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Preface

The Conference on Meteorology, Climatology and Atmospheric Physics (COME-

CAP) is organized on a biennial basis holding a long history of 22 years, dating back

to the early 1990s. This year it is co-organized by the National and Kapodistrian

University of Athens (Department of Atmospheric Physics – Meteorology and

Laboratory of Climatology and Atmospheric Environment), the Hellenic Meteoro-

logical Society and the Mariolopoulos-Kanaginis Foundation for the Environmental

Sciences. COMECAP Conferences provide the opportunity for the dissemination of

new knowledge in the framework of Meteorology, Climatology and Atmospheric

Physics, hosting experts, scientists and mainly young researchers to present their

recent research studies and share their innovating ideas.

COMECAP 2012 covers various topics related to the science of the Atmospheric

Environment, which is in fact an interdisciplinary field, giving the opportunity to

understand the physical systems and environmental processes in an integrated

manner. The papers presented at COMECAP 2012 cover a spectrum of topics that

include Atmospheric Physics and Radiation, Dynamic and Synoptic Meteorology,

Applied Meteorology and Climatology, Climate Dynamics and Changes, Weather

Analysis and Forecasting and Extreme Events, Mesoscale and Micro-meteorology,

Remote Sensing and Satellite Meteorology, Air Quality (Indoor and Outdoor), Bio-

meteorology and Bioclimatology, AgriculturalMeteorology, Hydrology andHydro-

meteorology. It is worth mentioning that 177 full papers were finally accepted to be

published at the Conference Proceedings after peer revision against 210 abstracts

initially submitted. The published papers in this book are classified into three main

sections, as reflected in the title of the Conference: 50 papers in Meteorology, 67 in

Climatology and 60 in Atmospheric Physics.

Finally, it is my pleasure and privilege to acknowledge the contribution of the

authors, the members of the Scientific Committee, the appointed reviewers and

especially the members of the Organizing Committee, for their valuable efforts on

the production of this book, as well as our Sponsors.

I wish you all a fruitful Conference and a pleasant stay at the beautiful city of

Athens.

The Conference Chairman Professor Costas G. Helmis
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Address of the Hellenic Meteorological Society

(HMS)

The Hellenic Meteorological Society, member of the European Meteorological

Society, proudly presents the Proceedings of the International Conference on

Meteorology, Climatology and Atmospheric Physics (COMECAP 2012), in collab-

oration with the Department of Atmospheric Physics – Meteorology and Laborato-

ry of Climatology and Atmospheric Environment of the National and Kapodistrian

University of Athens. For the first time, the accepted scientific papers are published,

after peer revision, in Springer book series under the title “Advances in Meteorolo-

gy, Climatology and Atmospheric Physics”. This fact improves the level of the

Conference as far as the quality of presentations and the dissemination of recent

knowledge of our climate system from the regional to the global scale are

concerned.

The Hellenic Meteorological Society has co-organized the previous biennial

conferences in Thessaloniki (May 21–23, 1992, and September 29–30, 1994),

Athens (September 25–27, 1996, and September 22–25, 1998), Thessaloniki

(September 28–30, 2000), Ioannina (September 25–28, 2002), Nicosia (September

28–30, 2004), Athens (May 24–26, 2006), Thessaloniki (May 28–31, 2008) and

Patras (May 25–28, 2010). All these conferences have been carried out by the

members of the Hellenic Meteorological Society and our foreign colleagues from

disciplines associated with the study of atmospheric environment.

The achievement of COMECAP 2012 is due to the great efforts of the Organiz-

ing Committee towards the success and quality of the Conference as well as the

Sponsors who granted this scientific event. The Hellenic Meteorological Society

wishes to express its gratitude to everybody mentioned and the participants, who

presented their scientific papers, contributing to the better understanding of the

physical processes of our climate system.

On behalf of Hellenic Meteorological Society

The President

Associate Professor Panagiotis T. Nastos
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Application of GIS and Remote Sensing

Techniques for Flood Risk Assessment in Cyprus

D.D. Alexakis, D.G. Hadjimitsis, S. Michaelides, I. Tsanis, A. Retalis,

C. Demetriou, A. Agapiou, K. Themistokleous, S. Pashiardis, K. Aristeidou,

and F. Tymvios

Abstract Flooding is one of the most common natural disasters leading to eco-

nomic losses and death. This paper strives to highlight the hydrological effects of

land use changes in flood risk in a catchment area in Cyprus (Yialias river) through

the application of ArcSWAT (Soil and Water Assessment Tool) in GIS environ-

ment. The model is used to simulate the main components of the hydrologic cycle,

in order to study the effects of land use changes. For the implementation of the

model, land use, soil and hydrometeorological data were used. The climatic and

stream flow data were derived from hydrometeorological stations located in the

wider area of the basin under study. In addition the land use and soil data were

extracted from the analysis of multispectral satellite images such as those of Aster

after the application of sophisticated classification algorithms. The results denoted

the increase of runoff in the catchment area due to the recorded extensive urban

sprawl phenomenon of the last decade.
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1 Introduction

Ecosystem and floods are closely related and any changes in the ecosystem, such as

urbanization across the catchment’s area, may trigger off a sequence of flood occur-

rence causes are closely related and any changes in the ecosystem, such as urbaniza-

tion across the catchment’s area,may trigger off a sequence of flood occurrence causes

(Hadjimitsis 2010). Simulation models are essential tools to evaluate potential

consequences of proposed strategies and to facilitate management decisions. One of

the most common used river basin models is ArcSWAT, which mainly focuses on

spatial data mining, facilitating construction of a hydrologic model, computation and

visualization of modeling output. According to F€urst et al. (2004) the GIS-support for
hydrological models is classified into the following levels: assessment, estimation of

hydrological parameters, hydrological modeling, coupling of GIS and hydrological

models. SWAT belongs to the group of deterministic hydrological models. In SWAT

the spatial heterogeneity of the watershed is taken into account, considering informa-

tion from the elevation map (DEM), the soil and land use maps. The computed runoff

from each sub-basin is routed through the river network o the main basin outlet.

This paper strives to present an analysis of the sensitivity of the distributed hydro-

logical model soil and water assessment tool (SWAT, Arnold et al. 1993) to the land

and soil use parameterization in order to simulate run off processes in a catchment area

in Cyprus. Specifically there was an effort to highlight the potential of remote sensing

in providing the GIS based hydrological softwares with adequate, reliable and updated

land use data. The major flood event that occurred at 12–13 February of 2003 is

successively simulated with the use of land use data of the specific period (data of

2000) and land use data of 2010 (keeping the samemeteorological parameters) in order

to assess the impact of land use changes to the run off processes.

2 Study Area and Data

Located in the central part of the island of Cyprus the study area is about 110 km2 in

size with an average slope value of 7.19% (Fig. 1). Specifically the study area is

situated between longitudes 33� 110 24, 2800 and 33� 260 31, 5200 and latitudes 34� 540

36, 7400 and 35� 20 52, 1600 (WGS’ 84, 36�N). The island of Cyprus is located in the

northeasternmost corner of theMediterranean Sea and, therefore, has a typical eastern

Mediterranean climate: the combined temperature–rainfall regime is characterized by

cool-to-mild wet winters and warm-to-hot dry summers (Michaelides et al. 2009).

For the purposes of the study the following satellite and digital spatial data were

incorporated: (a) Two Aster images, (b) a Digital Elevation Model (DEM) of 25 m

pixel size provided by the Department of Land and Surveys of Cyprus and created

with the use of ortho-rectified stereo-pairs of aerial photos covering the study area.

The acquired Aster images had a 10 year time interval in order the multi-temporal

monitoring of urban sprawl to be guaranteed. For this study, the first three spectral

bands were used (VNIR and SWIR) with spatial resolution of 15 m. The exact

acquisition dates of the images were: 12 of May/2000 and 06 of April 2010.

4 D.D. Alexakis et al.
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3 Pre and Post-processing Techniques of Satellite Imagery Data

Initially geometric corrections were carried out using standard techniques with

ground control points and a first order polynomial fit. For this purpose topographi-

cal maps were used to track the position of ground control points in conjunction

with the digital shoreline of Cyprus extracted from the provided DEM. In this study,

the darkest pixel atmospheric correction method was applied to every image

(Hadjimitsis et al. 2004). It has been found that atmospheric effects contribute

significantly to the classification technique.

In order to search the diachronic expansion of urban cover in the watershed

basin, classification algorithms such as Maximum Likelihood, Minimum Distance,

Mahalanobis Distance and Spectral Angle Mapper were applied to both Aster

images through the Erdas Imagine v.10 and ENVI v.4.8 image analysis softwares.

The time period to be searched was 2000 and 2010 when considerable construction

and urban development was recorded to the whole island of Cyprus. The training

classes that were used for the supervised algorithms were: (1) urban cover, (2)

vegetation 1, (3) bare soil, (4) forest, (5) geologic formation of marl/chalk (6)

vegetation 2 (Fig. 2). During the supervised classification process the authors had to

strive with the problem of similar spectral response of chalk/marls geologic

formations and urban constructions that affected the validity of the final results.

At the next step the overall accuracy of each method was calculated using the

kappa coefficient which indicates whether mapping results are significantly better

than randomly generated results (Martinez and Toan 2009). The values of coefficient

vary from 0 to 1. The kappa value of 0.80 for Maximum Likelihood (ML) classifica-

tion algorithm suggested a good agreement above chance between classified pixels

Fig. 1 Aster image (RGB – 321) of the study area. With blue outline the Yialias catchment area is

indicated
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and reference pixels. Regarding ML, at the specific algorithm the statistical probabil-

ity is computed for each training class to determine the membership of the cells to the

class. The classification results (Table 1) concerning urban sprawl phenomenon

denoted a major urban area expansion during the time period of 2000–2010.

4 Set Up of Hydrological Model

According to Neitsch et al. (2005) SWAT is a conceptual semi-distributed model

for watershed hydrology and water quality operating on a daily step. A crucial

factor that is usually taken into account is the spatial heterogeneity of the model

considering information for elevation (Digital Elevation Model/DEM), soil and

land use. The research team proceeded to the model parameterization using the

ArcGIS interface for SWAT which provides a graphical support for the disaggre-

gation scheme and this way facilitates the data handling.

Initially, after the delineation of the DEM the watershed was divided to 13

individual sub-basins (Fig. 3 upper left, upper right). The next step required the land

use and soil input, overlay and characterization for each sub-basin. As it was

mentioned, the generalized land use maps derived from the Aster images of 2000

and 2010 were incorporated to the same hydrological model consecutively. All the

other data (such as soil, precipitation and temperature) were related to the catch-

ment regime during the 2003 flood event. Concerning soil data these were extracted

from the integrated search of CORINE and FAO (Food and Agriculture Organiza-

tion of the United States) soil map datasets. Regarding meteorological data, the

research team had access to precipitation data from “Kionia” and “Mantra tou

Kampiou” rain gauges which are spatially limited only to the southwestern

Fig. 2 False color composite of Aster image (3,2,1: RGB) of the catchment area during 2000 (left).
Land use thematic map derived from ML classification method applied to 2000 Aster image (right)

Table 1 Statistics of urban

expansion during the period

of 2000–2010 in Yialias

catchment area

2000 2010

Urban area (km2) 4.0359 19.128

6 D.D. Alexakis et al.
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(mountainous) part of the catchment area (Fig. 3 lower left). Similarly, temperature

data were provided from “Politiko” and “Kornos” weather stations that are

established in close vicinity to the study area. The meteorological data covered a

period of 3 years in total (2 years before and 1 year after the event). In addition,

concerning the calibration process and assessment of the accuracy of simulated

runoff results, observed flow data from “Potamia”, “Kotsiatis” and “Nisou” stream

gauges for the same period were used. The results reflected the high rate of affection

of urban sprawl phenomenon to the hydrological response of catchment area as it is

indicated in flow diagram of Fig. 3 lower right. Specifically, the simulated flow

measurements with the use of 2010 land use datasets are steadily higher from both

2003 observed and simulated measurements.

5 Conclusions

The preliminary results in Yialias catchment area denoted the crucial role of urban

sprawl phenomenon in the increase of runoff rate within the spatial limits of a

catchment area and highlighted the importance of searching land use regime with

Fig. 3 Map of the stream and rain gauges of the watershed area (upper left). Soil map of the study

area derived from the SWAT program default classes (upper right). Precipitation diagram for the

flood period event (lower left). Diagram of observed and simulated flow results for the period 2003

and 2010 (lower right)
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the use of satellite remote sensing imageries. The comparison of observed flow

results concerning the flood event of 2003 with the simulated flow results (with the

use of different land use data concerning 2000 and 2010 land use regime) proved

that in the case of “2010” model the run off rates were steadily higher due to the

expanded urban area cover that increases the phenomenon of surface run off.

However, the research team will continue to search the hydrological response of

the catchment area with more updated meteorological and stream data as well as

satellite images of higher spatial resolution.
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Estimating Flash Flood Discharge in a

Catchment Area with the Use of Hydraulic

Model and Terrestrial Laser Scanner

D.D. Alexakis, D.G. Hadjimitsis, and A. Agapiou

Abstract A flood can be determined as a mass of water that produces runoff on land

that is not normally covered by water. This paper aims to define the potential utility of

terrestrial laser scanning data and hydraulics for improving flood risk assessment

models in Yialias catchment area in Cyprus. Recently, terrestrial scanners have been

used to capture 3D point cloud data of high accuracy for inundation models. Thus,

different methods are used to process the scanning data in order to extract hydraulically

relevant information. For this reason a variety of Digital Elevation Models (DEMs) of

different spatial resolution was derived. The combined use of a two dimensional (2D)

numerical hydraulic model and a terrestrial laser scanner can give the opportunity of

estimation of peak discharge of a recent flash flood. Hence, the approach used in this

study demonstrated the potential of hydraulics and laser scanner for flood risk assess-

ment in catchments with infrastructure and vulnerable goods.

1 Introduction

The last years the urgent demand for flooding predictions caused by events of

different return periods has increased markedly (Hall et al. 2005; Dawson et al.

2005). The practically instantaneous occurrence of flash floods together with their

capacity of transport renders flash floods which is one of the most significant

weather-related hazards in many parts of the world, causing considerable economic

and human losses every year (Gaume et al. 2009).

