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ABSTRACT

COMPARISON OF WIND AND WAVE SOURCES FOR TURKISH CGAS

Esen, Mustafa
Ph.D., Department of Civil Engineering
Supervisor: Prof. Dr. Ayen Ergin
September 2014, 422 pages

Hourly wind measurements are the most important and commonty dega to
estimate wave climate for Turkish coasts. There areraledata sources, available
for coastal engineers in Turkey, among which hourly wind measuatsroéTurkish
coastal meteorological stations (TCMSs) are the most eatsiyined and used data.
However, due to several features and factors, the oysdibrmance of TCMSs’
representability for onshore winds is low. Therefore, a nesdsato search and use

alternative wind data sources.

ECMWF which provides 6 hourly wind data under various data setansed to be
used, but at first the accuracy of ECMWF wind data is stigated. For this,
ECMWEF wind data is compared with land-based in-situ windsaeements at Sinop
region, after the land-based wind data is carried to tinee sanvironment and
elevation of ECWMF wind data. By smoothing the in-situ wietts and increasing
the data set with obtaining hourly wind data with linear connecticsuotessive 6
hourly ECMWF winds, the wind changes are divided into centmoups and by
looking into their correlations with the corresponding ECMWF widata four
different modification methods are achieved. At next stage\®E wind speeds
are modified by these four methods and the modifications which tebest

correlations with in-situ wind are determined.
\Y



In the final stage, these modification methods are applieertain storms during
which in-situ wave measurements are available. Using thdified ECMWF wind

speeds, wave estimations are performed with a numericdélnand the resulting
wave heights are compared to in-situ wave heights. In additicorder to have an
idea about possible use of these modification methods for othemlcoagions, a
storm, during which wave measurements are available, isrtlabd¢opa, Black Sea

coast of Turkey.

Keywords: Coastal Meteorological Stations, ECMWF, In-Situ Wiehsurements
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TURK YE KIYILARI G N RUZGAR VE DALGA KAYNAKLARININ
KAR ILA TIRILMASI

Esen, Mustafa
Doktora, n aat Muhendislii Bolumu
Tez Yoneticisi: Prof. Dr.Ayen Ergin
Eylll 2014, 422 sayfa

Saatlik rozgar olcimleri, Turkiye ky lar ndaki dalga iklimitahmin etmek igin
kullanlan en o6nemli ve yaygn veridir. Turkiye'deki ky mihetelis icin

ula labilir ge itli veri kaynaklar aras ndan TurkiyeKy Meteorologtasyonlar 'n n
(TKM ’nin) saatlik rizgar olcimleri en kolay ulan ve en ¢ok kullan lan veridir.
Ancak, ceitli fiziksel unsurlar ve faktorler nedeniyle, TKNerin denizden esen
rizgarlar icin temsil edilebilirlik genel performans dktir. Bu nedenle, yeni

ruzgar verisi kaynaklar n n aar Imas ve kullan Imas igin gereksinim belirrtir.

Bu amacla, cetli veri tabanlar alt nda rizgar verisi dayan ECMWF'in(Avrupa
Orta Mesafe Hava Tahmin Merkezi'nin) kullan Imas planlaim Ancak, ilk
olarak ECMWEF riizgar verisinin hassasiyeti ve kullan labilirincelenmitir. Bu
do rultuda, ECMWF rizgar verisi, Sinop’ta karada gercekiten saha rizgar
Olciimlerinin denizel ortamda ortalama su seviyesine gore §0ksekli e ta nmas

ile elde edilen ruzgarlarlakala trim tr.

Saha riizgar 6lgumlerinin dizlenmesi, veri taban n n, &ré saat aral ki ECMWF
rizgarlar n n lineer birldiriimesi yoluyla elde edilen saatlik ECMWF ruzgar veriiler

ile art rlImas, ruzgar h zlar n n ve riizgar h z démlerinin boyutlar na gore céli
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gruplara ayr Imas ile saha ruzgar olgimleri ile ECMWFgdizverisi aras nda dort
farkl modifikasyon yontemi geliirilmi tir. Bir sonraki aamada ise, ECMWF
rizgar h zlar bu dort metod kullan larak modife edilve saha 6lgimleri ile modife
edilmi ECMWF riuzgar verisi aras nda en iyi korrelasyonu veren fikagiyon
metodlar belirlenmitir.

En son aamada, secilen metodlar kullan larak, saha dalga olcinmeoidu u
zaman dilimi icerisinde kalan gdi f rt nalardaki riizgar h zlar modife edilntir.
Secilen bir numerik model ile modife ruzgar h zlarndan datgaminleri
gercekletirilmi tir ve elde edilen dalga yukseklikleri saha dalga olcimlki i
kar latrim tr. Ek olarak, belirlenen bu modifikasyon metodlar n nkaaky
alanlar icin de kullan labilirliinin anla labilmesi igin, saha dalga dlgimlerinin
oldu u bir baka lokasyon, Hopa, daha belirlenmve saha 6lguimlerine denk gelen
zaman dilimi icerisinde gozlemlenen ik frt nalar ele al narak, modife edilmi

ruzgar h zlar kullan larak tahmin edilen dalga 6zellikledalenmitir.

Anhahtar Kelimeler: Ky Meteorolojistasyonlar , ECMWF, Ruizgar Olgiimleri
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CHAPTER 1

INTRODUCTION

Wind and wave sources to be used as input data for coastal enmggna&pplications
all around the world as well as in Turkey have been one okdhdriggering and
initiating points in design approach. Without good, long and reliabte wr wave
data, there would not be a reliable and representativengtadint for a design stage.
The reliability issue of the wind data to be used as inportilg be given the upmost

priority to come up with both economically and technically optindesign.

In Turkey, hourly wind measurements of coastal meteorologicabrssaof Turkish
State Meteorological Service, located in the coastabns all around Turkey, have
been the main preferred wind data input for prediction of desaye data for a very
long time. Although, the aforementioned wind data and wind soln@es been in
use for a quite long time, the reliability and representalilitthe related wind data
for their specific locations have never been put to issuenyrlimited research have

been performed to reveal these issues.

Over the years, after each similar application to obtagigth wave data for different
locations in Turkey, it is found that there is a big relipiknd representability
problem for the hourly wind measurements of coastal meteorologiadsions
(CMSs) for Turkish coasts. This problem varies from locatiolocation. This is the
starting point of this study in which it is mainly aimedntave general idea about the
performance of hourly wind measurements of CMSs, to find @nnalive source,
which is ECMWEF, that can be used instead of CMSs, to statet the general

performance of ECMWF wind data by performing site specific gamsons and to



develop a method to modify ECMWF wind data so that represeataiind and

wave data can be obtained.

In Chapter 2, which may be subdivided into three sectionsyfifstevious studies
on differences between land and sea based wind measuresnenthe land-sea
conversion methods are summarized. Secondly, general infornadtoart ECMWF
and its products will be given and in the last part, comparattudies between
ECMWEF and in-situ wind and wave measurements performed inlitdrature

especially for similar basins with Turkish coasts areifipel.

In Chapter 3, overall overview of TCMSs in terms oéithrepresentability of
onshore winds around their regions is performed. In this overdiewmain focus is
given to general findings about wind roses, wind histogramselisaw/ the locations
at which TCMSs are situated.

In Chapter 4, the land-based in-situ wind measurements pedoin Sinop, Turkey
are analyzed by comparing the wind measurements at thresediffelevations.
From these analyses, identical vertical profile for thisafion, together with the
decision on in-situ wind data of which elevation to be usedh®ifollowing studies

will be done.

In Chapter 5, a spatial study is performed for the aimeofdihg which ECMWF
grid point to use for comparative studies. In this chapter,rilgpgints are classified

into groups in terms of their similarities in wind roses @ercentages.

In Chapter 6, firstly land-based in-situ wind measuremestsaried to wind data at
10 m elevation above MSL by conversions on both horizontal and vestéceds. In
order to increase the number of data, hourly ECMWF wind tatebtained by
applying a simple method and in order to resemble the trdrastio wind fields to
have better correlations with lower range, the in-situ Viiglds are smoothed. These
are performed for all of the 29 chosen continuous data setse, St is visually
observed that the correlations differ according to the winddspkeange trends, the
data sets are subdivided into several groups and for each gauglation
coefficients are obtained. For the modification of ECMWF waladia, four methods
2



that are based on these correlations are introduced. The gesréoamance of these
methods is evaluated and two methods that have the bestawfatality of in-situ

wind fields are chosen for the following wave studies.

In Chapter 7, using the modified ECMWF wind data for certagmms in the past
during which in-situ wave measurements are available, westénations are
performed by using a numerical model, W61. Since this is marformed for Sinop,
the overall performance of the modification methods are haslvatuate, thus an
additional case study is performed for Hopa, Turkey consideringstumen again

during which in-situ wave measurements are available.

In Chapter 8, the main focus, procedure and findings of this stedgummarized

together with the recommendations for future studies.






CHAPTER 2

LITERATURE SURVEY

2.1. Horizontal (Onshore-Offshore) and Vertical Wind Data Cownersion
Methods

In this doctorate study, onshore (land-based) in-situ wind measurehameen
used to obtain wind and wave climate. Therefore, it ies®ary to perform extensive
research regarding similar studies and to mention their findingsmportant points.
In this part of the literature survey, firstly detailstbé studies on onshore-offshore
wind conversions will be mentioned. This will be followed by gahé&rformation
about ECMWF (European Medium Range Weather Forecasts) andptbdincts
together with general structure of atmospheric and ocean nibdg¢lare in use in
ECMWE. Finally, several studies that use ECMWF wind andewdata will be
reviewed and their outcomes will be specified to enlighten dhuglies in the

upcoming chapters of this thesis.

There are numerous studies and publications on horizontal and veitidgprofiles

on land and sea and respective conversions. In this sectiomdie i§ given to
major publications which will be specified in the followingr{s of this section. In
Sections 2.1.1 to 2.1.5, discussions regarding wind profilekamh and sea and

respective approaches and equations will be given in detail.

Basic definitions defining the problem on horizontal and vertiaahdvprofiles on
land and sea are given in Coastal Engineering Manual (CENI8) where the
idealized wind profile in a spatially homogeneous marine aedefined in three
layers. The lowest part is called “constant shear laybere there is limited or no
Coriolis effect resulting in almost no directional changesvimds. The other two

layers above are called “Ekman layer” and “Geostrophic ILé@&M, 2008).
5



Two potential local effects that may be regarded as immodancerning coastal

areas are orography and sea breezes. The blocking effect forpeipesmdicular to a

land barrier can be regarded as blocked when U/h is beloan@.iinblocked when

U/h is above 0.1. U and h in this relation is defined as wped (m/s) and land

barrier height (m) (CEM, 2008). Moreover, it is defined that éxtent of sea breeze
is around 10 to 20 km with wind speeds less than 10 m/s in 2BOB).

In CEM (2008), winds close to marine surface are defined towch logarithmic

structure that may be defined as;

- - [2.1]

where U, U+, k, z and gare called wind speed at height z above the surfactoifric
velocity, von Karman’s constant, height above the surface andimesg height of
the surface, respectively. This approach may also be cordideréhe vertical
conversion of the wind speeds. However, since this approach invidgesany
parameters and several assumptions for this approach are neddedsed, it is not

considered in this thesis study.

Demirbilek et al (1993) specifies that one of the critpalameters influencing the
wave growth is the air-sea temperature difference. Fost mb the cases, this
information lacks thus 10 m wind speeds under neutral stabditgitons ( T=0)
are considered in wave estimations from winds. Demirbileal €1993) mentions
that the use of 10 m wind speeds are adequate for wave sheightler than 3 m,
whereas, for wave heights between 3 m and 10 m, 20 m wieelds are more
appropriate for use. Since no conversion methods are giverenniriblek et al.
(1993) concerning land and sea wind profiles, sea and land basegnafitels and

conversions are only confined to below given approaches.
2.1.1. Hsu (1981)

Hsu (1981) used simultaneous offshore and onshore wind measuremexsrak s

stations all around the world. Offshore wind data were obtained NOWA buoys,

research platforms and merchant ships. For wind speeds rdr@m§ m/s to 6 m/s,
6



Hsu’s (1981) study show that, on average, the onshore mean wedssge around
%63 of the offshore mean wind speeds. Hsu (1981) provides informthat only

the stations within the beach area measuring the wind spdede both internal
boundary layer (IBL) and the nocturnal inversion height (NIH) esent offshore
conditions.

Internal Boundary Layer (IBL) is a layer within the atmosphieounded below by
the surface, and above by a more or less sharp discontinustynie atmospheric
property. Internal boundary layers are associated with thedntaizadvection of air
across a discontinuity in some property of the surface (iredgeamic roughness
length or surface heat flux) and can be viewed as layeshich the atmosphere is
adjusting to new surface properties (www.termwiki.com). car, calm nights,
radiational cooling results in a temperature increase gight. This is known as

nocturnal inversion height (NIH) (global.brittanica.com).

Hsu (1981) developed a formula to convert the measured wind speedsrishore

to offshore;

[2.2]

The above given formula is valid for onshore wind speeds withimathge 2 m/s

Uanda 10 m/s. According to Hsu (1981), this approach is an averstijaagion
applicable for many geographic regions as well as various tadimmanditions. In
Hsu’'s (1981) approach, there is no specification regarding the dirgttion
conversion or difference between onshore and offshore wind direddso%s study
(1981) also showed that more inland the meteorological stationoie difference

between offshore and onshore wind measurements are observed.

In case, there is elevation difference between onshore antiom@fswind
measurements, corrections should be made on vertical pfaRisuls study (1981),
this vertical plane correction was performed using powemiawl distribution in the
planetary boundary layer (PBL) as given by Davenport (1965). Dhweerplaw
formula is given below (Davenport, 1965):



_ [2.3]

In the above given formula, U is the wind speed egtt Z, U; and Z; are the
velocity within and above the atmospheric PBL, sztpely, and P is an exponent
that depends on the atmospheric stability and sarfaughness, Z This P value is

also called Hellman exponent and sometimes shown as

Atmospheric stability can be defined as a measunhaefatmosphere's tendency to
encourage or deter vertical motion, and verticaltiomois directly correlated to

different types of weather systems and their sexerit

The P value in power law approach differs in acaoo# with the terrain type.
Several representative P values for several ternaay be seen in the below given
Figure 2.1 (Hsu, 1981).

- GRADIENT WIND 1

|GRACIENT WIND 100

GRADIENT WIND100

59
a9, Vo)
_@z.il{zrw

Figure 2.1: The P values in the power law approach over diffeterrains (Hsu,
1981)

In addition to Hsu’'s (1981) statements on verticahversion of wind speeds, a
similar approach is used for determination of win@egfs at various heights in
vertical plane in wind turbine engineering. As fr( value, which is also called
Hellman exponent, several values for various coowiitiare used since this exponent
depends on the coastal location, terrain shapestaiulity of air. These values are
given in Table 2.1.

As air passes from land to sea or from sea to langadjusts to new boundary

conditions. This adjustment is not immediately ackiethroughout the depth of the

8



air layer but is generated at the surface and diffuses dpwhe layer of air whose
properties have been affected by the new surface is mféoreas an internal
boundary layer (IBL) and its depth grows with increasing distamecefetch,

downwind from the shoreline (Hsu, 1981).

Table 2.1: Several values of Hellman exponent for various conditionseanains
(Kaltschmitt, et. al., 2007)

Location Hellmann exponent {
Unstable air above open water surface 0.06

Neutral air above open water surface 0.10

Unstable air above flat open coast 0.11

Neutral air above flat open coast 0.16

Stable air above open water surface 0.27

Unstable air above human inhabited areas 0.27

Neutral air above human inhabited areas 0.34

Stable air above flat open coast 0.40

Stable air above human inhabited areas 0.60

2.1.2. Hsu (1984)

Based on various simultaneous onshorg,gUand offshore (Lb) wind speed
measurements in many different areas around the world and uader different
wind conditions, it is found by Hsu (1984) that the below given fornzdasbe used

for operational use:

Ujane< 10 m/s [2.4]
" H#S Uang 10 m/s [2.5]

Hsu (1984) states that onshore and offshore wind speed differema$ohg been
known to exist. In most of the cases, due to lack of offshane weasurements,
marine meteorologists and coastal engineers are traditioreajuired to forecast
offshore winds using onshore winds. However, as simultaneous onsharéstade

observations do not always exist, systematic studies suchmate ssomparisons

9



between these two environments usually lack (Hs84L%Hsu’s study (1984) aims
to provide simple formulas for operational use fartsaonversions between onshore
and offshore. Hsu (1984) improved the formulas aetly proposed in Hsu (1981)
and extended the data to cover conditions rangatgden breezes and hurricanes. It
should be noted that Hsu (1984) did not include afprheric mesoscale systems (i.e.
low-level jets under special conditions, land-beeemnd sea-breeze systems and
coastal fronts during the winter season).

As can be seen from Figure 2.2 (Hsu, 1984), thelerge scatter in data points even
though mesoscale systems were not included. Thgs Iscatter is based on different
physics involved. Hsu (1984) indicates that theexfeentioned formulas are useful
as first approximation for onshore-offshore windensions and can be useful over

low-relief (<0.5-1 km in height) and open coasts.

2.'1»
26t . \\. For Usand <10m/s ~=— For U4 =10m/s
\ Upa - ~0.50 Vo =
et = 13.93 £ 0.2 Ukand —'%a = 1.24 % 0.06
24 \I Ulgnd % " Urgnd
- % -
,.’i— o of  Uwe = 393Uk or U = 124U .
| \
1 20 |- \
\

2 18 \
1 L
=

L6 ;\ s

N,
ul J
~ T 12 IZ Tz 1 ol
12+ i Y e " 3 Y
“
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0 2 4 & 8 10 12 4 & 18 20 22 24 26 W 30 32 34 3

Utapg Im/s)

Figure 2.2: Ratio of UedUang@s a function of lhq (Hsu, 1984)
2.1.3. Hsu (1986)

Hsu (1986) mentions that since a low-level jet mavail over a coastal region near
the surface, particularly in the offshore regiodss, may not be equal to zero when
Uiand IS zero. In other words, when onshore conditiomscalm, it is not necessary

that offshore winds are also calm. This is becastseng pressure gradient and

10



baroclinic effect exist across the coastal zone resultirsga breezes during the day
and land breezes or low-level jets during the night (Hsu, 1986)efiner the use of
a formula linearly relating aand U,ng, can be of practical use for onshore-offshore

wind speed conversions. This linear relation may be writtendh form:
% &' [2.6]

In addition to linear conversion approach between onshore and offsimatespeed
conversions, it is necessary to look into directional diffeesrbetween simultaneous
onshore and offshore wind measurements. Hsu (1986) summarized peseiaus

studies in the literature together with his findings.

It was shown by Haltiner and Martin (1957) that the surfaosseisobar angle
differences between onshore and offshore airflow can be R&6cording to
Mazzarella (1985) the field accuracy for wind direction for own wind speeds is
approximately 8 and for gusts this value is 19n addition to these differences,
several additional differences may occur due to frictiefi@cts, instrumental errors
and recorder inaccuracies which in addition to the aforemeationshore-offshore
airflow differences may cause 48irectional difference in winds (Hsu, 1986). In
other words, for the same geostrophic wind across the coastlthe difference in

wind direction between onshore and offshore may be as large @$s45 1986).

Hsu (1986) states that, a linear wind conversion maybe employathg@sa$ the
directional difference between onshore and offshore winds iesrttaan 45. This
approach may be used for winds blowing from sea to land and frontda®a. It is
also stated that this linear approach is applicable undieugarveather systems such
as hurricanes, land and sea breezes and cannot be used for atrodsphts and
squall lines across the coastal zone (Hsu, 1986). The above mifgrmation
regarding under what conditions this linear approach may be usetsdsan
implication that onshore wind data may be used to obtain offshioie@ data since
the above given conditions do not cover the transient weather systhitis,usually

do not last more than a day or two (Hsu, 1986).
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Under the above stated conditions and assuming thats negligible the linear

conversion formula was found by Hsu (1986) as;
"#&"") [2.7]

In order to obtain the above given formula, the data usedin(£#81) and several
additional wind data were considered. According to Hsu (1986)results are an

indication that Equation 2.6 may be used for operational use.
2.1.4. Schwing and Blanton (1984)

Schwing and Blanton (1984) used both onshore and offshore wind data to obtain
wind driven currents along a coastal area in USA. It iedtdhat, the onshore station
was at a height of 10 m and the offshore station was located 8Bove the sea
surface. In this study, onshore wind data were not adjusted téfshere conditions,
meaning that onshore-offshore wind speed conversions were not pEf@ohwing

and Blanton (1984) also base their approach of not applying directiomal wi
conversions to Weisberg and Pietrafesa’s findings (1983). Wgisbet Pietrafesa
(1983) specifies that it may be possible to correct onshogetadaesemble offshore
winds, but directional variability makes the problem complex eomections may

not apply during some seasons.

Schwing and Blanton (1984) observed that the variance in offshindespeeds and
directions were higher. In other words, the overall wind fraldges greatly for an
offshore location. Schwing and Blanton (1984) also sorted the weictdrs into their
alongshore and cross-shore components and observed that variamgreatasin the

alongshore than in the cross-shore direction.

In Schwing and Blanton’s study (1984), it is found that the currestis@ed from
unadjusted onshore winds were significantly different from medscurrents. As a
result, Schwing and Blanton (1984) stated that onshore wind speedsbmust
corrected and directional adjustments are preferable to dataurate enough wind

data.
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2.1.5. Liu et al (1984)

Liu et al (1984) aimed to obtain wave data for Lake Michidd8A. Continuous
wind data were necessary to be used as input to the wadkel.nfror this, nine US
Coast Guard Stations around Lake Michigan were used. In tta®ms, wind speed
and direction observations as well as air temperature eoederl with 2 hour time

intervals.

Liu et al (1984) did not perform any corrections for winds blowingtb# lake.
However, for those winds blowing from land, an overall landesweection to the
wind speed and wind direction was implemented using the beilen dormulas
developed by Schwab (1978);

|
1] !,' n 12 3123 )
T o et [2.8]

19 "#0":1; 0 <=0<<1]; * [2.9]

In the above given formulas,Jand U are over-lake and over-land wind speeds
(m/s), respectively, T is the air-water temperature difference (°C) with ewat
temperature estimated from local climatology and assuwuoadtant throughout the

lake and s the clockwise angle between over-land and over-lakdsi(°).

As mentioned above, equations 2.6 and 2.7 were developed bgpls¢hor8), based
on the graphs provided in Resio and Vincent (1977). These formuthdéden

successfully applied to modeling storm surge and current fluohgath the Great
Lakes, USA (Liu et al, 1984).

Liu et al (1984) uses atmospheric data by means of a model tn wind fields and
wave heights for Lake Michigan. Then, he compares the nobdeid measured
wind speeds together with modeled wave heights and wavatfidigm Liu and
Ross’s (1980) study. The wind speeds comparisons indicate thaa witht-mean-
square difference of 1.2 m/s, these results are ertels for waves, the modeled
and measured results substantially agree both in patterin andgnitude and this
does not always follow the prevailing wind. To achieve quantgéatomparisons, the
13



predicted wave heights are compared with measured vaghts at various points.
Although there is indication of underestimation for higher waveghte and
overestimation of lower wave heights by the model, tkaltg are encouraging with

a root-mean-square difference of 0.3 m (Liu et al., 1984).
2.2. ECMWF (European Centre for Medium Range Weather Forecds)

In 1904, Vilhelm Bjerknes, who is a Norwegian hydro dynamist, stgdethat the
weather conditions could be quantitatively estimated asaliniitmospheric
conditions by application of a complete set of hydrodynamic anuntdynamic
equations (Persson and Grazzini, 2007). The technological developioigwsng

the Second World War made Bjerknes’s suggestion applicable asithlpas terms

of mathematical forecasts (Persson and Grazzini, 2007).

The first global model began operating in 1966 at NMC Washingtith,a 300-km
grid and six-layer vertical resolution (Persson and GrazZ00)7). This was
followed by, a program that was implemented by the Council ofidtéirs of the
European Communities in October 1967 (Persson and Grazzini, 200€h whi
eventually resulted in signing of ECMWF convention in October 1878ineteen

European countries.
2.2.1. ECMWF Forecasting System

The ECMWF forecasting system consists of five componentsg®eiand Grazzini,
2005):

A general circulation model

An ocean wave model

A data assimilation system

An ensemble forecast system which was initiated in 1992.
A seasonal forecasting system started to operate in 1998

A monthly forecasting system which was introduced in 2002

14



Overall information of the first two components of ECMWF farging system, the
details of which are more important than other componentsrrstef the wind and

wave data that are used in this study, are summarized lelihe given parts.

The General Circulation Model:

Starting with 15 levels in vertical plane and horizontal ngsah of 1.875° in latitude
and longitude corresponding to roughly 200 km grid length on a circle, thd hasle

been constantly improved as given in Table 2.2 (Persson aaditwy2007).

Table 2.2: Evolution of ECMWF model resolution since 1985 (Persson and
Grazzini, 2007)

Spectral Resolution Vertical Levels Year
106 19 1985
213 31 1991
319 50 1998
511 60 2000
799 91 2006
1279 91 2010

The Ocean Wave Model:

A global wave model as well as a limited area model ferNbrth Atlantic and the
European seas became operational in 1992 (Persson and Gr2@@if)i, In 1998,

the wave model was integrated into the atmospheric model.
2.2.2. ECMWF Global Atmospheric Model

ECMWEF general circulation model have three components (Pessabiirazzini,
2007):

Dynamic
Physical

Coupled ocean wave

The model formulation can be summarized by six basic physigadtions, the way
15



the numerical computations are carried out andtitme and space resolutions

(Persson and Grazzini, 2007).

Two of these six equations are diagnostic indicatime static correlation between

different parameters:

Gas Law

Hydrostatic Equation

The other four equations, which are prognostic,desdhe dynamic changes of the
horizontal and vertical wind components, tempergtmd water vapour contents of

an air parcel, and the surface pressure (Perssb@azzini, 2007):

Equation of Continuity
Equation of Motion
Thermodynamic Equation

Conservation of Moisture

The physical processes that can be represented MV models are shown in
Figure 2.3. Several important details of ECMWF moaledi the input data to this

model are given in the following parts.
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Figure 2.3: Main physical processes represented in the ECMWéei(Persson and
Grazzini, 2007)
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The Numerical Formulation and Scheme:

The numerical formulation of ECMWF global atmospheric model asea semi-
Lagrangian numerical scheme. In this numerical scheme, Bt &wve step the grid-
points of the numerical mesh represent the arrival points ddazad trajectories at
the future time. The point reached during this back-tracking eefiwhere an air
parcel was at the beginning of the time-step. During thesport, the particle is
subjected to various physical and dynamical forcing. Essentiall prognostic
variables are then found through interpolation (using values @révweus time-step
for the interpolation grid) to this departure point (PerssonGmadzini, 2007).

Horizontal and Vertical Resolutions:

For representation of upper-air fields and for the computatiorhafzontal
derivatives, a spectral method, which is based on a spheharmonic
representation, with roughly 25 km grid length, is used (PerssbGeazzini, 2007).
The horizontal resolution is upgraded to approximately 16 km gridien@010.

The atmosphere is divided into 91 vertical layers which roughtyespond to 80
km. There are as many levels in the lowest 1.5 km of the Inatdl@sphere as in the
highest 45 km (Persson and Grazzini, 2007).

Time Resolution:

In the recently introduced model, the change of state oftthespheric variables is
described by the dynamic equations over 12 minute periods. Thisnl®enfiorecast
defines a new state from which another 12-minute forecastds.rit&ie choice of 12
minutes has been made to obtain enough accuracy and to avoidicalime
instabilities. In the Ensemble Prediction System (EPS)tetmporal resolution is 30
minutes while in the monthly and seasonal forecast it is 1 (®ersson and
Grazzini, 2007).
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Resolution at Earth’s Surface:

In order to better represent the conditions at the surface auhigve better model
physics, it is preferred to use a grid point system insteadspfectral formulation.
However, since the rapidly decreasing east-west distarteesdre the grid points
would easily favour numerical instabilities near the poles, imptdation of a
reduced Gaussian grid, which is almost regular in latitusl@referred. A regular
Gaussian grid is only applied in a band between 24°N and 24°Ssq§Reasd
Grazzini, 2007). The average distance between the reducedidbagsd points is
about 19 in the new, T279 model.

The Model Orography:

The orographic information is originated from a data set whasha 1 km resolution
and contains mean elevation values above MSL (mean sely, lne land fraction

and the fractional cover of different vegetation types. Thisikkd data is upscaled
to the coarser model resolutions. The resulting mean orograyds/ quite a realistic

description over most of the land areas, but is insufficient ih higuntain areas
where the sub-grid orographic variability becomes importagts@®dn and Grazzini,
2007).

The Land-Sea Mask:

The land-sea mask is a field that contains the relatwveeptage of land and water
area for every grid point. At the current status of the ehotthis land-sea mask
number is not used to create a mix environment but only to divedmtidel surface
into sea and land points, defined by a land-sea mask taking atvesen 0 (100%
sea) to 1 (100% land). A grid point is defined as a land pbitg value is greater
than 0.5, indicating that more than 50% of the actual ait@nwthe grid-box is

covered by land (Persson and Grazzini, 2007).

Planetary Boundary Layer (PBL):

The Planetary Boundary Layer (PBL) plays an important role ther whole
atmosphere-earth system by means of exchange of momentungnkeatoisture.
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Even with this fairly high resolution, the vertical gradgemf temperature, wind,
moisture etc. cannot be described very accurately. Thudathe scale variables
such as wind, temperature and specific humidity are usebeirmodel with the

assumption that the transports are proportional to the vertadiegts. At the earth’s
surface, the turbulent transports of momentum, heat and moistuceraputed as a
function of air-surface differences and surface characteri@fiersson and Grazzini,
2007).

The Ocean Wave Model:

The wave model used at ECMWF is WAM (WAve Model) whidsdribes the rate
of change of the wave spectrum due to advection, wind input, aissipdue to
white capping and non-linear wave interactions. The model gneedistribution of
wave energy over frequency and direction, and gives a conggetdfication of the
sea state. Two versions of the WAM model are running at EEMiVe global

model and a limited area model.

The global model has an irregular latitude-longitude (0.36° x 0.@&d) with an
average resolution of 40 km. The advection time step mmihRtes, the same for the
the wind input. The wave spectrum has 30 frequency bins and &etialrs (15°

intervals) (Persson and Grazzini, 2007).

The limited area models (0.25° x 0.25°) cover the Northntita Norwegian Sea,
North Sea, Baltic Sea, Mediterranean and the Black Besy have a resolution of
28 km. Shallow water effects are included and the advectiorttendource time
steps are 10 minutes. Like the global model they have 30 fregusns and 24
directions (Persson and Grazzini, 2007).

Wave Model Performance:

Starting with the introduction of the T511 model, verifioatiof significant wave
height and peak period against Northern Hemisphere buoy dashtas a good
performance of wave analysis and forecasts. On the othet, lthere may be

underestimation of the wave forecasts near the coasts @amtlpsed basins such as
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the Baltic and the Mediterranean Seas (Persson and Grazzini, BO@#grmore, in
rapidly varying circumstances such as the ones that oceunrfromits or at the peak
of the storms, the limited resolution of the atmosphemit wave model may prevent

a realistic representation of the sea state (Persso@razdini, 2007).

Swell propagation is handled by a simple scheme which givetorssesmoothing of
the wave field resulting in errors in the order of 10-20 crsignificant wave height
(Persson and Grazzini, 2007).

Additionally, existance of many small islands in the Pacifiecnca be resolved by

the model. They block the propagation of wave energy (PesssbfGrazzini, 2007).

Satellite Observations:

The quality, quantity and diversity of satellite observatibage been significantly
increased over the years. Some of these satellitesequegped with several
instruments providing ECMWF with a total number of 28 data ssufeersson and
Grazzini, 2007).

Although satellite data is slightly less accurate than eotiwnal observations, they
have a great advantage in terms of their broad geograpbmaiage. In addition, the
use of satellite data ensures that the elusive smallitadeslarge scale errors over

the oceans are corrected for (Persson and Grazzini, 2007).

Quality Control of Observations:

A detailed quality control is applied to the observationah dat ensure that only
good quality data are used for the analysis. Several methedsbean in use in

ECMWEF which can be categorized as;

Thinning: To avoid flooding the system with unnecessary data,naitigi
procedure,acting as a tool in removing redundant data or datahighty
correlated errors, is applied. This process is usually abpiesatellite data

and sometimes to aircraft and buoy data(Persson and Gra06ii,
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Blacklisting: Stations or platforms with biasedesratic observations are put
on a blacklist that can be classified as permaaedttemporary. The stations
in permanently blacklisted platforms are eitherlypadlibrated or equipped.
Temporarily blacklisted platforms have been detedigddaily or monthly
monitoring to suffer from a sudden deterioration walgy (Persson and
Grazzini, 2007).

The data assimilation system, acting as an autorgattity control, can still reject
non-thinned or non-blacklisted data if they areneliologically unrealistic, appear as
duplicates (or triplicates), or are very differémtm the first-guess field of the model

or disagrees significantly with its neighbors (RBersand Grazzini, 2005).

Interpolation:

In addition to the aforementioned grid resolutioh£GEMWF model, data can also
be provided with finer resolutions such as 0.1°. rAsntioned above the current
model has a resolution of approximately 16 km whialgtdy corresponds to 0.2°.

Interpolation is used to obtain data of grids Vitler resolution.

Grid to grid interpolation is performed by bilinearterpolation, generating each
point of the output grid from its four neighborimmints in the input grid. The
weights applied to the four input grid points aaécalated by:

performing a linear fit along each line of latitude,
normalizing the two partial weights for each point,

performing a linear fit in the north-south direction

Vegetation and soil type fields as well as Wavespiectra use the nearest neighbor.

The schematic view of the bilinear interpolatiom ¢ seen in Figure 2.4.

Vegetation and . :} ...... .
soil type fields : :
and Wave 2D : A :
spectra use oA
nearest neighbour \A. - S

Figure 2.4: Bilinear Interpolation Scheme(Dando, 2013)
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The interpolation scheme also handles quasi-redséarssian grid input fields. An
output latitude line may be generated from two trptitude lines, one to the north
and one to the south, which have different griénveills. The schematic view of this

method is shown in Figure 2.5.

ém o ® 01d grid point
. .... ..... . ........ @ A New grid point

Figure 2.5: Interpolation Scheme for Quasi-Regular Gaussiadsdando, 2013)

A Gaussian field cannot have lines of latitudetet poles. To generate a ‘line' of
latitude points at the North or South Pole, therpblation scheme performs a linear
interpolation of points on the Gaussian grid lirearest to the pole and then puts
these values into the output grid. For U and V wendhponent values, this provides

grid points at the pole which have a directiondliga

The processing does bilinear interpolation using feeighboring points. Neighbors
are used if they have the same land/sea charaict@nishe old land-sea mask as the
new point in the new land-sea mask. If the four hnieays do not all have the same
type, the nearest neighbor of matching type is u$iedll four neighbors have

different type from the new point, they are alldise
2.2.3. Archived Data

Re-Analysis Data:

The ECMWEF re-analysis project is a meteorologicaanalysis project. The first
reanalysis product, ERA-15, generated re-analyses December 1978 to February
1994 (approximately 15 years). The second prodtRAH-40 began in 1957 and
covers a period of 45 years up to 2002. ECMWF ssld&ERA-Interim, which

covers the period from 1979 to present (en.wikipemtg). With re-analysis project,
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in addition to re-analyzing all the old data using a consisteté®, much archived
data that was not available to the original analyses israadilable to the users

(en.wikipedia.org).

The primary objectives of ERA-40 were to produce and promoteusiee of
comprehensive set of global analyses describing the statemoisphere, land and
ocean wave conditions and to foster European and internaticealrcd by making
the observations, the analyses and the study reports widélgldergdKallberg et al.,
2007). The data sets of ERA-40 are based on quantities analyzechputed within
the ERA-40 data assimilation scheme or from forecastedbas these analyses.
ERA-40 archive covers three main data sets: atmospheriy, dadve and

atmospheric monthly means (www.ecmwf.int).

The ERA-15 archive contains global analyses and short rangeastseof all

relevant weather parameters. The data sets are lmsapiantities analyzed or
computed within the ERA-15 data assimilation scheme or from dstedased on
these analyses. There are four classes of data sERAFL5; basic 2.5° data sets,
full resolution data sets, wave archive and monthly meaRA-E products can be

summarized as:

6-hourly atmospheric fields on pressure levels

6-hourly surface fields

Monthly averages of daily means

Synoptic monthly averages at 0 UTC, 6 UTC, 12 UTC, 18 UTC

The basic data sets have data with a resolution of 2.58°x Phey are particularly
suitable for users with limited data processing resourche.full resolution data
sets provide access to most of the data from the ERARI&sgheric model archived
at ECMWEF. These archives have a higher space resolutigs), they should only be
used where high resolution is essential. This archive inclade$ysis, forecast
accumulation and forecast data at surface, pressure lemelsmodel levels.
The wave archive contains analysis data from the ERA-1%8 wadel. The monthly

means data sets contain data at the resolution of theadaimilation and forecast
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system used by ERA-15 (T106 for spectral fields and N80 for <eaufelds). Data
services associated with these data sets include thasipn of interpolation to

requested resolutions and representation forms

ERA-Interim project was initiated in 2006 to provide a bridge betwERA-40 and
the next reanalysis project of ECMWF. The main objectif/¢he project was to
improve certain key aspects of ERA-40. ERA-Interim has fullewing spatial

resolution:

60 levels in the vertical
T255 spherical-harmonic representation for the basic dynarnedtds f
A reduced Gaussian grid with approximate spatial resolutiof9 km

spacing for surface and other grid-point fields.

The atmospheric model is coupled to an ocean wave model ires@0 wave
frequencies and 24 wave directions at the nodes of its redlid&k1.0°

latitude/longitude grid. ERA-Interim products can be summeraze

6-hourly atmospheric fields on model levels, pressure levelsnpal
temperature and potential vorticity

3-hourly surface fields and daily vertical integrals

Monthly averages of daily means

Synoptic monthly averages at 0 UTC, 6 UTC, 12 UTC, 18 UTC

For all re-analysis data sets, a full extraction, enahlisgys to obtain sub-areas of
data with various resolutions, is provided. All data is dedisdem GRIB format

(www.ecmwf.int).

Operational Data:

The operational data archive is subdivided into eight clasdeslata sets

(Www.ecmwf.int):

Atmospheric Model
ECMWF/WCRP Level llI-A Global Atmospheric (TOGA)
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Wave Model

Ensemble Prediction System (EPS)-Atmospheric and Wave
Atmospheric Model Monthly Means

Wave Model Monthly Mean

Monthly Forecasting System

Seasonal Forecasting System

The operational data sets provide access to most of thdrdatahe atmospheric
model archived at ECMWF. These archives have a highee tand space
resolution containing all parameters, thus they should only be usegk vaigh

resolution is essential (www.ecmwf.int).

These data sets contain data at the resolution of the ddailason and forecast
system in operational use at ECMWF. Since the resolution iaternal
representation of the archive may vary according to changeEGONWF's
operational practice, data services associated with these sets include the
provision of interpolation to requested resolutions and representédions

(Www.ecmwif.int).

This archive includes analysis, first-guess and foresatst on the surface, pressure

levels and model levels (www.ecmwf.int).
2.3. Comparisons between ECMWF Data and In-Situ Measurements

In this part of the literature survey, comparative studies;hich ECMWF wind and
wave data are compared with in-situ wind and wave measnts, are discussed. In
this part, the main focus will be given to the comparisonsefmosed and semi-
enclosed basins such as the Mediterranean and Black Sadisiordally, several

overall findings for the open seas and oceans will alsodrgiomed.
2.3.1. Cavaleri and Bertotti (2004)

Cavaleri and Berttoti (2004) used ECMWF meteorological med#i different

resolutions. Comparisons were performed between results diffés@nt resolutions
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and between results and satellite/buoy data. It is found timat speeds and wave

heights were underestimated in enclosed basins (CavateBertotti, 2004).

The findings indicate that as fetch decreases, errorsdendrease. Large errors are
found at short fetches that are in the order of 100 km. Thesegradually decrease
with the distance from the coast. The error is larger aock mersistent for waves
rather than winds. Increase in resolution leads to improveaoidhke results. Even
though the results improve, even with the highest resolutionhwiiabout 25 km,

the bias does not disappear (Cavaleri and Bertotti, 2004).

It is also found that the main reason behind wind speed unidea#ens is the slow
development of the marine boundary layer. Moreover, implementatienvelope

orography instead of mean orography, results in substantial secoéanarine wind
speeds closely influenced by land (Cavaleri and Bertotti, 2004).method where
envelope orography is used, it is assumed that mountain Eassealleys are filled
with stagnant air. This situation increases the averaghtiéithe model mountains

and enhances the blocking effect.

The modeled surface wind fields over the oceans are gengoalty with small bias
and small scatter index (Janssen et al. 2000, Abdalla20Gf). The bias and scatter
index values are slightly larger in winter and smallesimmer. Even though the
peak wind speeds are still underestimated at areas vdteneg gradients are
observed, the overall performance of ECMWF wind data can barded

satisfactory (Cavaleri and Bertotti, 2004).

On the other hand, the conditions are different for enclosetshaspecially at
locations where surface wind fields are affected by the pecesef land. In these
areas, the marine modeled surface wind speeds are uidatedtalmost for all
cases. The bias strongly depends on the proximity of the lavaléZiaand Bertotti,
1997). This situation is felt for relatively large distasic® that the problem also
appears in comparatively larger basins such as the Medigein Sea (Cavaleri and
Bertotti, 2004).
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Cavaleri and Bertotti (2004) states that a similar Stnawas also observed for
waves in terms of small bias and scatter index in Abdgtllal. (2002). Moreover, in
Pielke’s study (2002), comparisons between ECMWF wave dateeandled wave
data obtained from directional buoys along Italian coastline atelichat the
underestimation is 30% on average. This underestimation exd@étisfor local
maxima. It is considered that the lack of resolution is rtre@n reason behind
underestimation in coastal areas (Pielke, 2002). This ladlesaflution results in
inadequate representation of the coastline in the model resul, it is natural to
obtain poor quality winds and waves within the proximity of Id@dvaleri and
Bertotti, 2004).

In Cavaleri and Bertotti's study (2004), it is focused on varsgparate events in the
Mediterranean Sea and the model was implemented with diffeesoiutions
varying between 25 km and 190 km for each event. The redudis that the
increase in resolution induces increase in wind speedsmatédlfbve MSL, b, and
significant wave heights, HThe differences between results for each resolutiuh te
to be larger for waves than winds. This is a naturally degecesult given the
sensitivity of waves to wind variations. Therefore, bhes is larger for Ethan Up
(Cavaleri and Bertotti, 2004).

In the oceans, both the wind and wave results are found to peclese to the
correct values, which is actually the case. The situatiomne Mediterranean Sea,
which is an enclosed basin, is found to be quite differestfoA the Mediterranean
Sea case, every increase of resolution leads to a substacrggse of both 44 and
Hs, and it is only with the highest resolutions that an asyneptethavior is
observed. This is an indication that the ECMWF wave and datd are below the

correct values (Cavaleri and Bertotti, 2004).

In Cavaleri and Bertotti's study (2004), ECMWF analysis reduttm 1992 to 1998,
available at 6 hour intervals are used. The surface winds lbeen extracted with
0.5° grid resolution. There was considerable scatter, detatémproperly modeled
variability of the atmosphere (Abdalla and Cavaleri, 2002),dtst to the varying

capability of the model to reproduce the different meteoroldgsituations. This
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resulted in suggestion of smoothing of the spatial distobutf the best-fitting
slopes. Although this may hide some very local details,avides a more reliable
general pattern. In the three considered sub-basins, theeatisate of K reaches
50%, with lower values along the African coastline (betw&® and 20%). 50%
underestimation in the northern part of the basin graduatlyedees while moving

towards the southern coasts (Cavaleri and Bertotti, 2004)rdftests two facts:

the more complicated orography along the northern coastsin the
Mediterranean Sea,
dominant directions (between west and northeast) where the stormes

from.

