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FOREWORD

Understanding of the circulation dynamics is essential to obtain the knowledge of the
underlying mechanism of the weather systems, which play important role on the day-
to-day life of human being. Thermally driven mesoscale circulations such as sea-land
breeze and urban heat island circulations are important since they contribute to the
microscale properties over regions. Diurnal cycle of the circulations may influence
the quality of the air either positively or negatively. Urbanization is the most
significant negative effect since it brings more polluted air over a region. The sea-
land breeze circulation may result in more air pollution by interacting with urban
heat island circulation or controversially it may keep the pollution away from the
region. This study is conducted to understand the mesoscale circulations interaction
in Istanbul and their effects on the air pollution.
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A NUMERICAL INVESTIGATION OF MESO-SCALE FLOW AND AIR
POLLUTANT TRANSPORT PATTERNS OVER THE REGION OF
ISTANBUL

SUMMARY

Atmospheric motion is affected by wide range of scales from a few millimeters to
thousands of kilometers. It is important to understand the behaviour of the
atmospheric flows on these scales. Although all these scales play a role on the
transport and dispersion of the pollutant, mesoscale atmospheric processes are
significant over the traveling time and distance for short and long-range transport and
dispersion of pollutants. Thermally and terrain induced circulations contribute to the
transport and dispersion pattern of the pollutants via terrain characteristics and the
surface inhomogeneities. Besides of these, growing urbanization modify the
mesoscale circulation characteristics. The response of the local-scale circulation to
the other scales or its interaction with them influences the characteristics of pollutant
transport by means of the modified mesoscale circulation. Therefore, understanding
mechanism of the development and evolution of local-scale flow features and their
interaction with large-scale flow features is one of the desires.

The research is concentrated on the mesoscale circulations (i.e. sea-land breeze,
urban heat island). It is focused on a statistical and numerical investigation of the
urbanization in Istanbul in the first part of the study. Mann-Kendall Trend test is
applied to the minimum temperature dataset for urban, suburban and rural station in
Istanbul to determine the existence and significance of trends, and starting year for
the abrupt change in the trends. Limited area, non-hydrostatic, terrain-following
sigma coordinate mesoscale model MM5 is also used for the modeling analyses.
Mann-Kendall test indicates the statistically significant positive trends in the
minimum temperature time series between urban and rural stations. Seasonal trend
analyses depicts that the most pronounce urbanization effect occurs in summer. The
changes in the trends are observed in 1970s and 1980s consistent with the increase in
the population growth rate. The model results show the expansion of the urban heat
island depending on the expansion of the city boundaries in Istanbul from 1951 to
2004. A two-cell structure of the urban heat island: one on the European side and the
other one on the Asian side is observed at the surface from the July simulations with
current and past landscape. The maximum surface level temperature difference
between past and current simulations is about 1°C. The modeling experiment shows
that the city reduces the prevailing northeasterly wind speed and water vapor mixing
ratio. The heating effect of the urbanization penetrates about 600-800 m height in the
atmosphere over the city, and the two surface heat island cells combines aloft.

The idealized numerical simulations are performed on the second part of the study to
investigate the details of the mesoscale circulations such as sea-land breezes and
urban heat island effect on the local flow of Istanbul. A fully non-hydrostatic, three-
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dimensional numerical model (OMEGA) with unstructured grid and uniform initial
flow at horizontal and vertical directions is performed for the simulations since its
grid technique better captures the land-water boundaries. Relative effects of
geographic features on the local circulation are exemplified by means of the
idealized simulations. Furthermore, effect of the presence of a strait and urbanized
area on the local circulation is analyzed. Topography-induced effect is observed over
the hilly topography of Istanbul. Moreover, different background flow conditions are
also examined for Istanbul. Uniform geostrophic wind with different wind direction
also shows changes on the circulation characteristics. Results show that the
channeling is occurred because of the Bosphorus and enhanced by the topography.
Significant contribution to the local flow comes from urbanization by arranging the
sea-land breeze existence or penetration over the domain. Real case simulations are
also performed using OMEGA based on atmospheric conditions which are required
for existence of a sea breeze and urban heat island over the Bosphorus. Furthermore,
the analyses are conducted for two different dates. One of these dates is specified in
summer and the other one is in winter. The flow conditions on these dates are
compared and evaluated in the light of hypothetic simulations. The results show that
OMEGA performs reasonably well. The fully developed sea breeze exits at 1000
UTC (1200 LST) in winter case while it is observed at 0700 UTC (1000 LST) in
summer case. Re-current circulations are also observed on both simulations.
However, it occurs higher in the atmosphere in summer case than the winter case.
The convergence occurs at 1300 UTC (1500 LST) in winter case and 1000 UTC
(1300 LST) in summer case. The land breeze occurs at 1700 UTC (1900 UTC) in
winter whereas it is at 1900 UTC (2200 LST) for summer simulation.

Another concern on this study is to investigate the behaviour of transport and
dispersion of pollutants over the Marmara Region using numerical model (OMEGA)
with its embedded Atmospheric Dispersion Model (ADM). The Marmara Region is
located at strategically important waterway with its two narrow straits, the Bosphorus
and the Dardanelles. The particular attention is focused on mapping risky area for the
Straits, resulting from release of pollutants after a tanker accident. Lagrangian
dispersion model is used to disperse materials from the specified release points.
Probability of exceedance of dosages is calculated at the surface for these release
points. Results depict the most common direction of the particle dispersion is south-
southwesterly, and the most risky areas are located close to the release points. Also,
the sensitivity simulations depict that the probability of exceedance values are
sensitive to the source strength and threshold values of dosage and concentration.
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ISTANBUL BOLGESi UZERINDEKI MEZO-OLCEK AKISIN VE
KIRLETICI TASINIM PATERNININ SAYISAL OLARAK INCELENMESI

OZET

Atmosferik hareket, birka¢ milimetre’den birkag kilometere’ye kadar genis bir dlgek
araligindan etkilenir. Bu nedenle, atmosferik akisin bu oSlgeklerdeki davranigini
anlamak olduk¢a 6nemlidir. Biitiin bu 6lgeklerin kirletici tasinim ve yayiliminda
onemli rolii olmasina ragmen, mezo-0l¢ek atmosferik islemler, kirleticilerin kisa ve
uzun mesafeli taginim ve yayilimi i¢in taginma zamani ve mesafesi tizerindeki rolii
bakimindan Onemlidir. Termal ve topografya etkisi ile olusan sirkiilasyonlar,
topografya karakteristikleri ve homojen olmayan yiizeyler yardimi ile kirleticilerin
taginim ve yayilimina katkida bulunur. Bunlarin yanisira, artan sehirlesme de mezo
0lcek dolagim karakteristiklerini degistirmektedir. Lokal 6l¢ekteki dolagimlarin diger
Olgeklerdeki hareketlere tepkisi ya da onlarla olan etkilesimi, mezo-0lgek
dolagimlarin kirletici taginim karakteristiklerini etkiler. Bu nedenle, kii¢iik 6lgek
akislarin olusum ve gelisimi ve kiguk olgek hareketlerin buytk 6lcek haraketlerle
ekilesimini anlamak gerekmektedir.

Bu c¢aligmada, kara-deniz meltemi, sehir 1s1 adasi gibi mezo-6lgek dolagimlar
incelenmistir. Calismanin ilk kisminda, Istanbul’da sehirlesmenin istatistiksel ve
sayisal olarak incelenmesi tizerinde durulmustur. Mann-Kendall trend testi,
Istanbul’daki trendin olumasini ve dnemini ve ani trend degisikliginin baglamasini
belirlemek i¢in, sehir, banliyd ve kirsal alanlardaki gézlem istasyonlarinin minimum
sicaklik verilerine uygulanmistir. Bununla birlikte, sinirli alan, hidrostatik olmayan
ve topografyay: takip eden koordinatlar1 kullanan, bir mezo-0l¢ek atmosfer model
olan MM5’da modelleme analizlerinde kullanilmistir. Mann-Kendall istatistik testi
sehir ve kirsal alanlar arasindaki minimum sicakliklarda istatistiksel olarak anlaml
pozitif bir trendin oldugu gézlenmistir. Mevsimsel analizler ise, sehirlesmenin yaz
aylarinda hakim oldugunu gostermistir. Artan niifus ile birlikte trenddeki ani
degisikliklerin 1970 ve 1980’li yillarda meydana geldigi tespit edilmistir. Model
calismalari ise, Istanbul’un genisleyen sehir sinirlari ile birlikte sehir 1s1 adasinin da
1951’den 2004’¢ genisledigini gdstermistir. Temmuz ay1 i¢in gergeklestirilen,
geemis ve suanki durumu temsil eden sehir gériiniimii benzesim farklarindan, sehrin
Avrupa ve Asya yakasinda, iki-hiicreli sehir 1s1 adasi yapisimin varligl tespit
edilmistir. Iki benzesim icin, yiizey sicakligindaki maksimum fark yaklagik 1°C’dir.
Model caligmasi, sehrin hakim kuzeydogulu riizgar hizinin ve subuhari karigma
oraninin azaldiginm gostermistir. Sehirlegsmenin neden oldugu 1smma etkisi, sehir
uzerinde 600-800 m yiikseklige kadar etkisini siirdiirmekte ve yukari seviyelerde
meydana gelen iki 181 adas1 hiicresi birlesmektedir.

Calismanin ikinci kisminda, idealize edilmis sayisal benzesimler, kara-deniz meltemi
ve sehir 151 adas1 gibi mezo-6lgek dolasimlarin Istanbul’un yerel akisma etkisinin
detayl olarak incelenmesi i¢in ger¢eklestirilmistir. Kara-su siirlarini1 daha iyi cozen
bir grid teknigine sahip olmasindan dolayi, diizensiz (unstructured) grid yapisi olan
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ii¢ boyutlu hidrostatik olmayan sayisal bir model olan OMEGA, yataydaki homojen
baglangig riizgari, yerden modelin en iist atmosferik sinirina kadar kullanilarak ideal
sayisal benzesimler yapmak i¢in ¢aligtirilmigtir. Yapilan ideal sayisal benzesimler
yardimi ile, goreceli olarak bolgenin cografi dzelliklerinin; Istanbul Bogazi’nin ve
sehirlesmenin lokal dolagimlara etkisi incelenmistir. Yapilan onceki arastirmalarda,
topografyanin yiikksek olmadigi bolgelerde, topografyanin lokal sirkiilasyona etkisi
olmadig1 ifade edilmesine ragmen, Istanbul ve gevresinde varolan topografyanin
dolagimi etkiledigi goriilmektedir. Sayisal modelin farkli baslangi¢ riizgarlar ile de
benzesim ¢aligmalar1 yapilmis ve dolasim karakteristikleri farkliliklar gostermistir.
Arastirma sonuglari, Istanbul Bogazi’'nin bir kanal akisiin olusumuna neden
oldugunu ve topografyaninda bu akisi gii¢lendirdigini gostermektedir. Sehirlesme,
kara-deniz melteminin olugmasini ve kara iglerine ilerlemesini dizenleyerek, lokal
akisa katkida bulunur. Ideal sayisal benzesimlere ilave olarak, kara-deniz meltemi ve
sehir 1s1 adas1 olusumu i¢in gerekli sartlar1 saglayan gercek zamanli benzesimler de
gergeklestirilmistir. Her bir ideal benzesimin lokal sirkiilasyona katkisi detayli
olarak incelenmistir. Ayrica, analizler yaz ve kis aylarindaki durumu belirlemek
amaci ile, belirlenen iki giin i¢cin ger¢ek zamanl simiilasyonlar gerceklestirilmistir.
Gergeklestirilmis olan hipotetik benzesimlerin sonuglari 15181inda bu iki simiilasyon
karsilastirilmig ve degerlendirilmigtir. Sonuglar, OMEGA nin oldukga iyi bir sekilde
belirlenen tarihler i¢in benzesimler gergeklestirdigini gostermistir. Kis benzesimi
icin deniz melteminin 1000 UTC (1200 LST) meydana gelirken, yaz simiilasyonu
icin 0700 UTC’de (1000 LST) meydana geldigini gostermistir. Her iki simiilasyonda
da yukar1 seviyelerde tersine dolasimlar meydana gelmis ancak, yaz ayinda meydana
gelen dolasimin atmosferin daha yukar1 seviyelerinde oldugu gozlenmistir.
Konverjans ise kis ay1 igin 1300 UTC (1500 LST) ve yaz ay1 i¢in 1000 UTC’de
(1300 LST) meydana gelmektedir. Kara meltemi ise, kis benzesimi i¢in 1700 UTC
(1900 UTC) ve yaz ay1 i¢in 1900 UTC’de (2200 LST) basladigi tespit edilmistir.

Bu arastirmada yiiriitiilen diger bir ¢caligmada, sayisal model OMEGA ve atmosferik
yayllma modelini kullanilarak Marmara Bolgesi’'ndeki kirleticilerin tasinim ve
yayilimi incelenmistir. Istanbul ve Canakkale Bogazlari ile 6nemli bir su yolu olan
Marmara Bolgesi, stratejik olarak onem arz etmektedir. Calismanin bu bdlimiinde,
meydana gelebilecek bir tanker kazasi sonucunda kirletici saliniminin risk haritasinin
hazirlanmasina c¢aligilmistir. Belirlenen noktalardan atmosfere salinan kirleticilerin
dagilimi, Lagrangian yayilma modeli kullanilarak belirlenmistir. Calismada, kirletici
salinim noktalar1 i¢in, kirletici dozunun olusma olasilig1 hesaplanmistir. Sonuglar
yaygin partikiill yayilma yoniliniin giiney-giineydogulu oldugunu ve olusma
olasihiginin kirletici salimim noktalarma yakin boélgelerde yiiksek oldugunu
gostermistir. Ayrica yapilan duyarlilk testleri ile olugma olasiliginin, kaynaktan ¢ikan
kirletici miktarina ve konsantrasyon ve dozaj icin belirlenen esikdegerine hassas
oldugu tespit edilmistir.
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1. INTRODUCTION

A major problem in the atmospheric science is to describe the atmospheric motion
fully. Atmospheric motion ranges in size from a few millimeters (e.g., turbulence) to
thousands of kilometers (e.g., planetary waves). Energy spectrum divides the
atmospheric motion in three different scales; large scale, mesoscale, and micro scale.
This scale differentiation of horizontal dimensions makes our understanding in
atmospheric circulations difficult. Not in all size of atmospheric motions can be
explained by the same theoretical approaches since some terms weaken or enhance
their effects from scale to scale. For instance, large scale motions are strongly
affected by the Coriolis force however dominant governing effect of the motion is
not the Coriolis force in other scales such as mesoscale or microscale. Aside from the
horizontal spatial scale, atmospheric circulations indicate variability in time from a
few days (e.g. depressions) to a few seconds (e.g. turbulence). It appears from the
kinetic energy spectrum that the mesoscale is the scale on which energy is transferred

from large scale to the microscale or vice versa (Lin, 2007).

Mesoscale flow features are quite complex and variable in all scales. Mesoscale flow
may be either hydrostatic or non-hydrostatic. Hydrostatic motion contains motions
with the scale larger than the non-hydrostatic motion which is embedded in the
hydrostatic motion. However, non-hydrostatic motion ranging from several meters to
several tens of kilometers with time scale from minutes to many hours may include
significant features (Boybeyi and Bacon, 1996). It is difficult to discriminate
dynamics of motions due to nonlinear interactions of time and space scale.
Therefore, scale interaction is significant in terms of understanding the
characteristics of the flow. For example, scale interaction refers to the interaction
between the zonal flow and limited set of waves in the planetary-scale motion while
it means the interaction between a continuous spectrum of eddies in all sizes in
turbulence theory. And in mesoscale meteorology, scale interaction is expressed as
the interaction among the discrete scales as the meso-vy, the meso-f3, and the meso-o

(Boybeyi and Raman, 2000). Horizontal scale of meso-y is defined 2 km-20 km, the



meso-B 20 km-200 km, and the meso-o 200 km- 2000 km by Stull (1988). Scale
interaction depends on the degree of relative strength of the fluid motion, for
instance; for a slowly changing mean flow with embedded very weak disturbance,

the interaction occurs from the mean flow to the weak disturbance (Lin, 2007).

Effect of terrain heterogeneities and surface inhomogeneties on mesoscale circulation
evolution and the synoptic forcing of the mesoscale circulation are the examples for
scale interactive processes at the mesoscale. Lee cyclogenesis, sea-land breeze, urban
heat island circulation, mountain-valley winds, cumulus scale convection, tropical
cyclones, squall lines, tornadoes, mesoscale rain bands, Kelvin-Helmholtz instability
waves, inertial gravity waves, fronts and jet breaks can be ranked in the mesoscale
circulations. The large number of mesoscale processes is responsible for natural
disaster, flash flooding, and wind damaging (Lin, 2007). In addition to these
hazardous events, mesoscale weather system is important for short and long range

transport and diffusion of air pollutants.

Mesoscale diffusion takes place between local scale and synoptic scale dispersion.
Since local scale features affects the mesoscale circulations by means of the terrain
heterogeneities and surface inhomogeneties, mesoscale processes become more
complex. Thus, determining the mesoscale dispersion can not be easily
accomplished. Therefore, it is crucial to identify the development and evolution of
the local scale flow. Besides, it is necessary to have information of interaction
between local scale and mesoscale circulation as well as interaction with synoptic
scale motion. Although atmospheric processes are divided into scales, it is not

possible to isolate each scale since in reality all those scales interact with each other.

Thermally-induced and topographically-induced circulations such as sea-land breeze,
urban heat island, and mountain-valley circulations are well-known mesoscale
circulations that affect the local circulations. Strength of day and night heating
difference depends on the surface heterogeneities. Different characteristics of the
surface result in a flow with a different manner. For example; land and water contrast
by means of their diurnal differential surface heating is the reason for a sea-land
breeze existence. Local scale pressure difference occurs as a result of the heat
capacity difference between land and water. The sea breeze begins at the coast and
moves farther inland and reaches its maximum penetration distance in daytime.

However, the land breeze is more gentle and shallower than the sea breeze.



Analytical and numerical studies have been conducted to understand the dynamical
theory of the sea-land breeze. Early theoretical and observational treatments of the
sea breeze were studied by Haurwitz (1947), Schmidt (1947), Neuamnn (1977),
Fisher (1960) and Frizzola and Fisher (1963). Linear theory was proposed by Walsh
(1974) and Rotunno (1983). The 2-D nonlinear numerical modeling studies have
been conducted by Fisher (1961) and Estoque (1962). 2-D hydrostatic numerical
model was used to simulate vertical structure of the sea breeze with its return flow at
the North Sea by Tijm et al., 1999. McPherson (1970) was the first who did
calculations of the sea breeze using a 3-D simulations. Pielke (1974) introduced 3-D
primitive equation model including detailed boundary layer parameterization.
Thompson et al., 2007 worked on the sea breeze front in an urban area using a
coupled ocean/atmosphere mesoscale model. In addition to these studies, lake breeze
prediction was conducted by Lyons (1972) for the Chicago Lake and a statistical sea
breeze prediction was studied using sea breeze index by Frysinger et al. (2003). The
role of the sea breeze convergence zone on the mesoscale convective system was
emphized by Nicholls et al. (1991).

The Earth’s surface modification by human may play a significant role in local scale
climate changes (Brown and Arnold, 1998). As similar to the sea-land breeze
dynamics, one of the other important thermally driven mesoscale circulation is the
urban heat island circulation. Urbanization causes significant changes in the surface
parameters, which have potential to alter the local climate in cities by making
changes in the surface-atmosphere interaction processes (Oke et al., 1992). Physical
processes in the urban surface layer affect the atmosphere above the surface. Thus
understanding and modeling of these physical processes are critical for the progress

in urban meteorology.

The generalization of the meteorological features over cities is difficult because of
the complex three dimensional geometry of the urban infrastructure (Kanda, 2007).
Theoretical and observational urban studies have been concentrated on the effects of
the urban area on the wind, temperature, moisture, evapotranspiration and
precipitation (Huff and Changnon, 1972; Khemani and Murty, 1973; Loose and
Borntein, 1977; Changnon, 1978; Shreffler, 1979a and 1979b; Taha, 1997; Lowry,
1998 and Thorsson and Eliasson, 2003). In addition to those studies, mesoscale

models have been utilized to gain more insight about urbanization and its possible



effect on the local scale climate (Vukovich et al., 1979; Richiardone and Brusasca,
1989; Atkinson, 2003; Rozoff et al., 2003; Best, 2006). Mesoscale circulation and its
interaction with differential terrain heating circulations are also important in terms of
the microscale circulations. Depending on the interaction of those scales, circulation
characteristics of the local flow alters. These changes become important due to their
effects on the cumulus convection, boundary layer characteristics and precipitation
regime. The quality of the air is also affected by the thermally-induced circulations.
Urban Heat Island (UHI) circulation brings the polluted air over the city due to
human activities. On the other hand, the effect of the sea breeze circulation may
bring welcome relief however it is noted that this is not observed in all areas. For
some regions, the sea breeze may bring high pollution to the cities depending on the
vertical structure of the sea breeze. Long time scale of urban heat island and sea
breeze phenomena make them significant thermal effects on pollution wind
(Anderson, 1971). Description of the mesoscale flow features is, therefore, important
in order to understand the transport and dispersion patterns of pollutants. In other
words, there is a particular need for knowledge of mesoscale wind fields to be used
in calculation of the dispersion of atmospheric pollutants (Anderson, 1971). The
spatial distribution and the availability of pollutants have been studied for the urban
regions under the sea-land breeze conditions (Kallos et al., 1993; Melas et al., 1995;
Moorthy et al., 2003; Rotach, 1999; Sarrat et al., 2006, Thompson et al., 2007).

In summary, mesoscale atmospheric flows possess various time and space scales
arising from mechanisms such as diurnal cycle, the atmospheric inertial mode (e.qg.,
gravity waves), thermal and mechanical forcing (e.g., urban heat island, land-sea
breeze, mountain-valley circulations), terrain inhomogeneities, precipitation systems
(e.g., squall lines, mesoscale convective systems), downscale energy transfer due to
nonlinear flow interactions, density stratification, the presence of flow shear in the
atmosphere, large-scale baroclinicity and synoptic scale circulations. This wide range
of flow scales and their associated vertical ascents and descents can have a
significant impact on the transport and dispersion patterns of hazardous material
releases (Boybeyi and Bacon 1996). For example, vertical motions of these
atmospheric flows can lift hazardous materials from the planetary boundary layer to
higher altitudes mainly by either convective processes or non-convective processes

(i.e., synoptic scale vertical motions).



In this study, Istanbul region was chosen to investigate the local flow effects owing

to the four reasons;

e |Istanbul is the most densely populated city in Turkey with more than 10
million inhabitants,

e The urbanization increases proportional to the fast increase of the population,

e The city is located in between two large water bodies (Marmara Sea on the
south and Black Sea on the north) and thus, two hilly peninsulas are
connected to each other by means of the Bosphorus,

e The observation data network is denser in Istanbul than the other cities in
Turkey even it is not enough to study the fine scale structures effectively. For

example, Goztepe is the only available upper air station in Istanbul.

The lack of a dense data network makes monitoring local meteorology difficult over
city of Istanbul. Deficiency of the data also limits the verification of the numerical
studies. Limited statistical and numerical investigations have been conducted for
Istanbul. For example, UHI was previously studied by Karaca et al., (1995a, 1995b)
using longterm temperature data from observation stations around the city.
Therefore, there is a strong need to detailed investigations to understand mesoscale
phenomena such as land-sea, urban-rural contrast and mountain-valley circulations,

local effects (e.g., topography) and their interaction.

One of the objectives of this study is to investigate the local and mesoscale features
(such as urban heat island, sea/land breezes, etc.) of the region. Statistical method is
used to understand the long term treatments of the urban heat island. Although the
recent models have advantages and disadvantages, they indicate their ability to
reproduce the urban heat island and some of its consequences such as urban heat
island circulation, storm initiation, and interaction with sea breeze (Masson, 2006).
Complexity of the region due to the water bodies, topography and urbanization
makes it important to study the mesoscale circulations in Istanbul. Thus,
investigation of mesoscale circulations in a densely urbanized coastal city, Istanbul,
is the main goal of the study to understand the spatial and temporal behaviour of the

local flow.

Second objective of this study is to determine the T&D patterns of hazardous

material releases in Marmara region, Turkey, especially over Istanbul and Canakkale



when any tanker accident happened during their passage through the straits after gain
insight about the local flow behavior. This task can be accomplished by producing
probability contours for risk assessment of these cities to give an idea to decision-
makers which part of the city mostly in danger when they encounter such hazardous
releases. These issues will be explored by using a non-parametric statistical method
(Mann-Kendall test) and mesoscale numerical models MM5 and OMEGA. MMS5 s
three dimensional, non-hydrostatic with structured horizontal grid and terrain
following sigma coordinate model, was developed by National Center for
Atmospheric Research (NCAR) and Penn State University (PSU). However,
OMEGA is based on an unstructured grid technology, Operational Multi-scale
Environment model with Grid Adaptivity (OMEGA), developed by Center for
Atmospheric Physics, Science Applications International Corporation (SAIC). And
observational datasets, surface and upper air, are obtained via automatic weather

stations and observation stations operated by Turkish State Meteorological Service.

Brief background information for synoptic weather patterns over Turkey and
thermally and topographically induced mesoscale circulations (sea-land breezes,
urban heat island and mountain-valley wind circulations) will be explained in
Chapter 2. The atmospheric mesoscale models used in this study, MM5 and
OMEGA, will be described in Chapter 3. The statistical and numerical analysis of
urbanization in Istanbul using Mann-Kendall trend test and performing mesoscale
model MM5 will be given in Chapter 4. Description of idealized and real case
numerical simulations conducted for understanding the local flow in Istanbul will be
presented in Chapter 5. Model and observation comparison and the risk assessment
study are explained in Chapter 6. Discussion and conclusion will be given in Chapter

7 with future study plan.



2. BACKGROUND

Synoptic scale (2000 km-10 000 km) atmospheric circulation determines the weather
condition over a region. However, genetic characteristics of the weather is definitely
affected by the underlying surface and therefore, the original form of the air mass
such as, moisture contents, stability characteristics, is changed depending on the
characteristics which path the air mass tracks. Therefore, orientation of the
topographic structures causes mesoscale circulations such as, sea-land breezes near
the coastal regions, mountain-valley circulation within and around the topography or
urban heat island around the city centers. In the following sections, important

physical and dynamical features of mesoscale circulations will be discussed.

2.1 Synoptic Weather Patterns over Turkey

Large and local scale flows control the local weather features. Micro-climate or local
weather is affected by the specific features of the area such as, mountain ranges, and
proximity to a water body while large scale flow identifies the general characteristics
of the weather. It is important to know macro, regional and local climate conditions
to explain the spatial and temporal distribution of the air masses which affect Turkey
(Ering, 1996). Turkey is located on the path of different air-masses, which play a
significant role in shaping its climate types. Dynamically and thermally developed
continental and maritime air masses affect the region. Thermal air masses occur due
to the cooling or heating from the large continental regions. Continental polar (cP),
maritime polar (mP), continental tropical (cT) and maritime tropical (mT) are the
major air masses that influence Turkey (shown in Figue 2.1). Large temperature
difference between winter and summer results from the effects of polar air masses in
winter and tropical air masses in summer in Turkey (Turkes, 1996). Since these air
masses travel trough long distances, they lose their characteristics they gain at their
origins. Siberia High and part of Monsoon Low (Persian Trough) are the thermally
related with these air-masses that affect the study area. Beside of those, dynamically

existed Azor High and Iceland Low are important air masses influencing Turkey.



The region is impacted by polar air masses with continental origin (Iceland Low and
cold Siberia High) in the winter and by subtropical air-masses (Azor High and part of
Monsoon Low) in the summer. Underlying surface modifies the properties of these
air masses, for instance when Siberia High crosses the Black Sea approaching the
northern coasts of Turkey, cold, and dry air changes its moist contents, cold air due
to the gained moisture from the sea. In addition to these synoptic systems, the Cyprus
low in winter and the Red Sea trough in summer reach the Turkish coastline (Alpert
etal., 2004)

The diversity of the geographic structure, extension of the mountains and effects of
the seas in the vicinity of the land determine the climate types of the region. There
are four basic climate types which control climate over different regions in Turkey.
The continental type is observed over the Anatolia, the Black Sea type is
predominant in the northern part, the Mediterranean type is observed both south and
west part of Turkey, and the Marmara (transition from Mediterranean to the Black

Sea) type is over Marmara region.
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Figure 2. 1 : Air masses paths over Turkey (adapted from Sensoy et al.,2008).

The annual precipitation amount over Turkey is approximately 630 mm and high
precipitation is observed in the Mediterranean and Black Sea regions (approximately
1000 mm) whereas inland regions has low precipitation amount (approximately 300
mm). Istanbul presents different behaviour in precipitation depending on its
geographic orientation, which is confined by the Marmara Sea and Black Sea. It has

approximately 30 km territory between these seas and with the highest hill is



approximately 350 m in Istanbul province. Annual precipitation is approximately 850
mm and precipitation distribution shows increase from coastal areas to inland areas.
High precipitation rates occur in the winter due to the frequency of the passing
synoptic depressions and cyclone tracks whereas in the summer convective
precipitation is the mechanism for the rainfall. Temperature distribution over Turkey
is mostly relevant to insolation and elevation that Mediterranean shore of the country
is warmer than the Black Sea. The temperature distribution of the province of
Istanbul is mostly affected Black Sea climate type as it lies on the Black Sea coast.
Prevailing winds in Istanbul are from NE-NNE and SSW wind directions. 21% of
time period from 1974 to 2005 wind is from NNE, 11% is from NE, 8% SSW and
5% is from SW. It is observed that general wind direction is from NE and NNE in
the summer whereas it is from NNE, NE, SW, and SSW in the winter. High wind
speed can flow along the Bosphorus. Maximum wind speed can be reach up to 30

m/s (Turkish State Meteorological Service, 2008).

2.2 Sea-Land Breeze Circulation

Sea and land breezes are well known thermally driven mesoscale circulations (c.f.
Figure 2.2). Different thermal properties of land and water surfaces are the main
reason for the development of the sea-land breeze circulation. As sea has greater heat
capacity than land, land heats and cools faster than sea creating strong horizontal
temperature and pressure gradients during a diurnal cycle. After sunrise, air over the
land heats up faster than air over the surrounding water and the heated air is
transported to higher levels, which causes to a strong pressure gradient aloft and a
low-pressure area occurs over the land. On the other hand, offshore winds occur
higher levels in the atmosphere, which goes down to the sea surface causing a high-
pressure. The air tries to balance heating difference by bringing cool air toward the
land surfaces. The returning flow at the near surface, blowing onshore, is known as
sea breeze in the literature. Gravity current or density current results from density
difference between the fluids under the influence of gravity. Many thermally-induced
mesoscale atmospheric motions may be considered as gravity current (Sha et al.,
1991). Gravity current may results in the form of front depending on the strength of
the converging winds called sea-breeze front. Sea breeze front, a kind of special

position of a sea breeze, exists between two densely different air masses, cold dense



sea air and warmer land air. Sea breeze front is affected by the flow characteristics.
For instance, opposing flow intensification has effects on the sea breeze front
formation and its penetration ratio (Simpson, 1994). A sudden increase in wind speed
and changes in wind direction, a fall in temperature and a rise in humidity are
indicators of the sea breeze front. The traveling distance of the sea breeze depends on
the intensity of the total heat input to the air and the latitude (Pearson, 1973). In the
later hours, all these occurrences reverse since the land surfaces rapidly cools and air
sinks over the land while increasing over the sea surfaces that causes pressure
gradient aloft and low-pressure over the sea surfaces. Horizontal temperature
gradients are removed by local winds and pressure surfaces become horizontal as
they are in the early morning. In this case, offshore winds occur with developing land
breeze at the near surface. Offshore penetration of the land breeze depends on the
magnitude of cooling over land. The land breeze is a shallower and weaker
phenomenon than the sea breeze since existence of stably stratified planetary
boundary layer causes less intensive vertical mixing over land at night that is the
reason why (Pielke, 1984).

vAg
e (

H — > L

Figure 2. 2 : Schematic illustration of the development of sea-land breeze
circulation; sea breeze (left), and land breeze (right), (adopted
from http://www.srh.weather.gov)

Observational and numerical studies have been conducted to investigate the
behaviour of the atmospheric parameters under the passage of the sea breeze front
and inland and offshore penetration of the sea breeze. Over the past several decades,
many observational and numerical studies have improved our understanding of the

physical-dynamical mechanisms of the sea and land breeze circulations and the
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intensifying or weakening effects on these flows. Atmospheric factors (e.g.
geostrophic winds and thermal stability), surface characteristics (e.g. topography),
geographic location and sea surface temperature affect the development of sea-
breeze and land-breeze circulations. Strength of the sea-land breeze depends on
geostrophic wind directions to the coast (onshore, offshore or parallel to the
coastline), and thermal stability (stable, less stable and unstable atmospheric
conditions) alters the intensity of the vertical and horizontal extension of the
circulation. Also, vegetation coverage and land formation may affect the sea-land
breeze circulation (Atkinson, 1981). Numerical model was used to describe the
dynamical theory of the sea breeze by Fisher (1961) who showed that not only the
large scale flow affect the stages of existing, development, and decay of the sea
breezes but also the over-riding gradient flow distorts the temperature field. After
Fisher (1961), 2-D, linear numerical models, which took into account of rotation,
friction and advection, are used to develop the theory of the sea and land breezes
(Walsh, 1974 and Rottuno, 1983). Most of the sea breeze studies have investigated
prevailing synoptic flows impacts on the sea-land breeze circulation (e.g. Estoque,
1962; Pielke, 1974; Yoshikado,1981; Arritt, 1993; Srinivas et al., 2006). Beside of
these studies, thermal stabilities, coastal irregularities, sea surface temperature
changes and the Coriolis acceleration have been studied. More detailed information

will be given in the following sections.

