K in ZON 

type (Fig. 3.18a) which is the only type that the average ME is strongly positive 

(0.3K). The other types (NW, OPTR, CUT and SW) show an underestimation in TEMP 

ranging from -0.4K to -0.1K while the CLO type has an ME of almost 0K.  The RMSE 

(Fig. 3.18b) presents its higher value in SW type (1.9K) while for all the other types 

ǘƘŜ wa{9 ǾŀƭǳŜǎ ŀǊŜ ǾŜǊȅ ŎƭƻǎŜ ǘƻ мΦуY  όмΦуҕлΦрYύΦ 

 With the exception of ZON synoptic type which has an average ME of -0.6%  

(underestimation) and a small spread of values (Fig. 3.19a, max ME=1.7, min ME=-

3.3) the RH is overestimated for the rest of the synoptic types. Closely correlated to 

TEMP the ME of SW type is the largest (3.2%) and so does its RMSE reaching a value 

ƻŦ моΦо҈Φ ½hbΣ b²Σ ht¢wΣ /[h ŀƴŘ /¦¢ ǎȅƴƻǇǘƛŎ ǘȅǇŜ ǎƘƻǿ ŀƴ wa{9 ƻŦ ммΦфҕлΦр҈ 

(Fig. 3.19b). 

An underestimation of mean sea-level pressure is obvious in all synoptic 

types (Fig. 3.20a). The ME ranges from -0.2hPa in SW type to -1.0hPa for CUT 

synoptic type. The RMSE takes values from 1.3 in SW synoptic type to 1.6 in CLO type 

(Fig. 3.20b) The ZON and SW types present the lowest spread of RMSE (max RMSE ς 

min RMSE = 0.4hPa). 

Regarding the 10m wind speed, it is systematically overestimated. The lowest 

value of ME is calculated for OPTR (ME=0.5m/s). The highest value corresponds to 

ZON synoptic type (ME=0.8m/s). It must be noted that the spread of the ME is 

uniform throughout the synoptic types. The ZON, NW and CUT synoptic types 

present values of RMSE less than 2.5m/sec and spread less than 0.5m/sec. The CLO 

synoptic type has the highest RMSE (2.8m/sec) and the highest spread (min 

RMSE=2.3m/sec and max RMSE= 3.4 m/sec). 

Pytharoulis et al. (2014) performed verification of the operational runs of the 

Department of Meteorology and Climatology of AUTH for a domain with grid spacing 

of 5km x 5 km. Their results come in agreement with the current findings, and in fact 

the selected configuration of the current study performs slightly better. 
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Figure 3.20. The minimum, average and maximum Mean Error (ME; model - 

observations) (a) and Root Mean Square Error (RMSE) (b) for mean sea 

level temperature (MSLP) in relation to the upper-air synoptic 

circulation type for the inner domain (WRF-D02). 

 

(a) 

(b) 
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Figure 3.21. The minimum, average and maximum Mean Error (ME; model - 

observations) (a) and Root Mean Square Error (RMSE) (b) for wind 

speed at 10m (WIND) in relation to the upper-air synoptic circulation 

type for the inner domain (WRF-D02). 

 

 

(a) 

(b) 
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Table 3.4 Minimum, average and maximum Mean Error (ME; model - observations), 

Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE), for 2m air 

temperature (TEMP), 2m air relative humidity (RH), mean sea-level pressure (MSLP) 

and wind speed at 10m (WIND), for each upper-air synoptic circulation type at D02. 

  ZON NW OPTR CUT CLO SW 

TEMP_ME (K) 

MIN 0.1 -0.9 -0.9 -0.3 -0.7 -1.0 

AVERAGE 0.3 -0.2 -0.3 0.0 -0.1 -0.4 

MAX 0.5 0.5 0.3 0.3 0.2 0.2 

TEMP_MAE (K) 

MIN 1.3 1.1 1.1 1.3 1.4 1.3 

AVERAGE 1.5 1.5 1.5 1.4 1.4 1.6 

MAX 1.8 1.7 1.7 1.6 1.6 2.1 

TEMP_RMSE (K) 

MIN 1.6 1.4 1.4 1.7 1.7 1.7 

AVERAGE 1.9 1.9 1.8 1.8 1.8 1.9 

MAX 2.3 2.1 2.1 2.0 2.0 2.5 

RH_ME (%) 

MIN -3.3 -1.6 -1.5 -2.5 -1.8 -0.4 

AVERAGE -0.6 0.9 2.0 1.2 0.8 3.2 

MAX 1.7 6.6 5.6 5.1 4.8 7.8 

RH_MAE (%) 

MIN 8.8 7.9 8.2 7.3 8.1 8.4 

AVERAGE 9.2 9.4 9.9 9.2 9.3 10.7 

MAX 9.5 11.3 11.7 10.8 11.2 13.1 

RH_RMSE (%) 

MIN 10.9 10.0 10.3 8.9 9.9 10.5 

AVERAGE 11.5 11.8 12.3 11.4 11.7 13.3 

MAX 12.1 14.2 14.5 12.8 14.5 16.1 
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Table 3.5 Minimum, average and maximum Mean Error (ME; model - observations), 

Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE), for mean sea-

level pressure (MSLP) and wind speed at 10m (WIND), for each upper-air synoptic 

circulation type at D02. 