Moreover, it was found that as fetch increases, the ndétel bias decreases. The
same is also true for waves (Cavaleri and Bertotti, 2004hd analysis, to minimize
the consequences of model resolution on the description ob#stline or the effect
of local winds not properly represented in the global meteorologicael, cases
with a fetch larger than 100 km and a wave height largen L m were used.
However, it is by now accepted (i.e. Komen et al. 1994, Jan$988) that the error
of waves is smaller than the error of the winds. It candrified that the consistency
of the wind and wave underestimates using the simple relatpigh> (U;o)
(Komen et al. 1994), wherevaries between 1 for very short fetches and 2 for fully
developed seas. In the Mediterranean Sea, usihd as a first-order approximation
is assumed to be logical. Using this value, the percemstages, E, may be found as
Ens =1.5™Ey10. This suggests a wind speed bias of about 20% at short fetches
decreasing with the distance from the coast. The findingseafentage errors of
wind speeds and wave heights for short fetches are summanzédble 2.3
(Cavaleri and Bertotti, 2004).
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Table 2.3: Percentage errors for wind speeds and wave heights atigtartces for

different spectral resolution T (Cavaleri and Bertotti, 2004)

T 106 213 319 511 639 799
Wind 25 18 15 11 8 6
Waves 35 28 24 17 12 9

On the average, the wind error reaches very low values 300 to 600 km, while
for the waves this happens after 800 to 1000 km. This depends on rieyntbe

waves have of the early stages of generation (CavaléBartotti, 2004).
2.3.2. Cavaleri and Bertotti (1997)

Checking the output of the ECMWF global model and the accuratyeofierived
waves for the Mediterranean Sea, Cavaleri and Bert(@@8D7) found that an
underestimation of the significant wave heightg, ¢f between 20% and 30% are
observed. The percent bias varies from place to place, fasction of the local
orography, local basin dimensions, correct representation gbtwal details in the
wave model grid and islands. An obvious example is the pahatipossibility of
properly representing the islands in the Aegean Sea. Therederexpected, the

errors are larger in the smaller basins. The reasonbkifoare:

Firstly, for a given resolution, the smaller the basihe tpoorer its
representation in the model. The smaller basins and tbeiatesl orography
often lead to an increase of the local complexity of thkel$i

Secondly, for the small basins, any error in space and tirtteeiECMWF

model leads to an immediate response and thus error iratre w

In Cavaleri and Berttoti's study (1997), it is tried to comewith an empirical
calibration in wind fields so that satisfactory results/rha obtained. The study area
is chosen as the Adriatic Sea. The Adriatic Sea is doedria two winds, sirocco,
blowing from southeast along the basin, and bora, a northeast whikk $ifocco

often observed along the whole basin, bora is mostly confined tamdthbern

29



section. Using the same wind source, global and limited \&#esaons of WAM

model are run (Cavaleri and Berttoti, 1997).

In a similar fashion, 11 more storms are also analyzedtigaly considering all the
possible stormy situations, in terms of intensity and thepes of the fields. The
results show that the average underestimate, of fiked at 50% with a variability of
+15%. Moreover, the mean direction at all of the stations daésshow any

substantial bias, which is an indication that the ECMWF wiinglctions are correct.
Finally, the mean periodTis largely underestimated at all the stations (Cavaled

Berttoti, 1997).

One of the main problems faced during Cavaleri and Bertsttigies (1997) is the
lack of extensive wind data in the open sea. Therefattestical relationship could

not be achieved.

Rather than going through a long and tedious sequence of testderCand Bertotti
(1997) speed up the procedure by assuming the empirical relationshig MVith

this approach, physical relationship between these two tjeanis not expressed
and the increase in wind speeds enhances corresponding waves.h&dfglitionally,

no assumptions are made aboutvhich can vary from place to place. It is assumed
that the enhancement factor is 1.5, with an approximationQ&. On a way this
sounds like a crude solution because, whatever the reasongjoalte expect the

correction to vary from spot to spot and with the meteorctdgituation.

In Cavaleri and Bertotti’s study (1997), the focus is givethéostormy events. It is
expected to have results of overall quality decrease untiterccaditions which are
less important for wave modelers. Moreover, horizontal diffusidnch is used in
meteorological models to maintain numerical stability by smoottongr the
improperly resolved small-scale features, is also coreidét is hypothesized that
the lack of data is overcome by locally smoothing the wietil$§i with consequent

average decrease in wind speeds (Cavaleri and Bel®6fr,).
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2.3.3. Signell et al (2005)

Signell et al (2005) states that winds play a dominant roleerdynamics of semi-
enclosed seas, where wind waves are well suited to shogu#igy of the driving
surface winds derived from meteorological models. Partigulaa small basin, they
are sensitive to changes in the driving winds. Wave datéypieally more readily
available because of the difficulties of making long-termdameasurements over

the seas.

Signell et al (2005) remarks that, in the literature (Kemen et al., 1994) it is
accepted that, as a general rule, the wave model ereosraller than those due to
the wind. Therefore, when modeled and observed wave reseltsoepared, the
wave height errors can be used to identify deficiengieise driving wind fields. The
performance of oceanographic simulations, whether for researabperational

forecasting, depends on the quality of the driving wind fields (Sighel, 2005).

The purpose of Signell et al's study (2005) was to identify the viield, which
would produce the best wave results in the Adriatic Sea. ISegra (2005) expects
that the results can be applied to other semi-enclosechsbasith similar

characteristics.

Signell et al (2005)’s study describes an initial assessofethie quality of surface
winds from these new limited area models, comparing the oatgour operational
or near-operational wind models for the Adriatic Sea and theedemodeled waves

to observed data.

Signell et al. (2005) indicates that the effect of winds ifgrcon simulated
oceanographic processes has been addressed in several recast stoth as
Cavaleri and Bertotti's study (1997).Signell et al (2005) found thetECMWF
winds with 100 km resolution need to be enhanced by a factbr56fin order to
obtain modeled waves at three locations along the Italiastlaze by simulating

waves in the Adriatic using the WAM model.
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Signell et al (2005) mentions a subsequent study performed bye@aizdl02) in
which it is found that, if higher resolution ECMWF winds weiged (i.e. 40 km
resolution), the factor could be reduced to 1.35. Moreover, inistens with this
result, Wakelin and Proctor (2002) found that ECMWF winds underati the
surge heights in the Adriatic Sea.

Signell et al (2005) concludes that one of the reasons why glod@orological
models do not succeed in achieving high-quality surface winds losecbasins is
the relatively coarse resolution with which the local geloynen particular the
orography that surrounds the basin, is described. This lack afities implies a

spatial smoothing that removes fine resolution effects dualkeys, ridges and etc.

Moreover, Signell et al (2005) adds that the higher-resolutionelmahow more
realistic wind and wave magnitudes than the coarse ECMW#einOn average,
ECMWF underestimates winds by 36%; higher-resolution models byrgPd E%.

Cavaleri et al. (2002) has derived calibration coefficiemtstie ECMWF winds and

waves varying from point to point.

Signell et al (2005) concludes that even though their studiepesfermed in the
Adriatic Sea, the results have a general validity forroskeni-enclosed basins where
the orography plays a substantial role. It is stated that\WEMind fields are the
smoothest fields, and show an underestimate of wind speed geatdieon the size
of the basin and its orographic characteristics (Signell, 005).

2.3.4. Soukissian and Voukouvalas (2013)

In Soukissian and Voukouvalas (2013), it is stated that an alternmaethod for
evaluating wind resources is the reanalysis of surfaceveets. This re-analyses is
produced by assimilating measured surface data into modelagethesurface winds
through dynamically and physically consistent way. The spasalution of the data
is rather coarse describing only the large-scale featufes overcome this
shortcoming, appropriate downscaling techniques are applied to athedesired
fine scale fields. Regional atmospheric models are thékweWn instrument of

recalculating the coarse fields of meteorological pataraeobtained from global
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models of atmospheric circulation. The main advantage @aérreagmodeling is the

high spatial resolution of results (Soukissian and Voukouvalas, 2013).

In Soukissian and Voukouvalas (2013) regarding wind measuremehts Aegean
Sea, ERA-Interim data sets are used. ERA-Interim cdherperiod since 1979 up to
date and the temporal resolution of the product is 6 hours (folysasger day, at
00, 06, 12 and 18UTC). The spatial resolution is about 0.75° x 0.75°.

One of the objectives of this study is stated as developiered application of a
realistic regression model relating buoy wind measuremergsidded wind speed
fields obtained from model simulations in order to bettemege offshore wind

power potential. The analyzed wind data sources consist of:

in-situ buoy wind measurements of POSEIDON marine monitoribgank,
at a height of 3 m above the sea surface,
10-km resolution model generated wind fields of ERA-Interimdlaiea

analyses.

The spatial resolution of ERA-Interim global re-analysigpproximately 125 km
and in the related studies, this has been dynamically downseelid the
POSEIDON non-hydrostatic limited area atmospheric model. ¢@mparison
purposes, buoy wind measurements were adjusted to 10 m refevale

(Soukissian and Voukouvalas, 2013).

The buoy wind data consists of time series of wind speeds ngvarb-year long
period between 2000 and 2004. Specifically, the analyzed times sae obtained
from 4 buoys of the POSEIDON system. The buoy records exhiltusagaps, but
even after applying the quality control the remaining numbereobrds is still

regarded as sufficient (Soukissian and Voukouvalas, 2013).

It is stated in Soukissian and Voukouvalas (2013) that, the tiorrefrom an
observed wind speed,dt a level z, to a wind speeddyalid at 10m is necessary to

enable the comparison with the gridded model data. In ord=rtg the wind speeds
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to 10m height, reference information specified by Thomas €2@05)’'s assumption

in which most of the world’s oceans are considered as neaahstatbility.

In the studies, the wind speed at 10 m over the sea surfaamenbtfrom the

atmospheric model, W was analyzed and compared with the corresponding buoy

wind speeds. It is found that the relevant differences degamean wind speeds are
rather significant, changing between 3.7% and 24.81%, indicatinghatodel

underestimates wind speeds (Soukissian and Voukouvalas, 2013).

For the wind data comparisons, the buoy locations are considsreefeaence
positions. Therefore, the model wind data have been collogsttethe buoy data by
using a square distance weighted relation applied to the fosest neighboring
points in space and in time keeping the common time frame.dans found that,
regarding the buoy wind speed data, the alteration of samplifefgéom 3 h to 6
h) has a negligible effect on the basic statistics ofcthreesponding time series,
leaving actually the main statistical parameters inggoukissian and Voukouvalas,
2013).

Moreover, it is concluded that the collocation procedure hgligitde effects on the
mean wind speeds obtained from model results, in whichdleeant differences
remain below 1% for three locations and around 5% for the othetidoc However,
important changes are observed in the kurtosis and skewnessefmasifor all

locations (Soukissian and Voukouvalas, 2013).

Additionally, as the mean values of the deviations betwedocetéd wind speeds
from buoy and model are positive, it is derived that the atmospimerilel generally
underestimates wind speeds. The overall correlation cegfticifor four locations

vary between 0.7 and 0.84.

Due to the negligible effects of the first collocation procedur the main statistics,
additional procedures are adopted in Soukissian and Voukouvalas(201#s It
decided to implement the homogenization-correction procedure fod wata
obtained from the atmospheric model with reference to buoy data (Soukissian
and Voukouvalas, 2013).

34



It is assumed that, 4 buoy wind speeds) and/{model wind speeds) are variables
measured with errors. Thus, a linear relation betweese ttveo random variables can

be written in the following form (Soukissian and Voukouvalas, 2013);

2 @&@ A&BO@D: [2.10]

In the above given formula,, ; are the corresponding measurement errorsgof U
and U,. After estimating o and ;, the general form of the relation betweeg dhd

Uw is re-arranged as;
F w&' [2.11]

In this formula, is regarded as the corrected wind speed of the atmospheric
model, A and B are the calibration parameters for the atmasphedel. It is found
that, while “A” value ranges between -1.15 and -0.48, “Bugaanges between 1.32

and 1.58 for four buoy locations (Soukissian and Voukouvalas, 2013).

Comparisons between wind speed histograms corresponding to theplanos
model results before and after the correction procedures caurbmarized as

(Soukissian and Voukouvalas, 2013);

The histograms obtained fromyUhave distinct differences from the
histograms obtained fromgU

The histograms obtained from resemble much like the histograms
obtained from 4.

The statistics after the correction procedures are vergecto the main

statistics of buoy wind speeds.
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CHAPTER 3

TURKISH COASTAL METEOROLOGICAL STATIONS

As stated in Chapter 1, in this thesis study, firstly,aherall performance of Turkish
Coastal Meteorological Stations (TCMSs) have been reseaimhidms of wind

roses and wind histograms. It is expected that these refesdndies would give
indications of overall and individual quality and level of repreativeness of wind

measurements performed by TCMSs.
This chapter is structured in the following steps;

General information about how the measurements are made ant wh
equipment types are used in TCMSs.

General information about coordinates and locations of TCMSs.

Wind roses obtained from TCMS wind measurements.

General evaluation and discussion on the overall perforn@no@MsSs.
3.1. General Information about Equipment and Wind Measuremets in TCMSs

The wind measurements are generally performed with four ditfetygpes of
equipment as given below (www.dmi.gov.tr);

Fixed anemometer which directly measures the wind speed aotatire
Manual anemometer which can be used by the user by only handimghié

air and has the advantage to be mobile.

Mechanical anemograph which measures the wind direction, houdy me
speeds and the fluctuations in wind speeds by recording theeshamgind
speeds and directions.
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In Figure 3.1, examples of fixed and manual anemomeaised at TCMSs are

shown. There is no such example for the mechaniehagraph (www.dmi.gov.tr).

To control, check and calibrate the aforementiordpenent, wind turbines such as
shown in Figure 3.2, are used. However, there imfusmation regarding how often
these checks and calibrations are being performeebich TCMS (www.dmi.gov.tr).

Figure 3.1: Examples of Fixed Anemometer (right) and Manual Aometer (left)
(www.dmi.gov.tr)

Figure 3.2: Example of a Wind Turbine (www.dmi.gov.tr)

The aforementioned equipment is used in climatic aothetimes installed to
synoptic meteorological station. As for automatic enedlogical stations which are
becoming more and more common around Turkish coa#tsretit observation

techniques and equipment are installed.
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Automatic meteorological stations (AMSs) have sensors thaesmstive to changes
meteorological parameters and can measure these changeoviforthe main
processor that converts the engineering units (i.e. volt, freggenetc.) into
meteorological units, the observation units that displays itfifiormation in the
monitors and communication system that transfers the meteaalagides to the

main weather centers are also installed in these stdtioms.dmi.gov.tr).

In addition to the data measurement and transfer, AMSs taleothis data in certain
formats, obtaining graphs using the measured data and getiiplgical outputs so

that there won'’t be any data loss (www.dmi.gov.tr).
AMSs consist of following units;

Censors and censor interfaces,

Data gathering unit,

Supervisory control and process unit,
Display unit,

Communication interfaces,

Power supply units,

AMSs have several advantages over climatic and synoptieonaétgical stations

that can be summarized as (www.dmi.gov.tr);

More standardization in measurements.

Continuous measurement of parameters both day and night.
Achieving more reliable and accurate results.

Ease in display of meteorological measurements.

Local and remote access to data archive,

Not affected by environmental conditions,

Equipment in AMSs consists of wind speed and direction serteonperature and
humidity sensors, precipitation and rain gauge, pressure sqnsanometer and
tracker. Among this equipment, general information on wind spe@édvand sensors
which is directly related to the thesis study is mentioned. he
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Automatic Meteorological Stations (AMS):

Wind speed sensor measures the wind speeds at the top of aigb pole. Wind

speed sensor has three buckets that works according to the numeemreé. The

optical numerator within the sensor counts the number of returiine afensor shaft
per unit time. The directional numbers are given in clockwisections with respect
to N which is regarded as 0°. General schematic viesndAMS is shown in Figure
3.3 (www.dmi.gov.tr).

A bucket anemometer is used for wind speed measurementgl3s.AThe bucket
turns with wind impact and the wind speed is calculated accotditige number of
turns within a unit period of time. Different methods are usexhlkulate the number
of turns, but the most commonly used methods are photodiode and switobds
Bucket shaft is connected to a disc and there is a LEDnoagnet on one side of the
slot within the disk and on the other side of the slot a photodiodeswitch exists.
As disc turns, photodiode or switch creates pulses and the nainpalses that is
created indicates the related wind speeds (www.dmi.gointifigure 3.4, a typical
wind speed and direction sensor is shown and in Figure 3.getieral schematic

view of the aforementioned described system can be observed.
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Figure 3.3: General Schematic View of AMS (www.dmi.gov.tr)

Figure 3.4: A Typical Bucket Anemometer (www.dmi.gov.tr)
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Figure 3.5: General Schematic View of Wind Speed MeasuremeneBys

(www.dmi.gov.tr)

The wind direction is measured with the help ofpacific apparatus. Placing the
apparatus facing N which is the starting point dedoted as 0°, the wind direction is
obtained by measuring the relative position ofeégaipment with respect to its initial

position. The angular position is determined byehreethods:

Potentiometer method: In this method, the mobile piithie potentiometer is

connected to the shaft and the initial resistarfcthe potentiometer is zero.

As equipment turns, the determined resistance issuned and the wind

direction is obtained.

Magnetic switch method: A disc is connected to gheft of the equipment.

There are 36 magnetic switches around the disc.sWiteh on the opposite

side of the magnet gives signal and the wind dibectiorresponding to that
signal is determined.

Photodiode method: A dics is connected to the sifafie equipment. There

are six different slots at different elevations ahére are six LED and

photodiodes, underneath and on top of the dispedvely. The photodiodes

creates pulses according to the position of the disd these pulses are
encoded as 6 bytes. The wind direction is calcdlatéh respect to the the

relativity of the bytes with respect to 1 or 0. Ihs regarded as the most

sophisticated measurement method.

A typical schematic view of the wind direction apgtus is given in Figure 3.6.
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Figure 3.6: A Typical Schematic View of Wind Direction Appaiuat

(Www.dmi.gov.tr)
3.2. General Information about TCMSs

In the second part of Chapter 3, general informaabout TCMSs in terms of
coordinates, elevations and etc. will be listed dredr locations are discussed. As a
first step, Table 3.1, Table 3.2, Table 3.3 andl|d&h4, which gives detailed
information about TCMSs are prepared separatelytferBlack Sea, the Marmara
Sea, the Aegean Sea and the Mediterranean Sedotihdary between Aegean Sea

and Mediterranean Sea is chosen as somewhere bdtegrraris and Dalaman.

There are 26, 26, 27 and 25 CMSs respectively atkBEea, Marmara Sea, Aegean
Sea and Mediterranean Sea coasts, counting up tttabof 104 TCMSs. The
locations of all of the TCMSs are given in Figut&.3The locations of TCMSs at the
Black Sea, the Marmara Sea, Aegean Sea and MediemaSeas are shown
separately in Figure 3.8 to 3.11.
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Table 3.1:Details of CMSs around Turkish Black Sea (www.dmi.gov.tr)

Name Coordinates Elevation (m Dista-nce ©
Coastline (km)
Hopa 41.41°N - 41.43°E 33 0.3
Pazar 41.18°N — 40.90°E 78 0.8
Rize 42.04°N - 40.50°E 3 0.1
Trabzon Havl. 41.00°N — 39.78°E 39 0.5
Akcaabat 41.03°N — 35.56°E 3 0
Giresun 40.52°N - 38.39°E 38 0.2
Ordu 40.98°N — 37.89°E 5 0.2
Fatsa 41.04°N — 37.49°E 2 0.1
Unye 41.14°N - 37.29°E 16 0.1
Carsamba Hauvl. 41.26°N — 36.56°H 2.2
Samsun Bélge 41.34°N — 36.25°H 4 0.2
Alacam 41.63°N — 35.64°E 7 0.9
Sinop 42.03°N — 35.15°E 32 0.1
Sinop Havl. 41.55°N - 35.92°E 7 0.6
Catalzeytin 41.95°N — 34.22°E 75 0.1
Bozkurt 41.96°N — 34.00°E 167 24
nebolu 41.98°N — 33.76°E 64 0.1
Cide 41.88°N — 32.95°E 36 0.1
Amasra 41.75°N — 32.38°E 73 0.1
Zonguldak 41.45°N - 31.78°E 135 0.6
Karadeniz Ereli 41.27°N - 31.43°E 19 1.0
Akgakoca 41.09°N — 31.14°E 10 0.1
Karasu 41.11°N - 30.69°E 4 0.1
ile 41.17°N - 29.60°E 83 0.4
Kumkdy-Kilyos 41.25°N — 29.04°E 38 0.1
Ky koy 41.64°N — 28.09°E - 0.3
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Table 3.2:Details of CMSs around Turkish Marmara Sea (www.dmi.gov.tr

Name Coordinates Elevation (m Dista-nce ©
Coastline (km)
Goztepe 40.97°N — 29.06°H 16 0.6
Goztepe Marmara 40.99°N — 29.05°E 41 2
Blyukada 40.85°N — 29.12°H 236 0.5
stanbul Bélge 40.91°N — 29.16°E 18 1.6
Pendik 40.89°N — 29.24°H 46 2
Gebze 40.82°N — 29.43°E 130 5.9
Kocaeli 40.77°N — 29.92°E 74 0.6
Golciuk 40.73°N — 29.81°E 18 0.2
Alt nova 40.70°N — 29.51°E 20 3.7
Yalova Havl. 40.68°N — 29.37°F| 13 0.7
Yalova 40.66°N — 29.28°E 4 0.2
C narc k 40.64°N — 29.11°E 16 0.1
Armutlu 40.52°N — 28.82°E 70 0.9
Gemlik 40.44°N - 29.15°E 10 0.4
Band rma 40.33°N — 28.00°H 63 3.5
Band rma Havl. 40.32°N — 27.97°E 42 3.2
Erdek 40.40°N — 27.79°E 2 0.1
Canakkale 40.14°N - 26.40°k 6 0
Canakkale Havl. 40.14°N - 26.43°E 8 21
arkoy 40.61°N — 27.12°E - 0.1
Tekirda 40.96°N — 27.50°E 4 0
Kamiloba 41.05°N — 28.42°E 54 0.6
Blyukcekmece 41.02°N — 28.58°E - 0.2
Florya 40.98°N — 28.79°E 37 0.4
Atatiirk Havl. 40.98°N — 28.82°E 33 3
st. Deniz Bil. Enst. 41.02°N — 28.96°k 10 1.6
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Table 3.3: Details of CMSs around Turkish Aegean Sea (www.dmi.gov.tr

Name Coordinates Elevation Distance to
(m) Coastline (km)
Enez 40.72°N — 26.08°E - 25
Gokceada 40.19°N — 25.91°H 19 5.1
Gokceada Havl. 40.20°N — 25.88°E 19 2.9
Bozcaada 39.83°N — 26.07°H 30 0.2
Ayval k 39.31°N — 26.69°E 4 6.8
Burhaniye 39.50°N — 26.98°H 20 6.5
Edremit 39.59°N - 27.02°E 21 3.7
Bal kesir Kocaseyit Havl. 39.56°N — 27.03°E 19 0.1
Dikili 39.07°N — 26.89°E 3 0
Alia a 38.79°N — 26.97°E 27 1.3
Foca Toprak Su 38.69°N — 26.74°E 37 0.2
Kaklic Havl. 38.51°N — 26.98°E 5 6.4
Cigli Havl. 38.51°N — 27.01°E 9.6
zmir Bolge 38.39°N — 27.08°E 29 0.6
Urla 38.36°N — 26.83°E 60 0.6
Karaburun 38.64°N — 26.51°H 150 0.9
Ceme 38.30°N — 26.37°E 5 0.5
Seferihisar 38.20°N — 26.84°H 22 4.2
Gumiildere (Ozdere) 38.07°N — 26.00°E 70 0.9
Ku adas 37.86°N — 27.27°H 25 0.6
Didim 37.37°N — 27.26°E 44 2.9
Turgutreis Marina 37.00°N — 27.26°E 6 3
Bodrum 37.03°N - 27.02°E 26 0.2
Oren 37.03°N - 27.97°E 1 0.5
Datca 36.71°N — 27.69°E 28 0.1
Marmaris 36.84°N — 26.84°E 16 0.5
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Table 3.4:Details of CMSs around Turkish Mediterranean Sea (wwwgdmitr)

Name Coordinates Elevation (m Dista-nce ©
Coastline (km)
Dalaman 36.77°N — 28.80°H 9 9.1
Dalaman Havl. 36.73°N — 28.79°E 5 4.5
Fethiye 36.63°N — 29.12°H 3 0.7
Ka 36.20°N — 29.65°E 153 0.6
Kale (Demre) 36.24°N — 29.98°H 25 2.3
Finike 36.30°N — 30.15°E 2 0.4
Kumluca 36.36°N — 30.30°E 60 5.8
Kemer 36.59°N — 30.57°E 10 1.1
Antalya Bolge 36.89°N — 30.68°H 47 0.3
Antalya Havl. 36.91°N — 30.80°E 64 6.7
Belek 36.86°N — 31.06°E 6 1.3
Manavgat 36.79°N — 31.44°H 38 4.2
Alanya 36.55°N — 31.98°E 6 0.4
Gazipaa 36.27°N — 32.30°E 21 2.2
Gazipaa Hauvl. 36.30°N — 32.30°E 32 2.7
Anamur 36.07°N — 32.86°E 2 0.1
Ayd nc k 36.15°N — 33.30°E 200 1.6
Silifke 36.38°N — 33.94°E 10 9.5
Erdemli 36.63°N — 34.34°E 7 0.3
Mersin 36.78°N — 34.60°E 7 0.1
Karata 36.57°N — 35.39°E 22 0.2
Yumurtal k 36.77°N — 35.79°E 34 0.3
Dértyol 36.82°N — 36.20°E 29 19
skenderun 36.59°N — 36.15°E 4 0.4
Samanda 36.08°N — 35.95°E 4 0.4
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Figure 3.8: CMS Locations around the Black Sea coast of Tufldgogle Earth,
2014)

48



magelliandsat
Data LDE

BarrSi0, NOAK 0.5 NawiNGA GEBCO 38 Google earth

Imagery Date: 4/9/2013  lat 40.720473° lon/ 2 432" elev-2145/ft. 1 eyelalt 190.30:mi

Figure 3.9: CMS Locations around the Marmara Sea coast oféjuféoogle Earth,
2014)
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Figure 3.10: CMS Locations around the Aegean Sea coast of Y&eogle Earth,
2014)
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Figure 3.11:CMS Locations around the Mediterranean Sea cdasirzey (Google
Earth, 2014)

The locations of TCMSs play key role in measurenmumlity of TCMSs. It is
extremely important that TCMSs should be at an apeastal area, preferably away
from blocking effects such as urbanization, forésta very high hills and mountains
and etc. so that their measurements may represastatavind conditions. In short,
the use of highly blocked or obstructed TCMSs sthdad avoided and utmost care
should be given to these TCMSs. Up to date, thase been very limited studies
regarding the quality and representability of TCM#id measurements. The first
aim in this part of the thesis is to look into TCNMSations to have an overall idea
whether they are placed at favorable locationst.tRis aim, TCMS locations for
four seas around Turkey are taken separately alseirfollowing sections starting
with the Black Sea coast.

3.2.1. CMSs around the Black Sea Coast

The CMSs around Turkish Black Sea coasts are gimeRigure 3.12 to 3.23.
Following each figure, the conditions around TCM8K be discussed regarding the

issues mentioned above.
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Figure 3.12:Hopa (upper) and Pazar (lower) CMSs (Google Eaah4)

As observed in Figure 3.12, Hopa CMS seem to locagequite good place and very
close to coastline. The only problem may be thetemee of coastal highway in
between Hopa CMS and marine environment. There ne&ya kpossibility that

highway traffic may block and affect wind measuretadior winds blowing from

sea directions. As for Pazar CMS, as it is located hill in between a valley of a
river and westerly coastline, there is a possybithiat the local wind conditions
through the valley may influence the wind measureméntaddition, Pazar CMS is
located relatively far away from the coastline. hdlaigh there is almost no
information or indication for vegetation around PazaMS, taking into high

forestation in the Black Sea coast of Turkey, thera possibility that forestation

may also have an additional impact on wind measurenwéritazar CMS.
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Figure 3.13:Rize (upper) and Trabzon Havl. (lower) CMSs (Gedgéarth, 2014)

It may be said that Rize CMS is located in a gotate in terms of representing
winds blowing from sea directions. The only visuablgem that may trigger as a
blocking effect is the highway passing between ¢bastal zone and a couple of
buildings on the western side of the measuring igpa. Trabzon Havl. CMS is
located at the Trabzon Airport and there is a [mifyi that planes may have
blocking effects during landing or taking off. Tkeis no certainty on the exact
location of the apparatus within the airport boureta thus it is hard to define

probable blocking effects.
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Figure 3.14: Akgaabat (upper) and Giresun (lower) CMSs (Goé&gleh, 2014)

Akcaabat CMS is located very close to the coastime unlike Hopa and Rize CMSs
as highway passes behind Akcaaabat CMS it is np¢a®d to have any possible
problems regarding onshore winds. There are seberalings on the W-NW sector

of Akcaabat CMS that may have some blocking effést.for Giresun CMS, it is

located on the left side of a hill very close t@stline. Due to its location at the left
side of the hill, there is a strong possibility tthands from ENE-SE sector may not
be measured accurate enough or even not at aledver, highway passing between

Giresun CMS and the coastline may cause problenthéanther sectors.
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Figure 3.15:Ordu (upper) and Unye (lower) CMSs (Google E&26i1,4)

Ordu CMS is located at the end of a valley andhatmouth of a river very close to
the coastline. Its location is very advantageouseag small obstacles exist nearby.
The only possible blocking effect may be the resfiithe main building of Ordu
CMS which is located at the ENE side of the meaguaipparatus. Moreover, there
is a slight possibility that due to the mountainausas at W, the measured westerly
winds are not accurate enough. As for Unye CM%; bcated at the tip of a small
peninsula which gives an advantage for possibleesgmtativeness of all onshore
winds. However, the vegetation on the western siflddnye CMS may cause
problems in measuring the westerly winds. Moreovsas, partly blocked by trees on
its northern side as well.
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Figure 3.16:Caramba Havl. (upper) and Samsun Bélge (lower) CMSs ¢&oo
Earth, 2014)

Car amba Havl. CMS is located within the boundaries af &nba Airport, and just
like the situation for Trabzon Havl CMS, the exdotation of the measuring
apparatus is not known. It is visually seen that gaba Havl CMS has few
blocking effects and except landing and taking affplanes the impact on
measurements is expected to be small. Unlike mogteoBlack Sea coast CMSs, it
is located at a low-lying area which is also adagabus. A disadvantage of
Caramba Havl CMS may be the distance to the coastisefor Samsun Bdlge
CMS, although it is very close to the coastlings ibcated at an urbanized area, thus

the measuring apparatus are blocked by buildin\WwAW and E-NNE sectors.
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Figure 3.17: Alagam (upper) and Sinop (lower) CMSs (Google E&2014)

Alacam CMS is also located at a low-lying area Jikg&t Caramba Havl CMS which

is a positive factor. However, it seems like iblecked by trees at the W-E sector.
Sinop CMS is located at the northern side of SiRepinsula. The hilly areas at the
NE-E sector may possibly affect the winds blowimgni these directions and the

buildings on the SW-W sector may do the same forwhels blowing from this
sector.
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Figure 3.18: Sinop Havl. (upper) and Catalzeytin (lower) CM&®¢gle Earth,
2014)

The exact location of Sinop Havl CMS, just like theeviously mentioned CMSs
within airport boundaries is not known and agaistjlike the two previously
mentioned CMSs in an airport area, planes may infleehe measuring wuality an
accuracy. On the other hand, its closeness todastlne and its existence on a low-
lying area are good for Sinop Havl CMS measuremé}asalzeytin CMS is located
close to the coastline and almost no visual obstaekést for measuring apparatus

except the highway passing between Catalzeytin @wtcoastline.
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Figure 3.19:Bozkurt (upper) andhebolu (lower) CMSs (Google Earth, 2014)

Although Bozkurt CMS is located about 2-3 km awegni the coastline, which is
normally regarded as a common situation for CMSsTtokish Black Sea coast, the
due to the hilly and mountanious structure neahleycoastal areas, distance of CMS
to the coastline play the most important role. ThBszkurt CMS is very poorly
situated for a CMS. Moreover, it is located witlimiver valley through which local
winds may be observed and the effect of forestatigether with hills mostly on the
western side may also cause poor measuring quastyor nebolu CMS, just like
Giresun CMS, it is located at the western side dillawhich may result in poor

measurement of westerly winds.
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Figure 3.20:Cide (upper) and Amasra (lower) CMSs (Google E&fi4)

Cide CMS is located very close to the coastline except several trees located in
between Cide CMS and coastline on its W-NW sidéhais a good location for a
CMS. Amasra CMS is located at the top of a high (@pproximately 60 m) at a

peninsula which results in almost no obstacles.
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Figure 3.21:Zonguldak (upper) and Karadeniz Hi€lower) CMSs (Google Earth,
2014)

Zonguldak and Karadeniz Ede CMSs are Icoated in highly urbanized areas which
is one of the main things that is not wanted inMSC Therefore, they are poorly

situated. Many possible obstacles exist for thdd&<£including buildings and hills.
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Figure 3.22: Akgakoca (upper) and Karasu (lower) CMSs (Googlglg 2014)

Although Akcakoca CMS is very close to the coastlithe measuring apparatus of
Akcakoca CMS is blocked by buildings on all sidesifig the sea. On the other
hand, Karasu CMS which is also very close the tioastis not blocked by
buildings, forestation and etc. The existance ef lilghway may play some role in
measuring quality for each CMS.
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Figure 3.23: ile (upper), Kumkdy-Kilyos (middle) and K y kdy (loweCMSs
(Google Earth, 2014)
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ile, Kumkdy-Kilyos and Ky kdy CMSs have advantagsdocations since they are
hardly blocked from sea directions apart from thealoregetation and some minor

geographical features.
3.2.2. CMSs around the Marmara Sea Coast

The CMSs around Turkish Marmara Sea coasts aren givd-igure 3.24 to 3.36.
Following each figure, the conditions around TCM$s discussed in terms of visual

observations and regarding the issues mentionegeabo

Figure 3.24: Goztepe (upper) and Goztepe Marmara (lower) CNEeogle Earth,
2014)
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As seen in Figure 3.23, GOztepe and Go6ztepe Mar@i8s are located at very
high urbanized areas, thus blocking effects ofdigs most likely be observed in
measuring quality of these CMSs. Among these two EMS5ztepe Marmara is
locate very far inland which may even result inctiissification of this station as
CMS. As a result of the many obstacles around tlsésons, poor quality wind

measurements are naturally expected for theserstatio

Figure 3.25:Blyukada (upper) andtanbul Bolge (lower) CMSs (Google Earth,
2014)

Biyikada CMS is located at the top a hill at Buyd&aand have a very high
elevation. Although there are very few blockingeetf around Buyukada CMS

except some forestation around it, its elevation b&the main issue to be discussed
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in terms of gind measurements. As fetanbul B6lgeCMS, just like Goztepe and
GoOztepe Marmara CMSs, it is within a highly urba&oizarea and additionally, there
is a hill blocking its SW-W sector. Thus, a pooality in wind measurements is also

expected for Istanbul Bolge CMS.

Figure 3.26: Pendik (upper) and Gebze (lower) CMSs (GooglelEa14)

Pendik CMS and Gebze CMSs have almost similar situslike GOztepe, Goztepe
Marmara andstanbul B6lgeCMSs, therefore poor wind measuremeatgxpected

for these CMSs as well.
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Figure 3.27:Kocaeli (upper) and Golcuk (lower) CMSs (GoogletEa2014)

Kocaeli CMS is also located in an urbanized areachviiesults in surrounding
buildings acting as obstacles for wind measuremdrtsrefore, poor quality wind
measurements are anticipated for Kocaeli CMS. AgGidiciik CMS, although it is

situated very close to the coastline, there isilgling that may block the winds from

NW-N sector.
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Figure 3.28: Alt nova (upper) and Yalova Havl. (lower) CMSs (@gte Earth, 2014)

Altnova CMS is located at some distance to the tcaasl it is surrounded by
buildings which may result in poor quality wind messments for some directions.
Yalova Havl. CMS is a CMS located within Yalovapairt and the exact location of
it is not known. It is situated at a comparably lymg area and only blocked by
several building situated at the coastal areasi®@iNWV side.
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Figure 3.29: Yalova (upper) and C narc k (lower) CMSs (Googéatk, 2014)

Yalova CMS is at a good location close to the destnd only slighlty blocked by
several buildings at W. C narc KCMS which is alsyyclose to the coastal zone, is

blocked by buildings on E and W sides and sadlgk#d by the main building of
C narc k CMS on N side.
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Figure 3.30: Armutlu (upper) and Gemlik (lower) CMSs (Google thaP014)

Armutlu CMS is at some distance to the coastling partly blocked by the hilly
formation situated at W. Gemlik CMS is located a& ttorthern side of Gemlik Bay

at a fairly high elevation. It is only effected bgveral buildings on the southern side.
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Figure 3.31:Band rma (upper) and Band rma Havl. (lower) CMSed@e Earth,
2014)

Band rma and Band rma Havl. CMSs are situated aesgistance inland and very
close to each other. There is an urban area indegtwthe coastline and both CMSs
which may have negative influence on wind measur¢snéfowever, they are not so
much blocked by closeby buildings, especially BamdrHavl. CMS. Wind
measurements at Band rma CMS may be influenced raebuildings about 200

m north of its location.
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Figure 3.32: Erdek (upper) and Canakkale (lower) CMSs (Googlgte 2014)

Erdek CMS is located very close to the coastal zama very poorly blocked by
buildings concerning onshore direction, therefooedyquality wind measurements
are naturally anticipated for this CMS. As for Clkkele CMS, it is located at
Dardanelles and therefore it is expected that wbide/ing through the direction of
Dardanelles can be measured quite good at this BX&pt several buildings on

the N-NW sector, very few obstacles exist.
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Figure 3.33:Canakkale Havl. (upper) an@rkoy (lower) CMSs (Google Earth,
2014)

Canakkale Havl. CMS is located at some distancthéoshoreline and Canakkale
city is situated in between Dardanelles and Carlakk#avl. CMS. Therefore
comparably lower quality wind measurements are ndyuetpected for winds
blowing from these directions. Sarkoy CMS, as seefigure 3.33, is at a good

location, close to the coastal zone and not olbsttdutoncerning sea directions.
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Figure 3.34: Tekirda (upper) and Kamiloba (lower) CMSs (Google Earti 40

Tekirda CMS is at the southern side of Tekirddarbor, located at a coastal area
and there are no visible obstacles in betweenaheasad TekirdaCMS. Kamiloba
CMS is at some distance inland and may be blockesphysely situated buildings

around itself.
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Figure 3.35: Buylukgcekmece (upper) and Florya (lower) CMSs (Gedtgrth, 2014)

Blylkcekmece CMS is at the northern side of BlyUkggde Bay and it is very

closely located to the highway that may influenkce tlity of wind measurements.
Additionally several buildings around the CMS magcahave a negative impact.
Florya CMS is situated on top of a small hill, pagurrounded by trees, but almost

no buildings exist nearby.
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Figure 3.36: Atattirk Havl. (upper) andst. Den. Bil. Enst. (lower) CMSs (Google
Earth, 2014)

Atatirk Havl CMS is another CMS located within theundaries of an airport,
theregore the exact location of the CMS is not kmol is expected that several
disadvantages such as comparably long distanchetacdastal zone, high airport
traffic, etc. may be observed concerning wind mesasents. st. Den. Bil. Enst.

CMS is located at the historical peninsula whichaisery densely populated and

settled area, therefore mant many obstacles sutretinDen. Bil. Enst. CMS.
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3.2.3. CMSs around the Aegean Sea Coast

The CMSs around Turkish Aegean Sea coasts are givefigure 3.37 to 3.49.
Following each figure, the conditions around TCM8K be discussed regarding the

issues mentioned above.

Figure 3.37:Enez (upper) and Gokgeada (lower) CMSs (GoogléhE2014)

Enez CMS is located at the northernmost part ofTimkish Aegean Coast and it is
situated very close to the coastal zone with almosbbstacles in between sea and
itself. On the other hand, Gok¢ceada CMS is situateabst in the middle of the
island, close to the airport and it is surroundgcliis on three sides, W, NW and

partly E.

76



Figure 3.38: Gokgeada Havl. (upper) and Bozcaada (lower) CNEB®(@le Earth,
2014)

Gokceada Havl. CMS is situated within the boundané Gokceada airport, very
close to Gokceada CMS. Several hills block thisietes E-NE and partly NW-W
sides. Bozcaada CMS is situated at the easterrokithe island facing the mainland.

It is on a small hilltop with almost no blockingfedt.
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Figure 3.39: Edremit (upper) and Bal kesir Koceseyit Havl. (IoyW€MSs (Google
Earth, 2014)

Edremit CMS is within the city limits of Edremit anelyen though situated at a low-
lying plain, it is far away from the coastal zonedasurrounded by buildings on all
sides. Bal kesir Kocaseyit Havl. CMS is one of theny CMSs within an airport and

just like the previously mentioned similar CMSs fewbstacles exist in its

surroundings.
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Figure 3.40:Burhaniye (upper) and Ayval k (lower) CMSs (Goo#glarth, 2014)

Burhaniye CMS, which have some distance to the soding buildings, is located
relatively inland but due to the low-lying plainear there are few geographical
features that may act as a blocking effect. Ayva@IMS is very close to the shoreline
and almost no obstacle exists for the NW-NE seeeept for the island relatively
far away from the mainland. For the W-NW sector,etation and sparsely located

buildings may influence the wind measurements.
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Figure 3.41:Dikili (upper) and Aliaa (lower) CMSs (Google Earth, 2014)

As seen in Figure 3.41, there is no visual obstacteind Dikili CMS, which is
located at the shore area. As for ABaCMS, due to urbanized surroundings, many
buildings may block the winds for certain directiodMworeover, as Aliaa CMS is
located facing Aliaa Bay and there is a big hilly area at the far emsside of the
CMS, there is a possibility that Alia CMS have poor quality measurements for
certain onshore wind directions.
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Figure 3.42:Foga Toprak Su (upper) and Kakli¢ Havl. (lower) E884Google Earth,
2014)

Foca Toprak Su CMS is located on a small hill ongbprhich trees exist. The trees
may have a obstructive effect and the offshore isknthe NW may have a similar
impact, too. Kaklic Havl. CMS is one of the two naly airports located at the
northern side of Izmir Bay. Due to the low-lying iplarea and with no surrounding

settlements, this station is expected to perfordhiweerms of wind measurements.
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Figure 3.43:Ci li Havl.(upper) andzmir Bolge (lower) CMSs (Google Earth,
2014)

The remarks specified for Kaklic Havl. CMS can also repeated for Cli Havl.
CMS. On the other handzmir Bdlge CMS which is in a densely populated and

highly urbanized area have to deal with many olesafor wind measurements. It is
surrounded by buildings on all sides.
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Figure 3.44:Urla (upper) and Karaburun (lower) CMSs (Googletl82014)

Urla CMS is on top of a hill at the southern paftooter Izmir Bay. Not many
obstructions exist apart from a few not very closeldings at the NE side.
Karaburun CMS which is located on the southern edige hill face very few
obstructions for easterly winds, whereas due to hitis, the same may not be

generalized for northerly winds.
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Figure 3.45:Ce me (upper) and Seferihisar (lower) CMSs (GooglelE@®14)

Ce me CMS is facing Cene Bay and it is surrounded by many seaside resadrt a
cottages. There is also strong possibility that timshore winds from westerly
directions may not be successfully measured. SesarhCMS is situated some
distance from coastal zone at a low-lying area atwkestern part of Seferihisar
district. Some amount of buildings as well as hillynfiations nearby Sac k may

block the westerly winds blowing from sea directions
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Figure 3.46: Gumdldere (upper) and Kadas (lower) CMSs (Google Earth, 2014)

Gumuldere CMS is at a location close to the shoea and except a few buildings
not blocked by urbanization, vegetation or any gaphical feature. Located in the
middle of an urbanized area, wind measurements chdas CMS may suffer due

to blocking effects of surrounding buildings antlyniormations on the west.
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Figure 3.47:Didim (upper) and Turgutreis Marina (lower) CM&0pgle Earth,
2014)

Didim CMS, just like Kuadas CMS, is in the middle of an urban area. Theedfas
naturally anticipated to have poor quality wind si@ments for several directions.
Turgutreis Marina CMS is at a very favorable locatinearby a yacht harbor and

open to offshore winds.
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Figure 3.48:Bodrum (upper) and Oren (lower) CMSs (Google E&€ii4)

Bodrum CMS is another CMS situated within city limé&sd surrounded by many
buildings. Apart from that there are no geographatadtructions between itself and
sea. Oren CMS that is closely linked to the shoeehas a very good location with

the exception of several not very close seasidages.
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Figure 3.49: Datca (upper) and Marmaris (lower) CMSs (Googlet;#014)

As observed in Figure 3.49, Datca CMS is not olestdi for the NE-S sector. On the
other hand, due to the hill, wind blowing from S-S&ctor may not be reflected
successfully in the wind measurements. Marmaris CM®dated on the southern
part of Marmaris facing Marmaris Bay, partly surroeddby buildings and also
possibly blocked by the offshore island that maycklsome of the winds from SSE-
ESE sector.