2.2.1 Large scale flow impact on development of the sea breeze

Intensity and inland penetration of the sea breeze depend upon the prevailing
geostrophic wind direction. Yoshikado (1981) used observational data to illustrate
the wind direction effect on the sea breeze. Satisfoctorily strong offshore geostrophic
wind can generate a fully developed sea breeze. However, onshore geostrophic wind
suppresses the sea breeze perturbation (Estoque, 1962; Bechtold et al., 1991; Arritt,
1993; Simpson, 1994). First studies were conducted by Estoque (1962), and Walsh
(1974).

Estoque (1962) modeled the development of a sea breeze circulation under variety of
prevailing synoptic wind and thermal stratification conditions. Opposing large scale
flow advects the warm air over the land towards the sea, which produces a strong
horizontal temperature gradient in a thick atmospheric layer and a strong pressure

gradient in the surface layer (Estoque, 1962; Zhong and Takle, 1993). However,
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under the onshore large flow condition, the increase in the temperature of the
atmosphere is hindered by the advection that weakens the pressure gradient and the
sea-breeze circulation. The inland penetration of the sea breeze was also affected by
prevailing winds (Estoque, 1962). Walsh (1974) found maximum vertical velocity of
7 cm s in the updraft and -3 cm s™ in the downdraft when a large-scale wind is
offshore. Bechtold et al, (1991) revealed that the maximum circulation intensity (i.e.,
vertical velocity was used as an indicator) occurs with offshore wind, while the
winds parallel to the coast do not generally alter the circulation intensity. In contrast
to finding of Estoque (1962) and Arritt (1993), who showed that the strong stable
atmosphere brings about weak sea breeze circulation, Bechtold et al. (1991) showed

that a less stable atmosphere can lead to weak sea breeze circulation.

The intensity of the prevailing synoptic flow makes the developing sea breeze more
complicated. The strength of the synoptic wind weakens or strengthens the offshore
and onshore extension of the sea breeze circulation. For example, a synoptic wind
from colder to warmer surface (i.e. flow from comparatively cold water to the land)
weakens the local flow by decreasing the horizontal temperature gradient and
consequently weakens the intensity of the sea breeze circulation. On the other hand,
same strength of the synoptic flow from warmer to colder surface (i.e. flow from
warm water to the land) intensifies the horizontal temperature gradient and generates
stronger local winds (Pielke, 1984). Offshore inland propagation speed of sea breeze
was found to be a function of wind speed by Finkele (1998). The offshore winds
effects on the sea breeze evolution and inland penetration was investigated by
classifying the background winds into three classes (light, moderate and stronger
winds). Results showed that light and variable wind speed results in the stronger
inland propagation. Offshore extent of a sea breeze is also affected by the presence of

ambient wind, coastal irregularities and latitude (Arritt, 1989).

2.2.2 Factors of diurnal rotation of sea breeze and effects of geographic location

and topography on the sea breeze

The causes and the affect of wind rotation in the sea and land breezes have been
investigated in detail in the literature. Historical information about rotation of the
sea-land breeze was given by Neumann (1984). Pioneering studies in which Coriolis
parameters were taken into account to explain the rotation of the sea breeze were
made by Haurwitz (1947) and Schmidt (1947). Fisher (1960, 1961) used both
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observations and a numerical model to describe the dynamical theory of the sea
breeze, which showed that the large scale winds affect the stages of existence,
development, and decay of the sea breezes and rotation of the sea breeze with time is
influenced by the Coriolis parameter, despite of obscuring by the large scale flow
pattern. Neumann (1977) discussed three terms in rotation of the sea breezes; the
Coriolis parameter, mesoscale pressure gradient, and large-scale pressure gradient.
Furthermore he showed that the interaction of the pressure gradient and friction has a
modifying effect on the sea breeze rotation. However, the Coriolis force may not be
the most significant factor that controls the direction of the sea breeze (Simpson,
1996). The main factors are determined as the Coriolis effect, mesoscale pressure
gradient and frictional force (Garratt and Physick, 1985; Atkinson, 1981; Zhong and
Takle, 1993). Zhong and Takle, (1993) implied that rotation of the sea-land breeze
winds results from the imbalance between the Coriolis, mesoscale and large scale
pressure gradients, horizontal and vertical advection. Diurnal distribution, the
magnitude, and the rotation of all forces are found to be a function of large scale
wind direction in existence of the sea and land breezes. Mesoscale pressure gradient
and friction balance the rate of the sea-land breeze rotation during the daytime, but
the Coriolis force has also effect on the land breeze during the night and from sunset
to midnight (Zhong and Takle, 1993).

Geographic location is another factor, which affects development and life span of the
sea-land breeze by reason of solar insolation and the Coriolis effect. As known the
thermal heating rate between land and water drives evolution of the sea-land breeze
circulation. Therefore, the sea breeze circulation should be stronger in summer days
since solar insolation is much higher in summer than in winter (i.e., longer day length
in the summer provides longer duration of the sea breeze life). For example, Zhu and
Atkinson (2004) found that the sea breeze is stronger and wider in summer than in
winter. On the other hand, they concluded that land breeze lasts longer in winter than
in the summer. Furberg et al., (2002) also showed the sea breeze most frequently
occurs in the summer months on the island of Sardinia, Italy. Horizontal inland
extent of the sea breeze fronts vary in latitude (e.g., it is 25-50 km in mid-latitudes,
while it is about 300 km in tropics, Atkinson, 1981). Frequency of the sea breeze
occurrence increases with decreasing latitude (Neumann, 1951). Yan and Anthes

(1987) depicted the evolution of the sea and land breeze circulations related to
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latitude that distinct circulations develop at the different latitudes. Due to the absence
of the Coriolis force, the sea breeze develops stronger at the equator, while the land

breeze occurs stronger in high latitudes.

Topography and coastal irregularity can influence the sea-land breeze circulation by
means of the form of mountain-valley topography and shape of the shoreline.
Modification of the coastal irregularities was examined using three-dimensional
model by McPherson (1970). It was shown that the presence of a bay produced an
inland distortion of the sea breeze convergence zone. It was also shown that the
Coriolis acceleration and the component of the pressure gradient force act in a
different manner both in the west and east side of the concave shoreline. Subsidence
behind the sea-breeze front depends on the coastline shape. A concave geometry
increases the subsidence and suppresses clouds, whereas a convex geometry
decreases the subsidence (Arritt, 1989). Development of thunderstorms is affected by
shape of the shoreline. Curvature of the coastline is a significant factor in terms of
the diurnal frequency of thunderstorms occurrence and coastline structure determines
the convergence or divergence of the sea-land breezes (Neumann, 1951).
Thunderstorms are categorized as nocturnal and daytime thunderstorms. Land breeze
opposed to the onshore wind and onshore wind directions merge and increased the
convergence over the area that cause the nocturnal-thunderstorms. It was implied that
nocturnal-thunderstorms may be more frequent than the daytime-thunderstorms in
concave coastline under ashore large-scale flow especially in the cold months. If
inland penetration of the sea breeze attended by downward motion of air, daytime-
thunderstorm occurs in convex shoreline (Neumann, 1951). Gilliam et al., (2004)
showed that the coastline shape and synoptic flow relative to the coastline have a
dominant influence on the sea breeze evolution. In contrast to the flat topography
assumption for sake of simplicity, in reality coastal regions are surrounded by hills or
steep mountains which may have effects on development and movement of sea-land
breeze. Mahrer and Pielke (1977) found that combination of the mountain circulation
and the sea-breeze in case of zero prevailing wind conditions enhanced the
circulation both in day and night than their separate effects. In the case of opposing
flow, topography is of the greatest importance and existing convergence in the
consequences of differential heating (e.g., sea breeze or slope flows) is enhanced by

the surrounding orography (Abbs, 1986). Hills can accentuate the sea breeze effect
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and mountain and valley can completely change the sea breeze direction (Atkinson,
1981). Diurnal influence of topography on the intensity of the sea breeze was shown
by Kondo (1990). Presence of orography intensifies the sea breeze in the morning
whereas topography stops the advance of the sea breeze in the late afternoon.
Topographic influence on the sea breeze studied by Lemonsu et al., (2006) who
investigated the sea breeze in two parts: shallow sea breeze driven by the local
coastal temperature gradient and deep sea breeze forced by the regional temperature
gradient between land and sea. In this study, the shallow sea breeze blows
perpendicular to the coastline and deep sea breeze perpendicular to the regional
temperature gradient flows combined with synoptic flow at higher levels. The results
showed that topography strengthens the shallow sea breeze while weakens the deep

sea breeze.

The sea breeze effect on the air pollution problem in and around the coastal cities is
another important topic, which is relevant to the land-sea breeze reversal. The inland
transportation of a polluted air mass by means of sea breeze was shown by Ueda et
al. (1988). Investigation of the role of sea breeze in the dispersion in the coastal
terrain of Australia by Physick and Abbs (1991) showed that polluted air replaced
with marine air by means of sea breeze and in the afternoon pollutants did not mix to
the ground. When inversion exists over large cities, the strong stability, acting as a
lid in the inversion layer, causes to intensify the pollution problem. Re-circulation of
the wind traverses the polluted air and provides to maintain the high concentration
and returns it back to the started locality in 24 hours causing dangerous chemical
changes on pollutants (Simpson, 1994). It is expected that the sea breeze brings a
fairly good weather condition in coastal regions however this can turn to be the worst
conditions in terms of pollution transportation with sea breeze flow. Sea breeze
impacts on the air pollution have been studied for problematic cities suffering from
pollution, such as Los Angles, Athens, and Tokyo (Lu and Turco, 1995; Clappier et
al., 2000; Svensson, 1998; Kondo and Gambo, 1979). Kondo and Gambo (1979)
stated that when the sources of pollutants are near the coast, no high concentration
occurs in the mixing layer. The source of the pollutants are left out the mixing layer
due to the inland penetration of the sea breeze. Lu and Turco (1995) found that
pollution layer can be generated by the sea breeze circulation by undercutting the

mixed layer and rising pollutants into the stable layer.
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2.3 Urban Heat Island and Heat Island Circulation

Different surface characteristics over cities and their surrounding suburban areas
cause different thermal and mechanic properties similar to the mechanism which
results in a sea-land breeze circulation. Many studies in the last three decades have
well documented the effect of urbanization on the climate. As shown in Figure 2. 3,
the air over the urban canopy is warmer than the surrounding suburban or rural,
known as urban heat island (UHI) (Oke, 1987).
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Figure 2. 3 : Temperature difference between urban area and its vicinity (heat island
group, LBNL, http://EETD.LBL.gov/Heatlsland).

Air, flowing from rural to urban surface encounters different boundary layer
conditions. This causes the development of an internal boundary layer between the
urban and rural boundary layers (c.f. Figure 2.4). Urban atmosphere is characterized
in two layers; the urban boundary layer (UBL) is a layer in which local to mesoscale
phenomena exist due to the effect of the urban surface and the urban canopy layer is
a layer under the rooftop, which is governed by microscale processes between the
buildings, street etc. (Oke, 1987).

Over the past several decades, many statistical and modeling UHI studies have been
conducted for the mid to large size cities. For example, Bornstein and Johnson
(1977) in New York, Vukovich and Dunn (1978) in St. Louis, Shreffler (1979a,
1979b) in St. Louis, Yoshikado (1989, 1992) in Tokyo, Bornstein and Lin (2000) in
Atlanta, Lemonsu and Masson (2002) in Paris, and Gedzelman et al., (2003) in New
York have conducted studies to understand the fundamental structure of the UHI

circulations. UHI characteristics show variation in time and space depending on
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meteorological conditions, morphology of the urban areas, and different urban
characteristics (Oke, 1987). Urbanization alters the surface and boundary layer
properties of a region, such as its radiative, thermal, moisture, and aerodynamic
characteristics. Additionally, energy and water balance is disrupted. The increase in
the build-up area changes the impermeability of the surface, which influences the
flux (sensible and latent heat fluxes) and soil moisture patterns between the urban

and rural areas.
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Figure 2. 4 : Schematic representation of the urban atmosphere (modified from
Oke, 1997).

The calm, cloudless night conditions under the high pressure system are the most
favorable condition for the development of UHI. Arnfield (2003) showed that UHIs
display distinct characteristics and different energy exchange assemblages. General
characteristic of the decreasing UHI is an increase in the wind speed and cloud cover.
Effect of cloud cover and wind speed was studied by investigators (Morris et al.,
2001; Unger et al., 2001; Lemonsu, 2002). Presence of clouds declines nocturnal
radiative cooling from urban areas. Emitted long-wave radiation from a surface is
prevented by clouds and absorbed radiation re-emitted to the surface, which reduces
the temperature difference between the urban and rural regions. Negative effect of
the increasing cloudiness and wind speed on the development of UHI was shown by
Unger (2001) in Szeged, Hungary. UBL is governed by the presence of the city
which is warmer, rougher due to the buildings than the surrounding countryside.

Increased drag and turbulence by means of increasing roughness length gives rise to
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a decrease in the wind speed. Changing the wind speed by the friction reduces the
Coriolis force which alters the balance and deflects the wind direction. Presence of a
large city may show its thermal effect throughout the entire planetary boundary layer
(PBL). During the daytime, both thermal and mechanical production of turbulent
kinetic energy (TKE) enhances the UBL height. However, at night stable PBL
hampers TKE, thus the PBL height is low (Oke, 1987). Nevertheless, presence of the
warm urban surface is able to erode the stable rural air while advecting over the city.
Stability of the urban boundary layer does not show strong variations comparing to
rural atmosphere. Bornstein (1968) observed that inversion layer over urban areas is
less intense and frequent than the rural or suburban areas and an elevated inversion
layer exist over the city. UBL breaks up the strong temperature gradient and disrupts
the existence of the extreme instable and stable atmosphere. UBL is well-mixed both
during the day and night in contrast to the rural atmosphere (Oke, 1987). Variability
of wind speed in the UBL influences TKE which can be induced by mechanical and
thermal production in UBL (Martilli, 2002). Strong wind dilutes the nocturnal
radiative cooling due to the strong vertical mixing (Fast et al. 2005). Effects of the
UHI on the wind flow are implied by Bornstein and Johnson (1977) in two ways, the
fist one is, the excess of urban temperature induced a sea breeze type circulation cell
towards the warm city near the surface and the second one is, increasing of the
downward momentum because of the reduced nocturnal stability of the urban

increases the flow speed.

Urban heat island intensity (AT,.) is strongly controlled by the temperature
differences between the urban and rural areas. Differences in the heat storages
between these distinct surfaces induce thermodynamically driven urban scale flows
(Brown, 2000). The urban surfaces made of different materials, which have different
thermal characteristics (such as absorption, emissivity, thermal conductivity, etc.)
and hence cause different absorption rate of solar radiation. After sunset, urban areas
emit the absorbed heat at almost at the same rate of absorption. Heating and cooling
rates of the urban and rural areas make differences during the day that a rural area
cools faster than an urban area after sunset and heats up faster after sunrise.
Descending cooling in the urban area gives rise to a high minimum temperature
values in the city. After sunrise, warm-up amount of the urban area is slower, which

reaches a maximum AT 3 to 5 hour later. Intensity of the UHI decreases rest of the
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night and rapidly diminishes after sunrise (Oke, 1987). In vertical, intensity of the
UHI is a maximum near the surface and becomes zero at a certain level (Bornstein,
1968). Diurnal variation of the air temperature, cooling and heating rate and UHI
intensity between the urban and rural areas was given by Oke (1987) as an example

of the canopy layer heat island (seen in Figure 2.5).
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Figure 2. 5 : Temporal variation of urban and rural areas (adapted
from Oke, 1987; Stull, 1988).

Morris et al. (2001) investigated the influences of wind speed and cloud cover on the
UHI intensity in the city of Melbourne, Australia. They evaluated seasonal and
annual observation dataset to understand the effect of these two factors individually
and also their joint effects on the UHI. They showed that increase in wind speed and
cloudiness reduced the UHI and summer season was found the best indicator of UHI.
In terms of interactive effect of these two parameters, wind speed is influential to
UHI intensity. When the mean wind speed is > 5 ms™, variation in the cloud covers
from 0 to 8 octas had very little influence on the UHI. Nevertheless, calm wind with
cloudiness from O to 8 octas produced the greatest UHI intensity. Lemonsu (2002)
implied that UHI circulation can exist in the afternoon under weak and disorganized

synoptic wind conditions.

Vukovich and Dunn (1978) concluded that roughness length had a small effect on the
heat island circulation conducting sensitivity study with a 3-D numerical model. A
series of modeling studies was performed by Atkinson (2003) so as to conceive the

contribution of parameters such as albedo, anthropogenic heat, emissivity, sky-view
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factor, surface resistance of evaporation, thermal inertia and roughness length on the
UHI intensity. He showed that roughness length and surface resistance of
evaporation are the most important factors during the daytime whereas
anthropogenic heat was the most important factor influencing the intensity of UHI
during the nighttime. In addition, he also showed that the absence of urban roughness
length increases the intensity of UHI. In order to get precise information from
mesoscale numerical models and urban air quality models, geometric characteristic
of the cities should be represented within the models. The study which was
conducted by Fast et al. (2005) for Phoenix, Arizona showed that in contrast to the
previous studies, UHI intensity decrease when wind speed is greater than 7 m s™.
They concluded that UHI intensity is independent of wind speed when it is less than
7 ms™. Coceal and Belcher (2005) used canopy parameters (e.g. canopy density,
canopy height) obtained morphological data of the urban area. Results showed that
increase in canopy density with tall canopy cause to decrease in mean wind speed.
Nonetheless, near the ground this behaviour may be reversed and wind speed may

increase.

UHI intensity was associated to city size which tends to increase the UHI intensity.
Oke, (1987) used population as an indicator of the city size and suggested that urban
heat island effect on its surroundings is inversely proportional to the large scale wind
speed and directly related to the logarithm of the population. Using a 2-D mesoscale
model Savijarvi and Liya (2001) also depicted that the size of city influences the
local winds over the flat terrain so that horizontal extend of the urban area (i.e., the
size of city) trigger stronger urban heat island circulations. In contrast to Oke (1987)
and Savijarvi and Liya (2001), Atkinson (2003) inferred from his 3-D mesoscale

modeling study that the size of the urban areas effects on UHI intensity is minimal.

2.3.1 UHI effect on the precipitation and air pollution

Local meteorological balance is disturbed by the change in surface properties.
Perturbations from urban heat island induce changes in evapotranspration, snow
coverage and duration period of snow. Ascending impermeability because of the
removal of vegetation can cause an increase in runoff (Oke, 1987). Also, cloud
microphysics and precipitation pattern may be changed. Precipitation may increase
due to the urbanization also associates with increase in frequency of severe weather

phenomena (Huff and Changnon, 1973). Atkinson (1971) implied that cloud grows
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rapidly and heavy rain occurs, crossing the city. High values of potential and wet-
bulb potential temperature are explained as a reason for the cloud growth. Huff and
Changnon (1972) briefly explained the four possible causes of the urban-induced

potential modifications on precipitation;

1) Atmospheric destabilization from the well-developed UHI,

2) Modification of dynamics and microphysics in passing clouds by means of
addition of cloud condensation nuclei and ice nuclei from industrial regions,

3) Increase of low-level mechanical turbulence,

4) Modification of the low-level atmospheric moisture by addition from industrial

plumes and modification of the natural evapotranspiration within the city.

METROpolitan Meteorological Experiment (METROMEX) was a comprehensive
field project in St. Louis to provide information on cloud and precipitation formation,
urban heat budget, chemistry of aerosol and rainwater, and 3-D patterns of
precipitation elements (Changnon et al., 1971). Data from the METROMEX are used
by many scientists in order to understand characteristics of precipitation,
thunderstorm, and hailstorm conditions in and over the urban regions. Huff and
Changnon (1972), and Rozoff et al. (2003) found increase in precipitation downwind
of St. Louis. Huff and Vogel (1978) depicted that urban region has the most
important effect on rainfall frequency and amount during the peak rainfall period.
Changnon (1978) illustrated increases in thunderstorm characteristics ranging of
11%-116% and in heavy rain by 35%-97%, located 40 km downwind of the St.
Louis. The study indicated that urban impact intensifies the storm rather than
initiating convective activity. Changnon and Huff (1986) also concluded that
nocturnal rainfall results from urban influences. They showed that the nocturnal
urban-induced rain cells are larger and longer lasting than rural rain cells. Although
urban effects occurred in all seasons and with all synoptic weather types in St. Louis,
increasing downwind rainfall of the city was found to be most pronounced in wet
summers and squall-lines and cold fronts. Traveling air mass types towards urban
regions play a key role on initiation of precipitation. Dry summer seasons showed the
suppression of the urban-induced rain in St. Louis (Huff and Changnon, 1972;
Changnon, 1978). Moisture availability over the urban areas is a curial impact on
evolution of convection and precipitation. Low evaporation is the greatest factor in

the urban area. The upward motion was found located downwind of the maximum
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convergence at the surface downwind of the city (Seaman et al, 1989). The updraft
cell induced by the urban region downwind of the city can initiate and cause surface
precipitation in favorable thermodynamic conditions and strength of the updraft cell
enhanced due to the increase in UHI or decrease in wind speed (Baik et al., 2001).
On the other hand, reduction of convergence and upward motion was found in the
expanded size of the urban region. Rozoff et al. (2003) showed the UHI circulation
was the pronounced effect on initiating thunderstorm. They also showed that the
initiated deep, moist convection and convective clouds formation downwind of the
St. Louis urban area result in an increase in precipitation. Dixon and Mote (2003)
found that low level moisture context was the most pronounced factor when
compared to the UHI intensity for urban-induced precipitation by. In addition, they
concluded that convection occurs in very unstable atmospheric conditions regardless
urban effect. Nonetheless, the anomalous heat of the UHI under slightly unstable
atmosphere may play a role for initiation of convection. Enhanced wet season rainfall
and sever weather events over Mexico City due to the urbanization were shown by
Jauregui and Romales (1996). Increasing urban-induced rainfall over and downwind
of Huston, Texas was revealed by Shepherd and Burian (2003) and Burian and
Shepherd (2005). The later study by Burian and Shepherd (2005) showed that the
25% of increase in the warm season rainfall amount was due to the urbanization.
Modification of the precipitation pattern by means of UHI strength and roughness
length was shown by Thielen et al. (2000) over metropolitan Paris, which indicated
increase in rainfall downwind of the urban area with stronger UHI intensity and

higher roughness length.

UHI effects on the cloud cover and the convective storm was studied by Thielen and
Gadian, (1997) using 3-D numerical model in Manchester (England). It was
concluded that convection is enhanced and continued by the UHI inclusion and
enhanced convection and rainfall exits downwind of the urban area. Bornstein and
Lin (2000) found urban-induced initiation of convection and precipitation in Atlanta.
However, it cannot be generalized that enhancement of urban-induced precipitation
occurs downwind of the city. Enhancement of convergence and precipitation is
influenced by city characteristics (e.g. size, morphology etc.), distance of industrial
regions, and synoptic weather condition over the cities. Huff and Changnon (1973)

revealed that each city has distinct precipitation patterns in the vicinity of urban
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regions. Bornstein and Lin (2000) showed the different regional flow could affect the
location of heavy precipitation. As a local force, urbanization causes an increase in
rainfall amounts as implied in the previous paragraph. However, beside the positive
feedback of the urbanization on the rainfall, increasing industrialization and
population result in increasing pollutant sources (e.g. traffic, fossil fuel usage etc.)
which may suppress precipitation over the cities. Aerosols change radiative forces
and microphysical processes. Rosenfeld (2000) studied suppression of the rain by
urban pollution using satellite data. The author revealed that pollution suppresses
precipitation in two mechanisms; one prevents coalescence of the cloud droplets into
the raindrops and another mechanism hinders the ice-particles formation and cold-
precipitation processes of the clouds. Anthropogenic aerosols enhance scattering and
absorption of solar radiation. Large number of CCN (Cloud Condensation Nuclei)
nucleates small cloud droplets which causes insufficient coalescence into raindrops
and suppress rain over polluted regions (Ramanathan et al., 2001). Givati and
Rosenfeld (2004) investigated precipitation changes in California and Israel, which
showed a decrease in precipitation amount of 15%-25% downwind of coastal urban
area of California and in the land of Israel by means of increasing emissions. Van
Den Heever and Cotton (2007) indicated that although urban-enhanced aerosols have
complex and nonlinear relationships between microphysics and dynamics of the
downwind convective storms, development of convergence and storm are driven by
the urban land use characteristics. Unless storm develops downwind of the urban
region, presence of urban-enhanced aerosols CCN and giant CCN do not exert a
significant effect on precipitation and convection. Their findings also showed that
urban aerosol effects on downwind convection and precipitation is greater in the low

background concentration of aerosols.

Growing urbanization increases pollutant sources (e.g. increasing mobile sources)
and hence emissions. Increasing concentration of pollutants in urban areas may affect
atmospheric chemistry and climate on regional and global scale (Crutzen, 2004).
Dynamics and chemistry over the urban areas are studied by Vukovich et al. (1979),
Yoshikado and Tsuchida (1996), Martilli et al., (2003), and Sarrat et al. (2006).
Primary and secondary pollutants such as nitrogen oxide (NOx) and ozone (O3) are
affected by urban-induced boundary layer structure. Vukovich et al. (1979) and
Yoshikado and Tsuchida (1996) found the highest concentration of O; in a
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convergence zone associated with urban heat island respectively for St. Louis and
Tokyo, respectively. Sarrat et al. (2006) conducted a study over Paris, which showed
that the enhanced turbulence within the UBL modifies the spatial distribution and the
availability of pollutants and both diurnal and nocturnal UHI have a significant effect

on primary and secondary regional pollutants.

2.4 Mountain-Valley Wind System

Irregularities in the topography give rise to more complex flows. Two types of flows
can be seen in mountainous region: modified large-scale flow or channeled flow by
underlying complex topography called terrain-forced flow and thermally-driven
circulation which is caused by diurnal thermal changes between the topographic
structures. Different thermal characteristics between hills and valleys cause for the
development of local flows similar to the sea-land breeze and the urban heat island
circulations as discussed in earlier sections. Underlying terrain can change the flow
structure. For instance, air flow, approaching to the mountain barrier blows over or
around the barrier, is forced to flow through gaps between the mountains or is
blocked by the barriers. Local wind systems, forced by the complex topography
characterize thermally and dynamically induced processes (Kossmann and Sturman,
2003). While diurnal differential heating on the mountain or valley causes thermally
induced mechanisms such as mountain-valley winds under calm synoptic conditions,
dynamically induced mechanisms exist due to the synoptic wind modifications on the

irregular terrain such as gravity waves or channeling (Kossmann and Sturman, 2003).
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Figure 2. 6 : Schematic of Mountain-Valley Wind System for both
daytime and nighttime (Whiteman, 2000).
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Thermally driven mountain-valley wind system includes four wind structures in the

course of the day; the slope winds, along-valley winds, cross-valley winds, and

mountain-plain winds (Whiteman, 2000);

1.

2.

Diurnal heating or cooling difference in the air between top of the hills and over
adjacent valleys (at the same altitude) brings along-slope mountain winds. During
the daytime, the air on the summit of mountains becomes warmer than the air at
the same altitude over adjacent valleys under calm weather. The warmer air rises
up over the summit and creates low pressure. The air is drawn up from the valley
to mountain, called as up-slope (anabatic) winds (shown in Figure 2.6a). Reverse
mechanism cause to develop down-slope (katabatic) winds. Because of the rapid
long-wave radiation cooling effect in a clear night, the air near the mountain
summit becomes colder than the air at the same altitude over adjacent valleys.
Dense and cold air creates high pressure on the top of the mountain and slides

down to the valley floor, known as katabatic or down-slope winds (Figure 2. 6b).

The along valley wind is driven by horizontal temperature difference along the
valley axis or between the air within a valley and the air over the adjacent plain
(Whiteman, 2000). Orientation and geometric structure of the valley constitute
the valley wind system (Oke, 1987).

. The cross-valley wind flows when the horizontal temperature difference occurs

between the air over the one side of the valley and the air over the opposing
sidewalls. Flow is perpendicular to the valley axis, which blows toward the more
heated sidewall.

The mountain-plain wind results from horizontal temperature difference between
the air over a mountain and the air over the surrounding plain. Topography does
not have any impact on the upper level return flow of the mountain-plain
circulation (Whiteman, 2000).

Geographic and atmospheric features, such as geographic orientation of a valley,

valley slope and width, mountain slope, stability of the atmosphere and synoptic

flows, influence mountain-valley flow direction. The reason why the valley heats

(cools) more than the plain during the course of the day (night) was the issue that

scientists tried to elucidate. Geometric structures of the valley were used to infer the

mechanism of the heating (cooling) differences between the valley and the plain. The

geometric factor, called topographic amplification factor in the previous studies, the
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ratio of the volume of air in a valley cross section to the volume of air in a plain with
the same width, which was used by McKee and O’Neal (1989) to investigate how the
valley geometry control the along-valley pressure gradient depending on the
developing along-valley temperature gradient at night. Diurnal wind system, in the
variety of distinct valley shapes, has been studied in different regions (e.g. Alpine

region, Himalayan valley, etc.).
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Figure 2. 7 : Vertical potential temperature evolution and wind
structure during the valley breakup inversion
(Whiteman, 1982).

The erosion of the nocturnal inversion over the valley studied by means of
observation and modeling by Whiteman (1982) and Whiteman and McKee (1982).
The valley atmosphere layered in four sections, convective boundary layer (CBL),
stabile core (inversion layer), neutral layer, and free atmosphere (Figure 2.7). The
local valley wind system is thermodynamically-induced rather than momentum
transport from aloft the valley under weak upper level wind conditions. In the free
atmosphere, wind is forced by pressure gradient without orographic effect
(Whiteman, 1982). Whiteman (1982) revealed the vertical potential temperature
evolution and wind behaviour by means of observations in the western Colorado

valleys and he asserted the breakup inversion mechanism as shown in Figure 2.8.
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Figure 2. 8 : Evolution of the inversion breakup mechanism (Whiteman, 1982).

After sunrise, convective boundary layer develops over valley floor and sidewalls,
resulted from sensible heat flux from valley surface. Isolated stable core over the
valley provides the mass and heat entrainment into the convective boundary layer,
which results in sink of the inversion. Warming convective layer causes up-slope
flow within the boundary layer and sidewalls. Continuity of the up-slope flows is
provided from subsidence of the inversion. Until the inversion is broken, the
convective boundary layer growth and a well-mixed neutral atmosphere become
effective in the valley (Whiteman, 1982). Moisture properties of the surface and
cloud cover influence the inversion over the valley. When the cloudiness increases,
the inversion strength decreases, however snow cover increases the inversion
strength (Whiteman, 1982). Model simulations by Whiteman, and McKee (1982)
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predicted the vertical potential temperature evolution and time of the inversion
destruction quite well. Development of the cooling valley atmosphere was studied by
McNider and Pielke (1984). Beside the circulation structure within in valleys,
enclosed basins and their distinct sizes and climate features influences on the
evolution of the local flow have been ascertained by many scientists by means of
observation and numerical methods (Whiteman et al. 1996, Fast et al. 1996,
Whiteman et al. 2004a, Whiteman et al. 2004b, Whiteman et al. 2004c). In
Colorado’s Sinbad Basin, it was evaluated from investigation of the individual
atmospheric heat budget terms, turbulent sensible heat flux divergence, radiative flux
divergence that the well-drained valley atmosphere cooling is weak in time due to the
subsidence warming aloft the valley, however cooling in a confined terrain such as,
basins, sinkholes etc. is stronger because of the weak drainage wind system
(Whiteman et al., 1996). Fast et al. (1996) showed in the same basin that the cooling
in the center of the basin is due to the local radiative flux divergence and cold air
advection from sidewalls while the cooling above the basin sidewalls is because of
the turbulent sensible heat flux divergence. Depending on the underlying topography,
direction of the ambient winds makes a contribution on the amount of cooling and
the acceleration of the ambient wind affects the vertical and horizontal advection in
the basin. Comparison between the ambient wind direction and the vegetation
coverage revealed the only marginal impact of the vegetation on the basin heat
budget (Fast et al. 1996). Inversion breakup structure of the enclosed basin was
investigated by Whiteman et al. (2004a) showed the similarity with the well-drained
valley structure (c.f. Figure 2.7). Furthermore, this study demonstrated that along-
valley system has no effect on the inversion breakup. Inversion destruction period
took 2.6-3 h for closed basin after sunset whereas breakup period in the deeper valley
was 3.5-5 h reported by Whiteman (1982).