Recently the growing understanding of the interaction between surface morphol-

ogy and geomorphological processes as well as the awareness of the wide spatial

and temporal processes take place, have increased the need for accurate and

continuous three dimensional descriptions of topography (Lane et al. 1998). Thus

D.D. Alexakis (*) • D.G. Hadjimitsis • A. Agapiou

Cyprus University of Technology, Limassol 3603, Cyprus

e-mail: dimitrios.alexakis@cut.ac.cy

C.G. Helmis and P.T. Nastos (eds.), Advances in Meteorology,
Climatology and Atmospheric Physics, Springer Atmospheric Sciences,

DOI 10.1007/978-3-642-29172-2_2, # Springer-Verlag Berlin Heidelberg 2012

9

nastos@geol.uoa.gr

mailto:dimitrios.alexakis@cut.ac.cy


a detailed description of fluvial topography is essential to accurately model the

extent of the flooded areas. Currently the most accurate method for collecting

elevation data for the production of Digital Elevation Model (DEM) is laser

scanning (Cavalli et al. 2008). Terrestrial laser scanners (TLS) offer a high potential

for the 3D mapping of smaller areas with high detail, a range accuracy of up to

1–2 mm and a scanning speed of up to 1M pts/s. The principle of TLS is simple,

involving highly collimated laser-beam scans over a predefined solid angle in a

regular scan pattern and the measurement of the time of flight of the laser signal.

This study strived to demonstrate in preliminary stage the potential of hydraulics

and laser scanner for flood risk assessment in catchments with infrastructure and

vulnerable goods. Specifically, after the extraction of major hydrologic parameters

in GIS environment with the use of medium resolution DEM the research team

proceeded to the construction of a high resolution DEM in the downstream of the

basin in order to incorporate it in HEC-HMS software and implement a detailed

hydraulic/hydrologic study of the area.

2 Study Area and Data

Located in the central part of the island of Cyprus the study area is about 110 km2 in

size with an average slope value of 7.19% (Fig. 1). Specifically the study area is

situated between longitudes 33� 110 24, 2800 and 33� 260 31, 5200 and latitudes 34�54036,
7400 and 35�20 52, 1600 (WGS’ 84, 36�N). The island of Cyprus is located in the

northeasternmost corner of theMediterranean Sea and, therefore, has a typical eastern

Fig. 1 Aster image (RGB – 321) of the study area. With blue outline the Yialias catchment area is

indicated
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Mediterranean climate: the combined temperature–rainfall regime is characterized by

cool-to-mild wet winters and warm-to-hot dry summers (Michaelides et al. 2009).

For the purposes of the study a Digital Elevation Model (DEM) of 25 m pixel

size provided by the Department of Land and Surveys of Cyprus was used.

The specific DEM was created with the use of ortho-rectified stereo-pairs of aerial

photos covering the study area. At a next step the DEM was incorporated in GIS

environment in order to delineate the basin’s drainage network and extract the

subbasins (13 subbasins) (Fig. 2). Moreover, flow accumulation, slope and elevation

maps were produced in order to support the hydrological study of the area.

The elevation of the basin ranges from 194 to 1,408 m. In the upstream area the

topography is steep though in the downstream is smooth. The geology of the basin

is mainly volcanic with pillow lavas and basal group formations. Moreover, there

are extended areas with marl/chalk formations of low hydropermeability and

alluvium/colluviums deposits in the downstream. During the last 20 years three

extreme floods have occurred in the basin, especially in the downstream area.

According to historical data the most extreme events took place on 2 December

1992, February 2003 and 27 October 2009. All these extreme floods caused

significant damage to properties and constructions.

3 DEM Creation

The Leica ScanStation C10 laser scanner was used for documentation of Yialias

catchment area at the area where its bank gets really narrow due to anthropogenic

interventions. This laser scanner may scan up to 50,000 points per second, while the

accuracy – as provided by the developer – is �6 mm/50 m distance. The field of

view of the Scan Station is 360� � 270�. Laser Scanner was used in conjunction

Fig. 2 Map of the catchment area indicating the subbasins, the rain and the stream gauges (left).
Bridge in the downstream area of the basin where extreme inundation phenomena have taken place

during 1992, 2003 and 2009 (right)
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with differential GPS instrument. The Leica GNSS Viva was used for this purpose.

A reference base was set up at a triangulation pillar of the local reference system of

Cyprus (WGS 84, Local Transverse Mercator). A rover GPS equipment was used in

order to measure characteristics points of the Yialas basin (Fig. 3). The accuracy of

the measurements was less than 2 cm (3D measurements).

The laser scanner allows acquiring the reflected beam intensity and RGB

colours. Tripods and the HDS scan targets are the main accessories of the instru-

ment. The post-processing of the laser scanning includes some standard procedure.

To accurately model the flow of water over the floodplain the DEM derived from

the TLS point data must preserve all the important geometric details affecting the

flow. At first, after the data are downloaded to the computer the registration of the

point’s clouds was applied in the Cyclone software. The registration was performed

automatically using the special targets. Afterwards, an ICP (Iterative Closest Point)

algorithm was applied in order to achieve a highest accuracy of registration of the

point clouds in the same software. The relative accuracy of scans was up to 2 cm

(RMS) between the point clouds. After the ICP algorithm was applied the accuracy

was found to be less than 1.5 cm (Fig. 4). However, the accuracy of the registration

can only be evaluated by using Check Points (CP) not used for the estimation for the

registration parameters. The next step of the post-processing is the automatic and

manual cleaning of the data. This is a necessary step in order to minimize the noise

which appears in the point clouds and to define a perimeter of the area of interest. In

order to model the water flow accurately it is important to include the channel

bathymetry in the model as well as the objects that affect the direction and velocity

of water flow in the over bank situation such as buildings, bridges etc. (Mandlburger

et al. 2009). After the cleaning of the data the mesh procedure can be performed

using all the points’ clouds. A 3D mesh was created in the 3D Reshaper software.

Fig. 3 Rover GPS equipment (left). Use of the Leica ScanStation C10 laser scanner in Yialias

catchment area (right)
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4 Run-off Model Description

The runoff process is modeled using the Hydrologic Engineering Center’s Hydro-

logic Modeling System (HEC-HMS). The specific software was developed by the

US Army Corps of Engineers and is designed to simulate the precipitation – runoff

processes of dendritic watershed systems. Moreover it gives the chance to the end

user to choose between numerous infiltration losses parameterizations (Knebla et al.

2005).

The final hydraulic model requires as input the hydrographs derived from HMS.

The parameters of the model are representative cross-sections including left and

right bank locations roughness coefficients (Manning’s coefficient) and finally

contraction and expansion coefficients. The roughness coefficients are crucial for

the implementation of the model (they represent a surface’s resistance to flow and

are integral parameters for the calculation of water depth) and are calculated by

combining land use data with tables of Manning’s n values.

As it was mentioned the rainfall-runoff models simulate the runoff response of

an area to a given amount and distribution of precipitation over a certain period of

time. The output of the model is the discharge hydrograph at each sub-basin outlet

which defines each sub-basin’s unique runoff response due to differences in water-

shed properties such as geomorphology, geology and anthropogenic effects. The

research team will incorporate the spatial data (DEM from laser scanner) and

precipitation data from the meteorological stations in and outside of the basin in

order to simulate the hydrologic/hydraulic response of Yialias river during extreme

weather phenomena.

Fig. 4 Preliminary result of the DEM output in the downstream with the use of only the elevation

data derived from the GPS survey
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5 Conclusions

This review of the application of laser scanning in fluvial studies has shown that

laser scanner data have great potential to improve the effectiveness of topographical

data acquisition and the accuracy and resolution of DEMs. The integration of

hydraulic geometry methods and 3D scanner with the use of bed roughness and

high quality topographic data have proved to be a great alternative for searching the

watershed regime in flood prone areas. The detailed DEM constructed by 3D laser

scanner provides the model with reliable data related to the geometry of the cross-

sections.
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On the Role of Potential Vorticity Perturbations

in the Spontaneous Generation of Gravity Waves

N.A. Bakas and B.F. Farrell

Abstract Mechanisms of internal gravity wave generation have been intensively

studied because of the role of gravity waves in the large-scale atmospheric circula-

tion. One source of gravity waves that is poorly understood is spontaneous wave

generation by the low frequency mesoscale and large scale motions in the atmo-

sphere. In this work, we study the interaction among potential vorticity

perturbations and gravity waves in a stably stratified, horizontally sheared zonal

flow, with the goal of clarifying the role of these interactions in the process of

spontaneous wave generation. We find that vorticity perturbations amplify in

energy due to downgradient Reynolds stress when their phase lines tilt towards

the west with increasing latitude for a northward increasing shear flow. For a

Froude number of order one, there is strong coupling between the vorticity

perturbations and the gravity wave manifold. As a result, the large growth attained

by vorticity perturbations is transferred to propagating gravity waves. When the

flow geometry permits wave propagation, significant gravity wave emission occurs.

1 Introduction

Mechanisms of gravity wave generation have been intensively studied in the past in

order to obtain an estimate of internal wave energy rates in the atmosphere. In this

work we study the interaction of potential vorticity perturbations with gravity

waves for a stably stratified horizontal shear flow and investigate its role in

spontaneous gravity wave generation.

Spontaneous generation of gravity waves has been studied in the past for shallow

water equations (Ford et al. 2000) and for sheared disturbances in the f-plane
(Vanneste and Yavneh 2004; Kalashnik et al. 2006). The term spontaneous
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generation refers to emission of gravity waves occurring abruptly during the

evolution of an initially balanced flow and is distinct from emission of gravity

waves during geostrophic adjustment of an initially unbalanced flow. The process

of spontaneous generation is underlying emission of gravity waves during

baroclinic life cycles (O’Sullivan and Dunkerton 1995; Plougonven and Snyder

2007), a source of gravity waves that has not yet been adequately understood.

In this work we perform a generalized stability analysis (Farrell and Ioannou

1996) of a linear three dimensional stably stratified model with a constant Brunt-

V€ais€al€a frequency and a meridional shear flow and make use of closed form

asymptotic solutions to study the role of potential vorticity perturbations in the

process of spontaneous wave generation.

2 Gravity Wave-Vorticity Wave Interactions

The linearized, nondimensional momentum and thermodynamic equations governing

the evolution of small perturbations in a stably stratified zonal flow U(y) with constant
buoyancy frequency in the vertical are given by:

@t þ U@xð Þz ¼ � dU

dy
@zvþ S@xrþ 1

Re
r2z

@t þ U@xð Þv ¼ d2U

dy2
@xvþ S@yzrþ 1

Re
r4v

@t þ U@xð Þ @2
x þ @2

z

� �
r ¼ �@xz� @yzvþ 1

Re
r2 @2

x þ @2
z

� �
r (1)

where z ¼ ∂zu�∂xw, v, are the meridional components of vorticity and velocity, r
is the density, S is the static stability and Re is the Reynolds number.

Consider first an inviscid, unbounded, constant shear flowU(y) ¼ y, for which the
sheared disturbances of the form [z(t), v(t),r(t)]eikx+i(l-kt)y+imz reduce the partial differ-
ential equations to the single second order non-homogeneous differential equation:

d2r
dt2

þ ðl� ktÞaðtÞ dr
dt

þ So2ðtÞ þ kaðtÞ� �
r ¼ � ikaðtÞ

m
qð0Þ (2)

where a(t) ¼ 2 km2/[k2 þ (l � kt)2]K2(t), o2(t) ¼ [k2 þ (l � kt)2]/K2(t), K2(t) ¼
k2 þ (l� kt)2 þ m2 and q(0) is the initial potential vorticity q ¼ ∂xv� ∂yu þ ∂zr.
The solution of the homogeneous equation consists of propagating gravity waves

having zero potential vorticity (Bakas and Farrell 2009a). The interaction of these

propagating waves with the non-propagating initial potential vorticity perturbation

is described by the particular solution. Therefore the following question arises: if

we consider oscillation free initial conditions, what portion of the initial energy will

radiate away as gravity waves? To address this question, we calculate the evolution

of r(t) containing a vorticity and a gravity wave component: r(t) ¼ rvort(t) þ
rwave(t) and we start with gravity wave free initial conditions rwave(0) ¼ 0.
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The coupling strength between vorticity dynamics and gravity waves is determined

by the Froude number that is defined as F ¼ (m/k)/S1/2. We can therefore distin-

guish two regimes that will be studied separately.

2.1 Weak Coupling Regime (F <<1)

In this regime, we can seek a solution for the vorticity wave of the form: zz(t) ¼
z0(t) þ F2z1(t) þ F4z2(t) þ . . ., rvort(t) ¼ (1/S)r1(t) þ (1/S2)r2(t) þ . . ., for the
vertical component of vorticity and for the density perturbation of the vorticity

wave respectively. The leading order term is z0(t) ¼ zz(0). That is, the vertical

component of vorticity is conserved, leading due to kinematic deformation of zz
by the shear, to transient growth of the meridional and zonal velocity fields for

perturbations with constant phase surfaces oriented against the shear. This is the

mechanism of growth in planar shear flow discussed by Orr (1907) and it will be

referred to as the Orr mechanism. Using a similar expansion for rwave(t) and

asymptotic matching in the complex t-plane (Hakim 1998), it can be shown that

the solution to leading order in 1/S and at large times is given by (Bakas and

Farrell 2009b):

rðtÞ ¼ 2k2mqð0Þ
iS k2 þ ðl� ktÞ2
h i2 þ

qð0Þ ffiffiffi
p

p
eðif0�bÞ ffiffi

S
p

k
ffiffiffi
2

p
S1=4

ei
ffiffi
S

p R
o2ðsÞds þ e�i

ffiffi
S

p R
o2ðsÞds

� �

(3)

The first term is the first order correction to the non-propagating vorticity wave

and corresponds to a large density amplification that might lead to a localized

convective overturning of the vorticity perturbation itself. The last two terms are

propagating gravity waves excited abruptly at time t ¼ l/k. Like in the case of

sheared disturbances in the f-plane (Vanneste and Yavneh 2004), these gravity

waves are generated through a Stokes phenomenon (Olver 1974) in which the

subdominant solution (waves) is switched on by the dominant solution (potential

vorticity perturbation) when time crosses a Stokes line. These spontaneously

generated waves are exponentially small for large values of static stability. Thus,

the overall effect of potential vorticity perturbations in this regime is an amplifi-

cation of density and vertical velocity of the non-propagating vorticity wave itself

and a weak excitation of propagating gravity waves.

