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Abstract

The present PhD dissertationvestigated thecapabilityof a state of the art
numerical prediction modelto represent convective activity in the region of
Thessaly, Central Greece. The mesosoa¢eorological model Weather Research
and Forecasting (WRF)astested in order to discover theptimal configuration
able to simulate convectiveevents An ensemble of twelve different model
configurations waput under test, simulating days with high convective activity. The
impact of microphysicéMP), cumulus cavection(CU)and planetaryboundary layer
(PBL)schemes was investigated and the best performing combination was chosen.
Three MP schemes (Ferrier, WRF singl®ment 6classes and Goddard), twoCU
schemes (Kain Fritch arBettsMiller-WI y @ndl dwo PBL(Yonsei University and
Mellor-Yamada W! y @ekettested. In the first stage, results of the simulations for
seven individual cases were statistically evaluated against surface observations and
radar data using classic statistienethods. The best performing setup was chosen
and further evaluated in the secdnstageby widening the experimental sample.
Thirty six more cases were selected and classified according to the prevailing
synoptic conditionsStatistics were obtained for evergynoptic type assuring that
the selected setup performs adequately in every case final stage involved the
application of a novel statistical method for the evaluation of the original ensemble
of simulations. The new method belongs to the spatial mdthdhat do not perform
a point to point evaluation, but they rather try to distinguish similarities between the
observed and forecast fields. The particular metherdployed Method for Object
Based Diagnostic Evaluation (MODISes objects, discrete etigs inside the field
and examines their characteristics. The similarity of the characteristics between the
observed and forecast objects, as exprestgthe appropriate metrics, provides the
performance of the model. In the present study the field dieetivity was used to
derive the objects. The result of this novel method confirmed that the model setup,
selected primarily using classic statistical methods has the best performance
according to the new method too. This way the WARRW model with this
configuration can be a useful tool in every situation where a high convective event

should be studie@mploying a numerical weather prediction model
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Chapter 1
Introduction

During the previous centurythe science of Meteorology was greatly
benefited from the advances in the Numerical Weather PredictWP) models.
Complex physical processes, once inconceivable by the human mind, were able to be
simulated by meteorological modednd thus became common knowledge for the
meteorologists. Various scales phenomena, from planetary waves to microphysical
interactions inside the clouds, were described and incorporated into the models.
Several scientists and research groups started using the models for operational and
research work¢ KA & f I bBBeSrieddaadSsNdde@dedo improve the model®
prediction abiity, through their common scientific effortThe recent advent of
powerful computers, providing amble computing powetllowed the analytical
representation ofmore physical problems and the use of grid spacings much smaller
than the previous year@Bauer et al., 2015)rhearithmeticmodels hold a prominent
LI2aAdA2y Ay FEY2a0G SOSNE |GY2aLKSNMAO &aO0ASY
meteorological and climatologically application$his disperse use raises the
necessity of proper adaptation of the used model to the specific needs of every

application.
1.1 Numerical Weather Prediction Basics

The numerical representation of dynamicg@hysical, energy and chemical
processes in the atmosphere can be characterized as an atmospheric rAodile
number of equations, corresponding to natural laws governing the atmospheric
processes is solved in every model. Those natural laws faliitaategories. The
first one includes basic laws of thermodynamics and hydrodynamics. The
conservation of mass (mass cannot be created or destroyed), the second law of

Newton (the momentum can only be changed by a force) and the first law of
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thermodynamis (the internal energy of a system can only change by providing work
or adding or removing heat)

The second category includes lagealing with the absorption and reflection
of long wave and short wave radiation, the evaporation and condensation of water,
the turbulent transfer of heat and momenturdacobson, 2005All atmospheric
processes are represented by differential equation systems, including non linear

terms, in the form of partial derivatives in tima@ spacgPielke, 2013)

w_ M 1w
=y =T d. 2, -u d
0 " gds 2 £ U, Newton 2' law (11)
u.
wo_ Wy Conservation of mass (1.2)
u X
Hg _ uj—”q g Conservation of heat (2.3)
Mt X
“:l“ = uj% 8, Conservation of water conten  (1.4)
where
21000 &
g= 121(:)00 9" Potential temperature (1.5)
p=rRT Law of ideal gas (1.6)
T,=T1 ©.61q Virtual temperature (1.7)

Equations 1.1 to 1.7 form a system of non linear partial differential equations
with dependent variables” (density) ° (heat) [ (temperature) [, (Virtual
temperature), p (pressure), u (3d velocities) g, (water mass)and independent
variables t(time), x, y, Aspace coordinated) ¢ KS YNRBYy SOl SNNRa RSt dl
1 and the unit antisymmetric ted 2 NJgove NS TFSNBR (2 GKS SINIKQa
while § and Sin terms of change of humidity and heat respectively.
The differential equations are solved using numerical methods in a grid of
one to three dimensionsTime and space difference tedlqnes are employed in the
solution of the above mentioned equatiofBelke, 2013) Thecommon practice is to

replace thepartial derivativef the above equationby finite differences.
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Bjerknes (1904)while outlined the principle ofsuch athought, did not
prescribethe details of practically realizing itewis Fry Richardson (1928as the
first to put this idea into practicd S L2 NI N} @ SR GKS 2NAIFYAT FGAz2
(in the literal form of the wordnheeded to perform his simulations and found out
GKFEG dcnodonnn O2YLIzi SNE ¢2dAZ R 06S ySSRSR (2
His thoughtinspired many artists to drawsketches picturinghisenvision(Fig. 1.1). It
took him 2 years to perform the calctilans and his forecast was a total failure. He
predicted a change in pressure of 145hPa in 6 hodrsday, knowing the
assumptiors he made and what led to this failed forecast we can give him the credit
he deserves for his ground breaking effort. In 194@r@ey, using the ENIAC, the

first multi-purpose programmable electronic digital computeerformed the first

Figure 1.1!' v | NI A&0Qa AYLINBAaA2Y 2F wWANKI NRA2Y O
Dagens NyheterSeptember 221984, Stockholm) Adopted fromLynch
(2006)
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weather prediction models was continuous. In September 1954, CaBustav
w2aaoeQa GSIY Ay {201 K2fY dzaSR GKS [/ KINYy
equation, to produce the first operational forecasOperational numerical

forecasting begn inthe USA irl955 in the Joint Numerical Weather Prediction Unit

a joint effort of the US Air Force, the US Weather Bureau and the US Naval Weather
Service.Today every meteorological service in the world makes use of a humerical

model for its every day forecastsFurthemore every organized University

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

for educational purposes.

1.2 Aim - Objectives

The main aim of the current study is to evaluate the performance of the
Weather Research and Foesting (WRF)numerical model and propose the best
combination of its parameterizations which should be used for thdorecast of
convective events thaghall takeplace in the area of Thessaly central GreeceThis
study was part of the research projegfl YSR Hoi%d t F AYAy3d G2 G O
problem of drought in this area, by examining the possibility of a rain enhancing
programthrough Weather Modification(Karacostas et al., 2015)he scheduling of
the flights would require an a priori good knowledge of the possibility of convective
activity in thearea. A numerical weather prediction model tuned to perform its best
obeying to those requirements would be the best tool in this manner.

In order to fulfill this target three subtasks were created.

1. The first task involves the selection of various VpBFameterizations and
the realization of simulations certain dayon which the performance of the model
will be evaluated

2. The second task deals with the primary evaluation of the madel
performance usingraditional statistic measures

3. The thid taskintends onre-assessigtil KS Y2 RSt Qa LISNF2NXI yO
the first time in Greece a novel technique belonging to the spatial methods of

forecast evaluation.

4
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By carrying out those tasks a valuabled testedtool would then be in the
hands of the Wather Modification operators helping them to plan thesveryday

operations program.

1.3Thesis Outline

The current thesis is structured in 6 chaptarsluding the current

Chapter Zescribes the meteorological model WRF that was employed in this
study. Dyamical and physical aspects of the model are presented; implementation
steps required for the integration of the model are discussed. The microphysics,
cumulus convection and boundary layer schemes used in this study are further
analyzed.

In Chapter 3he primary evaluation of the model is performeding weather
station and radar dataln the first step a small number of cases is selected and
simulations are performed using a large number of parameterization combinations.
The best performing setup is seted and further evaluated by adding more
simulatedcases in the evaluation sample. Another feature is introdysatce the
new cases are categorized by the synoptic type that prevailed over the area in each
case.

In Chapter 4 the theoretical basis of ¢hnovel Method for Object based
Diagnostic Evaluation (MODE), belonging to the spatial methods of model evaluation
is presented and analyzed.

Chapter 5 hosts the application of the MODE using the radar reflectivity to
RSNRA JS a2 6 2 3he tndatandEneRinvulatiodsil K

Finally,Chapter 6 includegshe summary and conclusions of this thesis.
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Chapter 2

The Weather Research and
Forecasting (WRF) Model

Overview and parameterizations used

2.1 Introduction

In the late 1990s five renowned US agenaebBaborated with the common
goal of developing a nexgeneration mesoscale forecast and assimilation system.
The system ought to be flexible enough to be used for both operational and research
applications, with portable code able to run from personal pomers to systems
counting thousand of processor cores. It had to be modular in such a way that every
new scientificknowledge could be incorporated easily into the main core of the
model. Appreciating the importance of the initial conditions its creatorssaw the
need of being able to ingest every current and future source of observations.

{22y FTFGSNI Ad&a Lzt AO NBEtSIFAS Ay wnnn
Today with almosforty thousandregistered users in every continent of the earth,
WRFis the most extensiblysed numericaitmospheric model in the world. WRF is
used in forecast applications as an operational tool, in long term studies as a climate
model (Coppola et al., 2018; Katragkou et al., 2Q1iB)research and education of
future meteorologiss. Its derivatives, consisting of the main model coupled with
another specialized model are used in fire weather modeling, (AIRFCoen, 2013
Kartsios, 2020Q)atmospheric chemistry (WRFhem Fast et al., 2006; Grell et al.,
2005) Hydrology (WRHRydra Gochis et al., 2015hurricane studies (Hurricane
WRE Tallapragadat al., 2014), idealized simulations and even more. Thousand of
scientific papers in peer review journals dilute every part of it, helping in advancing

its quality.

I LIAOCG2NRLFE NBLNBaSyidldAz2y 2F 2wCQa LINR

2.1. The dynanai solvers, together with the physics packages interfacing with the

)i



TheWRF Model Overview and parameterizations used

solvers, initialization filters, WRW¥Far and WREhem are wrapped around by the

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

WRF Software Infrastructure

Prepr\:)\gzsing Digtal
System Filter

Verificati

WREF-Var Data ermcation
Analyses / Assimilation
Forecasts

Observations Physics Interface

Physms Packages

Figure 2.1 WRF system comopents(adopted fromSkamaroclet al., 2008)

Up to 2016 two dynamic solvers were developed in parallel. The Advanced
Research WRF (ARW) solver maintained by NCAR and the Nonhydrostatic Mesoscale
Model (NMM) solver developed at NCEP. From 2016 onward e¢lrelapment of
NMM solver stopped due to inadequate funding. In the present study the ARW
solver was employed and the description that follows deals with this solver

The WRFARWIs routinely integrated inte Department of Meteorology and
Climatology(http://meteo.geo.auth.gr), School of Geology, Aristotle University of
Thessaloniki in Greecr more than twelve yeardts results are available daily at
http://meteo3.geo.auth.gr/WRF/home.html

A large number of scientific contributions have been produdadng those
years by members of the Departmef@ampzelis et al., 2015; Karacostas et al., 2018;
Kartsios et al., 2017, 2015, 2014b, 2014a; Katragkou et al., 2015; Krestenitis et al.,
2017; Pytharoulis et al., 2015a, 2015b, 2014a, 2018, 2016; Stolaki €0&PR;
Tegoulias et al., 2017, 2014a, 2014b)
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2.2 The ARW Dynamics Solver
2.2.1 Governing equations

The nonhydrostatic, compressible Euler equations form the base of the ARW
dynamics solver. Variables with conservation properties are used to transform the
equations in flux form, followin@@oyamés (1990)technique. The terraifollowing
hydrostaticpressure vertical coordinate proposed Hyaprise (1991) formulate
further the equations. The mass vertical coordinataised in the ARW solver is

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

h:ph- Hﬂ

p (2.1)

with

MERs P (22)

where py, is the hydrostatic component of the pressure apg and p,s are the
pressure at top boundaries and surface respecti€lg 2.2). From its definitior»
represents the mass per unit area at point (x,y) for the entire atmospheric column.

¢ Pyt = constant

0
e —
04— —
]‘]
’___...//’___ B %“x_x__
06— Te—
,.---’/ \“x
08— —
/ \{'_ Phs
1 0 |—___F_a- HE_'__—| .