Forced wind, flowing along the valley axis by means of enclosing topography is
known as a channeling effect over the valley. Danard (1977) described simple one-
level model studying orographic channeling in Juan de Fuca and Georgia Straits,
British Colombia. In this investigation, it was inferred that up-slope (down-slope)
flow motion causes cooling (heating), which increases (decreases) the surface
pressure in a stable atmosphere. When the wind flows with an angle in the valley,

horizontal pressure gradient force is directed across the valley. This mechanism
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causes the wind to blow parallel to the valley. It was emphasized that the more
stability the more channeling is within the valley. Gross and Wippermann (1987)
made a comprehensive explanation for channeling in a rotating coordinate system; if
a perpendicular airflow crosses a valley it deflects and channeled within the valley.
The flow has to stream to the larger cross section along the valley. Hence, the
deceleration of the flow results in a deflection which is to the left in the Northern
Hemisphere. The equilibrium between horizontal pressure gradient and the Coriolis
force is interrupted due to the retardation and then the flow is deflected in the
direction of the large-scale pressure gradient. The air restricted by sidewalls of the
valley forced to flow with effects of the component of the large-scale horizontal
pressure gradient, parallel to the along valley, is described as a channeling by Gross
and Wippermann, 1987. They simulated channeling and countercurrent with non-
hydrostatic mesoscale numerical model. According to their findings, flat and broad
valleys even with low sidewalls result in a channeling when the geostrophic wind
flows at a certain angle respect to the orientation of the valley. Opposite flow along
the valley was called countercurrent for special geostrophic winds by the authors.
They also computed windborne particle trajectories and surface concentration by
taking account the channeling and countercurrent. They concluded that flow field is
much more irregular than their expectation for regular topography under the effects
of channeling and countercurrent in the special geostrophic winds. They also pointed
out that irregular flow field causes an irregularity in the surface concentration field.
After Gross and Wippermann (1987) who studied channeling only in the Rhine
Valley, Germany, Whiteman and Doran (1993) put an effort to make a more
comprehensive study. Thermal forcing occurred when along-valley pressure gradient
developed and there was no relation between the within valley winds and geostrophic
winds. Pressure gradient is produced from temperature difference along-valley axis.
In a weak geostrophic wind conditions, thermally driven local flows produce up-

valley and down-valley winds within the Tennessee Valley.

Whiteman and Doran (1993) came up with four different mechanisms (shown in
Figure 2. 9), using wind relations between above (geostrophic wind) and within the
valley. These four concepts are briefly specified below. First mechanism occurs
depending on diurnal thermal difference: the valley wind is generated by along-

valley pressure gradient which is produced hydrostatically from temperature
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difference along-valley axis. Second concept is downward transport of horizontal
momentum from above the valley that causes the same wind direction within the
valley as geostrophic wind. The authors implied that the most preferable condition to
form this type channeling is under unstable or neutrally stratified condition in a wide
flat valley with low mountain borders. In the third process, forced channeling,
ambient wind which is in geostrophic balance above the valley will be channeled by
the valley sidewalls. The flow blows through the valley axis. Authors emphasized
that the flow would either blow up or down from the valley axis, depending on the
geostrophic wind direction of the flow to the valley axis. The fourth possible process
exists when the flow is driven by the geostrophic pressure gradient component along
the length of the valley, which is called pressure driven channeling which is also
known as gap wind. The early description of gap wind was given by Reed (1931).
Pressure-driven channeling or gap wind occurs at sea level straits on the lee side of
high mountains. Large scale pressure gradient along the straits (or channels) causes
to develop strong winds along the straits, which is more strength at the low pressure
end of the valley. Interaction of regional or mesoscale pressure gradient and
topography was studied in different regions such as in Shelikof Strait, Alaska by
Lackmann and Overland (1989), in Howe Sound, British Columbia by Jackson and
Steyn (1994), in Juan de Fuca in between British Columbia and Washington by Colle
and Mass (2000), in Lut valley by Liu et al. (2000), and in Mexico City basin by
Doran and Zhong (2000).

Depending on the changes in the geostrophic wind direction, flows within the valley
shift from up to down valley or from down to up valley. If the geostrophic wind
direction is along the valley, the along-valley component of the pressure gradient
force will be zero. Four conceptual models, explained in the previous paragraphs and
shown in Figure 2.9, are obtained using geostrophic wind and valley surface wind
relationship. Kuwagata and Kimura (1997) investigated the daytime Planetary
Boundary Layer (PBL) evolution in the Ina Valley, Japan using two-dimensional
numerical model and observational data. The PBL structure, heat and water vapor
transport mechanism were revealed that heat was transported from mountainous
region to the valley region because of the thermally induced cross-valley winds. The

reverse situation is valid for the water vapor transportation.
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Figure 2. 9 : Above-within valley winds relationships for four possible
mechanisms (Whiteman & Doran, 1993).

Weber and Kaufmann (1998) investigated the dominant channeling process in Basel,
Switzerland based on the conceptual models suggested by Whiteman and Doran
(1993). It was demonstrated that different channeling mechanisms influence the
valley from broad to narrow. Even two of the mechanisms which are introduced by
Whiteman and Doran (1993) can superimpose in their study area depending on the
valley shape. The authors studied the effects of different synoptic wind speeds -low,
moderate and high-and they concluded that strong synoptic wind can suppress the
valley wind. Kaufmann and Weber (1998) also clustered the wind direction data for
the same region and they indicated that wind directions are more relevant to the
orographic features and the altitude of the stations than the horizontal distance
between the stations. Eckman (1998) utilized the Whiteman and Doran’s channeling
categorization in order to study the channeling of the wind using observation and
numerical model in Tennessee Valley where previous study was conducted by
Whiteman and Doran (1993). The mountain range under stably stratified flow has
blockage effects that cause a development of high pressure on the windward side of
the mountain, and low pressure on the leeward side of the mountain (Smith, 1982,

and Eckman, 1998). Eckman (1998) pointed out that pressure-driven channeling and

31



blockage of the mountain range have close relation. It was also demonstrated that
seasonal vegetation and soil water are not dominant factors in the channeled flow
(Eckman, 1998). Bergstrom and Juuso (2006) performed model simulation for
idealized valley using mesoscale numerical model which shows that more stable
conditions cause increase in within valley wind and roughness has not major effect

within the valley.

ridge
height

idy idy id id
— (S ) ST
Vo Vo Vi | v, v, | v, v, v,
- LI -  <== - . am

e - o -~ @ 0 -

Figure 2. 10 : Pressure-driven channeling in a bent valley with «=120° and
different geostrophic wind directions (a) north, (b) northeast, (c)
east, (d) southeast, (e) south, (f) southwest, (g) west, and (h)
northwest (Kossmann and Sturman, 2003).

Kossmann and Sturman (2003) presented pressure-driven channeling for both in
strait and bend valleys. They pointed that when the geostrophic wind is directed
parallel to the bisecting line of the bend valley (which is indicated with S in Figure
2.10), along valley pressure-gradient and wind are constant (Figure 2.10a and 2.10e).
If the geostrophic wind blows from a direction, between bisection and bisection, the
along valley pressure gradient has the same sign on both sides of the valley whereas
its magnitudes are different (shown in Figure 2.10b, 2.10d, 2.10f, and 2.10h). The
detailed explanation was not given for this occurrence. However, it should be related
to the magnitude of the pressure gradient force, which is not the same along the

bisected valley angle in a certain distance. Remaining two cases (Figure 2.10c and
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Figure 2.109) show the easterly and westerly geostrophic wind directions. The along
valley pressure gradient has a different direction but same magnitude on both sides of
the valley. The vertical air motion features are perpendicular and parallel to the
bisection angle in the bent valley. The decrease in the bisection angle causes an

increase in the amount of the convergence or divergence.

It is clear that the occurrence of a thermally-induced valley wind is not a simple
mechanism since it is affected by many other factors such as facing-slope, the slope
of valley floor, shading by topography, atmospheric stability, bend valley, the
Coriolis effect, etc. Zangl et al., 2001). Gravity waves and large-scale pressure
gradient can also contribute to the structure of diurnal winds. In Kali Gandaki valley,
Nepal, while large-scale pressure gradient enhances the up-valley wind, it attenuates

the down-valley winds (Egger et al., 2000 and Zéangl et al., 2001).

In addition to the theoretical studies mentioned above, observational and numerical
applications were conducted by the scientists to better understand the mechanism
within and around the valley. East and west facing-slopes of mountains have
different radiation properties. A semi-empirical method developed by Matzinger et
al. (2003) shows that insolation increases in the west facing slopes in the mid-

afternoon whereas east facing-slopes is exposed by the sun in the late morning.

Rampanelli et al. (2004) tried to make an explanation on physical mechanism of the
evolution of the up-valley wind simulating the flow numerically over the idealized
three-dimensional topography. They concluded that stability of the atmosphere above
the valley is important and up-valley wind can be observed in a valley with vertical
sidewalls. Their findings showed that subsidence heating within the valley
constitutes different vertical structure of the convective boundary layer between
outside and within valley. Weigel and Rotach (2004) investigated the flow and
turbulence characteristics in the steep and narrow Riviera valley based on aircraft
measurements, sonic data and radio sounding datasets. It was claimed that thermally
driven up-valley wind pronounced in all the studied days which have fairly weather
conditions. The study by Weigel and Rotach (2004) revealed the existing clockwise
circulation on the east slope of the Riviera Valley from their observation. They
discussed this feature in terms of facing-slope perspective which was claimed by
Matziger et al. (2003) and also synoptic flow perspective. However, Weigel and

Rotach (2004) came up with a secondary circulation concept which was explained
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that it results from imbalance between pressure gradient and centrifugal force due to
the strong curvature of the flow in the valley entrance. It was found that profile of
potential temperature is not good indicator for boundary layer thickness in a curved
valley and TKE threshold criteria was employed to define the boundary layer height
by Weigel and Rotach (2004). In addition to this observational study, Chow et al.
(2006), and Weigel et al. (2006) used Large Eddy Simulations (LES) to do some
research on flow structure, heat budget, sensitivity experiments, and data verification
studies in the Riviera valley for the observed days. Chow et al. (2006) found that the
better predictions of the wind transition and heat flux can be obtained when soil and
surface initialization is done. They also commented that the use of topographic
shading in the model makes an improvement to capture the diurnal radiation
distribution well. Nevertheless, the model did not accurately solve the terrain slopes.
Findings of Weigel et al. (2006) supported the mechanism of heating valley of
Rampanelli et al. (2004). They also emphasized the curvature effects on the existed
flow which was defined as a curvature—induced secondary circulation within the
Riviera Valley by Weigel and Rotach (2004).

2.5 Scale Interaction

Populated cities located near water bodies expose to both sea-land breeze circulation
(SBC) and heat island circulation (HIC) effects in their vicinity. In addition to these
two important circulations, terrain-induced effect (mountain-valley circulation) is
another important feature on coastal regions. Complex terrain combined with steep
orography along the coastal region can modify the mesoscale circulation pattern
(Nitis et al., 2005). Both thermally and dynamically induced local flows conduct the
meteorology of the cities in point of circulation dynamics and air quality
perspectives. In order to characterize local-scale flow impacts over the coastal areas,
contribution of each mesoscale circulations on the local flow and their interaction
(sea-land breeze, heat island circulation and mountain wind system) should be
defined. Several different studies have been conducted to investigate the interactions
of the sea breeze and heat island circulation for different coastal areas, such as
Yoshikado and Kondo (1989), Yoshikado (1992), and Kusaka et al. (2000)
performed studies for Tokyo, Gedzelman et al. (2003) and Childs and Raman (2005)
for New York. Yoshikado and Kondo (1989) suggested that the sea breeze front
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structure was strengthened by urban influence or by differences in thermal
characteristics between the urban and rural areas. (i.e., abrupt change in wind speed
and direction, specific humidity and enhanced mixing length due to the penetration
of the sea breeze front were observed). Until the sea breeze reaches the urban area,
temperature is intensified during the night or maintained after sunrise and suburban
areas hinder the penetration of the sea breeze (Yoshikado, 1992). Urban region
accelerates development of the sea breeze, whereas inland penetration of the sea
breeze front is slower over the flat topography (Martilli, 2003). Delay of inland
penetration of the sea breeze and enhanced upward motion associated with sea
breeze front are affected by presence of UHI (Yoshikado, 1994; Kusaka et al., 2000).
Ohashi and Kida (2002) conducted numerical studies using a 3-D mesoscale model
to show HIC and SBC effects and their contribution to the pollution transportation,
on an inland urban area and a coastal urban area, in Japanese cities Kyoto and Osaka,
respectively. HIC, over the coastal area intensified the SBC in the morning. Presence
of the inland urban area strengthened the SBC and HIC interaction and hence SBC
and HIC maintained longer in time. They demonstrated that suburban area in
between these two urban areas was suffered from high concentration of pollution in
both lower and upper levels by the circulation of SBC-HIC interaction and inland
HIC. They also showed that coastal pollutant transportation to the inland urban area
depends on the distance between two urban areas. In point of pollution perspective,
during the nighttime pollutants disperse into a deeper layer rather than transport to
the sea since the presence of the city produces weaker land breeze. In the morning,
pollutants over the sea are brought back to the city by the sea breeze and presence of
the city accelerates the recirculation processes (Martilli, 2003). Also, Gedzelman et
al., (2003) implied that sea breezes diminish the UHI effect in the spring and summer
seasons. Using meteorological observation network datasets, it was suggested that
sea breeze switches the center of the UHI early in the morning for New York City.
Intensity of the UHI and sea-breeze interaction depends on the size of the urban area,
distance from the sea and the intensity of the UHI (Yoshikado, 1994). He implied
that when the size of urban area exceeds 10 km, interaction of UHI and sea breeze is

significant and affects local climate.

When the coast takes place near a high ground, effect of mountain-valley wind

system must be taken into consideration beside the other effects (i.e., sea-land
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breeze, heat island circulation), which superimposes the total circulation (Simpson,
1994). Topography exposes the other local flows (e.g., sea-land breeze is forced to
channel along the valley axis by the underlying terrain and speed of the channelled
wind inclines, Whiteman, 2000). Thermal and dynamic effects of mountains on the
sea-land breezes was investigated by Ookouchi et al. (1978) who showed mountain
can prevent the inland penetration of the sea breeze as a barrier and can intensify the
sea breeze associated with mountain-valley wind system (i.e., up-slope or down-
slope wind). Distance from the sea, height of mountains and their orientation
influence the sea breeze characteristics and hence air pollution transport. Topography
(including complex valley-plain-plateau structure) and sea breeze interaction was
conducted by Kondo (1990) using both 2-D and 3-D numerical models, which
showed that if the distance is short between coastline and inland topography, the sea
breeze is intensified in the morning, on the contrary the sea breeze is hindered in the
afternoon. Additionally, it was depicted that narrowest valley causes strongest along-
valley winds. Interaction between the local flows also plays an important role for
transportation of heat, moisture and pollutant. Sea breeze and terrain induced flows
control air pollution pattern and cause elevated pollution layer (Lu and Turco, 1994
and 1995). Existence of the different air pollution layers was explained in four
processes in a mountainous coastal region; mixed layer growth and sea breeze
propagation, mixed layer stabilization, interaction of the sea breeze with upslope
flow and generation of upslope flow by mountain surface heating (Lu and Turco,
1994). Moisture and pollution behaviour of such a complex flow that includes urban
and coastal circulation characteristics was studied by Ohashi and Kida (2004) for
Kyoto and Osaka urban areas in Japan including mountain effect in their previous
study (Ohashi and Kida, 2002). They revealed that SBC interaction of HIC and
valley circulation (induced by mountains) caused to dry the suburban area between
the coastal and inland urban regions. Amount of the dry atmosphere depends on the
distance between two urban regions. It was concluded that pollutants were
transported by both coastal and inland UHI and valley circulations and deformed by
SBC. Modification of the local climate over Marseille (France) by means of
interaction of UHI, sea breeze and topography was investigated by Lemaonsu et al.,
(2006). In contrast to the many other cities, urban effect on the local flow is inhibited
over Marseille and topography and sea breeze interaction drives the local flow

dynamics.
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3. DESCRIPTION of MESOSCALE MODELS

This chapter gives a brief description of the mesoscale meteorological models, MM5
and OMEGA, used in this study. General information and grid structures of the
models will be explained in this chapter. Fundamental equations details of the

models will be given in Appendix.

3.1 Overview of the MM5 Model

The Fifth-Generation NCAR/Penn State Mesoscale Model is developed from a
mesoscale model used by Anthes at Penn State in the early 1970s. Since that time
many changes were designed to broaden its applications. For instance, a multiple-
nest capability, non-hydrostatic dynamics, a four-dimensional data assimilation
capability, increased number of physics options and portability to a wider range of

computer platforms.

The MM5 model is a limited area, non-hydrostatic with terrain following sigma
coordinate to simulate or predict mesoscale atmospheric circulations. The model
contains several physical options for radiation, cumulus, planetary boundary layer,

surface and explicit moisture parameterizations.

3.2 Horizontal and Vertical Grid Structure of MM5

The model analyzes the data on pressure surfaces, however, before give the data to
the model, data has to be interpolate to the model’s vertical coordinate. The vertical
coordinate is terrain following which means that the lower grid levels follow the
terrain while the upper surface is flat. Since the pressure decrease in height,

intermediate levels progressively flatten.

Dimensionless ¢ values are calculated as:

O'Z(po_pt)/(pso_pt) (3.1)
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where p, is the reference state pressure, p, is a specified constant top pressure
and p,, is the reference state surface pressure. The model vertical resolution is

defined by a list of values between zero and on based on the formulae (Figure 3.1).
Resolution in the boundary layer is much finer than the above, and the level numbers

vary from ten to forty.
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Figure 3.1 : Schematic representation of the vertical structure of the model.
The example is for 15 vertical layers. Dashed lines denote half-
sigma levels, solid lines denote full-sigma levels.

The horizontal grid used in the model is Arakawa-Lamb B-staggering. As it is shown
in Figure 3. 2, the scalar variables (T, g etc.) are defined at the center of the grid while
wind components are at the corners. The center point of the grid is referred as cross
points, and the corners are dot points. Therefore, horizontal velocity is defined at the
dot points in the model. All variables are defined in the middle of each model

vertical layer, which is referred to as half levels and represented by the dashed lines
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in Figure 3.1. Vertical velocity is carried at the full levels (solid lines). The number
of model layers is therefore always one less than the number of full ¢ levels.
Equations are solved using finite difference method with the I, J, and K index

directions in the modeling system.
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Figure 3. 2 : Schematic representation showing the horizontal Arakawa B-grid
staggering of the dot () and cross (x) grid points. The smaller inner
box is a representative mesh staggering for a 3:1coarse-grid distance
to fine-grid distance ratio.

MMS5 is also capabile to multiple nesting with up to nine domains running at the
same time. It is possible to use two nesting models; one-way and two-way interaction
with 3:1 nesting ratio. “Two-way interaction” means that input of the nest comes
from the coarse mesh via its boundaries, while the coarser mesh get feedback form
the inner nest. One-way nesting differs from two-way nesting with no feedback and

coarser temporal resolution at the boundaries.

3.3 Surface Characteristics of MM5

Terrain elevation and vegetation (land-use) datasets are interpoled to the regular
latitude-longitude onto the determined mesoscale domain. If the land surface model
(LSM) is used in the MM5 model, soil types, vegetation fraction, and annual deep
soil temperature is generated. Terrain elevation, landuse/vegetation, land/water mask,

soil types, vegetation fraction and deep soil temperature are availabile at six
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resolutions: 1 degree, 30, 10, 5 and 2 minutes, and 30 seconds. Vegetation and land-
use data are avaliable in three sets; 13-category, global coveraging with 1 degree 30
and 10 minute resoultion, 17-category, North American coverage with 1 degree,
30,10,5 and 2 minutes and 30sec resolution and 25-category,global coverage with 1
degree, 30, 10, 5, 2 minutes and 30sec from USGS. Elevation data is avaliable at six
resolution from USGS. Land/water mask data is tow types with 17-category and 25-
catagory with six resolutions. There are three types soil, vegetation fraction, and
annual deep soil temperature datasets; 17-category, 12 monthly and 1 degree are
available for LSM option in MM5. Fundamental equation sets of MM5 can be found

in Appendix Al.

3.4 Overview of the OMEGA Model

The Operational Multiscale Environment Model with Grid Adaptivity (OMEGA) has
been performed in this study for numerical model simulations. OMEGA is a fully
non-hydrostatic, three-dimensional prognostic atmospheric model with an adaptive
grid which is unstructured triangular prism referenced to a rotating Cartesian
coordinate system in horizontal and terrain following is in vertical grid structure. The
model uses a finite-volume flux-based numerical advection algorithm derived from
Smolarkiewicz (1984). OMEGA has a detailed physical model for the planetary
boundary layer (PBL) with a 2.5 level x-€ turbulence closure scheme (Mellor and
Yamada, 1974). A modified Kuo (Kuo, 1965; Anthes, 1977) and Kain-Fritsch (Kain
and Fritsch, 1990) schemes are used for cumulus parameterization, and an extensive
bulk-water microphysics package derived from Lin et al. (1983) in OMEGA.
OMEGA models the shortwave absorption by water vapor and longwave emissivities
of water vapor and carbon dioxide using the computationally efficient technique of
Sasamori (1972). OMEGA uses an Optimum Interpolation (OI) analysis scheme
(Daley, 1991) to create initial and boundary conditions. In addition, OMEGA

contains both embedded Eulerian and Lagrangian dispersion models.

3.5 The OMEGA Grid Structure

A unique feature of the OMEGA model is its unstructured grid, which provides
flexibility to facilitate the gridding of arbitrary surfaces and volumes in three

dimensions (e.g., to sharp local terrain features). In particular, unstructured grid cells
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in the horizontal dimension can increase local resolution to better capture the terrain
inhomogeneties and associated important physical features of atmospheric flow and
cloud dynamics (Bacon et al., 2000). This grid feature provides smooth transition

from high resolution where needed to low resolution rest of the domain.

In the unstructured grid architecture, definition of the elemental objects is necessary
to describe the volumetric mesh. The lowest-order object in the mesh is the vertex
which is specified by its position (X, y, z). The other elements edge provides the
connectivity of the mesh and the indices of the starting and terminating vertices
define the edge. The face represents the interface area between adjacent volumetric
cells and can be described from the list of edges that bound it, or by the sequence of
vertices that forms its corners. The cell or control volume is in turn specified by the
lists of faces that contain it. While scalar quantities are defined in the cell centroid
the vector quantities are defined at the center of the vertically stacked faces in the

volumetric mesh shown on Figure 3.3 (Bacon, 2003).

R

Figure 3. 3 : OMEGA grid element (Bacon, 2003).

The arbitrary number of edges meets at a vertex and there is no longer a simple
algebraic structure that can be deduce the relationship of indices for the various
elemental objects as in the case of traditional structured atmospheric models. While
generating a mesh either surface features or other fixed terrain features or the initial
weather can be used. Calculation of the flux across the face requires the calculation
of the normal to each face for the unstructured triangular grid structure. Natural
separation occurs between the coordinate system for the fundamental equation set
and the grid structure. The coordinate system can be as simple as possible while the
grid structure is complex in this coordinate system. Rotating Cartesian coordinate

system is used in OMEGA and the grid structure is terrain following. Rotating
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Cartesian system in which the origin is the center of the earth, the z axis passes
through the North Pole, the x axis passes through the intersection of the equator and
the prime meridian, and y axis is orthogonal to both. The form of equations of
motion is as simple as possible however only two terms are somewhat non-

conventional: gravity and the Coriolis acceleration. Gravity in the rotating Cartesian

coordinate system is directed in the radial (- f ), which has components in three

coordinate directions. By definition, the Coriolis force is—2pQxv and has

components in all directions.

a) h)

Figure 3. 4 : Initial rectangular grid, a) before triangularization and b) after
triangularization (Bacon, 2003).

3.5.1 Initial grid

Desired horizontal resolution is specified in kilometers while longitude and latitude
are input for the domain boundaries. For construction of the initial rectangular mesh,
meters per degree of longitude are determined at the center of the domain. Meters per
degree of latitude are globally constant. Since longitude and latitude is used to
express the coordinates of each vertex, the grid is rectangular in latitude/longitude
space. The initial rectangular grid is equal to the minimum resolution requested for
the primary domain (Figure 3.4). Selecting a subset of edges randomly and forcing
reconnection produces randomization to prevent the too “regular” final grid. The

reconnection process is described below.

3.5.2 Refinement of the grid

First step for the refinement process is the calculation of the area of each triangle,
which is then compared to the areas of equilateral triangles having edge lengths equal

to the minimum and maximum resolutions specified in the input file. A triangle is
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“flagged” for refinement if trisection will not result in new cells having areas less
than or equal to the area of an equilateral triangle with the minimum allowable edge
length, and the cell satisfies one or more of the following (Bacon, 2003):

e The area of the triangle exceeds the area of an equilateral triangle with
edges equal to the maximum edge length specified for the domain in which
the centroid is located.

e The average elevation of the three vertices, since elevation is a vertex-based
quantity. The elevation gradient between the triangle and its neighbors set to
1.5 percent of the variation in elevation throughout the domain.

e The land/water index is set to zero or one depending on the location of cell
centroid. If the land/water indices of any of the cell's neighbors (the three
cells that share edges with the target cell) differ from that of the target cell,
the target cell is on a land-water boundary.

e The area of the cell is greater than four times the area of its smallest

neighbor.

If the triangle is in the interior of the grid, adding a vertex at the cell centroid enables
to refinement of a triangle or if the triangle is on the boundary refinement is
accomplished by bisecting the boundary edge (c.f., Figure 3.5). Then the cell is
flagged for recombination and the vertex opposite from the longest edge will be
deleted from the grid if it satisfies any or all of the following (Bacon, 2003):

e The minimum edge length, specified by the user as a horizontal resolution for
domain is of an equilateral triangle edge. The area of the cell where the
centroid is located is less than the area of an equilateral triangle.

e The cell is water surrounded by water, and combining three cells of the same
size into one will not result in a cell whose area exceeds the allowable
maximum value.

e The cell has aspect ratio less than 0.33. The aspect ratio is defined as the

height of the triangle divided by the length of the longest edge.

Certain criteria forces refinement or recombination of the cells to occur without
considering any other properties of triangle. If triangles are too large or too small,
they forced to trisect or recombine to prevent adverse effects on the time-step, and
triangles with poor aspect ratios are forced to recombine to avoid instabilities in the

solution. Corner triangles are bisected to avoid triangles having two boundary edges.
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Figure 3.5 shows the grid in Figure 3.4 after two triangles, one in the interior and one
on the boundary, have been refined. Adding and deleting vertices results in an
unequally created edge lengths. The grid is relaxed in order to prevent possible
instabilities due to the irregularities in the grid. Relocating each vertex to a point
equidistant from its connecting neighbors is included in relaxation procesdure. This
stage is shown in Figure 3.5. After relaxation, triangle shape is optimized through the
process of reconnection. During reconnection, one edge is the shared from a
quadrilateral, which is formed by the two neighboring triangles. If new-composed
triangles are nearly equilateral, the original shared edge is deleted from the grid, and

the new edge added. Figure 3.6 shows the grid in Figure 3.5 after reconnection.
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Figure 3. 5 : Grid refinement, a) initial rectangular grid with two vertices added
and b) after triangles are refined, the vertices are relaxed (open
circles), (Bacon, 2003).

After all of the flagged cells have been altered an iteration is complete. Also,
interpolation to the underlying databases, terrain and land/water is iterated during
the grid refinement. Bilinear interpolation is used to calculate both elevation and the
land/water index. The land/water index has a value between zero and one, which is
then rounded to zero or one. Refinement and interpolation processes are repeated
until the grid converges. Convergence occurs when two consecutive iterations result
in changes to fewer than 5 and 1 percent of the cells, respectively. The ratio between
the minimum and maximum resolution defines the number of iteration to obtain the
final grid. A final step prior to the creation of the vertical levels consists of bisecting
any corner triangles that have two boundary edges. This process has been found to

improve the solution at the corners of the domain (c.f., Figure 3.6).
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Figure 3. 6 : Grid after reconnection.The deleted edges
(dashed line) the new edges (thin lines) (Bacon,
2003).

3.5.3 Vertical levels

In order to provide high resolution near the surface, the OMEGA grid is constructed
in two parts: low levels are considered “stretchable” while the upper part represents
the “spherical surfaces”. The user determines both the total number of levels, N, and

the number of stretchable levels, N..

There are different ways creating the vertical layers: one is, the height of the first
layer of triangles, Azo, is specified by the user. The heights of the prisms will
increase in the radial direction in the stretchable layers above the surface of the earth

along with the maximum geometric factor, ctmax.

The layers are constructed by taking each surface vertex and constructing an array of
vertices along the radial through that vertex. The resulting vertices are connected to
form the OMEGA grid volumes. The top of the uppermost stretchable level (His)
above the lowest point in the domain is utilized to compute the height of each of the
vertices (c.f., Figure 3.7 right). This height is then used as a spherical top for the
stretchable levels uses the height and a local geometric factor ¢ for each radial is

used to compute the heights of each of the other vertices in the stretchable levels. ¢;

will always be less than amax because His was computed using the lowest point in the
terrain. The resulting grid is terrain following at the surface, but has a constant mean
sea level altitude at the top of the uppermost stretchable layer. An alternative setup
method is the top of the total domain is specified by the user, and the OMEGA grid
generator calculates the geometric stretching factor. The grid generator input file is

edited by the user to provide the height of each vertical level above the surface to
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specify the vertical grid structure. These heights are used by the grid generator to
construct the radial through the lowest point on the surface grid, and then adjust the
other radials to produce a spherical top to the stretchable layers. Calculation of the
vertical levels completes the construction of the OMEGA model grid. The number of
vertices, edges, and faces, and the arrays that contain the vertex locations, their
connectivity, the edge connectivity, and the face connectivity is obtained after grid

completion, which is used in model preprocessor (Bacon, 2003).
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Figure 3. 7 : The vertical levels of the OMEGA grid are constructed by extending
radials through each surface vertex. A set of stretchable layers exists
near the surface with constant thickness layers above (Bacon, 2003).

3.6 Surface Characteristics Databases

Some of the datasets are used (e.g., terrain elevation, land/water fraction) during the
adaptation process, however some of the surface data such as, soil type,
climatological vegetation index, land use/land cover, climatological sea surface
temperature, climatological subsurface temperature and climatological soil moisture
are assigned to each grid after grid is generated. Soil type and climatological
vegetation index are determined from global datasets, which have been widely used
for numerical modeling. For vegetation index and land cover two different datasets
are provided. One of those datasets is high resolution at North America, and the other
covers the whole globe with less resolution. Global Vegetation Index (GVI) has a
resolution about 13 km, and the USGS has published a 1 km Normalized Difference
Vegetation Index (NDVI) over the U.S. Two climatological NDVI datasets were
created for OMEGA: a 4 km dataset covering the U.S., and a 55 km dataset covering
the globe. Global soil type database created from Global Ecosystem Database is 110
km resolution in the OMEGA. The twelve soil types are used in the model.

Vegetation is significant in terms of atmospheric circulation since it modifies the
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thermal moisture budgets of the earth surface. Two land use datasets were created:
one is a 4 km land-use dataset covering U.S. that was formed from a 1 km
Biosphere-Atmosphere Transfer Scheme (BATS) dataset and Advanced Very High
Resolution Radiometer (AVHRR) data, and the other is a 55 km global dataset
which was formed from the Olson (1992). In addition, OMEGA can use the 1km
USGS landuse database based on 1-km AHVRR data. The dataset uses the Global
Ecosystem Classification Scheme, which has 94 different landuse categories
including urban areas and inland water and sea water separately. Terrain elevation is
provided by 1 km USGS terrain elevation data in the OMEGA.

OMEGA uses a global sea surface temperature climatological dataset produced by
the USGS (Schweitzer, 1993). The data has been processed into a bi-weekly global,
0.2 degree (about 20 km) dataset. This data does not extend beyond about 70 degrees
latitude in either hemisphere. Some areas are not covered resulting in large lakes
without data; for example the Caspian Sea in central Asia is completely missed. The
original dataset was weekly; every other week was processed for OMEGA (Bacon,
2003). Monthly global subsurface temperature climatology was built from monthly
average surface air temperatures from the Global Ecosystems Database (Legates and
Willmott, 1992). This 30 minutes resolution data was built by using monthly average
surface air temperature as an estimate of subsurface temperature. Although soil
moisture is an important variable in numerical weather prediction but is difficult to
determine. Soil moisture data is generated from the temperature and precipitation
data (Legates and Willmott, 1992) using Budyko’s simple soil moisture budget
equation as described by Sellers (1965) in OMEGA. The monthly budget equation is
given by:

W, =W, +r—-E-S (3.2)

where W is the soil moisture value at the end of a month, Wy is the soil moisture at
the beginning of the month, r is the precipitation, E is the evapotranspiration, and S is
the moisture surplus term. Evaporation is a function of the monthly mean
temperature. Although this simple approach does not provide perfect solution, it
gives reasonable results for a range of climatic types. Volumetric soil water content,
which balanced the annual water cycle, is obtained by using an iterative application
of the Budyko equations (Bacon, 2003). Detail information about OMEGA will be
given in Appendix A2.
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4. A STATISTICAL and NUMERICAL ANALYSIS of URBANIZATION
EFFECTS in ISTANBUL

Anthropogenic changes in the earth landscape such as cultivation, deforestation and
desertification are the most important factors that affect the atmosphere (Ramankutty
and Foley, 1999; Wang and Jenkins, 2002; Sen at al., 2004a,b). In addition to these
significant anthropogenic changes, urbanization has become another important factor

reshaping the land surface.

Approximately 47% of the world’s population is living in cities and it is expected to
increase in this percentage due to the immigration from countryside to the cities.
According to Population Referans Bureau (2005), 41% of the population lives in
cities in less developed countries while this percentage is 76% in the more developed
countries in 2005. Therefore, changes in the climate due to the urbanization are
important, and many studies have been conducted to understand the urban
climatology. Arnfield (2003) and Voogt and Oke (2003) present reviews of progress
in urban climatology. Yague et al. (1991) reveal that heat of anthropogenic origin
and air pollution, replacement of the natural surfaces by buildings and impermeable
pavements give rise to impact on urban atmosphere. Changes over the surface
properties influence the surface water, energy and radiation balance. Warming over
an urban area results from a decrease in evapotranspiration and loss of latent heat
from the impermeable ground (Kalande and Oke, 1980). Besides, impermeable
surfaces have greater specific heat capacity that delays the loss of energy from the
ground (Yague, 1991).