2.2 Strong Coupling Regime (F ~ O(1))

In this regime, gravity waves generated through the Stokes phenomenon are

order one. The evolution of the particular solution ’p with time for m/k ¼ 5 is

shown in Fig. 1. The forced waves’ amplitudes remain at very low values until time
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t ¼ l/k ¼ 8. At that time, the large amplification of the vorticity wave’s meridional

velocity due to the Orr mechanism is transferred to vertical velocity, exciting in this

case gravity waves. The amplitude of these forced waves increases rapidly and

saturates at large values as illustrated in Fig. 1. The amplitude of the forced waves

can be calculated in closed form (Bakas and Farrell 2009b) and is of order q(0)FS1/4

for F ~ O(1) showing that a large initial potential vorticity perturbation leads to

substantial excitation of waves.

3 Emission of Gravity Waves from a Shear Layer

As discussed in the previous section, the excitation mechanism of gravity waves by

vorticity perturbations is robust for Froude number of order one, leading to a large

energy transfer to propagating waves. While in a constant shear flow these waves

are bounded by their trapping levels, in a flow with shear varying with latitude, the

possibility arises that the energy tapped in propagating waves may leak and lead to

enhanced gravity wave activity in regions with low shear. In order to investigate

this possibility, we use the mean velocity profile U(y) ¼ tanh(y/d) plotted in

Fig. 2a. It consists of a shear flow region bounded by two regions of uniform

velocity.

To address the question of what portion of initial energy remains trapped in the

shear layer and what portion radiates to infinity we calculate the evolution of an

initial perturbation of unit energy that is confined inside the shear layer. The

evolution is calculated numerically, through discretization of the differential

operators in system (1) in a meridional channel, introduction of sponge layers at

the boundaries in the form of Rayleigh damping imposing radiation conditions and

numerical integration of the resulting matrix equations. The energy evolution inside

and outside of the shear layer is shown in Fig. 2b for S ¼ 1. A large amplification

occurs within the shear layer followed by wave excitation. We can see that around
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Fig. 1 Evolution of perturbation density for sheared wave perturbations with (k, l, m) ¼ (1, 8, 5).

The static stability is S ¼ 100 and the initial conditions are (z, v, r) ¼ (�90i, 1.6, 1)
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30% of the energy is radiated away leading to substantial emission of wave activity.

Note that even though the percentage of energy leakage is moderate, an initial

perturbation of unit energy leads to the emission of gravity waves of energy

E ¼ 150. Further investigation is needed though in the nonlinear regime to verify

this hypothesis and examine the amount of emitted energy.

4 Conclusions

Interaction of non-propagating potential vorticity perturbations with internal gravity

waves within a meridionally varying shear flow was investigated. For small Froude

number, a weak coupling was found that nevertheless led to spontaneous gravity

wave excitation by vorticity perturbations. In the case of oscillation free initial

conditions, while the density field of potential vorticity perturbation was significantly

amplified leading possibly to local convective overturning, two counter propagating

gravity waves with an exponentially small amplitude of order exp(�bS1/2) were

spontaneously generated through a Stokes phenomenon. For Froude number of

order one, a strong coupling was found and gravity wave excitation by vorticity

perturbations clearly manifests. Vorticity perturbations were found to amplify due to

the Orr mechanism when their phase lines are tilted against the shear (l/k > 0) and
the acquired energy is then transferred to gravity waves excited at t ¼ l/k through a

Stokes phenomenon. These spontaneously generated waves finally emerge with an

amplitude of order q(0)FS1/4.
For an unbounded shear, all of the wave activity is confined in a region

determined by the waves’ trapping levels and convective collapse of this region

is expected. For a finite shear layer a significant amount of wave activity was also

found to be emitted from the shear layer. The results in this work suggest that the
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Fig. 2 (a) Zonal velocity profile of a meridional shear layer U(y) ¼ tanh(y/d) with d ¼ 0.6. (b)
Energy evolution of an initial perturbation confined inside the shear layer. The initial perturbation

is monochromatic in y and z with (k, m) ¼ (1, 1) and has a unit initial energy. The solid line shows
the energy within the shear layer and the dashed line shows the energy outside of the shear. The

static stability is S ¼ 1 and the Reynolds number is Re ¼ 103
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interaction of vorticity and internal wave manifolds in the presence of shear is

expected to play a significant role in the process of spontaneous gravity wave

emission during baroclinic life cycles (Plougonven and Snyder 2007). Investigation

of the role of the excitation mechanism during baroclinic life cycles for more

realistic flows will be addressed in future work.
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On a Dynamical Mechanism Underlying

the Intensification of Tropical Cyclones

N.A. Bakas and P.J. Ioannou

Abstract Tropical cyclones are among the most life threatening and destructive

natural phenomena on Earth. A dynamical mechanism for cyclone intensification

that has been proposed is based on the idea that patches of high vorticity associated

with individual convective systems are quickly axisymmetrized, feeding their

energy into the circular vortex. In this work, Stochastic Structural Stability Theory

(SSST) is used to achieve a comprehensive understanding of this physical mecha-

nism. According to SSST, the distribution of momentum fluxes arising from the

field of asymmetric eddies associated with a given mean vortex structure, is

obtained using a linear model of stochastic turbulence. The resulting momentum

flux distribution is then coupled with the equation governing the evolution of the

mean vortex to produce a closed set of eddy/mean vortex equations. We apply the

SSST tools to a two dimensional, non-divergent model of stochastically forced

asymmetric eddies. We show that the process intensifying a weak vortex is shearing

of asymmetric eddies with small azimuthal scale that produces upgradient fluxes.

For stochastic forcing with amplitude larger than a certain threshold, these

upgradient fluxes lead to a structural instability of the eddy/mean vortex system

and to an exponentially growing vortex.

1 Introduction

Tropical cyclones are among the most life threatening and destructive natural

phenomena on Earth. However, despite our knowledge of the climatological

conditions favoring tropical cyclogenesis, a widely accepted theory for tropical

cyclone formation and intensification does not exist. Early theoretical work

suggested that tropical depressions intensify by utilizing cooperative feedbacks
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between cumulus clouds and the large scale flow (Charney and Eliasen 1964), or

between surface heat fluxes and the surface wind (Rotunno and Emanuel 1987).

Another theory is based on the idea that patches of high vorticity associated with

individual convective systems are quickly axisymmetrized, feeding their energy

into the vortex scale flow (Montgomery and Enagonio 1998), a process that can be

described in terms of the interaction between Vortex Rossby Waves (VRW) and the

circular vortex (Montgomery and Kallenbach 1997).

The goal of this work is to provide a theory for the systematic organization of the

turbulent fluxes intensifying the vortex, based on the interaction between VRW and

the mean vortex and building on results from linear stochastic turbulence modeling

that has led to a novel framework for investigating the organization of eddy fluxes

in turbulent zonal flows called Stochastic Structural Stability Theory (SSST, Farrell

and Ioannou 2003). In the context of SSST, the forcing of VRW, that can be traced

to highly intermittent, short time scale processes (e.g. convection), is modeled

stochastically (Farrell and Ioannou 1993a, b; DelSole and Farrell 1996). Further-

more, the VRW-VRW interactions are ignored, yielding a linear stochastic model

for the VRW evolution. The resulting momentum flux distribution arising from the

VRW is coupled with the mean vortex momentum equations to obtain a closed

dynamical system for the joint evolution of the VRW statistics and the mean vortex.

The dynamics of this system that will be derived in detail in Sect. 2, will be

investigated in order to address whether axisymmetrization can lead to the trans-

formation of a small depression into a tropical cyclone of sufficient intensity,

focusing on the VRW-mean vortex dynamics leading to such intensification.

2 Evolution Equations for a Barotropic Vortex

Consider a forced non-divergent, flow in which the Coriolis parameter f is

set to a local, constant value. A streamfunction c can be defined such that:

[u,v] ¼ [�(1/r)cy,cr], where u, v are the radial, r, and azimuthal, y, components

of velocity. Since we are interested in the effect of asymmetric perturbations on

a circular vortex, we decompose the streamfunction into an axi-symmetric

component (indicated with upper case) and an asymmetric eddy component that

is typically termed as Vortex Rossby Waves (VRW) (indicated with a tilde):

cðr; y; tÞ ¼ Cðr; tÞ þ ~cðr; y; tÞ. Harmonic VRW of the form ~cðr; y; tÞ ¼ c0ðr; tÞ
eimy, where m is the azimuthal wavenumber, evolve according to:

@t þ im
V

r

� �
z0 � 1

r

dZ

dr
imD�1z0 ¼ �mz0 þ fext þ feddy (1)

where V ¼ Cr is the azimuthal averaged tangential wind, z0 ¼ Dc0 is the relative
vorticity of the VRW, Z ¼ DC is the vorticity of the mean flow, D is the Laplacian

in polar coordinates, m is the coefficient of linear dissipation, fext, is the external
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forcing and feddy is the forcing term from the eddy-eddy interactions. On the other

hand, the circular vortex is forced by the radial vorticity fluxes and evolves as:

@tV ¼ �u0z0 � mV (2)

Following previous studies of stochastic turbulence modeling (Farrell and

Ioannou 1993a, b; DelSole and Farrell 1996), we parameterize the eddy forcing

term fext + feddy as a stochastic process. We also discretize the differential operators

with finite differences on a radial channel [0,R], imposing zero boundary conditions

for the streamfunction at the boundaries. The operators then, become finite dimen-

sional matrix approximations of the continuous operators and the variables z0, V
become column vectors with elements the values of the variables at the grid points

defined by the elements of the radial vector r. In matrix notation, (1) takes the form:

dz
dt

¼ Azþ Fx (3)

where the spatial structure of the forcing is given by the columns of F and j is a

vector giving the time variation of the forcing. ½Notdefined� is the matrix form of

the linear dynamics of VRW:

A ¼ �imdiagðVÞR�1 � imR�1DZD�1 � mI (4)

where R ¼ diag(r), I is the identity matrix and diag(●) denotes the diagonal matrix

with diagonal elements the vector●. The dynamics of VRW comprise of advection

of the vorticity of VRW by the vortex, advection of the vorticity gradient DZ by

VRW and dissipation. Similarly, (2) is written as:

dV

dt
¼ M� mV ¼ �m

2
Im D�1zzy

h i
� mV (5)

whereM are the radial vorticity fluxes, { denotes the Hermitian transpose and vecd

denotes the operation of extracting the diagonal elements of a matrix. The random

vector process x has statistically independent elements and is a Gaussian white

noise in time with zero mean and unit variance: <x> ¼ 0, <xi xj> ¼ dijd(t�s),
where the angle brackets denote an ensemble average over realizations of the

forcing. The spatial localization of the excitation is dictated by the matrix F

which is chosen to have l columns and elements Fij ¼ Jm(kjri/R), where Jm is the

Bessel function of order m and kj is the jth zero of Jm. This specification leads to a

statistically homogeneous excitation with forcing that is coherent over a distance

inversely proportional to kl. Finally, the forcing is normalized to have input power e.
The system of (3), (5) describes the dynamics of a single realization of the

stochastically excited VRW interacting with the circular mean vortex. Assuming a

large number of independent realizations of the forcing and taking an ensemble
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average of the excited wave fields, we obtain a deterministic equation governing the

evolution of the ensemble average enstrophy covariance matrix C ¼ <zz{>:

dC

dt
¼ ACþ CAy þ eQ (6)

where Q ¼ FF{. Under an ergodic assumption, the ensemble average of the eddy

vorticity fluxes is equal to the azimuthal mean vorticity fluxes and the vortex

therefore evolves as:

dV

dt
¼ M� mV ¼ �m

2
Im D�1C

� �� mV (7)

Equations (6), (7) form a deterministic, autonomous, nonlinear system for the

evolution of the mean vortex under the influence of its consistent field of VRW. The

fixed points VE and CE, if they exist, define statistical equilibria in the presence of

an eddy field with covariance CE. The stability of the VRW-vortex equilibria VE

and CE can then be determined by considering the evolution of small perturbations

dV, dC about the equilibrium. Because of the operator Im in (6), we must write

separate equations for the evolution of the real, dCR, and imaginary part, dCI, of the

covariance. The resulting stability equations for the evolution of dV, dCR, dCI can

be written in the form:

d

dt

vecðdCRÞ
vecðdCIÞ

dV

2
4

3
5 ¼ L

vecðdCRÞ
vecðdCIÞ

dV

2
4

3
5 (8)

where vec is the vector representation of a matrix obtained by stacking sequentially

the columns of a matrix on top of each other. The structural stability operator L

determines the stability of the VRW-vortex equilibria.

3 Structural Instability for an Equilibrium with No

Mean Vortex

The state with VE ¼ 0 and CE ¼ eQ/2 m, is a fixed point of the system (5)–(6) and

the goal is to determine the stability of this statistical equilibrium state. It can be

readily shown that L has a large number of decaying eigenmodes with dV ¼ 0 that

do not modify the mean vortex. The remaining eigenvalues are given by:

ln ¼ � 3m
2

� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m2 þ 4s2n

q
; n ¼ 1; 2; :::;N (9)

where sn are the eigenvalues of matrix S that determines the sensitivity of the

vorticity fluxes to small changes in the vortex velocity S ¼ ∂M/∂V. As a result, the
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state with no mean vortex becomes unstable and a vortex emerges and intensifies

only if the eigenvalues of S are positive, that is only if the VRW are organized by

the vortex perturbation in such a way to yield upgradient vorticity fluxes.

The sensitivity operator can be explicitly calculated in terms ofQ, R and D and is

given as the sum of two commuting operators S ¼ Sad � Svg. The first operator, Sad,

determines the sensitivity of the fluxes to changes in the advection of the vorticity of

VRW, and the second operator, Svg, determines the sensitivity of the fluxes to

changes in the advection of the mean vorticity gradient by the VRW. The eigenvalues

of Sad, Svg were numerically calculated and were both found to be positive. Conse-

quently, advection of the eddy vorticity by the perturbed vortex yields upgradient

fluxes and is destabilizing, while advection of the perturbed mean vorticity gradient

by the VRW yields downgradient fluxes and has a stabilizing tendency. For m > 2,
the eigenvalues of Sad are larger, resulting in an overall destabilizing tendency.