3.2.4. CMSs around the Mediterranean Sea Coast

The CMSs around Turkish Mediterranean Sea coastgiaen in Figure 3.50 to
3.61. Following each figure, the conditions arouR@MSs will be discussed

regarding the issues mentioned above.
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Figure 3.50:Dalaman (upper) and Dalaman Havl. (lower) CMSs (Goé&grth,
2014)

Dalaman and Dalaman Havl. CMSs are very closely émtahd both are comparably
far away from the coastal area. However, due toldkelying zone they may be

considered as CMS. Since Dalaman Havl. CMS is a @iidn airport boundaries

and Dalaman CMS is partly located in an urbanizezh,ait is expected from

Dalaman Havl. CMS to perform better quality wind meaments than Dalaman
CMS.
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Figure 3.51: Fethiye (upper) and Kglower) CMSs CMSs (Google Earth, 2014)

Fethiye CMS has many disadvantages concerning wiedsorements such as its
location in highly urbanized area, facing FethiyayBvhich is a closed basin and the
existence of hills and mountains in S-W. K@MS is one of the highly elevated
CMSs around Turkish coasts. Due to its elevatitmpat no obstructions apart from

the main building of KaCMS, which is at the southern side of measuringegips,

exist.
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Figure 3.52:Kale (Demre) (upper) and Finike (lower) CMSs (GeoBhrth, 2014)

As seen in Figure 3.52, the hills most possiblyckl®W-S winds for both CMSs.
Moreover, although their impacts cannot be estimatadily, high number of

greenhouses may have some impact on wind measurerasmgell. Considering

Finike CMS, it is partly blocked by buildings orl aides facing the Mediterranean
Sea.
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Figure 3.53: Kumluca (upper) and Kemer (lower) CMSs (Google IE&2014)

Kumluca CMS s relatively far inland and possiblyesshadowed by the hilly
formations at W-SW sector. Apart from the greenhoutbese is almost no obstacle
between sea and Kumluca CMS. Kemer CMS has sevisel\@ntages such as the
hilly formations blocking the W-S sectors, surroungd buildings, thus making it

highly expected to result in poor quality wind me@snents.
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Figure 3.54: Antalya Bolge (upper) and Antalya Havl. (lower) Ssl(Google Earth,
2014)

With the exception of buildings on the west, AntaBdlge is situated at a favorable
location for reflecting onshore winds. On the cantr Antalya Havl CMS, which is
relatively far inland and most probably due to urlaaeas in between its location and

sea, it may have comparably poorer performance.
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Figure 3.55:Belek (upper) and Manavgat (lower) CMSs (GoogletE£2014)

Belek CMS is located relatively inland and blockby hotels and vegetation
concerning sea directions. Just like Belek CMS, daat CMS is also relatively
inland, but the only difference is the high rateboifldings surrounding Manavgat

CMS.
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Figure 3.56: Alanya (upper) and Gazipa (lower) CMSs (Google Earth, 2014)

SE-W sector is unobstructed for Alanya CMS, wheedamst all other directions are
blocked by buildings. There is also a small posigihihat the hill, on which Alanya
castle is, may be another obstacle although it idypiar away from Alanya CMS.
Gazipaa CMS is located on a small hill relatively inlariderefore it is not expected
from buildings to effect wind measurements. On thesiotrand, the bigger hills in
W-NW sector and another hill at SE-SSE sector mayseagpoor quality wind

measurements.
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Figure 3.57: Gazipaa Havl. (upper) and Anamur (lower) CMSs (GoogletEar
2014)

Gazipaa Havl. CMS is better located that GazgaCMS considering that the
aforementioned hills only block SSE-SE sector forzi@aa Havl. CMS. Moreover,

as it is a CMS within airport boundaries, it is @egged from urban areas. As for
Anamur CMS, due to its proximity to shoreline andsexice of no obstructions, it is

expected that wind measurements of Anamur CMS woulaf geod quality.
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Figure 3.58: Ayd nc k (upper) and Silitfke (lower) CMSs (Goodtarth, 2014)

Ayd nc k CMS resembles Bozkurt CMS in many aspedtst like the Black Sea
coast, most of the Mediterranean Sea coast of VJuhes hilly and mountainous
features in parallel to the sea. Therefore, theiprity of the CMS to sea is very
important as well as its possible unobstructed ionatAyd nc k is situated in a very
high elevation and almost at the top of a smalleyalMoreover, the hills at W-S
sector most possibly have shadowing effect on Ay @iMS. As a result, Ayd nc k
CMS is anticipated to have poor measuring qualignsidering Siliftke CMS, as it is
located in Silifke district, which is a densely arized area and comparably very far
from coastal zone, there may be strong debate wheSilifke CMS should be
regarded as CMS or not. As for its measuring qualftoor quality wind
measurements are naturally expected.
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Figure 3.59: Erdemli (upper) and Mersin (lower) CMSs (GoogletEa2014)

Erdemli CMS, which is only obstructed by vegetatiorginly trees, is expected to
measure the onshore winds quite well. A similar assioh may also be specified for

Mersin CMS which is not obstructed by anything cemnéng sea directions.
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Figure 3.60:Karata (upper) and Yumurtal k (lower) CMSs (Google Eagf14)

Karata CMS and Yumurtalk CMS are located in similar areasept that
Yumurtal k CMS is located on a small peninsula welasr Karata CMS is on a hill
side parallel to shoreline. They are both affedigdsurrounding buildings, but as
observed in Figure 3.58, the intensity of influensehigher for Yumurtal k CMS

which is surrounded by more buildings.
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Figure 3.61: Dortyol (upper), skenderun (middle) and Samandiower) CMSs
(Google Earth, 2014)
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Dortyol CMS is located partly far away from coastal zbne at the western part of
Dortyol county. As it is located in a low-lying area and amnse Figure 3.61, there
is almost no visual obstacle for wind to face while blowingnfrsea directions.
Iskenderun CMS is one of the many CMSs located within an urbeen &he
surrounding buildings have the main role in possible blocking of wiAdsfor
Samanda CMS being very close to the shoreline faces several buiddamg all

directions that may result in poor wind measurements for songk diriections.
3.3. Wind Roses of TCMSs

In this section, based on the general information relateldetphysical features and
conditions around TCMSs given in the previous section, wind roses abtaome
hourly and 3 hourly wind measurements of TCMSs. Since, the siedy is the
Black Sea coast of Turkey and the case study is Sinop regjibnedly summarized
in Chapter 1, the main focus will be given to the TCM&aiad Turkish Black Sea
coast. However, several additional wind roses obtained in otiastal regions of
Turkey by using hourly wind measurements of TCMSs will also kengin this

section to see how good the specified remarks are.

In the following parts, wind roses obtained from hourly wind measemnts of
TCMSs around Turkish coasts other than the Black Sea cdasevgiven and the
findings will be discussed briefly. The discussion will be e physical obstructions
around TCMSs that may block the winds blowing from sea @t thus limiting
the station’s ability to measure onshore winds. This focus ohoomswinds is
particularly due to the importance of CMS'’s representalulitgffshore winds. The
aforementioned wind roses are shown in Figure 3.62 to Figbirelt3s important to
remember that wind roses are prepared considering dinedthat winds are blowing

from.

In addition to the wind roses, wind histograms are obtaingthte an idea if the
aforementioned obstacles and physical conditions have anytimpagind speeds.

The wind histograms are given in Figure 3.68 to Figure 3.73.
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The wind roses and wind histograms are preparedsing WRPLOT View Version
7.0.0 (Wind Rose Plot for Meteorological Data), @his a fully operational wind
rose program for your meteorological data and pewidgisual wind rose plots,

frequency analysis and plots for several meteorcédg data formats
(www.weblakes.com).

Wind Roses and Wind Histograms of Selected CoastaletMological Stations
around the Marmara, Aegean and Mediterranean Seas:

Figure 3.62: Wind Roses for Florya (upper left), Kocaeli (uppght), Golcik
(lower left) and Yalova (lower right) CMSs

As seen in Figure 3.62, the main measured wincttimes with highest frequencies
are NNW and NW for Florya CMS, N and SE for Koca€MS, E and SE for
Golcik CMS, ENE and WNW for Yalova CMS. Concernimgshore wind
directions, Florya and Kocaeli give very small fregay values and Golcuk partly
gives bigger values for western directions. It rbayconcluded that even though the
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wind speeds are not high, Yalova CMS have the Bigfrequencies for onshore
wind directions. Since there is no major referetaceompare these results, a definite
conclusion cannot be stated here. However, it ileqgood to see that some of the
things specified in section 3.2 for these CSMs lmambserved here such as the ones
specified for Golcik and Yalova CMSs.

Figure 3.63 Wind Roses for C narc k (upper leftstanbul Bolge (upper right),
Gemlik (lower left) and Band rma (lower right) CMSs

The main measured wind directions with highest freqgies are NW and S for
C narc KCMS, NNE and NE forstanbul Bdlge CMS, W and WSW for Gemlik
CMS, N and NNE for Bandirma CMS. Concerning onshwi@d directions,
Band rma CMS give the highest wind speeds and frezj@s. This is followed by
C narc k, Gemlik andstanbul Bolge CMSs. As these results cannot be cadpa

a reference as stated above, only the accuracigwdivindings stated in Section 3.2
can be discussed here. It is good to see that sbthe statements for Band rma and

Gemlik CMSs can be observed in Figure 3.63.
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Figure 3.64:Wind Roses for Gokgeada (upper left), Ayval k (eappght), zmir
Bolge (lower left) and Cene (lower right) CMSs

In Figure 3.64, the main measured wind directionshviitghest frequencies are
observed as NNW and SSE for Gokgceada CMS, NE anH KN Ayval k CMS,
SSW and SW forzmir Boélge CMS, NNE and NNW for Cse CMS. As for
onshore wind directions, Gok¢ceada and Ayval k CMfase the highest similar
frequencies and directions. Ayval k lacks good espntativeness for directions
coinciding with offshore islands as stated in Set8.2. zmir Bélge CMS has been
able to measure some westerly winds with succesgsthie poor location of Cene

CMS results in almost no winds from western sedasrspecified in Section 3.2.
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Figure 3.65:Wind Roses for Seferihisar (upper left), lddas (upper right),
Bodrum (lower left) and Marmaris (lower right) CMSs

The main measured wind directions with highest freqgies are as follows: N and
NNW for Seferihisar CMS, SE and ESE for kkdas CMS, NNE and N for Bodrum
CMS, ENE and NNE for Marmaris CMS. Bodrum CMS hatie tighest wind

speeds and frequencies for sea directions, follolwedu adas CMS. Seferihisar
and Marmaris CMSs have poor ability to reflect amrghwind directions due to

reasons given in Section 3.2.
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Figure 3.66: Wind Roses for Fethiye (upper left), K@pper right), Finike (lower
left) and Alanya (lower right) CMSs

As seen in Figure 3.66, the main measured wincttimes with highest frequencies
are ENE and WSW for Fethiye CMS, WSW and NNE for KiMS, NNE and NE
for Finike CMS, ENE and NNE for Alanya CMS. Amortese four coastal stations,
wind roses of Ka CMS have the highest wind speeds and frequences fea
directions, followed by Alanya, Fethiye and Finik&1Ss, respectively. It is good to
observe that some of the remarks in Section 3.2y aadlocking effect of hills and
buildings for SW-S sector concerning Finike CMSgatéve impact of hills and

mountains for S-W sector concerning Fethiye CMSpardly accurate.
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Figure 3.67:Wind Roses for Gazipa (upper left), Erdemli (upper right),

Yumurtal k (lower left) andskenderun (lower right) CMSs

According to Figure 3.67, the main measured windeafions with highest
frequencies are WSW and ESE for Gazgp&MS, NNW and NNE for Erdemli
CMS, SSW and NNE for Yumurtal k CMS and SSE and WisWskenderun CMS.
Yumurtal k and partly both Gazipa and skenderun CMSs can reflect some of the
onshore wind directions. Erdemli can also measurehaeswinds for several
directions.

To sum up almost all of the CMSs, whose wind roses prepared have major
problems representing onshore wind directions apdeds. The wind speed
representativeness can be better understood iwlgdlen Figures 3.66-3.71.
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Figure 3.68:Wind Histograms for Florya (upper left), Kocaelpfer right), Golcuk
(lower left) and Yalova (lower right) CMSs

Apart from Florya CMS, other CMSs have similar hisazgs meaning that the
measured wind speeds are mostly within the range3frlls as observed in Figure
3.68. In relation with Figure 3.62, more percentafgshigher wind speeds than
3m/s for Florya CMS may be addressed to the NNW windsonshore winds.
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Figure 3.69:Wind Histograms for C narc k (upper leftstanbul Bolge (upper
right), Gemlik (lower left) and Band rma (lower riylCMSs

C narc k CMS gives the highest 0-3 m/s wind speedeavhich may sometimes be
regarded as calm conditiorstanbul Bolge and Gemlik CMSs have similar wind
histograms with higher percentages for wind spe&dS8-5 m/s and 5-7.5 m/s.
Band rma CMS gives the highest percentages for whingtser than 3m/s for all wind
classes which is in parallel with wind rose of Bammh CMS.
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Figure 3.70:Wind Histograms for Gokgeada (upper left), Ayvallpper right),

zmir Boélge (lower left) and Cene (lower right) CMSs

The wind histograms are in parallel with the firghrof Figure 3.62. Gokgeada CMS
measures higher wind speeds followed byir Bolge and Ayval k CMSs with the
smallest wind speed measurements obtained bn€EMS.

110



Figure 3.71:Wind Histograms for Seferihisar (upper left), lkdas (upper right),

Bodrum (lower left) and Marmaris (lower right) CMSs

Seferihisar and Bodrum CMSs have similar wind histots, but as Bodrum CMS
may reflect onshore winds better than Seferihisardtiference may be attributed to
the fact that Seferihisar CMS measure higher wpekds for winds blowing on land
while Bodrum CMS is able to measure high onshore syiagd well. Kuadas and

Marmaris CMSs also have similar CMSs and as specHieove, both lack good

guality onshore wind representation.
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Figure 3.72:Wind Histograms for Fethiye (upper left), Kaupper right), Finike
(lower left) and Alanya (lower right) CMSs

As seen in Figure 3.72, while Fethiye, Finike anldnfka CMSs have very high
percentages for small wind speeds, KGMS is able to measure higher wind speeds

resulting in higher percentages for winds biggantBm/s.
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Figure 3.73:Wind Histograms for Gazipa (upper left), Erdemli (upper right),

Yumurtal k (lower left) andskenderun (lower right) CMSs

Among these four CMSs, Erdemli, Gazipaand skenderun CMSs have bigger
percentages of winds smaller than 3 m/s and Yurhkitiave bigger percentages for
winds bigger than 3 m/s.

Wind Roses and Wind Histograms of Selected Coasteletological Stations

around the Black Sea:

In addition to the wind roses and wind histograrhshmsen CMSs around Marmara,
Aegean and Mediterranean Seas, as specificallyisrtiiesis the main focus is given
to Black Sea coast of Turkey and therefore CMSaraid@lack Sea, wind roses and
wind histograms of almost all of the coastal meteagialal stations are obtained with
the exception of a few CMSs whose data could nobliteined from Turkish State

Meteorological Service. Wind roses and wind hishogs for these stations are given
in Figure 3.74 to Figure 3.79 and Figure 3.80 guFe 3.85, respectively.
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Figure 3.74:Wind Roses for Hopa (upper left), Pazar (uppértjiRize (lower left)
and Trabzon Havl. (lower right) CMSs

It is easy to conclude by looking at Figure 3.74tthll of the CMSs (Hopa, Pazar,
Rize and Trabzon Havl.) badly represent onshorealsviklowever, several onshore
wind directions for Hopa and Trabzon Havl. CMSs sirghtly better measured and

thus represented, especially for SSW-SW sector.
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Figure 3.75:Wind Roses for Akgaabat (upper left), Giresun @rgjght), Ordu
(lower left) and Unye (lower right) CMSs

The same above given remarks regarding Figure 34y atso be applicable for
Akcaabat, Giresun, Ordu and Unye CMSs. Except @MS, the other three have
very bad representative ability for onshore winds their regions by just visual
observation of Figure 3.75. As for Ordu CMS, itresdlike it reflects the onshore
winds better but whether it is a good enough regmedion or not is still a question
that needs to be answered.
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Figure 3.76:Wind Roses for Samsun Bolge (upper left), Alagappéur right),
Sinop (lower left) and Catalzeytin (lower right) Q¥

Among the four CMSs whose wind roses are given guié 3.74, Catalzeytin has
the worst onshore wind results followed by AlacaramSun Bélge and Sinop.
Particularly in terms of wind speeds, Sinop CMSegguite high wind speeds for
WNW-N sector. As for Samsun Bolge CMS, overall omshe@inds are caught but
whether they can be measured well enough is sometioinige discussed and
searched for.
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Figure 3.77:Wind Roses for Bozkurt (upper lefthebolu (upper right), Cide (lower
left) and Amasra (lower right) CMSs

As discussed before in Section 3.2, due to its paxation, as seen in Figure 3.77,
Bozkurt CMS give small percentages but strangehh hignd speeds for onshore
winds. If wind rose for Bozkurt CMS may be observedletail and the location of
Bozkurt CMS, a direct relation between onshore wdiréctions (WNW-N sector)
and alignment of the valley (SE-NW) in which BozZk@MS is located may be
observed. This may be regarded as the main reasmmsbhbre winds in wind rose of
Bozkurt CMS. Surprisingly,nebolu CMS is the poorest of all in terms of reflegt
onshore winds which cannot be attributed to anysjalay feature. However, the lack
of easterly winds is in parallel with the remarksSaction 3.2. Wind rose of Cide
CMS show some strong onshore winds for N-NW seatat wind rose of Amasra
CMS indicate very strong onshore winds from ENE smhe moderate wind speeds
for E-ENE sector. For all of the CMSs in Figure7.the wind speed percentages are

still something to be discussed in detail in thiife.
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Figure 3.78:Wind Roses for Zonguldak (upper left), Karadenie & (upper right),
Akcakoca (lower left) and Karasu (lower right) CMSs

Figure 3.79:Wind Roses for ile (left), Kumkoy-Kilyos (right) CMSs

Observing Figure 3.78 and 3.79, with the exceptwiKaradeniz Ereli and
Akgakoca whose wind roses show very few onshorelsyithe remaining four CMSs

show quite high percentages of onshore winds alsasdligh onshore wind speeds.

118



3.4. Discussion on Overall Performance of TCMSs

It should be noted that the remarks stated in Section 8.2rdy based on satellite
images of the Earth surface whereas the main focugiven on onshore wind
directions. Among many CMSs around Turkey, very few CMSs iaited during a

site survey. Therefore, the above stated remarks do not tteve@urrent status of
measuring equipment regarding calibration and maintenance ¢halsarexpected to
play very important role in measuring quality of CMSs. Thubjlavdiscussing

above given wind roses, possibility of poor quality measuringoegemt should also
be considered in the discussions concerning the CMSs.

It is important to mention that various factors affect #ecuracy of wind
measurements and thus wind roses. For instance, as specii@&tpter 2, Hsu
(1986) states that adding up instrumental errors, frictionagécesif recorder
inaccuracies together with onshore-offshore airflow differen@esdirectional
difference of 45° is expected. If these inaccuracies andsearerhigher which may
be the case for some CMSs and due to various conditions (belence, forcing the
wind through smaller gaps, etc.) created by surrounding geografdatates and
buildings, as well as the complex topography of Turkish coassspdtural to expect
non-representative wind roses for most of the cases. Localsvduch as sea and

land breezes may also play some role in these results.

Based on the conclusions on Turkish Coastal Meteorologicabi@&a(TCMSSs),
where the accuracy of the data is questionable, in-situ wirabunements become
very important, yet there exist few in-situ wind measumsahich could be used

as reliable sources.
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CHAPTER 4

LAND-BASED COASTAL IN-SITU WIND MEASUREMENTS

In Chapter 4, the main focus will be given to the land-baseditu wind
measurements belong to 42.09°N — 34.96°E coordinates near Sinop arghgede
at a land tower installed approximately at 60 m elevation edd®L. Wind
measurements are recorded at three different elevationk at@clém, 25m and 60
m with respect to the bottom elevation of the tower spetidas 60 m. The local
vegetation consists of a small forest which may have seffect on wind
measurements at lower elevations, but apart from thise thexr no obstacles in
between land tower and sea directions. The land tower isdp&tca location that
may easily measure onshore winds in the sector of WSW-ESE dokvake
direction). Wind measurements cover a period between February, 2009
December, 2009 with considerable gaps especially in betwdgnadd October
while smaller gaps are commonly observed for other periodsoddgh time interval
of most of the wind measurements is 1 hour, due to several regegamexist within

the data set.

The wind measurement procedure is guided and controlled by governmental
authorities. The type of apparatus and equipment that are useedsurements and

the calibration and verification procedures of the wind daanat known, therefore

it is necessary to perform comparisons between wind measueneeobserve if
there is any inconsistency that may arise questions regareliiability of the wind
measurements at these three elevations. From now oantdhéésed wind data at 60

m, 25 m and 16 m will be denoted as L60, L25 and L16.

This chapter of the thesis study is divided into two sectibmshe first part, the

discussions are performed on differences and common points of L6@nid2b16
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wind speed and directions. The second part will be relatetheorelationship
between L60, L25 and L16 wind speeds in vertical plane toirobtecoefficient
called Hellman exponent, denoted both as P as specified in Chapter 2, to
understand if local conditions can be reflected on this exponentwhether a

common relationship may be applied in vertical plane consideiimg) speeds.
4.1. Comparison of L60, L25 and L16 Wind Speeds and Wind Diréions

As first step, only wind measurements coinciding within et of WSW-ESE are
considered since the direction within this sector aredgeations that onshore winds
are blowing. During this data elimination process only to consideds blowing
from sea directions, an assumption “if one, two or all of U&ZH and L16 wind
directions are within this sector, all of the corresponding L26,and L16 winds are
taken into account” is designated. Thus, in this eliminatioocgss, it is not
important whether only one or two of L60, L25 and L16 wind directioifgl fthis
condition, even if one of them is in this sector the whole datthat time is
incorporated into comparison procedure. After the elimination pspde50, L25 and
L16wind measurements are compared in terms of wind speediirantions to see
if there are any unexpected correlations in between and amggisicies among the
data set.

Considering comparison of wind direction differences, they areesged in sectors
rather than in degrees at relevant figures. This choide Bsvoid observing high
values in y-axis of the graphs which would make it hard iBualize other
comparison results with smaller values. Therefore, dividifg° into 16 sections
with 22.5° directional steps as seen in Figure 4.1, diredtramabers are denoted to
each 16 direction starting with N sector as 1, continuingkelise and ending up at
16 for NNW sector. In order not to see any problems at diredifterences when
calculating directions from 1-5and 13-16 sectors, the formulatioeasaganged
accordingly. Moreover, the formulations are also arrangeddararot to calculate
directional difference more than 180° which corresponds to B ilhportant to

remember that wind directions denote that winds directions asirtg from'.
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Figure 4.1: Wind Directions and Corresponding Wind Sectors

Figure 4.2: Comparison of L25 Wind Speeds, L25/L16 Wind Speatid® and L25-
L16 Wind Direction Differences with respect to LNMind Speeds
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Figure 4.3: Comparison of L60 Wind Speeds, L60/L16 Wind Speatid? and L60-
L16 Wind Direction Differences with respect to LNind Speeds

Figure 4.4: Comparison of L60 Wind Speeds, L60/L25 Wind Speatid? and L60-
L25 Wind Direction Differences with respect to LAEnd Speeds
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Taking into account Figures 4.2-4.4, it is observed that as eddd0 wind speeds
are higher than both and L25 wind speeds are higher than L16 wiedkspegeneral
with few cases which are most probably observed due to seeasdns such as
different conditions at different heights, different atmospheoieditions changes in
vertical plane, etc. L60, L25 and L16 wind speeds havedl@ning correlations

between each other:

F#: "#:$F(0<™(= [4.1]
F(< " )#F'(0< ( [4.2]
F(< ": :F#0<=5)< [4.3]

Considering L25/L16, L60/L16 and L60/L25 wind speed ratios, as wind speeds
increase the wind speeds start to converge whereasvier lwind speeds, these
values have wider range. This may be influence of Easdiwface and geographic
features in terms of surface roughness which has more impagotver wind speeds.
With this information, it may be generalized that goimigp upper elevations the less

effected wind measurements from factors like surface rouglaedse obtained.

Looking into L25-L16, L60-L16 and L60-L25 wind direction differencets,isi
observed that L25 and L60 wind direction differences are inrdhge of O to 1
sectors. This directional difference is higher and with wirdage for smaller wind
speeds in L25-L16 and L60-L16 comparisons. Therefore, the aforemehtione
findings related to the effects of surface roughness andhate. higher impact on
wind speeds at lower elevations resulting in more direction&rdiice between
L25-L16 and L60-L16 winds. In addition to the graphical representatiotheof
comparisons, mean directional differences with their stahdawiations are also
calculated for L25-L16, L60-L16 and L60-L25. These values which aee
calculated in absolute values are given in Table 4.5 $een from Table 4.1 that
L60-L25 correlation in terms of wind directions are withie fimits of one sector

( 22.5°) with small standard deviation compared to other casyres.
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Table 4.1: Average and Standard Deviation Values of L25-L16, L60-L16 and L60-
L25 Wind Comparisons

Comparison Type Mean Directional Difference + StaddDeviation (°)
L25-L16 15.59 + 19.05
L60-L16 25.90 + 17.32
L60-L25 13.93 +£9.37

In order to understand if there is any changes in directioni@relifces for winds
blowing from different directions and sectors, Figures 4.5ade7prepared. In these
figures, the x-axis show L60 wind directions, which is observed tohbeleast
effected wind direction from surface roughness and etc. and ycamgsts of L60-
L16 and L60-L25 wind direction differences. All of the data is givedegrees and
the directional differences are calculated considering cloekdirectional difference

as +.

As seen in Figure 4.5, for the sector NW-NE the dioseti difference between both
L60-L16 and L60-L25 are comparably smaller than other sectitinstive exception

of few results. For the other sectors, the directional rdiffees have wider ranges.

In addition, the easterly onshore winds tend to deflect morendnfar lower
elevations which can be seen from the positive L60-L25 dimetidifference for
NE-ESE sector. For L60-L16, there is not a certain visuademrcy for NE-ESE
sector, whereas for ESE-E sector, the directional diftarés negative which means

that L16 winds slightly turns in clockwise direction.

For westerly onshore winds, a similar but an opposite situatiothé directional
relation between L60 and L16 winds with the exception of several megative

L60-L16 directional differences.

More important than directional differences, it is obsenyed &ll of the L60 wind
directions are within WSW-ESE sector which is an indication [t68@ do not miss

onshore wind directions.
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Figure 4.5:L60 Wind Directions vs L60-L16 and L60-L25 WindrBction

Differences

Figure 4.6:L25 Wind Directions vs L25-L16 and L25-L60 WindrBction

Differences
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Figure 4.7: L16 Wind Directions vs L16-L25 and L16-L60 WindrB¢tion
Differences
Considering Figure 4.6, although most of the L25dsimre in WSW-ESE sector,
some of them are still from SSE-SE sector. This isapglicable for the opposite
western side. The directional differences sedfignre 4.6 indicate that for easterly
onshore winds, L25-L16 is generally positive andbil®B0 is generally negative,
which shows that winds tend to turn more inlandoater elevations. For westerly
onshore winds, L25-L16 is generally positive andbiL50 is generally negative,
which is an indication that winds at lower elevatotend to turn in clockwise

direction.

Similar outcomes just like for Figure 4.5 and Figdreé are also observed for Figure
4.7. In addition to these findings, there are aniote wind directions coming from
directions other than the ones within WSW-ESE gecihis shows that lower
elevation winds feel the impact of geographic feegumore resulting in directional

changes.

The aforementioned comparisons indicate that L6Qdsvibetter represent offshore

winds in terms of wind directions. Therefore, fromwnon the main comparisons
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will take L60 winds as reference at x-axis. Theamig two comparisons results of
which are plotted in Figure 4.8 and 4.9 focus offirid if there is any relationship
between wind directions and speeds as well as diredtions and wind speed ratios.

Figure 4.8 is prepared for L60 vs L16 comparisoneneas Figure 4.9 for L60 vs
L25 comparisons.

Figure 4.8: L60 Wind Directions vs L60 Wind Speeds, L60-L16nd&Direction
Differences and L60/L16 Wind Speed Ratios
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Figure 4.9: L60 Wind Directions vs L60 Wind Speeds, L60-L25n¥Direction
Differences and L60/L25 Wind Speed Ratios

It is observed in Figure 4.8 that for the NW-NE teec L60-L16 directional
difference is comparably smaller than other seactioes, which is also similar with
L60-L25 directional differences seen in Figure 4dawever, L60-L25 directional
differences are smaller than L60-L16 directiondfledences on average. Considering
L60/L16 wind speed ratios, for NW-NE sector thegaums smaller whereas for other
sea directions the range is higher. Therefore, it beaconcluded that winds blowing
with smaller angles to the shoreline tend to defteore along vertical plane. The
relationship L60 wind directions and wind speedsvshhat stronger winds mostly
blow from WSW-NW sector and partly from NE-ESE sedtoterms of wind speed

magnitudes. Relatively smaller wind speeds are medi$tom the other sectors.
4.2. Relationship between L60, L25 and L16 Wind Sgels in Vertical Plane

After concluding that L60 winds represent the omsheinds better than others in
terms of wind directions in the first part of trekapter, L60, L25 and L16 wind

measurements are planned to put into another studyhich wind speeds are
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compared with each other to observe if it is possible to obtaértical profile using

simultaneous L60, L25 and L16 wind speeds.

In common usage, wind gradient, or more commonly preferred oversvind
velocity/speed gradient, is the vertical gradient of thanreorizontal wind speed in
the lower atmosphere. It is the rate of increase of wirethgth with unit increase in

height above ground level.

Typically, there is a wind gradient in the wind flow jusea hundred meters above
the Earth's surface due to aerodynamic drag. Wind speed iren@akencreasing
height above the ground. Near-surface flow encounters obstaclesngethe wind
speed, and introducing random vertical and horizontal velocity coemg®mt right
angles to the main direction of flow (Dalgliesh and Boyd,62)9 This
turbulence causes vertical mixing between the air moving horioritaone level

and the air at those levels immediately above and below it.

The reduction in velocity near the surface is a functiosuoface roughness, so wind
velocity profiles vary with different terrain types (Brow20Q01). Rough, irregular
ground, and man-made obstructions on the ground, retard near-sudaement of
the air, reducing wind velocity (Oke, 1987). Due to low surfacghness on water
surface, wind speeds do not increase as much with height aboleyeleas they do
on land (Lubosny, 2003).

For engineering purposes, the wind gradient is generally modeled weertical
velocity profile based on a power law with a constant exponeuficient based
on surface type. The height above ground where surface frictioa hagligible
effect on wind speed is called the gradient height andvihd speed above this

height is assumed to be a constant called the gradient paed $Stoltman, 2005).

For wind turbine engineering, an exponential variation in winddspét height can

be defined relative to wind measured at a reference h&igtst (Harrison, 2001);

. ZH [4.4]
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In the aforementioned formula, H and Z are the eiematabove MSL and WJand

Uz are the wind speeds at H and Z elevations.

In order to see if there is any relation betwee,U&25 and L16 wind speeds that
may eventually result in an idealized wind profiler fthe land-based wind

measurement location, firstly Figures 4.10, 4.11 &t are prepared. In these
figures, L60, L25 and L16 wind speeds are plottgdirast coefficients that are

found using equation 4.4 for L16-L25, L16-L60 an25tL 60 winds. Figure 4.10 is

obtained using L16 and L25 wind speeds, whereagr&sg4.11 from L16 and L60

wind speeds followed by Figure 4.12 from L25 and k60d speeds.

Figure 4.10:L16 and L25 Wind Speeds vsCoefficients obtained from L16 and
L25 Wind Speeds
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Figure 4.11:L16 and L60 Wind Speeds vCoefficients obtained from L16 and
L60 Wind Speeds

Figure 4.12:L.25 and L60 Wind Speeds vCoefficients obtained from L25 and
L60 Wind Speeds
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Figures 4.10-4.12 indicate that the range faoefficients are smaller for L16-L25
wind speeds, whereas as the elevation between the meastsentrease, wider the
ranges become. Therefore, coefficients for L16-L60 wind speeds have wider
scatter. Another finding would be that as wind speed decreasealter increases
for all comparisons, which would be indicated as the moraienfie of surface
roughness on smaller wind speeds. This is also observed fmtteomparisons
between L16-L60 and L25-L60 that have bigger elevation differdnceach figure,
after a certain wind speed, coefficients tend to converge to 0.5 and start to have
narrow scatter which is different for each comparison. Acagrthh the power law,
0.5 corresponds to a value between 0.4 used for stable air fidoopen coast and
0.6 used for stable air human inhabited areas (Kaltschhatt 2007).

Since for relatively smaller wind speedsoefficients have wider range, it is decided
to determine if mean coefficients for different wind speeds together with their
standard deviations. For this study, L16 vs L25, L16 vs L60 andJs2%60
comparisons are performed considering the power law relatiobhshieen relevant
wind speeds. L60 wind speeds are arranged in decreasingaarasing power law
relationship, coefficients are determined for each simultaneous winddspéor
L16-L25, L16-L60 and L25-L60 winds. Average values ofoefficients as well as
the standard deviations are determined for wind categorie80of 10 m/s, 5 m/s

L60 < 10 m/s, 3 m/s L60 <5 m/s and L60 < 3 m/s. The reason behind taking L60
wind speeds as reference is that, as specified in previotisnse L60 wind speeds
are least effected by the surface and also L60 wind directiive very good results

in terms of representing onshore winds. The results are miveable 4.2.

Table 4.2:Mean and Standard Deviation Values dfoefficients

Coefficients Mean Value + Standard Deviation
Wind Speed Categories L16-L25 L16-L60 L25-L60
L60 10 m/s 0.49 + 0.05 0.48 + 0.05 0.48 + 0.07,
5m/s L60<10m/s 0.49+0.11 0.43+0.11 0.40 £ 0.12
3m/s L60<5m/s 0.42 +0.22 0.31+0.18 0.26 + 0.17
L60 < 3 m/s 0.20+0.77 0.08 + 0.39 0.01 +0.48
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The values in Table indicate that for L605 m/s, coefficients tend to converge
between 0.4 and 0.5. This is very similar to the valwially determined and
specified above as 0.5. As a result, the measuremeniblocain be regarded as flat
open coast and the air conditions as stable even though the valighily higher

than 0.4. This slight difference may be attributed te tbrestation around land

tower.

Moreover, this value tend to decrease and different for diffexkevation relations.
For instance, for 3 m/s L60 < 5 m/s, coefficients for L25-L60 show that in
general the situation is stable air above open water suffacé.60 < 3 m/s,

coefficients for L25-L60 show that in general the situationoimievhere between

unstable air above open water surface and neutral air above ojgerswiéace.
4.3. Discussion

Land-based coastal in-situ wind measurements that are pedfdrtyngovernmental
authorities at 42.09°N — 34.96°E coordinates near Sinop coveringaa [etween
February, 2009 and December, 2009 with some gaps are used itutlyis Bhe
measurements are recorded at three different elevations (L&6n25 m; L25and

60 m; L60) from the local reference point which is 60 m abové.MS

The studies are performed considering the directional sect&W\ESE
corresponding to onshore winds (sea directions) only. A comparétigg en the
simultaneous wind measurements at different levels has kmeedcout and a
representative vertical profile is obtained showing thatrib&itu measurements are

carried out on a flat open coastal area.

Comparisons of L16 and L25 wind measurement with L60 wind measuatsrshow
the effect of surface roughness resulting in lower wind spesds directional
changes at lower elevations. Lower wind speeds feel thfacguroughness more

hence causing larger directional changes.

Coastal in-situ wind measurements may not be reliable enoughreimcevind

speeds and directions for lower elevations. Therefore, the cativeastudies are
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only performed with in-situ wind measurements at 60 m elevdtr the upcoming

studies.
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CHAPTER 5

SPATIAL VARIABILITY OF ECMWF WIND DATA

In Chapter 3, the findings indicate that, most of the windsrdbat represent the

overall wind climate of their locations and are obtained from hpowind

measurements of TCMSs, generally give unreliable resultstalseveral reasons

discussed within Chapter 3.Therefore, more reliable and mrepresentative wind

data is needed for Turkish coasts so that they can be usamhstal engineering

applications. For this aim, ECMWF (European Centre for Mediung&aNeather

Forecasts) is decided to be used for several reasons fdasns are summarized

below;

As dis

Turkey is a member of ECMWF and a key can be provided ty epplicant

to Turkish State Meteorological Service in return for dateramount of fee,
thus making it easy to obtain ECMWF data from its website
(Www.ecmwif.int).

ECMWEF provides atmospheric and marine data for various usergs
website under several datasets which was discussed in CHaptés
discussed in Chapter 2, these datasets cover differenfraimes and have
different grid resolutions.

A user has the option to choose the grid resolution, time fi@mebasin
dimensions which makes it easy for the user to obtain the exachelshe

needed.

cussed in Chapter 2, ECMWF have certain grid resohkitfor all of the

datasets covering forecast, analysis and re-analysis FElatahis study, ECMWF

Operational Analysis data is chosen. The main reason behisdist that it is

becoming more common in Turkey for coastal engineering applicatiodsthere is
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no possibility for the data set to finish producing analysis dehereas for re-
analysis data sets, if a new re-analysis data skbevihitiated, just like ERA-40 and
ERA-15, the data production process stops. Therefore, there istamtyewhether

these data sets including ERA-Interim to stay updated ifutbee.

Apart from which data set to use for comparisons, it is imadtably more important
to decide on data of which grid to use for comparisons in thidystn order to
understand how data changes with respect to each latitudinabragituidinal grid
change and thus conclude whether ECMWF wind data changescsigtiyf or not.
Moreover, it is critical to see if the data close to do@scan be used in these studies
since ECMWF uses mean orography in their data assimilatiesslting in

uncertainty whether the chosen grid point is a land or a sea point

In order to understand the differences and similarities betwded data for
ECMWEF grids, a spatial study is performed considering 10 difter&eCMWF data
points close to the land-based in-situ wind measurement areagrid resolution is
0.1° which roughly corresponds to 8 km. Figure 5.1 shows the locatiotize

chosen ECMWEF grid points and the initials given to these psiatting from A and
ends with J. In Figure 5.1, the expression “LAND” is theatamn of land-based in-
situ wind measurement site. Table 5.1 summarizes the catedinf ECMWF grid

points and direct distance between LAND and ECMWF grid points.
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Figure 5.1: Locations of chosen ECMWEF grid points for spastaidies (Google
Earth, 2014)

Table 5.1:Coordinates of chosen ECMWEF grid points and theatlidistances
between these grid points and LAND site

ECMWF Grid Point Coordinates Distance (km)
A 42.10°N — 34.80°E 13.6
B 42.10°N — 34.90°E 54
C 42.10°N — 35.10°E 114
D 42.20°N — 34.80°E 18.4
E 42.20°N — 34.90°E 18.6
F 42.20°N — 35.00°E 12.8
G 42.20°N - 35.10°E 16.9
H 42.30°N — 34.80°E 27.3
I 42.30°N — 34.90°E 24.3
J 42.30°N — 35.00°E 24.0
K 42.30°N — 35.10°E 26.1
L 42.40°N — 34.90°E 35.2
M 42.10°N — 35.00°E 1.9
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Firstly, in order to understand the resemblanctefwind data, wind roses obtained
from L60 wind measurements and wind roses obtained FECMWF wind
measurements are compared. All of the wind roseslategned for the same period
of land-based in-situ wind measurements and theygaren in Figures 5.2-5.14.
Moreover, in order to observe if there is any sintyabetween wind rose obtained
from L60 wind measurements and the closest ECMWAF gpint to LAND site that
may be regarded as land location, wind rose for Mtge given in Figure 5.15. All

of the wind roses are prepared for the wind diozxsti blowing from'.

Figure 5.2: Wind Rose Obtained from L60 Wind Measurements
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Figure 5.3: Wind Rose of ECMWEF Grid Point A (42.10°N — 34.8D°E

Figure 5.4: Wind Rose of ECMWEF Grid Point B (42.10°N — 34.9D°E
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Figure 5.5: Wind Rose of ECMWF Grid Point C (42.10°N — 35.1p°E

Figure 5.6: Wind Rose of ECMWF Grid Point D (42.20°N — 34.8D°E
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Figure 5.7: Wind Rose of ECMWF Grid Point E (42.20°N — 34.9D°E

Figure 5.8: Wind Rose of ECMWF Grid Point F (42.20°N — 35.0D°E
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Figure 5.9: Wind Rose of ECMWEF Grid Point G (42.20°N — 35.1p°E

Figure 5.10:Wind Rose of ECMWEF Grid Point H (42.30°N — 34.8D°E
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Figure 5.11: Wind Rose of ECMWEF Grid Point | (42.30°N — 34.9)°E

Figure 5.12:Wind Rose of ECMWEF Grid Point J (42.30°N — 35.00°E
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Figure 5.13:Wind Rose of ECMWEF Grid Point K (42.30°N — 35.1)°E

Figure 5.14:Wind Rose of ECMWF Grid Point L (42.40°N — 34.90°E
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Figure 5.15:Wind Rose of ECMWF Grid Point M (42.10°N — 35.00°E

It should be noted that wind roses obtained fromdwdata of ECMWF grid points
have some differences with wind rose obtained frofd Wéhd measurement data. It
is expected to observe directional changes betwashore and offshore winds up to
45° according to Hsu (1986). Comparing wind rosdsaiobd from ECMWF data for
each grid point with wind rose obtained from L60ndimeasurements, it can be
concluded that the directional differences are hbugmaller than this value by
visual comparison. Therefore, it can be regardedBRMWF winds give acceptable

results in terms of wind directions.

Concerning wind roses for L60 wind measurementsfanil point, compared to the
resemblance with wind roses of other grid pointgyFé 5.3-5.14), the resemblance
between Figure 5.2 and Figure 5.15 is higher eapigdor W and ESE directions.

However, it cannot be concluded that the resemblenicigh enough.

In order to look deeper into the data, firstly fivet three grid points closest to the
shoreline (A, B and C) are taken into consideratiois expected that as points A
and B are on the west of LAND, the wind roses foese points reflect similar

outcomes. On the other hand, wind rose of point @xisected to have slightly
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different configuration. Wind roses of points A and B are &myjlar to each other.
On the contrary, winds blowing from WNW and NW directions have Hhighe
percentages and easterly winds and winds blowing from W direbage lower
percentages for wind rose of point C when compared to wiseisrof points A and
B.

Considering wind roses of points D, E, F and G which are reljatise away from

LAND, the distance being in the order of 12-19 km, wind sasfepoints D, E and F
are very similar to each other whereas wind rose of pBirttave considerable
differences. The wind percentages and speeds for WNW, NVE&Rdlirections are
higher and wind percentages for E and W directions are lowertkizese of other

three points.