City geometry also contributes to the heating of the urban areas or prevents the
cooling of the urban areas. Warmer urban atmosphere than the its outskirting is
known as “urban heat island (UHI)”. Since radiative cooling difference is maximized
between urban and rural areas, UHI is clearly observed on clear and calm nights
(Voogt and Oke, 2003). Different methods have been applied to understand the
characteristics of UHI. Longterm temperature data from urban and rural areas were

commonly used method investigating UHI (e.g. Colacino and Rovelli, 1983; Yague
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et al., 1991; Karaca et al., 1995a,b; Philandras et al., 1999; Montavez et al., 2000;
Tereshchenko and Filonov, 2001; Zhou et al., 2004). Data network in or around a
city is another method to study the UHI characteristics (e.g. Landsberg, 1981; Oke,
1982; Park, 1986; Montavez et al., 2000; Kim and Baik, 2005). Remote sense
measurements and surface-atmosphere models are also used in UHI studies (e.g.
Gallo et al., 1993; Kinouchi and Yoshitani, 2001; Streutker, 2003; Kusaka and
Kimura, 2004; Dandou et al., 2005; Jin et al., 2005; Lamptey et al., 2005).

4.1 Description of the Study Area and Climate

Istanbul, the largest city of the Turkey with a population of over 10 million, is
located at 41.01°N, 28.58°E. The Bosphorus, a 30 km strait which connects the Black

Sea and the Marmara Sea, is a boundary between Europe and Asia.

SEA OF MARMARA

I 1949
1 1968

1988 [ — Kilometers

{221 2000

Figure 4. 1 : Expansion of urban areas of Istanbul from 1949 to 2000
(adapted from Celikoyan, 2004). Six meteorological stations
are also shown in the map. western and eastern peninsulas are
called the European and Asian side, respectively.

The urbanized region of the city is located on both sides of the southern part of the
strait (shown in Figure 4.1). The city has historically expanded in east-west direction
along the Marmara shore however northerly expansion has also occurred in recent

years. The north part of the city towards the Black Sea is covered by forest. The
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settelment areas along the Bosphorus at the cliffs looking over the strait are
somewhat greener than the rest of the city. The most densely populated part of the
city lies in the south, along the Sea of Marmara. Figure 4.1 depicts the expansion of
the urbanization with respect to the years 1949, 1968, 1988 and 2000. This city
information is taken from Celikoyan (2004) who defined the city boundaries in these
years based on airborne and spaceborn measurements. The author combined the three
different aerial photographs 1940, 1942 and 1949 to defined the 1949 images by
assuming the city expanded little in 1940s.

The population changes in Istanbul between 1935 and 2000 is shown Figure 4.2. The
city’s population increases fast in last 20 years from 1980 to 2000. The population
grow rate of Istanbul was 29.64% for urban part and 81 % for the rural part of the
city for the 1990-2000 period. The ratio of urban population to total population in
Turkey increased from 59% to 65% from 1990 to 2000.

Total
10 = = =Rural

Population (million)

1930 1340 1950 1960 1970 1880 1980 2000

Figure 4. 2 : Population growth in Istanbul from 1935 to 2000.

The climate of the city shows difference between southern and northern part of
Istanbul. The southern part of the city, where urban areas lie, show the general
characteristics of the Mediterranean climate while on the north, the Mediterranean
type climate is modified by the cooler Black Sea and northerly cold air masses of
maritime and continental origins, locally called The Black Sea Climate. This type of

climate have cooler temperatures in both winter and summer and have experiences
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with more rain compared to the Mediterranean coast of Turkey. Hence, northern part
of Istanbul have cooler temperature than the south. In addition, precipitation regime
is different over the Istanbul. That is, while the south recieves about 650 mm annual
precipitation, it is 850 mm on the northern coast and 1050mm on the inland part.
Based on the stations averages, average annual total precipitation is around 800 mm
and average temperature is 28°C in summer and 8°C in winter in Istanbul. The city is
subject to moisture laden mid-latitude cyclones during winter months (Karaca et al.,
2000); thus most of the precipitation falls in winter. The prevailing wind is

northeasterly however southwesterly winds also blow during the year.

4.2 Statistical and Numerical Analysis of Urbanization in Istanbul

The statistical method used in this study is the non-parametric Mann-Kendall test.
Mann-Kendall test is used to determine the existence of the trends in the station data.
This method provides to find the approximate starting point and abrupt changes in
climate ( Goossens and Berger, 1986; Karaca et al., 1995a; Tayanc et al., 1997).

In Mann-Kendall test, climate data is enumerated in the time series. For each y;, the
number n; of elements y; preceding it (i > j) is calculated in such a way that y; > vy;.

The t test statistics is obtained by
t=>n, (4.1)

and under null hypothesis, t is distributed nearly normal with an expected value and

variance;
E(t) = # and, 4.2)
var (t) = w (43)
72
The null hypothesis is rejected for high values of |u(t)| when a trend exists.
u(t) = [t-E®] (4.4)

Jvar(t)

If u; > 0 the trend is positive and if u; <0 the trend is negative and the significance

level is 95%. The same principle can be applied to the backward time series data. For
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each y; term, the number n/ of y; is calculated. u/is given for the backward time

series are given as;
u' = -u(t,) (4.5)

The intersection between u;, and u; curves show the starting point of the changing

trend of the data. This approach is known as ‘Sequential Mann-Kendall Test’

(Goossens and Berger, 1986).

Data for statistical analysis is obtained from the State Meteorological Service of
Turkey. Monthly minimum temperature time series for the stations (shown in Figure
4.1) located in Istanbul is used for the Mann-Kendall test. The term monthly
minimum temperature refers to the average daily minimums in month. Annual
minimum temperature time series which refers to average of monthly minimum
temperatures in year and seasonal minimum temperature time series refers to average
monthly minimum temperature in season are calculated from this dataset. The period
of the data is different in the stations. For example, Kandilli has the longest (1912-
2004) records while the records are the shortest (1951-2004) in Kumkoy. 1951-2004
period is used since the minimum temperature difference between stations is the

method that is used in the statistical test.

The stations are classified in three groups depending on population density of the
area; urban, suburban and rural (Tayanc et al., 1997). The urban station Goztepe
station is surrounded by building while another urban station Florya is directly open
to the Marmara Sea. Kandilli and Kirecburnu are defined as suburban stations, which
are located on the hills overlooking the Bosphorus. Bahcekoy and Kumkoy stations
are assumed as rural stations. Bahcekoy is an inland rural station that is surrounded
by mostly forest areas however Kumkoy is located on the Black Sea coast. Elevation

difference between the stations is not more than 100m.

4.3 Results of the Statistical Analysis

Minimum temperature is used to study the urbanization effect on climate since it
clearly shows the different behaviour between urban area and its outskirts

(Landsberg, 1981). Thermal property of a city is different from its surroundings,
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therefore urban area has higher thermal inertia which delays the cooling of the cities
at nights when compared to the rural areas (Yagte et al., 1991).
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Figure 4. 3 : Difference of average monthly minimum temperatures between
urban and suburban/rural stations for 1957-1980 (solid line) and
1981-2000 (dashed line) periods.

Average monthly minimum temperature difference between the urban stations
(Goztepe (a) and Florya (b)) and the other four stations (Kandilli (a_1 and b_1),
Kirecburnu (a_2 and b_2), Bahcekoy (a_3 and b_3) and Kumkoy (a_4 and b_4) are
shown in Figure 4.3. The average monthly minimum temperature indicates the two
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24-year period before and after 1980 that is the indicator of the fast growth of the
population in Istanbul. Figure 4.3 shows the increase in minimum temperature difference
between an urban and suburban/rural stations for period 1981-2004 than the period 1957-
1980. The annual average difference increases from 0.17 °C for period 1957-1980 to 0.81 °C
for the period 1981-2004 (shown in Figure 4.3 (a_4)). Similar to the Goztepe-Kumkoy
(Figure 4.3 (a_4) ), Florya-Kumkoy (Figure 4.3 (b_4) illustrates the increase in annual
average minimum temperature from 0.39°C to 0.82 °C. Also, from suburban to rural stations,
the minimum temperature shows increase in disparity after and before 1980. For instance, it
increases from 0.23 °C for Goztepe-Kandilli (Figure 4.3 (a_1)) to 0.41 °C for Goztepe-
Kirechurnu (Figure 4.3(a_2)) to 0.57 °C for Goztepe-Bahcekoy (Figure 4.3 (a_3)) to 0.64 °C
for Goztepe-Kumkoy (Figure 4.3 (a_4)). In addition, although the disparity occurs in all

months, it is usually larger and most emphasized during the summer and fall months.

Table 4. 1 : Mann-Kendall statistics from the analysis of time series of seasonal
and annual minimum temperature data between 1951 and 2004.
(Statistically significant values are marked bold).

Stations Spring Summer Fall Winter Annual
Goztepe 4.13 4.89 1.70 0.84 4.19
Florya 2.93 4.26 1.04 -0.49 3.13
Kandilli 2.84 4.07 0.41 -0.31 231
Kirecburnu 2.65 2.84 -0.49 -0.34 1.35
Bahcekdy 3.01 2.56 -0.80 -0.80 1.20
Kumkdy 1.29 1.23 -1.56 -0.98 -0.75

The Mann-Kendall trend test is not adequate method to detect the sole urbanization
effect on climate. The obtained trends may be affected by the other climate change
signal. Thus, in order to avoid incorrect interpretation of the Mann-Kendall test, it is
applied to the time series of temperature difference between urban/suburban stations
and rural stations (Karaca et al., 1995a,b). The proportion of the climate change
signals is reduced from the time series by this way and hence, it is expected that the

rest of the signal gives the effect of urbanization.

The positive trends in all stations except Kumkoy are obtained from Mann-Kendall
test which is applied to the annual minimum temperature (shown in Table 4.1).
Urban stations, Goztepe and Florya, indicate the high Mann-Kendall values 4.19 and

3.13, respectively, with 95% (1.96) confidence level. Suburban station Kandilli has
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also the positive trend with value 2.31. However, although another suburban station
Kirecburnu has positive trend, it is not statistically significant. In terms of rural
stations, while Bahcekoy shows the positive but insignificant trend, Kumkoy has
negative insignificant trend (Table 4.1). In addition to the annual trends behaviour, it
is possible to obtain information about seasonal trends in the stations from Table 4.1.
It is inferred that spring (March, April and May) and summer (June, July and
August) is the most pronounced seasons in terms of urbanization effects on climate.
Positive significant trends from Mann-Kendall statistics are found for all stations
except Kumkoy which has positive insignificant trend for summer and spring
seasons. In contrast to the spring and summer seasons, there is no significant trend
for fall (September, October and November) and winter (December, January and
February) in any station. Sequential Mann-Kendall method, which indicates the
starting point of the changing trend, is applied to the time series of annual minimum
temperature difference between the four urban/suburban stations and Bahcekoy
station. Bahcekoy is an inland station and it is located in a village in the middle of a

forest area.

Mann-Kendall Test Stafistics
Mann-Kendall Test Statistics
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Figure 4. 4 : Results of sequential Mann-Kendall test applied to annual minimum
temperature differences between urban/suburban stations (Goztepe,
Florya, Kandilli, Kirecburnu) and a rural station (Bahgekdy). The
value £1.96 (the 95% confidence level) is represented with horizontal
lines.
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Figure 4.5 : Results of sequential Mann-Kendall test applied to annual minimum
temperature differences between urban/suburban stations (Goztepe,
Florya, Kandilli,Kire¢burnu) and a rural station (Kumkdy). The value

+1.96 (the 95% confidence level) is represented with horizontal lines.
Figure 4.4 indicates that time series of annual minimum temperature difference
between Goztepe, Florya, Kandilli and Bahcekoy (Figure 4.4a, b and c) have
significant positive trends. For Kirecburnu station (Figure 4.4d) significant positive
trend is observed for a few years around 2000 however the significance level is under
95% confidence level in 2004. The changes in the trend start in early 1980s for
Goztepe and Florya stations while it is in late 1980s for Kandilli and Kirecburnu
stations. The same analysis was conducted by using Kumkoy, rural station, as a
reference station instead of Bahcekoy (shown in Figure 4.5). The analysis depicted
that all four time series of differences obtained from subtracting urban and suburban
annual minimum temperatures from Kumkoy annual minimum temperature positive
trends with 95% confidence level. The analysis also showed that changing point of
the trends began in the early 1970s for Goztepe and Florya (shown in Figure 4.5a,b)
and early 1980s for Kandilli and Kirecburnu (shown in Figure 4.5c,d). Table 4.2
summarizes the Mann-Kendall statistics for these analyses. Table 4.2 also provides
the seasonal statistics that are calculated by subtracting urban and suburban station
data from rural station data. In all seasons, summer has the highest values for all
pairs except for Kirecburnu-Bahcekoy and Kirecburnu-Kumkoy. Both stations have

the highest values in winter instead of summer, however the Kirecburnu-Bahcekoy
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does not have significant value. It can be deduced from all these statistics that fall
has higher values than spring, however, analysis based on individual station data
illustrates higher Mann-Kendall values in spring than fall. Linear regression is also
applied to the minimum temperature difference between the urban/suburban and
rural stations so as to understand the UHI intensity change for 1951-2004 period.
UHI intensity is characterized as the temperature difference between the city peak
and the rural background temperature of the night, cloudless skies and light wind

conditions.

Table 4. 2 : Annual and seasonal Mann-Kendall statistics from the analysis of
time series of minimum temperature differences between urban and
rural stations for the period between 1951 and 2004 (Statistically
significant numbers are marked bold and highest seasonal values
are underlined).

Station pairs Spring Summer Fall Winter Annual
Goztepe-Bahgekdy 4.26 6.31 5.00 3.42 5.60
Goztepe-Kumkdy 5.51 6.96 5.78 4.89 6.84
Florya-Bahgekdy 0.18 4.33 3.48 0.35 3.22
Florya-Kumkoy 3.48 5.25 4.62 3.05 5.93
Kandilli-Bahgekdy 0.64 3.27 2.59 0.29 2.07
Kandilli-Kumkdy 2.98 4.08 3.76 2.62 4.35
Kiregburnu-Bahgekdy 0.09 0.55 0.89 1.30 1.68
Kiregburnu-Kumkoy 3.39 1.87 3.10 4.46 4.39

The linear fit assumption is applied as a measure of the change of average UHI
intensity over time since there is not enough information about the definition. The
linear fit approach eliminates the year-to-year variability. UHI changes between 1951
and 2004 are given in the Table 4.3 for the station pairs. These values are calculated
from linear fit and imply the linear regression values between 1951 and 2004. The
minimum temperature differences between urban/suburban and rural stations are
larger when Kumkoy is used as the reference rural station. As it is expected
maximum differences are observed in the urban-rural pairs. For example, annual UHI
intensity increases 1.43°C for Goztepe-Kumkoy pair and 0.94°C for Florya-Kumkoy
pair over the 54-year period. This analysis shows that UHI intensity changes are the
largest in the summer and lowest in the winter. If the UHI intensity values are
compared to the other cities in the literature, changes is smaller in Istanbul. The
reason for this behaviour could be due to the fact that the Istanbul is located in

between large water bodies, which is connected by the narrow strait (the Bosphorus).
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Table 4. 3 : Annual and seasonal warming values (in °C) from 1951 to 2004
based on linear regression analysis of time series of minimum
temperature differences between urban and rural stations for the
period between 1951 and 2004.

Station pairs Spring Summer Fall Winter Annual
Goztepe-Bahgekdy 0.75 1.40 1.24 0.66 1.00
Goztepe-Kumkady 0.25 1.75 1.68 1.19 1.43
Florya-Bahgekdy 0.10 0.87 1.21 0.10 0.52
Florya-Kumkdy 0.67 1.17 1.65 0.63 0.94
Kandilli-Bahcekdy 0.10 0.65 0.55 0.02 0.31
Kandilli-Kumkdy 0.61 1.00 0.98 0.54 0.73
Kiregburnu-Bahgekdy 0.04 0.16 0.19 0.22 0.18
Kiregburnu-Kumkoy 0.54 0.50 0.63 0.75 0.60

Kim and Baik (2004) mentioned that coastal cities have smaller UHI intensity values
than the inland cities. It is inferred from the statistical analysis that urbanization is
the reason behind the increase in minimum temperature in Istanbul. It is difficult to
understand the whole structure of the urban heat island in Istanbul since there are not
enough observation stations uniformly distributed across the city. Also it is important
to understand the urbanization effects the upper atmospheric levels, which is not
possible to have on from the surface data. Because of these discrepancies, mesoscale

atmospheric model experiment, which is given in the following section, is conducted.

4.4 Numerical Modeling Experiment

Mesoscale atmospheric model, MMD5, is utilized in this part of the research. Model is
set up as three nests with horizontal resolution with 27, 9 and 3km, respectively, and
23 vertical layers. Model main domain covers an area including western part of
Turkey, Balkans and eastern part of Italy (shown in Figure 4.6). The innermost
domain spans 111 km east-west direction and 111 km north-south direction that
covers the city of Istanbul and surrounding land and water masses. In this study, 3
km horizontal resolution is used due to the lack of computational facility. Although
this resolution provides information about urbanization effect in both lower and
upper atmospheric levels in Istanbul, unfortunately, the resolution is not high enough

to solve the Bosphorus and some other feature of the city.

Model uses USGS (United State Geological Survey) 25 category land-use and terrain
data with 30-s resolution in the simulations. Initial and boundary conditions are

prepared by using 2.5 x 2.5 degrees NCEP/NCAR reanalysis data with 17 vertical
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levels. Although model has several physics options, rapid radiative transfer model
(RRTM) atmospheric radiation scheme, Grell (for the two outermost domains) and
Kain-Fritsch (for the innermost domain) cumulus parameterization schemes, MRF
(NCEP Medium Range Forecast) planetary boundary layer scheme, 5-layer soil

scheme and mixed-phase microphysical scheme is used for the simulations.

25E 30E 35E

15E 20E 25E 30E 35E

Figure 4. 6 : MM5 nested model domains. The outermost domain (D1), the middle
domain (D2) and the innermost domain (D3) have 27, 9 and 3 km
spatial resolutions respectively.

Depending on the statistical analysis results, it is found that summer season has
largest effect of urbanization on the local climate. Therefore, summer month July
2004 is determined for the model experiment. Two different landscapes are prepared
by MM5 model using data by Celikoyan (2004). The growth of the urbanization in
Istanbul is investigated by designing landscape as “past” and “recent” in order to take
UHI into consideration. The city urban boundaries provided by Celikoyan (2004) are
only for the certain years. Therefore, closest years to 1951 and 2004, which are used
in statistical part of the study, are utilized in the model’s surface map. For the past
simulation map is modified to the 1949’s landscape, and for the recent simulation
2000 is used. Since land cove/vegetation map used in the model is very old, it does
not reflect the current the city urban boundaries. Therefore substantial modification

is applied to the model especially for 2000. The model grids most of which are
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‘dryland crop’ type (a small number of them are crop/grass mosaic, grassland,
shrubland, and deciduous broadleaf) are assigned ‘urban’ type. Information of the
surface parameters for the land-use types, which are changed in the model is given in
the Table 4.4. If the land-use type is change from dryland crop to urban, the albedo
changes from 17% to 18%, moisture availability from 30% to a much smaller value

(10%), emissivity from 92% to a smaller value (88%), roughness length from 15cm

to a much bigger value (50cm), and thermal inertia from 0.04 cal cm™ ks™ to a
smaller value (0.03 cal cm?k™s*).
Table 4. 4 : Land-use type features in MM5.
Dryland Crop/Grass Deciduous
Land Use Type Crop. Past. Mosaic Grassland Shurbland Broadleaf Urban
Albedo(%) 17 18 19 22 16 18
Moisture
Availability (%) 30 25 15 10 30 10
Emissivity
(9% at 9m) 92 92 92 88 93 88
Roughness
Length (cm) 15 14 12 10 50 50
Thermal Inertia
(cal cm ks ?) 0.04 0.04 0.03 0.03 0.04 0.03

The modeling experiment is designed to simulate the effect of urbanization
depending on the changes explained above. There are no changes in structural and
geometrical features of the city. The same initial and boundary conditions are applied
to the model for 1951 and 2004 cases to understand the response of the urban

atmosphere to the urbanization in Istanbul.

4.5 Results of the Numerical Model Experiment

Surface temperature difference is averaged from the simulated 6 a.m. for July for
1951 and 2004 simulations. Two heat island cells are observed over the city as
shown in Figure 4.7. One of these cell is located on the European side and the other
one is on the Asian side of Istanbul. The expansion of the UHI is only valid after
1951. The complete UHI is expected to cover the urbanized parts of the city before
1951 too. Although the MM5 model cannot solve the Bosphorus, it can be realized
that the two-cell structure occurs primarily as a result of pre-1951 urban areas which
is located along the Bosphorus. This feature is treated identically in both simulations.
The maximum surface temperature difference between 1951 and 2004 is about 1°C at

6 a.m. for July. Figure 4.8 indicates the water vapor mixing ratio difference at 6 a.m.
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Reduction of moisture availability due to the urbanization results in a decrease in the
mixing ratio in the overlying atmosphere. The maximum decrease in mixing ratio is -
15 g kg™. It can be inferred from the Figure 4.8 that the surface mixing ratio is
increased over a region to the west of urbanized area in Istanbul. As it is expected
urbanization decreases the wind magnitude over the city and surrounding areas. This

feature is shown in Figure 4.9 by using 10m wind anomalies between 1951 and 2004.
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Figure 4. 7 : Surface temperature (reference level) difference (in oC) between 2004
and 1951 July simulations. The difference is calculated from monthly
averaged 6am surface temperature outputs of model simulations.

The wind vectors illustrate a southwesterly flow over the city. Changes in wind
magnitude and vectors imply that the velocity of the northeasterly winds (prevailing
winds in July) is reduced over Istanbul. The increased roughness length can be the
primarily responsible reason for the behaviour of the wind. In addition to the
investigation of the surface, higher atmospheric layers are also analyzed.
Development of the UHI at the higher levels is examined by using temperature
difference at different heights. Also, longitudinal cross-sections of air temperature
difference on both European and Asian sides to understand how far the urbanization
effect the overlying atmosphere.
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Figure 4. 9 : Difference of wind (vectors and magnitude) between 2004 and 1951
July simulations. The difference is calculated from monthly averaged
6am surface outputs of model simulations.
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Temperature differences between 2004 and 1951 at two levels, 36 m and 200m
above the ground at 6 a.m. are given in Figure 4.10. Cross sections of the
temperature differences along 28.75E and 29.16E, which represent the European and
Asian side of the city, are shown in Figure 4.10c and Figure 4.10d. It seems that the
two UHI cells observed in the surface air temperature are combined at higher
atmospheric levels over the Bosphorus (Figure 4.10a and b), and the combined cell
extends southward over the Marmara Sea most likely due to the prevailing
northeasterly flow in July however the largest temperature difference occurs over the
urban area. The heating effect of urbanization reaches up to 600-800 m height
(shown in Figures 4.10c and d). Both European and Asian sides of the city have
slightly cooled layers above the ground at different heights. This cooled layer is
observed between 600 and 800 m above the ground on the just north of the urbanized
area on the European side (Figure 4.10c) while this layer appears between 800 and

1200 m over the urban area on the Asian side (Figure 4.10d).
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Figure 4. 10 : July (6am average) temperature differences between 2004 and 1951
simulations at two levels, 36m (a) and 200m (b) heights above
ground, and cross-sections of the 6am temperature differences along
28.75 E in the European side (c) and 29.16E in the Asian side (d).
The parallel lines in the cross-section plots show the heights (in
meters) above ground.
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5. INVESTIGATION of MESOSCALE-LOCAL FEATURE INTERACTION
in ISTANBUL

The knowledge of the sea-land breeze characteristics is important since most coastal
cities are preferred as residential areas. Thus, when the crowded cities are in
consideration, urbanization must also be taken into account in addition to the
thermally driven circulation. The heat capacity difference of urban-rural areas results
in another important circulation known as urban heat island. Urbanization alters the
characteristics of the circulation around the city either changing the roughness
length, heat capacity or albedo. When studying local flows in the coastal areas it
should be kept in mind that the sea breeze contributes to the local circulation as a
secondary circulation. Moreover, if a coastal city has rough topography, in addition
to the combination of urban heat circulation and sea-land circulation as well as
mountain-valley circulation will affect the characteristics of the local circulation. The
complexity arises due to the combination of those mesoscale circulations.
Contribution of these circulations on the local flow is important especially for public
health when the urbanized coastal cities are in consideration. Air pollutant can cause
serious problem such as pollution from human activities can be transported by means
of the sea and land breezes. Re-circulation of pollutants may occur in the urban
areas. Besides, pollutants can be transported into the upper air level and change their

chemical properties and return back to the surface.

Statistical and modeling effects of urbanization in Istanbul are studied in the first part
of the study. However, due to the grid technique the performed model in this part,
MMS5, is not capable to represent the significant features such as the Bosphorus,
coastline shapes of Istanbul and other small water bodies which influence the
mesoscale circulations especially sea-land breeze occurrence, penetration and
cessation and as a result the local flow in the region. Therefore, the other mesoscale
model OMEGA is performed in this part of the study in order to overcome this
lackness and capture the small features which are aforementioned. It is assumed that

because of the grid technique used in OMEGA, which is a kind of advanced

65



Computational Fluid Dynamic (CFD) technique, can provide to better capture the
unsolved features in MMS5. Thus, the OMEGA model is preffered to investigate the
relative effects of the features such as the Bosphorus, topograph, urbanization etc. on

the local flow in Istanbul.

5.1 Meso-Scale Downscaling

The Marmara region, the interest area of this study, is surrounded by the Black Sea
and the Aegean Sea with inland water body, Marmara Sea. Importance of the
investigation of the local flow, therefore, is apparent since seas surround the region
and settlement locates along the shoreline. However, detailed investigation focuses
on the most crowded commerce center in this region, Istanbul. There is another
reason to specify Istanbul for the study is that data availability. Although quality of
the data is controversial, data network is denser in Istanbul than the other cities in
Marmara Region for example Canakkale where the Dardanelles splits the city in two

parts and its orientation is similar to Istanbul.

Istanbul is located between 28°01'E-29°55'E longitudes and 40°28'N-41°33'N
latitudes where two seas that have different physical and chemical properties are
combined via a narrow strait. This strait named as Bosphorus splits Asian and
European continents. Most of the residential districts are located along the
Bosphorus. In Istanbul, the topography rises up to 200 m-350 m where the eastern
part is slightly higher than the other parts. The geographic location and physical
features of Istanbul allow to study the sea-land breeze and also the urban heat

circulation.

Mesoscale models are not able to solve the strait of Bosphorus since the 1 km terrain
data resolution is low to represent this narrow strait. The technique, OMEGA uses is
sensitive to the land-water boundary. Another important property in terms of the

study is that OMEGA allows simulations under the standard atmospheric conditions.

The study is divided into two parts. In the first part, idealized case studies are used to
investigate the effect of geographic features (the strait, lake, and island), geostrophic
wind direction, and topography on the local flow. In the second part, the real case
studies are conducted to understand the behaviour of the flow under realistic

atmospheric conditions.
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Figure 5. 1 : Mesh structure of the OMEGA simulation for a) coarser
domain and b) finer domain.

In the idealized case studies, the specified “standard atmospheric conditions” applied
to the OMEGA model to evaluate the impacts of the each feature by changing only
one feature in each simulation. For instance, if the effect of geostrophic wind
direction is the focus of the investigation than only the wind direction over the region
is changed and all the other parameters (i.e., topography, geographic features) kept
constant. Triply nested grid domain (shown in Figure 5.1) is used in the OMEGA
model. The course domain is located at 52.00 °N-12.05 °E and 30.00 °N-44.00 °E.
Horizontal grid resolution changes 60 km-0.560 km and 35 vertical layers range is 30
m to 20,988 m. 26666 grid cells are generated for the mesh that does not change

during the simulations. Since two different types of simulation are performed, initial
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and boundary conditions are also different on both simulation types. Temperature
and geostrophic wind is specified for standard atmospheric conditions. Temperature
is set to 20°C at the surface for all idealized simulations and geostrophic wind is kept
constant at vertical. Initial flow changes depending on studied features. Namely, if
wind direction difference is investigated, only the direction will be changed.
However, NCEP Aviation (AVN) and global gridded analysis dataset is used for real

case simulations preparing 3 hourly boundary conditions for the dataset, respectively.

5.2 Sensitivity Simulations

Large scale weather patterns and interactions between mesoscale features affect the
atmospheric motion over a region. Therefore, contribution of the physical geographic
features and atmospheric dynamics to the region is important to deduce the local
flow characteristics. The starting point of the hypothetical cases comes from the
complexity of the land-water and geographic properties of Istanbul and its vicinity.
Aside to that, sea surface temperature distribution is different over the Black Sea
than the Marmara Sea (see Figure 5.2). Figure 5.2 is plotted using 1km MODIS SST
satellite data. In order to determine the SST behaviour of the Marmara Sea and the
Black Sea, SST data are averaged on randomly taken points that are very close to the
Marmara Sea and the Black Sea coasts of Istanbul. Although the general expectation
is to see warm water temperature over the Marmara Sea since the Black Sea is semi-
closed inland sea, monthly SST data also depict that it is possible to observe the
opposite situation for example, in July, August, and September. It is interesting to

note that temperature difference between the Seas can increase up to 3°C.

Although atmospheric mesoscale models have some limitations such as, coarse input
data in time and space from the models (AVN, MRF etc.) for atmospheric parameters
or coarse horizontal resolution for surface paramaters over a domain, effect of
geographic features and large scale flow is investigated in this study using fully-
nonhydrostatic, unstructured mesoscale model OMEGA to simulate spatial and
temporal characteristics of the local flow in Istanbul. This model is chosen because it
better represents the land/water boundaries with its unstructured mesh. Features (e.g.
topography, a strait etc.) have relative contribution to the local flow over the region.
Therefore, different simulations are conducted to answer the inquiry of effects of

those features.
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Figure 5. 2 : Satellite Monthly SST distribution over the Black Sea and Marmara
Sea for period from 2003 to 2006 a) location of data points b) SST
for the Marmara Sea and the Black Sea and c¢) SST difference
between the Marmara Sea and the Black Sea.

As Istanbul is located nearby water bodies, it is not a surprise to encounter the
existence of sea and land breezes which are generated by land-water contrast. If the
water-land temperature difference is enough to start a sea breeze, it is usual to
observe the onset of the sea-land breeze. In addition to the thermally driven effect,
the Boshporus, which splits the region into two mainlands, can also contribution to
the local circulation by means of channeling the flow over the Bosphorus. Beside of
these, surface properties such as roughness length change because of the urbanized
areas cause significant contribution on the flow. Analyzing of all those features is

conducted by changing one property while keeping rest of them constant.

By using wind rose analysis technique, it is found that wind frequently blows from
NE-SW direction in first 100 m for both day (at 1200 GMT) and nighttime (at 0000
GMT) and it is shown in Figure 5.3. If the vertical change of the wind is analyzed
similar behaviour is observed at 1500 m, 3000 m and 5000 m. However, general
wind direction is blow mostly from the quadrant which contains SW-NE and NW at
5000 m both day and night.
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Figure 5. 3 : Istanbul (Goztepe) upper-air station daily wind rose plots
between year 2000 and 2005 a) nighttime and b) daytime.

NE-SW is the prevailing wind direction in Istanbul as it is obtained from the wind

rose analysis. Therefore, during the simulations, the flow is set initially as
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northeasterly (~0.25 m/s) wind direction while determining the effect of geographic
physical features. Afterwards, another simulation is conducted for southwesterly

wind (~0.25 m/s) to understand the effect of general flow conditions by keeping the
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other features as similar to the northeasterly cases.
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Figure 5. 4 : SST data for the model derived from ground temperature.

During the simulations surface characteristics (such as, soil moisture, soil
temperature, etc.) are kept constant for all the idealized cases. Furthermore, a gradual
increase (approaximately 1°C) in the sea surface temperature (SST) from the Black
Sea to the Marmara Sea is set utilizing the ground temperature. Water surface is 2°C
colder than the land in the non-urban areas. If the urban scheme is used while
performing OMEGA, urban areas is set 2°C warmer than the non-urban as default
(Figure 5.4). This assumption depends on the findings from the previous studies that
the urban regions are warmer than the non-urban regions at least 1-2°C and might
even be 10°C warmer (Landsberg, 1981; Oke, 1987). The model is initially set to the
standard atmospheric conditions that make the study of idealized cases possible.
Initially, air temperature is set to 20°C in order to represent the summer surface
temperature, pressure is 1013.25 mb and northeasterly calm wind is specified as
geostrophic wind. All these assumptions are applied to the entire domain as well as

to the all vertical layers.

While conducting the simulations, the geographic physical features are brought from

the simplest condition to the actual condition one-by-one. During the simulation,
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alterations are applied only to the innermost domain except for the flat topography
assumption. Flat topography condition is applied to whole domain from outermost to
the innermost domain. A uniform land-use map is utilized on the simulations by

manipulating the model land-use (Figure 5.5).

Figure 5.5 : Land-use map for uniform flat simulation.