Calculation of the eigenvalues ln revealed that another necessary condition for

instability, is that the input power e should be above a certain threshold, so that the

eddy forcing, as measured by sn can overcome the mean vortex dissipation. When the

two necessary conditions are met, there is an emerging vortex whose mean tangential

velocity grows exponentially. The maximum growth rate as a function of m is shown

in Fig. 1a for a given forcing and eddy dissipation and roughly saturates at a constant

value for large m, showing that small scale VRW are the most unstable. Figure 1b

shows the most unstable mean flow perturbation, form ¼ 4 andm ¼ 10. We observe

that as m increases, the core of the vortex moves away from r ¼ 0.

4 Conclusions

Axisymmetrization of VRW has been proposed as a dynamical mechanism for the

intensification of a circular vortex. The VRW-circular vortex system is examined in

this work within the framework of SSST. In the context of SSST, the average VRW
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Fig. 1 (a) Maximum growth rate as a function of azimuthal wavenumber m. (b) The tangential

velocity of the most unstable eigenfunction for m ¼ 4 (solid line) and m ¼ 12 (dashed line). For
both panels, the power input is e ¼ 10�3, m ¼ 0.1 and l ¼ 40
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field and the circular vortex form a coupled system, in which the evolution of VRW

is obtained using a linear stochastic model and the resulting vorticity fluxes force

the mean vortex. Using SSST, the structural stability of a vortex with no velocity,

subjected to homogeneous stochastic excitation was examined. The eigenvalues of

the linear operator governing the evolution of mean vortex perturbations and the

associated VRW statistics around the equilibrium state were calculated. The struc-

tural stability was found to depend on the sensitivity of the vorticity fluxes to

changes in the vortex. Calculation of the eigenvalues of the sensitivity operator

revealed two mechanisms underlying the instability: shearing of VRW by the

vortex that is destabilizing, and advection of the mean vorticity gradient by the

VRW that is stabilizing. VRW with small (large) azimuthal scales were found to be

destabilizing (stabilizing) and a threshold for the amplitude of the excitation was

found, above which an infinitesimal vortex is intensified. The maximum growth

rate saturates for small azimuthal scales. It occurs for a vortex, whose core is at a

radial distance proportional to the azimuthal wavelength of the VRW.
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Radar Derived Storm Characteristics Over

Central Greece

D. Bampzelis and T. Karacostas

Abstract Individual storm measurements are obtained from the C-band weather

radar, located close to the area of interest, using the cell tracker TITAN (thunder-

storm identification, tracking, analysis, and nowcasting). The study aims in

analyzing certain storm characteristics over central Greece, as a tool for

investigating possible rain enhancement feasibility potential. The objective on

this study is two folded: firstly, to analyze and describe storm characteristics and

secondly, to identify differences in storm characteristics, structure and their behavior,

among distinct synoptic situation patterns. The radar-based storm characteristics are

extracted using certain thresholds. Storm characteristics include: storm initiation time,

storm duration, storm motion, cloud top, reflectivity, storm volume and storm area.

Frequency analyses of the aforementioned findings bring out evidences of the storm

characteristics, their extends and limitations, providing thus an integrated view of the

experienced isolated storms over the examined area. Moreover, the classification of the

storm days reveals certain differences in several storm properties, indicating how

isolated storms over central Greece vary under different synoptic situation patterns.

1 Introduction

Convective storms are meteorological phenomena of great importance as they

are associated with extreme events, while at the same time are not captured

accurately by any conventional observation system, since they exhibit small-

scale characteristics, lifetime and size. The purpose on this study is to analyze

and describe radar-based storm characteristics and to identify differences in
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storm characteristics among distinct synoptic situation patterns over central

Greece.

Radar data-based storm characteristics studies appeared in the USA in the

1950s following the invention and first use of weather radars (Braham 1958). In

Greece, radar-based storm studies have been performed by Karacostas (1991),

who investigated convective cells characteristics after the first 2 years (1984 and

1985) of operations of the Greek National Hail Suppression Program (NHSP),

Sioutas and Flocas (2003) who analyzed the hailstorm characteristics in north-

ern Greece through synoptic typing and thermodynamic environment and

Foris et al. (2006) who performed a kinematic study of hailstorms in central

Macedonia.

Storm characteristics are obtained and identified from weather radar reflectivity

images taken and analyzed from a C-band (5-cm) weather radar, being located at

Liopraso area, within the area of interest. Such information is considered as

diagnostic, since it can assist – as a very useful tool – for investigating rain

enhancement potential over the area. The area selected for the analysis covers

4,000 km2 (rectangular 50 � 80 km) and is mostly plain, within the eastern part

of Thessaly (Fig. 1). Only storm cells that initiated (gave their first radar echo)

within the area of interest are used in this analysis.

Fig. 1 The study area over Thessaly, Greece
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2 Data and Methodology

The dataset that is used in the analysis includes radar reflectivity measurements for

the time period of April 2006 to September 2010, focusing only on the month

period April to September, for each year. The radar reflectivity measurements have

750 � 750 m spatial and 3.5 min temporal, resolution. Storm characteristics are

obtained from reflectivity measurements using the cell tracker TITAN (Thunder-

storm Identification, Tracking, Analysis, and Nowcasting) (Dixon and Wiener

1993). Storm characteristics include: storm initiation time (UTC hour), storm

duration (minutes), storm direction (�), storm speed (km/h), storm volume (km3),

storm mass (ktons), storm maximum reflectivity (dBz) and storm cloud top (km).

The cell tracker TITAN is developed for automatic identification, tracking and

forecasting of convective cells. The algorithm, at a given reflectivity image, defines

a convective cell as a 3D region in which reflectivity values exceed a given

threshold and match convective storms between two successive radar images. To

be considered a valid storm, a track must satisfy a set of criteria and threshold

values, regarding its own characteristics. Hence, the following have been set for the

current analysis:

1. A storm track is rejected if it begins or ends after or before a missing radar file.

2. A storm track is discarded if its top is missing, since it lies too close to the radar

(within the cone of silence).

3. The storm minimum volume must be at least 15 km3.

4. A storm track must have a minimum duration of 15 min (five successive radar

scans).

5. The storm volume area reflectivity must exceed 35 dBz.

6. A storm track must have maximum top above 3.5 km.

For criterion 5 the 35 dBz was chosen, since that value is the threshold for the

storms to be seeded during the NHSP (Karacostas 1984) and it correlates well with

the development of mature cumulonimbus clouds (Roberts and Rutledge 2003).

With respect to criterion 6, a cloud with maximum top below 3.5 km is discarded,

since it is likely not to be a convective storm.

3 Results

3.1 Storm Characteristics

Following the above procedure and selection criteria, a total number of 514 valid

storm cells are identified by the algorithm. The percent relative frequency of the

storm characteristics is depicted in Fig. 2.

As seen in Fig. 2, convective cells that affect the area of interest develop during

the afternoon hours, with a peak at 14:00 UTC indicating that surface heating is the
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dominant factor for storm initiation. The identified secondary maximum in storm

initiation time at 00:00 UTC is most probably due to cells that have developed

during the previous day and continue to exist after midnight. Cells exhibit a lifetime

up to 40 min in a percentage of 72%, with a peak at 25 min, indicating that cells that

affect the area are short lived. It is noted that lifetime is defined as the time elapsed

from the first radar echo of 35 dBz until the disappearance of that.

Cell motion peak speed is between 6 and 10 km/h and cell direction of move-

ment is from northwest and southwest, which is mostly related to the 500 hPa upper
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air winds. Regarding cell’s volume and mass it is found that cell volume ranges

between 20 and 45 km3 in a percentage of 64% and cell mass between 6 and

21 ktons in a percentage of 55%. Finally, cell’s reflectivity peaks at 54 dBz with

73% of cells ranging between 46 and 58 dBz and cell cloud top most frequently

encountered at 7 km, with 55% of cells having cloud tops between 6 and 8 km.

3.2 Storm Characteristic Differences Among Synoptic Types

In order to study the connection of atmospheric circulation with convective activity

over the examined area the manual classification scheme proposed by Karacostas

et al. (1992) is used, which is based on the isobaric charts of 500 hPa and the

position and orientation of the trough axis. Furthermore, circulation patterns that

produced storms over the examined area, are grouped into the following four types:

(1) southwest flow (SW), a long wave trough to the west of the examined area, (2)

short wave trough and closed low (L2-CLO), referring mostly on storms produced

during the developing stage of a surface low pressure system, (3) northwest flow

(NW), along wave trough located to the east of the area, and (4) cut off low (CUT),

referring on storms developing during the mature phase and dissipating stage of an

upper air and surface low system.

The number of cells grouped under the four types is indicated in Table 1. In order

to study cells of similar duration, a second grouping is performed only for cells that

exhibit lifetime between 15 and 35 min. Cut off low (CUT) cases are excluded from

the results due to their small sample size.

It can be seen that most cases of cell development refer to two different synoptic

types, the short wave trough – closed low (L2-CLO) and the northwest flow (NW).

Results indicate the following: cell characteristics between these two synoptic types

differ in initiation time; later peak in relative frequency for cells developing at NW

synoptic type, and cell direction; NW type cells follow the northwest to southeast

direction, while L2-CLO type cells do not have a clear direction (Fig. 3a, b).

Although the rest of cell characteristics (volume, max reflectivity and cloud top)

do not show remarkable differences, from the diagrams (Fig. 3c, e, f) it is observed

that cells developing at L2-CLO synoptic type exhibit two maximum peaks; almost

at the same level; while cells developing at NW synoptic type have only one

maximum. This fact indicates a more scattered behavior of cells that develop at

Table 1 Number of cells per synoptic circulation type

Number of cells Number of cells

with duration 15–35 min

Southwest flow (SW) 61 34

Short wave trough and closed low

(L2-CLO)

157 93

Northwest flow (NW) 135 84

Cut off low (CUT) 17 13
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L2-CLO synoptic type, with air masses coming from various directions and having

different properties, than those developed at NW synoptic type, where air mass

potential is probably restricted. Concerning the cells develop at southwest (SW)

synoptic type, they move quite faster, from southwest to northeast, exhibit lower

maximum reflectivity values and higher volume and mass content.

4 Conclusions

An attempt is made to analyze and describe storm characteristics, obtained from

weather radar measurements for a specific plain area in eastern Thessaly. Frequency

distribution of cell characteristics indicated their extends and limitations, providing

an integrated view of storms’ behavior over the examined area. It appears that

convective cells occur mostly in the afternoon. Cells are mostly short lived, with a

mean peak at 20–25 min. Cell motion is consistent with upper air winds at 500 hPa.

Cell characteristics, such as: volume, mass, max reflectivity and cloud top, follow

almost a normal distribution. Furthermore, the storm characteristics are examined

Fig. 3 The relative frequency distribution of the observed cell characteristics per synoptic type
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in relation to the synoptic types. Certain differences are observed between L2-CLO

and NW synoptic types, with cells developing at L2-CLO synoptic type to exhibit

more scattered characteristics.
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Synoptic Aspects of the Eastern Mediterranean

Explosive Cyclogenesis of 22 January 2004

D. Brikas, T. Karacostas, and I. Pytharoulis

Abstract The synoptic environment of the Eastern Mediterranean explosive

cyclogenesis (ECG) of 22 January 2004, is described from a Sutcliffe-type view-

point. ECG lasted 30 h. It began as warm-frontal cyclogenesis, forced by the

advection of a cold and cyclonically rotating upper air mass, above an unstable

marine boundary layer. The cold air mass was cut off its polar reservoir 2 days

before ECG, followed a route above the Iberian Peninsula and the Sahara desert and

approached the Libyan Sea from the southwest. When the bomb entered the Eastern

Mediterranean, an arctic-type front penetrated from the north and turned the former

into an intense frontal cyclone.

1 Introduction

The Eastern Mediterranean explosive cyclogenesis (ECG) of January 22

was associated with heavy rainfall, snow depths up to 1 m, even on Aegean

islands, damaging winds exceeding 40 m/s and record low pressures. It has been

already studied by Lagouvardos et al. (2007), Pytharoulis (2008), Karacostas et al.

(2010).

The associated synoptic environment is portrayed in Fig. 1. Upper tropo-

spheric flow is inferred by 500 hPa geopotential height. Combined with the
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thermal field of the same level, the upper level forcing (hereafter ULFng) is

inferred. To quantify the latter, areas where cold air advection (CAA, ~urT )
is stronger than 10�C/day and those where cyclonic vorticity advection (CVA,

�~urzabs ) is in excess of 10�8 s�2 are hatched at right angles. Thus, cross

hatching indicates ULFng favorable for development downstream. Assuming

negligible advection at low levels and non-negative absolute vorticity [zabs � 0

(1)] and stratification [@y @p= � 0 2ð Þ], multiplying CAA and CVA by (1) and

(2), respectively, and adding by parts, positive potential vorticity (PV) advection

( �~urPV>0) is obtained.

A gross inspection of Fig. 1 points out two major troughs: one amplifying above

the Iberian Peninsula on the 19th and another one in Eastern Europe on the 21st.

According to Lagouvardos et al. (2007), ECG began at ~18UTC 21 January

(hereafter 21 18), with the merger of the two troughs, and lasted merely 24 h.

A closer inspection of Fig. 1j, k reveals a weak warm-frontal cyclone in the Libyan

Sea, already deepening explosively downstream its parental low (big size L), 12 h

before trough merger. This credits the bomb under study at least 30 h of duration.

Cold-frontal cyclogenesis also takes place along the northern Mediterranean coast

at 21 00 (Fig. 1i), in association with the advancing Eastern European trough. One

might say that the cold-frontal cyclones seen in Fig. 1k merge with the bomb 6 h

later. However, they do not deepen explosively until this hypothetical merger, so, in

that respect the Eastern Mediterranean bomb is not related with the Eastern

European trough, at least initially. Even if trough merger is important in

maintaining ECG during the rapid intensification phase (RIP) of the bomb, the

Saharan trough alone is responsible for triggering ECG in the Libyan Sea.

Motivated by this observation, a synoptic picture of the Saharan system, the

bomb and the associated features, is intended to be given in the present study.