  ZON NW OPTR CUT CLO SW 

MSLP_ME 

 (Pa) 

MIN 1.1 -1.7 -1.4 -1.8 -1.2 -0.9 

AVERAGE -0.3 -0.7 -0.7 -0.9 -1.0 -0.2 

MAX 0.5 -0.6 -0.5 -0.2 -0.7 -0.3 

MSLP_MAE 

(Pa) 

MIN 0.9 -0.8 0.9 1.0 1.0 0.9 

AVERAGE 1.1 1.2 1.3 1.4 1.3 1.1 

MAX 1.2 1.8 1.6 1.8 1.5 1.2 

MSLP_RMSE 

(Pa) 

MIN 1.2 1.1 1.1 1.2 1.2 11 

AVERAGE 1.3 1.4 1.5 1.6 1.5 1.3 

MAX 1.5 2.1 1.9 2.1 1.8 1.5 

WIND_ME 

(m/s) 

MIN 0.3 0.0 -0.2 0.1 0.2 0.0 

AVERAGE 0.8 0.6 0.3 0.7 0.7 0.6 

MAX 1.3 1.1 0.9 1.4 1.1 1.2 

WIND_MAE 

(m/s) 

MIN 1.9 1.8 1.7 1.8 1.6 1.6 

AVERAGE 2.0 1.9 2.0 2.2 1.8 2.0 

MAX 2.1 2.0 2.3 2.7 2.0 2.4 

WIND_RMSE 

(m/s) 

MIN 2.3 2.2 2.1 2.3 2.0 1.9 

AVERAGE 2.4 2.3 2.5 2.8 2.2 2.6 

MAX 2.6 2.5 2.9 3.4 2.4 3.1 
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3.7.2 Characteristics of simulated and measured convective activity 

The relative frequency distribution of maximum reflectivity, covered area by 

storms and maximum cloud height, integrated in hourly intervals, calculated from 

the domain WRF-D03 of the simulations and radar data is presented in Figures 3.22 

to 3.24 as a function of the synoptic types. In every grid point of the domain the 

simulated reflectivity field was compared to the threshold value of 35dBz. The 

highest level at which the reflectivity was over the threshold was considered as the 

cloud top. 

3.7.2.1 Maximum reflectivity 

For ZON synoptic type (Fig. 3.22a) the distribution of model reflectivity is 

bimodal while the measured one is unimodal. A small maximum around 42 dBz 

represents 18% of the distribution and a second largest maximum around 52dBz 

accounts for 22% of the distribution. The maximum of the measured distribution is 

around 42dBz and is responsible for 50% of the distribution. 

In NW synoptic type (Fig. 3.22b) the modeled and the measured reflectivity 

present common characteristics. In both cases a small amount of less than 15% of 

the distribution has reflectivity values up to 45dBz. From 45dBz to 55dBz both the 

simulated and the measured reflectivity accounts for more than 70% of the 

distribution. 

The similarity continues in OPTR synoptic type too. The primary maximum for 

both simulated and measured reflectivity is around 52dBz (Fig. 3.22c). Even small 

deviations in percentages between simulated and measured values exist up to 50 

dBz, the cumulative contribution of reflectivity <50dBz reaches the value of 50%. 

In CLO synoptic type the distributions are unimodal in both the measured and 

the simulated distribution (Fig. 3.22d). The maximum in measured reflectivity is at 

48dBz and has a value of 25% while in simulated reflectivity the maximum is at 

55dBz with a value of 24%.  

In CUT synoptic type the major part of the simulated reflectivity lies between 

45dBz and 55dBz with a maximum at 53dBz accounting for 22% of the distribution 
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(Fig. 3.22e). The measured distribution has two maximums, one at 45dBz (15% of the 

distribution) and one at 50dBz (28% of the distribution).  

Finally the SW distributions present entirely different results between the 

measured and simulated reflectivity (Fig. 3.22f). The modeled reflectivity presents an 

almost uniform distribution from 40dBz to 57dBz with a small maximum at 51dBz 

(20% of the distribution). The measured distribution has a major maximum at 45dBz 

which with its lateral columns (42dBz to 47dBz) accounts for almost 70% of the 

distribution.  

 

3.7.2.2 Average Storm area 

The general overview of Fig. 3.23 reveals that the majority of storms that 

were observed in the area and those simulated by the model have an area of up to 

460km2. In rare cases (less than 3%) there may reach up to 5000km2.  

For ZON type the first bin class (up to 460km2) accounts for 70% and 85% for 

simulated and modeled storms respectively (Fig. 3.23a). In the second bin class 

(460km2 to 920km2) 10% of the measured storms fall in this category and 18% of the 

simulated ones. In NW synoptic type (Fig. 3.23b) the area distribution follows the 

same pattern as in ZON. The only difference is the occurrence of around 10-12% of 

storms measuring more than 2000km2 in both measured and simulated calculated 

area 

In OPTR synoptic type (Fig. 3.23c) the first bin class is the key category. 

Around 80% of both measured and simulated storms fall within this category and 

95% has an area of less than 2000km2. Apart from the usual predominance of the 

first bin class, in CLO synoptic type the model simulated almost 28% of the storms to 

have area of 460km2 to 1300km2 (Fig. 3.23d). The percentage of the radar measured 

storms that cover the same area is 20%. 
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Figure 3.22. Relative frequency distribution of maximum reflectivity (dBz) at hourly 

intervals in WRF-D03 and radar data, for every synoptic type. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.23. Relative frequency distribution of average storms area (km2) at hourly 

intervals in WRF-D03 and radar data, for every synoptic type. 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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