BLACK ZEA

MARMARA SEA

Figure 5. 6 : Land-use types prepared by the Municipality of Istanbul (red is
urban region, green area is forest and the rest shows the agricultural
area) (adopted from Istanbul Metropoliten Planlama ve Kentsel
Tasarim Merkezi).

Modification is fulfilled from the current land-use map prepared by the Municipality
of Istanbul. In addition to the urban region, this map also indicates the areas covered

by forest and agricultural area. Therefore, entire inner domain is set as a forest on the
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simple simulation to eliminate the effect of the roughness length difference in the
domain for the sake of simplicity. Map of the land-use types based on the
Municipality of Istanbul (shown in Figure 5.6) is used to be able to simulate details
of the domain for realistic idealized cases since the land-use/land cover data, which
are used in the atmospheric models, do not represent the current land-use

characteristics perfectly.

After setting the fundamental characteristics, such as land-water boundary, surface
characteristics (soil, moisture, soil temperature etc.), SST, and surface temperature,
investigation focuses on dynamic and geographic features which are the components
of local scale flow. Since the main objective of this part of the study is to understand
the relative effect of each component on the flow, direct effect of the strait (the

Bosphorus) is investigated by utilizing flat surface as a first and simplest case.

Not only the topography of Istanbul but also the entire coarser domain is interpolated
to the sea level to prevent the disturbance on the initial and boundary conditions in
the fine inner domain due to the topography. First idealized case, the simplest
condition, is performed setting a uniform flat topography which means that
everywhere in the domain is set to land (no strait). After eliminating topography
effect, another simulation is conducted to analyze the presence of the strait (the
Bosphorus). Therefore, only the strait causes the discrepancy between those two
simple cases since the Bosphorus is added to the flat surface. As it is explained in the
previous paragraphs, only one feature is changed on each performed run to
investigate the relative change of each feature. The way to organize the idealized
cases is that the possible simple situation is described as a first step and new features
are added into the domain. Hence, topography is added to the domain without doing
any changes over the modified land-use to analyze whether wavy hill topography of
Istanbul has any contribution to the local flow. Mesoscale models are not able to
represent the land-water boundaries in details as in reality because of the horizontal
resolution problem and the computational cost. Although OMEGA is able to solve
the domain still there is a problem while simulating some features for example the
Bosphorus since it is a very narrow strait. Since the resolution is not fine enough to
represent the strait over the domain, some cells over the domain are turned into the
water for the better representation of the Bosphorus. Although surface is modified as

water instead of land, topography created by the model is not changed in the
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modified cells but it represents the channel throughout the Bosphorus. Here after, the
uniform flat topography is named as flat, flat topography with strait as the flat-strait,
real topography with strait as the real topo-strait, real topography with island as the
real topo-island, and the real topography with all the geographic features with lakes
and actual land-use type for northeasterly wind direction as ne-current and
southwesterly wind direction as sw-current. Properties of the simulations are given in
Table 5.1.

Table 5. 1 : List of performed simulations.

WIND Flat Real Topography Strait Island Urban
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Figure 5.7 : Cross-section location along the Bosphorus.

Cross-section along the strait (seen in Figure 5.7) is utilized to understand the
contribution of the strait on the flow behaviour. The main focus of this study is to
investigate the thermally driven mesoscale features. It is well known fact that local
flow over the domain mainly depends on the different responses of the surfaces to
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the diurnal temperature cycle. Temperature distribution between the different
surfaces controls the behaviour of the flow. This effect is investigated in detail by
comparing the potential temperature distributions for all simulations (see Figure 5.8).
The abbreviations BS and MS on the figures represent the Black Sea and the

Marmara Sea, respectively.
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Figure 5.8 : Potential Temperature (K) at 15m along the strait for idealized cases
a) flat,b) flat-strait, c) real topo-strait, d) real topo-island e) ne-current
and f) sw-current.
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It is seen that the flat simulation gives uniform potential temperature distribution
over the domain since there is no such a feature that disturbs the given large scale
flow. However, Figure 5.8b exhibits the perturbation of the potential temperature due
to the presence of the strait. Each new feature contributes to the disturbance of the
potential temperature at some degree so the flow behaves in a different manner than
the simplest case (the flat simulation). As corresponding with diurnal temperature
cycle, the highest temperature values are observed after noon. At this time, the south

coast is warmer than the north coast for all the idealized cases.

Flat simulation shows warmer surface than all other simulations where heating starts
early (at 0500 UTC) when compared with the other simulations (Figure 5.8). Due to
the sea breeze existence and inland penetration on both coasts, maximum heating at
morning hours occurs in the middle of the cross-section domain at 0800 UTC except
than the flat simulation in which the maximum heating is observed at 0900 UTC. The
reason for this manner is because of the presence of the strait, which is added to the
study area except the flat case. The presence of the strait makes the domain cooler
than the flat case. The sw-current simulation heats the air through the strait on the
south earlier than the other simulations (at 0700 UTC) except flat case since the
southwesterly wind helps to move the relatively warm Marmara Sea flow towards
the Black Sea.

Wind is one of the indicators to better understand the flow structure over a region
therefore, V component of the wind, one of the variables from the model outputs, is
analyzed to define the flow behaviour depending on the difference in the idealized
cases. Analyses of V component of the wind are conducted with cross-section which
is previously shown in Figure 5.7. Geostrophic wind is northeasterly during the
simulations for five cases (Figure 5.9a-d), which means that wind over the domain
initially flows from the Black Sea towards the Marmara Sea. Therefore, the
background flow prevents to onset of a land breeze on the north while not on the

south, especially seen on both flat and flat-strait simulations.

Analyses show that adding a water body into the environment makes the air cooler
than the uniformly flat surface, which affect the balance between land and water
(shown in Figure 5.8a and 5.8b). First model simulation hours depict the land breeze
only on the south coast of the domain on both flat and flat-strait simulations. The

striking point is that if the simulations contain the topography effect, it is possible to
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observe the land breeze-like flow on the north coast in contrast to the flat
simulations. On the flat runs, northerly background flow suppresses the onset of a
land breeze while topography effect makes onset of a land breeze easy by means of
the down-slope wind. Characteristics of the sea breezes on both cases are different in
a progressing time series. One of the differences in the morning is that the onset time
of the sea breeze in the case of flat run is one hour earlier (at 0600 UTC) and more
intense than the flat-strait case and also the life time of the sea breeze is short in the
flat-strait case. Also, horizontal entrainment from both sides of the strait makes
contribution to the local flow by means of a sea breeze which is observed along the

strait at the same time in the Black Sea and Marmara Sea.

Two sea breezes exist close to shorelines and they penetrate towards the inland and
converge at some point in the domain. This convergence occurs since Istanbul is
surrounded by water bodies, Marmara Sea (in the south) and Black Sea (in the
north). The convergence zone occurs one hour early on the flat-strait since the strait
results in a decrease in the air temperature through northeasterly wind and the sea
breeze moves faster due to the increase in land-water temperature gradient over the
Bosphorus. Therefore, the convergence zone occurs at 0800 UTC on the flat-strait

simulation while it occurs at 0900 UTC on the flat simulation (without the strait).

Theoretical and numerical studies have been conducted to understand the mountain-
valley (i.e. topography effect) and sea-land contrast on the local circulation. Federico
et al., (2000) mention that the energetics are more efficient over a flat peninsula due
to the sea-land interactions. Even though topography is very smooth in Istanbul, it is
still the issue whether it contributes to the local flow. It is observed that the sea
breeze is onset at 0600 UTC where the presence of the topography attenuates the
intensity and inland penetration of the south coast sea breeze (from the Marmara Sea)
due to the influence of upslope-downslope flow of the topography. However, the life
span of the sea breeze in the real topo-strait simulation is longer than the flat-strait
simulation (Figure 5.9b-5.9c). Topography weakens the inland penetration of the
southerly sea breeze as well as the intensity of the sea breeze over the strait.
Convergence occurs at the same time as the flat-strait case (at 0800 UTC). In terms
of onset time of the sea breeze and its life span for the real topo-strait and the real
topo-island simulation shows the similar properties. The islands on the Marmara Sea

are the only difference between those simulations hence, the cross-section location is
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specified for the strait and it is not able to capture the effect of the islands at this
point. However, a slight difference, which is observed between those cases, is that
the wind speed of the sea breeze is weak on the real topo-island simulation (Figure
5.9d). Modifications on the geographic features are finalized adding the lakes to the
domain and applying the actual land-use types to the model in order to simulate the
possible realistic condition (Figure 5.9e). The land-use types are totally different
from the land-use type used on the previous simulations, for example; southern part
of the domain near to the strait is urbanized region and this urbanization continues to
the north along the strait. Utilized simple land-use type is shown in Figure 5.6. The
north of the domain is mostly covered by forest and small areas are urbanized in the
realistic land-use data. As theoretical and observational studies show that urban areas
influences the characteristics of the flow by keeping the air warmer than the
surrounded rural region and changing the wind characteristics by means of the
roughness length. Since the south of the domain is urbanized on the ne-current cases,
characteristics of a sea breeze behave in a different manner from the previous cases.
First of all, onset time of the sea breeze is earlier (at 0500 UTC) than all the previous
simulations. The presence of the urban area provides enough temperature gradient
between land and water that causes the early onset of the sea breeze on the south of
the domain (from the Marmara Sea). In contrast to the previous simulations, flat-
strait, real topo-strait and real topo-island, the sea breeze from the Black Sea part on
the ne-current simulation moves fast that can be apparently observed at the existence
time of the convergence (i.e. at 0800 UTC) but the intensity of the sea breeze wind is
not strong as much as those three simulations. Since prevailing wind over Istanbul is
in northeasterly-southwesterly direction, flow characteristics in the case of
southwesterly wind is also investigated beside of the northeasterly wind. The sea
breeze from the Marmara Sea starts at 0200 UTC due to the southwesterly
background flow and influences the south of the domain until 0900 UTC. Onset time
of the sea breeze on the north (the Black Sea) is at 0500 UTC on the sw-current case
whereas it is at 0600 UTC on the north for the other topography cases (Figure 5.9c-
f). Furthermore, the north coast sea breeze on the sw-current simulation is stronger
than the ne-current simulation. Also, similar to the other simulations convergence on
this simulation is at 0800 UTC (except the flat simulation) and the convergence
location is farther inland than the ne-current simulation. The lifetime of the sea

breeze in this case is the longest in all simulations.
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Figure 5.9 : Time series of V component of the horizontal wind (m/s) at 30 m
along the strait for idealized cases a) flat, b) flat-strait, c) real topo-
strait, d) real topo-island €) ne-current and f) sw-current (V is taken
positive towards the north).

The circulation characteristics change in time after convergence occurs due to the
meetings of the sea breezes from both sides of Istanbul. While the presence of the

strait cools down the domain on the flat-strait case, strong northerly flow
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overwhelms the southerly sea breeze at early afternoon. The change in the surface
roughness length that is obtained by adding water body into the domain is channeled
the flow through the strait (Figure 5.9a and 5.9b). The flow characteristics of each
idealized simulation in time is indicated in Figure 5.9. In addition to the flat-strait
case, adding topography to the domain instead of the flat topography enhances the
northerly flow over the strait (Figure 5.9c and 5.9d), which means that the
channeling flow lasts longer by means of the real topography when the Figure 5.9b

and 5.9c are compared.

Strong northerly wind persists to flow at late afternoon but the strong wind is
observed at 1300 UTC on the real topo-strait simulations. Other two cases which are
the ne-current and the sw-current also show the similar behaviour however they are
not as strong as real topo-strait and real topo-island cases due to the heating effect of
the urban areas. Another striking feature is observed at 1600 UTC. Since the flat
simulation has uniform surface, the large scale flow is fairly smooth over the domain
whereas the flat-strait case is affected by a sea breeze-like flow from the MS at 1600
UTC (see Figure 5.9b).

This flow is suppressed by the contribution of the real topography and flow turns to
the northerly direction as it is observed on the flat case. The flow turns to the
southerly direction early at night, however only the flat-strait delays this flow as it is
shown in Figure 5.9. Distribution of vertical velocity values is the significant
indicator to show the motion of the atmosphere. The positive values for the vertical
velocity explain the air transport to the upper atmospheric layers by means of the
convergent flow (see Figure 5.10). It is observed from Figure 5.9 and Figure 5.10
that location and occurrence time of the convergence consistent with the positive

values of the vertical velocity in all cases.

Abe and Yoshida (1982) states that strong ascending flow exists at the center of a
peninsula since the sea breezes from both coast converge (Abe and Yoshida, 1992).
Since Istanbul is surrounded by two water bodies, geographic orientation of it allows
the existence of a convergence due to the sea breeze penetration from both sides of
the domain. As it is explained in the previous paragraphs, southern and northern sea
breezes encounter at a point depending on the specified features on the idealized
cases which gives rise to changes in the occurrence time, intensity and the place

where the convergence exists.
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Figure 5.10 : Time series of vertical velocity (m/s) time series at 30 m along
the strait for idealized cases a) flat, b) flat-strait, c) real topo-
strait, d) real topo-island €) ne-current, and f) sw-current.

Table 5.2 summarizes the information about southerly sea breeze features for all the
idealized cases. This information provides to understand the effect of each changed

features on the local flow relatively. Maximum inland penetration of the southerly
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sea breeze retreats when the conditions are changed to the realistic cases; for
example, maximum penetration is 5 km for the ne-current simulation while the flat
and real topo-strait and real topo-islands are approximately 8 km. Life span of the
southerly sea breeze on the sw-current simulation is longer than the rest of the
simulations. When each idealized simulations are compared, realistic land-use type
with southwesterly wind direction depicts that urbanization brings about a long
lasting sea breeze condition. On the contrary, the life span of the northeasterly wind
direction simulation with realistic land-use type is less than the southerly wind
because the northerly wind pushes the relatively cooler air towards the south, which
distorts the temperature balance on the southern part of the strait and contributes to
the onset of a sea breeze. However, the southwesterly background flow makes
positive contribution to the flow with urbanization and increases the temperature

gradients. Therefore, the duration of the sea breeze on the south is longer.

Table 5. 2 : Characteristics of the southerly sea breeze at the first model layer
(~30m) along the strait.

CASE flat flat-strait | Real topo-strait | real topo-island | ne-current Sw-current
max. inland
penetration 7.87 7.87 7.87 7.87 5 6.3
(km)
intense SB 4.56 5.60 2.16 2.16 2.16 2.16
distance (km)
max. SBwind | g g, 6.44 473 431 6.79 7,52
(m/s)
max. SB
penetration 9 8 8 8 8 8
time (hour)
SB duration
(hour) 5 3 5 5 5 8

Since southerly wind moves the relatively warmer air that affects the onset of the sea
breeze on the sw-current simulation, onset time of the sea breeze is later and life span
of the sea breeze is shorter on the ne-current case than the sw-current case. The
maximum speed of V component of the wind occurs at 0800 UTC for all the

simulations except flat simulation.

On the flat simulation, the maximum V component occurs at 0900 UTC which is
associated with the existence time of the convergence over the domain. Convergence
is important in terms of transport and diffusion of pollutant. Therefore, in order to
have detail information about the convergence, vertical changes on the vertical
velocity and potential temperature are also analyzed. Location (approximately 41.1

°N) where the convergence occurs shows the rising air at upper atmospheric levels on
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sw-current case. However, real topo-strait, real topo-island and ne-current cases
show the weak vertical velocity amount at upper atmospheric levels with divergence
between the surface and upper atmospheric layers at 0800 UTC (Figure 5.11). Those
two topography cases (real topo-strait and realtopo-island) have more intense

subsidence than the other cases with height.
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Figure 5.11 : Vertical velocity (m/s) changes in height at 0800 UTC (at 30 m)
along the strait for idealized cases a) flat, b) flat-strait, c) real
topo-strait, d) real topo-island €) ne-current and f) sw-current.
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Figure 5. 12 : Potential temperature (K) changes in height at 0800 UTC along

the strait for idealized cases a) flat, b) flat-strait, c) real topo-
strait, d) real topo-island €) ne-current, and f) sw-current.

Potential temperature indicates the cold water invasion from both north and south

parts of the domain (Figure 5.12). Since the domain is assigned as water on the other

simulations, potential temperature changes with height indicate that surface is warm

on the flat case. Furthermore, advecting colder water air to the warmer land surface

causes decrease in potential temperature between 150 m and 950 m (Figure 5.12a)

that shows the unstable atmospheric condition.
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Figure 5.13 : Vertical velocity (m/s) changes in height at 0900 UTC along the
strait for idealized cases a) flat, b) flat-strait, c) real topo-strait, d)
real topo-island e) ne-current and f) sw-current.

Analyses show that atmosphere becomes more stable when the strait is set over the
domain. Convergence exists at 0900 UTC on the flat case in contrast to the rest of the
idealized simulations. Therefore, potential temperature and vertical velocity
parameters are analyzed at 0900 UTC in a similar way at 0800 UTC. Those two
simulation times provide the progress of the convergence and divergence for all
cases as seen in Figure 5.13 andFigure 5.14. Convergence loses its strength at 0900
UTC for all cases (the flat-strait, the real topo-strait, the real topo-island, ne-current
and sw-current) except for the flat simulation which is experienced by the

convergence at that simulation time. Location of the convergence is observed
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approximately 41.4°N at the surface and the convection is observed up to
approximately 2000 m on the flat case. However, more intense convection, which
occurred at 0800 UTC, is observed at the upper layers on the flat-strait, real topo-
strait and real topo-island cases at 0900 UTC. In contrast to the flat (the flat and the
flat-strait) and real topography (the real topo-strait and real topo-island) cases,
downward vertical motion direction which points out the divergence is the most
dominant direction of the air motion on the ne-current and sw-current simulations.

However, weak patchy convergent areas in the higher levels are seen on these

simulations.
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Figure 5.14 : Potential temperature (K) changes in height at 0900 UTC along the
strait for idealiz cases a) flat, b) flat-strait, c) real topo-strait, d) real
topo-island e) ne-current, and f) sw-current.
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Figure 5.15 : VV component of the horizontal wind (m/s) along the
strait on the flat simulation at 0900 UTC.

Potential temperature distribution at 0900 UTC depicts increasing surface
temperature especially over the MS and the upper layers become colder than at 0800
UTC except the flat simulation. Another different manner on the flat simulation is
that a re-current circulation, which means the opposing circulation characteristics, is
observed at the upper atmospheric layers at 0900 UTC (Figure 5.15). The re-current
circulation starts at above 1000 m and the circulation is not as much as strong the sea
breeze is at lower layers. However, re-current circulation is not observed on the other
simulations since the sea breeze circulation structure during the convergence

continues up to the upper layers by attenuating the intensity on the other simulations.

The cross-section through the strait shows the flow structure over the strait for
idealized cases. Although cross-section along the strait provides information to
understand the general flow behaviour, this information may not be enough to
generalize the flow over the entire domain. Therefore, in addition to the cross-section
along the strait, two more cross-sections; one from the west of the strait and the other
from the east of the strait are utilized in order to obtain detailed information about the
flow over the entire domain. These cross-sections are specified by considering
locations which are unaffected by the strait. The cross-section from the western part

of Istanbul named as European side is given in Figure 5.16.
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Figure 5.16 : Cross-section locations from the west of the Bosphorus.

Potential temperature distribution indicates the similar behaviour for all four
idealized cases. Flat and flat-strait cases have a smooth shape while rest of the
simulations has zigzags through the cross-section. These zigzags are the indicator of
the topography effect over the domain (Figure 5.17). The main structure follows the
diurnal temperature change where warmer temperature is observed at noon for all
cases. High temperature values are seen in the middle of the domain at the morning
hours. Figure 5.18 gives the distribution of VV component of the horizontal wind that
shows the southerly (from MS) and northerly (form BS) sea breeze existence for all
simulations. The location where the maximum heating is observed over the domain
in the early morning (shown in Figure 5.17) is also an indication of the convergence
point over the domain.

The sea-land breeze circulation for the western cross-section has quite similar
behaviour to the one along strait cross-section. The land breeze circulation is seen
only on the southern part of the domain for the flat cases (flat and flat-strait) with the
northeasterly background flow (Figure 5.18a and Figure 5.18b). However, adding
topography under the same conditions results in a land breeze due to the contribution
from the down-slope wind both on the north and south coastlines (shown in Figure
5.18c). It is seen that the islands have no significant effects over this side of the
domain since the islands are located on the eastern part of Istanbul. Therefore, it is
expected to observe a flow change on that side of the domain.
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Figure 5.17 : Potential temperature (K) time series ( at 15m ) for cross-section
from west of the Bosphorus a) flat, b) flat-strait, c) real topo-strait,
d) real topo-island e) ne-current, and f) sw-current.

Urbanized area prevents onset of a land breeze on the southern shoreline on the ne-
current and the sw-current simulations while the north parts of those simulations
behave similar to the topography simulations. That is, land breeze can be observed
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on the north on ne-current and sw-current cases. The onset time of the southerly sea
breeze is similar both on the flat cases and the real topography (real topo-strait and
real topo-island) cases at 0600 UTC whereas the urbanization produces the early sea
breeze on the ne-current and sw-current cases. Onset of the sea breeze starts at 0700
UTC on the north (BS) for all northerly geostrophic wind directions. On the contrary
to the northerly flow, southerly geostrophic wind shows the early onset of a sea
breeze at 0600 UTC.

Latitude

Hour

Figure 5.18 : Time series of VV component of the horizontal wind (m/s) (at 30 m)
for cross-section from west of the Bosphorus a) flat, b) flat-strait,
c) real topo-strait, d) real topo-island e) ne-current, and f) sw-current.
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Figure 5.19 : Time series of vertical velocity (m/s) time series (at 30 m) for cross-
section from west of the Bosphorus a) flat, b) flat strait, c) real topo-
strait, d) real topo-island €) ne-current and f) sw-current.

Flow direction to the coastline controls the penetration of the sea breeze. Comparison
of northerly and southerly flow situations enables to deduce the mechanism of the
sea breeze progress in Istanbul under different wind direction conditions. Previous
studies showed that onshore flow prevents onset of the sea breeze since it creates

weak temperature gradient while offshore flow allows existence of a sea breeze
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causing strong temperature gradient (Estoque, 1962; Zhong and Takle, 1993). Since
Istanbul is a kind of peninsula, wind from north or south acts as an offshore flow for
one shoreline while an onshore flow for the other shoreline.

mfs

"""""""""""""""""""""""""""""“““““““““““‘\ IiIIiz |

4125

2500
2000
1500
1000
00

-25

2500
2000
1500
1000

00

T
(=
|

2500

1500
1000
A00

[ ]
[ ]
[ ]
—_

Height (meters

M5 41 4108 411 4118 12 1% BS
Latitude

Figure 5.20 : Vertical velocity (m/s) changes in height at 0800 UTC for west of the
Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real topo-island
e) ne-current and f) sw-current.

In fact, the northerly flow contributes to the inland penetration of the sea breeze on
the southern shoreline because northerly opposing flow (offshore wind for the south
of the domain) causing weak temperature gradient and it penetrates farther inland
while it keeps the northern sea breeze in a limited extent. On the other hand, in the
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case of southerly flow, effect of the sea breeze is observed farther inland on the
northern shoreline while inland progress of the southerly sea breeze stays in a short
distance since the strong temperature gradient on the south of the domain causes less
inland penetration of the sea breeze. Therefore, sea breeze responses to the
background wind direction determines the convergence locations over the domain.
The vertical velocity distribution for the westerly cross-section given in Figure 5.19

indicates the rising air areas over the domain.
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Figure 5.21 : Potential temperature (K) changes in height at 0800 UTC for west of
the Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real topo-
island e) ne-current and f) sw-current.

Location where two sea breezes meet shows the convergent flow, which is especially

important in the morning hours. Because of these facts, the vertical velocity and
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potential temperature structure with height are analyzed at 0800 UTC and 0900 UTC.

Figure 5.21 depicts that two cold airs invade from BS and MS to the land at the

surface and meet each other at different locations for all simulations. This meeting is

experienced by the convergence at the surface and moves towards the upper layers

(up to 3000 m) as it is seen in Figure 5.20a-f. The vertical velocity is strong on the

sw-current simulation and unstable conditions occur due to the progress of advection

of the cooler water over the land at 0800 UTC for all cases.
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Figure 5.22 : Vertical velocity (m/s) changes in height at 0900 UTC for west of the

Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real topo-island
e) ne-current and f) sw-current.

Heating in time associated with diurnal cycle is observed for all the simulations.

Convergence zone is observed with its intense magnitude almost in the middle of the

cross-section on the flat run at 0900 UTC as seen on Figures 5.18 and 5.19.
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Convergence location causes warm region in the domain, which can be observed on

potential temperature changes on the flat case as a dome (Figure 5.23).
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Figure 5.23 : Potential temperature (K) changes in height at 0900 UTC for west
of the Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real
topo-island e) ne-current, and f) sw-current.

Real topo-strait and real topo-island simulations show the strong convergence
existence (Figure 5.22c and Figure 5.22d). The progress time of the convergence on
ne-current and sw-current cases depending on the heating is shown in Figures 5.22e
and 5.22f. It is interesting to note that the strength of the convergence attenuates on

the sw-current with height while it enhances on the ne-current simulation. Invasion
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of cold water air to the land is observed from potential temperature changes with
height for both coastlines at 0800 UTC and 0900 UTC for all cases.

Table 5. 3 : Characteristics of the southerly sea breeze at the first model layer

(~30m) for the west cross-section.

CASE

Flat

flat-strait

real topo-strait

real topo-island

ne-current

Sw-current

max. inland
penetration
(km)

17.80

19.79

16.01

16.01

16.01

23.26

intense SB
distance
(km)

12.75

3.94

3.94

3.94

3.94

3.9

max. SB

10.29

6.93

6.06

6.48

4.77

5.56

wind (m/s)
max. SB
penetration 9 8 8 8 9 9
time (hour)
SB duration
(hour)

Table 5.3 gives information about southerly sea breeze for the European side cross-
section such as maximum inland penetration of southerly sea breeze, existence time
of the maximum wind speed, life span of the southerly sea breeze for all idealized
cases. Maximum convergence with their strong magnitude occurs at 0900 UTC on
flat, ne-current and sw-current cases however it occurs at 0800 UTC for the rest of
the simulations. Maximum inland penetration from the south is 23.26 km on sw-
current simulation at 0900 UTC while the maximum southerly wind (5.56 m/s) is
observed 3.9 km far from the southernmost at 0800 UTC. Although maximum wind
speed blows on the flat simulation, maximum life span of the sea breeze, 8 hours, is

observed on the current simulations.

While investigating local flow characteristics, flow properties over the Bosphorus is
the first focus. After determining the behaviour of the flow over the strait, two cross-
sections are investigated also in order to generalize the flow over entire domain. As
explained in the previous paragraphs, the first cross-section is taken from the western
part of the domain, European side. Second cross-section is from eastern part called
Asian side, which is shown in Figure 5.24. In addition to define the general
characteristic of the local flow, effect of the islands on the flow is intended to
investigate beside of the other effects using the eastern cross-section. The cross-
section is started over one of the islands on purpose to capture the flow over the

island and also investigate the effect of the presence of the island over the domain.
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Figure 5.24 : Cross-section locations from the east of the Bosphorus.

The flat-strait case shows the warmer temperature distribution on the MS than the
flat case early at noon however the topography ceases the warm temperature
structure (see Figure 5.25a, 5.25b and 5.25c). After the islands are added to the
domain, temperature structure shows the difference between the real topo-strait and
real topo-island (Figure 5.25¢-5.25d). The outstanding feature, which is observed in
Figure 5.25d, is that two warm surfaces are separated by the water body on the south
(MS) when the domain contains the islands. Implementing current conditions to the
model causes heating where the urbanized region is located (Figure 5.25e and 5.25f).
In addition to that, contribution of the southwesterly wind direction to the heating
over the domain is clearly seen at 1200 UTC in Figure 5.25f. Sea-land breeze
existence depicts almost the similar structures on the flat cases (see Figure 5.26a-
5.26b). The general flow structure shows similar behavior compared to the one
obtained in the cross-section along the strait. For instance, the strong southerly flow,
observed at 1600 UTC on the flat-strait case is suppressed by the topography
(Figures 5.26b and 5.26¢) as it is also observed for the cross-sections along the strait
and the western part. However, different features are also observed since the cross-
section is taken from land. Two southerly flows are seen at 1200 UTC and at 1400
UTC on the real topo-strait flow whereas the islands on the domain suppress these
structures.

97



Latitude

Hour

Figure 5. 25 : Potential temperature (K) time series (at 15 m) for cross-section
from the east of the Bosphorus a) flat, b) flat strait, c) real topo-
strait, d) real topo-island €) ne-current and f) sw-current.

The presence of the islands shows the land breeze at 0400 UTC for both over the
island where the cross-section is taken and over the mainland. A sea breeze starts
over these two land surfaces at 0600 UTC. The water surface between the island and
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the mainland is located 40.9°N splits the southerly wind direction (southerly sea
breeze) into two strong parts. Urbanization makes the domain warm on the current
simulations (see Figure 5.26e-5.26f) and strong southerly sea breeze is observed

under the southwesterly background flow.
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Figure 5. 26 : Time series of VV component of the horizontal wind (m/s) (at
30 m) for cross-section from the east of the Bosphorus a) flat,
b) flat-strait, c) real topo-strait, d) real topo-island e) ne-current,
and f) sw-current.
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Figure 5.27 : Time series of vertical velocity (m/s) (at 30 m) for cross-section
from the east of the Bosphorus a) flat, b) flat-strait, c) real topo-
strait, d) real topo-island e) ne-current, and f) sw-current.

Maximum inland penetration of the southerly sea breeze occurs at 0900 UTC on the
flat run as it is seen from the other two cross-sections. Rest of the simulations shows
the intense penetration at 0800 UTC. Penetration also continues on flat-strait case at
0900 UTC. As the northerly background flow prevents the inland penetration on the
north (BS) while it allows the inland penetration on the southern part of the domain

(MS), sea breeze is onset close to shoreline on the north. Similar condition is found
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for the southerly background wind direction that southern sea breeze cannot progress
into the inland while the northerly sea breeze extends to the inland. The maximum
inland penetration of the sea breeze is also the location where the convergence

occurs.
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Figure 5.28 : Vertical velocity (m/s) changes in height at 0800 UTC for east of the
Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real topo-island
e) ne-current and f) sw-current.

The vertical velocity distribution for the cross-section given in Figure 5.27 indicates
the rising air areas over the domain similar to the other cross-sections. Vertical
velocity and potential temperature behaviour with height is also analyzed for the
existence time of the convergence. Convergence regions at 0800 UTC on the flat run
(shown in Figure 5.28a) are not associated with meeting of southern and northern sea
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breezes. These convergences directly related to surface parameters response to the
sea breezes on both sides of the domain and they are located on where the border of
the cold airs invasion is observed from the potential temperature (shown in Figure
5.29a). Similar behaviour is also observed for the flat-strait case. Two convergences,
unrelated to the sea breeze meeting occur between the cold temperature boundary
with sea breezes over the domain at 0800 UTC (Figures 5.28b and 5.29b). Flat cases
(the flat and flat-strait) show the similar behaviour over the domain and the strait

strengthens the intensity of the convergence over the uniform surface.
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Figure 5.29 : Potential temperature (K) changes in height at 0800 UTC for east

of the Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real
topo-island e) ne-current and f) sw-current.
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In contrast to the flat cases convergence occurs due to the sea breeze merge over the
domain on the real topography runs (Figures 5.28c and 5.28d). Sliding cold airs from
BS and MS into the domain and gradient in potential temperature between the
adjacent regions where the convergence is observed are shown in Figures 28c and
27d. The vertical velocity is strong on the real topography runs. Furthermore, the

intensity of the convergence is low over the island at 40.9°N (Figure 5.28d).

The flow is more complex when the current land-use types and other geographic
features are added into the domain. Convergence changes its location depending on
the background flow direction. Northerly background flow causes the convergence

on the north while the southerly flow makes the convergence stay in the south.
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Figure 5. 30 : Vertical velocity (m/s) changes in height at 0900 for east of the
Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real topo-
island e) ne-current and f) sw-current.
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Vertical extent of the convergence is up to 2000 m on the flat runs while it keeps
continue on the rest of the simulations. Corresponding to the potential temperature
behaviour convergence moves towards the middle of the domain at 0900 UTC
(Figure 5.31). The convergence location is observed at 41.05°N for all the
simulations except than the flat simulation whose convergence region is at 41.1°N
and extends vertically higher altitude as shown in Figure 5.30. Flat simulations have
the strong vertical velocity values in all the simulations. If the current simulations are
compared, vertical velocity produced by the sw-current conditions is stronger than
the ne-current simulation due to contribution of the onshore flow to the urban-

induced convergence.
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Figure 5. 31 : Potential temperature (K) changes in height at 0900 UTC for east of
the Bosphorus a) flat, b) flat-strait, c) real topo-strait, d) real topo-
island e) ne-current and f) sw-current.

104



Table 5.4 is utilized to give general information about southerly sea breeze. It shows
that maximum inland penetration occurs on the flat-strait case with 7 m/s wind speed
in y-direction. Topography also increases the intense SB penetration distance. Since
onshore flow suppresses the inland penetration of the sea breeze, inland penetration
of the southerly sea breeze progresses farther inland on the ne-current simulation
(23.75 km away from the south) than the sw-current. Maximum duration of the sea
breeze is on the ne-current flow simulation, 8 hours, with 4.5 m/s southerly wind
speed. However, the sea breeze is observed only 3 hours on the sw-current with 5.9
m/s.

Table 5. 4 : Characteristics of the southerly sea breeze at the first model layer
(~30m) for the east cross-section.