The study period is extended back to January 19 (Fig. 1a), when the original trough

of the Saharan system is cut off the westerlies at the longitude of the Iberian

Peninsula and progresses southwards into North Africa.

2 Pre- and Initial Cyclogenetic Period (19 00–21 18)

With the beginning of the study period (19 00), a deep polar air mass outbreak

occurs behind the tail of the cold front of a mature occluded low (Fig. 1a). The latter

subsequently fills up above Central Europe (20 06), while its trailing cold front

triggers orographic cyclogenesis by the end of the 19th (Fig. 1d), as the northerly

flow impinges on the east–west oriented Atlas range. This cyclone, L, begins to

occlude on the 20th (Fig. 1f) and is no other than the parental low of the bomb. The

upper low compacts into a more circular shape. As vorticity increases, an
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appreciable area of CVA forms just downstream the upper low, above and to the

N–NE of the surface low.

Despite the weakening of the Saharan system by the 21st, CVA is combined with

CAA at 21 06–12 (Fig. 1j, k), to trigger ECG along the warm front, above the

Libyan Sea. The developing cyclone is in a marine area of reduced (equivalent)

static stability (figure not shown). This favors the penetration of the ULFng down to

the low levels. The bomb subsequently travels towards the NE. Its low level

circulation is not strong at these initial stages in association with the rather weak

baroclinicity and stability. These factors favor the strong moist convection

observed on satellite pictures (not shown) during 21 00–22 00, which is largely

how the bomb is maintained near the end of this period.

3 Associated Features

After giving birth to the bomb, its parental low, L, fills up and its associated North

African trough moves ahead of the bomb, towards the ENE. However, another

daughter low, denoted with small L (Fig. 1i–m), still follows the bomb from the

south, all the way from the initial stages of ECG (21 06) to the time cyclolysis

begins (22 12). Its role is to advect warm and moist air ahead of the bomb,

sharpening the frontal character of the latter and triggering moist convection in

its warm sector. The associated front is traceable back to the beginning of the

study period, as a diffuse baroclinic zone (broken white line) in the southwest

corner of Fig. 1a. Because of its position below a trough of the subtropical jet

(hereafter SJ, not shown), this front is improperly called ‘subtropical’. Cyclogen-

esis occurs along the subtropical front (hereafter SF) at 20 12 (Fig. 1f). As

Thorncroft and Flocas point out (1997), such fronts form as Saharan cold air

outbreaks converge along the pre-existing low level baroclinic zone of the heat

low.

The polar front that enters from the top of Fig. 1c plays the most important role

in the rapid intensification of the bomb. As the low level (geostrophic) flow veers

with time behind the front, the advected air masses become arctic. Nevertheless,

this front is a deep feature, accompanied by a short wave trough aloft, that quickly

amplifies in the westerlies. Meridionality above the eastern part of the map indeed

increases steadily for the rest of the study period. Orographic cyclones form

downstream the Alps at 21 00, which in the next day (21st) travel east, then

NEwards along the front (see Fig. 1i–l) and decay. By the end of the 21st, the

arctic front is very close to the bomb, the ascending branch of its direct transverse

circulation (not shown) being the major forcing to explosive deepening. Frontal

merger with the original front of the bomb is completed at 22 06, as seen in

Fig. 1n.
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4 Rapid Intensification: Mature Phase (22 00–22 18)

The bomb rapidly intensifies at ~22 00 in the Aegean Sea (Fig. 1m), when the arctic

front approaches from continental Greece. The bomb undergoes significant

changes. Until now it was maintained mainly via ULFng and moist convection

shooting upwards from an unstable boundary layer. Low level frontogenetical

forcing was less important, not insignificant though. From now on, ULFng is less

important, mostly because the invading arctic air masses increase the stability. Low

level frontogenetical forcing is at least three times stronger than before (Karacostas

et al. 2010). Condensation now is mostly due to slantwise ascent along the gently

tilted warm frontal part of the polar/arctic front. Strong low level baroclinicity and

stability in the expanding cold sector are associated with a gradual increase of the

low-mid level kinetic energy of the bomb.

Steered by the almost 100 m/s strong subtropical jet (hereafter SJ, not shown) SF

reaches the Middle East at 22 06 (Fig. 1n). However, its occlusion stretches

backwards to the Southeast Aegean Sea, still providing the bomb with warm and

humid air at mid levels. The remnants of the bomb associated original cold front

easily trigger a squall line (Lagouvardos et al. 2007) in the convectively unstable

warm sector of the bomb, especially since polar air masses, spreading aloft from the

NW, act to enhance instability.1 At 22 12 the bomb achieves its lowest MSLP,

~972 hPa, above the island of Ikaria, a record low value for the Southern Aegean

area. By this time the bomb is located right under the 500 hPa trough. This neutral

tilt of the vortex is unfavorable for development. Physically, cyclogenesis stops

because the bomb is gradually deprived of its low level warm air supply. Low level

convergence associated with the arctic front is absolutely greater than the upper

level divergence (Pytharoulis 2008), reflecting the fill up of the bomb after 22 12.

The intense circulation of the bomb has distorted the thermal field towards a

pattern of a cold and a warm strip, spiraling cyclonically in one another. With the SJ

superimposed on this pattern, cyclonically rotating cold air is advected above the

warm front of the bomb. The resulting ULFng (see cross hatching in Fig. 1o, p) is

associated with vigorous cyclogenesis in the Black Sea, beginning at 22 18.

A similar process takes place, to a much lesser extent though, above extreme

Eastern Mediterranean and the Middle East, where a rejuvenation of the SF

associated low occurs at 22 12 (see Fig. 1o).

1 Or, from a large-scale view point, the 500 hPa thermal pattern resembles the cyclonically

wrapping baroclinic wave of Thorncroft and Hoskins (1990, see their Fig. 7a, b). The difference

here is that, at 22 12, the structure is not that much cyclonically wrapped, as in the above authors’

Fig. 7b, consistent with the locally kata-front character of the present cold front. In contrast, the

Saharan trough evolution during 19 00–21 18 resembles the anticyclonic shear jet side paradigm of

the same authors (see their Fig. 7d–f). The contrasting evolving patterns of the present real

atmosphere cases, are indeed associated with opposite signs of the mean jet horizontal shear.
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Wind Energy in NW Greece

D.C. Chaskos, A. Bartzokas, and J.D. Pnevmatikos{

Abstract In this paper the wind energy in northwestern Greece is studied at 80 m

above ground level. The MM5 meteorological model is used to obtain the necessary

wind data to estimate the wind energy potential. This model is used operationally

by the Laboratory of Meteorology of Ioannina University for daily weather fore-

cast. The model runs in 3 domains (Europe–Greece–Epirus) with the one-way

nesting technique. The third domain contains 12,544 (112 � 112) grid points

with a spatial resolution of 2 � 2 km. By using a statistical analysis for 1 year

wind data, the mean annual power density map and the resultant wind direction map

at 80 m above ground level is calculated for NW Greece. The mean annual power

density is calculated from the average 2-h wind data of MM5 from the 1st of June

2007 until the 31st of May 2008. The highest values of wind energy are found in the

mountainous areas. The maximum estimated value is 815 W/m2.

1 Introduction

Wind energy is created by the movement of air parcels and is one of the renewable

energy sources which are naturally replenished. The wind is very variable in time

and space, thus the wind resource varies with the time of day, the season of year and

even from year to year.

The power Pa, available in a cross-sectional area, A, perpendicular to the wind

stream moving at speed, V, is the kinetic energy flux
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P ¼ 0:5rV3A (1)

where r is the air density.

One method for characterizing the available wind energy of various sites of

interest is via their average available wind energy per unit area

Pah i A= ¼ 0:5r V3
� �

(2)

where the angular brackets indicate an averaging process, and r is taken to be

effectively constant r ’ rh i (Justus 1985).
Because of the wind variability, the wind resource estimation is a very important

part of wind energy applications. There are many methods to estimate the wind

resource of an area. One of them is the method of mesoscale meteorological

modeling. By using this method, obtaining wind data with longer than 1 year

time series, would be very time consuming. Usually a few months of the year are

used in order to estimate the wind energy (Dvorak et al. 2007). The most common

mesoscale models used for wind energy calculations are KAMM (Karlsruhe Atmo-

spheric Mesoscale Model), MM5 (Mesoscale Model 5) and MC2 (Mesoscale

Compressible Community) (Landberg et al. 2003).

In Greece, wind speed presents maximum values over the Aegean Sea, espe-

cially during summer, when the northerly Etesian winds prevail. This is why most

research works on wind energy refer to this area (see e.g. Oikonomou et al. 2009;

Fyrippis et al. 2010; Palaiologou et al. 2011). For the western Greece the available

research works are rather limited maybe due to the lower values of wind speed (see

e.g. Bagiorgas et al. 2008). The aim of the present work is to estimate the wind

energy over NW Greece. For this reason, the Penn State/National Center for

Atmospheric Research Mesoscale Model version 5 (MM5), which is operationally

used for daily weather forecast in the University of Ioannina, is applied to obtain the

necessary meteorological data in order to estimate the wind energy potential.

2 Data and Methodology

The MM5 model (version 3.6.3) is a limited-area, terrain following sigma coordi-

nate, non-hydrostatic, model designed to simulate or predict mesoscale atmospheric

circulation. The MM5 model is used to simulate the winds of NW Greece at high

resolution for 1 year period from 1 June 2007 to 31 May 2008. The results of the

global model GFS (Global Forecast System), provided by NCEP (National Centers

for Environmental Prediction) with 1 � 1 degree resolution, are used to create

initial and boundary conditions for MM5, updated every 6 h.

For the daily weather forecast, the following 1-way nesting technique is adopted:

Domain 1 covers the major part of Europe and the Mediterranean, Domain 2 covers

Greece and the surroundingwaters and Domain 3 covers NWGreece. The horizontal

grid increments of the three domains are: 24, 8 and 2 km, respectively. The vertical

44 D.C. Chaskos et al.

nastos@geol.uoa.gr



resolution of the model is 23 sigma levels while the domain 3 consists of 12,544

(112 � 112) grids. In the present study, the microphysical scheme described by

Schultz (1995) and the convective parameterization scheme of Kain and Fritsch

2 (Kain 2004) are selected. For the atmospheric boundary layer the MRF scheme

(Hong and Pan 1996) is used. This configuration ofMM5model has been verified for

daily weather forecast by the Laboratory of Meteorology of Ioannina University.

The results of verification of wind speed at 10 m height, for three main towns of NW

Greece at 12:00 UTC, have shown that wind speed is overestimated by the model by

0.8–1.6 m/s (Bartzokas et al. 2010).

Because of 20 missing daily weather forecasts during the study period, the

NCEP FNL 1 � 1 degree Operational Model Global Tropospheric Analyses data,

updated every 6 h (dataset ds.083.2), is used as input data. The MM5 model

operates in order to obtain meteorological data for 1 day while the spin-up of the

model is not removed. Because of the differences in the data bases four additional

runs are performed for 1 June 2007, 1 September 2007, 1 December 2007 and 1

March 2008 for the determination of a correlation between these two bases. These

days have been selected so that they belong to different season of the year.

The MM5 forecast for domain 3, every 2 h, contains all the meteorological

parameters on sigma levels. A linear interpolation method is used to calculate the

wind speed at 80 m above ground level for all grid points and for all time series of data.

The height of 80 m is selected in order to be in agreement with the new wind turbines

which have been introduced in energymarket. Taller turbine hubs take the advantage of

higher wind speeds aloft due to reduced surface friction and produce more wind power.

3 Results

For a comparison of the GFS and the FNL results, the daily average wind

components (U, V) are calculated at each grid point, at 80 m above ground level,

for the four selected days. Then, the correlation coefficients of the daily average

wind components are calculated for all grid points (Table 1).

In Figs. 1 and 2 the maps of differences of wind components resulted from the

different input databases are presented for 1-6-2007 and 1-12-2007. It is seen that

the majority of differences range from �1 to 1 m/s. The high values of correlation

coefficients and the low values of wind component differences imply that the FNL

database highly resembles the GFS database and therefore, it is proper to be used

for filling the missing input data.

Table 1 Correlation coefficients of the daily average wind components at 80 m for two different

input databases (GFS, FNL)

1-6-2007 1-9-2007 1-12-2007 1-3-2008

U wind component 0.84 0.93 0.96 0.97

V wind component 0.94 0.96 0.94 0.98

All correlation coefficients are statistically significant at 99% confidence level
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Fig. 1 Maps of differences of wind components, at 80 m above ground level, resulted from

different input databases [U(FNL)-U(GFS) and V(FNL)-V(GFS)] for 1 June 2007. (a) U compo-

nent, (b) V component
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Fig. 2 As in Fig. 1 but for 1 December 2007
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The 1-year period of the wind data is considered sufficient to predict the long

term trend in wind velocity with an accuracy of 10% at a confidence level of 90%

(Jamil et al. 1995; Mathew et al. 2002). The wind data resulted by the MM5 model

could be used in order to draw useful conclusions on the wind energy characteristics

in NW Greece.

From the mean annual wind velocity, by using (2), the map of average available

wind energy per unit area is calculated at hub height 80 m, assuming that the air

density is constant and equal to r ¼ 1:225 kg m3
�

(Fig. 3). In addition, the resultant

wind directions calculated by the vector sum of all the 2-h vectors of wind velocity

at each grid point is estimated (Fig. 4). The resultant wind direction defines the

directions for which the wind turbines receive the highest values of energy.

In Fig. 3 the areas with high and low values of annual average wind energy per

unit area can be seen. The maximum estimated value is 815 W/m2. Satisfactory

values of wind energy are found over Timfi Mountain (near Konitsa), Lakmos

Mountain (near Metsovo), Athamanika and Akarnanika mountains. The rest conti-

nental areas of NW Greece are characterized by low values of wind energy. Wind

energy in the Ionian Sea ranges from 300 to 400 W/m2 while at the coastal areas of

Epirus it ranges from 200 to 300 W/m2. The map of resultant wind directions

(Fig. 4) indicates the variability of wind direction over the continental areas while

in Ionian Sea the resultant wind direction is almost constant, westerly.