As for wind rose of points H, I, J, K and L, at the orde2#4fto 35 km distance from
the land-based wind measurements, all of the wind roses hailar siomfigurations

except the wind rose of point K. The wind percentages andisgeeE, NNW and

W directions are lower whereas wind percentages and speed&NE, NE and

WSW are higher.

In addition to wind roses, wind histograms (wind class frequerstyilaitions) of
L60 wind measurements and ECMWF wind grid points are prepareddar to
observe if similar outcomes are reached just like the onaswind roses. The wind

histograms are presented in Figure 5.16-5.29.
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Figure 5.16:Wind Histogram for L60 Wind Measurements

Figure 5.17:Wind Histogram for Point A (42.10°N — 34.80°E)
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Figure 5.18:Wind Histogram for Point B (42.10°N — 34.90°E)

Figure 5.19:Wind Histogram for Point C (42.10°N — 35.10°E)
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Figure 5.20: Wind Histogram for Point D (42.20°N — 34.80°E)

Figure 5.21:Wind Histogram for Point E (42.20°N — 34.90°E)
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Figure 5.22:Wind Histogram for Point F (42.20°N — 35.00°E)

Figure 5.23: Wind Histogram for Point G (42.20°N — 35.10°E)
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Figure 5.24:Wind Histogram for Point H (42.30°N — 34.80°E)

Figure 5.25:Wind Histogram for Point | (42.30°N — 34.90°E)
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Figure 5.26: Wind Histogram for Point J (42.30°N — 35.00°E)

Figure 5.27:Wind Histogram for Point K (42.30°N — 35.10°E)
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Figure 5.28:Wind Histogram for Point L (42.40°N — 34.90°E)

Figure 5.29:Wind Histogram for Point M (42.10°N — 35.00°E)

As wind histograms do not give any hint about wingations, the comparisons are
limited to wind speeds. Looking into wind histogmnt is easily observed that wind
histograms other than those of points G and K Isawdar structures. The wind class
frequencies are tabulated into percentages in AgipeA, which would make it

easier to numerically realize the aforementionediali®bservations and findings
concerning wind roses and wind histograms. A sumrtedvle is prepared from the

information given in tables of Appendix A, considegri only the main wind
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directions E, ENE, NE, NNW, W and WSW to see the windgmaages (Table 5.2).

All of the numbers in Table 5.2 denote percentages (%).

Table 5.2:Wind percentages of E, ENE, NE, NNW, W and WSW dicextifor all
ECMWEF grid points

ECMWF

Grid Point E ENE NE WNW \W WSwW
A 15.8 4.8 2.8 13.3 15.2 3.6
B 16 5 3 19 15 4
C 13.7 4.4 3.1 20.4 131 3.1
D 14.3 4.5 3.1 19.9 13.8 3.3
E 14.3 4.6 3.1 19.8 141 3.2
F 14 4.5 3.1 19.9 14 3.1
G 9.7 3.1 4.1 22.3 10.2 19
H 13.9 4.4 3.1 19.6 14.4 3.2
I 13.5 4.2 3.1 195 14.5 3.2
J 13.2 4.1 3.1 195 14.5 3.3
K 16.2 9.7 2.9 21.8 10.9 2.4
L 12.8 4.0 3.1 194 14.4 3.3
M 13.2 3.8 3.0 18.1 16.5 3.9

As the wind data that is used for creation of wind roseshastdgrams are very
limited and only covers several periods in 2009, it is beli¢ghatithe wind roses and
histograms are sufficient enough to have an overall idea about latv time wind
roses differ in longitudinal and latitudinal directions and how laimare the wind
speeds and directions of ECMWEF grid points. The grouping of ECMWiFpoints
performed considering the similarities of wind roses and hstogris shown in
Figure 5.27. Based on the similarities between wind rasdshistograms of point A
and B, they are denoted as Group “1”. As the wind roses amgjtasts of points G
and K are different than those of other points, even thoughwtserly wind
percentages are different, they are denoted as Group “2iough wind roses and

histograms of points C and L demonstrates small differencestfi@mind roses and
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histograms of remained points, all of the remairgight points (C, D, E, F, H, |, J,

L) are categorized into Group “3".

Since Group 3 have more ECMWF grid points, meanimg tiere is an option of
using more than a couple of data points, choosimgadrthese ECMWEF grid points
for the following studies would result in the apgliion of the outcomes obtained in
those studies to other grid points as well. Thius, decided to use wind data of point

E in the following studies for this thesis.

-

Figure 5.30: Grouping of ECMWF grid points considering wind essand

histograms

Discussion:

For any coastal project, selection of ECMWF winthdaoints is of great importance
since not all of the grid points represent the witichate accurately due to several
reasons such as the distance to shore, orograpime gfrid and proximity to the site
as shown in the above given figure. An example ¢ottpographical reasons can be

given as “A and B points” which are found to beeeddd by the land formations.
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CHAPTER 6

COMPARISON BETWEEN IN-SITU WIND MEASUREMENTS AND
ECMWF WIND DATA

In Chapter 4, the land-based in-situ wind measurementshaocked by performing
several simple comparisons in between the wind measurerattisee different
elevations if any inconsistency exists within the data Agtpreviously mentioned,
this is performed due to the fact that it is not known whdtiewind measurements
are put through any calibration, verification or quality controlcpsses. The results
indicated that among L60, L25 and L16 wind measurements, it waulzetier to
use L60 wind measurements for the rest of the studies andabenrfor this choice
is attributed to least effected wind measurements pertbah€&0 m elevation from

surface features.

At this stage, a question arises whether L60 wind measutsroan be used without
making any land-sea conversions for wind speeds and wind diredionsidering
wind directions, as mentioned a couple of times within the pusvchapters, based
on the Hsu’s (1986) findings, a directional difference up to 45° betweshore and
offshore wind directions can be seen and this value may dept@d as an upper
limit. Thus, it would not be necessary to perform any conversionsodifications to
the wind directions. However, this will be profoundly discussedhe upcoming
sections. The other issue, land-sea wind speed conversidngdefinitely be put
through as it is not possible to perform any comparisons of twabl@s measured
under completely different environments, which are on land aneg@anTherefore,
selected land-sea conversion methods will be applied to the laed-haisnd
measurements so that the land-based winds will be traedfearsea-based winds.
For this conversion, Hsu's (1986) approach will be used as ithmaysed for low-

relief areas up to 0.5-1 km and he do not define any crii@riaind speeds and etc.
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Thus, Hsu’'s approach (1986) can be generally used for approxinuitgsa-based

winds. These studies will be covered in Section 6.1.

Following the above given procedures, sea-based wind measuremdntse wi
achieved at 60 m above MSL as the conversion in only performéuedmorizontal
plane at the same elevation with respect to the referetmeations on both
environments. As land-based wind measurements are perforn@@dnatelevation
with respect to the local bottom elevation and as fores@@onments the reference
level is MSL, the land-sea conversions do not perform anycakrhodification in
the wind speeds. Consequently, it would be necessary to perforadditional
vertical conversion of the sea-based measurements até@vation which will be
denoted as S60 from now on, to obtain sea-based measurements &ieM@ton
which will also be mentioned as S10 in the upcoming studiesteBs®n behind this
vertical conversion is that, as ECMWF wind speeds belong ta &vation above
MSL, S60 wind speeds should be carried to S10 wind speeds in ordempare

two variables at the same environment and elevation.

The vertical conversion specified above will be performed by apmplthe power
law approach which was discussed in Chapter 4. Just likeriteedure for the
comparison of land-based wind measurements, a general andghblgplicoefficient
is needed for the conversion of S60 wind speeds to S10 wiedspEhis can only
be achieved by comparing sea-based wind data at two diffelevations. ECMWF
operational analysis extended their data set by including windatldt@0 m above
MSL in 2011. Although, it does not cover the same period weHahd-based wind
measurements, performing a simple comparison between wind atlal®0 m
elevation, which will be denoted as E100 in the following ssidand E10 wind data
for the chosen period of 2011-2013, covering 3 years of 6 hourly wiad wauld
be representative enough for the same region.. For this studyartellB100 wind
data of the same ECMWEF grid point E (42.20°N — 34.90°E), ttedtasen according
to the results of Chapter 5, is used. After finding applicaldeefficients that can be

implemented into the power law equation, this value wilubed in conversion of
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S60 wind speeds to S10 wind speeds. All of the aforementioned suilllies given
in Section 6.2.

After achieving S10 wind speeds, it would be possible to perimsmparative
studies between simultaneous S10 and E10 wind speeds. As previonstnexain
the above sections, the land-based wind measurements cover Slabine period
between February, 2009 and December, 2009 with considerable longgavell as
more commonly observed smaller gaps such as 2, 3 hours. Thusgaltlyshard to
observe continuous data sets especially for onshore winds and sioditions
which may be denoted as wind speeds above 3 m/s. In this 8&dgntinuous data
sets are extracted from within the data set and not alkai tbtally consist of storm
conditions. Within these data sets, few hours of calm conditionsl, speeds below
3 m/s, are observed, but very high percentage of the windspeenonstrates storm
conditions. The continuous data sets are chosen so that they avda#ikt last 18
hours, which corresponds to four 6 hourly ECMWF wind data. The slethithe
extraction process, together with the related graphical septations will be
provided in Section 6.3. Moreover, S10 and E10 wind speeddevilompared as
well as S10-E10 wind directions and the results will be disthssder the light of
previously performed studies in the literature as well as ridsult of another
comparison performed in Aegean Sea between sea-based wirgltmeasurements

and ECMWEF wind data covering a very short period of time in 2013

Following the graphical representation of 29 continuous data seétSE0-E10 wind
speed and direction differences, an identical approach #nobimilar S10 wind
speeds from E10 wind speeds for the times where in-situ wirdureaments exist
will be introduced in Section 6.4. This approach will bedekd by introducing a
new method to modify E10 wind speeds for the times when mesggebased nor
land-based in-situ wind measurements are found, which is tiezally encountered
case in Turkey. The details of this study will profoundly bewdised in Section 6.4

as well.
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6.1. Conversion of L60 Wind Speeds to S60 Wind Speeds on Horital Plane

In Chapter 4, it is concluded to use L60 wind measurement datad following

comparative studies within the thesis. Since comparisons amngu to be
performed considering E10 wind data on sea environment, both horizomdal
vertical conversions should be carried out to obtain winda dett the same
environment and elevation as E10 wind data. The first stagédvibe to convert the
land-based wind measurement data to wind data over seareneint. This will be
performed by application of Hsu’s approach which was introduc&@86 and given

with a simple linear formulation as;
"#&"") [6.1]

In this approach, W, and U,y are the wind speeds at sea and land for the same
elevation with respect to their local references, whicthe bottom elevation of the
land tower or W,gand MSL for Wea The reason behind Hsu's (1986) simple linear
approach is based on comparisons between many different simultamsbase and
offshore wind data as well as the simple condition that waid-based winds are
very small or sometimes equal to zero, meaning that cahditions exist, sea-based
winds do not always have calm conditions and most often reflecn conditions.
Moreover, as this is the latest version of series of sdyskeformed by Hsu (1981,
1984 and 1986) and due to its simplicity, not including any atmosphgracts such

as temperature, etc. this approach is chosen for the lamdisesrsions.

The details of the 29 continuous data sets are tabulatedlia @4 and the results of

the land-sea conversions for 29 continuous data sets are givepeéendix B.
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Table 6.1: Start and End Date and Time of Continuous Data Sets and Thei

Durations
Continuous Start End Duration
Data No Start Date Time End Date Time (hrs)
1 10.02.2009| 12:00| 11.02.2009 12:00 25
2 15.02.2009 12:00 18.02.20Q9 00:00 61
3 21.02.2009 12:00 22.02.20Q9 18:00 37
4 25.02.2009 06:00 03.03.20Q9 18:00 157
5 12.03.2009| 06:00| 15.03.2009 00:00 61
6 15.03.2009 12:00 16.03.20Q9 18:00 31
7 19.03.2009 12:00 21.03.20Q9 00:00 37
8 22.03.2009| 12:00f 24.03.2009 00:00 37
9 27.03.2009| 00:00f 29.03.2009 18:00 67
10 02.04.2009 18:00 04.04.2009 18:00 49
11 04.05.2009 12:00 05.05.2009 12:Q0 25
12 12.05.2009] 06:00f 13.05.2009  00:00 19
13 18.05.2009] 00:00f 21.05.2009  00:00 73
14 01.06.2009 06:00 02.06.2009 00:00 25
15 05.06.2009] 00:00; 05.06.2009 06:Q0 19
16 08.06.2009] 06:00; 09.06.2009  18:Q0 19
17 13.06.2009] 12:00f 14.06.2009  06:00 19
18 21.06.2009 06:00 22.06.2009 12:Q0 37
19 20.07.2009 06:00| 21.07.2009 00:Q0 19
20 31.10.2009] 00:00; 02.11.2009 12:QO 61
21 06.11.2009 00:00 07.11.2009 12:Q0 37
22 13.11.2009 00:00 14.11.2009 06:00 31
23 17.11.2009] 06:00f 18.11.2009 12:00 31
24 19.11.2009] 12:00f 22.11.2009  00:00 61
25 25.11.2009 00:00 26.11.2009 12:Q0 37
26 29.11.2009 18:00 01.12.2009 18:Q0 49
27 13.12.2009] 18:00f 14.12.2009  18:00 25
28 17.12.2009] 12:00f 18.12.2009  06:00 19
29 21.12.2009 06:00 22.12.2009 00:00 19
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6.2. Conversion of S60 Wind Speeds to S10 Wind Speeds on Vetielane

As summarized before, there is a need for vertical colovea S60 wind speeds to
obtained S10 wind speed so that S10 vs E10 wind speeds, whiclvemtlually be
carried to the same elevation on the same environment, camigared. This is the

first step of trying to determine relationship between S10Edttwind speeds.

With this aim, the power law approach given below is used;

16
|T = H [6.2]

In this formula, Yoand U are the wind speeds at heights 10 and 60, respectively.
is called Hellman exponent/coefficient depending on the atneospstability and

surface roughness,Z

For this approach to be applied for vertical conversions atsite, coefficients
representative of this site are needed. These valuebecachieved by comparing
E100 and E10 wind speeds available for the period of 2011-2013 undeCkihe/F

operational analysis data set. The details of this strelgigen in Section 6.2.1.
6.2.1. Comparison of E10 and E100 Wind Data

In this part of the study, firstly E10 and E100 wind speedsvand directions are
obtained from the “Operational Archive” located within theasfi ECMWF website
(www.ecmwf.int). Since ECMWEF start to include E100 wind dagaimilation after
2011, there is no available E100 wind data within operationalysinatlata set
covering the period of 2009-2010 which coincides with the periddnof-based in-
situ wind measurements. Thus, it is believed that usingger period of 2011-2013
covering 3 years for the aim of achieving representatigeefficient applicable for
vertical conversions would be convenient. However, since omlyefficient for the
sea directions (WSW-ESE sector) are needed, only E10 andvwiri@@lata of these

directions are considered.

At first step, E10 and E100 wind speeds and directions are dowdléad@011-
2013 period, followed by the sorting out the wind directions othem WSW-ESE
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sector. SimultaneousE10 and E100 wind speeds aedtidins are plotted in Figure

6.1 and 6.2, respectively to see the general difisgs and trends.

Figure 6.1: E10 Wind Speeds vs E100 Wind Speeds

Figure 6.2: E10 Wind Directions vs E100 Wind Directions
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The results indicate that E100 wind speeds are slightly higharE10 wind speeds
which are expected. In Figure 6.2, the relation betweHh and E100 wind speeds
are presented as best fit with the following equation;

L'<< "#<$)L'<0< "= [6.3]

In addition to linear best fit, the mean and standard demiat@lues for E100/E10
wind speed ratios are also calculated and the relationshied® E100 and E10

wind speeds is found as;
L"<< ""$M<"= L< [6.4]

As for Figure 6.2, the plotted simultaneous E100 and E10 windtiding indicate
that overall harmony between them is good. The dots situated at nigdgtecorner

and lower left corner of Figure 6.2 is the reason attribtdede circular nature of the
data that is plotted. Since the reference direction, Njeisoted as 0° and the
directional angles increase in clockwise direction up to 36@twalso denotes, N
direction, the aforementioned dots in upper right and lowectefters represent the
winds blowing from northern sector with E100 and E10 winds have slight
differences, one blowing from the right side of 0°, other blowing filmenleft side of

0°.

In order to have a better understanding of the E100-E10 wind dimattifferences,

mean directional difference and its standard deviatioralsutated from E100 and
E10 wind directions. The directional differences are calcuiatatsolute values and
the formulization is arranged to take into account the nortbector where sudden
directional changes between angles due to 0°-360° inteffheeresults indicate that
E100-E10 directional difference 2.7° £ 7.1°, meaning that the €liféer is almost

within -5° - +10° range. This can be assessed as E100 and Bd® aimost blow

from the same sector with slight directional changes in dmtwelevations of 10 m
and 100 m.

Moreover, in order to understand if wind speeds play somdrrdieese directional
differences, E10 wind speeds are plotted against E100-E10 wdirettion
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differences in Figure 6.3. The directional differes are presented in sectoral forms

for the relevant figures.

Figure 6.3: E10 Wind Speeds vs E100-E10 Wind Direction Diffexes

As seen in Figure 6.3, as E10 wind speeds decrdhees is a tendency for
directional change for the winds. This may be latited to the effect of surface
roughness on lower wind speeds. However, a defooteclusion is hard to obtain
only by looking into Figure 6.3. In addition to shrepresentation, atmospheric

stability conditions also need to be searcheddohr@ precise enough conclusion.

Since it is observed that wind speeds smaller ¢heertain value is affected more by
certain factors, it is thought to perform additiooéiservations if it is the same for
wind speed differences. For this aim Figure 6.4répared in which E100-E10 wind
speed differences are plotted instead of wind spiféerences, which is a different

representation of relations between E10 and E10d speeds.
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Figure 6.4: E10 Wind Speeds vs E100/E10 Wind Speed Ratios

It is comprehended from Figure 6.4 that as E10 vspdeds increase, E100/E10
wind speed ratios tend to converge to a slightgghér value than 1.14 which was
previously specified as the average E100/E10 wpekd ratio. As for smaller wind
speeds, the E100/E10 wind speed ratios have waahgger which may be the clue of
a similar conclusion reached for E10 wind speedsE$60-E10 wind direction

differences.

Furthermore, in order to see if there is any treidE100-E10 wind direction
differences and E100/E10 wind speed ratios foragertlirections Figure 6.5 and

Figure 6.6 are prepared.
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Figure 6.5: E10 Wind Directions vs E100-E10 Wind Direction feiiences

Figure 6.6: E10 Wind Directions vs E100/E10 Wind Speed Ratios

It is observed from both figures (Figure 6.5 angl) @hat there is not a certain trend
neither between E100-E10 wind direction differenaad E10 wind directions nor
between E100/E10 wind speed ratios and E10 wirettiims.
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After concluding the comparisons between E10 and@OEWind speeds and
directions, in order to achieve a meaningful anoresentative vertical profile that
can be represented as a power law relation bet&&8nand E100 wind speeds,

coefficients are found using the E10 and E100 vépdeds. In Figure 6.7, general
trend of coefficients with respect to E10 wind speeds aesgnted. In Figure 6.8,

E10 wind directions are plotted against the cowadmg coefficients.

Figure 6.7: E10 Wind Speeds vsCoefficients

In Figure 6.7, it is seen that coefficients converge to a slightly higher valws f
higher E10 wind speeds than the average valuesnausdor smaller E10 wind
speeds. This is a similar finding like the one féigure 6.4 which involves
relationships between E10 wind speeds and E100/&4€ speed ratios. For lower
wind speeds, coefficients show wider range, even negative \@ake determined
which indicates that E100 wind speeds are smailen £10 wind speeds. Looking
into Figure 6.8, there seems to be no directiorticglebetween E10 wind directions

and coefficients.
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Figure 6.8: E10 Wind Directions vs Coefficients

Considering that coefficients and their ranges differ for E10 wigpeeds, it is
considered to obtain coefficients for different E10 wind speed clasSd®e results

are shown in Table 6.2 covering mean and standafidtam values.

The results in Table 6.2 show that the averageitondat E10 location (42.20°N —

34.90°E) is unstable air above open water surfatle ezcasional neutral air above
open water surface conditions and very rarely umstair above flat open coast.
With the rarely observed conditions of unstableahiove flat open coast, the location
is proofed to be regarded as sea according to ECMiMB data. The rare unstable
air above flat open coast may be the results gfrigimity to land, which is around

12 km.

It is also important to decide whichcoefficients given in Table 6.2 to use in vertical
conversion of wind speeds. In order to have an,iB&80 wind speeds are calculated
using E10 wind speeds and meaanoefficients for different E10 wind speed classes
and the results are plotted in Figures 6.9 to 6EI1)0 wind speeds calculated by

suing the vertical profile and meancoefficients are regarded as “Calculated E100
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Wind Speeds” in the related figures. E10 wind speed classg@orresponding

coefficients that are used are summarized as;

Mean coefficients for all E10 wind speeds in Figure 6.9,

Mean coefficients for “E10 10 m/s”, “5 m/s E10 < 10 m/s”, “3 m/s

E10 <5 m/s” and “E10 < 3 m/s” wind speed classes in EigutO,

Mean coefficients for “E10 5 m/s”, “3 m/s E10< 5 m/s” and “E10 < 3
m/s” wind speed classes in Figure 6.11,

Mean coefficients for “E10 3 m/s” and “E10 < 3 m/s” wind speed classes
in Figure 6.12,

Mean coefficients for “E10 15 m/s”, “10 m/s E10 < 15 m/s”, “5 m/s

E10 <10 m/s”, “3 m/s E10 >5 m/s” and “E10 < 3 m/s” wind speed classes

in Figure 6.13,

Table 6.2: coefficients for different E10 wind speed classes

Wind Speed Classes Coeffictents
Mean Value + Standard Deviation

All 0.053 + 0.059
E10 10 m/s 0.073 £ 0.022
5m/s E10<10 m/s 0.060 + 0.032
3m/s E10<5m/s 0.047 £0.042
E10 <3 m/s 0.039 £ 0.012
E10 5m/s 0.062 + 0.030
E10 3 m/s 0.057 £ 0.039
E10 15m/s 0.086 + 0.011
10 m/s E10<15m/s 0.072 £ 0.022
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Figure 6.9: Calculated E100 Wind Speeds vs E100 Wind Speeds 1

Figure 6.10: Calculated E100 Wind Speeds vs E100 Wind Speeds 2
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Figure 6.11: Calculated E100 Wind Speeds vs E100 Wind Speeds 3

Figure 6.12: Calculated E100 Wind Speeds vs E100 Wind Speeds 4
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Figure 6.13: Calculated E100 Wind Speeds vs E100 Wind Speeds 5

Analyzing Figure 6.9-6.13, it is observed that las humber of data increases, R
increases and the more E10 wind speeds dividednimo speed classes, thesmaller

R?values are, which is also seen in the standarchtiemivalues given in Table 6.2.

On the other hand, it would be slightly advantagetm use mean coefficient
values for various E10 wind speed classes, espewilien it is considered that for
higher wind speeds, coefficients increase, thus in case of using meeoefficients
for few E10 wind speed classes or for all E10 wamkeds, there would be an
underestimation for higher wind speeds which is vaitical in terms of extreme
wave studies in coastal engineering applicatiorfserdfore, it is decided to use
different mean coefficients for E10 wind speed classes of “E106 m/s”, “10 m/s
E10 <15 m/s”, “5 m/s E10 < 10 m/s”, “3 m/s E10 > 5 m/s” and “E10 < 3 m/s”

for the upcoming studies.
6.2.2. Comparison of S10 Wind Speeds and E10 Wipdéesis

To start with, using the meancoefficients for different E10 wind speed clasass

mention above, S10 wind speeds are obtained usi@gvB®l speeds. The results are
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plotted into figures and arranged in Appendix A. It can be &&en the figures in
Appendix A that, while the horizontal conversion of L60 wind speedsecancrease
in wind speeds on sea, which are denoted as S60, the vestivarsion of S60 wind
speeds to 10 m above MSL cause decrease in wind speeds aedultiag wind

speeds 10 m above MSL are regarded as S10 wind speeds.

The second stage is to observe the relationship betweear81B10 wind speeds
and to see if the results are in parallel with the prevgtudies in the literature for
enclosed and semi-enclosed basins such as the Black Skeauld be noted that the
studies mentioned in Chapter 2 are all performed in the tbteainean Sea which is
an enclosed basin, the Adriatic Sea and the Aegean \Beiah are within

Mediterranean Sea basin but regarded as semi-enclosed Bdnindings will

affirm that the aforementioned studies, assumptions’ andlatitms are applicable

and good choices.

Initially, S10 and E10 wind speeds are plotted as figuresttier chosen 29
continuous data set (Appendix B). 6 hourly E10 wind speeds aredphtsingle
dots for their corresponding hours, whereas hourly S10 wind speedstaed plith

smooth line in order to easily observe changing trends of 3id speeds. At this
stage, since there is no indication on which representafidgh hourly E10 wind
speeds, in other terms how to combine 6 hourly E10 wind speedpresent hourly
E10 wind speeds, would give better correlations between E10 and 8dGpgeds,

6 hourly E10 wind speeds are not linked to each other.

Although it is hard to have an overall idea of the corr@abetween 6 hourly E10
and hourly S10 wind speeds due to few number of comparativettidated to the
6 hour time interval of E10 wind speeds, it can be said tkedpe a few hours of
data, S10 wind speeds are higher than E10 wind speeds. Thas, be concluded
that ECMWF underestimates wind speeds. It is really tardpecify anything

related to the underestimation values by visual observatign on

Therefore, in addition to the graphical representation of hod@y&hd 6 hourly E10
wind speed differences, it would be quite good to have a nhumericatstading of
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the situation in terms of S10/E10 wind speed ratios for 6 hoenvads. These values
are calculated considering all of the 6 hourly wind spee@® afontinuous data sets
coinciding with E10 wind speed data times. The results arenswized in Table 6.3.
Moreover, in order to have a better idea, S10-E10 wind spdtatedices also

calculated and the results are given in Table 6.3.

Table 6.3: S10/E10 wind speed ratios for various S10 wind speed classes

considering 6 hourly wind data

i ] S10-E10 Wind Speed
S10/E10 Wind Speed Ratios ]
] Differences
Wind Speed Classes
Mean Value + Standard Mean Value + Standard
Deviation Deviation

All 1.65+1.28 2.82+2.10
S10 15m/s 1.46 £ 0.21 5.24 +1.86
10 m/s S10 < 15 m/s 1.50 + 0.48 3.44 +1.69
5m/s S10< 10 m/s 1.65 + 0.85 2.26 +1.88
3m/s S10<5m/s 1.76 £ 1.47 0.82+1.55
S10<3 m/s 5.19+7.79 0.61 +1.69

The values in Table 6.3 makes it possible to observe while é/HoL® wind speeds
are underestimated in general, the underestimation is highéigher wind speeds
meaning that peaks in storms are possibly missed, whichlsarbe seen in figures
in Appendix C. It may also be said that for atmospheric camditof S10< 5 m/s,

some E10 wind speeds are higher than S10 wind speeds.

Simultaneous 6 hourly S10 and E10 wind speeds are plottedureFégl4 to see if
there is a correlation that may describe the aforementioneérestimation. In
Figure 6.14, both y=Ax+B type and y=Ax type best fits arevdrand R values are

also specified in the figure.
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Figure 6.14:6 Hourly E10 Wind Speeds vs 6 Hourly S10 Wind $isee

It is seen that a 'y = Ax + B type best fit betwé&ehourly S10 and E10 wind speeds
have higher Rvalue. Therefore, instead of using a y=Ax typaeation, a y = Ax +

B type correlation may work better for modifying éunly E10 wind speeds.

However, it should be noted that performing compeaussonly for 6 hourly wind
data would much likely be not enough for obtainingaarelation so that overall
representation of S10 wind speed changes by modgit@ wind speeds can be
achieved. Moreover, variability of wind measuremepgsformed at coastal areas is
significantly higher than that of offshore wind rseeements due to several reasons.

These reasons some of which are shown in Figudedai be summarized as;

Sea breeze
Land breeze (i.e. mountain slope winds)

Turbulence

A sea breeze is a gentle wind that develops ove&Frwhodies near land due to

differences in air pressure created by differeit l@apacities of land and sea. It is
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commonly observed along coasts during morning dueth® fact that solar

radiation heats the land more quickly than watark@man, 1995).

A land breeze is the reverse of sea breeze, cadyseatbre quickly cooling of land
compared to water in the evening. The sea breegpdiss and the wind flows from

the land towards the sea (Ackerman, 1995).

Turbulence is defined as the small-scale, irregailamotions characterized by winds
that vary in speed and direction. It is importantéaese it mixes and churns
the atmosphere and causes water vapor, smoke, &ed siibstances, as well as
energy, to become distributed both vertically aratizontally. Turbulence near
Earth’s surface differs from that at higher levéislow levels (within a few hundred
meters of the surface), turbulence has a markedalivamiation under partly cloudy

and sunny skies, reaching maximum about midday (witanica.com).

Figure 6.15: Variability of Winds (Bierbooms, 2006)

Figure 6.15 shows possible variability in wind speeThis variability is very
important, since they may influence the wave climétehe region significantly.
Especially, sea breezes may have important impactgawe climate during several
months or seasons. Neetu et al (2006) showed thatgddovember-May period

where sea breezes dominate the coastal regiomsliaf la single event indicated that
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the average fetch distance along which sea breezes arraons 77 km with a
standard deviation of 43 km. Aboobacker et al (2014) performédilarsstudy for
the same region and found that sea breeze induces wind segharated roughly
around 210 km off Goa in northwest direction. He also concluggsdtie to very
limited fetch for land breezes, they have no significant efiactind sea generation.
It should be noted that the shortest fetch for the relaigatibn that both studies are
performed is approximately 1700 km and the longest fetch is around X900
Compared to those distances, 210 km is very small, but on thehathe since sea
breezes are active during seasons of weak large scale wirsdsaturally expected
that they have influence in wave generation. As for Blaak &ast of Turkey or for
the study site, there is no reference information regaildicey sea and land breeze

patterns.

In addition to the information given above, among several previiugies
mentioned in Chapter 2, how the data may be smoothed toooverttese effects are
discussed for situations when limited data is available. Ca\zald Bertotti (1997)
mentions that the lack of data can be overcome by loaalbothing the wind fields,

meaning smoothing the improperly resolved small-scale featutee wind data.

Depending on the findings of Cavaleri and Bertotti (1997) and takitogaccount
the aforementioned information on factors causing variabilityind speeds, it is
decided to overcome high variability in the wind data soalggneral and smoothed
trend may be obtained. It is natural to expect thabitld/ be easier to resemble this

smoothed trend with modified E10 wind speeds.

Even though, the smoothing of S10 wind speeds are performed, it naute: easy
to find correlations to modify 6 hourly E10 wind speeds to reseréltourly S10
wind speeds based only on simple comparisons, since the total nofrdsga that
can be used is 222. Moreover, there is a possibility thatdhrelations may vary for
different wind conditions such as storm peaks, increasing wiedds, decreasing
wind speeds, downs, and etc. which are also observed in figutgpandix C. The
seasonal and directional variations are not even mentionedbdemase there is not

enough data to perform these studies even though hourly wind speed songari
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may be performed. Especially concerning seasonal compariberdata of at least 2
consecutive data of the same season is needed, which roughlyg thatat least 2

year data is needed.

On the other hand, these new comparisons regarding different coimditions
cannot be performed with only 222 data. There is a need teaseithe available 6
hourly E10 wind data. This can only be achieved by obtaining E10 spedds at

smaller time intervals such as hourly E10 wind speeds.

As mentioned in Chapter 1, one of the aims of this thesis &udybe able to obtain
hourly E10 wind speeds and another one is to be able to modify E1Gpeeds to
successfully resemble S10 wind speeds or in other terms, ao ohbdified E10

wind speeds with good representation of wind speeds during storms.

With application of this new and somehow complicated methatttease E10 wind
speed data points, performing comparative studies to fineglatans for different
wind conditions and modifying obtained hourly E10 wind speeds, all osttted

aims would be achieved.

In this method, the first step would be to obtain hourly E10 wisegtds by adapting
and applying a certain approach. In this approach, successive 6 EAOrlwind
speeds would be linked to each other with easily applicabieematical relations. It
is also thought that the simpler the relation is, the e@si@pplication is, and it is
imperative that the decided approach would result in good conndwutioreen 6
hourly wind speeds so that the general trend of E10 wind speesimblesthe

general trend of S10 wind speeds especially for storms.

There are two methods that may be applied in order to conrtemtréy E10 wind

speeds:

Spline Method

Linear Connection Method

In the spline method, each successive 3 data points (6 hdlblyikd speeds) are

defined using a different formula and the data in betweeh 6ahour interval is
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obtained from these formulations. Since different formulas aplied to each
successive 3 data point, this can only be performed with arfuaingrogram such as
MatLAB. It should be noted that for this method to be applieeke is a strong need
for uninterrupted continuous data set. Since with adding or exigaofi even one
data at one of the boundaries of the data set, meaning changingmber of data

points, almost all of the formulations change.

A simpler way to explain this method is providing a hypothetigah®le. Provided
that only 5 successive 6 hourly wind data of a storm whithallg consists of 8
successive 6 hourly wind data exists, the results of theespiethod considering 5
data and 8 data would not be the same. It is expected to elikex\situation very
often for the 29 continuous data sets that are considered istalaly, since most of
these continuous data sets consist of certain parts of a stemh ©nly a few of
these data sets cover a storm event in total. Thus, the apénaf method should be

considered and evaluated very thoroughly.

In the linear connection method, successive 6 hourly E10 wind speedsnnected
to each other with simple linear lines. This means thith application of this
method, it is assumed that there won't be any sudden chariitpés tivese 6 hour
intervals. This assumption would definitely bring some unceyamtthe data set.
On the other hand, it would make it simple forward to obtainrticerelationship
between the smoothed S10 wind fields and E10 wind speeds. tioaditiere won't

be any problems for missing storm data as discussed previousigline method.

Although the application of simple linear connection seems adwaoiagn terms of
simplicity and applicability, it is also important to se&igh method gives better
results in terms of its resemblance with S10 wind speedsder to observe this, the
results of spline and linear connection methods are plott&igures 6.14-6.25 for
several of the 29 continuous data sets. The data setsam®ncrandomly. Moreover,
in order to better understand the general trend similarfi#8,wind speeds are also

smoothed. The smoothing process has been performed in theiriglisteps:
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At first, S10 wind speeds are smoothed by designating the avefa§
consecutive hourly S10 wind speeds to the middle point. This ie gasily
observed in equation 6.5. These average values are den@&d,as

Since enough smoothing cannot be achieved by obtaining.340d speeds,
at second stage, 6 hourly SJ0wvind speeds with linear line which is very
similar to the method used for connecting 6 hourly E10 winckdspeln
several situations where the variability changes signifigansieveral
modifications are performed such as skipping the middle (i) 6lh&11Q, e
wind speeds and connecting the 6 hourly wind speeds at i-6 andhe4$ ti

In several continuous data sets, there are no resemblanceibétwdrend of
E10 wind speeds and S10 wind speeds, and in some cases there is no
possibility for E10 wind speeds to reach the peaks of ttvens. There are
several possibilities for these situations some of whichbmanlenoted as
extremely undulating wind fields, time lack between S10 andviza data,
sudden small-scale features resulting in trend changeisher €10 or E10
wind speeds, and etc. During smoothing, since it would not bebjgoss
modify E10 wind speeds for these cases due to limited wited theese parts
of the storms are not included in the smoothing process andiswsdhe
smoothing has missed these peaks. More data is needed anendiffer
methods such as artificial neural network applications shoeldplied
considering seasonal and directional comparisons as sgebifi&Veisberg
and Pietrafesa (1983),

N'<c N'< co &N'<co& N"<c& N"<cp & N"<cp : [6.5]

The smoothed S10 wind speeds which are denoted as S1Q,. wind speeds,
hourly E10 wind speeds found by linear connection and spline methopotee in
figures that are placed in Appendix D. In the related &guE10 wind speeds that
are connected with each other by spline method are dencted@sSpline” and the

linearly connected E10 wind speeds are regarded as “E10L".
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With the smoothed S10 wind fields and linearly connected E10 wmaeds, it
would be possibly easier to come up with correlations betweeraisd 10 wind

speeds. The correlation process is given in full detafierfollowing section.
6.3. Studies on Correlation between S10 Wind Speeds and E10 WiBpeeds

As mentioned in Chapter 1, one of the aims of this study ise able to obtain a
modification method for E10 wind speeds so that E10 wind speegsal®a be
applied for durations where no in-situ wind measurements exist, @bhieving a

general site-specific modification is regarded as onbeohims of the study.

Based on the visual observations of the figures in Appendix [@dotinuous data
sets, it is observed that there may be different situationsdecreasing and
increasing wind speed conditions. In addition, each wind speateld in between 6
hour intervals may also have different modifications during asirgy and
decreasing wind speed conditions. Thus, for further comparisoiss,décided to
divide the increasing wind speeds denoted as “developing windsteecréasing
wind speeds regarded as “calming winds”. Developing winds almtirey winds are
also subdivided depending on the relationship between four sivecédssourly E10
wind speeds. This situation is explained graphically in Figuté. The dots shown
in Figure 6.16 denote the successive 6 hourly E10 wind speeds. t8ase wind
speeds are linearly connected, it would be best to reyiré¢lse developing and
calming winds by using 6 hourly original E10 wind speeds. The dpwvej and
calming wind types specified in Figure 6.16 are for thedr connected line in the
middle denoted in dotted red ellipse. It is visually observed tihe wind speed
change or in other words slope of the previous and the next toeaection tend to

change the relationship between E10 ands840d speeds.

Before starting to categorize into 8 different typesiasrgin Figure 6.16, in order to
see the impact of smoothing of the wind fields frvRlues as well as the correlation
between hourly E10, S$0S1Q.. wind speeds and hourly S10 wind speeds, Figure
6.17 is prepared. As seen in Figure 6.17, the linearized coomdetween 6 hourly

E10 wind speeds do not cause any problems in terms of corretai&fficient
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whereas Rvalue is slightly bigger than the’ Ralue of correlation between 6 hourly
E10 and S10 wind speeds. This is a good indication that linear cammawthod
may be implemented for linking 6 hourly E10 wind speeds. It & s¢&n in Figure
6.16 that R values are 0.96 and 0.85 respectively for,5M S10 and S1&/s S10
wind speeds. This shows that the smoothing slightly incredsesvind speed
differences between S10 and S$tinds. While assessing thé Ralues, the fact that
some of the data sets do not show good relationship betweean81810s wind
speed trends due to the fact that small scale feat@wasorsal variations, and so on
are observed. Therefore, it would be better to evaluatee thalues for standard

storms and example of which can be seen in Figure D2#pendix D.

Type-1A (Developing Winds) Type-1B (Developing Winds)
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Figure 6.16: Developing and Calming Wind Types
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Figure 6.17: Correlations between E10L, S$1&1Qy. Wind Speeds and S10 Wind
Speeds

The comparative studies have been performed consgl#rat the first two points,
the middle two points and the last two points of cessive 6 data points on
developing and calming winds for all types havefedént modifications. This
assumption is considered to see if the behavidhedeveloping and calming winds
change in time. This is more easily observed in Eidul8 giving a schematic view

of this explanation.
Four different comparisons are performed and theselescribed as:

Method 1: The first two, middle two and the last tpa@ints of the calming
and developing winds are handled separately fan &gme and the data sets
are arranged in a descending order based on E1@ speeds. S10s/E10
wind speed ratios are calculated and E10 wind speeel plotted against
their corresponding S10s/E10 wind speed ratioss Thperformed in order
to see if best fits can be attributed to these lggagop that modifications can
be related to E10 wind speeds by formulation. Tharsgifferent wind speed

classes, formulas are obtained to calculate modific@befficients.
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Method 2: Just like in Method 1, the first two, middle tarad the last two
points are considered together. In this method, the developingaémihg
winds are categorized according to the wind speed differdretegen two
successive points on the same linear line. This would givdea if there is
any relationship between the speed at which storms dewelcgdm and the
correlations between SJd0and E10 wind speeds. Furthermore, after
categorizing according to wind speed change between two consecutive
points on a linear line, which will be denoted a$ from now on, a further
categorization is performed according to the E10 wind speed&lasThe
modification coefficients for each sub-category are found bywltzing the
mean S1$E10 wind speed ratios.

Method 3: This method follows the same steps as Method 2 the ant for
each sub-category, the modification coefficients areegéléd formulations
depending on E10 wind speeds just like in Method 1.

Method 4: In this method, the same process | followed descirbktgthod

1 except that at the final stage, the correlation betviEs¢hand S10wind
speeds are calculated as meand&l10 wind speed ratios for different E10

wind speed categories.

Figure 6.18: Schematic View of Categorization for Modification Studies

The results are given in graphical forms in Appendix E fethidds 1 and 3, whereas
the tabulated form of the results are provided in the below tédbése 6.4-Table
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6.35). In these tables, the modification coefficient betw®2Q and E10 is denoted
as “Mod”. After linear connection of 6 hourly E10 wind speeds.atmeunt of data
that can be used in comparisons are increased 6 timesprokiges opportunity to
sort the data into several categorizes depending on the wied spanges and 6
hourly wind speed change trend of a linear line with respetietprevious and next
linear lines. Moreover, sorting the wind speeds according to riegnitudes is also
considered. As a result, the increased number of datéssaibdivided, resulting in
smaller sized data sets for each sub category. Although thmgysbrsome
disadvantages due to smaller data sets to comparebdiég/ed that most of the
comparisons will provide good and representable enough results in tdrms
correlations between E10 and $1By looking into figures given in Appendix E, it
is obviously concluded that for most of the categories, slaéais quite good. On the
other hand, for some comparisons, the data size is not big ettogghwell enough
results. However, as there is no additional wind data fordigi®n, it is decided to
continue with the results of these comparisons and use theicatdis found in

each method to estimate modified E10 wind speeds.