CASE flat flat-strait | real topo-strait | real topo-island | ne-current | sw-current

max. inland
penetration 25.22 31.30 22.34 23.75 23.75 22.3
(km)
intense SB
distance 15.4 16.23 17.56 17.56 10.85 10.85
(km)
max. SB
wind (m/s) 6.63 7 5.19 5.12 4.5 5.9

max. SB
penetration 9 8 8 8 8 8
time (hour)
SB duration
(hour)

After all analyses two features are noticeable. First one is the effect of the strait and
the second one is the contribution of the urbanization on the flow. Analyses point out
that the strong northerly wind blows over the domain after northerly and southerly
sea breezes merged. The presence of the strait channeled the flow at noon. However,
the channeled flow is sensitive to the topography as well. The strong northerly flow
over the domain extends more to the western part of the domain while the channeling
is limited on the eastern part. Yet, topography and shape of the strait controls the
penetration of the channeled flow. The height of the terrain differs on both sides of
the strait where the terrain height is high on the eastern part (shown in Figure 5.32a
and 5.32b).

Terrain height difference between both sides of the Bosphorus affects the movement
of the flow towards the inland from both sides of the strait. Hence, penetration of the
channeling flow is less on the west due to the topography effect while it moves more

inland to the east of the strait. Another significant feature over the Bosphorus is that
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the flow has a fan shape when it exits from the Bosphorus. This strong outflow
feature is continuous in time and progress into the Sea of Marmara (Figure 5.33 and
Figure 5.34). Also, urbanization depicts the same strong channeled flow and outflow
over the strait. On the other hand, the channeled flow is weakened by the

urbanization on both sides of the domain as shown in Figure 5.35.
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Figure 5.32 : Topography of the cross-sections a) western cross-section and
b)eastern cross-section.

Inland penetration of the channeling flow is not strong and broad horizontally on the
southerly background wind (Figure 5.36). Yet, the flow along the strait is as strong as
the real topo-strait at early noon and it loses its strength after 1600 UTC. Outflow is
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not strong enough to move into the Sea of Marmara and it is not continuous in time.
In addition to the channeling due to the presence of the strait, the islands distract the
flow in a similar way on the flat-strait case. Roughness length changes on the flat-
strait case causes the existence of the channeling flow through the strait. Water
surface between the mainland and the islands also provides the same condition to

produce a channeling flow on the southwest of the domain.
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Figure 5.34 : Flow structure on the real topo-strait case at 1300 (at 30 m).
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Figure 5.36 : Flow structure on the sw-current case at 1300 (at 30 m).

The second conspicuous contribution comes from the urban effect over the domain.
The spatial flow points out that urbanization prevents the fast movement of the sea
breeze. Moreover, urban region acts as a buffer zone in between the water surface
and the rural region. The sea breeze does not penetrate farther inland because urban
heat island is coupled with the sea breeze (Yoshikado et al, 1996). It is important that

a convergence zone exists over the urban region since interaction of the sea breeze
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and the urban heat island circulation influences air pollution concentration. A
convergence zone occurs in the middle of the urban region, which delays the
progress of the sea breeze when it is onset (Figure 5.37). Same figure also exhibits
the onshore and offshore flow influence on the domain as it was emphasized
previously. In order to deduce the details of the urbanization contribution to the flow
at vertical, a horizontal cross-section passes through the urban areas is utilized
(shown in Figure 5.38).

Figure 5.37 : Onset of the sea breeze for current conditions a) ne-current and b) sw-
current simulations at 0600 UTC (red color shows the urban area).

Although topography is not rough in Istanbul, it influences the flow properties as
given in the previous paragraphs. As it is shown in Figure 5.32a-b and Figure 5.38b,
eastern part of the domain is relatively high over the domain. Therefore, attenuation
of the flow is observed at that side while the flow extends more inland on the western
part of the domain at noon when the flat-strait and real topo-strait simulations are

compared.

Height (meers)

2885 289 2895 2 2905 2.1 29.15
Longitude

Figure 5.38 : Horizontal cross-section from the south of the domain a) cross-section
location and b) topography along the cross-section.
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Figure 5.39 : Changes U component of the horizontal wind (m/s) in height at 0600
UTC a) flat, b) flat-strait, c) real topo-strait, d) real topo-island €) ne-
current, and f) sw-current.

Horizontal structure of the sea breezes and the urban heat island can be analyzed
from the cross-section for all cases. Since the first case has uniform surface, there is
no signal about a sea breeze flow at 0600 UTC (Figure 5.39a). After water surface,
which is located between the 28.99°N-29.00°N (shown in Figure 5.38b) is added to

the domain, onset of a sea breeze flow is observed around the strait as shown in

110



Figure 5.39b. The onset of sea breeze is specified by positive U component of the
wind on the eastern part while by negative values on the west. The sea breeze is also
observed over the real topography cases with increased inland penetration due to the
topography effect (Figures 5.39c¢-d). case.
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Figure 5.40 : Vertical velocity (m/s) changes in height at 0600 UTC a) flat, b)
flat-strait, c) real topo strait, d) real topo-island e) ne-current and

f) sw-current.

The contribution of the urbanization to the flow is clearly seen in Figures 5.39e and

5.39f. The sea breeze is more intense on the both sides of the strait since the urban
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region increases the temperature gradient on the sw-current case. Convergence over
the urban region keeps the sea breeze close to shoreline on the sw-current case since
the southwesterly flow positively contributes to the temperature gradient. However,
on the ne-current case, northeasterly wind causes weak temperature gradient that
produces the weaker sea breeze on the south of the domain. This weak sea breeze

moves more inland than the southwesterly wind

Existence of the convergent region over the domain because of the surface diversity
is also seen on those simulations. Rising air corresponding with the convergence
reaches up to 1000 m and also the convergence is dominant on both sides of the
Bosphorus (shown in Figure 5.40e and 5.40f). This convergence zone is
overwhelmed in time and when the sea breeze overcomes the convergence it moves
into the inland. Other idealized cases show weak convergences area only near the
strait since there is no urban region over the domain on those case. The ne-current
simulation indicates a re-current circulation over the western urban region at 200 m
whereas southwesterly flow distorts the re-current circulation (see Figures 5.39e and
5.39f). Under the southerly initial wind condition, the sea breeze extents with height

up to 200 m where the re-current circulation is observed on the northerly initial wind.

5.3 Real Case Simulations

One of the objectives of this study is to understand the physical mechanisms of local
flows over Istanbul. Due to the complexity of the domain, it is difficult to explain the
behaviour of the local flow. In the first part of the study a mesoscale model is
performed for idealized cases. After gaining some insights from those hypothetical
simulations, real-case simulations are performed for winter and summer. Two dates
are determined based on criteria that are necessary for the existence of a sea-land
breeze and urban heat island circulations. These criteria are well-known from the
previous studies, which are high pressure system with calm and cloud free conditions
(Oke, 1987).

From synoptic flow charts and satellite images which are provided by the State
Meteorological Service of Turkey, 08 July 2007 and 09 December 2006 are specified
as a representative of the criteria for summer and winter, respectively (shown in
Figure 5.41 and Figure 5.42). The main concern is to investigate the mesoscale flows

such as, land-sea breeze and urban heat island on both winter and summer conditions
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in the light of sensitivity simulations and further determine the model performance
for the domain. Synoptic charts show that the cold high pressure system sidling from
the north is centered over the Eastern Anatolia extending through the west of Turkey
on 09 December 2006 and synoptic chart shows calm condition. However, high
clouds are seen over the domain from Figure 5.43a. Although clear weather is a
recommended condition for the analysis of mesoscale flow, it is difficult to find the
cloud free sky in wintertime. Therefore, 09 December 2006 is used to simulate the
wintertime mesoscale circulation. The high pressure is settled on Atlantic Ocean
throughout the Europe including the Marmara Region of Turkey on 08 July 2007
(shown in Figure 5.42) and clear sky dominates on this day as expected (see Figure
5.43Db).
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Figure 5.41 : Synoptic chart at the surface at 0000GMT on 09" December 2006.
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Figure 5.42 : Synoptic chart at the surface at 0000GMT on 08" July 2007.
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Figure 5.43 : Satellite ima%es for real case simulations a) on 09" December 2006,

and b) on 08" July 2007.

Analysis on 09 December 2006

Initial and boundary conditions to initialize the OMEGA are provided by NCEP 3
hourly AVN dataset with 1.0x1.0 degrees horizontal resolution. The Sea Surface
Temperature (SST) is provided every six hours by FNMOC (Fleet Numerical
Meteorology and Oceanography Center), which is approximately 12 km resolution at
the equator and 9 km at the mid-latitudes. The OMEGA is set up using three nested

domains where the horizontal resolution changes from 60 to 0.56 km with 35 vertical
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levels up to 20,988 m as used in the sensitivity simulations. After generating the
mesh, land-use data including 99 land-use types (given in Table Al.1) used by the
OMEGA is modified based on the report prepared by the Municipality of Istanbul as
used in the sensitivity simulations (Figure 5.44). As it is mentioned previously,
simulations are performed for two days and model outputs are produced every hour.
Geopotential height at 500 hPa on 08 December 2006 is utilized to compare the
observation and OMEGA outputs in order to obtain the information to show that how
accurately the model simulates the conditions (shown in Figure 5.45 and Figure
5.46).

Figure 5.44 : Land-use type over study domain (red color is urban areas, green is
forest and town and short crop, yellow represent forest, field and
woody savanna).

>
Figure 5.45 : 500 hPa Geopotential Height on 08 December 2006 (black line is
500 hPa contour).
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Figure 5.46 : OMEGA 500 hPa Geopotential Height on 8" December 2006.

The model underestimates the geopotential height (approximately 15hPa) and the
500hPa patterns correspond quite well (shown in Figure 5.45 and Figure 5.46). The
high pressure center from the eastern Mediterranean reaches the western and central
Black Sea passing through the center of Turkey at 500 hPa geopotential height for
observation and also OMEGA results give the high pressure pattern over Turkey,
especially close to the Mediterranean coast and the warm ridge sidling from the east

to Turkey.

Table 5. 5 : Upper air error statistics for 08 December 2006-10 December 2006.

Level TEMPERATURE (°C) | WIND SPEED (knots) | WIND DIRECTION (Degree)
(mb) mE  mAE RMSE mE  mAE RMSE mE mAE RMSE
850 089 115 156 -3.54 436 571 -13.28 4559 72.88
500 027 099 1.36 456 506 6.43 -11.97 3473 55.22
350 046 110 146 -6.17 656 8.65 -14.05 39.15 58.09
100 045 115 149 -6.23 7.19 947 -14.30 3740 54.47

The model upper air observations are compared against the actual observation via
calculating error statistics. The statistics are produced for mean error (mE), mean
absolute error (mAE), and root-mean-square error (RMSE) for temperature, wind
speed, and wind direction. Table 5.5 shows these error statistics at various pressure
levels that are computed 2-day simulation duration (0000 08 December 2006-0000

10 December 2006). Since only one sounding observation station, Goztepe, is

116



available for the comparison, the OMEGA cell locates closest to this observation site

is used for the comparison. The statistical results indicate that the OMEGA model

For example, upper air

predicts the meteorological conditions reasonably well.

temperature statistics show less than 1°C temperature bias, less than mAE 1.5°C, and

less than 1.5°C RMSE.

The study is focused on Istanbul and its outskirt, which is the third nested domain in

the model, and large scale flow is initially from southwest over the domain (shown in

Figure 5.46). Time evolution of the local flow over the domain shows the land-sea

breeze cycle on the winter simulation. The land breeze continues by the late in the

morning and then after the sea breeze (SB) starts. It is first seen on the southern part

of the domain at 0900 UTC (1100 LST) and an hour later fully developed sea breezes

are observed on both part of the domain. However, inland penetration of the northern

sea breeze is faster than the southern sea breeze.
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Initial flow of the model on 8" December 2006 at 0000 UTC.

Figure 5.47 :

Cross-section similar to the sensitivity simulations (see Figure 5.38a) is analyzed
when the sea breeze is fully developed at 1000 UTC (1200 LST). The sea breeze

circulation with its positive and negative values of U component of the wind is

observed close to the surface both sides of the strait (Figure 5.48a). Circulation

between non-urban and urban regions restrict the penetration of the sea breeze by

Hence,

land and water.

contributing to the temperature gradient between

convergence occurs over the urbanized area akin to the sensitivity cases. Also, weak
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re-current circulation is observed over the western part convergence area. Re-current
circulation locates between 300 m and 500 m. Positive vertical velocity values
correspond with the convergence due to the difference between the urban and non-

urban surface properties (shown in Figure 5.48D).
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Figure 5.48 : a) U component of the wind and b) vertical velocity on 9"
December 2006 at 1000 UTC at 30 m.

In addition to the sea-land breeze, lakes in the domain have contribution on the local
scale circulations. Diversity of small water bodies in Istanbul makes local scale
circulation more complex interacting with the Black Sea at north and the Sea of
Marmara at the south. Lake-breeze circulations at two lakes Omerli and Terkos also
show similar characteristics to the sea breeze. The lake-breeze begins at 0900 UTC
(1100 LST) at Omerli and Terkos. Since two water bodies surround Istanbul, it is
expected to merge SBs over the domain. According to Xian and Pielke (1991), SB
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cells meet before 1200 LST over small landmasses and intensity of the SB is weak. It
was concluded from their studies that the SB cells from both coasts merged at the
center of the domain between 1400 and 1700 LST for the landmass with 100-150 km
width. In this study, two SB flows converge at 1300 UTC (1500 LST) close to the
southern part of the domain where the urbanization is dense (shown in Figure 5.49).
The densely urbanized region in the south hinders the inland sea breeze progress.
Thus, the convergence zone is located over the urban region, which is also deduced
from the sensitivity simulations that urban-rural border acts as a buffer zone for the
sea breeze progress. Fast progress of the northern sea breeze surmounts the southern
sea breeze. Hence, land breeze begins on the south earlier than it begins in the north
(at 1600 UTC) while it starts at 1700 UTC (1900 LST) on the north of the domain.
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Figure 5.49 : Sea Breeze convergence on 9™ December 2006 at 1300 UTC
(1500 LST).

An hour later, both coasts are affected by the fully developed land breezes. As
similar to the sensitivity simulations, two conspicuous channeled flows occur over
the domain. One is the northerly channeled flow over the Bosphorus, which starts to
blow with onset of the sea breeze and lasts until onset of the land breeze. The other is
located between islands and the eastern part of the domain. The strong northerly
channeled flow blows along the strait and finally fans out end of the strait.
Discrepancy of the roughness length engenders a channeled flow since conducted

sensitivity simulations show that although topography has contribution on the
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channeled flow over the Bosphorus, the main reason is the roughness length

difference between land and water.

Figure 5.50 : Locations of AWOS stations.

Deficiency of the data network is the main problem for modeling studies when
evaluating the results. Data from Automated Weather Observation System (AWOS)
has been gathered in Istanbul since 2004. Thus, these data network, shown in Figure
5.50, are the only data that can be used for hourly comparison at the surface. The
time zone difference is taken into account when evaluating the data. Meteogram and

hodograph plots are carried out using UTC+0200 time correction on model results.

Meteogram is used to compare the time variation of model results and observations
for temperature, wind speed, and direction. Changes on these parameters are the
indicator of the existence of a sea breeze. The onset of the sea breeze is marked by a
fall in temperature, an increase in humidity, a rise in wind speed, and a rapid change
in wind direction (Atkinson, 1981). Comparisons at the observation stations are
conducted by taking close cell points based on the station latitude and longitude
information. Diurnal temperature distribution of the model can be accepted as
representative of observation although model simulation results of most stations
overestimate approximately 1-2°C (c.f. Figure 5.51). The model temperature at

Merkez, Cavusbasi, Terkoz, Hadimkoy, and Kumkoy stations show more decrease at
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nighttime (~5°C). The maxima of the daytime temperature distribution at these
stations are shifted 1-2 hours on the simulations since results of the model show the
late starting time of the morning heating. As it is obvious that it is not a point-to-
point comparison, therefore, when evaluating the results the resolution difference
between the model data points and the available measured data locations should be
taken into account. Moreover, model mesh in OMEGA does not have the regular size

grid cells. Some of the cells have high resolutions while some of them are relatively

coarse.
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Figure 5.51 : Meteograms of temperature on 08-10 December 2006, solid line is
observation and dash line is model results.
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Figure 5.52 : Meteograms of wind speed on 08-10 December 2006, solid line
is observation and dash line is model results.

122



Wind speed comparison is also revealed in Figure 5.52. Wind speed and direction are
obtained from the first layer of the model which is at 30 m. Since the data from the
observations are at 10 m, wind speed is extrapolated from 30 m to the 10 m for the
model wind speed to compare model and observation using following equation

proposed by Hanna and Britter (2002).
U2(10m) =u1(30m) In (10 m/ z,) / In (30m / z,,) (5.1)

where u; is wind speed at 10 m and u; is wind speed at 30 m and z, is the roughness
length. z, values used in the formula is obtained from Table Al.1. Wind speed taken
from simulations corresponds to the observations. While order of magnitude of the
wind speed is consistent with observations, model generally underestimates the wind
speed especially in Kumkoy, Hadimkoy and Terkoz stations. Nevertheless, there is
no possible way to extrapolate the wind direction data from 30 m to 10 m
comparison for wind direction is conducted using 30 m model wind direction data.
Thus, data distribution of the wind direction varies (shown in Figure B.1). Some of
the stations on model results show 300 degree difference with observation. In
addition, some observation stations have no complete data on simulation days.
Especially, coastal stations have data gap which might not been measured by the

instruments due to the wind variability.

Hodograph shows the direction of the wind traced by the end point of the wind
vectors in time, introduced by Haurwitz (1947). Harwitz (1947) explained the diurnal
rotation of the sea breeze by means of the Coriolis force. Common insight is “the
rotation of the hodograph is clockwise (anticyclonic) in Northern Hemisphere”.
However, theoretical and observational investigations revealed that there is not a
certain rule of which the sea breeze is closed ellipse with clockwise rotation (CR)
(Harwitz, 1947; Kusuda & Alpert, 1983; Alpert et al., 1984; Simpson, 1996).
Balance between the pressure-gradient, advection and friction terms are explained as
the cause of the direction of the sea breeze rotation (Kusuda & Alpert, 1983; Alpert
et al., 1984). Alpert et al. (1984) mentioned that low friction toward the north in
Northern Hemisphere might cause a decrease in the frequency of anticlockwise
rotation (ACR). They also emphasized that topographic forcing gives rise to ACR.
Topographical constraint has been pointed out as a responsible cause of ACR and
rather complex, non-elliptic shape of the hodograph by Staley, 1957; Steyn & Kallos,
1992; Furberg et al., 2002; Prtenjak, 2003; Sicardi et al., 2005.
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Figure 5.53 : Model hodographs of AWOS stations on 09 December 2006.
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Figure 5. 53 (contd.): Model hodographs of AWOS stations on 09 December 2006.



Since hodograph can be used as a good representative of the sea-land breeze,
hodograph plots are prepared from the OMEGA model cells close where the
observation stations are located. Hodographs are shown in Figure 5.53 for the
wintertime (09 December 2006). Most of the stations show the clockwise rotation
corresponding to the common thought that hodograph is clockwise in Northern
Hemisphere. However there are stations that show the opposing wind rotations
(anticlockwise). The striking point is that hodograph rotation close to entrance (i.e.
Kumkoy and Sariyer stations) and exit (i.e. Florya and Goztepe stations) of the
Bosphorus show the different rotations and shapes. Namely, while the hodographs at
Florya and Goztepe stations show clockwise rotation, Kumkoy and Sariyer stations
display anticlockwise rotation on 09 December 2006. On the other hand, shape of the
hodograph is either bisectional or non-elliptical at the stations, but not ellipse as

explained by Haurwitz (1947).

From the theoretical studies, the balance between the pressure gradient, the Coriolis
force and the friction have been explained as a reason for elliptical shape of the
hodograph. Nevertheless, non-elliptic hodograph is associated with the topographic
features. Studied area in this study, Istanbul and its surroundings, have no rough
topography. Valleys, plains and heights are grouped as geomorphologic units.
Altitude of the region rises up to 350 m in the east and 200-350 m in the west of
Istanbul. Although peneplains on both sides of the Bosphorus have no distinct shape,
light wavy structure characterizes the geomorphology of Istanbul. It can be deduced
from the previously performed hypothetical simulations in this study that even
smooth terrain gives rise to difference on the local flow. In addition, shape of the
shoreline is pointed out as another reason for the anticlockwise rotation of the diurnal
wind whether shoreline is concave or convex (McPearson, 1970), which might be the

cause of the different rotation at the entrance and the exit of the Bosphorus.

Analysis on 08 July 2007

One of the well-known features of the sea breeze is that it frequently develops during
the late spring and summer. July 8" is determined as the eligible day for studying the
sea breeze since it provides calm and clear sky with high pressure system. This

condition carries on a few days.
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Figure 5.54 : 500 hPa Geopotential Height on 07 July 2007 at 0000 GMT (black
line is 500 hPa contour).

Corresponding with synoptic chart at the surface, 500hPa synoptic chart shows low
pressure system over Russia, which is sidling towards Turkey (Figure 5.54).
Simulation begins at 0000 UTC on 7" of July and ends on 9™ of July. The model
outputs and observations show the similar location of the trough on the 500 hPa
synoptic charts however it is deep in the model results (shown in Figure 5.54 and
Figure 5.55). On the other hand, while location of the ridge sidling from Africa is

well simulated, it is less strength in the model.

The model upper air results are compared against the actual observation as it is
similar to the wintertime comparison. Table 5.6 indicates the error statistics at
various pressure levels for 2-day forecast duration (0000 07 July 2007-0000 9 July
2007). Goztepe station is used for the comparison location as previously explained.
The statistical results show that the OMEGA model predicts the meteorological
conditions reasonably well. For example, upper air temperature statistics show less
than 1°C temperature bias, less than mAE 1.5°C, and less than 2°C RMSE.

Table 5. 6 : Upper air error statistics for 07 July 2007-09 July 2007.

Level | TEMPERATURE (°C) | WIND SPEED (knots) | WIND DIRECTION (Degree)
(mb) mE  mAE RMSE mE mAE RMSE | mE  mAE _ RMSE
850 133 167 2.04 241 507 691 | 2807 4211 70.74
500 019 1.31 162 190 523 6.76 8.33 2546 43.35
350 010 125 154 250 601 7.75 6.61 23.01 39.61
100 060 151 199 331 690 8.73 210 1834 3213
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Figure 5.55 : OMEGA 500 hPa Geopotential Height on 7" July 2007.

As a consequence, the model has a quite well performance to represent the pattern of
the initial conditions. Initial flow is from the northwest as seen in Figure 5.56.
Corresponding to the theory, land breeze occurs early in the morning and continues
until at 0400 UTC (0700 LST) and sea breeze begins early in the summer when two
real case simulations are compared. It starts on the southeast part of Istanbul at 0600
UTC and an hour later similar feature is seen on the southwest and northeast. That is,
the full developed sea breeze structure is seen on both coasts at 0700 UTC (1000
LST). Cross-section from the location similar to the Figure 5.38a is used to
determine the urban region contribution to the flow over the southern part of the

domain.
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Figure 5.56 : Initial flow of the model on 7" July 2007 at 0000 UTC.
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It is observed that strong sea breeze progresses to the inland on the eastern part of the
domain (Figure 5.57a). Strong sea breeze locates close to shoreline and it does not
penetrate farther inland on the eastern part. However, a weak convergence occurs
between the urban and non-urban regions. U component of the wind shows that the
sea breeze extents up to 600 m. Above 600 m opposite wind direction is observed up
to 1000 m. Two strong positive vertical velocity values, which is the indicator of the
rising air motion, are seen on between urban and non-urban boundary. The location

where the strong sea breeze invasion occurs is shown in Figure 5.57b.

Height {meters)

28.85 289 2895 2 205 291 2815
Longitude

Figure 5.57 : a) U component of the wind and b) vertical velocity on 8" July
2007 at 0700 UTC at 30m.

Beside of the sea breeze circulation, lake-breeze circulation is also observed over the
domain. Lake-breeze begins at 0700 UTC (1000 LST) over Lake Omerli and strong
sea breeze flows from the north dissipates the lake breeze at 0900 UTC (1200 LST).
On the other hand, another large water body, Lake Terkos, has no clear lake breeze
type of circulation. Interaction with the Black Sea can be the reason for not seeing a

sea breeze circulation over the Lake Terkos since strong sea breeze push the flow

129



toward the south before the onset of a lake-breeze. If the land is a peninsula or an
island, sea breeze flows on both sides propagate to the inland and face at some point
over the domain, which results in a convergence zone. Relation of the landmass
width, geostrophic wind, and atmospheric stability with sea breeze merge is studied
by Xian and Pielke (1991). They inferred that landmass width is important at equator
for the intensity and spatial scale of the sea breezes whereas the Coriolis force plays
a key role at midlatitude. Moreover, they implied that non-zero synoptic flow causes
a weak SB due to the weak SB on the windward coast than zero synoptic flow
conditions. Existence time of the sea breeze merge in summer simulation is at 0800
UTC (1100 LST) (see Figure 5.58).
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Figure 5.58 : Sea breeze convergence zone on 8" July 2007 at 1000 UTC.

During the sea breeze circulation, the channeled flow is stronger than the winter
simulation and strongly channeled flow blows along the straits as seen in the winter
simulation with a difference of the advection from wall sides of the strait towards the
inland. Occurrence of the channeled flow due to the presence of the island is also
seen in summer simulation. The main difference of channeling due to the island is
that the time of its occurrence. While channeling occurs during the sea breeze in
winter, it is seen during the land breeze circulation early in the morning in summer.

Land breeze circulation is seen again at 1900 UTC (2200 LST) in summer but
channeling is not observed at this time.
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In addition to the spatial distribution of the land-sea breeze circulation, station based
surface comparison is conducted for temperature, wind speed, and wind direction so
as to evaluate the point-to-point performance of the model for summertime
simulation. Diurnal cycle of the temperature is well simulated. Model overestimates
the temperature 1-2 °C at the stations however the estimation amount is 3-5°C at
night for Terkoz, and Cavusbasi stations. However, almost all stations have good
agreement with observations in general (Figure 5.59).
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Figure 5.59 : Meteograms of temperature on 07-09 July 2007, solid line is
observation and dash line is model results.
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Figure 5.60 : Meteograms of wind speed on 07-09 July 2007, solid line is
observation and dash line is model results.

Model underestimates the wind speed at some stations, especially; the amount of
underestimation at inland stations is more than the coastal stations such as Hadimkoy
and Kamiloba. The resolution difference between the model cell locations and the

height difference between the model and observation stations might be responsible
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for the difference in wind speed. However, Goztepe and Sariyer stations have a quite
big difference on the second simulation day. The increase in the wind speed and
variation on the wind direction is good indicators of the sea breezes. The wind speed
rise is seen early in the morning on both model and observation. Also, difference of
the onset time of the sea breeze between the north and south can be seen from Figure
5.60. Sea breeze blows at 0700 LST at Kumkoy station at north while it starts at
0900-1000 LST at Goztepe and Florya stations at south.

ITadimkov Kamiloba

Figure 5.61 : Model hodographs of AWQOS stations on 08 July 2007.
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Goztepe Sariyer

Figure 5. 61 (contd.) : Model hodographs of AWOS stations on 08 July 2007.

The wind direction shows the rapid changes during the day, which can be more than
300 degree. This difference between the model and observation is because the first
layer of the model data is at 30 m. Figure B.1 shows the comparison between

observations at 10 m and model at 30 m. In addition to this shortcoming, coastal
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stations (Kumkoy, Sariyer, Florya and Goztepe) have no observation values on most
of the day, which makes the comparison difficult to determine the onset time of the
sea breeze. On the other hand, even though it is not possible to deduce the general
direction changes from one or two measurement point, available measurements show

the similar sea breeze onset time.

Hodographs for summer simulation shows the similar rotation directions with winter
simulation at some stations while the shape of the hodograph is generally different.
The most noticeable feature is circular shape of the hodographs at Kumkoy, Terkoz
and Olimpiyat stations (Figure 5.61). Another noteworthy difference is the rotation
of the hodographs especially, at the coastal stations (Kumkoy, Sariyer, Florya and
Goztepe). Rotation is clockwise at Kumkoy and Sariyer stations in summer
simulation while it is anti-clockwise in winter. Stations at the exit of the Bosphorus
(Goztepe and Florya) show complex rotation directions in summer; however, they
are clockwise in winter. Besides, inland stations Merkez and Aksaray have anti-
clockwise rotation in summer while it is clockwise in winter. Common wind
direction at the exit of the Bosphorus is bidirectional (i.e., northeast—southwest) on
both winter and summer simulations, which shows that the flow is channeled. Since
it is considered that Istanbul has a smooth territory, it can be concluded that the main
reason for the different rotation of the hodographs is because of the atmospheric
conditions. Onset of a land-sea breeze circulation is sensitive to the large-scale flow
over a region. Moreover, shape of the shoreline also plays a key role for coastal

stations.
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6. RISK ASSESSMENT STUDY for The STRAITS of ISTANBUL and
CANAKKALE

Hazardous atmospheric releases are dominated by atmospheric flows of a spectrum
of scales (i.e., microscale, mesoscale and global scale). These flows possess various
time and space scales, for example thermal and mechanical forcing causes diurnal
cycle circulations such as urban heat island, land-sea breeze, and mountain-valley
circulations. Local flow over Istanbul is intended to be understood by conducting
idealized and real case numerical studies in the previous part of the study. After gain
some insight from these results, it is focused on the pollution distribution over
Istanbul. The results indicate that strong northerly flow occurs over the Bosphorus,
which is significant since the Marmara region and the Bosphorus and the Dardanelles
is the important water way in terms of maritime trade, and they are densely populated
areas. Therefore, since the many tanker accidents occur in this waterway, a risk

assessment study is conducted in the light of the idealized and real case studies.

During the past three decades, many mesoscale meteorological models have been
developed (for example; ETA, MM5, RAMS, WRF and OMEGA) to forecast
significant atmospheric phenomena. Afterwards, scientists have been interested in
probabilistic calculations. In addition to these studies, some efforts have been spent
to add micro-scale effects on the mesoscale models (Chen et al., 2001, Bacon et al.,
2001). Urban scale air pollution and air quality modeling approaches are of recent
concern such as, toxic releases and hazardous materials that affect human health. In
this sense, many transport and dispersion researches were conducted by Warner et
al., 2001; Walter and Miller, 2000; Westphal et al., 1999; Boybeyi et al., 1995.

Not only nuclear or biologic explosions causes vital danger during wars but also
seeming solely innocent events can result in hazard that maritime material
transportation is hidden danger for human. Turkey has an important role for some
countries having coastal region near the Black Sea such as Russia, Bulgaria, Ukraine,
Georgia and Romania. For transportation and commercial purposes, the Sea of
Marmara, 224 km length, and straits, Strait of Istanbul is 31 km and Strait of

Dardanelles is 70 km length, have been used as a waterway (Undersecretariat for
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Maritime Affairs). These straits are very narrow channels in which navigation is very
difficult for tankers, so there have been many accidents that it is very risky for
settlements. Approximately 50,000 tankers, which have variety kind of burdens such
as, oil, dry burden etc. pass using this waterway in a year and every year this number
has been rapidly increased. Figure 6.1a and 6.1b show amount of tankers passed the
Straits from 1996-2007. Table 6.1 and Table 6.2 give the amount of annual accidents

and amount of annual carriage materials with tankers.
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Figure 6. 1 : Number of annual tanker passes with dangerous materials over
a) the Bosphorus and b) the Dardanelles Straits.

Mainly, crossing these narrow channels topography, weather conditions and human
slips cause accidents in this region. There is a strong need to understand transport
patterns of hazardous atmospheric releases originating from an accident in the straits
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of Istanbul and Canakkale and the corresponding potential impacts on the region.
Since densely populated areas (e.g., the cities of Istanbul and Canakkale) are located
on both sides of the channels with approximately 20% of the city population, tanker
accidents post great danger to the region’s population. Therefore, hazardous material
releases from the past and potential future accidents may affect both water and air,

and consequently may affect the human health.

Table 6. 1: Amount of yearly incidents (adapted from
Undersecretariat for Maritime Affairs)

Year of the Amount of
incident the incident
1999 126
2000 117
2001 131
2002 93
2003 115
2004 151
2005 147
2006 116
2007 117

Table 6. 2 : Amount of Yearly Dangerous Material (adapted
from Undersecretariat for Maritime Affairs)

Year | Istanbul (Ton) | Canakkale (Ton)
1996 | 60.118.953 79.810.052
1997 | 63.017.194 80.485.711
1998 | 68.573.523 81.974.831
1999 | 81.515.453 95.932.049
2000 | 91.045.040 102.570.327
2001 | 100.768.977 | 109.625.682
2002 | 122.953.338 | 130.866.598
2003 | 134.603.741 | 145.154.920
2004 | 143.448.164 | 139.203.656
2005 | 143.567.196 | 148.951.376
2006 | 143.452.401 | 152.725.701
2007 | 143.939.433 | 149.320.062

Even though spread area and concentration of hazardous materials play a significant
role in atmospheric transport and dispersion (AT&D) studies, meteorological
parameters (such as, wind speed, and direction and atmospheric turbulence and
stability) play even greater role in AT&D studies. This may be particularly important
when the flow and transport patterns are studied in the Marmara region. For example,
over the area of Istanbul, both local scale and mesoscale flows may play an important
role in AT&D processes due to the presence of complex topography, urbanization.
Therefore, diffusion characteristics may be more important than the transport

characteristics.