Fig. 3 Annual average available wind energy per unit area at 80 m height above ground level for

the period 1 June 2007–31 May 2008
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4 Conclusions

This study analyzed the wind energy potential over NW Greece at a hub height of

80 m. The meteorological model MM5 was used due to the absence of meteorologi-

cal stations at mountainous areas. This method has the advantage of not introducing

errors due to wind data extrapolation from surface to the desired height. The FNL

input data of the model MM5 was found proper for replacing of the missing original

time series which use GFS input data, with wind data at 80 m. Wind energy values

greater than 400 W/m2 were found over mountainous regions indicating areas for

best wind energy applications. The resultant wind directions were found very

variable over continental areas expect over the Ionian Sea where they were found

almost constant, westerly.

Fig. 4 Resultant wind directions at 80 m height above ground level for the period 1 June 2007–31

May 2008
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Agrometeorological Remote Sensing of High

Resolution for Decision Support in Precision

Agriculture

N.R. Dalezios, N. Spyropoulos, A. Blanta, and S. Stamatiades

Abstract Precision agriculture or operational agriculture is a dynamically devel-

oping field of agricultural science, which is based on geoinformatics. Agrometeoro-

logical remote sensing contributes through processing and analysis of high

resolution satellite images to decision support at field level. In this paper, in

HYDROSENSE project, the classification of organic matter zones is presented

aiming at the assessment of water and fertilizer operational needs per zone for

cotton crops in Thessaly during the phenological cycle. Two pan-sharpened satel-

lite images WorldView-2 (0.5 m) of the region are used, one before planting and the

other at the maximum plant cover, as well as one pan-sharpened reference satellite

image (2007) IKONOS-2 (1 m). The methodological processing approach includes

image filtering and preprocessing, as well as processing, which involves principal

component analysis and clustering leading to the production of thematic maps.

These maps are combined with mapping through geostatistical analysis of weekly

periodic field measurements in three selected cotton fields referring to NDVI, Red/

Red edge, NIR/Red and the development of a mini GIS. The results of this

combined analysis lead to organic matter zones of the whole region for decision

support in precision agriculture.
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1 Introduction

Remote sensing applications are designed to provide farmers with timely crop

monitoring and production information for large and geographically dispersed

areas. Such information can be used to identify crop health problems, monitor

food supplies and assess famine risks. The “new-generation satellite birds” can

provide better to one-meter resolution and near real time information that will offer

numerous benefits in agriculture at field level (Spyropoulos 1999). Operational

agro-environment and related business at farm scale is often related to precision

farming (Koch and Khosla 2003). On the other hand the revolution of electronics of

the last several decades has spawned two additional technologies that also impact

agriculture in this decade. These are the Geographic Information Systems (GIS) and

the Global Positioning System (GPS). Along with GIS and GPS there is also a wide

range of sensors, monitors and controllers for agricultural equipment such as shaft

monitors, pressure transducers and servo motors. Very high spatial resolution

satellite imagery, GIS and GPS together with field instruments are enabling farmers

to use electronic guidance aids to direct equipment movements more accurately,

provide precise positioning for all equipment actions and chemical applications and

analyze all data in association with other sources such as climate. This will add up

to a new and powerful toolbox of management techniques for the progressive farm

manager. Precision farming technologies will affect the entire production function

(and by extension, the management function) of the farm (Yang et al. 2006). In this

paper, two very high spatial resolution WorldView-2 (0.5 m) images were acquired

and used one before planting and the other at the maximum plant cover. The derived

satellite data products were compared and combined with vegetation indices

generated by portable spectrometer in order to introduce and demonstrate the

utilization of satellite imagery in precision farming tasks that deal with the estima-

tion of water and nitrogen needs.

2 Data and Methodology

Several satellite data were investigated to be procured for the purpose of this

research study. Finally, one IKONOS-2 image, acquired on 4-March-2007 was

selected as reference and two WorldView-2 pan-sharpened images were

programmed to be acquired in order to depict the diachronic changes of vegetation

(phenological cycle) and soil. The WorldView-2 (WV-2) images were scheduled

for acquisition, one before sowing of the crop (26-March-2010) and another during

the maximum growth (22-July-2010). Both images were almost vertical and cloud

free with excellent spatial and spectral information content. Additionally, four map

sheets of 1/50.000 scale identified from the Hellenic Army Geographical Service

were used as the main cartographic background that covers the entire AOI (Larissa,

Platikampos, Gonnoi and Rapsani map sheets).
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The definition of the following methodological steps, stems from the hypothesis

that by using very high spatial resolution satellite data in pan-sharpened multispec-

tral mode, it is possible to map and categorize the land-use of experimental

agricultural fields according to the spectral behaviour of soil and vegetation during

the growing season (phenological cycle). Three cotton fields were used as the

experimental test sites of the project: Mitsoyannis field covering an area of

0.4 ha, Vardoulis field (0.24 ha) and Samaras field (0.42 ha). These fields are

located in the Gonni-Sikourion-Platikambos sub-basin, an area of 120 sq. km,

which belongs to the Pinios river watershed. The intensive nature of agricultural

practices in the area has led to excessive fertilizer and pesticide inputs. As a result,

soil and water nitrate concentrations often exceed EU limits. The aforementioned

conditions and overuse of irrigation water accelerates the leaching of agrochemicals

leading to groundwater contamination. The satellite data are atmospherically and

geometrically corrected (Lanzl and Richter 1991; Updike and Comp 2010) and then

processed using Principle Components and Tasseled Cap Transformations to delin-

eate subtle changes in the imagery. Several vegetation based processing

methodologies are implemented such as NDVI, NIR/RED Index, SAVI, LAI and

FPAR (Colombo et al. 2003). The data then is categorized in zones using specific

Clustering approaches (Horne 2003). Ground measurements were performed on a

weekly basis to collect NDVI, CI, Red/Red edge indices in each agricultural

experimental field. The data were collected using a portable spectrometer and a

GPS providing its signals in ITRF format (OmniStar HP system). Almost 10.000

point measurements were collected for each field per week and then geostatistically

analyzed to create solid raster representations/bitmaps or user defined zones

(Fig. 1). Kriging on Geomatica software package was used to analyze the data.

The Kriging technique for estimating a surface over an area of interest is a statistical

technique that minimizes the error variance for the estimated values. It calculates

the value at a specific point as a weighted sum of the known points. The weights are

determined by considering the co-variance between each pair of the known points,

and the co-variance between the specific point and each of the known points. The

geostatistical data are then compared with the satellite derivative products. A GIS

database was developed to correlate the spatiotemporal relationships between the

spectral characteristics of satellite imagery and the organic matter and soil and plant

moisture (Dalezios et al. 2010).

3 Results

NDVI, NIR/RED and RED/Red Edge indices are produced by field measurements.

A geostatistical interpolation and analysis is then performed in order to produce

three zones per field for soil, crop and N requirement prediction. These data are then

compared with the NDVI, NIR/RED, PCA, SAVI, LAI and FPAR indices derived

from the WV-2 data. March field measurements applied before crop plantation have

shown similar soil patterns with satellite derivative products such as SAVI (Soil

Adjusted Vegetating Index) and the produced zones also coincided. July field
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measurements applied during maximum plant cover have shown similar vegetation

patterns with satellite derivative products such as NDVI and NIR/RED index

(Figs. 1 and 2).

Both Principal Components (PC2 and PC3) and Photosynthetically Active

Radiation applied onto March and July WV-2 data are also exhibiting similar

results with field measurements. All March WV-2 indices and derivative products

were compared and verified with the same products generated by the IKONOS-2

reference image. ISODATA clustering was applied to NIR/RED indices (produced

by WV-2 data) in order to generate three-zone thematic maps for the entire region

of interest. This index exhibited very similar patterns to ground measurements and

helped to extract the cotton area coverage and the variation of its growth in each

field with great accuracy enabling farmers not only to control the rate of irrigation

application but also to differentially distribute it within the same cotton field.

Fig. 1 From upper left: Soil map of Mitsoyannis field (March), soil map of Valrdoulis field

(March), soil map of Samaras field (March). From lower left: Red NDVI of Mitsoyannis field

(July), Red NDVI of Vardoulis field (July), predicted N requirements of Vardoulis field (July)
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The latter index was selected as the most representative to produce the generali-

zation map of the whole region for decision support in precision agriculture.

4 Conclusions

The present research effort is the first attempt to deploy the principles of precision

agriculture for integrated crop management of combined inputs from satellite data

and field measurements. The development and implementation of an efficient site-

specific management system for reducing irrigation and chemical inputs is possible

by combining field measurements and satellite data. Satellites proved to be ideal

due to their global repetitive coverage over an area of interest (every 2–3 days),

spatial and spectral resolution. The comparison of satellite data and field

measurements has shown that the utilization of WorldView-2 is definitely a useful

tool for Greek farmers, allowing not only the extraction of crop area but also the

derivation of crop water needs based on crop area. Spatial resolution (0.5 m),

Fig. 2 From upper left: IKONOS NDVI index of Mitsoyannis field, WV-2 SAVI index

of Vardoulis field (March), WV-2 SAVI index of Samaras field (March). From lower left: WV-2

NIR/Red index of Mitsoyannis field (July), WV-2 NIR/Red index of Vardoulis field (July), WV-2

NIR/Red index of Samaras field (July)
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together with spectral capacity play an important role in the precision farming

applications where the scale and crop separability are of key issues at field level

(Spyropoulos 2002). High resolution satellites such as WorldView-2 can be used in

an operational mode for crop area extraction and estimation of water needs for each

crop type according to its phenological stage. Cotton Greek farmers exhibited a

positive reaction on the image clarity and sharpness of WorldView-2 satellite data.

In that respect and prior to any irrigation programme Greek farmers may consult

WorldView-2 images to estimate the necessary water quantity for their crops.

Variable-rate irrigation is expected to reduce water consumption by 20% in com-

parison with conventional management with uniform irrigation. Similarly variable-

rate fertilization is expected to reduce N inputs by 20%. Pesticide and herbicide

inputs are expected to be reduced by 50% when principles of Integrated Crop

Management and precision technologies are implemented.
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Surface Meso High and Wake Low Associated

with Pre-Monsoon Thunderstorm Over the

Kharagpur Region

S. Dawn and M. Mandal

Abstract Observations recorded under the national coordinated STORM (Severe

Thunderstorm Observations and regional Modeling) Programme have been used to

study the surface parameters associated with tropical squall line (thunderstorm)

with trailing stratiform precipitation. A number of studies indicated the presence of

three well known features—a pre-squall meso-low, a squall meso-high and a wake

low in the surface pressure field associated with a midlatitude squall with trailing

stratiform precipitation. In this paper, an attempt is made to identify these meso-

scale features, if any, associated with thunderstorms over Indian region. The study

is conducted over Kharagpur region, a part of the Gangetic West Bengal frequently

affected by thunderstorms during the pre-monsoon season. The observations from

50 m instrumented micro-meteorological tower and upper air sounding at

Kharagpur are used in the study. Doppler Weather Radar (DWR) (at Kolkata)

imageries are used to identify the squall line with trailing stratiform precipitation.

It is observed that in the squall line with trailing stratiform precipitation shield, the

meso-high (MH) is associated with convective line and wake low (WL) exists in the

rear of the storm. The position of the meso-high is typically found in the vicinity of

the heavy rain directly beneath the downdraft.

1 Introduction

Mesohigh and wake lows are mesoscale phenomena associated with mid-latitude

thunderstorms (Fujita 1955). These result to strong and sometimes severe winds.

Johnson (2001) has shown that wake lows typically form during the decaying stage

of a mesoscale convective system (MCS) near the rear edge of the trailing
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stratiform precipitation region. Zipser (1977) has observed that the thermodynamic

state of the atmosphere that supports the development of wake low shows “onion”

structure in the upper-air sounding.

The Gangetic West Bengal gets frequently affected by thunderstorms known as

‘Noŕwester’ in the summer months (March–May). These weather events are locally

called ‘Kalbaisaki’. Severe thunderstorms create great damages to property, crops,

human and animal fatalities over small areas through strong surface wind squalls,

large hails, frequent lightning and heavy rain showers. They also cause serious

aviation hazards. A nationally coordinated program, named Severe Thunderstorm

Observation and Regional Modeling (STORM), has been initiated by the Depart-

ment of Science and Technology (DST) and the Ministry of Earth Sciences of the

Government of India, in order to improve the present understanding of the pre-

monsoon thunderstorms over the eastern and north-eastern part of India. The

objective of this paper is to examine whether the meso-high and wake-low features

are also present in the tropical trailing stratiform squall-line thunderstorms and the

thermodynamic environment associated with these features.

2 Data

The datasets that have been used in the present study are the 50 m micrometeoro-

logical tower observations during the pre-monsoon period (15th April–31st May)

under the STORM field experiment in 2007, 2009 and 2010. The upper-air sound-

ing at Kharagpur and the imageries from Kolkata Doppler Weather Radar (DWR)

are also utilized in the study. The NCEP/NCAR reanalysis dataset is used to check

the prevailing synoptic situation over the region.

3 Analysis

The DWR imageries suggested that 12 squall line thunderstorms affected

Kharagpur and adjoining areas during STORM field experiment periods in 2007,

2009 and 2010. The observational datasets mentioned above are analyzed for all the

12 cases. The data analysis of one (5th May 2010 thunderstorm case) of these

12 cases is presented in some detail in this section. The maximum variation in

pressure and wind gust associated with the other cases is summarized in Table 1.

3.1 5th May 2010

The large-scale circulation during pre-monsoon months is characterized by ascending

motion over Indian landmass and descending motion over the surrounding seas. This

leads to a shallow inflow of warmmoist air from the sea (the Bay of Bengal) along the

east coast. Thus the air in the southeastern part of India is moist, whereas, in the
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northwestern part it is relatively dry and cold. This favors development of thunder-

storm activity. This favors development of thunderstorm activity. On 5thMay 2010, a

trough of low pressure area formed extending from North West India to West Bengal

across the Bihar, Jharkhand and Orissa (figure not shown). This trough of low

pressure persists up to Jharkhand till 06:00 UTC. The DWR imageries (Fig. 1)

show the squall line having a southwest-northeast orientation at 08:25 UTC. The

squall-line reached Kharagpur region around 0943 UTC. The structure of the con-

vective line was trailing stratiform type as observed from the DWR imageries.