Table 6.4:Method 1 Results for Modification Coefficients (Type-1A)

Points Wind Speed Classes Modification Coefficidmbd)

Lo E10 8.75m/s Mod = 0.0065 E10 + 1.1898
E10 < 8.75 m/s Mod= 3.0068 Eit*

E10 9m/s Mod= 0.0052 E10 + 1.2196
3-4 57
E10<9m/s Mod= 2.7688 EX6>

c 6 E10 9m/s Mod = 0.0017 E10 + 1.2765
E10<9m/s Mod= 2.9109 E?6"
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Table 6.5:Method 2 Results for Modification Coefficients (Type-1A)

. i Mean + Standard Deviatior]
Points Classes Wind Speed Classes
(Mod)
0.35 E10 5m/s 1.32+0.09
E10<5m/s 2.16 +0.15
1-2 0.35> 0.05 All E10's 1.24 +0.08
E10 6m/s 1.35+0.10
<0.05
E10 <6 m/s 1.87+0.01
E10 6m/s 1.30+0.10
0.35
E10 < 6 m/s 1.82+0.10
3-4 0.35> 0.05 All E10's 1.26 + 0.08
E10 6m/s 1.37 £ 0.07
<0.05
E10 < 6 m/s 1.89+0.01
E10 7 m/s 1.29+0.13
0.35
E10<7 mls 1.57 £+ 0.07
5-6 0.35> 0.05 All E10's 1.28+0.11
E10 6m/s 1.40 £ 0.04
<0.05
E10 <6 m/s 1.91+0.01

Table 6.6: Method 3 Results for Modification Coefficients (Type-1A)

_ Wwind Speed L -
Points Classes Modification Coefficient (Mod)
Classes
E10 9m/s Mod = -0.0294 E10 + 1.5666
0.35 i
Lo E10<9 m/s Mod= 3.6355 E?4"
0.35> 0.05 All E10's Mod= 1.3877 EI™
<0.05 All E10's Mod= 3.2804 E10¢
0.35 All E10's Mod= 2.8993 E1™
3-4 0.35> 0.05 All E10's Mod = 1.509 EIt™*
<0.05 All E10's Mod = 3.0606 ET5™
0.35 All E10's Mod = 2.3637 E1T™
5-6 0.35> 0.05 All E10's Mod = 1.6413 EI0™
<0.05 All E10's Mod = 2.8813 ETH™
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Table 6.7:Method 4 Results for Modification Coefficients (Type-1A)

Points Wind Speed Classes Mean + Standard Devi@tlod)
E10 5mis 1.28+0.10
2 E10<5mis 1.78 £ 0.39
E10 5.5mis 1.29+0.09
34 E10<5.5mis 1.69+0.25
E10 6.5mis 130+0.11
>0 E10<6.5mis 1.63+0.22

Table 6.8:Method 1 Results for Modification Coefficients (Type-1B)

Points Wind Speed Classes Modification Coefficigmbd)

12 E10 7 m/s Mod =-0.0113 E10 + 1.3996

E10< 7 m/s Mod= 2.3208 EX§*

E10 8 m/s Mod= -0.0021 E10 + 1.2991
3-4

E10 <8 m/s Mod= 2.2677 EX6”

E10 8 m/s Mod=-0.0016 E10 + 1.2774
5-6

E10 <8 m/s Mod = 2.1699 E¥6~

Table 6.9:Method 2 Results for Modification Coefficients (Type-1B)

Points Classes Wind Speed Classes Mea.n i Standard
Deviation (Mod)
0.20 All E10's 1.31+0.09
E10 12 m/s 1.28 + 0.00
12 <0.20 45m/s E10<12m/s 1.32+0.18
E10<4.5m/s 1.80+0.15
0.20 All E10's 1.27 £+ 0.06
E10 11.5m/s 1.23+0.06
34 <0.20 45m/s E10<11.5m/s 1.35+0.15
E10<4.5m/s 1.74 + 0.07
5-6 0.20 All E10’s 1.24+0.12
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Table 6.9 (continued)

E10 11.5m/s 1.29 +0.00
<0.20 45m/s E1I0<11.5m/s 1.33+0.14
E10<4.5m/s 1.69 + 0.02

Table 6.10:Method 3 Results for Modification Coefficients (Type-1B)

Points Classes Wind Speed Classes  Modification Coeffidigiod)
0.20 All E10's Mod = 1.5628 E10*
1-2 E10 8 m/s Mod = 0.087 E10 + 1.201
<0.20 -
E10 <8 m/s Mod= 2.343 EXG
0.20 All E10's Mod = 1.4926 E19"
3-4 E10 8 m/s Mod = -0.0045 E10 + 1.3515
<0.20
E10 <8 m/s Mod = 2.2669 EY6"
0.20 All E10's Mod = 1.4964 E19™
5-6
<0.20 All E10's Mod = 2.0275 ETH*

Table 6.11:Method 4 Results for Modification Coefficients (Type-1B)

Points Wind Speed Classes Mean + Standard Devi@ilod)
E10 10 m/s 1.24 + 0.05
8 m/s E10<10m/s 1.29+0.13
12 4mis EL0<8mis 1.34+0.14
E10<4 m/s 1.80+ 0.15
E10 10 m/s 1.24 + 0.05
8 m/s E10<10m/s 1.31+0.11
4 5mis EL0<8 m/s 131012
E10 <5 m/s 1.74 + 0.07
E10 10 m/s 1.26 £0.11
8 m/s E10<10m/s 1.26+0.14
>6 6m/s EL0<8 m/s 1.32+0.13
E10 <6 m/s 1.69 + 0.02
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Table 6.12:Method 1 Results for Modification Coefficients (Type-2A)

Points Wind Speed Classes Modification Coefficidgmbd)
E10 10 m/s Mod = 0.0037 E10 + 1.2904
1-2 8m/s E10< 10 m/s Mod= 0.0384 E10 + 0.9161
E10<8m/s Mod= 2.6803 E?§"
E10 7 m/s Mod = 0.0116 E10 + 1.2252
3-4
E10<7 m/s Mod = 3.1364 EY4*
E10 7 m/s Mod= 0.0072 E10 + 1.3151
5-6 0(
E10< 7 m/s Mod= 3.6245 E20

Table 6.13:Method 2 Results for Modification Coefficients (Type-2A)

_ ] Mean + Standard
Points Classes Wind Speed Classes o
Deviation (Mod)
E10 10 m/s 1.48 £ 0.04
<-0.35
E10 <10 m/s 1.26 + 0.04
E10 10 m/s 1.31+£0.13
1-2 -0.20 > -0.35 7m/s E10< 10 m/s 1.31+0.11
E10<7 m/s 1.50+0.11
E10 8 m/s 1.18 £ 0.05
0> -0.20
E10 <8 m/s 1.41+£0.11
E10 9m/s 1.53+0.02
<-0.35
E10<9 m/s 1.38 £ 0.05
E10 10 m/s 1.34 £ 0.13
7m/s E10<10m/s 1.35+0.10
3-4 -0.20 > -0.35
6m/s E10<7 m/s 1.43 +0.09
E10 <6 m/s 1.85+0.10
E10 8 m/s 1.20 £ 0.06
0> -0.20
E10 <8 m/s 1.46 £ 0.03
E10 9m/s 1.58 + 0.04
<-0.35
5-6 E10<9 m/s 1.53+0.10
-0.20 > -0.35 E10 12 m/s 1.42 £ 0.07
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Table 6.13 (continued)

7m/s E10<12m/s 1.39+0.12
5m/s E10<7mls 1.48+0.12
E10<5m/s 2.24+0.17
E10 7m/s 1.21+0.09
0> -0.20
E10< 7 m/s 1.51+0.07

Table 6.14:Method 3 Results for Modification Coefficients (Type-2A)

_ wind Speed o o
Points Classes Modification Coefficient (Mod)
Classes
<-0.35 All E10's Mod= 0.032 E10 + 1.028
E10 8 m/s Mod = -0.0038 E10 + 1.3527
1-2 -0.20> -0.35 o
E10<8 m/s Mod= 2.6277 EX§
0> -0.20 All E10’s Mod= 2.137 EIt%
<-0.35 All E10's Mod = 0.023 E10 + 1.231
E10 8 mis Mod = -0.0066 E10 + 1.421
3-4 -0.20> -0.35 .
E10 <8 m/s Mod = 3.2604 EY6™
0> -0.20 All E10's Mod = 2.256 EI%'
<-0.35 All E10's Mod = 0.006 E10 + 1.5
E10 7 m/s Mod= -0.0105 E10 + 1.5023
5-6 -0.20> -0.35
E10<7 m/s Mod = 3.9294 E¥6>
0> -0.20 All E10's Mod = 2.352 EI%*

Table 6.15:Method 4 Results for Modification Coefficients (Type-2A)

Points Wind Speed Classes Mean = Standard Devi@lod)
E10 12m/s 1.33+£0.12
9m/s E10<12m/s 1.32+0.13
b2 7mis E10<9 mis 1.25 £ 0.10
E10 <7 m/s 142 £0.12
E10 12 m/s 142 +0.11
4 9m/s E10<12mis 1.3310.13
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Table 6.15 (continued)

7m/s E10<9m/s 1.32+0.12

4m/s E10<7mls 1.43+0.06

E10<4 m/s 1.85+0.11

E10 11.5m/s 1.49+0.12

8 m/s E10<11.5m/s 1.35+0.14

5-6 6m/s E10<8m/s 1.40+0.13
4m/s E10<6m/s 154 +0.08
E10<4m/s 2.24 +0.17

Table 6.16:Method 1 Results for Modification Coefficients (Type-2B)

Points Wind Speed Classes Modification Coefficidmbd)

Lo E10 8 m/s Mod = -0.0038 E10 + 1.3722
E10<8m/s Mod= 3.7783 E26*
E10 6 m/s Mod = 2.504 EIO*

3-4
E10 <6 m/s Mod = 3.6819 EY§’
E10 6mis Mod= 2.1517 EIt*

5-6 -
E10< 6 m/s Mod= 4.049 ET0

Table 6.17:Method 2 Results for Modification Coefficients (Type-2B)

_ ) Mean * Standard
Points Classes Wind Speed Classes o

Deviation (Mod)

<-0.35 All E10's 1.42 +0.08

E10 7 m/s 1.23+0.05

10 -0.20> -0.35 3.5m/s E10<7 m/s 1.57+0.25
E10<3.5m/s 2.24 +0.15

E10 9m/s 1.13+0.01

0> -0.20

E10<9m/s 1.78 £0.10

<-0.35 E10 8 m/s 1.40 £ 0.05

3-4 E10 <8 m/s 1.75+0.12
-0.20> -0.35 E10 6 m/s 1.32+0.11
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Table 6.17 (continued)

4m/s E10<6 m/s 1.54+0.18
E10 <4 m/s 2.29+0.28
E10 9m/s 1.15+0.01

0> -0.20
E10< 9 m/s 1.72 +0.16
E10 7 m/s 1.41 +0.02

<-0.35

E10< 7 m/s 2.36 £ 0.35
E10 6 m/s 1.37 +0.16
5-6 -0.20 > -0.35 4m/s E10<6 m/s 1.57+0.12
E10 <4 m/s 2.70+£0.38
E10 8 m/s 1.17 +0.01

0> -0.20
E10 <8 m/s 1.65+0.22

Table 6.18:Method 3 Results for Modification Coefficients (Type-2B)

] Wind Speed o o
Points Classes Modification Coefficient (Mod)
Classes
<-0.35 All E10's Mod = 0.031 E10 + 1.119
E10 7 m/s Mod= 0.0215 E10 + 1.0235
1-2 -0.20> -0.35 .
E10<7 m/s Mod = 4.2795 EY&
0> -0.20 All E10’s Mod= 3.251 EI0*
<-0.35 All E10's Mod= 6.37 E10 — 0.68
E10 6 m/s Mod = -0.0189 E10 + 1.4702
3-4 -0.20> -0.35 z
E10<6 m/s Mod = 4.9025 EX¥®
0> -0.20 All E10’s Mod = 2.728 E10*
<-0.35 All E10's Mod = 6.388 E10 — 0.72
E10 6 m/s Mod = -0.0322 E10 + 1.6152
5-6 -0.20> -0.35 ,
E10<6 m/s Mod = 5.031 EXG*
0> -0.20 All E10’s Mod = 2.249 E1
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Table 6.19:Method 4 Results for Modification Coefficients (Type-2B)

Points Wind Speed Classes Mean * Standard Devi@ilod)
E10 6m/s 1.32+0.13
1-2 3.5m/s E10<6m/s 1.70+0.20
E10<3.5m/s 2.24 +0.09
E10 11 m/s 1.27 £ 0.00
3-4 3.5m/s E10<11m/s 1.53+0.25
E10<3.5m/s 2.19+0.38
E10 10 m/s 1.27 £ 0.00
5-6 3.5m/s E10< 10 m/s 1.58+0.32
E10<3.5m/s 2.70+0.38

Table 6.20:Method 1 Results for Modification Coefficients (Type-3A)

Points Wind Speed Classes Modification Coefficidmbd)
E10 9m/s Mod = 0.0365 E10 + 1.0824
12 E10 <9 mis Mod= 2.862 EX5°
E10 7.5m/s Mod = 0.0618 E10 + 0.8369
>4 E10 < 7.5 mis Mod = 2.9696 E10"
E10 8.5mi/s Mod = 0.0628 E10 + 0.8613
>0 E10 < 8.5 mis Mod = 3.2407 E10"

Table 6.21:Method 2 Results for Modification Coefficients (Type-3A)

_ ] Mean + Standard
Points Classes Wind Speed Classes o
Deviation (Mod)
E10 9m/s 1.33+0.08
<-0.40
E10<9m/s 1.58 +0.17
1o E10 11 m/s 1.63 +0.02
-0.20>  -0.40 6m/s E10<11lm/s 1.46 = 0.07
E10 <6 m/s 1.92 +0.23
0> -0.20 E10 8 m/s 1.44+0.10
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Table 6.21 (continued)

6m/s E10<8 m/s 1.40+£0.11

E10<6m/s 1.84+0.29

o0 E10 7.5mis 1.35+ 0.08
E10<7.5mis 1.76+ 0.22

E10 10mis 159+ 0.06

020> -040 | 5mis EL0<10mis 1.49% 0.10

4 E10<5 mis 1.93+ 0.20
E10 7.5mis 1.38+0.13

0> -0.20 45mis E10<7.5mis 1.39% 0.14
E10<45mis 1.99+ 0.18

<-0.40 E10 6.5 m/s 1.35¢ 0.08
E10<6.5 m/s 202+033

E10 9mis 155+0.10

020> -040 | 45mis EI0<9mis 153+ 0.14
>0 E10< 4.5 mis 1.95+0.23
E10 9mis 150+ 0.01

0> -0.20 5m/s E10<9m/s 1.31+£0.14
E10<5m/s 1.90 + 0.20

Table 6.22:Method 3 Results for Modification Coefficients (Type-3A)

Points Classes Wind Speed Modification Coefficient (Mod)
Classes

<-0.40 AllE10’s Mod = 2.7803 ETG”"

1-2 020> -0.40 AllE10’s Mod= 2.6543 EI0™
0> -0.20 AllE10's Mod= 2.5193 E1T"

<-0.40 AllE10’s Mod = 3.5778 ETG"

3-4 -0.20>  -0.40 AllE10’s Mod = 2.5669 E10*
0> -0.20 All E10’s Mod = 2.6842 E1G*

<-0.40 AllE10’s Mod= 4.3405 EI0"

5-6 -0.20> -0.40 AllE10's Mod= 2.5177 EIT*
0> -0.20 AllE10’s Mod = 2.8503 E10""
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Table 6.23:Method 4 Results for Modification Coefficients (Type-3A)

Points Wind Speed Classes Mean * Standard Devi@ilod)
E10 11 m/s 1.55+0.13
8m/s E10<11m/s 1.43+0.11
2 6mis EL0<8 m/s 150 £ 0.15
E10<6 m/s 1.89+0.24
E10 9.5m/s 1.53+0.09
7m/s E10<9.5m/s 1.38+0.13
>4 5m/s EL0< 7 mis 163+ 0.19
E10<5m/s 1.93+0.21
E10 9m/s 1.51 + 0.08
7m/s E10<9m/s 1.33+0.14
>0 45mis EL0<7mis 1.74+0.25
E10<4.5m/s 2.05+0.28

Table 6.24:Method 1 Results for Modification Coefficients (Type-3B)

Points Wind Speed Classes Modification Coefficidmbd)

12 E10 7.5m/s Mod= 0.001 E10 + 1.279
E10<7.5m/s Mod = 3.741 E1®

- E10 6 m/s Mod =-0.001 E10 + 1.321
E10 <6 m/s Mod = 3.8853 EX0"

E10 5m/s Mod = 0.001 E10 + 1.335
5-6 _
E10 <5 m/s Mod= 4.2592 EX¢™

Table 6.25:Method 2 Results for Modification Coefficients (Type-3B)

_ ) Mean * Standard
Points Classes Wind Speed Classes o
Deviation (Mod)
1-2 E10 8 m/s 1.57+0.01
<-0.40 7m/s E10<8 m/s 1.25+0.06
5m/s E10<7m/s 1.52+0.18
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Table 6.25 (continued)

E10 <5 m/s 2.03+0.43
E10 5m/s 1.24 + 0.08
-0.10 > -0.40
2.25m/s E10<5m/s 2.09+0.12
E10 < 2.25 m/s 2.66 £ 0.33
E10 4.5 m/s 1.47 + 0.07
0> -0.10
E10<4.5m/s 2.06 £ 0.01
E10 4.5 m/s 1.43 +0.18
<-0.40
E10<4.5m/s 2.37+£0.54
E10 5m/s 1.27 + 0.09
3-4 -0.10 > -0.40 1.75m/s E10<5m/s 2.26 £0.21
E10 < 1.75 m/s 3.39+0.40
E10 4.5 m/s 1.43 + 0.07
0> -0.10
E10<4.5m/s 2.09 £ 0.01
E10 2.5m/s 1.50 + 0.28
<-0.40
E10<2.5m/s 3.33+0.17
E10 4 m/s 1.30 £ 0.12
1.5m/s E10<4 m/s 243 +0.42
5-6 -0.10 > -0.40
0.75m/s E10<1.5m/s 3.74 £ 0.35
E10 < 0.75 m/s 11.97 £ 0.8.32
E10 4.5 m/s 1.38 + 0.07
0> -0.10
E10<4.5m/s 2.13+0.01

Table 6.26:Method 3 Results for Modification Coefficients (Type-3B)

Points Classes Wind Speed Classes Modification Coeffidigiod)
<-0.40 All E10's Mod= 4.0812 EIG*
E10 7.25m/s Mod=0.022 E10 + 1.026
1-2 -0.10 > -0.40 3m/s E10<7.25m/s Mod = 4.317 E1§
E10< 3 m/s Mod= 3.570 E£0°
0> -0.10 All E10's Mod= 8.325 E1¢”
3-4 <-0.40 E10 5m/s Mod=-0.0409 E10 + 1.665

199




Table 6.26 (continued)

E10 <5 m/s Mod= 4.9111 EXd”
010> 040 E10 7.25m/s Mod= 0.024 E10 + _1.039
E10 < 7.25 m/s Mod= 3.711 E1®
0> -0.10 AllE10’s Mod= 12.64 E10*
E10 4m/s Mod = 0.0501 E10 + 1.1764
<040 E10<4 mis Mod = 5.9901 E16'
5-6 E10 7.5m/s Mod = 0.0477 E10 + 0.852
-0.10>  -0.40

E10< 7.5 m/s Mod = 4.064 EI&

0> -0.10 AllE10’s Mod = 21.76 E10"

Table 6.27:Method 4 Results for Modification Coefficients (Type-3B)

Points Wind Speed Classes Mean + Standard Devi@tlod)

E10 10 m/s 1.26 + 0.02
5m/s E10<10m/s 1.36+£0.18
b2 3mis E10<5mis 184032
E10 <3 m/s 2.37£0.33
E10 9m/s 1.29 + 0.06
4.25m/s E10<9 m/s 1.38+0.16
3-4 3m/s E10<4.25m/s 2.14 +0.33
1.75m/s E10<3 m/s 2.36 £0.36
E10 < 1.75 m/s 3.37 £0.40
E10 7m/s 1.27 +0.12
45m/s E1I0<7m/s 1.38+0.21
5-6 25m/s E10<4.5m/s 1.92+0.24
15m/s E10<2.5m/s 2.63+£0.59
E10<1.5m/s 6.32 £ 5.16
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Table 6.28:Method 1 Results for Modification Coefficients (Type-4A)

Points Wind Speed Classes Modification Coefficigrr)

Lo E10 5.5m/s Mod = 0.0106 E10 + 1.3103
E10 <5.5m/s Mod= 3.5556 E1&

E10 6 m/s Mod= 0.0004 E10 + 1.3404
3-4 -

E10 <6 m/s Modr = 2.957 EX0

E10 6m/s Mod= -0.0352 E10 + 1.5912
5-6 -
E10 <6 m/s Mod = 2.4776 EXY6*

Table 6.29:Method 2 Results for Modification Coefficients (Type-4A)

Points Classes Wind Speed Classes Mea'n i Standard

Deviation (Mod)

E10 3.8m/s 1.37+£0.13

0.30 2.25m/s E10<3.8m/s 1.95+0.18

E10<2.25m/s 2.25+0.68

12 E10 6mis 1.41+0.12
0 <0.30 4m/s E10<6m/s 2.06 £0.04

E10<4 m/s 3.26 £ 0.32

0.30 E10 4.25m/s 1.32+0.15

E10<4.25m/s 1.77+£0.13

3-4 E10 6.25m/s 1.39+0.12
0 <0.30 4m/s E10<6.25m/s 1.96 +0.13

E10<4 mis 2.56 £0.18

0.30 All E10’s 1.33+£0.15

E10 6 m/s 1.37+0.12

>0 0 <0.30 4mis E10<6 mis 1.88 £ 0.03
E10<4 m/s 214 +£0.12
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Table 6.30:Method 3 Results for Modification Coefficients (Type-4A)

Points Classes Wind Speed Classes  Modification Coeffidigiod)
E10 5.5 m/s Mod = -0.0343 E10 + 1.5002
0.30
Lo E10 <5.5m/s Mod = 3.7437 E16f"
E10 8 m/s Mod = -0.0712 E10 + 0.7734
0 <030
E10 <8 m/s Mod = 3.5407 EXd"
0.30 All E10's Mod= 2.7171 EIT™
3-4
0 <0.30 All E10's Mod = 3.026 EIG~"
0.30 E10 4 m/s Mod = 1.7713 EIU¢
5-6
0 <0.30 All E10's Mod = 2.6965 ET5™

Table 6.31:Method 4 Results for Modification Coefficients (Type-4A)

Points Wind Speed Classes Mean + Standard Devi@itlod)

E10 8 m/s 1.40 £ 0.03

4m/s E10<8m/s 1.47 +0.27

12 2mis E10<4 mis 1.99 + 0.39
E10<2m/s 3.22 £ 0.55

E10 8 m/s 1.36 £ 0.05

5m/s E10<8m/s 1.33+0.15

>4 2mis E10<5 mis 1.70 £ 0.26
E10<2m/s 2.10+0.45

E10 9m/s 1.33+£0.07

6 m/s E10<9m/s 1.32+0.14

>0 3m/s E10<6 mis 151+ 0.24
E10 <3 m/s 2.14+0.12
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Table 6.32:Method 1 Results for Correlation Coefficients (Type-4B)

Points Wind Speed Classes Correlation Coeffici€oti()

E10 7 m/s Corr =-0.0026 E10 + 1.306

1-2
E10<7 m/s Corr = 3.9292 EY®”

- E10 8 m/s Corr =0.0567 E10 + 0.7518
E10 <8 m/s Corr = 3.5197 E1®

. E10 8 m/s Corr =0.042 E10 + 0.8272
E10 <8 m/s Corr = 3.0012 EY6*

Table 6.33:Method 2 Results for Modification Coefficients (Type-4B)

) ) Mean + Standard
Points Classes wind Speed Classes o

Deviation (Mod)

E10 6.25m/s 1.30£0.21

0.30 4m/s E10<6.25m/s 1.32 + 0.46

> ' 25m/s E10<4 mis 2.05+0.32
E10<2.5m/s 3.10+0.73

E10 6.75m/s 1.28 £ 0.04

<0.30

E10 < 6.75 m/s 1.62 +£0.29

E10 9.75m/s 1.25+ 0.07

0.30 6 m/s E10<9.75m/s 1.26+ 0.14

s ' 4m/s E10<6m/s 1.58+0.16
E10<4 m/s 2.23+0.39

E10 7 m/s 1.28 + 0.03

<0.30

E10< 7 m/s 1.56+ 0.30

E10 10 m/s 1.34 £ 0.05

0.30 5m/s E10< 10 m/s 1.18 £ 0.13

E6 E10<5m/s 1.70 £ 0.25
E10 9.5m/s 1.34 £ 0.02

<0.30 6m/s E10<9.5m/s 1.25+0.11

E10< 6 m/s 1.69 £ 0.32
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Table 6.34:Method 3 Results for Modification Coefficients (Type-4B)

Points Classes Wind Speed Class Modification Coeffidigiod)
E10 6.25m/s Mod= 0.0042 E10 + 1.2733
0.30 .
Lo E10 < 6.25 m/s Mod= 4.621 E10“
E10 8 m/s Mod = 0.0054 E10 + 1.2169
<0.30 .
E10 <8 m/s Mod = 2.6768 EX6"
E10 8 m/s Mod = 0.1107 E10 + 0.2609
0.30 .
- E10 <8 m/s Mod= 4.2011 EX6"
E10 8.5m/s Mod = 0.0162 E10 + 1.3338
0 <0.30 -
E10 < 8.5 m/s Modr = 2.905 EX6™
0.30 E10 8 mi/s Mod = 0.0524 E10 + 0.6464
e 6 ' E10 <8 m/s Modr = 3.2381 EX&
E10 8.25m/s Mod= 0.0597 E10 + 0.7022
0 <0.30 ;
E10 < 8.25 m/s Mod = 2.9033 E1§

Table 6.35:Method 4 Results for Modification Coefficients (Type-4B)

Points Wind Speed Classes Mean + Standard Devi@iod)
E10 8 m/s 1.27+ 0.04
5m/s E10<8m/s 1.35+ 0.25
12 35mis E10<5mis 1.70% 0.22
E10 <3.5 m/s 2.46+ 0.67
E10 10 m/s 1.35+ 0.05
7 m/s E10 <10 m/s 1.25+ 0.15
3-4 5m/s E10<7 m/s 1.33£ 0.26
4m/s E10<5m/s 1.62+0.45
E10 <4 m/s 2.12 + 0.07
E10 9.5m/s 1.34+ 0.04
6 m/s E10<9.5m/s 1.20+£ 0.13
>0 5m/s EL0<6 mis 1.43+ 0.21
E10 <5 m/s 1.69+ 0.31

In the next stage, hourly E10 wind speeds are modified by usitiy reathod

mentioned above. The modified hourly E10 wind speeds are regardetiOasl,
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E10m2, E10m3 and E10m4 respectively for each method startinglfieomd ending
with 4. The results are presented in Appendix F. In additiofE10L, E10m1,
E10m2, EIOm3, E10m4, S4,510 wind speeds, %90 confidence limit boundaries of
S10s wind speeds are also drawn in order to see the geradtal ¢ the data and
number of modified E10 wind speeds that stay out these boundariesowdgrsince
the data variability is high for several data sets, th&idence limit representation
will help covering the most data points within the confidelicgts as possible.
These upper and lower limits of SIWind speeds are denoted as “SUpper” and
“S10s Lower” on top of each figure. Figure F4 in Appendix F cossiét156 hours
of data, which is hard to observe the correlations. Thgmr&iF4 is divided into
three figures (Figure F5, F6 and F7).

In addition to the figures, to understand if the results (B1@10m2, E10m3 and
E10m4 wind speeds are in good agreement with the smoothed and @iinaind

speeds (Skdand S10) Figure 6.19-6.20 are prepared considering all of thefdz@a
continuous data sets. It is easily seen that the previdosiyd R value 0.62

obtained between E10 and S10 wind speeds is increased up tandl 777 by
applying methods 2 and 3. Method 1 also gives a similar ighitlyl smaller increase
in R? value. Among all methods, method 4 gives the lowésvdRue. As for the
correlation between E10m and S10 wind speeds, each methedsesrE10 wind
speeds substantially so that the best fit of these datavgivegood fitting almost

equal to y=x.

On the other hand, since the main references for E10 windspee the smoothed
S10 wind speeds (Sd0while obtaining correlations, it would be Jmeaningful to look
into the relation between E10m and §1@nd speeds. Just like the outcomes of
Figure 6.18, in Figure 6.19, the highest ®alue is achieved by application of
method 2, and this is followed by method 3, 1 and 4, respéctin the order of
descending Rvalue. The highest®Rs found as 0.92 and the lowest is 0.84.

Although it is important to observe the overall performancéedeé methods used to
modify E10 wind speeds for all continuous data sets, not afleotlata sets show a

proper storm condition in which starting with a calm duratiompdwi start to
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increase, reaches a peak point and starts to calm dowre dieefew data sets that
resemble such storm conditions and these data sets ar&, 2 &nd 24. The other
data sets are either a part of a storm, or do not resesmblestorms as described

above.

In order to observe the total performance of applying thesthads especially for
such storms, it would be more important to compare E10m angv8i@ speeds of
these data sets. Since, these types of storms are dedthinahigh scale atmospheric
conditions, in which impact of local conditions such as sea andHdesekes are
small, better correlation and highef Rr these storms would indicate that these
methods are working fine, even though the modification methodseaetoped by
using limited wind measurement data and limited continuous onshard w

durations.

The aforementioned correlation between E10m and S10 togetheEhGm and
S1Q; wind speeds for the selected continuous data sets can bie $éguare 6.19 to
Figure 6.22.

Additionally, average bias, root mean square error (RMSEa&h absolute error
(MAE) between E10 and S10, E1Om and S10, E10 and &iD E10m and S10
wind speeds for each 29 continuous data sets and combined datgasded as
“All” are calculated and tabulated in Table 6.36-6.41. Témults show that certain
improvements are achieved for most of the continuous data setsllaas for the

combined data. Bias, RMSE and MAE are calculated by dsimgulations given in

Appendix G.
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Figure 6.19:E10m1, E10m2, E10m3 and E10m2 Wind Speeds vs S10 Syiedds

(For All Continuous Data Sets)

Figure 6.20:E10m1, E10m2, E10m3 and E10m2 Wind Speeds vs S10S Wind
Speeds (For All Continuous Data Sets)
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Figure 6.21:E10m1, E10m2, E1Om3 and E10m2 Wind Speeds vs S10 8fiedds
(Selected Data Sets)

Figure 6.22:E10m1, E10m2, E10m3 and E10m2 Wind Speeds vs Wirfid
Speeds (Selected Data Sets)
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Table 6.36:Calculated Average BIAS between E10, E10m Wind SpeedsV&hd

Speeds
Continuous Sia
Data No E10 | E10m1 E10m2| E10m3 | E10m4
1 -3.13 | -0.24 0.21 0.34 -0.29
2 -3.11| -0.25 0.02 -0.12 -0.07
3 -3.24 -0.24 -0.15 -0.12 -0.39
4 -2.67 | 0.27 0.18 0.23 0.27
5 -2.80 | 0.29 0.40 0.25 0.48
6 -3.89 | -1.16| -0.46 -0.85 -0.89
7 -5.30 -0.34 0.09 -0.78 -1.78
8 -2.64 | 011 -0.19 -0.06 -0.31
9 -3.70 | -051| -0.42 -0.64 -0.92
10 -3.12 | -0.46| -0.46 -0.19 -0.57
11 -3.24| -0.68| -0.13 -0.80 -0.36
12 -2.12 | 0.58 -0.21 0.10 0.46
13 -2.46 | 0.28 0.25 -0.01 0.34
14 -2.34 | 0.27 0.22 0.19 0.59
15 -2.89 | 0.16 0.22 0.13 0.23
16 -3.00| -0.15| -0.29 0.14 -0.61
17 -2.09 | 0.12 -0.08 -0.07 0.43
18 -2.76 -0.09 -0.26 0.09 -0.54
19 -3.03| 0.15 0.60 -0.14 0.26
20 -1.98 | 0.75 0.36 0.73 0.93
21 -2.63 | 0.39 0.36 0.34 0.10
22 -2.45| 0.20 0.13 -0.01 0.44
23 -2.45| 0.80 0.84 0.94 0.26
24 -3.24 | 0.22 0.04 -0.09 0.01
25 -3.28 | -0.47| -0.29 -0.42 -0.65
26 -4.14 | -1.20| -0.36 -0.78 -1.08
27 -5.95 | -1.42| -0.48 -1.22 -2.12
28 -3.08 | -0.43| -0.57 -0.36 -0.21
29 -2.95 0.18 -0.43 -0.05 0.42
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Table 6.36 (continued)
All -3.09 -0.08 -0.01 -0.07 -0.17

Table 6.37:Calculated Average BIAS between E10, E10m Wind Speeds and S10

Wind Speeds
Continuous S10
Data No E10 | E1IOm1| E10m2 E10m3 E10m4
1 -3.51| -0.63 -0.18 -0.05 -0.67
2 -2.55 0.31 0.58 0.44 0.49
3 -3.92| -0.92 -0.83 -0.80 -1.07
4 -2.14| 0.80 0.72 0.77 0.80
5 -2.39 0.71 0.81 0.66 0.89
6 -3.71| -0.99 -0.29 -0.67 -0.72
7 -4.77 0.19 0.62 -0.25 -1.25
8 -2.28 0.48 0.18 0.30 0.06
9 -3.24| -0.05 0.03 -0.18 -0.47
10 -350| -0.84 -0.84 -0.56 -0.94
11 -3.08| -0.52 0.03 -0.64] -0.20
12 -3.05| -0.35 -1.14 -0.83 -0.47
13 -2.28 0.46 0.42 0.17 0.53
14 -1.90 0.71 0.66 0.63 1.03
15 -2.97 0.09 0.14 0.05 0.15
16 -3.09| -0.25 -0.39 0.05 -0.70
17 -2.26 | -0.05 -0.25 -0.23 0.26
18 -1.96 0.72 0.55 0.90 0.26
19 -2.35 0.83 1.27 0.53 0.93
20 -1.88 0.85 0.46 0.83 1.03
21 -1.99 0.91 0.88 0.86 0.62
22 -2.23 0.41 0.34 0.20 0.66
23 -2.31 0.95 0.98 1.08 0.40
24 -3.52 -0.07 -0.25 -0.38 -0.28
25 -4.10 -1.29 -1.10 -1.24 -1.47
26 -3.27| -0.34 0.50 0.08 -0.17
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Table 6.37 (continued)

27 -6.84| -2.31 -1.37 -2.11 -3.01
28 -2.79 -0.15 -0.29 -0.08 0.07
29 -3.16 -0.04 -0.64 -0.26 0.20
All -2.90 0.11 0.18 0.11 0.01

Table 6.38:Calculated RMSE between E10, E10m Wind Speeds and/#md

Speeds
Continuous S1Q
Data No E10 | E1IOm1| E10m2 E10m3 E10m4
1 3.49 1.26 0.52 0.87 1.35
2 3.30 1.19 1.13 0.99 1.19
3 3.51 1.18 0.87 0.98 1.44
4 3.06 1.36 1.13 1.17 1.78
5 2.96 0.90 0.85 0.74 1.18
6 4.06 1.40 0.94 1.19 1.29
7 5.52 1.10 1.35 1.78 2.31
8 3.38 1.80 1.73 1.75 2.18
9 3.92 0.98 0.82 1.09 1.42
10 3.15 0.69 0.87 0.67 0.91
11 3.33 0.98 1.55 1.01 1.15
12 2.24 0.85 0.46 0.27 0.96
13 2.73 1.04 0.88 1.12 1.12
14 2.46 0.71 0.47 0.61 1.32
15 3.20 1.15 0.98 1.15 1.02
16 3.03 0.53 0.66 0.71 0.87
17 2.13 0.50 0.38 0.45 0.93
18 2.86 0.41 0.56 0.43 0.96
19 3.07 0.43 0.99 0.66 0.36
20 2.17 1.16 0.68 0.96 1.45
21 0.46 0.09 0.14 0.09 0.15
22 2.50 0.80 0.80 0.98 0.86
23 2.50 0.98 1.18 1.28 1.24
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Table 6.38 (continued)

24 3.34 0.94 0.93 0.86 0.96
25 3.64 1.21 0.73 0.90 1.65
26 4.20 1.46 0.86 1.14 1.33
27 6.07 1.68 0.75 1.56 2.58
28 3.13 0.80 0.68 0.65 0.85
29 2.98 0.33 0.95 0.99 1.04
All 3.38 1.11 0.97 1.04 1.42

Table 6.39:Calculated RMSE between E10, E10m Wind Speeds and S10 Wind

Speeds
Continuous S10
Data No E10 | E1IOm1| E10m2 E10m3 E10m4
1 4.24 2.17 1.22 1.60 2.29
2 3.07 1.81 1.96 1.75 1.88
3 4.78 2.60 2.23 2.08 3.04
4 3.04 2.08 2.00 1.97 2.48
5 3.04 1.93 1.84 1.79 2.13
6 4.25 1.88 1.46 1.89 1.97
7 5.24 2.02 2.05 2.08 2.88
8 3.42 2.29 2.08 2.22 2.56
9 4.01 2.01 1.91 1.97 2.16
10 3.72 1.39 1.56 1.46 1.66
11 3.52 1.60 1.71 1.57 1.59
12 4.18 2.77 2.52 242 2.84
13 2.90 1.75 1.55 1.76 1.77
14 2.69 2.09 1.68 2.00 2.59
15 3.67 1.89 1.67 1.87 1.92
16 3.17 0.84 0.88 0.91 1.06
17 2.45 0.86 0.74 0.90 1.21
18 2.68 2.12 1.91 2.16 1.85
19 3.45 2.52 2.83 2.72 2.52
20 2.29 1.47 1.06 1.35 1.80
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Table 6.39 (continued)

21 0.52 0.37 0.37 0.36 0.39
22 2.64 1.61 1.64 1.79 1.56
23 2.53 1.38 1.57 1.56 1.40
24 3.92 1.69 1.67 1.64 1.57
25 4.70 2.29 1.94 2.05 2.74
26 3.94 2.13 2.13 2.14 231
27 7.06 291 2.61 3.21 3.60
28 3.39 1.87 1.66 1.64 1.87
29 3.44 1.07 1.42 1.28 1.82
All 3.64 1.97 1.86 1.91 2.22

Table 6.40:Calculated Average MAE between E10, E10m Wind SpeedsHnhd S
Wind Speeds (in %)

Continuous S1Q
Data No E10 | E1IOml1l| E10m2 E10m3 E10m4
1 29.0 12.3 4.4 8.2 11.4
2 31.8 10.2 10.2 7.6 9.8
3 30.9 10.7 7.1 7.9 11.6
4 27.3 115 9.5 9.9 15.5
5 22,5 6.8 5.9 5.6 8.1
6 31.5 9.7 5.7 6.7 8.6
7 33.3 5.5 8.1 10.0 11.2
8 35.5 22.2 17.1 19.3 22.9
9 34.9 8.6 6.3 8.0 10.7
10 38.9 5.8 8.9 6.5 9.8
11 34.2 7.2 15.6 8.8 111
12 39.6 12.6 8.2 4.1 15.0
13 32.4 11.9 9.5 12.0 10.9
14 31.3 8.6 51 6.5 14.5
15 39.1 14.5 12.5 14.4 13.2
16 29.2 4.0 51 5.6 7.4
17 23.2 3.7 3.1 3.8 6.6
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Table 6.40 (continued)

18 50.6 51 6.4 4.6 12.6
19 215 2.6 5.2 3.2 2.2
20 185 10.0 5.8 8.1 111
21 43.7 8.0 11.3 7.9 12.5
22 22.3 6.4 6.3 7.4 6.7
23 42.4 131 15.8 13.0 21.9
24 26.3 6.5 6.1 5.9 6.0
25 31.5 9.1 5.8 6.8 10.9
26 42.1 13.4 5.8 9.1 11.9
27 35.9 9.8 3.8 8.0 14.4
28 30.6 7.1 6.4 6.2 8.0
29 28.5 2.5 6.7 8.6 8.5
All 31.6 9.3 8.0 8.2 11.6

Table 6.41:Calculated Average MAE between E10, E10m Wind Speeds Si@ Wi
Speeds (in %)

Continuous S10
Data No E10 | E1IOm1| E10m2 E10m3 E10m4
1 33.1 21.6 12.8 17.7 24.0
2 26.8 21.9 24.2 20.7 22.0
3 33.6 17.1 13.2 13.1 19.8
4 28.8 21.2 20.3 19.8 26.3
5 20.7 15.2 14.0 14.3 16.7
6 30.0 14.3 10.4 14.0 15.6
7 30.5 9.5 12.1 11.2 14.0
8 38.4 33.7 28.6 30.9 35.6
9 34.7 24.5 22.4 235 24.5
10 40.5 11.6 12.9 11.9 14.0
11 30.7 155 17.4 15.7 15.7
12 40.8 34.6 231 234 36.4
13 32.0 22.5 18.3 21.0 21.8
14 29.2 31.4 25.2 30.1 38.5
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Table 6.41 (continued)

15 38.0 27.2 25.5 27.1 28.3
16 29.7 6.5 5.8 6.6 8.6

17 24.1 7.3 6.4 7.2 10.3
18 49.6 43.8 39.6 43.3 36.9
19 23.9 195 24.9 21.0 19.2
20 17.9 13.2 9.0 114 14.5
21 50.3 51.1 51.3 50.2 53.5
22 20.7 12.7 131 145 11.9
23 39.8 24.8 20.1 253 21.2
24 26.9 10.4 10.7 9.9 9.5

25 355 13.6 11.7 124 15.6
26 36.4 27.2 20.1 28.1 30.4
27 38.7 13.7 9.7 12.3 17.4
28 29.9 19.8 154 16.2 19.9
29 28.6 8.5 11.7 12.0 15.7
All 31.6 20.5 19.2 195 22.2

The findings of the figures in Appendix F, Figures 6.19-6.22 arie$a6.36-6.41

are summarized below:

In general, especially for a regular storm condition wherallsstale
features such as sea and land breezes are rarelyweffaht application of

all modification methods inceases the correlation between Ei@hS10s
wind speeds as well as E10m and S10 wind speeds.

For cases, where small scale features are more efeatid observed
commonly, which increases the variability in wind measuresp¢iné¢ results
obtained after applying modification methods indicate an increase i
correlationbetween E10m and S10s wind speeds. Similarly, same i
applicable for E10m and S10 wind speeds. However, compared to the

previous outcome, the correlation is less.

215



As discussed previously, even though the modification methods in¢dhease
correlation for a certain amount, considering certain seasorgeriods,
where instead of offshore wind conditions, local weather camditiare
dominant such as sea breezes, there may be a need to pslifgrtly
different method to obtain better correlation. This can not benoeed with
limited data, but only possible with longer periods of wind sneaments
covering these seasons. It is understood from the dataatehése small
scale feature are commonly observed for the period of May-July.

Since there are certain gaps within the data set,hiaid to obtain a storm
from its beginning to its end. Thus, most of the data cowertain part of a
storm or completely different weather conditions where the wpekds are
constantly changing to create an ondulating storm which as csgehdrom
the results in Appendix F are hardly demonstrated by ECMWF déta.
Therefore, it would be better and logical to look into continuoua dats
where almost all parts of complete storms are coverddas@, 5, 7, 9 and
24.

Since, ECMWF does not always successfully show the trend#nd speed
changes due to the variability in data sets (wind speedd)iginer due to
several factors observed within 6 hour intervals, it wouldnioeh practical
and easier to obtain an applicable modification by obtainirggmaothed
wind field so that the trends of ECMWF and in-situ wind sugaments are
more like in terms of its shape and trend. This does nannteat while
smoothing the wind measurement data, the structure is changetetaiyn
but it is rather a way to better modify E10 wind speedsitaation where it
is possible to have good E10m wind speeds. As for cases wheraat
possible to come up with good E10m wind speeds due to significamjeha
between E10 and S10 wind speeds, the smoothing are arranged e that
underestimation of E10m wind speeds would be as low as possible.
Examples of these situations are observed in several eoffigares in

Appendix F.
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Average BIAS, RMSE and Average MAE results indicatet tbartain
improvements are achieved with each modification method. Matidn
methods 2 and 3 give better improvements compared to ther ot
modification methods. As expected, the correlations betwédmEnd S1€
wind speeds are better than correlations betweenE10m and S10peets s

due to smoothing of the wind fields.
6.4. Discussion

In this study, the data the reliability of which is studiecCimapter 4, is first carried
to 60 m elevation above MSL (S60) on the sea and then ataori@0 m elevation
above MSL (S10) with the representative velocity profile olkthifrom ECMWF

wind data at 10 m (E10) and 100 m (E100) elevations.

Study carried on the comparison of S10 and E10 wind data showG@hVF gives
lower wind speeds compared to in-situ wind measurements. Thibden already

reported in several studies as given in Chapter 2.

In order to obtain wind speeds that may better represent B#i8, it is decided that
E10 wind speeds should be modified based on the correlations beswegtaneous
S10 and E10 wind speeds. Significant improvements in the carelztween two
data sources are achieved with the developed modificatitimoagewhich are based

on the wind speeds and trends of wind speed changes.
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CHAPTER 7

COMPARISON BETWEEN IN-SITU WAVE MEASUREMENTS AND WAVE
ESTIMATIONS

In this last part of the study, using modified E10 wind speEdSrt wind speeds)
wave climate studies will be performed for the case studg.aSince, it is not
enough only to achieve E10m wind speeds that have good correlatio®1@ and
S10S wind speeds, it is even more important to see how these wEhdnspeeds

work in terms of the waves that they create.

It is highly critical in coastal engineering studies toehéoth good wind and wave
data so that the accurate enough design wave parametelt® aaistained. Since
wave data is obtained from wind data for most of the casgsgcially commonly
used in coastal engineering applications in Turkey, it gaosAmount importance that
the aforementioned modifications methods would lead good E10m windvtiatia

would eventually result in realistic wave data.