Figure 2.2 ARW coordinate (adopted fronskamaroclet al., 2008)
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Prognosic equations cast in conservative form are generally expressed as

dnk _

— =R (2.3)

where d/dt is the total derivative andgFeorresponds to sources and sinks
related to variablek.
Using the vertical coordinatefrom 2.1 we can define theariablesn flux form
V=mv §UV,. W, Wa#h Q= (2.4)

with v = (u,v,w) the vector of the two horizontal and one vertical velocities,
=h and’ is the potential temperature

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

form are now:

W owy Hp,) —oi) F
(D) (D) mf‘p/x) : 2.5)
Wooow —Hp,) —bby
W) ) mf‘p/y)e 2.6)
W .. anp 0
—+(DPW) g~ mph (2.7)
Ht c =
HQ ., oo
EHD\@) F (2.8)
wn .
E+(DV® 0 (2.9)
%+ml[(\/ Op gw] o (2.10)

where p is the pressure and =gzis the geopotential. The terms,F, R, and F
account for phenomena related to earth rotation, geometric spherical projections
and unresolved subgrid processes. The parameterizations used in the model take
care of the effect of these terms on tlexplicitly resolved variables
Adding the relation which diagnoses the inverse dertsity
%: al (2.11)

10
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and the equation of state

P=P (2.12)

Qo
Y
Q
LA AR

%)
>
o

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

The almve equations are formulated for dry air. The inclusion of moisture
further alters the equations, retaining the conservation equation for dry air and
describing the course of each hydrometeor with a prognostic equation of its mixing

ratio.
2.2.2 Map projetions

{AyOS GKS SIFINIK KFa I ALKSNROIf &adz2NFI OS
meteorological variables in a plana relation should be found that translates
spherical surface points to plane surface points. This translation which is known with
the familiar term projection should retain as much as possible of the characteristics
of the original surface to the projected surface. WRF supports various projections
with the more commonlysed inmid-latitudes the Lambert Conformal (LC). The LC
projection is isotropic meaning that the ratio of grid spacing in x and y dimension
2P0SNJ 0KS SIFENIKQa adz2NFIFOS Aa (GKS alkyYyS Ay (K.
To account for the change between the actual distance between two grid
LRAYyGAa Ay §XONIRKQAE yaRIZNFK- SOSRA &G yOBS-(0"My GKS O

the map factorm is introduced

. DX

DX =m B Y><Dm‘ (2.13)
. DY

DY =m © YyDHf (2.14)

for x and y distances respectively.
Using the map factors the governing equations are rewritierprojected
form. Care is also taken that the right hand side terms of equationg.25take into

account curvature and Coriolis effects.

11
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2.2.3 Model discretization

2.2.3.1 Temporal discretization

The physical processes analyzed in the WRF modehfalltwo separate
categories according to their time scale. Low frequency, meteorologically significant
and high frequency acoustic modes. Those temporal scales are separated and
integrated using two different time steps in order to improve computational
efficiency. This time split integration uses a short time step to integrate high
frequency modes and a longer time step to integrate low frequency waves. The slow
meteorologically significant modes use a third order Rulg#a time integration
scheme- RK3(Wicker and Skamarock, 200&hile a smaller time step is empled in
high frequency modes to retain numerical stability.

The Rung&utta methods, developed in the first years of the twentieth
century, include implicit and explicit iterative methods. If the model equations are
defined asu; =R{s) whereus = (U,V.W,. R ¥ )vare the prognostic variables of

the model, a solution froms 6 to & (t+nt) with the RK method requires 3 separate

steps:
lf:F-%wtx (2.15)
F”:F-%R )] (2.16)
F'P=F 4RD ) (2.17)

GKSNBE npid Aa GKS GAYS aidSL) F2NJ 0KS 296
the superscripts denote time levels. The smallest time step for both the low and high
frequency modes is set in such a way that no instabilities occur in the integreti
the model

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

number

Dt
C=U— ,
= (2.19)

12
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and the choice of the advection schem&icker and Skamaroq2002) calculated
the maximum one dimensional stable valu€gaxfor the Courat numbers for every
combination of time integration scheme and order of discretization of the advection

terms. For threedimensional advection the above calculated Courant numbers must

be multiplied by 1/\/§ and the time step mussatisfy the following equation

Dt Shax DX (2.19)

e \/§ umax

where Unax is the maximum velocity likely to occur in the simulation. The most
common places for maximum horizontal velocities are the jet stream areas, while
high vertical velocities coulte reached in convective updraft¥aking these into

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

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

2.2.3.2 Spatial discretization

A C stagged grid shown in Figure 2.3, is used for the spatial discretization in
the ARW solver. Normal velocities are staggered-loaé grid length from the
GKSNY2ReYIYAO QOIFINAFIOofSad DS2LRGSYGALlf

y N
A 4V 4\! A AW 4W
ij+3/2 i+1 je32 i k432 i1 k+32
[ [ [
L'Ii- /2 j+ Hi'+ ui+ 2.+ HH j+ ui+ 12,j+
_"""1.21 ]. " - " ]. : 1__"' 3.2“ Uiz Hi.kn Uiz Hm.kn Uiz
- [ —— - —
+Vi.j +1/2 4V| +1 j+112
I [
Ar]kFUE +W\.k+1!2 +Wi41.k+1.-‘2
A __&-1.-‘2.1 .{—}i.j __&41.-‘2.1 .Hi”_j __EI_{S.-'E.] u ! H u ! H u
y Ar]k _.:1.-'2k ® ik __-‘l_n.e.k ® i+l k __.-l_oa-'z
Vi.j-1.-'2 Vm.j-m W\.k-1.-'2 Wi+1.k-1.-'2
— D
AX AX
horizontal grid vertical grid

Fig 2.3 Horizontal and vertal grids of the WRRARW (adopted from Skamaroek
al., 2008)
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velocities while the moisture, column mass, diagnostic variables used in the model,
pressure p and inverse densitya, are computed at points of thermodynamic
variables. Staggered grids permitktlevaluation of certain partial derivatives over a
smaller grid interval, thus increasing artificially the spatial resolution and decreasing
truncation errors (Haltiner and Williams, 1980)The vertical discretization is
performed either automaticallyand the user just sets the number of required
vertical levels, or setting explicitly every vertical level with the constrain 'tkét at
model top and =1 at the surface and there is monotonical increase between the top

andthe surface

2.2.4 Turbulent mixing and model filters

Numerous formulations are used in the WRRW solver for turbulent mixing
and filtering. A number of thesdilters are responsible for the elimination of
numerical issues. Divergence damping filters acoustic modes from the solatidn
polar filtering helg in lowering the time step restriction which is the result of
converging grid lines of the latitudengtude grid. Unresolved subgrid turbulent
processes are catered by energy removing filters. These filters are only triggered
when no planetary boundary layer scheme is used. When a PBL scheme is used

vertical mixing is parameterized within the PBL physibsrse.

2.2.5 Model initialization

In order to perform simulations for real cases, as in the current study, initial
conditions and, for any limited area numerical simulation, lateral boundary
conditions, are required. The first step in the procedure is tbngethe integration
domain. That includes the location of the domain, the projection to be used, the grid
spacing of the parent and the possible nested domains.

Then a dedicated software package, named the WRFpmmeessor system
(WPS), is used in order provide the ARW with

1 input data on the correct horizontal and vertical staggering,

1 hydrostatically balanced reference state and perturbation fields and

14
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1 metadata dealing with information, such as the date, grid physical

characteristics, and projecticetails.

2.2.5.1The WRHpreprocessing system

Global data for meteorological fieldsd geographical data in GRIB (@&fed
Binary) format are the usual input for WPS. The use of WPS transforms them in a
form suitable for input to the real data cases intetation program (REAL), which is

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

—
"]

STATIC -l  GEOGRID
DATA

—

REAL DATA
—

—-— ARW
o SYSTEM

-l  UNGRIB REAL
DATA /

D g

WRF METGRID / WRF
PREPROCESSING
SYSTEM

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

(Adopted fromS&amarocket al., 2008).

Figure 2.4lepictsthe interadion between the WPS components and the data
flow in and out of them. Letters in the light blue rectangles indicate program names.
GEOGRID is the first program used, responsible for the interpolation of static data
(e.g Coriolis parameter, terrain elevatiolanduse type, land/water mask, albedo,
map scale factors) into the selected domain. UNGRIB is then used to decode the
three dimensional GRIB formatted meteorological data into an intermediate data
format. The data outputs of both GEOGRID and UNGRIfBewgassed as inputs to
the METGRID program. METGRID performs horizontal interpolation into the selected
domain in every level (including the surface) of the UNGRIB output data. In this stage
the WPS is finished and the WPS output data are ready to deepsed by the REAL

program. Those data contain among others thmensional fields of temperature,

15
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relative humidity and the horizontal components of momentum rotated to the

model projection.

2.2.5.2 Generation of initial and lateral boundary conditien

In the next stage the REAL program proceeds in the vertical interpolation and
SEGNI LIREFGAZ2Y 2F AGa AyLdzi RFEGF ONBIGAY3
the lateral boundary conditions file for the most coarse/parent domain. Due to their

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

Specified
Columns

Relaxation
North Columns

N=1
> N=2

Specified N=3

Rows N=4

N=

West East

Relaxation
Rows

b=l =l = =)
o fuwgnjn
= o ] U

South

Figure 2.5 Specified and relaxation zones for a grid with a single specified row and
column, and four rows and columns for the relaxation zone. These are
typical values uskfor a specified lateral boundary condition for a real
data case (Adopted from Skamaraatkal., 2008).

seen in Fig 2,5WPS creates a specified zone (depicted in yellow) by temporal
interpolation of the external forecast or analysis. The width of theez@ user
specified but its default value is set to 1. The inner zone (depicted in light blue) is the
relaxation zone. A gradual relaxation or nudging of the lmgme forecast to the

model happens in this area. The lateral boundary condition file costaalues that

16
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0 6 12 18 24 30 36h Time periods

from WPS
I 2 3 4 5 6 7 Time slices from
U U Boundary
1 2 3 4 5 6 tendency steps

Figure 2.6Lateral boundary condition timeadopted fromGill, 2015)

are valid at the initial time of the lateral boundary time and tendency terms to get to
the next boundary time period. This way the boundary layer file holds one less time
period than was processed bWYPS (Fig2.6)

2.2.6 Nesting

The idea of nesting in numerical prediction models is vital when the study
should be focused over a region of interest. The VARW supports horizontal
nesting giving the opportunity to introduce one or more additional griate ithe
simulation. The nested domains are rectangular and are contained and referred to

the coarser (parent) within which they are nested.

2.2.6.1 Nesting options

WRFARW gives the options to perform nested simulations using eithveayl
nesting or 2way nesting (Table 2.1). The multiplicity of the way has to do with the
interaction of the coarse and fine grid. The common factor between the two types of
nesting is that the coarser domain always provides lateral boundary conditions to
the finer domain. In ay nesting this is the only interaction between the two grids.
In a 2way nesting simulation grids points belonging to the coarse grid, located inside
the fine grid, take values from the solution of the fine grid. In this manner there is a

2-way informaton exchange (coarse domain provides later boundary conditions to

17
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the fine domain, fine domain solutions replace coarse domain solution inside the fine

domain) leading to the-&vay naming of the simulation.

Table 2.1 0ne way and 2 way nesting optionstie ARW(Adopted from Skamarock

et al., 2008).
1 way ARW Simulation 2 way ARW Simulation
ConcurrentARW ConcurrentARW
Two consecutive ARW ' _ . . . _
_ _ simulation with two simulation with two
simulations ) _
domains domains
1) Run coarse grid (CG) 1) Both CG and FG Both CG and FG
simulation simulations run within the simulations run within the
2) Proces€G for initial same WRF same WRF
condition (IC) for fine grid 2) FG LBC from CG at ea 2) FG LBC from CG at ea
(FG) coarse time step coarse time step

3) Process CG for lateral 3) CG integrates one time 3) CG integrates one time

boundary condition (LBC) step,then the FG step, then the FG
forFG integrates up to the same integrates up to the same
4) Run FG simulation time time

4) Feedback FG to CG

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

1 The coarse grid provides both the meteorological and terrestrial grid
variables to the fine grid through interpolation

1 The fine grid variables are taken from an external file containing
meteorological ad terrestrial data in high resolution.

1 The static data fields are initialized from an external high resolution file
while the meteorological fields are interpolated from the coarse grid. The
advantage of the fine resolution static fields is obvious in tiaise. This
was the way that the simulations were performed in this study.

For a gradual transition from coarse boundary conditions to local scale
modeling, multiple nesting must take place. Dudhia (personal communication) urge
the use of intermediate coge domains to avoid abrupt steps in the nesting. The

18
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coarse domains are computational cheap and provide better relaxation in the

meteorology fields

I @ [3 (b)

3 2 3

(d)

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

same level sharing th same parent grid, (c) Overlapping grids: Not
acceptable, (d) Fine grid with two parent domains: Not acceptable
(Adopted from Skamaroait al., 2008).

The coarse domain in a nested simulation is typically called pdrent
domain while the nested grid isalled the child grid. When multiple nesting is
employed one specific domain may be the child of coarser domain and the parent of
a finer domain. Figure 2.7 presents various nest configurations. In Figure 2.7a the
most common use of nested grids is pretsh a telescopic nest with a depth of
four. The coarser domain contains three more levels on nesting. Two or more fine
nests may be contained in a parent nest (Fig. 2.7b) provided that the fine nests do
not overlap. In this case (Fig. 2.7c) the nestingpispermitted. Finally a fine grid can
only have one parent. This is another disallowed case (Fig.2.7d

The ratio of the grid spacing between the parent and child domains must be
an integer. Typical values for the ratio are ongheee (1:3) or one tdfive (1:5). An
odd ratio is preferred over an even ratio. This ratio also defines the ratio between

the integration time step (dt) of each domain. Same level childs could have different
19
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ratios to the parent domain. In this context the ratio of grid 2 wddl in Fig 2.7b
may be 1:5 and the ratio of grid 3 to grid 1 may be 1:3.