139



6.1 Experimental Design

Most of the world population lives in coastal areas. For example, Turkey is one of
the countries, a peninsula of about 820,000 km? area, located strategically important
geography bounding Europe and Asia continents, surrounded by Black Sea, Marmara
Sea and Mediterranean Sea. The most populated region is the Marmara region with
67,000 km? area that has two straits, Istanbul (Bosphorus) and Canakkale
(Dardanelles) Straits (shown in Figure 6.2).

Figure 6. 2 : Map of study area (visualized from 90m resolution SRTM data).

Mesoscale numerical model OMEGA is performed to determine the risky area after
any tanker accident over this significant waterway. The model has a Lagrangian
particle AT&D model that can be used either in an embedded mode within OMEGA
or an off-line mode using pre-calculated OMEGA meteorological fields as input
(Boybeyi et al., 2001). The Lagrangian particle AT&D model is composed of a
dispersion algorithm that advects tracers using the OMEGA-resolved mean wind
field, while simultaneously solving a diffusion model that simulates the effect of
unresolved sub-grid scale turbulence (YYamada and Bunker 1988; Uliasz 1990).

The particle model provides a comprehensive injection and dispersion capability for
particles or discrete mass elements. The user can choose to initialize multiple release
locations for the particles. The user can also choose the altitude of release, the
injection time interval, the start and stop time of the injection, and the number of
particles to be released.

The unstructured grid of the model provides flexibility to facilitate the gridding of
arbitrary surfaces and volumes in three dimensions (e.g., to terrain features). In

particular, unstructured grid cells in the horizontal dimension can increase local
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resolution statically to better capture the important physical features of atmospheric
flow. This grid feature provides smooth transition from high resolution where needed
to low resolution elsewhere. In addition to the static grid adaptation, the model can
adapt its grid dynamically to the evolving flow features and motions. Dynamic grid
adaptation increases the spatial resolution only where needed, automatically during
run time, thus optimizing the use of the computational resources. The variable
resolution and adaptive nature of the OMEGA grid can, for example, adapt to urban
plumes, thus resolving the large-scale dynamics as well as the local scale circulations

associated with fine scale representation of urban outflow.

6.2 Methodology

The methodology used in this study is based on Probability Distribution (PD)
contours for the exceedance of different thresholds for surface dosage field. OMEGA
is performed for a full one-year time period (i.e., year 2004). A day is specified for
each week to perform 24 hours simulations due to the computational cost of the
model. Thus, 106 model runs are conducted for both day and night to represent one-
year atmospheric conditions so as to provide inputs to the ADM model. Model
outputs are saved every hour for the AT&D model simulations. Since the
computational cost is not efficient to utilize the same grid resolution, the model grid
statically adapted to the geographical region with a changing grid resolution in 1-2
km to provide finer grid resolution. This feature allows more realistic simulations of
local scale circulations, and hence provides a framework to account for their impact

on the climatological hazardous material release transport patterns.

Hazard release simulations are performed using the AT&D model. Since different
sets of AT&D model runs will be performed, it is more economical to run the AT&D
model in off-line mode using pre-calculated hourly OMEGA outputs as input to the
AT&D model. From hypothetical release, concentration and surface dosage fields are
calculated for different time durations (e.g., 3, 6 and 12 hours). The simulated
plumes from these runs are used in examining the impact of plumes on regional scale

air pollution.

The PD calculation is conducted by simply tagging concentration calculation cells
with either “1” or “0”, depending on whether the value is above or below the

specified threshold. These binary numbers are summed over all runs to calculate the
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exceedance numbers. Dividing the exceedance numbers by the total number of
model simulations provides the PD numbers and PD contours gives the predicted
probability of exceedance. This approach allows us to study the impact of plumes
and/or puffs originating from any hypothetical accidental release. Atlas of PD
contours for different threshold values of concentration and dosage fields can also be

created using this methodology.

Figure 6. 3 : Mesh structure of the OMEGA simulation domain for risk
assessment.

Triply nested grid domain (shown in Figure 6.3) with the course domain locates
between the 52.00 °N-12.05 °E and 30.00 °N-44.00 °E is used in this part of the
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study. The grid structure does not change during the simulation and 17802 cells are
generated for the mesh. Horizontal grid resolution is for courser grids 60 km and 2

km for the finer grid. 35 vertical layers are used ranging from 30 m to 20,988 m in

our model design. Model initial and boundary conditions are prepared from Medium-
Range Forecast Model (MRF) gridded data sets from NCEP. OMEGA is used to
simulate weekly 2004 to handle meteorological fields, especially wind and
turbulence fields to force the ADM.

Figure 6. 4 : Release point locations for ADM.
Release point for the ADM is specified based on the reports that show where tanker
accidents occur frequently over the domain. According to the reports of the tanker
accidents, three locations are determined for the Bosphorus: at the entrance of the
channel, in the middle of the channel and at the outflow of the channel and one
location is determined for the Dardanalles, the narrowest point, Kilitbahir (Figure
6.4).

6.3 Analysis of Results

Although OMEGA has embedded ADM, each model is performed separately to
obtain contribution of the each point on the settlement areas. For the ADM setup,
model resolution is defined 500 m. Although many accidents have occurred in this
region, there is no measurement or study about release material and amount of
release. Therefore, some assumptions are made hypothetically for source strength
and threshold values. It is supposed that hypothetically 500 kg pollutants are emitted

to the atmosphere after a tanker accident. The risk assessment study concentrates on
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the surface dosage which is the time integrated concentration. Release time interval
continues instantaneously during the whole simulation time. The ADM simulations
are conducted for both day and night time. In this study, particle distribution obtained
depending on meteorological conditions provided from mesoscale atmospheric
model simulations. Lagrangian particle model, basis of wind parameter, provided
from OMEGA model on this research. Wind pattern of the model shows that the
dominant wind directions over the domain are from NE and SW for the simulation
period. In general sense, NE and SW directions are known as dominant wind
directions respectively in wintertime and summertime over the Marmara region.
Depending on the wind distribution, the ADM simulations show the NE-SW particle
distribution (Figure 6.5). Figures 6.5a and 6.5b include both day and nighttime
releases for year 2004.

a

Figure 6.5 : ADM particle distribution over a) Istanbul and b) Canakkale.

In order to calculate probability of exceedance (POE), surface dosage values from
the ADM are calculated based on threshold values; 95%, 80%, 50% and 20%, as
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explained in the previous paragraphs. Only second release point results are used for
visualization in Istanbul since all release points have the similar distribution for
concentration and dosage. Results reveal that the most dangerous regions are located
on both sides of the straits which are also the most populated areas. POE indicates
the 80% and 50% of plume amount move towards the south of Canakkale and
Istanbul. It is encountered less dangerous pollution situations departing from release

points.
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Figure 6. 8 : Istanbul upper-air station wind rose plots for year 2004, a)
nighttime and b) daytime.

In this study, model is performed both night and daytime and as seen from Figure

6.6a-b and Figure 6.7a-b. Since three release points show the similar 3 hourly POE
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distribution, only second release point, in the middle of the Bosphorus, is given in
Figure 6.7. General behaviour shows that the plume spreads more on days while the
impact area is very confined (Figures 6.6a-b and Figure 6.7a-b). 95% of the
pollutants spread over the domain at night while it attenuates its effects during the
day over the Bosphorus. Day and night POE patterns are similar for the Dardanelles.

After a tanker accident, pollutants mostly affect the area close to release points.

Validation of the model results is a problem for region since very sparse observation
stations are available in this region. Vertical structure of the wind pattern is
significant indicator to understand the particle behaviour in the atmosphere, which
only Istanbul has a upper-air observation station for validation and hence,
comparison in between model and observation can be conducted for only Istanbul.
Vertical wind pattern obtained using wind rose at different heights, which showed

that NE-SW is also dominant at vertical levels (Figure 6.8a, and 6.8b).
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Particle or plume transportation in the atmosphere is directly related to atmospheric
planetary boundary layer (PBL) which plays a significant role on determining the
vertical and horizontal distribution of the plume or particle. PBL can be supposed as
a lid, which constrains pollutants and affects pollutant travel structure depending on
its height and it also traps particle and causes accumulation of pollutant, which
influences amount of air pollution in a region. Figure 6.9 shows that observation and
the model PBL heights are in good agreement and the PBL height changing range is
in 750-1500 m. Simulations show the predominant northeast-southwest release

direction for both straits during the simulation period.

On this research, continuous particle releases are performed in every 20 seconds first
and then some sensitivity tests are conducted to understand how plume behaviour
reacts against these changes. Sensitivity tests include changes in source strength,
release time of pollutants and different threshold values for both concentrations and
dosages. When the source strength or time release is increased dosage dispersion area
enlarges. For instance, sensitivity run with 50 ton particle release in 24 hours reveals
that particles disperses more than the particle release case with 500 kg although the
dispersion direction is similar (see in Figure 6.10). If threshold value of
concentration and dosage increased ten times, dispersion area of particles decreases

as shown in Figure 6.11 and Figure 6.12.
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7. CONCLUSION and RECOMMENDATIONS for FUTURE WORK

7.1 Conclusion

The first part of the study focuses on statistical and numerical investigation of
urbanization in Istanbul. Thermal structures of the urbanized stations (Goztepe and
Florya) are examined by using suburban and rural stations on a monthly basis before
and after 1980. Non-parametric Mann-Kendall test is applied to the minimum
temperature dataset. Sequential Mann-Kendall trend analysis is also used to
determine the abrupt change in the trends. Statistically significant positive trends are
observed in Goztepe, Florya and Kandilli stations for the period between 1951 and
2004. Spring and summer seasons are found to be have statistically significant
positive trends for all stations except Kumkoy stations using seasonal Mann-Kendall
test. Analysis of annual minimum temperature differences between urban, suburban
and rural stations shows significant positive trends for all pairs when the reference
station is taken Kumkoy. However, when the Bahcekoy is used as a reference rural
station all pairs except Kirecburnu-Bahcekoy indicate the significantly positive trend.
The sequential Mann-Kendall analysis depicts that the starting point of the trend
change is after 1980 if the selected reference station is Bahcekoy, however, when
Kumkoy is the reference trend starts in 1970. Statistical analysis shows that the urban

heat island of Istanbul is developed in summer season.

The atmospheric mesoscale model is also conducted to investigate the urbanization
effect on overlying atmosphere. Based on the findings from statistical analysis, the
mesoscale model, MMD5, is performed for July. Simulation results indicate two
surface heat island cells located on the European and Asian sides of Istanbul. The
maximum temperature difference for 6 a.m. is around 1°C between 1951 and 2004.
The two cells merge and spread southward at higher atmospheric levels. The
simulations reveal that the urban heating effects penetrate 600-800 m in the
atmosphere and a cooling layer is observed aloft. Model results also show the

warmer, drier and calm conditions for Istanbul dute to the urbanization.
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Statistical and model results give insight about urbanization and its behaviour in the
atmosphere. However, Istanbul has considerable complexity because of the narrow
strait, its hilly topography, the coastlines and the lakes besides urbanization. It is
clear that it is not possible to resolve the important features of Istanbul such as the
Bosphorus, some small water bodies and the coastline shape using the MM5 model
with 3 km spatial resolution. Therefore, another mesoscale atmospheric model,
OMEGA, which better captures the coastal and mountain areas, is performed in the

second part of the study.

One of the major goals of this part of the study is to understand the local flow
contribution to the particle dispersion since the flow in a region is affected by wide
range of scales and also their interactions with each other. Therefore, the topography
and terrain induced mesoscale circulations and their contribution to the local
circulation is the other concern for the study area. Istanbul and its outskirts are
chosen as a study region for this part of the study because of twofold: first and
important one is the dense data network availability relative to the other coastal
cities. Second, Istanbul is the most crowded city in Turkey thus, the quality of the
life is affected by means of the local circulation, for instance many people can suffer
from air pollution as a result of the changed circulation characteristics either because
of the geographic features or growing build-up area. Therefore, understanding
contribution of the mesoscale circulations to the local flow in Istanbul makes this

study noteworthy.

Geographic location of the city is complex since the city is surrounded by two seas
from the north and the south, the Black Sea and the Marmara Sea, respectively.
Moreover, the Bosphorus splits the city into two parts. Orientation of the city and its
mixed size lakes make convenient to study sea-land breeze and lake breeze
circulations. Besides, increasing population in Istanbul (according to the recent
population report, approx. 10 million people live in the city) makes necessity to
investigate the urban heat circulation and its interaction with other mesoscale
circulations and possible effects of those on the lives of people. The well-known
properties of the urban heat island are increasing heat capacity of the city due to the
changing albedo and increasing roughness length due to the increasing building
height which affect the flow characteristics over a city. All these properties result in

sultry weather conditions with increasing temperature and decreasing wind speed.
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Additionally, the more population brings the more air pollution with growing
urbanization. As known the sea breeze circulation provides better conditions for
human life in contrast to the inconvenient conditions due to the urbanization.
Moreover, interaction of the sea-land breeze and the urban heat circulations is
inevitable for the urbanized coastal cities. Thus, flow cycle of the sea-land breeze
circulation may cause the heavy pollution due to the reversible characteristics of the
flow depending on the diurnal cycle. All those reasons indicate the necessity of
investigation of the flow features in Istanbul. Therefore, local scale circulation in
Istanbul is investigated by using a mesoscale model with new mesh generation

technique.

In order to investigate the mesoscale circulations, two different types of simulations
are performed. These simulations are named as idealized and real case simulations
during the course of the research. Idealized simulations are conducted to analyze
contribution of each property of the geography and atmospheric flow condition,
individually. In other words, within these simulations each change is applied to the
model one-by-one. By doing so, the only modification is applied to the model. For
instance, in order to investigate only the effect of the Bosphorus on the region while
the other properties are kept constant, the Bosphorus is added to the domain. Another
property such as topography effect is studied by utilizing the model topography and
the flat topography. In addition to these geographic modifications, changes of the
initial flow conditions are studied by keeping current land-use/land cover properties
as a model land-use map while changing geostrophic wind direction. Hence, all the
possible combinations for the domain are conducted adding each of them to the
model. A series of numerical experiments are performed to examine the role of the
surface induced mesoscale circulations and initial flow features on the local scale

circulation.

The analyses focus on investigating the flow characteristics over the strait and the
land. The results of the numerical experiments suggest that the presence of a channel
or strait affects the flow and delays the onset of the sea breeze over the strait.
However, the sea breeze moves fast through the strait from both edges due to the
increase in land-water temperature gradient. Moreover, the life span of the sea breeze
is short on the flat-strait case. On the contrary to the flat surface simulation with

strait, the flat surface simulation without strait shows the re-current circulation on the
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upper model layers. Since the studied domain is surrounded by two water bodies, it is
common to observe the convergence zone somewhere at the domain due to the merge
of two sea breezes. Flat-strait run demonstrates the first convergence over the strait at
0800 UTC. However, fully developed convergence zone occurs at 0900 UTC over
the domain for the flat case. In addition to those flat surface simulations, another test
run is performed with strait using topography which is generated by the OMEGA
model. As it has been implied by many scientists, topography may influence the
circulation in a region. If the rough topography is under consideration, differences in
the circulation can be obviously attributed to the orography due to the upslope-
downslope or upvalley-downvalley circulations. Although it cannot be expected that
a city with smooth topography such as Istanbul would have a significant effect on the
circulation, still topography in Istanbul gives rise to changes on the flow
characteristics. The sea breeze circulation starts at 0700 UTC for the flat-strait case
while it is at 0600 UTC on the topography case with strait. Topography attenuates
the inland penetration and the intensity of the southerly sea breeze over the strait.
Actual land-use types and all the geographic features are implemented into the model
by using the similar background flow in order to infer the effect of the more realistic
conditions. The land-use data presents the urbanized region on the south of Istanbul.
Therefore, the presence of the urban area provides enough temperature gradient
between land and water that causes the early onset of the sea breeze on the south of
the domain. Furthermore, the northerly flow over the strait is fast on this case while
the southerly sea breeze is weak. Meanwhile, information of the prevailing wind
directions over the domain, which is obtained from observations depict that the
northeasterly and southwesterly directions are dominant over the domain. It is
essential, therefore, to conduct a numerical simulation with southwesterly wind
direction as a second significant wind direction. Therefore, another test case is
performed for actual land-use type under the southwesterly wind condition. This
study indicates that onset time of the sea breeze starts early. In addition, the northerly
sea breeze is strong in all cases over the strait starting at late in the morning.
Convergence occurs due to the merge of two sea breezes in all simulations and the
existence time of the convergence is at 0800 UTC for all cases except for the uniform
flat surface without strait. The more striking feature over the strait is the persistent

strong northerly flow which starts early at noon over the domain. The presence of the
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strait channelled the flow through the strait. Moreover, topography positively

contributes to the channelling.

The general flow characteristics over the land are similar to the flow over the strait.
The onset of the sea breeze is observed in the morning and later northerly and
southerly sea breeze meet. Then after, northerly flow overwhelmed the southerly sea
breeze. Hence, persistent northerly flow blows over the domain. However, the
northerly flow turns to the southerly at late afternoon. Additionally, convergence due
to the sea breeze merge indicates the general behaviour that it occurs at 0800 UTC
over the domain for all the cases except for the uniform flat case. Although main
properties are quite similar, there are also discrepancies between the flow over the
strait and land, hidden in details. First of all, progress of southerly sea breeze is
farther inland towards the land which produces strong winds keeping the temperature
gradient high. Another difference is observed on the channelled flow. Even though
the flow over the land is northerly starting at early noon, it is not strong as much as
over the strait, which is the indicator of the channelling. Simulations with current
land-use data which present the effect of urbanization on the local flow show the
difference depending on the location. Southerly flow is dominant in the morning over

the land since the urbanization keeps the land warm even early in the morning.

Furthermore, even the east and west parts of the domain behave in a different
manner. The continuous southerly wind at north in the morning, which represents the
land breeze blows, start from far inland on the eastern part of the domain when the
actual land-use data is utilized in the model. It is believed that downslope-
downvalley flows affect the flow over the region since the topography is relatively
smooth on the western part of the domain. Also, it should be noted that the land-use
types are differerent on the east and west of the domain. However, the west part of
the domain allows the stronger northerly wind than the eastern part due to the
topography difference. In addition to the terrain difference and land-use difference,
the islands on the southeastern part also contribute to the local flow due to the

channelling effect between the mainland and small islands.

All the sensitivity simulations exhibit that urbanization changes the flow
characteristics. If the background flow direction is considered, characteristics of the
sea breeze circulation are affected by the urban-induced circulation. Both

northeasterly and southwesterly winds contribute to the onset of the sea breeze in the
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southern part of the domain. Moreover, urbanization affects the characteristics of the
sea breeze such as, existence time and duration of the sea breeze circulation. The sea
breeze duration is 8 hours on the east of the domain under the northeasterly flow
while it is 3 hours for the southwesterly condition. However, it is 8 hours at west of
the domain both for northeasterly and southwesterly wind directions. In addition, the
northerly background wind attenuates the southerly sea breeze while the southerly
flow enhances the southerly sea breeze flow by means of the urbanization. Hence, it
is deduced that interaction between large scale flow and urbanization change the
local flow characteristics. Onshore large scale flow allows the land breeze to occur
on the north part while there is no effective land breeze occurs on the south part of
the domain. Offshore large-scale flow on the south, where the urbanization is
dominant, prevents the onset of a land breeze circulation since urbanization keeps the
surface warmer as observed in the morning. Hence, temperature gradient does not
allow onset of the land breeze over the urban region. However, a strong land breeze

circulation can be observed on the north under offshore flow condition.

Inland penetration of the sea breeze is affected by the presence of the urban areas on
the south of the domain. A convergence exists over the urban region due to the urban
heat circulation and southerly sea breeze meeting. The flow is from the non-urban to
the urban region contributes to existence of this convergence before existence of the
convergence due to the merging of the two sea breezes. Thus, the urban area traps the
sea breeze and prevents it to progress into farther inland. Therefore, the sea breeze
only affects the very narrow area on the south of the domain in the early morning
while the sea breeze on the north penetrates more inland under the southerly flow
condition. The sea breeze penetrates more inland on the south however, it occurs
very close to the northern shoreline on the north under northerly flow condition. It is
concluded that onshore initial flow conditions provide onset of the sea breeze close
to the shoreline since contribution of the urbanization increases the temperature
gradient while offshore flow provides extended inland penetration of the sea breeze
due to the decrease in temperature gradient. Opposing circulation or re-current
circulation over the sea breeze, observed from the sensitivity simulations, is another
significant feature in terms of the pollution transportation and distribution over the

region.
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By keeping findings from sensitivity simulations in mind, research is extended to real
case simulations; two simulations are performed which are representative of the
specified summertime and wintertime circulation characteristics of the local
circulation. These two cases determine the basis of existence criteria of sea-land
breeze and urban heat island circulations. The OMEGA model simulates the large-
scale patterns quite well for both cases while it underestimates the magnitude. Land
breeze is observed until late in the morning and onset time of the sea breeze is 0900
UTC (1100 LST) for specified wintertime simulation. As it is found from the
sensitivity simulations, the sea breeze first starts on the south of the domain due to
the urbanization effect. However, although sea breeze delays on the north part, it
moves fast. Urbanized region prevent to inland progress of the sea breeze as it is also
found on hypothetic simulations. Convergence zone where two sea breezes encounter
is observed at 1300 UTC (1500 LST) on wintertime simulation whereas the time for
convergence occurrence changes between 0800-0900 UTC (1000-1100 LST) in the
sensitivity simulations. Lake breezes can be observed at 0900 UTC on two big lakes
(Lake Omerli and Lake Terkos). The land breeze starts first on the south due to the
warm urban region. Two channelled flow over the region is observed; one is located
over the Bosphorus that is also found on the sensitivity simulations and the second
one is located in between the mainland and islands. Roughness length difference is

the forcing mechanism for the channelling flow.

The results for summertime simulation show that the sea breeze begins at first on the
south as found on the wintertime simulation. Yet, onset time of the sea breeze is at
0500 UTC (0800 LST). Fully developed sea breezes over the domain and also a lake
breeze on Lake Omerli are observed at 0700 UTC (1000 LST). However, no lake
breeze circulation is observed on Lake Terkos since the strong sea breeze prevents
the occurrence of a lake breeze. The merging time of the sea breeze is at 1000 UTC
(1300 UTC) on the specified summertime simulation. Moreover, the flow over the

Bosphorus is strong in the summer simulation.

A series of comparisons is analyzed between results of simulations and
meteorological observations for temperature, wind direction and wind speed.
Comparisons show that the OMEGA model simulates daily temperature change but,
it overestimates the temperature. The OMEGA model underestimates the wind speed

but the order of the magnitude matches with the observations. Results of wind
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direction from the simulations at the observation stations do not show any systematic
behaviour. However, at some observation stations a sudden change on the wind

direction, which is one of the indicators of the sea breeze circulation, is observed.

Hodographs at the surface are plotted for both simulations to understand the flow
rotation. The wind shows clockwise and anticlockwise rotations over the domain
with bisectional and non-elliptic shape of the hodograph. Since hodographs on both
winter and summer simulations depict different flow rotation, it is concluded that
large scale flow has dominant effect on the flow rotation. Beside, the shape of the
shoreline also influences the rotation of the flow. The different shapes of the
hodographs might result from orography and shape of the shoreline even though

study domain has no steep terrain.

Another goal of this study is to determine the air pollutant pattern after any tanker
accident over the Marmara Region through the narrow Dardanelles and Bosphorus
straits. Increased number of shipping throughout the strategically important
waterway has heightened fears of a major accident which could have serious
environmental consequences and endanger the health of the residents. The main
purpose of this study is to prepare a map of the mainly risky areas in the case of an
accident. This map is obtained by calculating the probability of exceedance of
concentration and dosage values at the surface from the Atmospheric Dispersion
Model (ADM).

The OMEGA model, which is a fully non-hydrostatic, three-dimensional prognostic
model based on an adaptive, unstructured triangular prism grid, has been used
extensively in this research. Embedded ADM in OMEGA provides to work on
transport and diffusion of air pollutants using either Lagrangian or Eularian
dispersion techniques. Since the movement of the pollutant is governed by
atmospheric motion, it is essential to provide information about atmospheric
motions. This information can be obtained either from meteorological observations
or atmospheric models. As the meteorological observations are not enough to
represent the general state of atmosphere due to the coarse temporal and spatial
resolution, meteorological models are mostly used to obtain the wind information

and the turbulence field.

Although OMEGA has capability to run the ADM as on-line and off-line modes, off-

line simulations are performed to analyze the behaviour of each specified release

160



point where a tanker accident mostly occurs throughout the Straits. ADM requires
information of the amount of the released material and its duration in addition to the
location information of the release points. Since there is no source strength or
released material information or measurement available, some assumptions are
applied to the ADM. Particle distribution from the release points is obtained by using
forward trajectory method based on Lagrangian technique. Amount of surface
concentration and dosage over the study domain is calculated so as to contour the
POE for the Straits to map the risky areas. The POE calculation bases on the count of
the number of maximum concentration and maximum dosage. Contour maps are
prepared based on 95%, 80%, 50%, and 20% probability values.

Results demonstrate that if any accident occurs the path of the pollutants is
dominantly towards the south-southwest direction. Wind rose from the observation
reveals the bidirectional (NE-SW) wind direction on both day and night. In addition,
a similar behaviour of the flow is observed with altitude. The main direction of the
flow over both straits shows similarities. The most risky area is close to the release
points. However, concentration or dosage looses its intensity when moving away
from the release points. As there is no information for source strength, sensitivity
runs are conducted to analyze the effect of an increase in the amount of source. For
this purpose, the ADM is forced setting the source strength to 50 ton for a chosen
release point. Sensitivity runs show the enlarged concentration and dosage contour
pattern with increasing released material after a tanker accident while shape of the

pattern is same. It is also found that POE is also sensitive to the threshold values.

The study is conducted for only year 2004 due to the computational cost of the
model. Observational upper-air data analysis shows that these results can be
expanded to explain the general behaviour of pollutant distribution since five-year
observation datasets give flow characteristics similar to year 2004. The PBL height,
which is important so as to determine the particle trap height, also shows monthly
changes between 750 m-1500 m during the simulation period. The originality of this
study is that it can provide a view to decision makers to make regulation in terms of
public health. Although this study has no information for emergency response
because of the computational cost and input data requirements to the model, it gives

the general view of particle distribution when any incident occurs.
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7.2 Recommendations for Future Work

Strategic significance of the Straits and dense population on the coastal cities make
the investigations noteworthy. The fundamental mechanism providing dispersion of
air pollution is the atmospheric motion so understanding the flow characteristics is
important. Due to the lack of available data for the comparison, only the Bosphorus
is taken into consideration in the course of the study. This work is motivated by
sensitivity simulations in order to exemplify the different factors effects on the local
circulations. Even though the horizontal resolution used in the course of the research
is fine, the model topography needs modification by the user. Especially, the narrow
strait needs modification. It is necessary, therefore, to use high resolution topography
data and also high resolution land-use data in the model. Sea-land breeze and
urbanization are the main foci in this study. Although it has been concluded from
many studies in the literature that steep topography has striking effect on a
circulation, sensitivity simulations in the course of the study show that hilly
topography contributes to the local circulation as well. As a matter of fact that more
detailed investigations should be conducted using either 2-D or 3-D numerical
simulations for Istanbul. Moreover, simulations should be supported with

observations.

Although the numerical technique is used by the OMEGA model gives better
land/water boundary separation, the computational cost causes the limited simulation
facilities using the model. Thus, it is not possible to perform long time simulation
using the OMEGA model. Since the numerical technique is more complex,
parameterization schemes in the model are as simple as possible. Improvement of the
parameterizations in the model corresponding with its numerical technique is the
essential need to represent the atmospheric motion accurately. Modelling study
should be supported by implementing available surface and upper-air data network

and its long-term continuity.

There is a considerable amount of work for hazard material dispersion in the world.
The first part of the study needs more observation data to verify the simulations and
also have better performance from the ADM. Since the data is very sparse, there is

always uncertainty while evaluating the results. If the data network is dense,
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observations can be assimilated to the OMEGA model to obtain better simulation
results for the flow that carries pollutants to long distance. Few observation stations
should be mounted to the critical points along the Straits. Long time simulations are
also necessary to map the frequency of hazardous material release. The general
characteristic of the flow should be determined from simulations since it gives the
spatial flow distribution. Meanwhile, extreme flow conditions may cause danger and
should be investigated. Turkey's power to regulate commercial shipping through the
Straits is limited by the 1936 Treaty of Montreux that delineates the Straits as an
international waterway. Although subsequent international agreements have given
Turkey the right to regulate the right of passage through the Straits, Turkey has not
been stringently enforcing the shipping laws. These types of studies provide

scientific evidences to the decision makers.

In addition to the air pollution, water pollution is another significant issue that should
be studied. As the number of ships passing through the Straits grows, the risk of an
incident increases. Furthermore, the traffic will likely to increase as the six countries
surrounding the Black Sea develop economically. With tonnage on the rise as well,
the threat of collision is not the only danger: on December 29, 1999, the Volgoneft-
248, a 25-year old Russian tanker, ran aground and split into two in close proximity
to the southwest shores of Istanbul. More than 800 tons of the 4,300 tons of fuel oil
on board spilled into the Marmara Sea, covering the coast of Marmara with fuel-oil
and affecting about 5 square miles of the sea. By keeping these dangers in mind, a
coupled atmosphere-ocean model should be performed to evaluate the dispersion of
the pollutant both in the atmosphere and the water. Also, an operational system
should be developed for immediate response since performing a numerical model

takes long time to obtain necessary information.

By depicting the public health in danger due to the heavy shipping traffic, decision
makers take advantages from scientific research which facilitates asserting public
rights. Investigations also provide decision makers to prepare emergency plans and
mitigation strategies for possible tanker accidents since variety kind of dangerous

materials (i.e., LPG, oil, petrol etc.) has been carried using this waterway.
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APPENDIX A

Al.1 Fundemental Equation of MM5

The equations for the nonhydrostatic model’s basic variables excluding moisture in

terms of terrain following coordinates (x, y,o ) will be given in the following lines.

Pressure

(3[)' [ }/P Q TO

—— wW+wV-V=-V.Vp'+—| =—+—=2D0O Al.l
P Po9 m p T [Cp 0, ( )

Momentum (x-components)

u,m a—p—g*aia—p —vovusr e v ewcose — +D, (Al2)
ot plox p ox oo ox Taarth
Momentum (y-components)
aV+m(6p—a*apapJ:—V-Vv+u(f+uam+v6mJ+ewsinoz— +Dy, (AL3)
ot ploy p oy oo oy ox arth

om

euand ew representing the neglected components of the Coriolis force, where u—,

om .
v& ,and .., represent curvature effects, and m is map scale factor.

Momentum (z-components)

’

WPy GBIy gy, g Pl Fa
Cc
p

P eucosa —vsina) + Y + Dy, (Al.4)

a pp oo op P G P Tearth

euand ewrepresenting the neglected components of the Coriolis force, where

e=2Qcos A, a =¢—¢,, Ais latitude, ¢ is longitude, and ¢, is central longitude.

Thermodynamics

GLRERVIEY = (6'0
a

ot pC,

+V.Vp’—pogwj+CQ+-9r°D€ (AL5)

p 0

Advection Terms
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V-VA:muZ—A+mv%+d% (AL.6)
X

where

_ P9, _Mmodp modp (AL7)

Divergence Term

z@[UJ_ntf@rf&umz@[VJ moopt v py W (AL9)
ox\m p 0x do oy\m p oy 6c p oo

Prognostic equations exist for water vapor and microphysical variables. Physics

V-V=m

parameterizations in MM5 such as for cumulus parameterization, PBL scheme,
explicit moisture scheme, radiation scheme, surface scheme have many options in

MMS5. Therefore details of the physical options can be found in MMJ5 tutorial.

Al.2 Lateral Boundary Conditions

Terrestarial and real-time atmospheric data are horizontally interpolated from a
latitude-longitude grid to a mesoscale rectangular domain by the TERRAIN and
REGRID programs for different projections ( Mercator, Lambert Conformal or Polar
Stereographic). Model provides to use surface observation and rawinsonde data to
implement more mesoscale detail by LITTLE R/RAWINS moduls using a
successive-scan Cressman or multiquadric technique. Vertical interpolation from
pressure levels to the o-levels of the MM5 model is provided by the program
INTERPF. Program INTERPB can be used to interpolate data from o-levels to

pressure levels and NESTDOWN module interpolates model data to a finer grid.

Numerical models require lateral boundary conditions to start a simulations.
Horizontal wind, temperature, pressure and moisture fields are specified for four
boundaries. The boundary values come from either analyses at the future times, or a
previous coarser-mesh simulation (1-way nest), or from another model’s forecast (in
real-time forecasts). For real-time forecasts the lateral boundaries depend on a
global-model forecast (MMS5 tutorial, 2009).

The model uses these discrete-time analyses by linearly interpolating them in time to
the model time. The analyses completely specify the behaviour of the outer row and
column of the model grid. In the next four rows and columns in from the boundary,

the model is nudged towards the analyses, and there is also a smoothing term. The
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strength of this nudging decreases linearly away from the boundaries. The model
uses a boundary file with information for the five points nearest each of the four
boundaries at each boundary time to apply this conditions. The interior values from
these analyses are not required unless data assimilation by grid-nudging is being
performed, so disk-space is saved by having the boundary file just contain the rim
values for each field (MM5 tutorial, 2009).

Two-way nest boundaries are similar but are updated every coarse-mesh timestep
and have no relaxation zone. The specified zone is two grid-points wide instead of

one.