In this part of the study, firstly, E10, E10m and S10 wind datagfegral continuous

data sets are chosen to create wave data sets foiptmesds and the results will be
discussed within each other by comparing the results. Sirere, iino simultaneous
wave measurements for the period of land-based in-situ wedismmements,

comparisons with real time wave data can not be performtusastage. However,
these comparisons would give quite good idea on the wave heighteaiod p
differentiates between the results of waves obtained freveral wind data sets.
Moreover, since not all of the continuous data sets cover staaflyt the data sets
which cover a whole storm event or most of it, are chose¢hasdhe whole series of
waves can be created from the beginning of a storm. Anotresideration for this

choice is that since the numerical model to be used ima&stn of wave parameters
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depend on energy-based equations, it is paramount to have fnbststorm wind
data. The details of the numerical model and its basédevidiscussed in detail in

the upcoming sections.

After comparisons of the results of the aforementioned studles chosen
modification methods will also be implemented for certain stomthe past during
which in-situ wave measurements are available for the sagient This part of the
study will be ciritcal to show that the plus sides in usingntioglification methods in
obtaining wave data and the accuracy of the obtained reseitgl&d. For wave data
estimations in certain storms, two different models arel useorder to see the
differences in between model results to see if the used rmainerodel brings some

uncertainty in the wave estimations.

Finally, several storms in another stie in the eastern aufaurkey, Hopa are
chosen to see that the applications of the same methods smldeaapplicable for

other regions as well as if they perform similarly for ottegions as well.

7.1. Comparison of Wave Results for the Chosen Continuous Datgets for

Sinop Region

The storms used in this section are some of whole p#readata sets with the given
numbers 2, 6, 7, 9, 24 and 25. The reason behing the cholvesefdata sets is that
they almost include a complete storm in which after aagegeriod of calmness at
the beginning wind starts to increase and at the end thejpadessand calm
conditions are reached. Although the definition of calm duratioralon condition
changes, in general weather conditions when wind speeds are Belols are

regarded as calm.

In the wave estimations, the numerical model for hindcastimgl-waves, W61
numerical model was used. W61 was developed by Middle Eadhnitat
University, Department of Civil Engineering, Ocean EngineeR&gearch Center
(Koca, 1979; Ozhan, 1981; Ergin and Ozhan, 1986). The model is bastu
Pierson-Moskovitz wave hindcasting method (1964), in which sgeotm for fully

developed wind waves was proposed in terms of wind speed avderagea time
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period. As the total energy of the sea state changes dursigra event with

changing wind speed and direction, the computed spectrum efasess, modified

by the added energies at every time step of the storm, eversed to determine the
deep water significant wave parameters at the respeitieestep of the storm. The
numerical model requires three types of input data, hourly avevegespeed and
directions and the effective fetch distances computed fasttitly area. In return, the
program gives the hourly significant deep water wave heayidsperiods computed
for the respective duration of the wind data. One might refehe above given

references for further details of the program.

Since W61 uses effective fetch distances computed for the atedyfetch distances
are calculated for the site. The fetch distances as sho®igure 7.1 is calculated at
every 7.5° interval and each consecutive 5 fetch distasscased to calculate the
effective fetch for the middle direction. This is fomulakzées;

S TU EVWXY

Q2 SEVW [71]

In this formula, E is the effective fetch for the middle direction, F is tadculated
fetch at each 7.5° interval andis the angle between the middle direction and the

corresponding fetch direction.

The fetch distances considered in this study is shown in Figdrewhereas the
tabulated form of the calculated effective fetch distarfoeshe case study site,

Sinop, is given in Table 7.1.
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Figure 7.1: Considered Fetch Distances for the Case Study Sitep (Google
Earth, 2014)

Table 7.1: Effective Fetch Distances for the Case Study Siteop

Direction Effective Fetch (km)
WSW 119
W 349
WNW 539
NW 500
NNW 389
N 298
NNE 334
NE 367
ENE 433
E 454
ESE 271
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The results of wave estimations performed with Weaisatering hourly S10, S0
E10, E10m2 and E10m3 wind speeds are given in FiguBeg.13 in terms of wave
heights and directions. As it is observed from thepares, although the storms end
due to longer period needed for the added energyissipate compared to storm

duration, waves are still observed.

Figure 7.2: Wave Heights Obtained from S10, 1810, E10m2 and E10m3 Wind
Speeds for Continuous Data Set 2 with W61 NumenNtadel
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Figure 7.3: Wave Heights Obtained from S10, 1810, E10m2 and E10m3 Wind
Speeds for Continuous Data Set 6 with W61 NumeNtzadel

Figure 7.4: Wave Heights Obtained from S10, 1810, E10m2 and E10m3 Wind
Speeds for Continuous Data Set 7 with W61 NumeNtzdel
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Figure 7.5: Wave Heights Obtained from S10, 1810, E10m2 and E10m3 Wind
Speeds for Continuous Data Set 9 with W61 NumeNtadel

Figure 7.6: Wave Heights Obtained from S10, §1810, E10m2 and E10m3 Wind
Speeds for Continuous Data Set 24 with W61 Numektzdel
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Figure 7.7: Wave Heights Obtained from S10, 1810, E10m2 and E10m3 Wind
Speeds for Continuous Data Set 25 with W61 Numekizadel

Figure 7.8: Wave Directions Obtained from S10, 1810, E1I0m2 and E10m3
Wind Speeds for Continuous Data Set 2 with W61 NicaeModel
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Figure 7.9: Wave Directions Obtained from S10, §1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 6 with W61 NicaeModel

Figure 7.10: Wave Directions Obtained from S10, $1810, EI0m2 and E10m3
Wind Speeds for Continuous Data Set 7 with W61 NicaeModel
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Figure 7.11:Wave Directions Obtained from S10, $1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 9 with W61 NiucaéModel

Figure 7.12:Wave Directions Obtained from S10, 1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 24 with W61 NicaeModel
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Figure 7.13: Wave Directions Obtained from S10, $1810, EI0m2 and E10m3
Wind Speeds for Continuous Data Set 25 with W61 Biical Model

The findings derivated from Figures 7.2-7.13 caslommarized as;

For all of the cases, the direct use of E10 wimisvave estimations result in
significant underestimation.

For most of the cases, E10m2 and E10m3 waves gite good correlation
with S10 waves and comparably better correlatioh ®it@ waves.
Considering the maximum wave heights observed digiagns, except two
cases, the wave estimations for ELOm2 and E10m3 \airedgood.

The underestimation and overestimation observedh®istorm peaks in the
above given figures may be related to the doubl& peacture of the storms
and the implemented smoothing method. The smoothingdwpassibly
bring some additional inaccuracy to the results Wiice more critical at the
storm peaks.

The wave estimations for developing storm condgi@me better than the
wave estimations for dissipating (calming) storm ctods, resulting in

overestimation of waves while storms start to digsipa
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As for the wind directions, the estimations are quite goodrfost of the

cases with directional differences generally at mostc2oss (45°) except for
the first couple of hours in continuous data set 7 in which thferdifce

reaches 4 sectors (90°).

The directional differences between obtained S10, S10S windsEadgd
E10m2, E10m3 winds may also have some role in the directionaledities

of wave estimations.

In the the above given figures, wind directions of S10 wind spdeds Jand-based
in-situ wind measurements are used for the estimation of wawds. However, as
stated several times in the previous sections, a directilifi@atence between land
and sea wind measurements up to 45° is often observed andecgarceptable.
Since, the average directional difference between langdbas-situ wind
measurements and E10 wind data is under this value, italsanbe said that
directional information for E10 wind data may also be usedwave estimations
considering S10 and S4Q@vinds. Taking into account this situation, several runs
have been performed for the same cases given above to wiatg heights and the

results are given in Figures 7.14-7.19.
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Figure 7.14:Wave Heights Obtained from S10, $1B810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 2 with W61 NicaeModel (Using E10
Wind Directions for S10 and S3@Vind Speeds)

Figure 7.15: Wave Heights Obtained from S10, $1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 6 with W61 NicaeModel (Using

ECMWEF Wind Directions for S10 and S4Wind Speeds)
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Figure 7.16: Wave Heights Obtained from S10, $1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 7 with W61 NicaeModel (Using E10
Wind Directions for S10 and S38Vind Speeds)

Figure 7.17: Wave Heights Obtained from S10, $1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 9 with W61 NicaeModel (Using E10
Wind Directions for S10 and S48Vind Speeds)
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Figure 7.18: Wave Heights Obtained from S10, $1B810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 24 with W61 Biical Model (Using E10
Wind Directions for S10 and S3@Vind Speeds)

Figure 7.19: Wave Heights Obtained from S10, 1810, E10m2 and E10m3
Wind Speeds for Continuous Data Set 25 with W61 Bhical Model (Using E10
Wind Directions for S10 and S3@Vind Speeds)
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The outcomes derived from Figures 7.14-7.19 are given below;

Several of the findings stated above for Figures 7.2-7.6 dargeea anymore
due to adaptation of E10 wind directions instead of S10 and i
directions for all continuous data sets for the wave estmsti

Especially for the duration after the storm peaks (dissipastam
conditions), the previously mentioned overestimation is partlycavee.
Considering the overestimation and underestimation at storm ,pewas
though several improvements in wave heights are achievele®e periods,
all of the overestimations are not eliminated such asdbke for continuous
data set 24.

All of the above given comparisons give quite good overall idbeaut the
differences in wave estimations performed by different wahta and also
summarize the overall performance of the modification methaasl23. In addition,
the differences between wave estimations when two diffevert directions (E10
and S10) are used are also observed. It can be concludethtb@thing and choice
of which wind directions to be used play important role inabeuracy of the wave
estimations. As for wind direction choice, since, for moghefcases, several of the
differences in wave heights are not observed while adapting EiDdirections for
wave estimations from S10 ans §1®ind speeds, the use of ECMWF wind
directions in wave estimations is preferrable for wave egtims for the case study

site, Sinop.

In the above given comparisons performed for Sinop, only land-bassw iwind
measurement periods are covered during which simultaneous inAgitie
measurements do not exist. In order to see the performaticesef methods for the
other periods especially during which in-situ wave measuremaetsavailable,
several storms are chosen in the past between 1994 and 199@dairp&rhich in-
situ wave measurements are performed. This will provide additiinformation
about wave estimations for the period when in-situ wind measms are not
available and direct use of modification methods 2 and 3 attinhere neither in-

situ wind nor in-situ wave measurements are available.
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7.2. Comparison of In-Situ Wave Measurements and Wave Estimatiorisr the

Chosen Storms in the Past for Sinop Region

The in-situ wave measurements are performed within tbpesof NATO TU-
WAVES project in which a national wave gauge network is setitipdeploying six
directional buoys around Turkish coasts one of which is in Sinopitunwave

measurements cover certain periods between 1994 and 1996 witlecaile gaps.

Sinop wave buoy is set up at coordinates 42°07°24"" N - 35°05" 12 wé&iext depth
of 100 m and at a distance of 11.6 m km from the shore.Foituinagave
measurements spherically shaped directional waverider buoysh wigasures the
directional wave spectra, are used. It includes a hpisiesensor, a compass, fixed
accelerometers in x and y directions and a mico-processocul@ag the
accelerations for north and west axes and performing FFTeay 80 minute time
step, significant wave heights,sHand mean wave periods,, Tare eventually
computed together with several other additional outputs. Tdgghgral forms of these
in-situ  wave measurements are available in official MEBSD website,

“www.medcoast.org.tr”.
The periods considered in comparisons are;

01:00 20.12.1995 — 20:00 22.12.1995 (68 hours) (P01)
19:00 12.11.1994 — 07:00 16.11.1994 (85 hours) (P02)
18:00 04.06.1996 — 01:00 08.06.1996 (80 hours) (P03)
17:00 04.11.1994 — 12:00 09.11.1994 (116 hours) (P04)
00:00 08.04.1996 — 00:00 11.04.1996 (73 hours) (P05)
00:00 12.04.1996 — 15:00 14.04.1996 (64 hours) (P06)
13:00 23.05.1996 — 10:00 26.05.1996 (70 hours) (P07)
19:00 30.01.1996 — 17:00 02.02.1996 (71 hours) (P08)
09:00 30.11.1995 — 05:00 03.12.1995 (69 hours) (P09)
00:00 14.12.1995 — 21:00 17.12.1995 (94 hours) (P10)
15:00 24.11.1994 — 00:00 29.11.1994 (106 hours) (P11)
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The wave estimations are performed with S10, E10, E10m2 and &it@hspeeds
and for wind directions E10 wind directions are used. Moreoreavrder to see the
influence of numerical model on wave estimations SWAN igl ugeaddition to
W61. The wave estimations with SWAN are performed with aifred original
wind fields over the whole Black Sea basin as well as witidified E10 wind
speeds (E10m2) over the whole Black Sea basin. Since madificaéthods 2 and 3
give similar improvements and results in the previous studilssthought that using
one of these modification methods would be enough. The unmodified anfieahodi
SWAN wave estimations are regarded as “SWAN” and “SW#BNrespectively.
SWAN runs are performed with unmodified and modified 6 hourly EGMWind
data, thus wave estimations are obtained in 6 hour intervake urdurly wind data
for other runs. Both numerical models are run longer tharaltoe given periods
(cases) since it takes time for waves to develop, thissaimed to avoid possible
overestimation and underestimation at the beginning and ending efgbesds. As
a result, the starting point of x-axis in the below given figute not coincide with O.
The results of wave estimations in terms of significaave heights, significant
wave periods and wave directions are given in Figure 7.21-7i&3wave directions
are given in accordance with Figure 7.20 in which except fer S and SE
directions, sea directions are covered. The wave directiendescribed in terms of
sectors so that it would be easy to observe the directioriatadites as well as to
overcome the complication of spherical representation ettiims, especially at N
where 0 and 360 meets where it would be hard to observe the directional esang

a graphical representation.

In addition to Figures 7.21-7.53, Tables 7.2-7.12, which suramdhie results in
terms of Hax Tmax Have Tave representative wave direction (REP), are prepared for
each period (P). Moreover, average bias, RMSE and avitAgeare also given in
Tables 7.13-7.15 (for significant wave heights) and Tables 720{for significant
wave periods) for each case. In these tables, only W61 vetiveaéions performed
with modified wind measurements are considered since W6# estimations are
obtained hourly whereas SWAN wave estimations are obtained & hihws W61

wave estimations are more appropriate such comparisons. lasTaldlé-7.18 and
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Tables 7.22-7.24, average bias, RMSE and average bbiained only for the peak
consecutive 9 wave estimations at the storm peskgigen in terms of significant
wave heights and periods. The peak (maximum) pomgshosen according to in-
situ wave measurements and the peak (maximum) in-site Wweight forms the mid
point of these 9 consecutive points. This comparisoperformed to understand if
wave estimations are different for the storm peakerothan the developing and

calming parts of the storm.

Figure 7.20: Wave Directions and Their Designation in Terms eftSrel Numbers
Considered in Figures 7.21-7.53

Figure 7.21: Significant Wave Heights Obtained from S10, E10Q1&2, E10m3,

SWAN and SWANmM Wind Speeds for PO1
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Figure 7.22: Significant Wave Periods Obtained from S10, E1@r&a, E10m3,
SWAN and SWANmM Wind Speeds for PO1

Figure 7.23: Wave Directions Obtained from S10, E10, EI0m2, E1®VW8AN and
SWANmM Wind Speeds for P01
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Figure 7.24: Significant Wave Heights Obtained from S10, E10Q1B2, E10m3,
SWAN and SWANmM Wind Speeds for P02

Figure 7.25: Significant Wave Periods Obtained from S10, E110DrB2, E10m3,
SWAN and SWANm Wind Speeds for P02
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Figure 7.26: Wave Directions Obtained from S10, E10, EIL0m2, E1®V8AN and
SWANmM Wind Speeds for P02

Figure 7.27: Significant Wave Heights Obtained from S10, E1D0i®2, E10m3,
SWAN and SWANm Wind Speeds for P03
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Figure 7.28: Significant Wave Periods Obtained from S10, E110QrB2, E10m3,
SWAN and SWANm Wind Speeds for P03

Figure 7.29: Wave Directions Obtained from S10, E10, E10m2, E10NV8AN and
SWANmM Wind Speeds for P03
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Figure 7.30: Significant Wave Heights Obtained from S10, E1001&®2, E10m3,
SWAN and SWANmM Wind Speeds for P04

Figure 7.31: Significant Wave Periods Obtained from S10, E1@r&a, E10m3,
SWAN and SWANmM Wind Speeds for P04
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Figure 7.32: Wave Directions Obtained from S10, E10, E1L0m2, E1W8AN and
SWANmM Wind Speeds for P04

Figure 7.33: Significant Wave Heights Obtained from S10, E10Q1B2, E10m3,
SWAN and SWANm Wind Speeds for P05
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Figure 7.34: Significant Wave Periods Obtained from S10, E1@r&2, E10m3,
SWAN and SWANm Wind Speeds for P05

Figure 7.35: Wave Directions Obtained from S10, E10, EI0m2, E1®VW8AN and
SWANmM Wind Speeds for P05
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Figure 7.36: Significant Wave Heights Obtained from S10, E10Q1B2, E10m3,
SWAN and SWANmM Wind Speeds for P06

Figure 7.37: Significant Wave Periods Obtained from S10, E1I)r&2, E10m3,
SWAN and SWANmM Wind Speeds for P06
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Figure 7.38: Wave Directions Obtained from S10, E10, EI0m2, E1®V8AN and
SWANmM Wind Speeds for P06

Figure 7.39: Significant Wave Heights Obtained from S10, E1D0i®2, E10m3,
SWAN and SWANm Wind Speeds for P07
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Figure 7.40: Significant Wave Periods Obtained from S10, E110QrB2, E10m3,
SWAN and SWANm Wind Speeds for P07

Figure 7.41:Wave Directions Obtained from S10, E10, E10m2, E1(®Vv8AN and
SWANmM Wind Speeds for P07
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Figure 7.42: Significant Wave Heights Obtained from S10, E1D0iB2, E10m3,
SWAN and SWANm Wind Speeds for P08

Figure 7.43: Significant Wave Periods Obtained from S10, E1@r&2, E10m3,
SWAN and SWANm Wind Speeds for P08
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Figure 7.44:Wave Directions Obtained from S10, E10, E10m2, E10NV8AN and
SWANmM Wind Speeds for P08

Figure 7.45: Significant Wave Heights Obtained from S10, E10)iE2, E10m3,
SWAN and SWANmM Wind Speeds for P09
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Figure 7.46: Significant Wave Periods Obtained from S10, E1@r&a, E10m3,
SWAN and SWANm Wind Speeds for P09

Figure 7.47:Wave Directions Obtained from S10, E10, EI0m2, E1®V8AN and
SWANmM Wind Speeds for P09
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Figure 7.48: Significant Wave Heights Obtained from S10, E10Q1B2, E10m3,
SWAN and SWANm Wind Speeds for P10

Figure 7.49: Significant Wave Periods Obtained from S10, E1I)r&2, E10m3,
SWAN and SWANmM Wind Speeds for P10
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Figure 7.50: Wave Directions Obtained from S10, E10, EI0m2, E3,08WAN and
SWANmM Wind Speeds for P10

Figure 7.51: Significant Wave Heights Obtained from S10, E100iB2, E10m3,
SWAN and SWANmM Wind Speeds for P11

252



Figure 7.52: Significant Wave Periods Obtained from S10, E1I)r&2, E1L0m3,
SWAN and SWANm Wind Speeds for P11

Figure 7.53: Wave Directions Obtained from S10, E10, E1L0m2, E1VW8AN and
SWANmM Wind Speeds for P11
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Table 7.2:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANm for PO1

PO1 Hhax (M) | Tmax(S) | Huwe(M) | Tae(s) | REP
In-Situ 434 7.22 1.70 5.12 6
E10 1.55 4.66 0.80 3.22 4
E10m2 2.62 6.35 1.49 4.64 4
E10m3 2.49 5.91 1.36 431 4
SWAN 0.61 4.20 0.31 2.51 8
SWANM 1.07 4.87 0.57 3.14 8

Table 7.3:Hmax Tmax Have Tave@and REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANm for P02

P02 Hhax (M) Tmax (S) Huve (M) Tae(s) | REP
In-Situ 3.21 6.74 1.93 5.66 8
E10 1.21 4.43 0.82 2.99 8
E10m2 2.06 5.64 141 3.72 8
E10m3 1.91 5.51 1.29 3.96 8
SWAN 1.43 7.08 0.75 451 4
SWANmM 2.12 7.38 1.13 5.28 3

Table 7.4:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANmM for P03

PO3 Hhax (M) Tinax (S) Have (M) Tave (S) REP
In-Situ 1.89 5.02 1.04 3.91 5
E10 0.93 3.92 0.71 3.14 4
E10m2 2.12 5.44 1.57 3.96 4
E10m3 1.82 5.37 1.43 4.64 4
SWAN 0.33 3.26 0.22 1.97 5
SWANmM 0.80 4.27 0.51 2.95 5
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Table 7.5:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANmM for P04

P04 Hhax (M) | Tmax(S) | Hwe(M) | Tae(s) | REP
In-Situ 4.11 7.43 2.13 5.57 7
E10 2.52 6.17 1.59 3.72 7
E10m2 4.62 8.22 2.40 4.76 7
E10m3 4.44 7.96 2.43 4.47 7
SWAN 1.77 6.45 1.01 4.59 3
SWANmM 2.59 7.18 1.54 5.55 3

Table 7.6:Hmax Tmax Have Tave@and REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANm for P05

P05 Hhax (M) Trmax (S) Huve (M) Tae(s) | REP
In-Situ 1.43 4.97 0.79 3.85 5
E10 0.69 3.39 0.52 2.82 4
E10m2 1.79 5.23 141 4.54 4
E10m3 1.43 4.84 112 4.14 4
SWAN 0.35 3.06 0.22 1.90 6
SWANmM 0.81 4.45 0.49 2.78 6

Table 7.7:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANmM for P06

P06 Hhax (M) Tinax (S) Huve (M) Tave (S) REP
In-Situ 1.56 4.99 0.70 3.84 7
E10 0.71 3.41 0.45 2.30 3
E10m2 1.56 4.99 0.92 3.32 3
E10m3 1.37 4.72 0.87 3.14 3
SWAN 0.19 2.04 0.13 1.85 5
SWANmM 0.40 2.79 0.30 2.24 5
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Table 7.8:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANm for PO7

PO7 Hhax(M) | Toax(S) | Hawe(M) | Tae(s) | REP
In-Situ 1.36 434 0.74 3.44 6
E10 0.73 3.47 0.47 2.59 6
E10m2 1.84 5.50 1.10 4.03 8
E10m3 1.62 5.14 0.95 3.76 8
SWAN 0.26 2.84 0.21 2.11 4
SWANM 0.56 3.74 0.42 2.78 4

Table 7.9:Hnax Tmax Have Tave@and REP regarding In-Situ Wave Measurements (In-

Situ), E10, E10m2, E10m3, SWAN and SWANm for P08

P08 Hhax (M) Tmax (S) Huve (M) Tae(s) | REP
In-Situ 3.31 6.20 1.54 4.86 7
E10 2.12 5.82 1.13 3.63 5
E10m2 3.95 7.76 2.15 4.86 5
E10m3 3.59 7.43 1.86 4.75 5
SWAN 0.63 4.26 0.36 3.18 4
SWANmM 1.12 5.17 0.61 3.69 4

Table 7.10:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements

(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for P09

P09 Hhax (M) Trax (S) Huve (M) Tave (S) REP
In-Situ 1.49 5.60 0.88 4.04 9
E10 0.65 3.17 0.49 212 7
E10m2 1.59 5.10 111 3.04 7
E10m3 1.32 4.66 0.92 2.98 7
SWAN 0.27 3.54 0.19 2.30 5
SWANmM 0.57 3.65 0.41 2.85 5
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Table 7.11:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for P10

P10 Hhax (M) | Tmax(S) | Hwe(M) | Tae(s) | REP
In-Situ 2.50 5.81 1.20 434 7
E10 1.45 4.79 0.82 3.34 6
E10m2 2.52 6.14 1.55 4.18 6
E10m3 2.70 6.58 1.52 4.37 6
SWAN 0.71 4.42 0.33 2.61 6
SWANM 1.24 5.37 0.64 3.28 6

Table 7.12:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, EIL0m3, SWAN and SWANm for P11

P11 Hhax (M) Tmax (S) Huve (M) Tae(s) | REP
In-Situ 2.81 5.89 157 4.67 5
E10 241 6.32 1.55 4.37 4
E10m2 4.63 8.55 2.65 5.62 4
E10m3 4.42 8.31 2.72 5.83 4
SWAN 1.80 6.25 0.66 3.30 6
SWANmM 2.73 7.19 1.12 4.13 6

Table 7.13:Average BIAS, RMSE and Average MAE (%) between In-8itd E10,
E10m2, E10m3 Significant Wave Heights (P01, P02, P03 and P04)

PO1 P02
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.90 1.15 48 -1.11 1.44 56
In-Situ vs E10m2 -0.21 0.62 35 -0.52 0.86 34
In-Situ vs E10m3 -0.34 0.67 34 -0.64 0.92 34
In-Situ vs SWAN -0.90 1.21 68 -0.72 1.01 63
In-Situ vs SWANmM -0.65 0.99 46 -0.34 0.67 62
P03 P04
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.33 0.33 49 -0.54 0.84 37
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Table 7.13 (continued)

In-Situ vs E10mM2 0.62 0.92 90 0.27 0.42 17
In-Situ vs E10mM3 0.39 0.87 82 0.30 0.49 24
In-Situ vs SWAN -0.79 0.94 71 -1.03 1.24 46
In-Situ vs SWANmM -0.50 0.71 48 -0.47 0.81 32

Table 7.14:Average BIAS, RMSE and Average MAE (%) between hu&nd E10,
E10m2, E10m3 Significant Wave Heights (P05, P06, PO7 and P08)

P05 P06
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.27 0.40 39 -0.29 0.39 52
In-Situ vs E10mM2 0.62 0.70 98 0.22 0.53 72
In-Situ vs E10M3 0.33 0.45 58 0.17 0.44 66
In-Situ vs SWAN -0.56 0.66 68 -0.53 0.38 78
In-Situ vs SWANmM -0.29 0.48 50 -0.37 0.23 50
P07 P08
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.27 0.72 42 -0.41 0.72 44
In-Situ vs E10mM2 0.37 1.66 86 0.61 1.64 62
In-Situ vs E10mM3 0.21 0.86 67 0.32 0.84 45
In-Situ vs SWAN -0.55 0.37 70 -0.92 1.26 66
In-Situ vs SWANmM -0.34 0.18 41 -0.65 0.74 44

\
Table 7.15:Average BIAS, RMSE and Average MAE (%) between hu&nd E10,
E10m2, E10m3 Significant Wave Heights (P09, P10 and P11)

P09 P10
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.39 0.46 a7 -0.37 0.48 39
In-Situ vs E10mM2 0.23 0.34 41 0.35 0.49 36
In-Situ vs E10mM3 0.04 0.18 23 0.33 0.52 34
In-Situ vs SWAN -0.54 0.40 68 -0.84 0.95 74
In-Situ vs SWANmM -0.32 0.18 38 -0.53 0.46 46

258



Table 7.15 (continued)

P11
BIAS RMSE MAE
In-Situ vs E10 -0.02 0.66 42
In-Situ vs E10mM2 1.08 1.43 79
In-Situ vs E10mM3 1.15 1.15 87
In-Situ vs SWAN -0.89 1.04 62
In-Situ vs SWANmM -0.40 0.36 34

Table 7.16:Average BIAS, RMSE and Average MAE (%) between In+&itd E10,
E10m2, E10m3 Significant Wave Heights for Storm Peaks (P01, PGZriel

P04)
PO1 P02
BIAS | RMSE | MAE | BIAS | RMSE| MAE
In-Situ vs E10 213| 218 58 184 3.4 60
In-Situ vs E1I0m2 | -1.12 1.21 29 -0.94 1.0( 32
In-Situ vs E1I0m3 | -1.20 1.29 32 1.21 1.43 44
In-Situ vs SWAN | -2.51 | 2.54 83 159  1.62 54
In-Situ vs SWANm | -2.12 2.16 70 088  0.90 30
P03 P04
BIAS | RMSE | MAE | BIAS | RMSE| MAE
In-Situ vs E10 -1.01 1.04 66 1.47 2.22 39
In-Situ vs E10m2 0.45 0.51 28 0.33 0.38 13
In-Situ vs E10m3 0.43 0.50 27 0.11 0.33 13
In-Situ vs SWAN | -1.36 1.37 87 214 219 60
In-Situ vs SWANm | -1.07 1.09 68 136  1.49 38

Table 7.17:Average BIAS, RMSE and Average MAE (%) between In-8itd E10,
E10m2, E10m3 Significant Wave Heights for Storm Peaks (P05, P@Griel
P08)
P05 P06
BIAS RMSE MAE BIAS RMSE MAE
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Table 7.17 (continued)

In-Situ vs E10 -0.67 0.47 52 -0.65 0.45 a7
In-Situ vs E10mM2 0.36 0.14 31 0.06 0.04 13
In-Situ vs E10mM3 0.06 0.02 11 -0.01 0.02 9
In-Situ vs SWAN -0.83 0.86 75 -0.99 1.03 84

In-Situ vs SWANmM -0.54 0.58 47 -0.80 0.84 66
PO7 P08
BIAS RMSE MAE BIAS RMSE MAE

In-Situ vs E10 -0.49 0.25 40 -0.94 0.96 32
In-Situ vs E10mM2 0.48 0.24 41 0.50 0.5% 21
In-Situ vs E10mM3 0.27 0.08 24 0.22 0.23 14
In-Situ vs SWAN -0.87 0.90 78 -1.96 1.97 81

In-Situ vs SWANmM -0.64 0.68 57 -1.56 1.57 65

Table 7.18:Average BIAS, RMSE and Average MAE (%) between l+8nd E10,
E10m2, E10m3 Significant Wave Heights for Storm Peaks (P09, P1®ldnd

P09 P10
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.78 0.61 55 -0.95 0.92 42
In-Situ vs E10M2 0.12 0.02 8 0.11 0.05 7
In-Situ vs EI0m3 -0.15 0.02 10 0.17 0.11 12
In-Situ vs SWAN -1.09 1.10 81 -1.38 1.40 68
In-Situ vs SWANmM -0.79 0.80 58 -0.87 0.90 42
P11
BIAS RMSE MAE
In-Situ vs E10 -0.83 0.71 31
In-Situ vs EI0m2 0.30 0.15 12
In-Situ vs E10m3 0.35 0.15 14
In-Situ vs SWAN -1.08 1.21 69
In-Situ vs SWANmM -0.73 0.91 43
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Table 7.19:Average BIAS, RMSE and Average MAE (%) between In+&itd E10,
E10m2, E10m3 Significant Wave Periods (P01, P02, P03 and P04)

PO1 P02
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -1.91 1.97 38 -2.67 2.75 48
In-Situ vs E10m2 -0.49 0.72 12 -1.95 2.20 39
In-Situ vs E10mM3 -0.81 0.96 17 -1.7( 1.89 31
In-Situ vs SWAN -2.18 2.39 48 -0.64 2.04 39
In-Situ vs SWANmM -1.55 1.80 35 0.13 1.94 36
PO3 P04
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.77 111 20 -1.85 2.18 35
In-Situ vs E10m2 0.05 1.02 20 -0.81 1.92 27
In-Situ vs E10m3 0.73 1.24 24 -1.0¢ 1.96 28
In-Situ vs SWAN -1.90 2.15 48 -1.53 2.10 25
In-Situ vs SWANmM -0.93 1.40 31 -0.53 1.55 21

Table 7.20:Average BIAS, RMSE and Average MAE (%) between In-8itd E10,
E10m2, E10m3 Significant Wave Periods (P05, P06, P07 and P08)

P05 P06
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -1.03 1.18 26 -1.54 1.81 41
In-Situ vs E10mM2 0.69 0.86 20 -0.51 1.2¢ 25
In-Situ vs E10mM3 0.29 0.59 13 -0.69 1.38 28
In-Situ vs SWAN -2.46 2.76 56 -2.47 6.41 57
In-Situ vs SWANmM -1.58 2.06 39 -2.11 4.97 48
P07 P08
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.54 0.29 14 -1.24 1.5§ 29
In-Situ vs E10m2 1.02 1.06 27 -0.01 1.04 16
In-Situ vs E10mM3 0.83 0.71 22 -0.17 1.01 17
In-Situ vs SWAN -1.95 4.08 49 -2.14 5.87 38
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Table 7.20 (continued)
In-Situ vs SWANmM -1.30 2.10 33 -1.60 4.04 33

Table 7.21:Average BIAS, RMSE and Average MAE (%) between hu&nd E10,
E10m2, E10m3 Significant Wave Periods (P09, P10 and P11)

P09 P10
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -1.92 1.97 49 -1.00 1.17 25
In-Situ vs E10M2 -1.00 1.34 31 -0.16 1.0% 22
In-Situ vs EI0m3 -1.08 1.26 29 0.02 1.01 21
In-Situ vs SWAN -2.07 5.57 47 -2.29 5.79 48
In-Situ vs SWANmM -1.52 3.06 35 -1.61 3.43 37
P11
BIAS RMSE MAE
In-Situ vs E10 -0.30 1.02 18
In-Situ vs EI0mM2 0.95 1.62 28
In-Situ vs EI0m3 1.16 1.63 30
In-Situ vs SWAN -1.96 4.78 40
In-Situ vs SWANmM -1.10 2.50 28

Table 7.22:Average BIAS, RMSE and Average MAE (%) between l+8@nd E10,
E10m2, E10m3 Significant Wave Periods for Storm Peaks (P01, POAng03

PO4)
POL P02
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 192 194 29 228 514 34
In-Situ vs E10mM2 -0.32 0.44 5 -1.08 1.18 16
In-Situ vs EI10m3 -0.68 0.74 10 -1.16 1.34 17
In-Situ vs SWAN -2.57 2.57 43 -0.61 0.76 10
In-Situ vs SWANmM -1.74 1.74 29 0.45 0.54 7
P03 P04
BIAS RMSE MAE BIAS RMSE MAE
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Table 7.22 (continued)

In-Situ vs E10 -1.80 1.84 39 -1.29 1.71 18
In-Situ vs E10mM2 -0.43 0.59 11 0.46 0.39 7
In-Situ vs E10mM3 -0.45 0.55 10 0.19 0.34 8
In-Situ vs SWAN -2.87 2.90 64 -2.97 3.00 37

In-Situ vs SWANmM -1.81 1.87 40 -1.77 1.80 22

Table 7.23:Average BIAS, RMSE and Average MAE (%) between In+&itd E10,
E10m2, E10m3 Significant Wave Periods for Storm Peaks (P05, PO&Gng07

PO8)
P05 P06
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -1.38 2.00 31 -0.90 0.83 21
In-Situ vs E1I0m2 0.53 0.36 13 0.38 0.22 9
In-Situ vs E10m3 0.12 0.12 5 0.31 0.12 7
In-Situ vs SWAN -2.92 2.96 59 -2.86 2.88 60
In-Situ vs SWANmM -2.02 2.08 40 -2.36 2.37 50
PO7 P08
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.54 0.29 14 -0.55 0.45 9
In-Situ vs E10m2 1.02 1.06 27 0.99 1.38 17
In-Situ vs E10m3 0.83 0.71 24 0.76 0.88 13
In-Situ vs SWAN -2.37 2.40 54 -3.28 3.31 51
In-Situ vs SWANmM -1.72 1.74 39 -2.49 2.53 39

Table 7.24:Average BIAS, RMSE and Average MAE (%) between In-&itd E10,
E10m2, E10m3 Significant Wave Periods for Storm Peaks (P09, P1A.apd P

P09 P10
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -1.99 4.07 38 -0.68 0.47 13
In-Situ vs E10m2 -0.21 0.08 5 0.80 0.65 16
In-Situ vs E10m3 -0.66 0.47 13 0.75 0.62 15
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Table 7.24 (continued)

In-Situ vs SWAN -3.52 3.57 61 -2.73 2.79 44
In-Situ vs SWANmM -2.59 2.65 45 -1.63 1.65 26
P11
BIAS RMSE MAE
In-Situ vs E10 -0.31 0.12 5
In-Situ vs E10mM2 1.14 1.33 20
In-Situ vs E10mM3 1.20 1.46 21
In-Situ vs SWAN -2.27 2.28 41
In-Situ vs SWANmM -1.56 1.58 28

The findings from Figures 7.21-7.53 and Tables 7.2-7.18 canrbmarized as;

In general, significant wave heightss, lébtained from E10 wind speeds are
underestimated considering both W61 and SWAN applications.

Using modified E10 wind speeds (E10m2 and E10m3) for wave estiraat
result in certain improvements in,HHmax Tmax Have @and Tavevalues for most
of the cases considering both W61 and SWAN applications.

Considering average bias, root mean square error (RMSE) anabavmean
absolute error (MAE) values for each case, certain imprewésnare
achieved in P01, P02, P04, P09 and P10 in terms of significua heights,
whereas for other cases, although certain improvements dnieved
especially for the storm peaks, in general these valuesatedim opposite
situation in terms of significant wave heights.

As for storm peaks, calculated average bias, root meamesguar (RMSE)
and average mean absolute error (MAE) values indicatefdahatll of the
cases substantial improvements are achieved in ternsgymificant wave
heights.

The aforementioned two outcomes are indications that modified Ei® wi
speeds result in better representation at storm peaks is térsignificant

wave heights.
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As for the significant wave periods, when average biast mean square
error (RMSE) and average mean absolute error (MAE) vaeesonsidered,
certain improvements are achieved in all cases excepPRU3and P11.

As for storm peaks, average bias, root mean square error KRS
average mean absolute error (MAE) values indicate thattiatlexception of
P07, P08, P10 and P11, improvements are observed in terms oicaignif
wave periods.

The aforementioned two outcomes are indications that modified BHid w
speeds (E10m2 and E10m3) give better results in presenbimy peaks in
terms of significant wave periods.

In-situ significant wave heights are generally higher thagnitant wave
heights estimated from W61 and SWAN applications for storm péalks
observed that the significant wave heights obtained from W61 apphs
covering the storm peaks are presented with 7%-41% mean &bealot,
whereas, significant wave heights obtained from SWAN apjiitat
corresponding to the same storm peaks are all underestimigtesidéo-87%
mean absolute error. Overall significant wave height esomatduring the
storm do not give a consistent trend for both W61 and SWAN apphesat
The mean absolute error fluctuates between 17%-98% and 32%-62% for
W61 and SWAN applications respectively. This conclusion shows that
studies have to be carried to have reliable wave heigfithaions from
modified wind speeds using W61 and SWAN models covering thetidinal
effects.

The results of W61 applications show that significant wavghte for the
storm durations following the storm peaks are generally avesasd.

As for significant wave periods, W61 gives results with malasolute error

in the range of 5%-27% at storm peaks, whereas SWAN resuwles rhean
absolute error in the range of 7%-50% at storm peaks. As fomlbver
significant wave period estimations during the storm, teanrabsolute error
fluctuates between 12%-35% and 21%-48% for W61 and SWAN applications

respectively.
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Except for P06, directional differences between represeatatiave
directions of in-situ waves and of W61 wave estimations (E1®m2 and
E10m3) are at most 2 sectors corresponding to 45°. The directional
differences between representative wave directions otunvgves and of
SWAN wave estimations (E10, E10m2 and E10m3) are at mosttdrs
corresponding to 45° for all cases except for P02, P04, PO8 and lir3@
directional differences might be the source of the mean abseitdr in the

estimation of wave heights in both W61 and SWAN models.

7.3. Comparison of In-Situ Wave Measurements and Wave Estimatiorier the

Chosen Storms in the Past for Hopa Region

Based on the chosen storms, the previous comparisons for éhstgdg site, Sinop,
show the applicability of the proposed wind speed modificatiemsn though it is
preferred to update these methods with more comparisons fordlua.rén order to

understand the applicability of these methods for other regioothexr study area,
Hopa, is chosen. Just like Sinop, Hopa is another site whesguinvave

measurements are performed within NATO-TU WAVES project.

Firstly, effective fetch distances are calculatsthg the same approach given for
Sinop case study. The fetch distances and the effective dettzinces are given in
Figure 7.54 and Table 7.25.

Using the effective fetch distances, wave estimationghferbelow given periods
(cases) are obtained with S10, E10, E10m2 and E10m3 windsspeed

12:00 29.10.1995 — 15:00 31.10.1995 (52 hours) (HO1)
21:00 22.11.1995 — 00:00 28.11.1995 (124 hours) (H02)
10:00 15.12.1995 — 18:00 18.12.1995 (81 hours) (HO3)
10:00 12.04.1996 — 15:00 14.04.1996 (54 hours) (H04)
00:00 18.02.1998 — 05:00 20.02.1998 (54 hours) (HO5)
12:00 14.03.1999 — 00:00 18.03.1999 (85 hours) (HO6)
08:00 27.12.1996 — 23:00 30.12.1996 (88 hours) (HO7)
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12:00 21.12.1995 — 21:00 23.12.1995 (58 hours) YHO8
00:00 14.12.1995 — 21:00 17.12.1995 (94 hours) YHO9

Figure 7.54:Considered Fetch Distances for the Case Study I$igea (Google
Earth, 2014)

Table 7.25:Effective Fetch Distances for the Case Study Sitja

Direction Effective Fetch (km)
SW 63
WSW 200
w 603
WNW 755
NW 498
NNW 244
N 122
NNE 69

The wave estimations are performed with S10, E10218nd E10m wind speeds
and for wind directions E10 wind directions arediseoreover, in order to see the
influence of numerical model on wave estimationsAWis used in addition to
W61. The wave estimations with SWAN are performechwihmodified original
wind fields over the Black Sea basin as well ashwitodified E10 wind speeds
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(E10m2) over the Black Sea basin. Since modification methaaisl 3 give similar
improvements and results in the previous studies, it is thohghtsing one of these
modification methods would be enough. The unmodified and modified SWAM wa
estimations are regarded as “SWAN” and “SWANmM”, respettivSWAN runs are
performed with unmodified and modified 6 hourly ECMWF wind détas wave
estimations are obtained in 6 hour intervals unlike hourly watd €or other runs.
Both numerical models are run longer than the above given pdoasiss) since it
takes time for waves to develop, thus it is aimed to avoidigess/erestimation and
underestimation at the beginning and ending of these periodsressilt, the starting
point of x-axis in the below given figures do not coincide withtie results of wave
estimations in terms of significant wave heights, sigaificwave periods and wave
directions are given in Figure 7.56-7.82. The wave directiongiee@ in accordance
with Figure 7.55 in which except for the SSW and NE diosisj sea directions are
covered. The wave directions are described in termsabbrseso that it would be
easy to observe the directional differences as well agacome the complication of
spherical representation of directions, especially at N wheziled 360 meets where

it would be hard to observe the directional changes iaphggal representation.

In addition to Figures 7.56-7.82, Tables 7.26-7.34, which summté&zeesults in
terms of Hhax Tmax Have Tave represerntative wave direction (REP), are prepared for
each period (H). Moreover, average bias, RMSE and awévi#d are also given in
Tables 7.35-7.36 (for significant wave heights) and Tables 7&9{for significant
wave periods) for each case. In these tables, only W61 vetimeadions performed
with modified wind measurements are considered since W6# wstimations are
obtained hourly whereas SWAN wave estimations are obtained & hthus W61
wave estimations are more appropriate such comparisons. lasTald7-7.38 and
Tables 7.41-7.42, average bias, RMSE and average MAE ebtainly for the peak
consecutive 9 wave estimations at the storm peaks are igiterms of significant
wave heights and periods. The peak (maximum) points arerclagserding to in-
situ wave measurements and the peak (maximum) in-sita tvaight forms the mid

point of these 9 consecutive points. This comparison is perfbtmenderstand if
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wave estimations are different for the storm peatkerothan the developing and

calming parts of the storm.