2.2.6.2 Staggering and feedback

The grid staggering used by the WRRW is an Arakaw@ type staggering. In
this type of staggering the thermodynamic, mass, chemistry and scalables are
located at the center of the grid and the momentum variables u and v are normal to
0KS NBaLISOGAGS OSttaqQ FIFH0Sa O6CAI HDPYyLD ¢ F
averaged values across the respective face of the grid cell. For the variablesst

points their value represents the mean for the whole cell.
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Figure 2.8.ArakawaC staggering shown part of the coarse grid and an embedded
nest domain with a 3:1 grid size ratio. Boundaries of the coarse grid are
depicted with solid lines while daed lines denote fingrid cells

boundaries (Adopted from Skamaroekal., 2008)

As mentioned above odd ratios are preferred when preparing a simulation.
That is because in this case the staggering imposes that there is always a coincident

point betweenthe coarse grid and the fine grid for both the mass and momentum
20
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points. This is clearly evident in Figure 2.8. The coincident point for mass variables is
in the center of the fine grid cell, while for the horizontal momentum this point lies
along the gridooundaries.

In order to preserve the mean values of both mass and momentum variables
across the nests, feedback mechanisms are employed. Referring to figure 2.8 for
mass points the mean of the nine mass points of the fine grid is received by the
coarse gid. The mean of the three wind values of the fine grid, along the coarse and

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

2.2.6.3 Integration sequence

¢KS ANARRQA AYyUS3INIXGA2Yy Aa NBOdZNEADSO
the existenced | OKAfR ySaid Aa [[dzSNASR® LT (GKS
run continues with calculations in the child nest up to the time that the parent grid
KFa |t NSFRe 0SSy AydiS3aNIGSR® ! FOSNI GKI G

next timestep.

2.2.7 The ARW Physics

The WRFARW has a multitude of physics options which may be combined in
order to perform a simulation. The selection of physics used, together with the
meteorological and geographical data that will create the initial and bawnd
conditions, paired with the domain selection, form what is commonly known as the
setup of the model for a particular simulation.

The physics categories that the user may choose fall into the following
categories: (1) microphysics, (2) cumulus convecfiarameterization, (3) planetary
boundary (and its companion surface layer) parameterizations, (4) land surface
physics, and (5) radiation

For each category several choices exist. The total number of setups that may
be created by only altering the diffemé physics schemes and their parameters is

over two million(Gill, 215)
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The physics schemes form autonomous pieces of code in the model that
perform calculations related only to the scheme itself. The physics drivers are
responsible for the communication between the physics schemes and the dynamic
solver.

A short descption of the role of each physics category and the way it is
implemented in the model will be presented here while in the next subchapter the
microphysics, cumulus and boundary layer schemes used in this study will be

presented in more detail.

2.2.7.1 Micophysics

Microphysics includes explicitly resolved water vapor, cloud and precipitation
processes. Figure 2.9 presents the complexity of the interactions analyzed by a
complex microphysics scheme. Depending on the scheme complexity a number of
two to six gparate mixing ratios may be calculated. Cloud watey), (Qain (Q,

Cloud Ice (§ Snow (Q, Graupel (@ and Hail (&. In higher moment schemes
apart from the mass variables their corresponding number concentrations are

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

Continental-nuclei Ice-nuclei Maritime-nuclei
water vapor water vapor water vapor
Nucleation Nucleation Nucleation
condensation Girrus deposition ‘Secondary condensation
seeding ¢ ice particles

—

| Narrow cloud spectra Ice crystals € Broad cloud spectra

ke [ ol
| Heterogeneous bt Breakup Heterogeneous
emmmma » freezing depogition . fr'reégzing ! Drizzl
H rizzle
_eenT Frozen » Snow crystals Frozen drops A
« drops 2 ice pelletsp A
‘Secondary v ‘Secondary
ice particles Riming Clurilamg Riming Clun;ping ice particles
: | j
v : ¥
Rimed crystals Snowflakes Rimed flakes !
rimed flakes snow pellets .
r | !
Rirr:ing graupe '
¥ Partial Partal
Continued | »-meting »meding Continued
coalescence Graupel + V coalescence
-Vl | Bright band | Bright band
Wet and d
Hel?rngqneous riming with dgps Y Heterogeneous
reezing and crystals  |——-Melting Melfing—»  freezing -«
l v v v Y v v 4 4 4
Rain | | | | | i | Snow i Graupel i Rain
(warm) Sleet | | Graupel Hail graine | Rain | | Snow snow |?1"e|ts | Rain Sleet | (warm)
small hai

Figure 2.9The complexity of the microphysicasdppted fromDudhia, 2015)
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model time step to make sure that the saturation balance is accurate for the
updated temperature and moisture. For convection allowing simulations, seke

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

2.2.7.2 Cumulus parameterization

Cumulus schemes are used for grid columns that contain convective clouds.
Their purpose is to account for vertical convective fluxes that aresaived by the
model. The cumulus scheme is responsible for identifying column conditions that will
make the scheme to be triggered, i.e. to diagnose when an individual column of air is
considered convectively unstable. The triggering of cumulus schemewves
instability from the atmosphere since the subsidence around the triggered column
warms and dries its surroundings.

Cumulus convection parameterization is probably needed for simulations
with grid spacing larger than 10km since the model cannot vesthe smaller
processes. In simulations with grid spacing smaller than 3km the use of cumulus
parameterization is generally not proposed, but there are cases where the early
triggering of the convection provides better results. The grid spacing fromlBkm
is the gray zone where the cumulus parameterization may be used in case by case

analysis.

2.2.7.3 Surface Layer

The surface layer schemes are employed in the calculation of friction
velocities, exchange coefficients and diagnostics of 2m temperatwlenaisture as
well as 10m winds. The planetary boundary layer scheme then uses them to
calculate surface stress and the land surface model scheme to deduct surface heat
and moisture fluxes. In case of water surfaces the SL scheme calculates the surface
fluxes and surface diagnostic fields itself. Not every surface layer scheme can be
combined with every planetary boundary layer scheme. The M@bokhov
similarity theory(Monin and Obukhov, 19549 the basis for all surface schemes. The
main differences between the schemes are the stability functions and the roughness

lengths.
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2.2.7.4 Land surface model

The land surface models receive atmospheric information from the SL

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

the microphysics and cumulus convection scheme.

Combining those data with

Hgure 2.10.Land surface processeadppted fromDudhia,
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contained in the model it calculates heat and moisture fluxes over land antteea

points. The planetary boundary layer scheme uses¢hfluxes as bottom boundary

conditions for the vertical transport. Figure B.Mepicts the various processes

handled by the land surface scheme.

2.2.7.5 Planetary Boundary Layer

The planetary boundary layer (PBL) schemes takes care of theiretlthed

transports present in the whole atmospheric column, resulting in vertical-grit

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

S

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

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

and horizontal momentum in the entire atmospheric column are calculated by the
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PBL scheme which determines the flux profiles in both the stable and the well mixed
boundary layer. Redved eddies and sulrid scale eddies are considered separate

down to a scale of a few hundred meters.

2.2.7.6 Radiation

The radiation schemes regulates the radiative flux divergence induced
atmospheric heating, and the downward shevive and longvave madiation
affecting the ground heat budget. LW radiation comprises of infrared or thermal
radiation absorbed and emitted by gases and surfaces. The upward LW emitted
radiation is conditioned by the surface emissivity, which is dependent on the land
use caegory and surface temperature. The Sun is the original supplier of the SW
radiation whichis thenabsorbed, reflected and scattered in the atmosphere and the
surfaces. The surface albedo regulates the reflected SW radiation. Clouds and water
content of theatmosphere play an important role in radiation budget together with
ozone, carbon dioxide and trace gasses. The available radiation schemes in WRF are

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

2.2.7.7 Physiceteractions

As mentioned earlier, the physics drivers are responsible for the
communication between the physics schemes and the ARW solver. To accomplish
this task the physics drivers make use of model state variables (e.g., moisture), their
related tendencies ash surface fluxes.

In Table 2.2 summary of the interactions between the physics of the model is
presented. The i symbol corresponds to input of this variable into the respective
physics scheme, while the o symbol means that the physics scheme calcul&es a n
value for the selected variabl&@he surface physics interacts with almost every other
scheme providing updates for the land state variables. The same is performed by the
microphysics scheme which is executed last in the sequence of integration tagrovi
the updates to the atmospheric state variables. The radiation, cumulus convection
and boundary layer schemes are called with a different time step and the tendencies

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

Radiation Microphysics Cumulus PBL  Surface

Atmospheric  Momentum [ io

State or Potential

Tendencies  Temperature
Water Vapor [ io io io
Cloud [ [o] o] io
Precipitation [ io

Surface Longwave Up [ 0
Fluxes Longwave

Down

Shortwave

Up

Shortwave

Down

Surface

Convective o] i

Rain

Surface

Resolved Rair

Heat Flux [ o]

Moisture Flux [

Surface Strest i

2.3 Cumulus ConvectigrMicrophysicsand Planetary Boundary Layer

The numerical weather prediction and climate models represent the effects
of the unresolved scale physical processes through parameterizations. These are
necessary in order to achieve an accuratedeling of the atmosgeric flow. The
Weather Research and Forecasting model with the Advanced Research dynamic
solver (WRARW) includes a large number of schemes for the parameterization of
deep and shallow moist convection, microphysics, planetary boundary layer (PBL)
and suface layer processes, shortwave and longwave radiative fluxes, land surface

processes etqSkamarock et al., 2008; Wang et al., 2014)
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The representation of moist convection, microphysiesl éooundary layer
processes is of primary importance, especially during periods favorable for intense
convective activity(Yano et al.,, 2018) The sensitivity of WRARW to the
parameterization of these physical processes is investigated in this thesis. The former
two kinds of schemes model the sginid effects of deep and/or shallow conveati
and microphysical processes, respectively, and determine the precipitation and the
latent heat release. The boundary and surface layer parameterizations calculate the
turbulent fluxes and their distribution in the atmospheric column at-gwigl scales
(Skamarock et al., 2008Yhe numerical experiemts of this work employ all the
twelve (12) combinations of: (a) the Kdtnitsch and the BettMiller-Janjic cumulus
schemes, (b) the Efgerrier, the WRF singlaoment 6class and the Goddard
microphysics and (c) the Yonsei University and the MalaradaJanjic PBL
parameterizations with their corresponding surface layers. The main features of

these schemes are presented here.

2.3.1 KainFritschcumulus convection scheme

The KairFritsch cumulus parameterization (KF) was originally developed by
Kain and Fritsch (1993, 199®llowing the fundamental assumption &fitsch and
Chappell (1980xhat convection removes convective available potential energy
(CAPE) during a convective time scilain (2004presents the modifications of the
updated formof the scheme, implemented in order to ameliorate its performance in
various weather conditions. A CAPE closure is employed using the properties of an
entraining air parcel. In convective clouds, the mass flux augmentation is based on
the consumption of atleast 90% of CAPE. KF provides convective precipitation,
tendencies of temperature, specific humidity (parameterizing glaciation processes)
and cloud water detrainment to the resolved scales, while it simulates coarsely the
transport of momentum(Kain and Fritsch, 1993A thorough description of this
scheme is provided hylazarakis (2010)

YC A& Ol a8RYWa A2y 2y SSY (NI Ay A y®anRS G NI Ay )

and Fitsch, 1990)yepresenting entrainment of environmental air and detrainment
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of the updraft. Thereby, a-®ay exchange of mass between the environment and
the clouds at each model layer is allowed. Mixtures of clear and cloudy air with
positive (negative) oyancy are assumed to rise in the updraft (to detrain into the
environment). The entrainment rate of environmental air in the mixing area at the
periphery of an updraft is proportional (inversely proportional) to the clade
mass flux (radius of the wjpaft). The net entrainment rate of environmental air is
imposed to be at least half of the abovementioned maximum possible environmental
air entrainment rate. This modification has prevented the easy activation of deep
convection in neutral or slightly stable conditions and has resulted to a reduction
of light precipitation in wide regions and an increase of precipitation maxima,
bringing the results closer to observatiofi&in, 2004)The cloud radius {2 km) is a
function of the largescale convergence through a dependence the vertical
velocity at the lifting condensation level. The introduction of the minimum
entrainment rate and the variable cloud radius allow higher (weaker) dilution to be
associated with weak (strong) lelevel forcing.