The passage of this trailing stratiform squall line is illustrated in a time series of

surface observations (Fig. 2) obtained from 50 m micrometeorological tower at

Kharagpur. The arrival of the convective line over Kharagpur was marked by

sudden increase in surface wind speed by 3–4 m/s and in pressure by 5 hPa and is

followed by heavy rainfall. The maximum surface pressure was recorded at the time

Table 1 Wake low and meso high cases in this study along with the maximum pressure drop, rise

and wind gust for each

Date Maximum pressure

drop (hPa)

Maximum pressure

rise (hPa)

Maximum wind

gust (m/s)

26-04-2007 13 0 14.37

27-04-2007 6 5 10.62

06-05-2009 4 3 8.51

11-05-2009 4 6 9.2

12-05-2009 7 2 12.28

15-05-2009 9 7 11.92

03-05-2010 3 4 6.57

05-05-2010 7 5 6.8

07-05-2010 14 3 9.27

14-05-2010 9 7 11.39

29-05-2010 4 2 9.8

30-04-2010 10 2 13.41

Fig. 1 MAX (Z) display of life cycle of thunderstorm occurred on 5th May 2010
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Fig. 2 Temporal variation of pressure, wind speed, wind direction, rainfall, temperature and

relative humidity on 5th May 2010 at Kharagpur
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Fig. 3 Skew-T plots of temperature and dewpoint at Kharagpur at 06:00 and 12:00 UTC on

5th May, 2010
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of maximum rainfall intensity. This clearly indicates the passage of a meso-high.

The passage of the meso-high is followed by drop in pressure of 7 hPa in 1 h.

During this time, the pressure decreased first slowly and then rapidly, reaching a

minimum at about 20 min after the rainfall ends. This is a clear indication of wake

low. During the process of wake low, the wind direction was slowly changed from

northeasterly to south of southeasterly (clockwise). The end of the wake low is

characterized by an abrupt increase in pressure (5 hPa) and gradual wind shift [In

the process wind gradually veered from south of southeasterly to northeasterly

(anticlockwise)]. The convective rainfall continued for about 45 min due to the

presence of convective clouds in the front-end of the squall-line. The stratiform

cloud let to light stratiform rain for next 2 h.

Radiosonde observations at 06:00 UTC at Kharagpur revealed a large unstable

layer above the 900 hPa (Fig. 3). The post-squall upper-air sounding (at 12:00 UTC)

at Kharagpur resembles the ‘onion shape’ suggested by Zipser (1969).

4 Summary and Conclusions

The analysis of surface pressure, temperature, relative humidity, winds and rainfall

associated with trailing stratiform squall-line thunderstorm at Kharagpur reveals

two mesoscale phenomena, namely a meso-high and a wake low. The meso-high

was observed during the period of heavy downdrafts. A pressure rise up to 7 hPa

was recorded at the time of maximum rainfall. The wake low is found after the

completion of heavy rainfall i.e. just behind the convective line. The drop of

pressure up to 12 hPa was recorded during the wake low period. It is also observed

that the maximum pressure fall was recorded when the stratiform cloud of the

squall-line crossed over the station (Kharagpur). This observation agrees well with

that of the mid-latitude squall-line, where a meso-high forms near the convective

line and a wake low in the rear i.e. within the trailing stratiform region.

The post-squall sounding of Skew-T and log P plot at Kharagpur depicted mid-

tropospheric cooling and lower tropospheric warming. Maybe, these are due to the

dominance of evaporative cooling in the mid levels and dynamically forced decent

leading to adiabatic warming in the low levels. These observations indicate that the

trailing stratiform precipitation region of the squall-line thunderstorm provides

significant mesoscale weather phenomena in the tropical region, also.
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Evaluation of WRF-ARWModel in Reproducing

a Heavy Rainfall Event Over Chalkidiki, Greece:

The Effect of Land-Surface Features on Rainfall

G. Efstathiou, D. Melas, N. Zoumakis, and P.A. Kassomenos

Abstract A record breaking 24 h accumulated rainfall event was observed in

Chalkidiki Peninsula, Greece on the 8th of October 2006. Intense precipitation

was associated with strong low level convergence imposed by a low pressure

system developed over the Aegean Sea and topographical lifting in the area of

interest. Severe flooding and damage was reported especially in the east coast of

Chalkidiki. The ability of WRF model to simulate this extreme precipitation

episode using three different operational microphysical schemes was tested by

comparing the high resolution results with available raingauge data. The verifica-

tion results indicate that WRF configuration using ETA Ferrier microphysics

provides better statistical scores for heavy hourly precipitation rates while it was

able to reproduce the spatial rainfall distribution of this event. PLIN scheme

captures the measured 24 h accumulations especially where maximum precipitation

is observed. Sensitivity experiments suggest that highly localized heavy rainfall

was the result of an interaction between synoptic conditions and the topographical

features, with large scale forcing imposing a low-level convergent flow field that
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produced heavy rain and topography enhancing highly localized precipitation

maxima.

1 Introduction

An atmospheric disturbance affected Greece on 8–12 October 2006 which resulted

in prolonged heavy rainfalls in Northern and Central Greece and severe

thunderstorms over the island of Crete. On 8 October 2006 heavy rainfall occurred

over northern Greece and especially over Chalkidiki peninsula causing severe

problems and extensive flooding. A meteorological station situated on the east

side of Chalkidiki (Skouries station at 40.47�N, 23.71�E) recorded 268 mm 24 h

accumulated precipitation with a maximum rainfall intensity of 140 mm 3 h�1. This

heavy precipitation episode, associated with a case of cyclogenesis over the Aegean

Sea in connection with mid-level vorticity advection and strong low-level moisture

convergence over the area of interest, was simulated using the Weather Research

and Forecasting (WRF) model. The high resolution model results were compared

with available raingauge measurements, in order to investigate the ability of three

microphysical parameterizations to reproduce the heavy rainfall event over the

highly complex topography of Chalkidiki peninsula. In addition, sensitivity

simulations excluding orography and replacing land surface with water over

Chalkidiki, were used to establish the impact of synoptic scale forcing and land

surface features on this high-impact precipitation event.

2 Data and Methodology

The numerical simulations are carried out using the Advanced Research Weather

Research and Forecasting (WRF) model version 3.2. The WRF model is a fully

compressible non-hydrostatic, primitive – equation model with multiple nesting

capabilities (Skamarock et al. 2008). Three one – way nested grids have been

defined for this work (Fig. 1b): Grid 1 covers the major part of Europe, the

Mediterranean and northern Africa coasts with a grid spacing of 27 km. Grid

2 has a 9 km grid increment covering a large part of the eastern Mediterranean

and Grid 3 is covering northern and central Greece and a large part of the Balkans

with a grid spacing of 3 km. In the vertical dimension, 28 unevenly spaced sigma

levels were selected. The simulations were initialized at 00:00 UTC 7 October 2006

and lasted for 48 h. The GFS 1� � 1� gridded analysis fields at 6-h intervals have

been used for initial and boundary conditions.

The bulk microphysical schemes examined in this study are used operationally

and have been evaluated in many numerical experiments (Jankov et al. 2007; Hong

et al. 2009; Lin and Colle 2009). The PLIN and WSM6 are six-class single-moment

schemes that are based on common parameterizations (see Hong et al. 2009). The

ETA Ferrier (Ferrier et al. 2002) scheme is designed to be computationally efficient
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for use in a wide range of numerical weather prediction models (Skamarock et al.

2008).

Precipitation observations from seven meteorological stations in Chalkidiki

peninsula (see Fig. 1a) were used to compare with the model results from the

high resolution grid (3 � 3 km) and conduct the forecast verification for this heavy

rainfall episode. The available stations are Stratoni, Olympiada, Skouries operated

by Hellas-Gold Company, Gomati station operated by the School of Agriculture of

the Aristotle University of Thessaloniki, Vatopaidi and Ag. Pavlos stations

operated by the Greek Ministry of Rural Development and Food and Polygyros

station operated by the National Observatory of Athens (www.meteo.gr). It should

be noted that only 24 h accumulated rainfall values are available for Polygyros

station. Although the highest accumulations were observed in the eastern part of the

peninsula high precipitation was also recorded at the other stations causing severe

widespread flooding in many areas. Large damages in private properties and

infrastructure were reported especially on the regional transportation network

where some bridges collapsed.

For the evaluation of the model skill using different microphysical schemes,

hourly rain rates were compared with model results in order to capture the high

temporal variability of the heavy rainfall event. The model grid point spatially

closest to the raingauge location is taken as the corresponding value to build up

each model – observational pair. The observed precipitation values are verified

against the corresponding model predicted values, creating a dataset that consists of

288 model – observational pairs for the six stations and for the 48h simulation

period. This dataset is used for the calculation of Quantity Bias (QB) and Mean

Absolute Error (MAE) for five ranges: 0.1–2.5, 2.5–5.0, 5.0–10, 10–20 and

>20 mm h�1.

In addition, two sensitivity experiments (using PLIN scheme) were carried out in

order to identify the role of land-surface features on surface precipitation amounts

45°N

d1

d2

d340°N

35°N

30°N

ba

0° 10°E 20°E 30°E

Fig. 1 (a) Orography (terrain height in meters) of Chalkidiki Peninsula as interpreted by WRF

model. Capital letters indicate the positions of meteorological stations. A: Stratoni, B: Olympiada,

C: Skouries, D: Polygyros, E: Vatopaidi, F: Gomati and G: Agios Pavlos. (b) WRF domains used

in this study
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over the highly complex area of Chalkidiki peninsula: a simulation with the

topography (NOTOPOHAL) of the peninsula eliminated (area in dashed box in

Fig. 1a) and replaced by a constant value equal to mean sea level (z ¼ 0) and a

simulation where land surface is replaced and treated as water (AQUAHAL).

3 Results

Figure 2 presents MAE and QB for this heavy precipitation event. All schemes

overpredict the amounts of rain for the 2.5 and 5 mm h�1 thresholds and

underpredict for the 5–10 and 10–20 mm h�1 range with PLIN showing the lowest

MAE. For heavy precipitation thresholds (>20 mm h�1) all schemes underestimate

precipitation and show a large negative bias. ETA exhibits the best statistical scores

with lower mean absolute error and small negative bias when high rainfall intensity

was observed (>20 mm h�1).

The spatial distribution of the observed 24 h accumulated precipitation for

8 October 2006 and comparison with available measurements is presented in

Figs. 3 and 4a respectively. PLIN simulation captures the 24 h accumulated rainfall

at Skouries (see Fig. 4a) were heaviest rainfall was reported although maximum

rainfall is predicted in central Chalkidiki as can be seen in Fig. 3a. WSM6

overestimates rainfall at eastern Chalkidiki producing a nearly 500 mm maximum

in Gomati station where 62 mm were observed (see Fig. 3b). This station is only

11 km southeast of Skouries suggesting that this rain event had significant spatial

heterogeneity. Both schemes generate large accumulations in stations in western and

central Chalkidiki. ETA also overestimates rainfall at stations where intense rainfall

was observed but places maximum 24 h accumulations near Skouries (where

maximum rates and accumulation were measured – see Fig. 3c). It should be noted

that due to the very limited number of available observations and the spatial

heterogeneity of this event it is difficult to evaluate the ability of the microphysical

schemes to simulate the spatial distribution of 24 h accumulated precipitation.

Fig. 2 (a) Mean absolute error and (b) quantity bias for the hourly precipitation forecasts for the

different microphysical schemes
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The 24 h accumulated rainfall for theNOTOPOHALandAQUAHALexperiments

is shown in Fig. 3d and e respectively. As can be seen from the plots there is significant

change in the distribution of surface precipitation compared to the control (PLIN) run

in Chalkidiki peninsula, reducing maximum 24 h accumulations. Intense rainfall is

moved westwards as topography is removed and maximum precipitation is further

reduced as land is replaced with water (AQUAHAL see Fig. 3e). However total rain

volume (see Table 1) calculated over Chalkidiki (area confined in box in Fig. 1a) is

Fig. 3 Spatial distribution of 24 h accumulated rainfall (mm) over Chalkidiki for 8/10/2006 using

(a) PLIN, (b) WSM6, (c) ETA microphysical schemes, (d) NOTOPOHAL using PLIN experiment

and (e) AQUAHAL using PLIN experiment

Fig. 4 (a) Comparison between measured and modeled 24 h accumulated rainfall. (b) Contours of

mean sea level pressure hPa (solid), 1,000 hPa convergence 10�5 s�1 (dotted) and 500 hPa

vorticity advection 10�10 s�2 (shaded) from GFS analysis valid at 00:00 UTC 8/10/2006
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almost unaffected by the changes in land-surface features indicating that the total

precipitation amount over the 48h simulation period has not changed significantly.

4 Conclusions

In this study, preliminary results from the simulation of a heavy rainfall event using

three operational microphysical schemes over the mountainous area of Chalkidiki

are presented. The comparison of high resolution model results with available

raingauge measurements demonstrated that:

1. All microphysical schemes overestimate light to moderate and underestimate

heavy precipitation hourly rates (e.g. Mazarakis et al. 2009). ETA provides best

scores for the highest rainfall rates with small negative bias.

2. WSM6 and ETA schemes produce high accumulations and overestimate 24 h

rainfall in all stations. PLIN captures 24 h accumulated rainfall at Olympiada

and Skouries where maximum rainfall was observed.

3. Sensitivity experiments revealed that topography controls the surface distribu-

tion of rainfall and enhances maximum 24 h rainfall accumulations. Total

precipitation amounts over the area of interest remain almost unaffected

indicating the importance of large scale forcing during this high-impact event,

as can be seen by examining vorticity advection and divergence fields (see

Fig. 4b).
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On the Effect of Land Use Change on the

Meteorological Parameters Above the Greater

Athens Area

K.M. Fameli, V.D. Assimakopoulos, and V. Kotroni

Abstract The rapid land use changes that took place in the Greater Athens Area

(GAA) the past decades, due to the expansion of the urban grid, have changed the

landscape of Attica significantly. Areas that were covered by low vegetation in the past

are now replaced by roads (e.g. Attiki Odos) and new towns. On the other hand,

accurate and updated data of land use are necessary for simulating the meteorological

fields above urban areas, which in turn are given as input to photochemical models in

order to study the dispersion of pollutants above urban areas. The purpose of the present

work is to study the effects of land use changes on the meteorological parameters, such

as wind speed profiles and temperature. For this reason, the meteorological mesoscale

model MM5 was applied, using updated land use data. The model ran with the grid

nesting method using two grids, the fine one covering the GAAwith a spatial resolution

of 5 � 5 km2. Results showed that the land use changes affected wind and temperature

fields. Wind velocities decreased above areas covered by urban grid that were previ-

ously characterised as shrub land, while above the rapidly developing eastern suburbs

of Attica an increase in velocities appeared.