Figure 7.55: Wave Directions and Their Designation in Terms eftSrel Numbers
Considered in Figures 7.21-7.53

Figure 7.56: Significant Wave Heights Obtained from S10, E10)iE2, E10m3,
SWAN and SWANmM Wind Speeds for HO1
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Figure 7.57: Significant Wave Periods Obtained from S10, E1@r&3, E10m3,
SWAN and SWANmM Wind Speeds for HO1

Figure 7.58: Wave Directions Obtained from S10, E10, EIL0m2, E1®V8AN and
SWANmM Wind Speeds for HO1
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Figure 7.59: Significant Wave Heights Obtained from S10, E10Q1B2, E10m3,
SWAN and SWANm Wind Speeds for HO2

Figure 7.60: Significant Wave Periods Obtained from S10, E110Qra2, E10m3,
SWAN and SWANm Wind Speeds for HO2
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Figure 7.61: Wave Directions Obtained from S10, E10, EI0m2, E1®VW8AN and
SWANmM Wind Speeds for HO2

Figure 7.62: Significant Wave Heights Obtained from S10, E1D0iB2, E10m3,
SWAN and SWANm Wind Speeds for HO3
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Figure 7.63: Significant Wave Periods Obtained from S10, E110QrB2, E10m3,
SWAN and SWANm Wind Speeds for HO3

Figure 7.64: Wave Directions Obtained from S10, E10, E1L0m2, E1VW8AN and
SWANmM Wind Speeds for HO3
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Figure 7.65: Significant Wave Heights Obtained from S10, E100iB2, E10m3,
SWAN and SWANm Wind Speeds for HO4

Figure 7.66: Significant Wave Periods Obtained from S10, E1@r&2, E10m3,
SWAN and SWANm Wind Speeds for HO4
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Figure 7.67: Wave Directions Obtained from S10, E10, E10m2, E10V8AN and
SWANmM Wind Speeds for HO4

Figure 7.68: Significant Wave Heights Obtained from S10, E10)iE2, E10m3,
SWAN and SWANmM Wind Speeds for HO5
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Figure 7.69: Significant Wave Periods Obtained from S10, E1@r&2, E10m3,
SWAN and SWANmM Wind Speeds for HO5

Figure 7.70: Wave Directions Obtained from S10, E10, EIL0m2, E1®V8AN and
SWANmM Wind Speeds for HO5
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Figure 7.71: Significant Wave Heights Obtained from S10, E10Q1B2, E10m3,
SWAN and SWANm Wind Speeds for HO6

Figure 7.72: Significant Wave Periods Obtained from S10, E1I)r&2, E10m3,
SWAN and SWANm Wind Speeds for HO6
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Figure 7.73: Wave Directions Obtained from S10, E10, EI0m2, E1®VW8AN and
SWANmM Wind Speeds for HO6

Figure 7.74: Significant Wave Heights Obtained from S10, E100iB2, E10m3,
SWAN and SWANmM Wind Speeds for HO7
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Figure 7.75: Significant Wave Periods Obtained from S10, E1I)r&2, EL0m3,
SWAN and SWANm Wind Speeds for HO7

Figure 7.76: Wave Directions Obtained from S10, E10, E10m2, E10NV8AN and
SWANmM Wind Speeds for HO7

279



Figure 7.77: Significant Wave Heights Obtained from S10, E1D0iB2, E10m3,
SWAN and SWANmM Wind Speeds for HO8

Figure 7.78: Significant Wave Periods Obtained from S10, E1@r&a, E10m3,
SWAN and SWANmM Wind Speeds for HO8
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Figure 7.79: Wave Directions Obtained from S10, E10, E10m2, E10V8AN and
SWANmM Wind Speeds for HO8

Figure 7.80: Significant Wave Heights Obtained from S10, E10)iE2, E10m3,
SWAN and SWANm Wind Speeds for HO9
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Figure 7.81: Significant Wave Periods Obtained from S10, E1@r&3, E10m3,
SWAN and SWANmM Wind Speeds for HO9

Figure 7.82: Wave Directions Obtained from S10, E10, EI0m2, E1®VW8AN and
SWANmM Wind Speeds for HO9
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Table 7.26:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO1

HO1 Hoa (M) | Toax(S) | Hue(M) | Tae(s) | REP
In-Situ 2.42 7.26 1.12 5.05 5
E10 0.80 3.63 0.51 2.58 5
E10m2 1.98 5.66 1.34 4.21 5
E10m3 1.75 5.37 1.15 3.99 5
SWAN 0.37 3.25 0.23 2.59 6
SWANM 0.78 4.18 0.49 3.26 6

Table 7.27:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANmM for HO2

HO2 Hiax (M) | Tmax(S) | Hwe(M) | Tae(s) | REP
In-Situ 4.22 8.13 1.84 6.05 5
E10 1.92 5.62 1.28 3.64 5
E10m2 3.69 7.54 2.38 4.58 5
E10m3 3.44 7.44 2.26 4.62 5
SWAN 2.00 7.23 0.95 5.02 6
SWANmM 3.46 9.23 1.68 6.28 6

Table 7.28:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO3

HO3 Hnax (M) Trnax (S) Huve (M) Tave (S) REP
In-Situ 2.79 6.22 1.40 4.89 5
E10 0.73 3.45 0.57 2.92 5
E10m2 1.74 5.08 1.28 4.22 5
E10m3 1.45 4.89 1.10 4.05 5
SWAN 0.45 4.29 0.31 3.11 7
SWANmM 1.09 5.50 0.66 3.91 7
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Table 7.29:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO4

HO4 Hoa(M) | Toax(S) | Huwe(M) | Tae(s) | REP
In-Situ 1.81 5.64 1.21 4.77 5
E10 0.38 2.52 0.36 2.36 6
E10m2 0.71 3.43 0.62 2.95 8
E10m3 1.01 4.07 0.85 3.45 8
SWAN 0.23 3.79 0.16 2.88 7
SWANM 0.50 4.04 0.34 2.88 7

Table 7.30:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO5

HO5 Hnax (M) Trmax (S) Huve (M) Tae(s) | REP
In-Situ 3.48 7.66 1.63 5.52 5
E10 0.89 3.84 0.74 3.32 5
E10m2 1.49 4.97 1.25 4.26 5
E10m3 1.49 4.96 1.25 4.25 5
SWAN 0.37 4.31 0.27 2.97 8
SWANmM 0.66 4.20 0.46 3.43 7

Table 7.31:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO6

HO6 Hnax (M) Trnax (S) Huve (M) Tave (S) REP
In-Situ 2.07 5.73 0.78 4.31 5
E10 0.67 3.33 0.54 2.70 6
E10m2 1.56 5.06 1.19 3.74 6
E10m3 2.07 5.24 1.35 3.05 6
SWAN 0.45 5.79 0.34 4.94 7
SWANmM 0.90 5.27 0.66 4.09 6
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Table 7.32:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO7

HO7 Hoax(M) | Tnax(S) | Huwe(M) | Tae(s) | REP
In-Situ 2.75 9.18 1.13 5.72 5
E10 0.59 3.02 0.37 2.23 6
E10m2 1.00 4.06 0.71 3.25 6
E10m3 1.06 4.19 0.76 3.41 6
SWAN 0.57 5.55 0.32 3.34 8
SWANM 1.02 6.38 0.57 3.86 8

Table 7.33:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANmM for HO8

HO8 Hnax (M) Tmax (S) Huve (M) Tae(s) | REP
In-Situ 3.31 6.20 1.54 4.86 7
E10 2.12 5.82 1.13 3.63 5
E10m2 3.95 7.76 2.15 4.86 5
E10m3 3.59 7.43 1.86 4.75 5
SWAN 0.63 4.26 0.36 3.18 4
SWANmM 1.12 5.17 0.61 3.69 4

Table 7.34:Hmax Tmax Have Tave@nd REP regarding In-Situ Wave Measurements
(In-Situ), E10, E10m2, E10m3, SWAN and SWANm for HO9

HO09 Hnax (M) Tinax (S) Huve (M) Tave (S) REP
In-Situ 2.50 5.81 1.19 4.34 5
E10 1.45 4.78 0.81 3.32 4
E10m2 251 6.13 152 4.12 4
E10m3 2.70 6.58 1.75 4.69 4
SWAN 0.54 4.29 0.31 3.11 8
SWANmM 1.09 5.50 0.66 3.91 7
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Table 7.35:Average BIAS, RMSE and Average MAE (%) between hu&nd E10,
E10m2, E10m3 Significant Wave Heights (HO1, HO2, HO3 and H04)

HO1 HO2
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.61 0.78 56 -0.57 1.27 109
In-Situ vs E10m2 0.22 0.47 41 0.54 1.67 180
In-Situ vs E10mM3 0.03 0.44 31 0.41 1.53 164
In-Situ vs SWAN -0.54 0.78 59 -0.78 1.14 61
In-Situ vs SWANmM -0.28 0.57 43 -0.03 0.93 78
HO3 HO4
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.84 1.13 67 -0.85 0.96 71
In-Situ vs E10m2 -0.13 0.80 79 -0.58 0.73 56
In-Situ vs E10m3 -0.31 0.81 69 -0.35 0.57 59
In-Situ vs SWAN -1.04 1.30 67 -0.68 0.90 67
In-Situ vs SWANmM -0.68 1.01 59 -0.49 0.74 49

Table 7.36:Average BIAS, RMSE and Average MAE (%) between hu&nd E10,
E10m2, E10m3 Significant Wave Heights (HO5, HO6, HO7, HO8 and HO9)

HO5 HO6
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.88 1.24 44 -0.24 0.54 50
In-Situ vs E10mM2 -0.38 0.99 57 0.41 0.7% 114
In-Situ vs E10mM3 -0.38 0.97 56 0.57 0.71 125
In-Situ vs SWAN -1.01 1.40 64 -0.43 0.73 52
In-Situ vs SWANmM -0.81 1.22 51 -0.11 0.66 83
HO7 HO8
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -0.76 0.97 63 -1.11 1.53 66
In-Situ vs E10m2 -0.42 0.71 33 -0.51 1.09 72
In-Situ vs E10mM3 -0.37 0.67 34 -0.72 1.18 60
In-Situ vs SWAN -0.61 0.89 62 -0.87 1.35 51
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Table 7.36 (continued)

In-Situ vs SWANmM -0.35 0.66 49 -0.72 1.18 44
HO9

BIAS RMSE MAE
In-Situ vs E10 -0.38 0.49 40
In-Situ vs E10mM2 0.33 0.47 35
In-Situ vs E10mM3 0.56 0.65 76
In-Situ vs SWAN -1.14 1.27 78
In-Situ vs SWANmM -0.79 0.97 53

Table 7.37:Average BIAS, RMSE and Average MAE (%) between In-8itd E10,
E10m2, E10m3 Significant Wave Heights for Storm Peaks (HO1, HO2 and

HO4)
HO1 HO2
BIAS | RMSE | MAE | BIAS | RMSE| MAE
In-Situ vs E10 -1.34 1.39 64 -1.39 1.4 58
In-Situ vs E1I0m2 |  -0.19 0.27 10 0.64  0.6% 27
In-Situ vs EI0m3 | -0.55|  0.60 25 -0.64 0.69 28
In-Situ vs SWAN | -1.47 1.53 81 145 1.59 42
In-Situ vs SWANm | -1.14 1.21 61 011  0.71 17
HO3 HO4
BIAS | RMSE | MAE | BIAS | RMSE| MAE
In-Situ vs E10 173 1.76 72 -1.39 1.3 78
In-Situ vs E1I0m2 |  -0.92 0.97 38 -1.06 1.06 61
In-Situ vs E1I0m3 | -1.18 1.21 48 074  0.74 42
In-Situ vs SWAN | -2.19 |  2.20 83 150 1.50 89
In-Situ vs SWANm | -1.72 1.74 65 125  1.29 74

Table 7.38:Average BIAS, RMSE and Average MAE (%) between In+&itd E10,
E10m2, E10m3 Significant Wave Heights for Storm Peaks (HO5, H0OB,
HO8 and HO09)
HO5 HO6
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Table 7.38 (continued)

BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -2.31 2.32 72 -1.22 1.23 67
In-Situ vs E10mM2 -1.79 1.81 56 -0.79 0.81 43
In-Situ vs E10mM3 -1.76 1.78 55 0.26 0.33 16
In-Situ vs SWAN -2.54 2.56 88 -1.22 1.36 75
In-Situ vs SWANmM -2.22 2.29 78 -0.98 1.15 55
HO7 HO8
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -1.94 1.94 76 -2.84 2.85 83
In-Situ vs E10mM2 -1.53 1.54 60 -2.05 2.06 59
In-Situ vs E10m3 -1.47 1.48 58 -2.25 2.26 69
In-Situ vs SWAN -1.87 1.88 78 -2.62 2.65 84
In-Situ vs SWANmM -1.42 1.42 59 -2.30 2.34 74
HO9
BIAS RMSE MAE
In-Situ vs E10 -0.95 0.96 42
In-Situ vs E10mM2 0.09 0.21 7
In-Situ vs E10mM3 0.17 0.34 12
In-Situ vs SWAN -1.58 1.60 78
In-Situ vs SWANmM -1.11 1.14 54

Table 7.39:Average BIAS, RMSE and Average MAE (%) between l+8nd E10,
E10m2, E10m3 Significant Wave Periods (HO1, HO2, HO3 and H04)

HO1 HO2
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -2.46 2.53 52 -2.41 2.54 42
In-Situ vs E10m2 -0.83 1.15 22 -1.46 1.82 29
In-Situ vs E10m3 -1.06 1.26 23 -1.43 1.7% 28
In-Situ vs SWAN -2.76 2.96 51 -1.65 2.39 31
In-Situ vs SWANmM -2.11 2.33 39 -0.35 2.07 30
HO3 HO4
BIAS RMSE MAE BIAS RMSE MAE
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Table 7.39 (continued)

In-Situ vs E10 -1.97 2.12 40 -2.41 2.44 50
In-Situ vs E10mM2 -0.67 1.04 18 -1.87 1.88 38
In-Situ vs E10mM3 -0.84 1.14 20 -1.37 1.3% 28
In-Situ vs SWAN -2.20 2.54 40 -2.01 2.28 39

In-Situ vs SWANmM -3.51 3.53 51 -1.99 2.22 39

Table 7.40:Average BIAS, RMSE and Average MAE (%) between In+&itd E10,
E10m2, E10m3 Significant Wave Periods (H05, HO6, HO7, HO8 and H09)

HO5 HO6
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -2.20 2.30 40 -1.61 1.66 38
In-Situ vs E10m2 -1.26 1.47 24 -0.57 0.91 20
In-Situ vs E10m3 -1.27 1.46 24 -1.27 2.03 40
In-Situ vs SWAN -3.24 3.47 52 0.09 1.37 28
In-Situ vs SWANmM -2.73 2.90 44 -0.76 1.6Q 26
HO7 HO8
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -3.49 3.65 61 -3.17 3.64 52
In-Situ vs E10mM2 -2.47 2.70 42 -1.771 2.52 37
In-Situ vs E10m3 -2.31 2.57 39 -2.17 2.72 36
In-Situ vs SWAN -2.89 3.19 50 -3.40 3.61 50
In-Situ vs SWANmM -2.29 2.59 41 -2.28 2.75 36
HO09
BIAS RMSE MAE
In-Situ vs E10 -1.02 1.18 26
In-Situ vs E10m2 -0.22 1.05 22
In-Situ vs E10m3 0.34 0.90 17
In-Situ vs SWAN -2.41 2.53 a7
In-Situ vs SWANmM -1.69 2.00 37
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Table 7.41:Average BIAS, RMSE and Average MAE (%) between hu-&nd E10,
E10m2, E10m3 Significant Wave Periods for Storm Peaks (HO1, HIRahkd

HO4)
HO1 HO2
BIAS | RMSE | MAE | BIAS | RMSE| MAE
In-Situ vs E10 339 | 3.39 49 284  2.8¢ 41
In-Situ vs EI0m2 | -1.40 1.42 20 161  1.62 24
In-Situ vs E1I0m3 | -1.93 1.94 28 -1.68 1.69 24
In-Situvs SWAN | -4.41 | 4.44 60 157 1.80 18
In-Situ vs SWANm | -3.68 |  3.71 50 0.23 0.96 9
HO3 HO4
BIAS | RMSE | MAE | BIAS | RMSE| MAE
In-Situ vs E10 240 243 43 293 2.7 54
In-Situ vs E1I0m2 | -0.92| 097 16 -2.26 2.26 42
In-Situ vs E1I0m3 | -1.34 1.39 24 158 1.58 29
In-Situ vs SWAN |  -1.37 2.01 32 305  3.06 50
In-Situ vs SWANm | 258 |  2.63 37 282  2.83 46

Table 7.42:Average BIAS, RMSE and Average MAE (%) between hu&nd E10,
E10m2, E10m3 Significant Wave Periods for Storm Peaks (HO5, HIG, HD8

and H09)
HO5 HO6
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -3.33 3.35 47 -2.12 2.14 42
In-Situ vs E10m2 -2.48 2.50 35 -1.23 1.28 24
In-Situ vs E10m3 -2.43 2.44 34 0.07 0.44 7
In-Situ vs SWAN -4.85 4.88 63 0.15 1.39 27
In-Situ vs SWANmM -3.98 4.00 52 -1.97 2.40 31
HO7 HO8
BIAS RMSE MAE BIAS RMSE MAE
In-Situ vs E10 -5.47 5.50 64 -4.30 4.33 59
In-Situ vs E10m2 -4.44 4.46 52 -2.57 2.62 35
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Table 7.42 (continued)

In-Situ vs E10mM3 -4.31 4.34 51 -2.91 3.01 40
In-Situ vs SWAN -2.89 3.19 50 -3.10 3.61 50
In-Situ vs SWANmM -2.29 2.59 41 -2.25 2.75 36
HO9
BIAS RMSE MAE
In-Situ vs E10 -0.69 0.70 13
In-Situ vs E10mM2 0.78 0.79 15
In-Situ vs E10m3 0.75 0.79 15
In-Situ vs SWAN -2.88 2.90 46
In-Situ vs SWANmM -1.95 1.97 31

The findings from Figures 7.56-7.62 and Tables 7.26-7.42 can beasizachas;

In general, significant wave heightss, ldbtained from E10 wind speeds are
underestimated considering both W61 and SWAN applications.

Using modified E10 wind speeds (E10m2 and E10m3) for wave esiimaati
result in certain improvements in,HHmax Tmax Have @aNd Tevalues for most
of the cases considering both W61 and SWAN wave estimations.

As for average bias, root mean square error (RMSE) andhgerenean
absolute error (MAE) values for each case, certain imprewésnare
achieved in all of the cases in terms of significantvevaeights and
significant wave periods.

As for storm peaks, average bias, root mean square error ERIMsiS]
average mean absolute error (MAE) values indicatefthadll of the cases
substantial improvements are achieved in terms of significame viaeights
and significant wave periods.

Although improvements are observed for significant wave heigitsiave
periods, the underestimation is not overcame for most of tles.cas
Considering average bias, root mean square error (RMSE) aratj@aveean

absolute error (MAE) values for each case, certain imprewésnare
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achieved in all cases except P03, PO7 and P11 in termgnificgint wave
periods.

As for storm peaks, average bias, root mean square error (REISE
average mean absolute error (MAE) values indicate thatthetlexception of
P07, P08, P10 and P11, improvements are achieved in termsidicaig
wave periods.

The aforementioned two outcomes are an indication that modifl® wind
speeds (E10m2 and E10m3) result in better representatioormat ptaks in
terms of significant wave periods.

In-situ significant wave heights are generally higher thgnifstant wave
heights estimated from W61 and SWAN applications for storm pdaks
observed that the significant wave heights obtained from W61 apphsa
covering the storm peaks are generally presented with 7%-6%%n m
absolute error, whereas, wave heights obtained by SWAN appfis
corresponding to the same storm peaks are all underestimatetiAf%-78%
mean absolute error. Overall significant wave height esomatduring the
storm do not give a consistent trend for both W61 and SWAN apphsat
The mean absolute error fluctuates between 31%-180% and 43%e83% f
W61 and SWAN applications respectively. This conclusion shows that
studies have to be carried to have reliable wave heggimations using W61
and SWAN models covering the directional effects.

Concerning W61 applications, significant wave heights are dénera
overestimated at the tail of the storms. This overesibmas also observed
for the storm durations following the storm peaks.

As for significant wave periods, W61 gives results with malasolute error
in the range of 7%-52% at storm peaks, whereas SWAN reswisrhean
absolute error in the range of 9%-52%. As for overall signifieaave period
estimations during the storm, the mean absolute error flestuaetween
17%-42% and 26%-51% for W61 and SWAN applications respectively.
Directional difference between representative wavectimes of in-situ

waves and of W61 wave estimations (E10, EI0m2 and E10m3) mrasal
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sectors corresponding to 45° for all of the cases. The dirattdifference
between representative wave directions of in-situ waves aSiV#N wave
estimations (SWANmM) are at most 2 sectors corresponding t@d3idif of
the cases. These directional differences might be the sourttee ahean
absolute error in the estimation of wave heights in both W61 &ANS
models.

Compared to Sinop cases in Section 7.2, even though improterase
achieved with the modified wind data (EL0m2 and E10m3), stgmfiwave
heights and periods are still underestimated. In Sinop cases,
underestimations are partly overcame with the use of mddifiad data. On
the other hand, whereas in Hopa cases, the underestimatiomt avercame
for most of the cases even though wave estimations are intprokiss may
be an indication of site-specific characteristics of wind mications. Thus, if
possible, for each region, site-specific comparisons shouldebfermed
between in-situ wind measurements and ECMWF wind data to impheve

wave estimations.
7.4. Discussion

Case Studies for Sinop:

Wave estimations performed with E10, modified E10 (E10m2 and E108iB),
wind speeds for the selected storms among the data set thadwE10 wave
estimations are underestimated whereas underestimationasesréor E10m2,
E10m3 and S10 wave estimations. Wave heights obtained from iBdGpeeds are
underestimated in the order of 37%-56% compared to wave heigmsiestifrom
S10 winds.

Additionally, wave estimations carried out with ECMWF wimeeds instead of S10
wind directions become more compatible with wave estimationsedaout with
E10m2 and E10m3 wind directions.

At second stage of the study, wave estimations are perdoforethe selected

durations when in-situ wave measurements are availablereBodts indicate that
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compared to in-situ significant wave heights, significaavevheights obtained from
E10m2 and E10m3 winds have mean absolute error (MAE) is inatigee of 7%-
41% and 17%-98% respectively for storm peaks and for overall isemifwave
height estimations during the storm. As for significant wavéogdegstimations with
W61 applications from E10m2 and E10m3 winds, the mean absolutd MA&) is
observed in the range of 5%-27% and 12%-35% respectively for s&aks pnd for

overall significant wave height estimations during the storm.

Concerning SWAN applications with modified wind speeds, compéweith-situ
wave heights and periods, significant wave heights and signtfivave periods have
absolute mean error in the range of 30%-70% and 7%-50% respectvetorm
peaks. As for overall significant wave height and periodmegions during the
storm, the mean absolute errors are in the range of 32%-6292186e18% for

SWAN wave height and period estimations respectively.

Case Studies for Hopa:

Wave estimations are also applied to several durations whesituinwind
measurements are available for another site, Hopa, at Ble&lcoast of Turkey in
order to observe the applicability of the selected modificathethods for another
site. The wave underestimations specified in the above gigesgraphs, are also
observed for this region. Wave estimations (significant wavghte and wave
periods) are improved both with W61 and SWAN numerical modetases where
E10m2 and E10m3 winds are used. However, improvements areenwekable for

W61 results that SWAN results for both parameters infalecases.

As for representative wave directions, most of the repraemtwave directions of
wave estimations are more than 46r half of the cases. This may be another
implication of the site-specific characteristics of wemd wave comparisons. Thus,
it would be better to check the impact of differencewiimd directions, in order to
observe their influence in wave estimations with more coatpa studies if

additional in-situ wind measurements will be availabléhafuture.
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In addition, the results indicate that compared to in-sitnifsignt wave heights,
significant wave heights obtained from E10m2 and E10m3 winds has@n

absolute error (MAE) is in the range of 7%-65% and 31%-180% for gieaks and
for overall significant wave height estimations during thenstagspectively. As for
significant wave period estimations with W61 applicatiomsnfrE10m2 and E10m3
winds, the mean absolute error (MAE) is observed in the rah@&-52% and 17%-
42% for storm peaks and for overall significant wave heiglitnasibns during the

storm respectively.

Concerning SWAN applications with modified wind speeds, compé&reith-situ
wave heights and periods, significant wave heights and signtfivave periods have
absolute mean error in the range of 17%-78% and 9%-52% respectiveigrm
peaks. As for overall significant wave height and periodmesions during the
storm, the mean absolute errors are in the range of 43%-83%2686¢1% for

significant wave height and period estimations respectively.
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CHAPTER 8

CONCLUSION

Over the years, after each application to obtain designfismmi wave data for
different Turkish coasts, it is found that there is a biigéity and representability
problem for the hourly wind measurements of coastal meteorologtatibns
(CMSs). This problem, although being site specific, commonlyrebdefor many
coastal stations.

At the first stage of the study, an overall review ofkish Coastal Meteorological
Stations (TCMSs) are carried out. The results showttieaaccuracy of the data for
TCMSs is questionable. Therefore, in-situ wind measurementsnigecvery

important to be used as reliable data for comparative stadigwave estimations.

At the second stage, it is aimed to understand the itéyiadf the selected ECMWF
wind data which forms the bases for wave estimations fortalogsojects by
performing a comparative study for the selected site, Sindglaak Sea coast of
Turkey where land-based coastal in-situ wind measurementsacareired by
governmental agencies. The in-situ wind measurements eodeiration between
February, 2009 and December, 2009 with several gaps and thewmslrements
are performed at elevations of 16 m, 25 m and 60 m above thk riference
elevation (60m above MSL). The studies are performed only densy the
directional sector WSW-ESE corresponding to onshore winds and eseepative
vertical profile is obtained showing that the in-situ measents are carried out on a

flat open coastal area.

As a result of comparative studies between wind measusnat three different
elevations, it is found that coastal in-situ wind measuremmiatg not be reliable

enough concerning wind speeds and directions for lower elevationsoéstal
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engineering applications, since lower wind speeds and direciensffected more
by the surface roughness. Therefore, in-situ wind measureme6 m elevation

are considered for the following comparative studies.

The above given in-situ wind measurements are used to undetiséaagplicability
of ECMWF wind data as a continuous wind data source to be usedastat
engineering practical applications. Firstly, special cargiven to the selection of
ECMWEF wind data points, since not all of the grid points remprtetbe wind climate
accurately due to several reasons such as the distatiee $bore, orography of the
grid point and proximity to the site. Considering these factorE GWF grid point

is selected to be used for the upcoming comparative widdvave studies.

In order to compare ECMWF wind data and in-situ wind measemésnin-situ wind
measurements at 60 m above the local reference point on laadriesd to 10 m
elevation above MSL (S10). Comparisons of S10 and E10 wind data tladw
ECMWEF give lower wind speeds compared to in-situ wind spe€derefore, it is
decided that E10 wind speeds should be modified based on thiatbiomsebetween
simultaneous S10 and E10 wind speeds. During this study, modificaethods are
developed based on the wind speeds and trends of wind speegeshAverage
BIAS, root mean square errors (RMSE) and average meahutdbsrrors (MAE) are
also computed for each continuous data set as well as fimtallof continuous data
sets, in order to understand the general performance of ioadidihs. The results
indicate that improvements are observed with modified winddgpéor almost all of
the cases. The mean absolute errors (MAE) are improved frd&#oi&2.4% to 2.5-

22.9% with modification methods concerning S®nd speeds.

At the third stage of the study, waves are estimated 810, E10, selected modified
E10 (E10m2 and E10m3) and $SMind speeds by using W61 numerical model for
the selected continuous data sets. The results show thatebeutie of E10 winds
for wave estimations result in significant underestimatidmerneas estimated E10m2
and E10m3 waves give quite good correlation with S10 waves anubcalnty better
correlation with S19waves. Moreover, the maximum wave height estimations from

E10m2 and E10m3 winds are generally good at storm peaks. Orh#rehand,
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wave estimations for durations before storm peaks are digrimetier than the wave
estimations for durations after the storm peaks, resulting irestmation of waves

while storms are dissipating.

At the fourth stage, wave estimations are performedrafpSegion for the selected
durations (cases) when in-situ wave measurements are awaildi@ significant
wave heights and periods are estimated with mean absohates in the range of
17%-98% and 12%-35% by using W61 model. These mean absolute egrorshar
range of 7%-41% and 5%-27% respectively for significant waightseand periods
at storm peaks. As for wave estimations with SWAN modelntean absolute errors
are in the range of 32%-62% and 21%-48% respectively for signifivave heights
and periods, whereas concerning storm peaks, significant ieaghts and periods
are estimated with mean absolute errors in the range of 780%and 7%-50%

respectively.

The aforementioned values and results indicate that improveraenbbserved with
modified wind speeds for several cases in W61 applicatiorerimstof significant
wave heights and periods. As for SWAN applications, the impnewts are still
under the in-situ wave measurements both for significant weights and periods
for most of the cases.

For most of the cases at Sinop studies, representative waveéatis are within 45°
of representative in-situ wave direction for W61 applications, reds this

directional difference is more than 45° for SWAN applications

This study is also applied to several durations (caseshéther site, Hopa, at Black

Sea coast of Turkey. Although improvements are observed concesigmficant

wave heights and periods, the underestimations are not owerfta most of the
cases. For Hopa case, significant wave heights and persbidsated with W61
model have mean absolute errors in the range of 31%-180% and 17%-42%
respectively. As for storm peaks, mean absolute errorsateirange of 7%-65%

and 7%-52% respectively for significant wave heights and peri@alscerning wave

estimations by using SWAN model, the mean absolute errormateeirange of
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43%-83% and 26%-51% respectively for significant wave heights panabds,
whereas for storm peaks, significant wave heights and peaimdestimated with
mean absolute errors in the range of 17%-78% and 9%-52% respectiv

As for the representative wave directions, W61 performs béftan SWAN,
meaning that for most of the cases the representative dwaaions obtained from

W61 applications remain within 45° of representative in-savendirections.
In the end, results of this study can be summarized asvialj:

The wind data available at TCMSs is found to be not reliabhbugh and thus
they are questionable. As a result, it is not recommended tsdak as the
only data source for the coastal engineering applications.

As an alternative wind data source to the TCMSs, ECMWte wlata source
is found to be a continuous wind data source for Turkish coastsabab be
used with modifications.

The modifications developed throughout this study are site-spéudiefore
these comparative studies should be carried out for othes along the
Turkish coasts and for various fetch distances as well.

To carry out these comparative studies, simultaneous offshiedeand wave

measurements are strongly recommended for coastal enginpegjects.
As for the future studies;

It is necessary to update the developed modification methodsrioyrpieg
additional comparative studies with continuous data sets with Igegeds

for different sites.

Application of various methods such as artificial neural ndtwmay be
considered in developing different modification methods. Howemeoyder

to apply such a method, simultaneous in-situ wind and waveunggasnts
covering longer durations with sufficient data are required.

The smoothing of in-situ wind measurements should be recorgidere

thoroughly by performing additional studies on the impact of hourly
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variations of wind speeds and local effects like sea bsealmg Turkish
coasts.

The effects of filtering out the hourly variations of windesds on wave
estimations has to be also considered in terms of long t&imexdreme wave
statistics.

The wave estimations carried out in this thesis study migleixtended with

the use of other wave estimation methods.
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APPENDIX A

WIND SPEED CLASSIFICATIONS

Wind speed classifications for the selected ECMWF grid paastwell as LAND

loation (in-situ wind measurements) are given in the fighedsw.
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Table A.1: Classification of Winds in Terms of Directions and Speédsnt A,
42.10°N — 34.80°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0| 12.5 -

15.0

Total

(in%) 30| 50 | 75 | 10.0 | 125/ 15.0

SIOTY | 08% | 05%| 0.7% 0.4% 0.0%0.0%|0.0%| 2.4%
1313-_2755: 15% | 1.3%| 0.2% 0.0% 0.0%0.0%| 0.0%| 3.1%
3536.7255: 0.9% | 1.1%| 0.6% 0.2% 0.0%0.0%| 0.0%| 2.8%
Sh2> | 13% | 1.6% 1.2% 0.8% 0.0%0.0%| 0.0%| 4.8%
121725 1.8% | 4.4%| 6.4% 2.6% 0.6%0.0%| 0.0%| 15.8%
o | 0.6% | 2.9%| 3.6% 20% 0.0%0.0%)0.0%| 9.1%

Sub-Total| 6.9% | 11.8% 12.7%| 6.0% | 0.6%| 0.0%| 0.0%| 38.0%

112436.7255_ 1.4% | 1.9%| 0.9% 0.2% 0.0%0.0%| 0.0%| 4.5%
1f66é?755' 2.8% | 1.4%| 0.3% 0.0% 0.0%0.0%|0.0%| 4.6%
116981'.7255' 22% | 11%| 0.4% 0.0% 0.0%0.0%|0.0%| 3.7%
12911é?755' 1.7% | 0.6%| 0.1% 0.3% 0.2%0.0%| 0.0%| 2.8%
221336.7255_ 0.8% | 0.3%| 0.0% 0.0% 0.0%0.0%0.0%| 1.1%
Sub-Total| 8.9% | 5.3%| 1.7% 0.5% 0.2%0.0%|0.0%| 16.7%
223565?755' 1.7% | 0.9%| 0.8% 0.2% 0.0%0.0%| 0.0%| 3.6%
225881'.7255' 1.8% | 3.3%| 4.7% 3.1% 1.6%0.7%]|0.0%| 15.2%
23801é?755' 1.3% | 2.8%| 4.8% 7.1% 2.4%0.9%]| 0.0%| 19.3%
330236.7255_ 1.0% | 2.4%| 1.3% 0.6% 0.1%0.0%| 0.0%| 5.4%
332fé?755- 0.9% | 0.6%| 0.3% 0.2% 0.0%0.0%0.0%| 2.0%

Sub-Total| 6.7% | 10.0% 11.9%| 11.2%| 4.1%| 1.6%| 0.0%| 45.5%
Total 22.4%| 27.2%| 26.4%| 17.5%| 4.8% | 1.7%| 0.0%| 100.0%
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Table A.2: Classification of Winds in Terms of Directions and Speedsnt A,
42.10°N — 34.80°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

3??_;? 0.8% | 0.5%| 0.7%| 0.4% 0.0%0.0%|0.0%| 2.4%
1313;2755_ 1.5% | 1.3%| 0.2% 0.0% 0.090.0% | 0.0%| 3.1%
35367255_ 09% | 1.1%| 0.6% 0.2% 0.0%0.0%|0.0%| 2.8%
5768'2755_ 13% | 1.6%| 1.2% 0.8% 0.090.0%| 0.0% | 4.8%
131725 1.8% | 4.4%| 6.4% 2.6% 0.690.0% | 0.0%| 15.8%
1]?213'2755_ 0.6% | 2.9%| 3.6% 2.0% 0.0%0.0%|0.0%| 9.1%

Sub-Total| 6.9% | 11.8% 12.7%| 6.0% | 0.6%| 0.0% | 0.0%| 38.0%

112436.7255_, 1.4% | 1.9%| 0.9% 0.2% 0.0%0.0%| 0.0%| 4.5%
114665.2755: 2.8% | 1.4%| 0.3% 0.0% 0.0%0.0% 0.0%| 4.6%
116981'.7255', 2.2% | 1.1%| 0.4% 0.0% 0.0%0.0% 0.0%| 3.7%
129113'.2755', 1.7% | 0.6%| 0.1%| 0.3% 0.2%0.0%| 0.0%| 2.8%
221336.7255_, 0.8% | 0.3%| 0.0% 0.0% 0.0%0.0%| 0.0%| 1.1%
Sub-Total| 8.9% | 5.3%| 1.7% 0.5% 0.2%0.0%) 0.0%| 16.7%
223565;?755: 1.7% | 0.9%| 0.8% 0.2% 0.0%0.0%|0.0%| 3.6%
225881'.7255', 1.8% | 3.3%| 4.7% 3.1% 1.6%0.7%]|0.0%| 15.2%
23801é?755: 1.3% | 2.8%| 4.8% 7.1% 2.4%0.9%]| 0.0%| 19.3%
330236.7255_, 1.0% | 2.4%| 1.3% 0.6% 0.1%0.0%| 0.0%| 5.4%
332465?755: 0.9% | 0.6%| 0.3% 0.2% 0.0%0.0%| 0.0%| 2.0%

Sub-Total| 6.7% | 10.099 11.9%| 11.2%| 4.1%| 1.6% | 0.0%| 45.5%
Total 22.4%| 27.2%| 26.4%| 17.5%| 4.8% | 1.7% | 0.0%| 100.0%
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Table A.3: Classification of Winds in Terms of Directions and Sp&&dsnt B,
42.10°N — 34.90°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in%) 30| 50 | 75 | 100 | 125] 15.0

31‘?;2_ 1.0% | 0.0%| 1.0% 0.09 0.0% 0.090.0%| 2.0%
131é2755_ 1.0% | 1.0%| 0.0% 0.09 0.0% 0.0%0.0%| 3.0%
35367255_ 1.0% | 1.0%| 1.0% 0.09 0.0% 0.090.0%| 3.0%
576é2755_ 1.0% | 2.0%| 1.0% 1.09 0.0% 0.0%09.0%| 5.0%
12172_5 2.0% | 4.0%| 6.0% 3.09 1.0% 0.000.0%| 16.0%
1]?213'2755_ 1.0% | 3.0%| 4.0% 2.09 0.0% 0.090.0%| 9.0%

Sub-Total| 7.0% | 11.0% 13.0%| 6.0% | 1.0%| 0.0% 0.0%| 38.0%

112436.7255_ 1.0% | 2.0%| 1.0% 0.0% 0.0% 0.006.0%| 4.0%
1f66é?755' 3.0% | 1.0%| 0.0% 0.0% 0.0% 0.099.0%| 5.0%
116981'.7255' 2.0% | 1.0%| 0.0% 0.0% 0.0% 0.099.0%| 4.0%
129113?755' 2.0% | 1.0%| 0.0% 0.0% 0.0% 0.096.0%| 3.0%
221336.7255_ 1.0% | 0.0%| 0.0% 00% 0.0% 0.0%.0%| 1.0%

Sub-Total| 9.0% | 5.0%| 1.0% 0.09 0.0% 0.090.0%| 17.0%

22356é2755_ 2.0% | 1.0%| 1.0% 0.09 O.OOJ() 0.090.0%| 4.0%
22588i7255- 2.0% | 3.0%| 5.0% 3.09 2.0% 1.090.0%| 15.0%
238013'2755_ 1.0% | 3.0%| 5.0% 7.09 2.0% 1.090.0%| 19.0%
3302367255_ 1.0% | 2.0%| 1.0% 1.09 0.0% 0.0%09.0%| 5.0%
3324682755_ 1.0% | 1.0%| 0.0% 0.09 0.0% 0.090.0%| 2.0%
Sub-Total| 7.0% | 10.09%9 12.0%| 11.0%| 4.0% | 2.0%) 0.0%| 45.0%

Total 22.4%| 27.2%| 26.4%| 17.5%| 4.8% | 1.7%]| 0.0% | 100.0%
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Table A.4: Classification of Winds in Terms of Directions and Spgedsnt C,
42.10°N — 35.10°E) (in %)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

31‘?;? 0.8% | 0.4%| 0.6% 0.5% 0.1%0.0%|0.0%| 2.3%
1313;.275\,; 13% | 1.2%| 0.2%| 0.0% 0.090.0%| 0.0% | 2.7%
35367255_ 1.0% | 1.2%| 0.7%| 0.3% 0.090.0%| 0.0%| 3.1%
5768'.275\,; 1.4% | 1.5%| 0.9% 0.6% 0.090.0%| 0.0% | 4.4%
131725 1.7% | 4.0%| 5.5% 2.2% 0.490.0%| 0.0%| 13.7%
1]?213'?755_ 1.1% | 3.4%| 4.4% 2.5% 0.190.0%| 0.0%| 11.4%

Sub-Total| 7.3% | 11.79% 12.3%| 6.1% | 0.6%| 0.0% | 0.0%| 37.6%

112436.7255_, 1.5% | 1.8%| 1.0% 0.4% 0.0%0.0%| 0.0%| 4.7%
114665.2755: 2.7% | 1.7%| 0.3% 0.1% 0.0%0.0%) 0.0%| 4.7%
116981'.7255', 2.0% | 0.9%| 0.5% 0.0% 0.0%0.0% 0.0%| 3.4%
129113'.2755', 1.5% | 0.8%| 0.2% 0.3% 0.2%0.0%| 0.0%| 2.9%
221336.7255_, 1.1% | 0.3%| 0.1% 0.0% 0.0%0.0%  0.0%| 1.5%
Sub-Total| 8.8% | 5.5%| 2.1% 0.8% 0.29%0.0%] 0.0%| 17.2%
223565;?755: 1.4% | 0.9%| 0.7% 0.2% 0.0%0.0%| 0.0%| 3.1%
225881'.7255', 1.5% | 3.0%| 3.7% 2.9% 1.4%0.6%| 0.0%| 13.1%
238013'.2755: 1.2% | 3.1%| 5.2% 7.0% 2.9%0.9%| 0.1%| 20.4%
330236.7255_, 1.1% | 2.5%| 1.9% 0.8% 0.1%0.1%| 0.1%| 6.6%
332465?755: 0.8% | 0.7%| 0.5% 0.1% 0.0%0.0%| 0.0%| 2.0%

Sub-Total| 6.0% | 10.2% 12.0%| 11.0%| 4.4% | 1.6% | 0.2%| 45.2%
Total 22.1%| 27.2%| 26.2%| 17.7%| 5.1%| 1.6% | 0.1%| 100.0%
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Table A.5: Classification of Winds in Terms of Directions and Speédsnt D,
42.20°N — 34.80°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0| 12.5 -

15.0

Total

(in%) 30| 50 | 75 | 10.0 | 125/ 15.0

Siigg 0.8% | 0.4%| 0.6%| 0.4% 0.0%0.0%]|0.0%| 2.2%
131é2755_ 1.3% | 1.2%| 0.2% 0.0% 0.090.0% | 0.0%| 2.8%
35367255_ 1.0% | 1.1%| O0.7% 0.2% 0.090.0%| 0.0%| 3.1%
576é2755_ 1.4% | 1.5%| 0.9% 0.7% 0.090.0% | 0.0%| 4.5%
12173_5 1.7% | 4.0%| 5.7% 2.6% 0.590.0%| 0.0% | 14.3%
1]?213'2755_ 1.1% | 3.1%| 4.0% 2.5% 0.190.0%| 0.0%| 10.8%

Sub-Total| 7.3% | 11.3% 12.1%| 6.4% | 0.6%| 0.0%| 0.0%| 37.7%

1124367255 1.4% | 1.8%| 1.0% 0.4% 0.090.0% | 0.0%| 4.5%
1f668z7l55 26% | 1.7%| 0.3%| 0.0% 0.0%0.0%]|0.0%| 4.6%
1f98172l‘55 21% | 0.9%| 0.4%| 0.0% 0.0%0.0%]|0.0%| 3.5%
129113'.2755- 1.5% | 0.8%| 0.2% 0.3% 0.290.0%| 0.0%| 2.9%
221336.7255_ 1.0% | 0.3%| 0.0% 0.0% 0.090.0% | 0.0%| 1.4%
Sub-Total| 8.6% | 5.5%| 1.9% 0.7% 0.2%0.0%| 0.0%| 16.9%
223568.2755_ 1.5% | 0.9%| 0.7% 0.2% 0.090.0% | 0.0%| 3.3%
22588]:.7255_ 1.6% | 3.0%| 4.1% 2.9% 1.590.6%| 0.1%| 13.8%
238013'.2755_ 1.0% | 3.0%| 5.1% 7.1% 2.8%1.0%| 0.0% | 19.9%
330236.7255_ 1.0% | 2.4%| 1.8% 0.7% 0.190.1%| 0.0%| 6.1%
3324?82755 0.8% | 0.7%| 0.4%| 0.2% 0.0%0.0%]|0.0%| 2.2%

Sub-Total| 5.9% | 10.09% 12.1%| 11.1%| 4.4%| 1.7%| 0.1%| 45.3%
Total 21.8%| 27.0%| 26.0%| 18.3%| 5.1%| 1.7%| 0.2%| 100.0%
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Table A.6: Classification of Winds in Terms of Directions and Sp&@dsnt E,
42.20°N — 34.90°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