Deep or shallow moist convectiors triggered when the sum of the
temperature of a candidate lower tropospheric air parcel, called the Updraft Source
Layer (corresponding to a mixture of a layer at least 60 hPa deep), lifted at its lifting
condensation level (LCL) and a temperature pdyation is warmer than the
ambient air temperature at the LCL. The temperature perturbation is proportional to
the time-averaged griescale vertical velocity at the LCL and it is introduced in order
to consider the effect of background vertical motion. Tgecel ascents taking into
account the entrainment, detrainment and water loading. If the clalegth exceeds
a variable minimum threshold {2 km) that depends on the clotlthse temperature,
deep precipitating convection will be activated. Otherwisayahe of the candidate
lower tropospheric layers qualifies for deep ascent, shallow convection will be
triggered. In the latter case, the mass flux at the clwade depends on the
turbulent kinetic energy below the cloud lay@€ain, 2004)

Downdrafts that transport air with low alues of equivalent potential
temperature to the lower troposphere, are parameterized by KF. They are
considered to develop at a layer 1200 hPa above the updraft source layer and

emanate only from environmental air. In their presence, detrainment it@idoelow
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the top of the updraft source layer. The downdraft may be active until it becomes
positively buoyant or it reaches the ground/sea. The strength of its mass flux at the
updraft source layer is proportional to the relative humidity deficit at darse layer

and on the updraft mass flux at the updraft source layer. The relative humidity of the
downdraft is 100% within the cloud, while it decreases linearly (20% per km) below

the cloud base.

2.3.2 BettsMiller-WI- yc8nmiufis convection scheme

The Retts-Miller-WI yc@rivective parameterization (BMJ) is based on the
original BettsMiller scheme(Betts, 1986; Betts and Miller, 198&hd the important
modifications introduced byd WI y 2 A.O0Moreowved) BNlD has been optimized
during its multiyear operational use in NCEP as part of ETA numerical weather
prediction model 6 WI y 2 A .0 A detailedn deScription of the updated BMJ
parameterization is provided bBaldwin et al. (2002while a summary of its latest
features in WRIARW model can be found 8kamarock et al. (2008)
It is a lagged static convective adjustment scheme which has been created to
represent directly the atmospheric conditionafter deep convective activity,
avoiding the uncertainties associated with an indirect determination of them using
complex algorithmgBetts and Miller, 1993) The basic idea behints development
came from numerous observations of convective clouds during tropical experiments.
They have shown that the state of the atmosphere after deep convection is nearly
moist adiabatic, through the su®f 2 dzR f | @ SNRA& SljdzA @e.ft Sy i LI
Thereby, such prlRSTFAY SR AGANBFSNBYy OS¢ | iY2ALIKSNRO LI
implementation of the scheme. BMJ provides convective precipitation (associated
with deep convection), as well as tendencies of temperature and moisture, but no
cloud waterto the gridscale(Baldwin et al., 2002)
In the scheme, moist convection may be activated by the most unstable
parcel of air of the lowest 200 hPa of the troposphere, isibuoyant at least at

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

If the cloud depth is larger than 200 hPa, geheme checks the activation of
deep convection. Reference (firgtiess) profiles of temperature and specific
humidity are created using prexisting soundings observed in the vicinity of deep
convection (Betts, 1986)0 2 ASUKSNJ gA K (GKS a0 alzweBF XA O
1994) The cloud efficiency is a n@iimensional function of entropy change, mean
cloud temperature and precitation at a single timestep. Janjic, (1994ntroduced
the application of a range of equilibrium states, generating the-fitggss profile as a
function of two extreme ones, a moist and a dry profile corresponding to low and
high cloud efficiency aspectively. The specific cloud efficiency of the candidate grid
point at each timestep determines its firguess profiles of temperature and
humidity. The latter are adjusted (shifted in a thermodynamic diagram)
appropriately in order to achieve consetian of enthalpy in the cloud layer. In this
way, the released latent heat will be associated with removal of weagor from
the cloud layer and precipitation at the surface. In this case, deep convection is
activated at this grigboint and the model adists to the final reference profiles of
temperature and humidity at a relaxation time that also depends on the cloud
efficiency.Baldvin et al. (2002showed that the activation of deep convection by
the BMJ scheme is strongly dependent on the moisture of the cloud layer.
Downdrafts are parameterized at the gimbints with deep convection using a
simple scheméBetts and Miller, 1993)Their source layer is located near 850 hPa
and their lowlevel outflow is considered to take place at the 3 lowest model levels.
They are considered to be unsaturated, unless thelow is saturated.

Shallow norprecipitating convection is evaluated for activation when the
modeledcloud depth is smaller than 200 hPa or the reference profiles generated by
the abovementioned check of deep convection result to negative precipitasitiar(
the conservation of enthalpy), provided that various additional criteria are met
(Baldwin et al., 2002; Janjic, 1994 he cloud base remains the same, but the cloud
top is defined as the level with the f&st reduction of relative humidity in a depth
of 200 hPa above the base. The temperature and humidity profiles are adjusted to

reference profiles that correspond to observed soundings in shallow cumulus or
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stratocumulus. The effect ahodeledshallow conection is to warm (cool) and dry

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

2.3.3 Ferrier microphysics scheme

C S NNX BlaNgidaddledoud andPrecipitation scheme released in Q¥
(EGCPO01) is a bulk microphysical parameterization origimafjemented in the
Meso Eta model of NCHPerrier et al., 2002; Rogers et al., 200h)bulk schemes,
semiempirical particle size distributions (usually gamma or exponential) are
employed to represent the microphysical properties of the clokbain et al.,
2015) Ferrier is a good candidate scheme for operational numerical weather
prediction systemge.g. Katsafados et al., 2012; Pytharoulis et al., 2QHpause of
its efficacy in various weather conditions (exhibiting a good/satisfactory
performance) and its low computational cqgterrier et al., 2002).ookup tables are
used in order to store the results of complex calculations (e.g. for precipitation
processes) and achieve computational efficiency.

The parameterization predicts the specific humidity of the wataporand
the total condensate, which includes cloud water (small-iatling droplets), cloud
ice (small crystals of ice), rain and precipitation ice. The latter comprises of snow,
graupel and sleet depending on its density. The scheme determines the fractional
contribution of ice condensates (sum of cloud ice and precipitation ice) to the total
condensate and that of rain to the liquid hydrometedfserrier et al., 2002)The
information of the different hydrometeors is stored in different arrays locally in
order to be used only internally by the microphysics scheme. The watsor and
the total condensate are agcted, but not the different hydrometeors.

The triggering of cloud condensation depends on a critical value of the
relative humidity which is a function of grid spacing and tends to 100% at fine
resolutions. In line with other highesolution models, thecondensation algorithm
follows Asai (1965)

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

(actually precipitation ice)The precipitation fluxes are integrated downwards from
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the top of the cloud. They are partitioned in a fraction that remains in the-lgoil
(proportional to its vertical size) and the rest that fall from the bottom of the grid
box. The microphysical prosses that take place in the grmbx modify the specific
humidity of precipitation in the gridbox and the precipitation flux at the bottom of
the box. The processes of deposition of wataporand riming of supercooled water
droplets are taken into acca in the calculation of the density of precipitation ice
(Skamarock et al., 2008lts mean size depends on temperature, in line with the
observations oRyan (1996)The ice crystals of cloud ice are assumed to have a fixed
YSIFY NIRAdzA 2F Hp>Y®d wlkAyx Of2dzR AOS | yR
be expmentially distributed. The parameterization allows the occurrence of mixed
phase conditions (only ice) at cloudy conditions with air temperatures above (below)
-30cC (Skamarock et al., 2008y arious microphysical processes and their latent
heating/cooling are representedvapor condensation, evaporan of cloud,
autoconversion to form rain, evaporation of rain, collection of cloud droplets by rain,
riming of supercooled water on ice, freezing of supercooled water, ice deposition, ice

melting and sublimation, evaporation from wet ice.

2.3.4 WRF Sing-Moment 6-class microphysicscheme

WRF Singloment 6class (WSM6) is a bulk microphysical parameterization
developed byHong and Lim (2006}t is a singlenoment scheme (like Ferrier), thus,
only the mass concentration (specific humidity) of each microphysical species is
predicted exgcitly. It is an extension of the WRF SiAlglement 3-class (WSM3) and
WREF Singi®oment 5-class (WSM5) microphysical schenideng et al., 2004; ¢hg
and Lim, 2006)WSM3 assumes simpiee processes, forecasting only the three (3)
variables of water vapour, cloud water/ice and rain/snow in line vidtidhia (1989)
who considered the existence of cloud water and rain (cloud ice and snow) in
positive (sib-zero) temperatures. No supercooled water or mixgthse processes
are parameterized. WSM5 upgrades the previous scheme by forecasting separately
five (5) species (water vapour, cloud water, rain, cloud ice and snow) and permitting

the existence of supepoled water and mixeghhase processes (Hong and Lim 2006).
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Comparing the three, WSM6 is more suitable for fine resolution numerical weather
prediction (Skamarock et al., 2008; Wang et al.12fincreasing the rainfall amount
and its peak intensityHong and Lim, 2006)

WSM6 predicts the specific humidity of six (6) water variables: water vapour,
cloud water, rain, cloud ice, snow and graupel. An important improvement relative
to WSM5 is the addition of graupel and the parameterization of its related processes
accordirg to Rutledge and Hobbs (1984nd Lin et al. (1983)The graupel number
concentration, as a function of its diameter, is assumed to follow aromedptial
distribution. The formula ofLocatell and Hobbs (1974)was adopted for the
calculation of the terminal velocity of graupel. The ice microphysics follow the
methodology ofHong et al. (2004)

A wide range of microphysical processes are accounted for the
production/dissipation of each hydrometedfong and Lim (2006 hese processes
are considered inwo different regimes, depending on whether the temperature is
g1 NYSNJ 2NJ O2ft RSNJ GKIFYy nc/ @

The microphysical processes of cloud water in WSM6 are: (a) aggregation:
formation of rain via autoconversion of cloud water, (b) accretion: collection of cloud
water by rain, snow and graupel, (c) freezing: both homogeneous and
heterogeneous freezing are parameterized, using a critical temperatu40dt, (d)
condensation and evaporation, and (e) melting: cloud ice becomes cloud water via
melting.

The parameterizeanicrophysical processes of cloud ice are: (a) initiation of
cloud ice crystals: nucleation of ice from wateapor, (b) aggregation: snow
formation through autoconversion of cloud ice, (c) accretion: collection of cloud ice
by rain, snow and graupel, (djeezing: both homogeneous and heterogeneous
freezing are parameterized Wita critical temperature ofn /C¢ (e) deposition and
sublimation, and (f) melting.

The parameterized microphysical processes for the rain are: (a)
autoconversion: formation of raimia autoconversion of cloud water, (b) accretion,
(c) freezing to form graupel, (d) evaporation and condensation, and (e) melting.

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

formation of snow because of aggregation of ice stals, (b) accretion, (c)
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deposition/sublimation, (d) melting: the accretion of rain and cloud water by snow
enhances its melting, and (e) evaporation of snow that melts.
The parameterized microphysical processes of graupel are: (a) aggregation:
formation of graupel through autoconversion of snow, (b) accretion, (c) freezing: rain
freezes to form graupel, (d) deposition of wateaporor sublimation, (e) melting of
graupel which can increase due to the accretion of cloud water and rain in
temperatures abog Oc and (f) evaporation of graupel that melts in a sdiurated
environment (relativetas F G SN A 0K GSELISNF GdzZNBE 1 623S nc

2.3.5 Goddard Cumulus Ensemble microphysics scheme

Goddard is the microphysical parameterization of the Goddard Cumulus
Ensemblemodel (Tao et al., 2014; Tao and Simpson, 1998)is a bulk single
moment scheme, suitable for fine resolution weather forecg¥t&ang et al.2014)
which has been developed by the Goddard Space Flight Center of NASA.

The scheme is based mainly on the parameterizatiohifet al.(1983)and
the upgrades oRutledge and Hobbd 984)on the representation of the physics of
graupel. In the default version, Goddard includes prognostic equations for the mass
content (specific humidity) of six (6) variables: water vapor, cloud water, aiaing
ice, snow and graupel. Mixgohase processes are included. The numerous studies
performed with this parameterization either using the Goddard Cumulus Ensemble
model (e.g.Lang et al., 2007r by incorporating the scheme in other NWP models
(e.g. in MM5 and WRF), have resulted to various modifications/improvements.

The wser of WRFARW model has the option to integrate the scheme with hail
instead of graupe{McCumber et b, 1991; Tao et al., 2003; Wang et al., 20T4)e
density of graupel is lower than that of hail, while a higher number of small (large)
particles are associated with graupel (hd®kamarock et al., 2008Regarding the
ice microphysics, there are two additional options to run Goddard only wjthl¢ad
ice and snow (without graupel/hail) or (b) cloud ice and graupel in extreme

conditions(Wang et al., 2014)

34



TheWRFE Model Overview and parameterizations used

The saturation techniqubas been revised in order to prevent ssaturation
in cloudy gridpoints and supesaturation in clear conditionéTao et al., 2003)The
major assumptions of the followed methodology ©&o et al.(1989) are: (a) At
GSYLISNY GdzNSa 06S06SSy nc/ -0y®RI HlnyONE & A AIKES ¢
saturation mixing ratio of water vapor is a mass weighted value of the saturation
mixing ratios over ice and liquid wateOnly liquid water (cloud ice) is present at
GSYLISNI GdzNBa Fo020S nc/ 60St 2 pHae ONRUGAC
supersaturation, the excess water vapor is condensed/deposited into cloud
water/ice. In subsaturated conditions, the cloud water (iceyaporates (sublimates).
The condensation/deposition and evaporation/sublimation rates are linear functions
of the tempS NI (i dzNB  Caril ihg Siksl subeco value).