1 Introduction

Rapid Land Use/Land Cover (LULC) changes that take place in urban areas affect

the local environment and human activities to such extent that updating data sets

used in meteorological models is necessary in order to simulate accurately the
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current state (Lee et al. 2009). In many studies the relationship between land use

change and meteorological fields, such as wind velocity and direction and surface

temperature, has been described (Civerolo et al. 2000; Tokairin et al. 2010). As for

the Greater Athens Area (GAA), the land use changes that occurred the past decade

due to the organization of the Olympic Games of 2004 and the population shift

to the eastern areas of Attica, is not well represented in the traditional LULC

data sets used by meteorological models. Moreover, meteorological data used in

photochemical models affect the predicted pollutants concentrations (Jackson et al.

2006) so the development of accurate meteorological fields is of great importance.

The purpose of the present study is to examine the contribution of the LULC

updated data on the meteorological pattern with the use of the mesoscale meteoro-

logical model MM5 for the GAA.

2 Meteorological Model Description

For the present study the meteorological simulations were performed with MM5, a

widely used non-hydrostatic, primitive equation model using terrain-following

coordinates. The model setup for the physical parameterizations includes: the

combination of Kain-Fritsch (Kain and Fritsch 1993) convective scheme, with the

highly efficient and simplified microphysical scheme proposed by Schultz (1995),

and the MRF scheme proposed by Hong and Pan (1996) for the boundary layer.

For the simulations performed, two one-way nested grids were used: Grid1

(220 � 180 grid points with a 15-km horizontal grid increment) covering most of

Europe, the Mediterranean and the northern African coast, Grid2 (52 � 46 grid

points, 5-km grid spacing) covering the entire Athens area and the adjacent water

bodies. In the vertical direction, 23 unevenly spaced full sigma levels are selected,

(s ¼ 1.00, 0.99, 0.98, 0.96, 0.93, 0.89, 0.85, 0.80, 0.75, 0.70, 0.65 0.60, 0.55, 0.50,

0.45, 0.40, 0.35, 0.30, 0.25, 0.20, 0.15, 0.10, 0.05, 0.00). For the initialization and

nudging of the boundaries of Grid1 the European Centre of Medium Range

Weather Forecasts (ECMWF) analyses at 0.5-degree lat/lon horizontal grid incre-

ment were used. Finally the topography and land cover (25-categories) were

derived from the 30-arcsec global USGS global coverage file.

3 Methodology

The simulation period started at 00.00 (UTC) on June 19th, 2006 and ended at 24.00

(UTC) on June 19th, 2006. The temporal resolution was 120 min for Grid1 and

60 min for Grid2. MM5 ran for two land use cases: (a) LULC data provided by

USGS Global LULC v.2.0 Database were used for the year 1992 and (b) an updated

land use field for the fine grid was used (Fig. 1).
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The updating process was fulfilled only for the fine grid having 29 cells on each

direction. Each cell was assigned one land use type based upon the predominant

category within that cell. The land use classes are depicted in Table 1. From the 25-

LULC categories only 13 describe this study area of interest. It is obvious from

Figs. 2 and 3 that areas previously covered by low vegetation are now covered by

urban land in the GAA and cells covered by irrigated croplands have increased in

Boeotia and NE Peloponnese.

USGS LULC Categories

1 Urban and Built-Up Land
2 Dryland Cropland and Pasture
3 Irrigated Cropland and Pasture
4 Mixed Dryland / Irrigated Cropland and Pasture
5 Cropland / Grassland Mosaic
6 Cropland / Woodland Mosaic
7 Grassland

8 Shrubland
9 Mixed Shrubland / Grassland
10 Savanna
11 Deciduous Broadleaf Forest
14 Evergreen Needleleaf Forest
15 Mixed Forest
16 Water Bodies

Fig. 1 USGS LULC field (1992) (left), updated LULC field (2006) (right)

Table 1 Description of selected LULC USGS categories and physical parameters for N.H.

summer (15 April–15 October).

LU value Land use

category

Albedo

(%)

Moisture

avail. (%)

Emissivity

(% at 9 mm)

Roughness

length (cm)

Thermal

inertia

(cal cm�2

k�1 s�1/2)

1 Urban 15 10 88 80 0.03

2 Drylnd crop.

past.

17 30 98.5 15 0.04

8 Shrubland 37.2 39.2 41.9 10 0.03

15 Mixed forest 13 30 94 50 0.04

16 Water bodies 8 100 98 .01 0.06
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4 Results

The new land use field modified the surface roughness of the area significantly and

as a consequence meteorological parameters such as wind velocity and direction

were affected. To illustrate the effects of the land use changes, the wind velocity

differences were plotted; case B–case A (Fig. 2).

Generally, the wind velocity decreased in urban cells previously covered by low

vegetation as the surface roughness length is higher for the urban class (80 cm –

class 1, 15 cm – class 2). The decrease was mainly noticed in the morning and

Fig. 2 Difference in wind velocity between the updated and the old LULC fields, at 6.00 UTC

(left) and 15.00 UTC (right)
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varied from 0.1 to 1 m/s. A great change in wind velocity appeared above urban

areas at the edges with coastal ones (Piraeus, Fig. 3a), as the previously low surface

in combination with the sea favored the development of higher velocities, or to the

NE suburbs of the GAA as shown in Fig. 3b. Wind velocity in urban areas whose

land use category was unchanged was also affected thanks to the increase of the

urban grid (Fig. 3c). It is worth mentioning that during the simulation period low

winds occurred (about 1–5 m/s) so changes in land use played a significant role to

the development of the new wind field.

On the other hand, wind velocity increased at eastern Attica due to the fact that

areas previously characterized as cropland/woodland mosaic are now croplands and

pastures (Fig. 3d). Differences in wind direction appeared at the southern edges of

the urban grid with the Saronic Gulf where a shift from NW to NNWwas made (not

shown here).

The expansion of the urban grid led to a small rise in temperature at the NE

suburbs of the GAA (Fig. 4). On the contrary, regarding the new land use field,

urban cells close to the sea appeared to be cooler. In the Mesogia Plain, the surface

temperature was higher by 2 K on average, which may be attributed to the

decreased soil moisture availability (35% at USGS land use field – 25% at the

updated land use field).

5 Conclusions

In the present study the effects of updated land use input data to the MM5 model

were examined. The most important results may be summarized as follows:

• The wind velocity decreased while its direction presented a shift due to the

expansion of the urban grid.

Fig. 4 Difference in temperature between the updated and the old LULC fields, at 6.00 UTC (left)
and 15.00 UTC (right) – at cells pointed with arrows the land use changed from sea to land and

vice versa so temperature appeared to have the major differences at these areas (~10 K)
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• The surface temperature at areas of the GAA that underwent rapid urbanization

increased by 2 K.

• The meteorological parameters changed significantly at the border between cells

whose land use category was unchanged with the ones where new data existed.

Concluding, land use patterns should be taken into consideration when using

models in order to simulate meteorology as the latter is sensitive to the surface

characteristics, thus affecting input data given to photochemical models
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Study of a Mesoscale Convective Complex

Over Balkans with Meteosat Data

H. Feidas

Abstract Large size mesoscale convective systems (MCSs) with long duration

such as Mesoscale Convective Complexes (MCCs) are rare in the Mediterranean

basin. On May 24, 2009 one MCC crossed western and southern Balkan Peninsula

causing severe weather, heavy precipitation, hail and strong wind. The case was

analyzed using Meteosat Second Generation (MSG) satellite data. First, an auto-

matic algorithm for detecting and tracking convective cloud cells on infrared MSG

images was applied to monitor the time evolution of several radiative, morphologi-

cal and positional cloud parameters that express the MCC cloud top microphysics,

structure, development and movement. Then successive multispectral MSG imag-

ery was analyzed to reveal the organization and the cloud top microphysics of the

system in different phases of its lifecycle. Visible images from the MSG satellite

were used to identify the overshooting tops while infrared brightness temperature

revealed the cloud top temperature structure. Composite imagery obtained from

single channels or from various channel differences were analyzed to investigate

the spatial distribution of convection and cloud top microphysics as well as the air

mass type in middle troposphere. It is concluded that cloud tracking algorithms

along with composites of satellite and lightning data has proved very valuable in

assessing important features of a severe MCC in operational terms.

1 Introduction

Mesoscale convective complexes (MCCs) are important well-organized, midlati-

tude convective storm systems due to their large size and long duration. They are

large, long-lived convective systems with a quasi-circular cold cloud shield as
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defined in satellite infrared (IR) images. More precisely, what is required is (a) a

continuous cloud shield with IR temperature <�32�C that must have an area

>100,000 km2, (b) an interior cold cloud region with IR temperature <�52�C
that must have an area >50,000 km2, (c) these conditions must be met for a period

of 6 h, and (d) the eccentricity (minor axis/major axis) of its shape must be >0.7 at

the time of maximum extent (Maddox 1980).

On May 24, 2009 a MCC crossed western and southern Balkans causing severe

weather, heavy rainfall, hail and strong wind. This study aims to analyze this case

using the high spectral resolution of Meteosat Second Generation (MSG) data.

2 Data and Methodology

The structure and development of the MCC were studied with satellite data

obtained from Spinning Enhanced Visible and Infrared Imager (SEVIRI) instru-

ment of the MSG satellite. First, an automatic algorithm for detecting and tracking

convective cloud cells on infrared MSG images (Feidas 2002) was applied to

monitor the time evolution of several radiative, morphological and positional

cloud parameters that express cloud top microphysics, structure and development.

Then successive multispectral MSG imagery was analyzed to reveal the organiza-

tion and the cloud top microphysics of the system in different phases of its lifecycle.

MSG data were visualized as single channel or RGB images using the MSGView

software (Ert€urk 2010).

3 Results

The lifecycle of the MCC is displayed with sequential enhanced IR (10.8 mm) images

in Fig. 1. The development of the MCC started as an orogenic mesoscale convective

system at 5:00 UTC over the Austrian Alps moving towards southeast (Fig. 1a–c).

The system developed with a rapidly growing internal cold area until 13:00 UTC

(Fig. 1b–d), when it merged with four neighboring new convective cells developed

next and behind of the existing cell (Fig. 1e) to form a large system. Over the next 3 h

the MCC developed rapidly heading towards Greece (Fig. 1f, g) where started to

decline and finally dissipated as a mesoscale convective vortex over the Aegean Sea.

Most of the favorable large-scale meteorological preconditions found by

Maddox (1983) were met in our case. A few hours before the convective initiation,

a high pressure system dominated the area where the system developed (Fig. 2a).

The system was born and developed (a) in the right entry of a jet-streak in the upper

troposphere where high upper-level divergence supported instability (Fig. 2b), (b) in

an area of strong low-level warm advection occurred in the boundary between

a warm, humid air mass and cold polar air mass (Fig. 2c), (c) in an area with a

large amount of low-level moisture (Fig. 2d). The triggering mechanism was the

orographic uplift along a line between the Austrian and the Dinaric Alps.
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Figure 3a presents the time evolution of cloud shield system area, interior cold

region area and eccentricity using the automatic cloud tracking algorithm of Feidas

(2002). It is clear that the system met the MCC criteria set by Maddox (1980)

having a cloud shield with an areal extent and an interior cold cloud region

exceeding 100,000 and 50,000 km2, respectively, for a period longer than 6 h. In

addition, the eccentricity of its shape is >0.7 at the time of maximum extent.

The next step was to investigate the time evolution of several radiative, morpho-

logical and positional parameters of the MCC. Figure 3a reveals that the internal

cold cloud area peaks 30 min earlier than the cloud shield system area of the MCC.

Moreover, the maximum of the internal cold cloud fractional coverage, defined as

the ratio of the internal cold area to the cloud shield system area, occurred about 3 h

earlier than the area of the MCC (Fig. 3b). This pattern is in fully agreement with

the evolution of the mean brightness temperature (BT) at IR10.8 that expresses the

vertical development of the system (Fig. 3b).

This time lag between the cloud top temperature and cloud shield area defines

the three phases of the MCC lifecycle (Fig. 3d): (1) a growing phase where both

cloud top height and cloud shield area are increasing rapidly, (2) a phase of maturity

where the cloud shield area is still increasing while cloud top height is decreasing,

and (3) the dissipation phase where both parameters decrease.

Fig. 1 Snapshots of enhanced IR images adapted to the definition of the MCC shown in 2-h

intervals (5:00–23:00 UTC). Red and green colors indicate T10.8 lower than �32�C and �52�C,
respectively. Yellow arrow in (a) shows the initial convective cell
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Brightness temperature differences (BTDs) in the thermal infrared channels can

be used to gain implicit information about cloud top microphysics. BTD between

the 6.2 and 10.8 mm channels (T6.2–T10.8) is effective in distinguishing between

high-level and mid-level clouds (Lutz et al. 2003). It usually takes very small

negative values for upper level thick clouds and positive differences for convective

cloud tops (Schmetz et al. 1997). Mean T6.2–T10.8 at the time of maximum extent of

the MCC is very close to zero, with a time evolution in fully agreement with the

BT10.8 pattern (Fig. 3c). This implies that intense convective cloud tops are

penetrating the tropopause.

BTD between the 8.7 and 10.8 mm channels (T8.7–T10.8) can be utilized to gain

information about the cloud phase (Strabala et al. 1994). For ice clouds, T8.7–T10.8

tends to be positive in sign (Baum and Platnick 2006). Mean T8.7–T10.8 for the

MCC are positive, increasing almost steadily with time (Fig. 3c). This implies

an increasing ice formation in the MCC throughout its entire lifecycle.

Fig. 2 (a) Mean sea-level pressure weather chart, (b) wind and divergence at the 300 hPa level,

(c) temperature at the 850 hPa level and (d) relative humidity at the 850 hPa level, at 00:00 UTC,

24/5/2009. The trajectory of the MCC is also indicated in the charts
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