31‘?;? 0.8% | 0.4%| 0.5%| 0.5% 0.0%0.0%|0.0%| 2.2%
1313;27% 11% | 1.3%| 0.3% 0.0% 0.090.0%| 0.0%| 2.7%
35367255_ 11% | 1.1%| 0.7% 0.3% 0.090.0%| 0.0% | 3.1%
5768'275\,; 1.4% | 1.4%| 0.9% 0.8% 0.090.0%| 0.0% | 4.6%
131725 15% | 4.1%| 5.6% 2.6% 0.590.0% | 0.0%| 14.3%
1]?213'2755_ 1.1% | 3.1%| 3.9% 2.7% 0.190.0%| 0.0%| 10.9%

Sub-Total| 7.0% | 11.4% 11.9%| 6.9% | 0.6% 0.0%| 0.0%| 37.8%

112436.7255_, 1.3% | 1.8%| 1.1% 0.3% 0.0%0.0%| 0.0%| 4.6%
114665.2755: 2.5% | 1.7%| 0.3% 0.0% 0.0%0.0% 0.0%| 4.6%
116981'.7255', 2.1% | 0.9%| 0.3% 0.0% 0.0%0.0% 0.0%| 3.4%
129113'.2755', 15% | 0.8%| 0.2%| 0.3% 0.2%0.0%| 0.0%| 2.9%
221336.7255_, 1.0% | 0.3%| 0.0%| 0.0% 0.0%0.0%| 0.0%| 1.4%
Sub-Total| 8.4% | 5.5%| 1.9% 0.6% 0.2%0.0%) 0.0%| 16.9%
223565;?755: 1.4% | 0.9%| 0.7% 0.2% 0.0%0.0%| 0.0%| 3.2%
225881'.7255: 1.7% | 2.9%| 4.3% 3.0% 1.5%0.6%|0.1%| 14.1%
23801é?755: 0.9% | 2.9%| 5.19% 7.1% 2.7%L.0%)0.1%| 19.8%
330236.7255_, 1.0% | 2.3%| 1.8% 0.7% 0.1%0.1%|0.0%| 6.0%
332465?755: 0.8% | 0.8%| 0.4% 0.2% 0.0%0.0%| 0.0%| 2.2%

Sub-Total| 5.8% | 9.8%| 12.3%11.2%| 4.3%| 1.7%| 0.2%| 45.3%
Total 21.4%| 26.8%| 26.1%| 18.7%| 5.2%| 1.7% | 0.2%| 100.0%
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Table A.7: Classification of Winds in Terms of Directions and Spgeaént F,
42.20°N — 35.00°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0| 12.5 -

15.0

Total

(in%) 30| 50 | 75 | 10.0 | 125/ 15.0

Sﬁ'gg' 0.8% | 0.4%| 0.4% 0.5% 0.19%0.0%| 0.0%| 2.2%
1313'2755: 1.2% | 1.3%| 0.3% 0.0% 0.0%0.0%| 0.0%| 2.8%
35367255: 1.0% | 1.2%| 0.6% 0.3% 0.0%0.0%] 0.0%| 3.1%
5765;2755: 1.5% | 1.3%| 0.9% 0.8% 0.0%0.0%| 0.0%| 4.5%
12‘17 25 1.5% | 4.1%| 5.4% 2.6% 0.5%0.0%| 0.0%/| 14.0%
110213'2755' 1.2% | 3.0%| 4.1% 2.8% 0.2%0.0%|0.0%| 11.3%

Sub-Total| 7.2% | 11.3% 11.7%| 7.0% | 0.8%| 0.0%| 0.0%| 37.9%

112436.7255_ 1.3% | 1.9%| 1.2% 0.4% 0.0%0.0%| 0.0%| 4.7%
1f66é?755' 2.4% | 1.7%| 0.4% 0.0% 0.0%0.0% 0.0%| 4.5%
116981'.7255' 2.0% | 0.9%| 0.3% 0.0% 0.0%0.0%0.0%| 3.3%
12911é?755' 1.4% | 0.7%| 0.2%| 0.3% 0.2%0.0%|0.0%| 2.8%
221336.7255_ 1.2% | 0.3%| 0.1%| 0.0% 0.0%0.0%|0.0%| 1.5%
Sub-Total| 8.3% | 5.5%| 2.2% 0.7% 0.290.0%| 0.0%| 16.8%
223565?755' 1.4% | 0.9%| 0.7% 0.2% 0.0%0.0%| 0.0%| 3.1%
225881'.7255' 1.7% | 2.9% 4.2% 3.0% 1.5%0.6%|0.2%| 14.0%
23801é?755' 0.9% | 2.8%| 5.2% 7.1% 2.8%L.0%|0.1%| 19.9%
330236.7255_ 1.0% | 2.3%| 1.9% 0.7% 0.1%0.1%|0.0%| 6.1%
332fé?755. 0.7% | 0.9%| 0.4% 0.2% 0.0%0.0%| 0.0%| 2.2%

Sub-Total| 5.7% | 9.8%| 12.4%11.2%| 4.4%| 1.7%| 0.3%| 45.3%
Total 21.1%| 26.6%| 26.1%| 18.9%| 5.3%| 1.7%| 0.3%| 100.0%
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Table A.8: Classification of Winds in Terms of Directions and Spg@dsnt G,
42.20°N — 35.10°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

3‘1‘?'22' 0.5% | 0.6%| 0.0% 0.6% 0.2%0.0%| 0.0%| 1.9%
2> | 13% | 0.8%| 0.3% 0.0% 0.0%0.0%| 0.0%| 2.4%
S | 13w | 14%| 0.6% 0.8% 0.0%0.0%| 0.0%| 4.1%
2> | 1.6% | 0.8%| 0.5% 0.3% 0.0%0.0%| 0.0%| 3.1%
131725 0.6% | 3.3%| 4.1% 1.6% 0.2%0.0%)| 0.0%| 9.7%
o | 2.2% | 3.8%| 6.3% 3.8% 0.8%0.0% 0.0%| 16.8%

Sub-Total| 7.5% | 10.7% 11.8%| 7.1% | 1.2%] 0.0%| 0.0%| 38.0%

112436.7255_, 1.3% | 1.9%| 1.3% 1.1% 0.0%0.0%| 0.0%| 5.5%
114665.2755: 1.4% | 1.9%| 0.5% 0.2% 0.0%0.0%| 0.0%| 3.9%
116981'.7255', 2.0% | 0.8%| 0.2% 0.2% 0.0%0.0% 0.0%| 3.1%
129113'.2755', 0.9% | 0.5%| 0.3% 0.3% 0.2%0.0%| 0.0%| 2.2%
221336.7255_, 2.0% | 0.2%| 0.2% 0.0% 0.0%0.0% 0.0%| 2.4%
Sub-Total| 7.6% | 5.3%| 2.5% 1.8% 0.2%0.0%) 0.0%| 17.1%
223565;?755: 0.8% | 0.6%| 0.3% 0.2% 0.0%0.0% 0.0%| 1.9%
225881'.7255', 0.9% | 1.9%| 2.8% 2.7% 1.3%0.3%|0.3%| 10.2%
23801é?755: 0.9% | 3.1%| 6.9% 5.7% 4.4%0.9%) 0.3%| 22.3%
330236.7255_, 0.6% | 2.8%| 2.4% 1.6% 0.2%0.3% 0.0%| 7.9%
332465?755: 0.6% | 0.8%| 0.6% 0.3% 0.2%0.0%| 0.0%| 2.5%

Sub-Total| 3.8% | 9.2%| 13.0% 10.5%| 6.1%| 1.5% | 0.6% | 44.8%
Total 19.0%| 25.2%| 27.2%| 19.2%| 7.2%| 1.6%| 0.6% | 100.0%
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Table A.9: Classification of Winds in Terms of Directions and Spe@dsnt H,
42.30°N — 34.80°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0| 12.5 -

15.0

Total

(in%) 30| 50 | 75 | 10.0 | 125/ 15.0

31‘?;2 0.9% | 0.5%| 0.3%| 0.5% 0.1%0.0%]|0.0%| 2.2%
1313'-275\,; 1.1% | 1.3%| 0.3% 0.0% 0.090.0% | 0.0%| 2.7%
3536-7255_ 1.1% | 1.1%| 0.6% 0.4% 0.090.0% | 0.0%| 3.1%
5765;-2755_ 1.4% | 1.3%| 0.9% 0.8% 0.090.0% | 0.0%| 4.4%
12173_5 1.4% | 4.0%| 5.4% 2.6% 0.590.0%| 0.0% | 13.9%
1]?2132755 1.3% | 2.9%| 4.1% 2.9% 0.290.0%| 0.0%| 11.5%

Sub-Total| 7.2% | 11.1% 11.6%| 7.2% | 0.8%| 0.0%| 0.0%| 37.8%

112436.7255_ 1.3% | 1.8%| 1.3% 0.4% 0.0%0.0%| 0.0%| 4.7%
1f66é?755' 2.3% | 1.8%| 0.4% 0.0% 0.0%0.0% 0.0%| 4.5%
116981'.7255' 2.0% | 0.9%| 0.2% 0.0% 0.0%0.0%0.0%| 3.2%
12911é?755' 15% | 0.7%| 0.2%| 0.3% 0.2%0.0%|0.0%| 2.8%
221336.7255_ 1.1% | 0.3%| 0.0% 0.0% 0.0%0.0%|0.0%| 1.5%
Sub-Total| 8.2% | 5.5%| 2.1% 0.7% 0.290.0%| 0.0%| 16.7%
223565?755' 15% | 0.8%| 0.7% 0.2% 0.0%0.0%| 0.0%| 3.2%
225881'.7255' 1.6% | 3.0% 4.4% 3.0% 1.6%0.6%|0.2%| 14.4%
23801é?755' 0.9% | 2.8%| 5.2% 7.0% 2.7%0.9%|0.1%| 19.6%
330236.7255_ 0.9% | 2.3%| 1.8% 0.8% 0.1%0.1%0.0%| 6.0%
332fé?755. 0.7% | 0.8%| 0.4% 0.2% 0.0%0.0%| 0.0%| 2.2%

Sub-Total| 5.6% | 9.7%| 12.5%11.2%| 4.4%| 1.6%| 0.3%| 45.4%
Total 20.8%| 26.4%| 26.2%| 19.1%| 5.5% | 1.7%| 0.3%| 100.0%
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Table A.10: Classification of Winds in Terms of Directions and Speé&dsnt |,
42.30°N — 34.90°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

3;‘?:;2‘ 0.8% | 0.5%| 0.3% 0.5% 0.1%0.0% 0.0%| 2.2%
1313;_2755: 1.2% | 1.2%| 0.3% 0.0% 0.0%0.0%| 0.0%| 2.7%
3536.7255: 11% | 1.1%| 0.6% 0.4% 0.0%0.0%| 0.0%| 3.1%
5768'_2755: 1.3% | 1.3%| 0.9% 0.8% 0.0%0.0%| 0.0%| 4.2%
Zg1725 1.4% | 4.0%| 5.3%| 2.5% 0.4%0.0%| 0.0%| 13.5%
11()213?755: 1.3% | 2.9%| 4.3%| 3.0% 0.3%0.0%| 0.0%| 11.8%

Sub-Total| 7.1% | 11.099 11.7%| 7.2% | 0.8%| 0.0% | 0.0%| 37.5%

112436.7255_, 1.3% | 1.8%| 1.3% 0.5% 0.0%0.0%| 0.0%| 4.9%
114665.2755: 2.2% | 1.8%| 0.4% 0.0% 0.0%0.0% 0.0%| 4.4%
116981'.7255', 2.0% | 0.9%| 0.2% 0.1% 0.0%0.0% 0.0%| 3.2%
129113'.2755', 1.4% | 0.7%| 0.2% 0.3% 0.2%0.0%| 0.0%| 2.7%
221336.7255_, 1.2% | 0.3%| 0.1%| 0.0% 0.0%0.0%| 0.0%| 1.6%
Sub-Total| 8.1% | 5.5%| 2.2% 0.9% 0.2%0.0%) 0.0%| 16.8%
223565;?755: 1.6% | 0.8%| 0.6% 0.2% 0.1%0.0%|0.0%| 3.2%
225881'.7255: 15% | 3.1%| 4.4% 3.0% 1.7%0.6%]|0.2%| 14.5%
23801é?755: 0.8% | 2.9%| 5.2% 6.9% 2.7%0.9%)0.1%| 19.5%
330236.7255_, 0.9% | 2.3%| 1.8% 0.9% 0.1%0.1% 0.0%| 6.0%
332465?755: 0.7% | 0.8%| 0.5% 0.2% 0.0%0.0%| 0.0%| 2.2%

Sub-Total| 5.5% | 9.9%| 12.5%11.2%| 4.6% | 1.6% | 0.3%| 45.4%
Total 20.6%| 26.4%| 26.2%| 19.2%| 5.7%| 1.7% | 0.3%| 100.0%
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Table A.11: Classification of Winds in Terms of Directions and Spe&asng J,
42.30°N — 35.00°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0| 12.5 -

15.0

Total

(in%) 30| 50 | 75 | 10.0 | 125/ 15.0

31‘?;2 0.8% | 0.5%| 0.3%| 0.5% 0.1%0.0%]|0.0%| 2.2%
1313'-275\,; 1.3% | 1.2%| 0.3% 0.0% 0.090.0% | 0.0%| 2.8%
3536-7255_ 1.1% | 1.0%| 0.5% 0.5% 0.090.0% | 0.0%| 3.1%
5765;-2755_ 1.2% | 1.2%| 0.8% 0.8% 0.190.0% | 0.0%| 4.1%
12173_5 1.4% | 3.9%| 5.1% 2.4% 0.490.0%| 0.0% | 13.2%
1]?2132755 1.3% | 2.9%| 4.4% 3.1% 0.390.0%| 0.0%| 12.2%

Sub-Total| 7.1% | 10.7% 11.4%| 7.3% | 0.9%| 0.0%| 0.0%| 37.6%

112436.7255_ 1.3% | 1.9%| 1.3% 0.5% 0.0%0.0%| 0.0%| 5.0%
1f66é?755' 2.2% | 1.7%| 0.4% 0.1% 0.0%0.0%0.0%| 4.4%
116981'.7255' 2.0% | 0.9%| 0.2% 0.1% 0.0%0.0%0.0%| 3.2%
12911é?755' 1.3% | 0.7%| 0.2%| 0.3% 0.2%0.0%|0.0%| 2.6%
221336.7255_ 1.2% | 0.3%| 0.1%| 0.0% 0.0%0.0%|0.0%| 1.6%
Sub-Total| 8.0% | 5.5%| 2.2% 1.0% 0.2%0.0%| 0.0%| 16.8%
223565?755' 1.6% | 0.8%| 0.6% 0.2% 0.1%0.0%|0.0%| 3.3%
225881'.7255' 15% | 3.1%  4.4% 3.0% 1.7%0.6%|0.2%| 14.5%
23801é?755' 0.8% | 3.0%| 5.3% 6.8% 2.7%0.9%|0.1%| 19.5%
330236.7255_ 0.8% | 2.2%| 1.7% 1.0% 0.2%0.1%0.0%| 6.1%
332fé?755- 0.6% | 0.9%| 0.4% 0.2% 0.1%0.0%| 0.0%| 2.2%

Sub-Total| 5.3% | 10.0% 12.4%| 11.2%| 4.8%| 1.6%| 0.3%| 45.6%
Total 20.5%| 26.2%| 26.2%| 19.4%| 5.8% | 1.7%| 0.3%| 100.0%
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Table A.12: Classification of Winds in Terms of Directions and Spe€dsnt K,
42.30°N — 35.10°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

S157% | 06% | 0.8%| 0.1% 05% 0.3%0.0% 0.0%| 2.3%
N2> 1 11% | 0.9%| 0.3% 0.0% 0.0%0.0%| 0.0%| 2.3%
S | 14w | 120 0.6% 0.8% 0.0%0.0%| 0.0%| 4.0%
h2> | 11% | 0.9%| 0.5% 0.3% 0.1%0.0%| 0.0%| 2.9%
131725 1.1% | 3.2%| 4.0% 1.3% 0.1%0.0%| 0.0%| 9.7%
o | L79% | 3.5%| 6.4% 3.8% 0.7%0.0% 0.0%| 16.2%

Sub-Total| 7.0% | 10.5%9 11.9%| 6.7% | 1.2%]| 0.0%| 0.0%| 37.4%

112436.7255_, 1.3% | 2.1%| 1.4% 1.1% 0.1%0.0%| 0.0%| 6.1%
114665.2755: 15% | 1.8%| 0.6% 0.2% 0.0%0.0%|0.0%| 4.1%
116981'.7255', 2.0% | 0.8%| 0.2% 0.2% 0.0%0.0% 0.0%| 3.1%
129113'.2755', 1.0% | 0.5%| 0.2% 0.2% 0.2%0.0%| 0.0%| 2.1%
221336.7255_, 1.7% | 0.1%| 0.2% 0.1% 0.0%0.0%| 0.0%| 2.0%
Sub-Total| 7.5% | 5.3%| 2.6% 1.8% 0.3%0.0%) 0.0%| 17.4%
223565;?755: 1.1% | 0.6%| 0.5% 0.2% 0.1%0.0%| 0.0%| 2.4%
225881'.7255', 0.9% | 1.9%| 3.3% 2.6% 1.4%0.6%) 0.3%| 10.9%
23801é?755: 0.9% | 3.5%| 6.9% 5.6% 3.9%0.9%) 0.2%| 21.8%
330236.7255_, 0.6% | 2.6%| 2.2% 1.7% 0.2%0.2% 0.0%| 7.6%
332465?755: 0.6% | 0.9%| 0.5% 0.3% 0.2%0.0%| 0.0%| 2.4%

Sub-Total| 4.1% | 9.5%| 13.49%10.4%| 5.8%| 1.7%| 0.5%| 45.1%
Total 18.7%| 25.3%| 27.8%| 18.8%| 7.2%| 1.7%| 0.5% | 100.0%
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Table A.13: Classification of Winds in Terms of Directions and Speé&dsnt L,
42.40°N — 34.90°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0| 12.5 -

15.0

Total

(in%) 30| 50 | 75 | 10.0 | 125/ 15.0

31‘?;2 0.8% | 0.6%| 0.3% 0.5% 0.1%0.0%]|0.0%| 2.2%
1313'-275\,; 1.3% | 1.2%| 0.3% 0.0% 0.190.0%| 0.0%| 2.8%
3536-7255_ 1.0% | 1.0%| 0.5% 0.5% 0.090.0%| 0.0%| 3.1%
5765;-2755_ 1.2% | 1.2%| 0.8% 0.7% 0.190.0%| 0.0%| 4.0%
12173_5 1.4% | 3.7%| 5.0% 2.3% 0.490.0%| 0.0% | 12.8%
1]?2132755 1.3% | 2.9%| 4.7% 3.2% 0.590.0%| 0.0%| 12.5%

Sub-Total| 7.0% | 10.6% 11.6%| 7.2% | 1.2%| 0.0%| 0.0%| 37.4%

1124136725é 1.4% | 1.9%| 1.3% 0.5% 0.0%0.0%| 0.0%| 5.1%
1f66é2755' 21% | 1.7%| 0.4% 0.1% 0.0%0.0%| 0.0%| 4.3%
1f98i7255' 2.0% | 0.9%| 0.2% 0.1% 0.0%0.0%| 0.0%| 3.2%
129113'2755' 1.4% | 0.6%| 0.2%| 0.3% 0.2%0.0%| 0.0%| 2.6%
221336725é 1.2% | 0.4%| 0.1%| 0.0% 0.0%0.0%| 0.0%| 1.6%
Sub-Total| 8.1% | 5.5%| 2.2% 1.0% 0.2%0.0%)| 0.0%| 16.8%
2235652755' 1.6% | 0.9%| 0.6% 0.2% 0.1%0.0%| 0.0%| 3.3%
225881'7255' 1.4% | 3.0%| 4.4% 3.0% 1.8%0.6%0.2%| 14.4%
238013'2755' 0.8% | 3.0%| 5.3% 6.6% 2.8%0.9%]|0.0%| 19.4%
330236725é 0.8% | 2.2%| 1.8% 1.1% 0.2%0.1%|0.0%| 6.3%
332fé2755. 0.7% | 0.8%| 0.4% 0.2% 0.1%0.0%| 0.0%| 2.2%

Sub-Total| 5.3% | 9.9%| 12.5%11.1%| 5.0%| 1.6%| 0.2%| 45.6%
Total 20.2%| 26.1%| 26.3%| 19.3%| 6.1%| 1.7%| 0.3%| 100.0%
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Table A.14: Classification of Winds in Terms of Directions and Spe&dsnt M,
42.10°N — 35.00°E)

Wind Classes (m/s)

Wind
Directions 0.0 3.0 50 7.5 10.0 | 12.5 .-

15.0

Total

(in) 30| 50 | 75 | 100 | 125/ 15.0

3‘1‘?:22' 09% | 1.1%| 0.0% 0.3% 0.29%0.0%| 0.0%| 2.5%
N2> 1 0.8% | 1.3%| 0.3% 0.2% 0.290.0%| 0.0%| 2.7%
S | 11 | 0.8% 0.3% 0.8% 0.0%0.0%| 0.0%| 3.0%
576é?755: 0.8% | 0.9%| 1.1% 0.8% 0.290.0%| 0.0%| 3.8%
T | 11| 38%| 5.2% 2.7% 0.5%0.0%| 0.0%| 13.2%
o | 14% | 2.5%| 4.4% 3.3% 0.6%0.0% 0.0%| 12.3%

Sub-Total| 6.1% | 10.4% 11.3%| 8.1% | 1.7%]| 0.0%| 0.0%| 37.5%

112436.7255_, 1.4% | 1.4%| 1.9% 0.3% 0.0%0.0%| 0.0%| 5.0%
114665.2755: 1.7% | 2.0%| 0.6% 0.0% 0.0%0.0%| 0.0%| 4.4%
116981'.7255', 1.7% | 0.8%| 0.0% 0.2% 0.0%0.0%| 0.0%| 2.7%
129113'.2755', 1.9% | 0.6%| 0.2%| 0.3% 0.2%0.0%| 0.0%| 3.1%
221336.7255_, 0.8% | 0.6%| 0.0% 0.0% 0.0%0.0%| 0.0%| 1.4%
Sub-Total| 7.5% | 5.4%| 2.7%| 0.8% 0.2%0.0%| 0.0%| 16.6%
223565;?755: 2.4% | 0.5%| 0.6% 0.2% 0.3%0.0% 0.0%| 3.9%
225881'.7255', 1.3% | 3.7%| 5.2% 3.1% 2.2%0.8%| 0.3%| 16.5%
23801é?755: 0.8% | 2.8%| 5.2% 6.4% 2.2%0.6%| 0.0%| 18.1%
330236.7255_, 0.5% | 2.0%| 1.4% 0.9% 0.3%0.2% 0.0%| 5.3%
332465?755: 0.6% | 0.6%| 0.5% 0.3% 0.0%0.0%| 0.0%| 2.0%

Sub-Total| 5.6% | 9.6%| 12.9% 10.9%| 5.0%| 1.6% | 0.3%| 45.8%
Total 19.2%| 25.4%| 26.9%| 19.8%| 6.8% | 1.6%| 0.3% | 100.0%
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APPENDIX B

L60, S60 AND S10 WIND SPEEDS FOR CONTINUOUS DATA SETS

L60, S60 and S10 wind speeds for continuous d&saase given in this section.

Figure B.1: L60, S60 and S10 Wind Speeds for Continuous Detd S
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Figure B.2: L60, S60 and S10 Wind Speeds for Continuous Det® S

Figure B.3: L60, S60 and S10 Wind Speeds for Continuous Det& S
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Figure B.4: L60, S60 and S10 Wind Speeds for Continuous Deta S

Figure B.5: L60, S60 and S10 Wind Speeds for Continuous Det® S
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Figure B.6: L60, S60 and S10 Wind Speeds for Continuous Det® S

Figure B.7: L60, S60 and S10 Wind Speeds for Continuous Det& S
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Figure B.8: L60, S60 and S10 Wind Speeds for Continuous Det& S

Figure B.9: L60, S60 and S10 Wind Speeds for Continuous Det® S
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Figure B.10:L60, S60 and S10 Wind Speeds for Continuous Detd &

Figure B.11:L60, S60 and S10 Wind Speeds for Continuous Detd

330



Figure B.12:L60, S60 and S10 Wind Speeds for Continuous Detd &

Figure B.13:L60, S60 and S10 Wind Speeds for Continuous Detd $
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Figure B.14:L60, S60 and S10 Wind Speeds for Continuous Detd &

Figure B.15:L60, S60 and S10 Wind Speeds for Continuous Detd S
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Figure B.16:L60, S60 and S10 Wind Speeds for Continuous Detd &

Figure B.17:L60, S60 and S10 Wind Speeds for Continuous Detd B
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Figure B.18:L60, S60 and S10 Wind Speeds for Continuous Detd &

Figure B.19:L60, S60 and S10 Wind Speeds for Continuous Detd $

334



Figure B.20:L60, S60 and S10 Wind Speeds for Continuous Det2&

Figure B.21:L60, S60 and S10 Wind Speeds for Continuous Det25
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Figure B.22:L60, S60 and S10 Wind Speeds for Continuous Det®3

Figure B.23:L60, S60 and S10 Wind Speeds for Continuous Dat2%
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Figure B.24:L60, S60 and S10 Wind Speeds for Continuous Det24%

Figure B.25:L60, S60 and S10 Wind Speeds for Continuous Det2%
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Figure B.26:L60, S60 and S10 Wind Speeds for Continuous Det2&

Figure B.27:L60, S60 and S10 Wind Speeds for Continuous Det®%
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Figure B.28:L60, S60 and S10 Wind Speeds for Continuous Det2%

Figure B.29:L60, S60 and S10 Wind Speeds for Continuous Det2$
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APPENDIX C

S10 AND E10 WIND SPEEDS FOR CONTINUOUS DATA SETS

S10 and E10 wind speeds for continuous data setgiwn in this section.

Figure C.1: E10 and S10 Wind Speeds for Continuous Data Set 1
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Figure C.2: E10 and S10 Wind Speeds for Continuous Data Set 2

Figure C.3: E10 and S10 Wind Speeds for Continuous Data Set 3
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Figure C.4: E10 and S10 Wind Speeds for Continuous Data Set 4

Figure C.5: E10 and S10 Wind Speeds for Continuous Data Set 5
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Figure C.6: E10 and S10 Wind Speeds for Continuous Data Set 6

Figure C.7: E10 and S10 Wind Speeds for Continuous Data Set 7
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Figure C.8: E10 and S10 Wind Speeds for Continuous Data Set 8

Figure C.9: E10 and S10 Wind Speeds for Continuous Data Set 9
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Figure C.10: E10 and S10 Wind Speeds for Continuous Data Set 10

Figure C.11: E10 and S10 Wind Speeds for Continuous Data Set 11
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Figure C.12: E10 and S10 Wind Speeds for Continuous Data Set 12

Figure C.13: E10 and S10 Wind Speeds for Continuous Data Set 13
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Figure C.14: E10 and S10 Wind Speeds for Continuous Data Set 14

Figure C.15: E10 and S10 Wind Speeds for Continuous Data Set 15
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Figure C.16: E10 and S10 Wind Speeds for Continuous Data Set 16

Figure C.17:E10 and S10 Wind Speeds for Continuous Data Set 17
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Figure C.18: E10 and S10 Wind Speeds for Continuous Data Set 18

Figure C.19: E10 and S10 Wind Speeds for Continuous Data Set 19
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Figure C.20: E10 and S10 Wind Speeds for Continuous Data Set 20

Figure C.21: E10 and S10 Wind Speeds for Continuous Data Set 21
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Figure C.22: E10 and S10 Wind Speeds for Continuous Data Set 22

Figure C.23: E10 and S10 Wind Speeds for Continuous Data Set 23
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Figure C.24: E10 and S10 Wind Speeds for Continuous Data Set 24

Figure C.25: E10 and S10 Wind Speeds for Continuous Data Set 25
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Figure C.26: E10 and S10 Wind Speeds for Continuous Data Set 26

Figure C.27: E10 and S10 Wind Speeds for Continuous Data Set 27
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Figure C.28: E10 and S10 Wind Speeds for Continuous Data Set 28

Figure C.29: E10 and S10 Wind Speeds for Continuous Data Set 29
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APPENDIX D

S10, S1@ S1Qve E10 SPLINE AND E10L WIND SPEEDS FOR
CONTINUOUS DATA SETS

S10 and S1§) S1Qye E10 Spline and E10L wind speeds for continuoua dats are

given in this section.

Figure D.1: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 1
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Figure D.2: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 2

Figure D.3: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 3
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Figure D.4: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 4

Figure D.5: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 5
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Figure D.6: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 6

Figure D.7: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 7
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Figure D.8: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 8

Figure D.9: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 9
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Figure D.10: E1Q, E10 Spline, S10, SR and S1@Wind Speeds for Continuous
Data Set 10

Figure D.11:E1Q, E10 Spline, S10, SiRand S19Wind Speeds for Continuous
Data Set 11
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Figure D.12: E1Q, E10 Spline, S10, SiRand S1@ Wind Speeds for Continuous
Data Set 12

Figure D.13: E1Q, E10 Spline, S10, SiRand S1@ Wind Speeds for Continuous
Data Set 13
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Figure D.14:E1Q, E10 Spline, S10, SR and S1@Wind Speeds for Continuous
Data Set 14

Figure D.15:E1Q, E10 Spline, S10, SiRand S19Wind Speeds for Continuous
Data Set 15
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Figure D.16:E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 16

Figure D.17: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 17
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Figure D.18:E1Q, E10 Spline, S10, SiRand S19Wind Speeds for Continuous
Data Set 18

Figure D.19: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 19
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Figure D.20: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 20

Figure D.21: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 21
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Figure D.22: E1Q, E10 Spline, S10, SR and S1@Wind Speeds for Continuous
Data Set 22

Figure D.23:E1Q, E10 Spline, S10, SiRand S19Wind Speeds for Continuous
Data Set 23
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Figure D.24: E1Q, E10 Spline, S10, SiRand S1@ Wind Speeds for Continuous
Data Set 24

Figure D.25: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 25
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Figure D.26: E1Q, E10 Spline, S10, SR and S1@Wind Speeds for Continuous
Data Set 26

Figure D.27:E1Q, E10 Spline, S10, SR and S1@Wind Speeds for Continuous
Data Set 27
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Figure D.28: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 28

Figure D.29: E1Q, E10 Spline, S10, SiRand S1@Wind Speeds for Continuous
Data Set 29
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APPENDIX E

CORRELATION FIGURES BETWEEN E10 WIND SPEEDS AND S104E10
WIND SPEED RATIOS

Correlation figures between E10 wind speeds andy/E10 wind speed ratios are

given in this section.

Figure E.1: E10 Wind Speeds vs S10s/E10 Wind Speed RatidbdédFirst Two
Points (1 and 2) of Type-1A (Developing Winds) Mgthod 1
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Figure E.2: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbdéavliddle Two
Points (3 and 4) of Type-1A (Developing Winds) Mgthod 1

Figure E.3: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbddrast Two
Points (5 and 6) of Type-1A (Developing Winds) Mgthod 1
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Figure E.4: E10 Wind Speeds vs S1B10 Wind Speed Ratios for the First Two
Points (1 and 2) of Type-1A (Developing Winds) Mgthod 3 ( 0.35 Upper Left
Graph; 0.35 >  0.05 Upper Right Graph; 0.05 > 0 Lower Graph)
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Figure E.5: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidkéavliddle Two
Points (3 and 4) of Type-1A (Developing Winds) Mgthod 3 (  0.35 Upper Left
Graph; 0.35>  0.05 Upper Right Graph; 0.05 > 0 Lower Graph)
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Figure E.6: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidkédrast Two
Points (5 and 6) of Type-1A (Developing Winds) Mgthod 3 (  0.35 Upper Left
Graph; 0.35 > 0.05 Upper Right Graph; 0.05 > 0 Lower Graph)

Figure E.7: E10 Wind Speeds vs S10s/E10 Wind Speed RatidbddFirst Two
Points (1 and 2) of Type-1B (Developing Winds) Négthod 1
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Figure E.8: E10 Wind Speeds vs S10s/E10 Wind Speed Ratiadbéavliddle Two
Points (3 and 4) of Type-1B (Developing Winds) \dgthod 1

Figure E.9: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbddrast Two
Points (5 and 6) of Type-1B (Developing Winds) \dgthod 1

Figure E.10: E10 Wind Speeds vs S10s/E10 Wind Speed RatidkédFirst Two
Points (1 and 2) of Type-1B (Developing Winds) Mgthod 3 (  0.20 Right
Graph; 0.20 > 0 Left Graph)
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Figure E.11: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbdéavliddle Two
Points (3 and 4) of Type-1B (Developing Winds) Mgthod 3 (  0.20 Right
Graph; 0.20 > O Left Graph)

Figure E.12: E10 Wind Speeds vs S10s/E10 Wind Speed Ratiagbédrast Two
Points (5 and 6) of Type-1B (Developing Winds) Mgthod 3 (  0.20 Right
Graph; 0.20 > O Left Graph)
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Figure E.13: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbédrirst Two
Points (1 and 2) of Type-2A (Calming Winds) by Medhl

Figure E.14: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbédvliddle Two
Points (3 and 4) of Type-2A (Calming Winds) by Medhl

Figure E.15: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidhédrast Two
Points (5 and 6) of Type-2A (Calming Winds) by Medhl
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Figure E.16: E10 Wind Speeds vs S10s/E10 Wind Speed RatidaédFirst Two
Points (1 and 2) of Type-2A (Calming Winds) by MedIB8 ( < -0.35 Upper Right
Graph; -0.35 < -0.20 Upper Left Graph; -0.20 < 0 Lower Graph)

381



Figure E.17: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-2A (Calming Winds) by MmdI8 ( < -0.35 Upper Right
Graph; -0.35 < -0.20 Upper Left Graph; -0.20 < 0 Lower Graph)
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Figure E.18: E10 Wind Speeds vs S10s/E10 Wind Speed Ratiagkédrast Two
Points (5 and 6) of Type-2A (Calming Winds) by MedIB8 ( < -0.35 Upper Right
Graph; -0.35 < -0.20 Upper Left Graph; -0.20 < 0 Lower Graph)

Figure E.19: E10 Wind Speeds vs S10s/E10 Wind Speed RatidkédFirst Two
Points (1 and 2) of Type-2B (Calming Winds) by Nt 1
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Figure E.20: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéadvliddle Two
Points (3 and 4) of Type-2B (Calming Winds) by Mt

Figure E.21: E10 Wind Speeds vs S10s/E10 Wind Speed Ratideédrast Two
Points (5 and 6) of Type-2B (Calming Winds) by Mt
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Figure E.22: E10 Wind Speeds vs S10s/E10 Wind Speed RatidkédFirst Two
Points (1 and 2) of Type-2B (Calming Winds) by Ned 3 ( < -0.35 Upper Right
Graph; -0.35 < -0.10 Upper Left Graph; -0.10 < 0 Lower Graph)

385



Figure E.23: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-2B (Calming Winds) by h&d 3 ( < -0.35 Upper Right
Graph; -0.35 < -0.10 Upper Left Graph; -0.10 < O Lower Graph)
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Figure E.24: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidhdédrast Two
Points (5 and 6) of Type-2B (Calming Winds) by hed 3 ( <-0.35 Upper Right
Graph; -0.35 < -0.10 Upper Left Graph; -0.10 < 0 Lower Graph)

Figure E.25: E10 Wind Speeds vs S10s/E10 Wind Speed RatidgédFirst Two
Points (1 and 2) of Type-3A (Calming Winds) by MmdhL
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Figure E.26: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidkéavliddle Two
Points (3 and 4) of Type-3A (Calming Winds) by Medhl

Figure E.27: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidhédrast Two
Points (5 and 6) of Type-3A (Calming Winds) by Medhl
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Figure E.28: E10 Wind Speeds vs S10s/E10 Wind Speed RatidsédFirst Two
Points (1 and 2) of Type-3A (Calming Winds) by MedIB8 ( < -0.40 Upper Right
Graph; -0.40 < -0.20 Upper Left Graph; -0.20 < 0 Lower Graph)
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Figure E.29: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-3A (Calming Winds) by MmdI8 ( < -0.40 Upper Right
Graph; -0.40 < -0.20 Upper Left Graph; -0.20 < 0 Lower Graph)
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Figure E.30: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidhdédrast Two
Points (5 and 6) of Type-3A (Calming Winds) by MedIB8 ( < -0.40 Upper Right
Graph; -0.40 < -0.20 Upper Left Graph; -0.20 < 0 Lower Graph)

Figure E.31: E10 Wind Speeds vs S10s/E10 Wind Speed RatidsédFirst Two
Points (1 and 2) of Type-3B (Calming Winds) by Nt 1
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Figure E.32: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbédvliddle Two
Points (3 and 4) of Type-3B (Calming Winds) by Mt

Figure E.33: E10 Wind Speeds vs S10s/E10 Wind Speed Ratideédrast Two
Points (5 and 6) of Type-3B (Calming Winds) by Msath
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Figure E.34: E10 Wind Speeds vs S10s/E10 Wind Speed RatidkédFirst Two
Points (1 and 2) of Type-3B (Calming Winds) by hed 3 ( <-0.40 Upper Right
Graph; -0.40 < -0.10 Upper Left Graph; -0.10 < 0 Lower Graph)
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Figure E.35: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-3B (Calming Winds) by hed 3 ( <-0.40 Upper Right
Graph; -0.40 < -0.10 Upper Left Graph; -0.10 < 0 Lower Graph)
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Figure E.36: E10 Wind Speeds vs S10s/E10 Wind Speed Ratiagkédrast Two
Points (5 and 6) of Type-3B (Calming Winds) by hed 3 ( <-0.40 Upper Right
Graph; -0.40 < -0.10 Upper Left Graph; -0.10 < 0 Lower Graph)

Figure E.37: E10 Wind Speeds vs S10s/E10 Wind Speed RatidbédFirst Two
Points (1 and 2) of Type-4A (Developing Winds) Mgthod 1
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Figure E.38: E10 Wind Speeds vs S10s/E10 Wind Speed Ratideéavliddle Two
Points (3 and 4) of Type-4A (Developing Winds) Mgthod 1

Figure E.39: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidhédrast Two
Points (5 and 6) of Type-4A (Developing Winds) Mgthod 1

Figure E.40: E10 Wind Speeds vs S10s/E10 Wind Speed RatidkédFirst Two
Points (1 and 2) of Type-4A (Developing Winds) Mgthod 3 (  0.30 Right
Graph; 0 < 0.30 Left Graph)
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Figure E.41: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-4A (Developing Winds) Mgthod 3 ( 0.30 Right
Graph; 0 < 0.30 Left Graph)

Figure E.42: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidhdédrast Two
Points (5 and 6) of Type-4A (Developing Winds) Mgthod 3 (  0.30 Right
Graph; 0 < 0.30 Left Graph)
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Figure E.43: E10 Wind Speeds vs S10s/E10 Wind Speed RatidkédFirst Two
Points (1 and 2) of Type-4B (Developing Winds) \dgthod 1

Figure E.44: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-4B (Developing Winds) Négthod 1

Figure E.45: E10 Wind Speeds vs S10s/E10 Wind Speed Ratideédrast Two
Points (5 and 6) of Type-4B (Developing Winds) Négthod 1
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Figure E.46: E10 Wind Speeds vs S10s/E10 Wind Speed RatidbédFirst Two
Points (1 and 2) of Type-4B (Developing Winds) Mgthod 3 (  0.30 Right
Graph; 0 < 0.30 Left Graph)

Figure E.47: E10 Wind Speeds vs S10s/E10 Wind Speed Ratidbéavliddle Two
Points (3 and 4) of Type-4B (Developing Winds) Mgthod 3 (  0.30 Right
Graph; 0 < 0.30 Left Graph)
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Figure E.48: E10 Wind Speeds vs S10s/E10 Wind Speed Ratideédrast Two
Points (5 and 6) of Type-4B (Developing Winds) Ndgthod 3 (  0.30 Right
Graph; 0 < 0.30 Left Graph)
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APPENDIX F

GRAPHICAL PRESENTATION OF SIMULTANEOUS E10L, E10m1, E10m2,
E10m3, E10m4, S10, S1PS1Q Upper and S1@ Lower WIND SPEEDS

Simultaneous E10L, E10m1, E10m2, E10m3, E10m4, S1G, S1G; Upper, S19

Lower wind speed are presented in the below giigréds.

Figure F.1: E10L, E10m1, E1I0m2, E10m3, E10m4, S10,580@ Upper and
S1@G Lower Wind Speeds for Continuous Data Set 1
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Figure F.2: E10L, E10m1, EI0m2, E10m3, E10m4, S10,580Q¢ Upper and
S1G Lower Wind Speeds for Continuous Data Set 2

Figure F.3: E10L, E10m1, EIOm2, E10m3, E10m4, S10,S80Q¢ Upper and
S1G Lower Wind Speeds for Continuous Data Set 3
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Figure F.4: E10L, E10m1, E1IOm2, E10m3, E10m4, S10,S80Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 4

Figure F.5: E10L, E10m1, E1IOm2, E10m3, E10m4, S10,S80Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 4 (Part
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Figure F.6: E10L, E10m1, EI0m2, E10m3, E10m4, S10,580Q Upper and
S1@Q; Lower Wind Speeds for Continuous Data Set 4 (Part

Figure F.7: E10L, E10m1, EI0Om2, E10m3, E10m4, S10,580Q Upper and
S1@Q; Lower Wind Speeds for Continuous Data Set 4 (Part
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Figure F.8: E10L, E10m1, E1I0m2, E10m3, E10m4, S10,580Q Upper and
S1@G Lower Wind Speeds for Continuous Data Set 5

Figure F.9: E10L, E10m1, E1I0m2, E10m3, E10m4, S10,580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 6

405



Figure F.10: E10L, E1IOm1, E10m2, E1I0m3, E10m4, S10,580Q Upper and
S1G Lower Wind Speeds for Continuous Data Set 7

Figure F.11: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S1G Lower Wind Speeds for Continuous Data Set 8
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Figure F.12: E10L, E1Om1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 9

Figure F.13: E10L, E10m1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 10
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Figure F.14: E10L, E1IOm1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S10; Lower Wind Speeds for Continuous Data Set 11

Figure F.15: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 12

408



Figure F.16: E10L, E10m1, E10m2, EILOm3, E10m4, S10,$5$50Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 13

Figure F.17: E10L, E1Om1, E10m2, EIOm3, E10m4, S10,580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 14
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Figure F.18: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S10; Lower Wind Speeds for Continuous Data Set 15

Figure F.19: E10L, E10Om1, E10m2, E10m3, E10m4, S10,550Q Upper and
S10s Lower Wind Speeds for Continuous Data Set 16
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Figure F.20: E10L, E1Om1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 17

Figure F.21: E10L, E1Om1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 18

411



Figure F.22: E10L, E10m1, E10m2, E1I0m3, E10m4, S10,$550Q Upper and
S10; Lower Wind Speeds for Continuous Data Set 19

Figure F.23: E10L, E10m1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S10; Lower Wind Speeds for Continuous Data Set 20
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Figure F.24: E10L, E10m1, E10m2, EILOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 21

Figure F.25: E10L, E10m1, E10m2, ELOm3, E10m4, S10,$580Q Upper and
S1G Lower Wind Speeds for Continuous Data Set 22
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Figure F.26: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S1G; Lower Wind Speeds for Continuous Data Set 23

Figure F.27: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S10; Lower Wind Speeds for Continuous Data Set 24
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Figure F.28: E10L, E1Om1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 25

Figure F.29: E10L, E1Om1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 26
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Figure F.30: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,550Q Upper and
S10; Lower Wind Speeds for Continuous Data Set 27

Figure F.31: E10L, E1Om1, E10m2, E1I0m3, E10m4, S10,$550Q Upper and
S10Q; Lower Wind Speeds for Continuous Data Set 28
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Figure F.32: E10L, E10m1, E10m2, EIOm3, E10m4, S10,$580Q Upper and
S1Q; Lower Wind Speeds for Continuous Data Set 29
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APPENDIX G

BIAS, RMSE AND MAE FORMULATIONS

BIAS of an estimator (BIAS):

'Z%N[9] 9\09 [G.1]
where;

A ab] bias of the estimator

9 estimated value

9 expected value

Root-Mean-Square Error (RMSE):

cNL i ohoni” [G.2]
where;

n number of values

Mean Absolute Error (MAE):

do%L oo [G.3]
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