The computation of the transfer rates of the processes that are not related to
evgooration, sublimation and melting is based on one thermodynamic state. In this
way, the equal treatment of these microphysical processes is end{irad et al.,
2003) Otherwise, one microphysical process would be activated first, affecting the
temperature and moisture before the activation of another process. An additional
improvement is relted to the assurance of the water budget in the microphysical
computations(Skamarock et al., 2008)

Finally, it is noted thaTao et al(2003 their Table 3suggested that tuning is
needed for the optimum use of the Goddard parameterization in different

environments.

2.3.6 MellorYamadaW| y 2 A 6 laygrdnfidiie NB

The MelloryamadaW! y't8rutence parameterization (hereafter MYJ) was
originally developed byMellor and Yamada (19823nd later was updated and
significantly improved for research and operational useMy y 2 A 0 24, BO80) m X M
It employs a 1.5 order closuf&tensrud, 2011yith local vertical mixing and predicts
turbulent kinetic energy. The -th order closures parameterize the unknown N+1
order correlations in terms of the lower moment predicted terrfGohen et al.,

2015) In the case of nointeger order schemes, e.g. 1dsder, 1st order moments
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are diagnosed for a numberf variables and 2nd order moments for othéig/mvios
et al., 2018) In a local scheme, the variables at a level are affected only by the ones
at adjacent vertical levels.

WI y 2 A Oprovided aigelution to the singularity problem of the original
scheme that appeared when the turbulent kinetic energy (TKE) tended to vanish (e.g.
Gerrity et al., 1994) Not only the TKE and the master length scale are required to be
positive, but also a maximum value is imposed to the master length scale. The
master length scale is estimated within the atmospheric boundary layer following
Mellor and Yamada (1974Miyakoda and Sirutis (1978nd Wl y 2A 0 omMdbddpn I M
Above the boundary layer, it is a percentage of the vertical grid spacing. In MYJ, the
lowest model level height at which the production d¢H cannot balance dissipation
determines the height of the boundary lay&kll y 2 A Gsuggested ihmtihe upper
G tdzS 2F GKS YIadSNI t Syadk ao0FtS Ydzald o6S ¢
the TKE and aufiction of larged OF £ S o6 dz2eél yoOé IyR &aKSINE Ay
implement this parameterization without a singularity issue in stable and unstable
regimes.

The MYJ parameterization is implemented in conjunction with the Eta surface
layer scheme which flows the similarity theorfMonin and Obukhov, 1954Puring
free convecion and zero wind speed, the singularity problem is corrected through
the methodology ofBeljaars (1995)in which part of the surface buoyancy is
transformed into kinetic energy. An important feature of the Eta surface layer
scheme is the use of a viscous sublayer. This is a near surface hagkrisvso thin
that there is no room for the development of turbulence. Therefore, the momentum,
heat and moisture are transported through molecular diffusion. In the presence of
the viscous sublayer, the surface energy fluxes are weaker because theutaolec
diffusion is much weaker than turbulence.

Over the land, the viscous sublayer is parameterized using the formula of
Zilitinkevich, (1995)which defines the roughness height of temperature and
humidity relative to the ondor momentumé WI y 2 A dhXee differenea)regimes
are considered over water grgoints: (a) smooth and transitional, (b) rough and (c)
rough with sprayo Wl y 2 A 0 Z . Thherdeppof thedvipaous sublayer as well as

the roughness length is a function of the friction veloatyVIl y 2 A. ®&at amdp cpn 0
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moisture (momentum) are transported through this sublayer in the first two (one)
regimes. Janjic (1994)yresented the improvements due to combination of this
scheme with updates on the MYand BMJ schemes of Eta model, on the
precipitation. Pytharoulis, (2008)rovided eviénce about the effect of this sublayer
on the surface fluxes of heat and moisture, as well as on temperature and
precipitation over the Mediterranean sea, through numerical experiments with the

SKIRON/Eta model.

2.3.7 Yonsei Universitpoundary layer schme

The turbulence parameterization of the Yonsei University (Y8idg et al.,
2006)is an upgraded version of the widely used MRF boundary layer sc{iéoms
and Pan, 19963uggesting a revised treatment of the vertical diffusion. It uses a first
order closure with nonlocal ertical mixing within the planetary boundary layer
(Cohen et al., 2015jhat is the variables at a specified level are determined from the
ones at multiple (and not just from the adjacent) levels. The local approach is
followed above the mixed layer.

YSU parameteration has been developed in order to treat various
deficiencies of the MRF, related with too much mixing in windy conditions that
results to a drier lower boundary layer, much deeper boundary layer height, weak
mixing in a convectiodominated boundary lagr, weakening of the convective
inhibition that affects the simulated precipitation etiHong et al., 2006)The new
scheme treats the entrainment at the top of the boundary layer explicitig, an
additional term for the entrainment flux at the inversion layer. Moreover, it follows
GKS ay2yf 20t Troed and MANPOS6D &king2ifo account the
countergradient fluxes for potential temperature and momentum, but not for
moisture. The large eddies are considered in the turbulence diffusion equations
through a gradient correction factor.

In the definition of the bandary layer top, a critical value of zero (0) is
assumed for the bulk Richardson number. Thereby, the boundary layer height is

found through the investigation of the stability, taking into account the perturbation
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in the potential temperature because ohe surface buoyancy flux (Hong et al.
2006).

The surface layer is parameterized by the MM5 scheme. It is based on-Monin
Obukhov similarity theorypy WA Y Sy ST 12)&nid uded tide3stability functions of
Dyer and Hicks (1970paulson (1970and Webb (1970)in order to calculate the
transfer coefficients. Four stability regimes are considered, depending on the bulk
Richardson numbe(Zhang and Anthes, 1982fa) stable conditions, (b) damped
mechanical turbulence, (c) forced convection and (d) freavection. The wind
speed at the lowest model level and thus the surface fluxes are enhanced, using a
convective velocityBeljaars, 1995and a subgrid velocityMahrt and Sun, 1995
only for grid spacings greater than 5 km). A viscous subl@anson and Boland,
1978) up to the height of the rougness length over the water and 0.01 m over land,
is employed in the computation of the transfer coefficient for moisture. Over water
the roughness length is related to the friction velodiBkamarock et al., 2008)

Finally, in the default version the drag coefficient is a monotonically
increasing dinction of the wind speedGreen and Zhang, 2013)Jowever, according
to Donelan(2004) and Powell et al. (2003)his is na valid over the sea for wind
speeds greater than 33 m/s. Moreover, the dissipative heating is not considered in
the calculation of the sensible heat fluxes. Two additional options, with modified
roughness lengths and exchange coefficients as well asdig#iipative heating, are
available in WRARW model(Green and Zhang, 2013; Wang al., 2014)
Pytharoulis et al. (2018nvestigated the sensitivity of a simulated medicane (that

developed in November 2014) on these options.
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Chapter 3
Sensitivity studies and model
performance

The frst statistical evaluation of the numerical studies performed in the
framework of the current dissertation is presented in this chapter. The focus is on
convective activity simulations with the WRF model. Characteristic cases belonging
to various synopticonditions are examined in order to have a more representative
sample of storm days. The study aims on identifying the best performing of the
different setups engaged to conduct the simulations without first examining their
synoptic forcing. The impact afifferent WRF physics schemes employed on the
simulation of convective activity over Thessaly is assessed. Three microphysics
schemes, two planetary boundary layer schemes (with their corresponding surface
schemes) and two cumulus convection schemes weséed. After the selection of
the most appropriate setup, the performance of the model is assessed again with the
inclusion of more test cases and the drawing of conclusions related to the synoptic
conditions of each case. Surface weather observations fneather stations, along
with radar data, were used for the evaluation. Particular emphasis was given on
mean sea level pressure, surface temperature, surface relative humidity and surface
winds, when using station data and on geometrical/morphologicaratteristics of

clouds, when using radar data.
3.1 Introduction

The central part of Greecevhich mainly belongs to the administrative area
of Thessaly, is one of its main agricultural production areas. As Greece is an
agricultural country the productio of the Thessaly plain has a major influence in
O 2 dzy (i NBetpaomi 8tabus &nd plays a crucial role in its financial life.

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

mean sea level pressure (dried lakes in the southt pagt) up to a little less than
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3000m (in the south part of mount Olympus) Thessaly occupies the eastern part of
central Greece. Following the Mediterranean climate type, precipitation mainly
occurs during the cold period (from October to April), whileidg summer the small
amounts of precipitations mainly come from small duration and high intensity
convective events. Apart from the described high ird@nual variation, the Pindus
azdzydlr Aya t20F0SR Ay ¢KSaalfteQa gigad LI NI
atmospheric circulation, results in high spatial heterogeneity of the precipitation
regime. Low elevation areas in the east accept around 420mm while in high
elevation areas in the west precipitation exceeds 2.000iflocas, 1994)Those
characteristics that could classify the eastern plain area as seidj have not yet
reduce in a sizable way the agricultural production. Fruits (like apples, pears,
cherries) and agricultural commodity products (as wheat, cotton, maize, etc) make
dzLJ { K S préddeton. (The intensification of the applied agricultural activities,
leads to further exploitation of underground water, which combined with the
reluctance of farmers to perform good irrigation methods has led to significant water
deficit in the aregpresented as lowering of the underground water levéPetalas et

al., 2005)

As population increases and irrigation absorbs during the demanding warm
period of the year more and more water, drought is an imminent threat presenting
its signs in the last decades over the ar@aabiras et al., 2016)l/he DAPHNE
research project that was active fro@013 to 2015 tried to propose a methodology
to tackle the problem of drought in the area. Using Weather Modification
(Karacostas et al., 2015vorable atmospheric conditions could be identified and
convective clouds could be characterized as being candidates for assisted production
of rain/snow throwgh cloud seeding. The same effect could have been the collateral
benefit of melting hailstones and their transformation into raindrops. The in advance
knowledge of the atmospheric conditions, when dealing with convective scale
phenomena, could only be reaéd using a statef-the-science numerical weather
prediction model configured in such a way, able to maximize its performance in
analyzing moist convection in the area of interest.

Atmospheric models are built having in mind that they will deal with gehu

number of scales from local turbulence in the scale of centimeters to synoptic scale
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in mid-latitude weather systems and even more in planetary wa@sbowski et al.,
2019) In the work of0 dzZNRA & | Y R Withy'é@aminedsstarms it Setbia from
1981 to 1995 using convection allowing numerical weather models, thal tot
convective precipitation was effectively resolved by the models. In recent studies by
Pytharoulis et al. (20)GandLompar et al. (201®xtreme storms, that happened in
Greece and Serbia respectively, accompanied by large amount of precipitation were
simulatedwith the WRF numerical weather model.

For convection scale numerical simulations the microphysics scheme used
plays an important role in the proper representation of the stori@tark et al., 2012;
Lean et al., 2008; Robertnd Rutledge, 2003; Stein et al., 2015; Weisman et al.,
2008) The boundary layer structure as represented by the selected boundary layer
scheme is a key factor in convective storm initiation, structure, and development.
The boundary layer scheme regulatéhe onset of the convection scheme and
together with the convection scheme adjust the vertical instabitiya | 6 A & I Yy R
Stevens, 2012)Finally convection scheme also acts as a mean of regulating the

available convection potential in a startingpsn (Roberts and Rutledge, 2003)
3.2Upperair synoptic circlation types

Synoptic types classification has been globally used from many researchers
(Hess and Brezowsky, 1977; Lamb, 1972; Muller, 1@t#®mpting to identify ai
mass properties with circulation patterns and their connection with thpesgrance
of certain weather events over a place. Likewise, several Greek researchers dealt
with producing synoptic types over Greece using different calculation methods
(Karacostas, 2003; Karacostas et al., 2018, 1992; Kassomenos et al., 1998; Maheras
et al., 2000) In this study, the classification method proposed(Kgracostas, 2003)
and (Karacostas et al., 201B) used for classifying each day into certain atmospheric
schemes using ECMWEF gridded analysis data. It is a manual classification scheme
based on synoptic charts of the upper atmospheric isobaric surfaces of 300hPa,
500hPa and700hPa along with the presence of the trough/ridge axis and its
position/orientation.

A brief description of the synoptic types used in this study follows:
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Open Long Wave trough (OPTRhis synoptic type is characterized by the
presence of a slownovinglong wave trough dominating the area of interest (Fig.
3.1). Sometimes the long wave trough might be stationary. In this synoptic situation
the upper airflow over the area is generally light, having a northwest to west wind
direction. Air massesprevailing over the area are generally characterized as
moderately unstable. An accompanying surface low sometimes associated with
frontal activity is situated to the east or southeast of the area of interest. In case of
evident baroclinic zone, this is placed beewn the trough line and the surface low
pressure system. An anticyclone is generally positioned northwest of the area of

interest. As a result to that, a nortlwest wind flow is observed over the surface.
Geopotential Height (gpm) 500hPa OPTR
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Figure 3.1 Geopotential height at 500hPa duri@PTR circulation type

Closed Long Wave trough (CL®)one or more closed geopotential height
lines are observed in the upper air synoptic charts this synoptic situation is named
CLQFig. 3.2). This synoptic type is similar viRTRsynoptic type, butn this case, a
more organized trough with easily observed developed baroclinic zone is present
resulting in deeper and wetirganized associated surface low pressure system. In
this caseair massesover the area are almost unstable, as a result of cald a
advection due to the trough. Surface winds have a northerly component. Frequent
thunderstorm is observed over the area, especially during the warm period of the

year.
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Geopotential Height (gpm) 500hPa CLO
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Figure 3.2 Geopotential height at 500hPa during CLO circulation.type

CutOff Low(CUT) This synoptic situation is described as the mature stage of
both OPTRand CLQ formerly described, synoptic types. Closed contour lines are
observed, resulting in a cwff upper air low pressure system which is separated
from the main westerly uppeair flow (Fig. 3.3)This synopticsystem presents
almostno inclination from bottom to top of the atmospherdJsually within these
situations the kinetic energy of the weather system has been converted into dynamic
energy. The associated surface low ggere system, which is almost vertically
situated below the upper air cuiff low, remains longer time over the area

producing scattered thunderstorm activity.
Geopotential Height (gpm) 500hPa CUT
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Figure3.3. Geopotentialheight at 500hPa during CUT circulation type
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North-West flow (NW)AL this synoptic type a long wave ridge is located west
or northwest of the area of interest. Usually a long wave trough is situated to east or
southeast of the area as well (Fig. 3.4). Sometimes, the meguibrthwest flow is
embedded with a number ofh®rt-wave troughs and ridges following the main
northwest air flow. The presence of an aligned baroclinic zone over or east of the
area is also evident. At the surface, a low pressure system is present to the east and
a high pressure system to the north oorthwest of the area. A northwest to
southeast cold front appearsometimes, as the result of the embedded upper air
short wave trough. Due to upper cold air advection thie massbecomes more
destabilized resulting in frequent thunderstorm activity.cAing to the orientation

of the trough axis the airflow ranges from westerly to northerly directions.

Geopotential Height (gpm) 500hPa NW
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Figure3.4. Geopotentialheight at 500hPa during NW circulation type

SouthWest flow (SW)This synoptic type is characterized by the presence of
a long wave trough situated to the west or southwest of the area of interest (Fig.
3.5). Accordingly, a long wave ridge to the east or northeast of the area is also
present. As a result to that, a southwest flow prevails over the area, sometimes
coupled witha series of embedded short wave troughs and ridges. The baroclinic
zone is usually aligned over, or to the east of the area of interest. At the surface, a
low-pressure system is observed to the east or northeast and aprigbsure system
to the south or suthwest of the area. A warm front is sometimes observed,
embedded to the southwest to northeast airflow, as a result of the upper air short
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wave trough. Alike with SW synoptic type, the orientation of the trough axis tilts

airflow from southerly to westdy directions.

Geopotential Height (gpm) 500hPa sSwW
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Figure3.5. Geopotentialheight at 500hPa during SW circulation type

Zonal flow (ZON) (Fig. 3.6): This synoptic type is the outcome of the presence
of a low amplitude trough to the west and north of the area and a low amplitude
ridge to the east and south. According to the pressure gradient, the riegult
westerly winds vary in strength. Within this flow, embedded short waves are
developed and move quite rapidly, passing over the area. Surface low pressure

systems and associated frontalres are generally moving from west to east having,
Geopotential Height (gpm) 500hPa ZON
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Figure3.6. Geopotentialheight at 500hPa duringONcirculation type
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under the upper level baroclinic zone, cold air masses to the north and the warm air
masses to the south.

According toYarnal (1993there are two main ways for circulation type
classification. Circulation to environment and environment to circulation. In the first
way the atmospheric circulation classification occurs first and then a relation is
established with an mvironmental phenomenon. In the second method, the
circulation classification is carried based on observed parameters of environmental
phenomena. In the present study the second approach was adopted. Moreover, the
manual synoptic classification scheme pospd by Karacostas et al. (1992) and

Karacostas (2003) was used.

3.3 Case Selection

A two step procedure was chosen for the final selection of the model setup to
be used at the operational runs of the DAPHNE research project.

In the first stage, seven Y tharacteristic cases from year 2010 were selected
and simulations were performed with variable model setups (12 different setups,
explained later irsection3.4). This way a total number of 7 x 12 = 84 simulations
were performed and evaluated to reachetpreliminary decision about the setup to
be used. The selected days that were chosen are presented in J.able
Table 3.1 Dates of the simulated cases during the first stage of the selection
procedure

19/06/2010 27/06/2010 20/07/2010 04/08/2010
12/09/2010 20/09/2010 25/09/2010

Stepping up on the synoptic classification of the upper air circulation types,
the initial number of selected cases was raised to thsity(36). Six cases from every
different upperair synoptic circulation type were selecté@iable3.2) for days that
convective activity affected the examined area. For these days simulations were

performedwith the setup selected in the first stage and evaluated.
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Table 3.2.Dates of the simulated cases during the second stage of the selectio
procedure categorized by synoptic type
19/09/2007 24/09/2008 06/07/2009

Zonal(ZON)
13/09/2009 17/09/2009 19/06/2010
14/06/2007 25/05/2009 @/07/2009
Northwest(NW
19/09/2009 23/05/201018/07/2010
04/06/200815/05/2009 17/04/2010
Southwest(SW)

15/05/2010 04/08/2010 25/09/2010
09/06/2008 03/07/2009 06/09/2009
20/04/2010 07/07/2010 20/09/2010
02/09/2007 27/09/2008 22/05/2010
22/06/2010 27/06/2010 12/09/2010
24/05/2007 28/06/2009 29/06/2009
05/06/2010 11/07/2010 20/07/2010

Open Troug{OPTR)

Closed LowCLO)

Cutoff Low(CUT)

This way the performance of the selected setup was tested for consistency in
a broader sample of convective days. The familiarity to the characteristics of the area
of interest in terms of the local weather and environment, assidy previous radar
based climatological studies in the examined afBampzelis and Karacostas, 2016,
2014) provided the required assurance for the representativeness of the selected

cases.

3.4NumericalModel setup

The meteorological model used is the WRRW model, version 3.5.1 (WRF
ARW Version 3.5.(Skamarock et al., 2008; Wang et al., 2ahéroughly described
in Chapter 2 Three nested domainsere used (Fig. 3.7). The coarser domain (D01)
with grid spacing of 15Km x 15km covers Europe and a large part of Northern Africa
(301x261 grid points). Synoptic scale characteristics can be captured in detail in this
resolution. The middle domain (DO2)tkvgrid spacing of 5km (grid ratio 1:3) covers
Greece, the lower Balkans and part of Asia Minor (253x253 grid point). Finally the

finest domain (d03) has a grid spacing of 1.67Km and is centered over Thessaly
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(201x171 grid points). The top level of the deb was located at 50 hPa. The model
sigma levels number was set to thiyne (39). Variable vertical resolution was used
with coarser resolution in the upper levels and layers close to each other at the
boundary layer. Ten minutes output interval wast $er the innermost domain
(D03), as a mean to capture the fast evolving field of radar reflectivity.

Table 3.3.Model Setups used in the study

Experiment Microphysics Boundary layer Surface layel Convection
(D01 and DO2)

ETAKFYSU ETA YSU MM5 KF
ETAKFMYJ ETA MYJ ETA BMJ
ETABMJ3YSU ETA YSU MM5 KF
ETABMIMYJ ETA MYJ ETA BMJ
WSMGKFYSU WSM6 YSU MM5 KF
WSMGKFMYJ WSM6 MYJ ETA BMJ
WSM6BMJ3YSU WSM6 YSU MM5 KF
WSM6BMJIMYJ WSM6 MYJ ETA BMJ
GODKFYSU Goddard YSU MM5 KF
GODKFMYJ Goddard MYJ ETA BMJ
GODBMJYSU Goddard YSU MM5 KF
GODBBMJIMYJ Goddard MYJ ETA BMJ

In order to find the best performing mix of physics schemes, a number of 12
combinations was tested (Tabl&3). Three (3) microphysics (mp) schemes were
employed in the simulations: efrier-ETA (ETA, mp_physics=5) which is the
operational microphysics scheme in NCEP, simple, fast, but yet efficient scheme with
diagnostic mixeegphase processes. WRF Single MomeniclaBs (WSMB6,
mp_physics=6) which is suitable for higisolution simulatns, cloud water, rain,
ice, snow and graupel are represented in separate variapiéang et al., 2014)
Goddard (GOD, mp_physics=7) whiclsoaclassifies ice, snow and graupel in
separate variables. Two planetary boundary layer schemes: Yonsey University (YSU,
bl_pbl_physics=1) which is a non le&alvertical mixing scheme with explicit

entrainment. MellorYamad-W| y(W0bl pbl_physicss23 local closure scheme
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that predicts turbulent kinetic energy. Finally two cumulus parameterization
schemes were used only in the two outer nests (D01, DO02):-Kdsch (KF,
cu_physics=1) addresses deep and shallow convection. -Bétes-WI y (@MJO
cu_physics=2), the operational ETA scheme aiming at amiedd profile through
column moist adjustmentWang et al., 2014)The physics chemes are better

described in chapter 2 of the present dissertation.
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Figure 3.7 Model domain setup used by WRRW in the numerical experiments.
(inline picture presents innermost domain topographgdar position

and stations usechimodel validatio in DO3J.

The Rapid Radiative Transfer Model application for Global (BRTM
ra_sw_physics=4) climate mode{tacono et al.,, 2008was used for both the
longwave and shortwave radiation. The surface layer scheme employed was
dependent on the boundary layer scheme selecte MM5  similarity
(sf_clay_physics=1) based on Mo@bukhov with CarlsoBoland viscous sulayer
and standard similarity functions from lookup tables when Yonsei University
boundary layer scheme was selected, and Eta similarity based on Nmikhov

with Zilitinkevich thermal roughness and standard similarity functions from lookup
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tables when MelotYamadaW!| yb8ukdary layer scheme was selec{@dang et al.,
2014) Surface physics was represented by the NOAH (NCEP/Oregon State
University/Air Force/Hydrologic Research Lab) Unified model (sf_surface pRysics=
Chen & Dudhia, 2001)

The resolution of 5km falls in to the grey zone for the use of parameterized
convection. Prior use from the writer and other researchers suggests that this is not
uncommon in everyday use of meteorological models fperational purposes in
grid spacings of this order of magnitude in Greece and other Mediterranean Sea
regions(Kotroni and Lagouvardos, 2004; Lagouvardos et al., 2013; Pytharoulis et al.,
2016; Sindosi et al2012)

Data from the European Centre for MedidRange Weather Forecasts
(ECMWF), at a horizontal resolution of %25 was used as initial and boundary
conditions. Their temporal resolution was six hours and they consisted of operational
analyses (ath not forecast products) to avoid the error inherent to forecast products.
National Center for Environmental Prediction (NCEP) SSTs was retrieved at horizontal
resolution of ~ 0.08%0.083 and they were kept constant for the whole simulation.
Topography ad the landuse data were provided by USGS (United States Geological
Survey) atthefindNB a2t dziA2y 2F onQQEonQQo®

For every selected day, data from the 12:00 UTC cycle of the previous day
from ECMWF was used for the initialization of the model. The fotdwaszon was
36 hours, thus reaching the 24:00UTC for the day of interest. For every case chosen it
was checked that convective activity for both the simulations and observation was
already over at that time. The first 12 hours were used for model-gpiand a net
duration of 24 hours (00:00UTC to 24:00UTC for the selected day) was used for the

analysis.
3.5 Verificationdata: Weather stations, Radar data and TITAN

Data provided by the Hellenic National Meteorological Service (HNMS) was
used for the stastical evaluation of the model performance in the domain D02 over
Greece. Meteorological data were available every three hours and the corresponding

forecast values were extracted from the simulations. For Larissa and Aghialos (Fig.
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3.7) hourly data were sed for statistical evaluation in D03. The fields of 2 m air

temperature (TEMP), 2 m air relative humidity (RH), meardeeaa pressure (MSLP)

and wind speed at 10 m (WIND) wased for the evaluation

Topography height (meters MSL)
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Figure 3.8 Detailed topography (m) of the moddbmain D02. Overploted with red
dots the meteorological stations of the Hellenic National Meteorological

Service, which were used in the validation of D02 simulations

A Gband (5cm) weather radar located in the centerth west part of the
examined areas the source of the radar data. It takes around 3.5 minutes for the
radar to cover the area around it at 26 levels, with the lowest being at 1km and the
highest at 19.75km. The field of reflectivity is interpolated at a grid having a
resolution of 750mn each dimension. Taking account for the cone of silence, a circle
with diameter of 30 km was created and the data contained in the circle were not
considered for analysis. The convective cells are identified using TITAN
(Thunderstorm Identification, Tramlg, Analysis, and Nowcasting) softwgi@ixon
and Wiener, 1993)TITAN is a software suite used in real time for operational

purposes in weather modification applications, and in archived mode for post
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analysis of pastases, providing identification, tracking and forecasting of convective
cells taking as input data raw reflectivity measurements frameather radar. By
setting a threshold on the reflectivity value one can identify a storm as a three
dimensional entitysatisfying the criterionRoberts & Rutledg€2003) proved that
setting the threshold to 35dBz acquired a satisfying correlation with the
development of mature cumulonimbus clouds. The Greek National Hail Suppression
Program(Karacostas, 1989, 19843es the same threshold for the initiation of cloud
seeding operations. For the purposes of this study cloud top, cloud base, area and
maximum reflectivity were produced By TAN.

The 10 minutes outputs from D03 of the model were the initial data for the
calculations of the convective activity in the area of interest. The same 35dBz
threshold employed in the radar data was used for the model res@tmvective
activity wasconsidered to occur when the composite (maximum throughout the
atmospheric column) reflectivity, in the model was higher than 35 dbz. Valid data
were considered those that were contained on a 140km x 140km region centered on
the weather radar l(iopraso, 9.674N, 21.837E) and laying outside the cone of
silence of the radar (3.7 inline)h@ NCEP Unified Post Processing module of WRF
(UPP,Wang et al., 2014% I & dzaSR (G2 O02YLlziS Y2RStQa NBT
GAYS adGdSLI FyR (GKSy oé& dzaaAy3a GKS opR.T ONRG
The last step was to transforboth radar and model datanto hourly data by taking
into account maximum reflectivity, average area and maximum cloud top that

happened through the examined hour.
3.6 Sensitivityresults
3.6.1 Performance at domain D02

Using data provided by the 20 stations of HNMS presentedgn338 the
Y2RStQa adraAradAaort S@ltda A2y o1 a LISNF2N
(METv.60, Brown et al., 2017)he pots were created using NGNCAR Command
Language UCAR/NCAR/CISL/TDZ)18) Threehourly values exported from the
available meteorological messages and the corresponding model values were

considered. Using the distance weighted mean interpolation method with data from
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the four closest grid pointsthe forecasted valug at the station location were
obtained.

Fig. 3.9 presents the mean error ME (a) and mean absolute error MAE (b) for
mean sea level pressure. The model underestimates the MSLP in every case. There is

a clear distinction between the two cumulus schemes. Simanatperformed using
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Figure 3.9 The Mean Error (a) and Mean Absolute Error (b) of meanlesed
pressure forecasts of WHPD2 over Greece in the twelve sets of

experiments(See Table 3.3 for more info on the specific model sgtups

the KainFritsch cumulus scheme have a systematically bigger mean error. The
values of mean error range frori.3hPa to-0.2hp for KF cumulus scheme and frem
-1.0hPa to-0.1hPa for BMJ scheme. The simulations performed using YSU boundary
layer scheme correspond to thopeesenting the bigger values. They also have wider
spread than the cases simulated using the BMJ boundary layer scheme. The mean

absolute error has the same behavior with values ranging from 0.8hPa to 1.4hPa. It is
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worth noting that the case of 20/09/201(@resents the best results in every
simulation while the worst represented case is the one of 12/09/2010. This was a
case which led to model crashes in at least two simulations. Some simulations
(mainly using Goddard microphysics) presented erratic resmitsare not shown in

the graph (and the subsequent graphs for the other parameters).
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Figure 3.10 The Mean Error (a) and Mean Absolute Error (b) of 2m air temperature
forecasts of WRBO02 over Greece in the twelve sets of experiments

(See Table 3.Bbr more info on the specific model setups

Temperature ME and MAE are presented in Fig 3.10a and 3.10b respectively.
The ME shows values from 0.1K -th1l (with one outlier at-1.6K). There is no
systematical error related to the cumulus scheme as in RM®But there is a
distinction based on the BL scheme. Better results are obtained on the simulations
using the YSU boundary layer scheme. The WEMGSU and the WSMBMJYSU

model setups present the smaller overall MAE with values from 1.3K to 1.8K while
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their spread of values is also the smallest. On the opposite side the VKEM& J

and WSMeBMJIMYJ model setups came out with the worst results reaching values
of MAE close to 2.6K almost double the mean values of the other setups. The relative
humidity results of the simulation exhibit the greatest dependence on the boundary
layer scheme usedvhich is evident from the successive ups and downs in Fig. 3.11a
and 3.11b presenting the ME and MAE of relative humidity. Relative humidity is over
estimated in almet every case. In the cases where YSU boundary layer was used the
values of ME rangdgrom -1.0% to 5.8%. On the other hand when MYJ scheme was
used the values of ME are all positive from 1.9% to 8%. The MAE values range from
7.9% to 11.1% for simulatioperformed using the YSU BL scheme compared to 9.0%

to 13.0% with the MYJ BL scheme.
ME Relative Humidity (%)
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Figure3.11 TheMean Error (a) and Mean Absolute Error (b) of 2m relative humidity
forecasts of WRBO02 over Greece in the twelve sets of experiments

(See Table 3.for more info on the specific model setups
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Finally WRF overestimated the wind speed as is shown in Fig 3.12. The mean
error (Fig. 3.12a) ranges from 0.4m/s to 1.9m/s. The dependence on the boundary
layer scheme used is noticeable for wind speed too. ¥I8J boundary layer

simulations have a ME reaching 1.6m/s and in only 2 cases 1.7m/s. The BMJ
ME Wind speed (m/sec)
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Figure 3.12 The Mean Error (a) and Mean Absolute Error (b) of 10m wind speed
forecasts of WRBO02 over Greece in the twelve sets of experiments

(See Tald 3.3 for more info on the specific model setlips

boundary layer simulations reach values from 0.7m/s to 1.9m/s. The BMJ cumulus
scheme coupled with MYJ boundary layer scheme presents the biggest mean ME for
all the cases. That high value of ME is tbsuit of high values in all the cases and not

a result of outliers indicating as systematic unmatched combination.

3.6.2 CloudCharacteristicat domain D03
The characteristics of the simulated convective activity in \WBF and those

measuredby the radar for atypical caseare shown in Fig. 3.13to Fig. 3.15as
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Figure 3.13Cloud top and base for WRI3 grid points with composite reflectivity
greater than 35 dBz (for August 4, 2010). Blue markers represent radar
measirements, green markers model results for KF convection scheme
and red markers results for BMJ convection scheme used in WRF D01
and WRF D02.
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represented by cloud top, cloud base, maximum reflectivity and cloud area. In the
analysis the results are preseqtin relation to the cumulus scheme, even if cumulus
convection was not used in D03. The cumulus convection scheme used refers to DO1

and D02.

3.6.2.1 Cloud Height

In every simulation the model over estimated the cloud height. The
simulations present a mre rapid growth of the cloud than the one calculated by the
radar data. For Ferrier microphysics (mp5) from the time that the cloud has reached
reflectivity of more than 35dBz its top height remains almost constant. This is more
pronounced in the KF (cu=fhan in BMJ (cu=2) simulation (Fig. 3.13a and 3.13b).
The WSM6 (mp=6) simulations present a variation in top height, more evident when
KF cumulus scheme is used. The timing of the maximum height is well simulated (Fig
3.13c). The simulations using the BRumulus scheme (Fig. 3.13c and 3.13d) show
an onset of light convective activity (reflectivity more that 35dBz in lower heights)
three to five hours before the actual start of the activity. The Goddard microphysics
(mp=7) simulations overestimate more a@h the other setups the cloud height
reaching 14km. Furthermore the Goddard scheme coupled with MYJ boundary layer
scheme (bl=2) causes a rapid evolution of the convective activity that ends at least
1.5 hour earlier that the other setups (Fig. 3.13f). T¢leud base is almost
independent of the setup used and is calculated at about ,2&kimost double the

one measured from the radar data.

3.6.2.2 Maximum Reflectivity

Maximum reflectivity (simulated and measured) is shown in Fig. 3.14. All
simulations resulf are in close agreement with the maximum reflectivity measured
from the radar. The simulations using the Ferrier microphysics (Fig 3.14a and 3.14b)
present smaller reflectivity in the beginning of the activity but soon reach the actual
values measured.hE onset of the activity is well represented but the end of the
activity is sharper and while the radar measures reflectivity more than 35dBz the
model predict smaller values, less than 35dBz. When WSM6 is the microphysics

schemeemployedin the simul&ions the reflectivity is overestimatedby 2-4dBz
58



Sensitivity studiesand model performance

080410 mp5_blI1 080410 mp5_bl2
80 | L L | I 1 L 80 | L L P T 1
() (b)
8 70 - N 70
T =)
= =
= =
E 60 E 60
° °
E PR E te.
E 50_. .on_: o:C [ E 50_. ,g-o_:. ..o [
© ¢ M © . .
E . . . E . . .
40 -| . P 40 -| . F
r T T T T T T T r T T T T T T T
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Time (h) UTC Time (h) UTC
080410 mp6_bl1 080410 mp6_bl2
80 | L 1 1 | 80 l 1 | 1
(c) — (d)
B 70 - 8 70
i T
= el
= =
g 0 g 6o
£ e * e* : . E . ot . .
g 50 .« ° - 2 50 L T L
= e ® e . = R et . .
(1] ® : . © .
. . : = . .
40 - .k 40 - f .k
T T T T T T T T T T T T
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Time (h) UTC Time (h) UTC
080410 mp7_bl1 080410 mp7_bl2
80 I | 1 | L 80 I | 1 | L
(e) ®
N 70 - N 70 -
T el
= ol
= =
E 60 E 60
° ®
E * e " %8 o E L s . bt
2 50 e - g 50 . . * +
= P . . . = . Y . .
(1] . L © .
= ! . . = 1 . .o
40 — : . [~ 40 -, ) . [
T T T T T T T T T T T T
0o 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Time (h) UTC Time (h) UTC

Figure 3.14Maximum reflectivity in WRBO03 grid points with composite reflectivity
greater than 35 dBz (for August 4, 2010). Blue markers represent radar
measurements, green mkers model results for KF convection scheme
and red markers results for BMJ convection scheme used in WRF D01
and WRF DO02.
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Figure 3.15Cloud area in WRPBO03 grid points with composite reflectivity greater
than 35 dBz (for August 4,020). Blue markers represent radar
measurements, green markers model results for KF convection scheme
and red markers results for BMJ convection scheme used in WRF D01
and WRF D02.
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when the YSU boundary layer scheme is used (Fig. 3.14c) an8dBz2vhenthe

MYJ boundary layer scheme is used (Fig. 3.14d). The temporal evolution is well
replicated especially when the YSU boundary layer scheme is coupled with KF
cumulus convection scheme (used in DO1 and D02). Good agreement in reflectivity
values is attainé in Goddard simulations (Fig. 3.14e and 3.14f). The coupling with
YSU boundary layer scheme results in convection start and end time match, with
simulated reflectivity very close to the measured by the radar throughout the event.
The use of MYJ boundargtykr keeps the simulated reflectivity higher during the
event with a subsequent rapid fall before the actual end of the event, as this is

measured by the radar.

3.6.2.3 Cloud Area

The area of the cloud as simulated by the model and calculated using TITAN
from radar data is shown in Fig. 3.15. The onset of the activity is properly predicted
by the simulations in most of the model setups. The raise in cloud area is far more
progressive in the calculated area (radar) than in the simulations. In the firsbthalf
the event (the true duration of the event is based on the radar measurements) the
simulated area reaches values up to 608kmhile the calculated one is much less
(<100knd). In the second half of the event the calculated area increases up to
1200knt while the simulated start to decrease and falls to almost zero about at the
¢ 2F (KS S@Syid RdzNI A2y d ¢KS CSNNASNI &AYdz
lowest overall area while the Goddard (Fig. 3.15e and 3.15f) the highest. The WSM6
simulations (Fig3.15¢ and 3.15d) present the same temporal evolution with the
radar but with a time shift due to the fastest evolution of the convective activity in
the simulations. The maximum area from the WSKBU simulations reaches half

the area of the calculateddm the radar data.
3.6.3 Daily cycle at domain D03

The performance of the model simulationsasvassessed in the innermost
domain WRIDO03 using data from two stations located in the area, namely Larissa

and Aghialos (their position is shown Fig. 3.7. Due to the limited number of
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trustworthy weather stations in the area the performance of the model was checked

examining the daily cycle of T2m (temperature at 2m) and RH (relative humidity at

2m). As in WRBO02 some simulations produced extreme results amde discarded

from analysis. Typical results for 2 days (20/07/2010 and 04/08/2010) are presented

in the following pages. As in the previowegon, for results presented in relation to

the cumulus scheme, this refers to the cumulus convection schemeé msD0O1 and

D02 since no cumulus convection parameterization was used in DO3.
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Figure 3.16 Daily cycle of measured and simulated 2m temperature and relative

humidity in WRHDO03 for 2007-2010 at Larisa (a and b) and Anghialos (c

and d)
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3.6.3.1Case of July 20 2010

The daily cycle of 2m temperature and relative humidity for 20/07/2010 is
presented in Fig. 3.16. For Larisa the combination of Ferrier microphysics; Betts
Miller-Janjic Cumulus and Melldfamadalanjic boundary layer scheme is better
representing maximum and minimum temperatures (Fig. 3.16a). The \WSNMGU
setup does notpredicts the extreme temperatures but shows an overall better
behavior, following the observed values during the whole day. As for RH all
simulations fail to prdict the high values of relative humidity during the first
morning hours but adequately follow the daily cycle (Fig. 3.16b). For Anghialos,
which is located closer to the sea, the WSMN&YSU setup predicts the midday
temperatures without the overestimatn shown in other experiments from 8UTC to
12UTC (Fig. 3.16c). The experiments using the Ferrier microphysics present low
ability to predict the night temperatures. For RH the experiments using the WSM6
microphysics scheme have the most consistent repreg@n of the measured
values (Fig. 3.16d). On the other hand the use of Ferrier microphysics scheme shows

the biggest deviations during the night time.

3.6.3.2 Case of August 4 2010

Figure 3.17 presents the daily cycle of T2m and RH for Larissa and Rsghia
for 04/08/2010. All experiments show a good agreement in T2m for Larissa during
the day time but the same is not true for night time (Fig. 3.17a). WSM6 based
experiments show the smallest deviations during the midday, followed by Ferrier
based experirants. The experiments that use Goddard microphysics present
substantial inconsistencies during the midday and afternoon. RH for Larissa is well
represented from the first morning hours till the afternoon but after 17:00UTC the
errors are increasing (Fig.d@vtTouv ® C2NJ ! yIKALFIf2aQa GSYL
characteristic is that all the experiments miss by almost 2.5K (2.5k to 3.5) the
maximum afternoon temperature while they are quite accurate in the morning and
the early night hours. Relative humidity daily cyidewnell captured during the first

morning hours by thexperiments using Ferrier microphysics (Fig. 3.17d).
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Figure 3.17 Daily cycle of measured and simulated 2m temperature and relative
humidity in WRFDO03 for 0408-2010 at Larisa (a and b) aAeghialos (c
and d)

Goddard microphysics based experiments present the highest deviations for the
whole day while WSM6 based experiments have the lowest overall deviations during

the whole day, especially when WSM6 is coupled with YSU boundary layeresche
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3.6.4 GeneraEvaluation of the sensitivity experiments

Goddard microphysics scheme showed the worst statistics and biggest deviations in
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WRFDO02 and WRBO03 regardless the boundargyler and cumulus scheme coupled

to. The experiments using Ferrier microphysics and especially when coupled with
MYJ boundary layer showed some good results in \WBF The coupling of Ferrier

to YSU on the other hand proved to exhibit worst statistics thlae former
configuration. Talking about cumulus convection schemes (employed inDURF
and WRFDO02 only) the KF showed overall better behavior both in results for-WRF
D02 and WRPBO03. The coupling of WSM6 microphysics to YSU boundary layer and
KF cumulugonvection scheme showed the most consistent statistics overall in all
cases (and those not presented here) and was selected for further evaluation in an

enlarged sample of cases.

3.7. Performancesvaluation of the selected scheme combination

3.7.1Surfaceweather station evaluation

The same number of 20 stations of the Hellenic National Meteorological
Service (HNMS), presented in Fig. 3.8, was the source for statistical evaluation of the
selected model configuration (WSM6 microphysics, YSU boundary s KF
cumulus schemes) in the inner domain of Greece (\DBF This time the
verification was carried out categorizing the selected cases according to the
prevailing uppefair synoptic circulation types presentedsaction3.2. The tool used
to performthe statistics calculation was again the Model Evaluation Tool (MET 6.0,
Brown et al., 2017)The time increment of the used meteoogjiical data was three
hours. The meteorological parameters examined were 2 m air temperature (TEMP),
2 m air relative humidity (RH), mean deael pressure (MSLP) and wind speed at 10
m (WIND). Using the distance weighted mean interpolation method wita &fam
the four closest simulated grid points the value at the station location was obtained.
Starting from Fig. 3.18 up to Fig. 3.21 the calculated statistics are pictured while

Table3.4and Table 3 tabulate their actual values.
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type for the inner domain (WRBO02).
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Fig. 3.18 presents thidlean Error (ME) (Fig. 3.18a) and the Root Mean Square
Error (RMSE) (Fig. 3.18b) of 2m air temperature by reference to the upper air
synoptic types. The results shown are the aggregated statistics from all the six cases
selected in each synoptic type. Mimum, mean and maximum values of ME and
RMSE are shown. The maximum value of temperature overestimation is 0.5K in ZON
type (Fig. 3.18a) which is the only type that the average ME is strongly positive
(0.3K). The other types (NW, OPTR, CUT and SW) shavderestimation in TEMP
ranging from-0.4K to-0.1K while the CLO type has an ME of almost OK. The RMSE
(Fig. 3.18b) presents its higher value in SW type (1.9K) while for all the other types
0KS wa{9 @IfdzSa IINBE @SNE Of24aS (42 wmoyyY

With the exeption of ZON synoptic type which has an average MB.6%6
(underestimation) and a small spread of values (Fig. 3.19a, max ME=1.7, min ME=
3.3) the RH is overestimated for the rest of the synoptic types. Closely correlated to
TEMP the ME of SW type Isetlargest (3.2%) and so does its RMSE reaching a value

5 M

2F MoOPx:>® %hbX b2 hte¢wX /[h YR /!¢ &adedyz2L

(Fig. 3.19Db).

An underestimation of mean sdavel pressure is obvious in all synoptic
types (Fig. 3.20a). The ME rangesnir-0.2hPa in SW type tel.0OhPa for CUT
synoptic type. The RMSE takes values from 1.3 in SW synoptic type to 1.6 in CLO type
(Fig. 3.20b) The ZON and SW types present the lowest spread of RMSE (max RMSE
min RMSE = 0.4hPa).

Regarding the 10m wind spesdtljs systematically overestimated. The lowest
value of ME is calculated for OPTR (ME=0.5m/s). The highest value corresponds to
ZON synoptic type (ME=0.8m/s). It must be noted that the spread of the ME is
uniform throughout the synoptic types. The ZON, NAWd CUT synoptic types
present values of RMSE less than 2.5m/sec and spread less than 0.5m/sec. The CLO
synoptic type has the highest RMSE (2.8m/sec) and the highest spread (min
RMSE=2.3m/sec and max RMSE= 3.4 m/sec).

Pytharoulis et al. (2014)erformed verification of the operational runs of the
Department of Meteorology and Climatology of AUTH for a domain with grid spacing
of 5km x 5 km. Their result®@me in agreement with the current findings, and in fact

the selected configuration of the current study performs slightly better.
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Figure 3.20 The minimum, average and maximum Mean Error (ME; maoc
observations) (a) and Root Mean Square Error (RMSE) (b) for me
level temperature (MSLP) in relati to the upperair synoptic

circulation type for the inner domain (WH3I02).
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Table3.4 Minimum, average and maximum Mean Error (Niiodel- observation$,

Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE), for 2m air
temperature (TEMP), 2m aielative humidity (RH), mean séavel pressure (MSLP)

and wind speed at 10m (WIND), for each uppg&rsynoptic circulation type at DO2.

ZON NW OPTR aJT ao SW

MIN 01 -09 -0.9 -0.3 0.7 -1.0
TEMP_ME (K) | AVERAGE 03 0.2 0.3 0.0 0.1 0.4
MAX 0.5 0.5 0.3 0.3 0.2 0.2
MIN 1.3 1.1 1.1 1.3 1.4 1.3
TEMP_MAE (K) AVERAGE 15 1.5 1.5 1.4 1.4 1.6
MAX 1.8 1.7 1.7 1.6 1.6 2.1
MIN 1.6 1.4 1.4 1.7 1.7 1.7
TEMP_RMSE (K AVERAGE 1.9 1.9 1.8 1.8 1.8 1.9
MAX 2.3 2.1 2.1 2.0 2.0 2.5
MIN 33  -16 -1.5 2.5 -1.8 -0.4
RH_ME (%) AVERAGE 06 0.9 2.0 1.2 0.8 3.2
MAX 1.7 6.6 5.6 5.1 4.8 7.8
MIN 8.8 7.9 8.2 7.3 8.1 8.4
RH_MAE (%) | AVERAGE 92 9.4 9.9 9.2 9.3 10.7
MAX 9.5 11.3 11.7 10.8 11.2 13.1
MIN 109 10.0 10.3 8.9 9.9 10.5
RH_RMSE (%) | AVERAGE 115 118 12.3 11.4 11.7 13.3
MAX 121 142 14.5 12.8 14.5 16.1
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Table3.5 Minimum, average and maximum Mean Error (Niiodel- observation$,

Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE), for mean sea
level pressure (MSLP) and wind speedl@in (WIND), for each uppeair synoptic
circulation type at D02.

ZON NW OPTR aJT ao SW

MIN 1.1 -1.7 -1.4 -1.8 -1.2 -0.9
MSLP_ME

AVERAGE -0.3 -0.7 -0.7 -0.9 -1.0 -0.2
(Pa)

MAX 0.5 -0.6 -0.5 -0.2 -0.7 -0.3

MIN 0.9 -0.8 0.9 1.0 1.0 0.9
MSLP_MAE

AVERAGE 1.1 1.2 1.3 1.4 1.3 11
(Pa)

MAX 1.2 1.8 1.6 1.8 15 1.2

MIN 1.2 1.1 1.1 1.2 1.2 11
MSLP_RMSE

AVERAGE 1.3 14 15 1.6 15 1.3
(Pa)

MAX 1.5 2.1 1.9 2.1 1.8 15

MIN 0.3 0.0 -0.2 0.1 0.2 0.0
WIND_ME

AVERAGE 0.8 0.6 0.3 0.7 0.7 0.6
(m/s)

MAX 1.3 1.1 0.9 1.4 1.1 1.2

MIN 1.9 1.8 1.7 1.8 1.6 1.6
WIND_MAE

AVERAGE 2.0 1.9 2.0 2.2 1.8 2.0
(m/s)

MAX 2.1 2.0 2.3 2.7 2.0 2.4

MIN 2.3 2.2 2.1 2.3 2.0 1.9
WIND_RMSE

AVERAGIE 2.4 2.3 2.5 2.8 2.2 2.6
(m/s)

MAX 2.6 2.5 2.9 3.4 2.4 3.1
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3.7.2 Charactestics of simulated and measured convective activity

The relative frequency distribution of maximum reflectivity, covered area by
storms and maximum cloud height, integrated in hourly intervals, calculated from
the domain WRIDO03 of the simulations and dar data is presented in Figures 3.22
to 3.24 as a function of the synoptic types. In every grid point of the domain the
simulated reflectivity field was compared to the threshold value of 35dBz. The
highest level at which the reflectivity was over thedbhold was considered as the

cloud top.

3.7.2.1 Maximum reflectivity

For ZON synoptic type (Fig. 3.22a) the distribution of model reflectivity is
bimodal while the measured one is unimodal. A small maximum around 42 dBz
represens 18% of the distribution @d a second largest maximum around 52dBz
accouns for 22% of the distribution. The maximum of the measured distribution is
around 42dBz and is responsible for 50% of the distribution.

In NW synoptic type (Fig. 3.22b) the modeled and the measured reftgctivi
present common characteristics. In both cases a small amount of less than 15% of
the distribution has reflectivity values up to 45dBz. From 45dBz to 55dBz both the
simulated and the measured reflectivity accounts for more than 70% of the
distribution.

The similarity continues in OPTR synoptic type too. The primary maximum for
both simulated and measured reflectivity is around 52dBz (Fig. 3.22c). Even small
deviations in percentages between simulated and measured values exist up to 50
dBz the cumulativecontribution of reflectivity <50dBz reaches the value of 50%.

In CLO synoptic type the distributions are unimodal in both the measured and
the simulated distribution (Fig. 3.22d). The maximum in measured reflectivity is at
48dBz and has a value of 25% whih simulated reflectivity the maximum is at
55dBz with a value of 24%.

In CUT synoptic type the major part of the simulated reflectivity lies between

45dBz and 55dBz with a maximum at 53dBz accounting for 22% of the distribution
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(Fig. 3.22e). The measdt distribution has two maximums, one at 45dBz (15% of the
distribution) and one at 50dBz (28% of the distribution).

Finally the SW distributions present entirely different results between the
measured and simulated reflectivity (Fig. 3.22f). The modedéldctivity presents an
almost uniform distribution from 40dBz to 57dBz with a small maximum at 51dBz
(20% of the distribution)The measured distribution has a major maximum at 45dBz
which with its lateral columns (42dBz to 47dBz) accounts for almost afOfhe

distribution.

3.7.2.2 Average Storm area

The general overview of Fig. 3.23 reveals that the majority of storms that
were observed in the area and those simulated by the model have an area of up to
460knt. In rare cases (less than 3%) there macheup to 5000k

For ZON type the first bin class (up to 4668kaccounts for 70% and 85% for
simulated and modeled storms respectively (Fig. 3.23a). In the second bin class
(460knf to 920knT) 10% of the measured storms fall in this category and 18@teof
simulated ones. In NW synoptic type (Fig. 3.23b) the area distribution follows the
same pattern as in ZON. The only difference is the occurrence of arouha% ®f
storms measuring more than 2000krm both measured and simulated calculated
area

In OAR synoptic type (Fig. 3.23c) the first bin class is the key category.
Around 80% of both measured and simulated storms fall within this category and
95% has an area of less than 2008kdpart from the usual predominance of the
first bin class, in CLO syptic type the model simulated almost 28% of the storms to
have area of 460kfrto 1300knf (Fig. 3.23d). The percentage of the radar measured

storms that cover the same area is 20%.

74



Sensitivity studiesand model performance
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Figure 3.22Relative frequency distribution of mamum reflectivity (dB) at hourly

intervals in WRID03 and radar data, for every synoptic type.
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Figure 3.23 Relative frequency distribution of average storms area’jkat hourly

intervals in WRID03 and radar data, for every synoptype.
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