MMS5 uses topography and landuses, gridded atmospheric sea-level pressure, wind,
temperature, relative humidty and geopotential height data at 1000, 850, 700, 500,
400, 300, 250, 200,150 and 100 mb pressure levels. Datasets for initial and boundary
can be obtained either NCEP or ECMWF (MM?5 tutorial, 2009).
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APPENDIX A2

A2.1 Fundamental Equation Sets of OMEGA

OMEGA uses a fully elastic non-hydrostatic equation set, including applicable
assumptions. The five mixing ratios for water substances were briefly classified into

three groups: water vapor, Q, ; precipitating water substances, Q, (rain, snow or hail);

and non-precipitating water substances, Q. ( ice crystal, water vapor or water

droplets). The equations are calculated in their conservative form consistent with the
fully elastic mass-conservation equation. This form is better suited for upwind
advection schemes that were used in OMEGA, which have significantly less

numerical diffusion.

The atmospheric pressure and density were decomposed into a time-variant

hydrostatic base state and a perturbation upon that state such that;

p(x,y,z,t) = p,(X,y,2)+ p'(x,y,z,t),and (A2.1)

(X y,2,t) = py(X,y,2) + p'(X, Y, 2,t) (A2.2)

P (x,y.2) = -9 (x,¥,2) (A23)
z

Bacon (2003) states that the conservative advection terms appear on the left side of
each equation. The source terms on the right side of the momentum equation include

buoyancy and gravitational effects, — (o — p,)af (wheref is the radial unit vector),
and the Coriolis force (—2pQ2xV). Variable F represents the subgrid-scale turbulence
contributions. For the remaining equations, T is the temperature, L; and S; denote

latent heat and rate of phase conversion of either vaporization, fusion or sublimation;

andW  represents the terminal velocity of each of the precipitating water substances.
S; depends on the microphysics that governs the rate of phase transitions and W,

depends on the assumed size distribution and mass of the hydrometeors. M, and
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M ,are the non-precipitating and precipitating microphysics source terms and

subscript “a ” refers to transport of aerosol or gas (Bacon et al., 2000).

Following equations use in the model for the conservation of mass, momentum and

energy.

Conservation of mass:

a_/"Jrv.(pv)zpp (A2.4)
ot
—a’étQ” +V(pp V)= pM, +F, (A2.5)
PQ, 0

+V. V)=pM_ +—(QW p)+F
EHV (V) = M, +— QW p)+ Ry "26)

and QI;%JFV«(anV) =pM, +§(Qawap)+ Fo
Z a

(A2.7)

The subscript a refers to aerosols or gases, and p represents the dry air density

calculated from the total density as
p=p /(1 + Qvapor) (A28)
Conservation of momentum:

opV , A
LAV (PV) = VD'~ (0= po)Jof - 290V +F, (A2.9)

The density used in equation 3.10 is the total density.
Conservation of energy:

o E
CAV(EV)=—S(L.S)+S, +F A2.10
at (EV) CPTZ,-:( iS))+Sg+F, ( )

The initial energy density E is calculated from the total pressure as

| Pre
E=p { Rf J (A2.11)
d

and throughout the simulation pressure is diagnosed from energy density using
relationship. Potential temperature, #, and temperature, T, are related by Poisson’s

equation,
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T Q[Lj
Pret (A2.12)

where p,, =1000mb, x =R,/C, =0.286, R;is the gas constant for dry air at
constant, and C, is the specific heat of dry air at constant pressure. S represents the

contribution of radiation flux to heating the atmosphere (Bacon et al., 2000).

Navier-Stokes equations on an unstructured grid in horizontal and a structured grid in
vertical are basis of the OMEGA model hydrostatic elements. While calculating the
momentum, the Coriolis parameter, the pressure gradient and buoyancy terms in the
momentum are calculate explicitly along with the advection terms. An implicit
vertical filter and an explicit horizontal filter are applied to the vertical momentum

calculation.

A2.2 Model Physics

The OMEGA model includes radiation transport which is important in determining
the solar heating of the earth surface and the atmosphere. Cloud microphysics and
convective parameterization are important to indicate distribution of the vertical
moisture, energy and the formation of precipitation. Atmospheric turbulence is
important in the rate of the surface moisture and energy enters the atmosphere
(Bacon, 2003).

A2.2.1 Turbulence and the planetary boundary layer

Parameterization of turbulence in OMEGA has horizontal and vertical parts. The
horizontal diffusion is a function of the deformation of momentum, and multilevel
planetary boundary layer (PBL) model is used for the vertical diffusion. There are
two approaches to implement the PBL into a mesoscale model. One approach is to
parameterize the entire PBL as one layer. The reason why the single layer PBL is
complex is that it lies in the variety and interdependence of atmospheric processes
acting on different scale. The second approach is to use multiple levels in the PBL so
as to resolve the boundary layer structure efficiently and explicitly. The atmospheric
PBL in OMEGA is treated as three layers: the viscous sublayer, the surface layer and
the transition layer (Bacon, 2003).
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A2.2.1.1 Viscous sublayer

The viscous sublayer is defined as the level where the molecular motion becomes
important near the ground. Temperature and specific humidity are related to their

ground values in the viscous sublayer (Deardorf, 1974).
0,y = 0, +0.0962(0 /K)u z, /v (A2.13)

and = qg +0.0962q /K)a z, /v)* (A2.1)

By analogy for other gaseous and atmospheric materials (X)

T = xo +0.09620; /K)(q z /) (A2.15)
v is the kinematic viscosity of air,k, von Karman’s constant,u., the friction
velocity, z,, the surface roughness length, 6., the subgrid scale temperature flux, and
g., the subgrid scale moisture flux. The variation of pressure is ignored and

U=V=w=0 is assumed in the viscous layer.

A2.2.1.2 Surface layer

There is no exact definition of surface layer which may be more than one model
layer and it is immediately above the viscous sublayer. The surface layer is above the
viscous sublayer where small-scale turbulence dominates the transfer of energy,
moisture, and momentum. The vertical fluxes variation is roughly less than 10% in
vertical. The depth of this layer usually varies from 10 m to 100 m. Beljiaars and

Holstslag (1991) formulae are mostly used in mesoscale models in which

U, =KV, /[In(z,/24) =y (22/L) 41 (25/L)] (A2.16)
0. =k(0,-6,)/[In(z, /2, )=y (2. /L) + v (2 /L)], (A2.17)
A. =k(a, -, )/[In(z,/25) - (/L) +y,, (2 /L)), and (A2.18)
2 =K0n = 1)/[In(z0/20) =y (2, /L) + v, (20/L)] (A2.19)

V,,6,,q,,and y, are wind speed, potential temperature, specific humidity, and other
gas concentrations at the first model level in the atmosphere, respectively.

6,,q,and y, are the corresponding surface values, u. is the friction velocity, 6. is
the temperature scale, g. is the humidity scale, y. is the other gaseous scale, k is the

von Karman constant (k =0.4), z, is the height of the first model level, and L is the
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Monin-Obukhov length, w,, and y,, are dimensionless stability functions of height.

These integral functions for unstable surface layer are given by
vy = 2In[0+x)/2]+ In|{L+ x? )/2]- 2tan " (x)+ z/2 (A2.20)

vy =2hn[L+x?)/2] (A2.21)

where x = (1-16z/L)"*

In stable surface layer the following formulae are used

z 7 C z bc
-y, =a—+b ———= |exp| -d— |+ A2.22
Vi =20 (L dj p( Lj d (A222)
_ = 1+3§ 3/2+b z_c exp _di +E—l (A2.23)
Vu 3L L d L) d '

where a=1, b=0.667, c=5, d =0.35, and z/L is a non-dimensional stability
parameter. The Monin-Obukov stability length, L is defined as
_ou?
kgo. (A2.24)

where 0 is the average air temperature near the surface, and g is the gravity.

A2.2.1.3 Transition layer

The turbulent region from the surface up to the top of the PBL is called transition
layer. Depending on the turbulent strength generated at the ground surface, the PBL
depth varies. The PBL height can be considered to be the depth of turbulent activity.
Forced convection loses its effects with height rapidly than thermal convection in
this layer. Thus, this layer is generally well-mixed and is characterized by free
convection involving large eddies associated with thermals and heat plumes.
Turbulence can be parameterized in terms of the mean flow, which leads to the
closure problem. The 2.5 level turbulence kinetic energy (TKE) closure technique is
used in OMEGA. TKE closure takes an account the physics of the atmosphere in the
formulation of the eddy diffusivity, K. The level 2.5 closure technique developed by
Mellor-Yamada (1974) is used for the vertical turbulent exchange above the surface
layer. The level 2.5 turbulence closure is based on the following prognostic equation

for the turbulent kinetic energy, e:
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A®) _ v (pev)+V, o(KeVrpe)J{—WZ—U—W@Jr—W'_Q'
Z

ot a6 } © o A2m)
The first two terms on the right hand side represent advection and turbulent transport
of TKE (V, represents the radial gradient), the third term in the bracket represent
both shear and buoyancy production of TKE, and the forth term dissipation of
turbulent energy. Several terms on the right hand side must be parameterized in this

scheme. The eddy fluxes are parameterized using Deardorf (1980) formulas,

[aw', viw') = —Km(g—;,%j (A2.26)
(wo')= —Kh[aai" j and (A2.27)
(W)= K, (Z—‘Z‘j (A2.28)

Energy dissipation ¢ is parameterized using Kolmogorov’s hypothesis,

e=cel?/t (A2.29)
wherec,is a constant equal to 0.17. In the 2.5 level turbulence closure scheme, the

prognostic equations of all second-order moments are reduced to algebraic equations.
It allows the expression of eddy diffusivities after considerable algebraic reduction in

the following simple form:

K, =/(2e)’s,

(A2.30)
K, = /(2e)?s, (A2.31)
and K, = 7(2e)"*s, (A2.32)
where non-dimensional eddy diffusivities S,,and S, are obtained from
SM (6A1AZGM )+S H (1_3A2 BZGH _12A1AZGH )= Az and (A2.33)
Sy (L+6AG,, —9AA,G, )-S,, (12A’G,, +9AA,G, )= A(1-3C,) (A2.30)
2 2 2
G, - [G_UJ +(@j
2e|\ oz oz (A2.35)
2
andG,, = L9,
20 oz (A2.36)
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After Mellor and Yamada (1982), empirical constants are assigned (A1, A2, By, By,
C1, Se) =(0.92, 0.74, 16.6, 10.1, 0.08, 0.20). In order to reduce the singularities of the
2.5 level closure scheme, assumption forG,, <0.033andG,, <0.825-25G, is
conducted. The turbulent length scale 7 is unknown and needs to be parameterized in
terms of the known variables. After Mellor and Yamada (1982)
 k(z+z,)
C1+k(z+2z,)/0,
where ¢ _is the primary length scale defined as

(A2.37)

(A2.38)

a is a constant coefficient of the order of 0.1. The stable mixing length is modified
with an upper limit using following equation which is proposed by Andre et al.

(1978) to change the mixing length from natural to the slightly stable condition.

1/2

2e
g 00

9 \

0 oz

£<0.75

(A2.39)

A2.3 Air-Surface Interactions

Temperature and humidity at the roughness level are used as boundary conditions in
OMEGA. These variables must be calculated prognostically taking the interaction of
the atmosphere and the land surface into account. Using numerical models it has
been demonstrated that local circulations as strong as sea breezes can be generated
by the land surface characteristics contrasts such as, vegetation type, soil texture and
moisture (McCorcle, 1988; Chang and Wetzel, 1990). The land surface scheme in
OMEGA is proposed by Noilhan and Planton (1989). Only one energy balance is

used for whole soil-vegetation system. A single surface skin temperature, T,, and
surface air humidity g, are computed for the canopy and the ground. The calculation

of two distinct temperatures for the soil surface and the vegetation requires an
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evaluation of radiative and turbulent transfers between the soil, the plant, and the air

inside the canopy, which increases the complexity of the scheme (Bacon, 2003).

Table A2. 1 : Soil parameters for the USDA textural classes (Bacon, 2003).

Category | Type of soil Mo Noux ur Y, Knc B P Ay Xysat
1 Sand 0.395 | 0.068 | 0.135 | -0.121 | 1.76x10* | 4.05 | 1.463x10° | 0.26 | 3.222
2 Loam sand 0.410 | 0.075 | 0.150 | -0.090 | 1.563x10” | 4.38 | 1.404x10° | 0.27 | 3.057
3 Sandy loam 0.435 | 0.114 | 0.195 | -0.218 | 3.41x10° | 4.90 | 1.320x10° | 0.28 | 3.560
4 Silt loam 0.485 | 0.179 | 0.255 | -0.786 | 7.2x10° 5.30 | 1.271x10° | 0.29 | 4.418
5 Loam 0.451 | 0.155 | 0.240 | -0.478 | 7.0x10° 5.39 | 1.212x10° | 0.30 | 4.111
6 Sandy clay loam | 0.420 | 0.175 | 0.255 | -0.299 | 6.3x10® 7.12 | 1.175x10° | 0.28 | 3.670
7 Silty clay loam | 0.477 | 0.218 | 0.322 | -0.356 | 1.7x10® 7.75 | 1.317x10° | 0.26 | 3.593
8 Clay loam 0.476 | 0.250 | 0.325 | -0.630 | 2.5x10° 852 | 1.225x10° | 0.24 | 3.995
9 Sandy loam 0.426 | 0.219 | 0.310 | -0.153 | 2.2x10° 10.4 | 1.175x10° | 0.22 | 3.058
10 Silty loam 0.492 | 0.283 | 0.370 | -0.490 | 1.0x10° 10.4 | 1.115x10° | 0.21 | 3.729
11 Clay 0.482 | 0.286 | 0.367 | -0.405 | 1.3x10° 11.4 | 1.089x10° | 0.20 | 3.600
12 Silt 0.485 | 0.179 | 0.535 | -0.786 | 8.0x10° 5.30 | 0.836x10° | 0.14 | 3.970

The land surface scheme allows two soil layers and a single vegetation canopy. The
evolution of four variables is computed by the scheme: the surface temperature of the

soil-vegetation mediumT,, the soil water contents in the upper and lower soil layers
n,andn,, and the amount of liquid water retained on the foliageW, . Primary and

secondary parameters are used to describe the main physical processes in a soil-
vegetation system. Primary parameters are specified by spatial distribution, and
secondary parameters can be associated with the values of the primary parameters.
Type of soil texture and type of land are the primary parameters that the land-use in
the modeling is classified into several categories characterized by those two
numerical indices. The secondary parameters which describe a variety of physical

characteristics of soil are listed in Table A2.1 (Bacon, 2003).

A2.3.1 Surface temperature

Ground temperatureT,is the indicator of surface variation. OMEGA -calculates

ground temperature using force-restore rate equation of Deardorff (1978).

aalts =C,G, +Q(T, -T,) (A2.40)
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where Q is angular velocity of the earth (Q = 7.27229x10‘55‘1), and G, is the heat

storage rate in the soil-vegetation medium, which is sum of all the atmospheric

fluxes at the surface

G0 = RO + Hanthrop _(HO + Lc EO) (A241)

where R, is the net radiation at the surface, H is the anthropogenic heat flux,

anthrop

H, and L. E,are the sensible and latent heat fluxes from the atmosphere. Monin-

Obukov similarity theory is used to parameterize the surface turbulent fluxes. The

turbulent subgrid scale friction velocity, u., temperature scale, 6., and humidity
scale, q. are used to calculate the sensible heat flux to the atmosphere, H,and the

latent heat flux from evaporation or dew formation, L E, .

Hy=pC,u.0. (A2.42)

and L .E, = pL u.q. (A2.43)

If urban and industrial areas are considered, H may be used to complete the

anthrop

forcing terms in the force-restore equation. Diurnal forcing of T by the heat storage
rate in the soil-vegetation medium, G,, is given from the first term on the right hand
side of equation 3.41, and second term tends to restore T to the mean soil

temperature T, .

The combination of capacities of vegetationC and soil C are weighted by

veg !
vegetation cover (veg) and bare soil cover (1-veg) gives the thermal capacity
C; (Noilhan and Planton, 1989).

cC, C C

veg g

1 _veg 1-veg (A2.44)

The value of C,, (10‘3K‘lm23 ‘l) is related to the weak heat storage and transfer

ability of vegetation. The thermal capacity of soil

C, = (A2.45)

is given by its thermal inertia
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I = Jpo g = PCds (A2.46)
Vo

where p, is the density of soil, c, is the specific heat of soil, and A, is thermal soil

conductivity coefficient. T represents the constant mean deep soil temperature at the

diurnal temperature cycle penetrative soil depth

d — 3 )]’s
Ps Cs (A2.47)

where 7, is the period of 1 day.

The soil properties in Equation A2.45 are represented by the soil texture and the soil
moisture. This dependence is deduced from the analytical expression given by
Noilhan and Planton (1989)

n b/2log10
C, =Cq., [;} (A2.48)

where Cgsa‘ , 1, and b are estimated for each soil texture from Table A2.1.

A2.3.2 Surface flux of radiation

Two empirical functions provide to obtain the net shortwave solar radiation at the
surface. The first function is a Rayleigh transmission function which involves the
effects of molecular scattering and absorption by permanent gaseous such as oxygen,

ozone, and carbon dioxide (Atwater and Brown, 1974)

(A2.49)

V2
G =0485+ 0.515{1.041— 0.16(0'000949[) + 0-051J }

cosZ

where p is pressure in mb. A second function used in the model calculates the
absorptivity of water vapor (McDonald, 1960).

a, = 0.077[ﬂr3

cosZ (A2.50)

where ris the optical path length of water vapor above the layer z given by

top

r(z)= [ pqdz
: (A2.51)
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The net shortwave solar radiation at the surface is

1- A cosZ +a, ) G-a, ll-b N> )cosZ >-a

RS — ( gXal 2)( W)( 1'YE ) Z/al (A252)
0 cosZ<-a,/a

where A, is the albedo, the empirical coefficients are a, = 990Wm 2 a, =-30Wm 2

and Z is the zenith angle.

COSZ =Ccosy Cosd CosH +siny sind (A2.53)

v is the latitude, 6 the solar declination, which is a function of Julian day, and H the
solar hour angle
b (t-12)

12 (A2.54)

wheret is local time in hours. The cloud effects on the incoming radiation are
parameterized applying the effective cloud cover N proposed by Kasten and

Czeplak (1980).
Ne =(N; +N_)/2 (A2.55)
N is the total cloud cover, and N is the low clouds cover. Empirical coefficients

areb, =0.75, andb, =3.4.

The net longwave radiation has two components; one is incoming radiation from the
atmosphere (atmospheric radiation), and second is ongoing radiation from the surface

(terrestrial radiation)

R.=R,-R, (A2.56)
The incoming longwave radiation is;

R, =cT, +c,N¢ (A2.57)
¢, =5.31x10"®*Wm?K ™, c,=60Wm~, and the reference air temperatureT,at

z=50m is recommended by Van Ulden and Holtslag (1985). The outgoing

longwave radiation from the surface arises from Stefan-Boltzman law

R, =é,T, (A2.58)
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gyis the emissivity for the ground surface specified in terms of land-use

categories, o is the Stefan-Boltzman’s constant (5.67x10°Wm™?K™). The net

radiation flux at ground level is defined as
R, =Rs +R, (A2.59)

The surface energy budget is updated every time-step in order to enable an updated
ground temperature. The ground temperature is related to the potential temperature in

the lowest model cell by the following equation:

Pref )
0y =T, . (A2.60)

P, is the reference pressure, 1000 mb.

r

A2.3.3 Soil hydrology

The energy balance of the surface is affected by the soil wetness by changing the
surface albedo, by affecting the soil heat flux through the thermal diffusivity, and by
determining the partitioning of the heat fluxes into latent and sensible heat flux. The
2-layer soil model developed by Mahrt and Pan (1984) is used to represent the soil
moisture in the model. Following prognostic equation is used to describe the

transport of water in the soil in the model.

on_ 1 oW

ot p, Oz

S+ Az) (A2.61)

nis the volumetric soil moisture content, p,, is the density of liquid water,W, is the

moisture flux within the soil. Extraction of the soil water by roots due to the

transpiration E,, from vegetation canopy is given by the term A(z). The soil moisture

flux is expressed as

W, = Kﬂpwa(yj—-'-z) (A2.62)
0z
or in alternate formas W, =D, p,, %+ K, Pu (A2.63)
z

K, is the hydraulic conductivity, the potential energy needed to extract water against

capillary and adhesive forces in the soil is represented by the moisture potential, ¥,

and the diffusivity, D,, is defined as
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D, =K, oF
on (A2.64)
The parametersK, , D, , and ¥ are related to 7 through a set of simple relationships

presented by Clapp and Hornberger (1978) and applied by McCumber and Pielke
(1981)

2b+3
_ v [
K,=K, [}7—} (A2.65)
bK Ygls }7 b+3
D, =-——2= 1 (A2.66)
n\n,
b
p = 9/[’7—} (A2.67)
n

Percentage of clay, silt and sand (Table A2.1) determines the USDA soil texture
classes which is used to specify the exponentb , saturated hydraulic conductivity K.,
saturated moisture potential ¥, and soil moisture at field capacity (soil porosity) n, .

Following Mahrt and Pan (1984) equation (4.50) is integrated over two slabs of the
soil, fromz =0 toz =-0.05 m,and fromz =-0.05mtoz =-1.0 m. This gives two
prognostic equations for the mean volumetric water content in the upper thin

layer,n, , and in the lower layer, 7,.

atl Z, = _KDU a_ZJ - Kni + gp 2 - froot Etr (A268)
on on
6t2 (ZZ - Zl): _( Dq 5_21 + in - qu - (1_ froot) Etr (A269)

By assuming that the upper soil layer contains fraction f__ of root mass the root

root

extraction term A(z)is integrated while the remaining fraction of rootsl- f,.,is

root

within the lower soil layer. Continuity at the soil surface requires that the flux W, of

water in the soil at z =0equals of the sum of the flux P, of liquid water reaching the

ground surface and the evaporation E, from the soil surface

-0, -k, = gp g (A2.70)

The gradient of soil water content at the interfacial level, — z, , is evaluated as a finite
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difference assuming that the mean value of for each layer is represented for the

midlevel of the layer

p )| =pp MM (A2.71)
"oz ), "oz,

In order to maintain continuity, this term is taken equal (except sign) for both soil

layers. The largest value of, , and#, is used to evaluate the diffusivity D, and the
hydraulic conductivity K, . The gradient term in Equation 3.72 is calculated between

the surface and the midlevel of the upper layer using the surface values of soil water

contents,, andsy,. It allows for calculation of the near-surface soil water
content n, from Equation A2.68 diagnostically. Depending on the amount of water
content, thermal properties of soil and its albedo vary. The soil heat capacity, p.C,, is
calculated as

p.C.=[—n,)pic, +np,cC, (A2.72)
where dry volumetric soil heat capacity, pc; , is tabulated for each soil class in Table
1, and p,c, are corresponding values for liquid water. The thermal conductivity of
soil is given by McCumber and Pielke (1981)

), = max(419 exp (- P, —2.71),0.172) (A2.73)
where P, = Iog(—’P/lOO). The value of the soil albedo is obtained by using the
effect of soil wetness

A, = A +A, (A2.74)
A, = A1~ 4), 4= min(, 0.5), (A2.75)
and the effect of solar zenith angle

A, = 0.01(exp(0.0032867 1 )-1) (A2.76)
Basic soil albedo, A, , is listed in Table A2.1. The Halstedt parameter 8, is defines by

(A2.77)

5. = 0.51~cosl(zn, /1)] 7o <11y,
o 1 otherwise

This expression allows evaporation from the surface at the potential rate when the
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soil moisturez, exceeds the field capacityn, which corresponds to the hydraulic

conductivity of 0.1 mm/day (Table 3.1).

A2.3.4 Water intercepted by canopy

The amount of the liquid water, W, , intercepted by the foliage due to dew formation

or rainfall is governed by the prognostic equation (Deardorff, 1978)

oW,

=vegP - E, +R, (A2.78)

where P is the precipitation rate at the top of the vegetation, E, is the direct
evaporation from the fraction ¢ of the foliage covered with a film of water when
positive and the dew flux when negative. R, is the runoff of the interception reservoir

which occurs when W, exceeds a maximum valueW, .. depending on the density of

dmax

the canopy (Dickinson et al., 1986)

W

dmax

= h,vegLAl (A2.79)
where h,, is the maximum storage of water, assumed to be equal 0.0002 m. The wet

fraction of the canopyd is calculated following Deardorff (1978)

W, /W, )" forE, >0

5: ( d dmax) or r > (A280)
1 forE, <0

The flux of liquid water reaching the ground surface

P, =(1-veg)P+R, (A2.81)

includes the non-intercepted rainfall and the runoff from the canopy.

A2.3.5 Water areas

Representation of water bodies in OMEGA model is in simple form. Due to the large
heat capacity of water and strong surface mixing, initial surface temperature of the

water bodies, T is implemented based on climatological data after then it is

sea !
assumed to be constant during the simulation period. The air above the water surface

is assumed fully saturated by water vapor

qo = qsat (Tsea) (A282)

The spatial variation of surface roughness length, z, , is specified based on land-use
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categories over land while Charnock’s relationship (Charnock, 1955) is used to

determine the roughness length over water surfaces

Z,=q E (A2.83)

Although the coefficient a, in the equation has been found to be somewhat variable,

0.018 is included in the model (Arya, 1988). Based on the observations 0.0015 cm is

implemented on the z, .

A2.4 Microphysics

The OMEGA microphysics uses the category of bulk water microphysics in which
the production rates are functions of the total mass density of each water species (Lin
et al., 1983). The water species are represented as cloud droplets, vapor, ice crystals,
rain and snow in OMEGA, however co-existence of liquid and solid phases of water
is not allowed which means that neither supercooled liquid nor melting solids can
exist in the model domain. Condensation (or evaporation) of cloud water,
autoconversion of cloud water to rain, condensation on (or evaporation of) raindrops,
accretion of cloud water by raindrops, fallout of rain, and generation of ice crystal
growth, autoconversion of ice crystals to snow, deposition on (or sublimation of)
snow, accretion of ice crystals by snow, and fallout of snow are the microphysical
processes in OMEGA.

A2.4.1 Computational treatment

The local Courant number which is a function of the velocity (advective or acoustic)
in the cell and the dimension of the cell defines the time step used for integration in
OMEGA. The time step can range from sub-second to tens of seconds depending on
the flow characteristics. Therefore the microphysical time step is expected to be
roughly five to ten seconds. In OMEGA the water substances are categorized into
five species: vapor, cloud droplets, ice crystals, rain, and snow. In the following
equations Q will represent the mixing ratio of a hydrometeor class and suffixes V, C,
I, R, and S will refer to water vapor, cloud droplets, ice crystals, rain and snow,
respectively. The cloud droplets and ice crystals are assumed to be monodispersed
and nonprecipitating. Size distributions of raindrops and snow crystals are described

using Marshall and Palmer (1948) type relationships. These are given as:
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N(dg )= NORexp{— j—Rj (A2.84)

R

N(dg )= Nosexp(— j—sj (A2.85)

S
N(d) is number concentration at diameterd , andd and d are the particle diameters
for rain and snow, respectively. N, , and N are y-intercepts of the distribution of
rain and snow, which represents the limiting number concentration as diameter tends
to zero. A, .and A represent the slope of the respective inverse-exponential

distribution (Bacon, 2003).
A2.4.2 Evaluate local temperature from potential temperature

Bacon (2003) states that the prognostic thermodynamic variable is p@, where p is the
density and @ is the potential temperature (p@in effect is the energy density). The
microphysical processes are driven by temperature instead of potential temperature
in the microphysical processes. Therefore, the temperature is calculated from the

potential temperature. The temperature and the potential temperature are related via

the Poisson equation,

T= e[- i} o= T[— i} (A2.86)
Pref Pref
5 — R —
Py =1x10°Pa and x = P 0.286 (A2.87)

p

R, is the gas constant of day air, and c, the specific heat of day air at constant

pressure.
A2.4.3 Evaluation of microphysical parameters

The microphysical processes which contain any type of phase change need the
respective latent heats. The saturation vapor pressures have to be considered because
the phase change processes depend upon the local saturation condition. Other
processes need the specific heats of water, ice, vapor, and air, and parameters such as
the diffusivity of vapor are required to compute the rate of sublimation or

condensation of the precipitating hydrometeors. Since the all equations compute
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based on temperature, once the temperature is determined, it is possible to evaluate

microphysical processes (Bacon, 2003).
A2.4.3.1 Latent heat

Latent heats of vaporization and fusion are assumed to changes only with

temperature, T by Pruppacher and Klett (1978).

y
L (M= 2.50078x106(1—°J JIKg (A2.88)
where y=0.167+3.67x10* T, and T,=273.16 K

3.3369x10° + 2030.6(T - T,) .
JKg if T<T,

L (T)= ~10.467(T -T, ) (A2.89)
3.3369x10° J/Kg if T>T,

The latent heat of sublimation is given as;

L(M=L,(T)+L,(T) (A2.90)

Since the latent heat of sublimation varies very slightly with temperature, it can be
assumed to be a constant at 2.83237x10”7 J/Kg. Hence, latent heats calculate by using
the following scheme. The latent heat of vaporization is computed using equation

A2.88 above melting temperatures and the latent heat of fusion is calculated as
L, =L —-L, (A2.91)

The latent heat of fusion is calculated as a function of temperature using equation
A2.89 if temperature is less than melting and the latent heat of vaporization is

computed as;

L =L -L, (A2.92)

A2.4.3.2 Specific heat and other parameters

The specific heat of water and ice are given by Pruppacher and Klett (1978) (in units
of J/Kg-K) as
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5400.0 if T<223.16
4217.8+0.3474T - T, if 223.16<T<T,

C.(T)= 14178.0+0.01298(T - 308.16)’ N (A2.93)
<
+1.591x10°(T -308.16)" ’
2106.1+7.327(T —T, if T<T
and C,(T) = +7321(T-T,) | 0 (A2.94)
2106.1 if T>T,
The dynamic viscosity of air is given by List (1971) as
15
Uy (T)=1.8325x10"° T 11162'2 5 (292 16)
1'5 ' (A2.95)
=1.49620x10°| — 1
T+120.0
The molecular viscosity, v,, is
v (P.T)=Hpp (A2.96)
The thermal conductivity of air is (Wisner et al., 1972)
K, (T)=1414.0x107° u, (T)
15 A2.97
=2.11575x10°° T ( )
T+120.0
The diffusivity of water vapor in air is (Pruppacher and Klett, 1978)
101325.0\ T )™
D,(P.T)= 2.11x10_5(—'j[—j
P AT, (A2.98)

1.94

= 4.0119%x107° T

The Schmidt number is defined as the ratio of the molecular viscosity to the

diffusivity of water vapor in air or

0.56
" (PT) _ 5 79963x10°2 Ry—— (A2.99)

N (P,T)=
(1) D,(P,T) T +120.0

A2.4.3.3 Local supersaturation evaluation

Condensation/evaporation and deposition/sublimation depend on the amount of

water vapor that exists in excess of the saturation limit at that point in space. Hence
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the local saturation vapor pressures (over water and ice surfaces) are calculated. The
saturation vapor pressures are only the functions of temperature. Variation of the
saturation vapor pressure with temperature is given by the Clausius-Clapeyron
equation (Hess, 1959).

The method, used by Proctor (1987) in which the saturation vapor pressures (over
water and ice surfaces) are computed using the following polynomial fits to
experimental data (Wexler, 1976, 1977) is adopted:

e,,(T) = exp(~2991.2729T 2 —6017.0128T * +17.87643854 — 0.028354721T

+0.17838301x107*T2 —0.84150417x107°T  + 0.44412543x 10T * (A2.100)
+2.858487InT)

e, (T) = exp(—5865.3696T * — 22.241033+ 0.013749042T — 0.34031775x 10T 2

(A2.101)
+0.26967687x107"T* +0.6918651nTInT)

The saturation mixing ratios of water vapor over a water surface isQ,, and over an

ice surface it is Q; , which can be calculated from e_, and e, , respectively as;

Q= @ (A2.102)
Q= %ﬂ) (A2.103)

wheree = R/R, = 0.622.

A2.4.3.4 Calculation of the ice nuclei concentration

Ice nuclei (IN) are aerosols that a small fraction of the atmosphere serves as ice
nuclei. Water vapor can deposit on ice nuclei to form ice crystals. Only some of ice
nuclei are active at any given temperature. Fletcher (1962) showed that number of

concentration of active ice nuclei are a function of local temperature.

10° if T<230.95
Ny = 48w exp0.6{T, -T)} if 230.95<T<T,, (A2.104)
0 if T, <T

S =0.01m~ . Observations depict the IN concentrations can vary by factor of 10

at a location and temperature (Pruppacher and Klett, 1978).
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A2.4.3.5 Calculate A's and fall velocities for rain, and snow

Rain, and snow are defined by the inverse exponential distributions as

0.375
N, = 2.25x10’ [ﬁj

p (A2.105)
N, = 5.5x10°%exp[-0.088(T —T,, )]
The slopes of the inverse exponential distributions can be calculated as
0.25 0.25
A= —P% | anda, =|LL (A2.106)
TN gz Oy N 50

whered,, andd; are the densities of water, and snow respectively given as.

d, =1000 Kg/m®andd, =100 Kg/m®.

Terminal fall velocities of precipitating hydrometeors are calculated from a single
particle fall velocity averaged over the respective distribution in a mass-weighted
manner. The mass-weighted fall velocities for rain and snow are calculated as

follows:

0.4
W, = (—0.267+2.06><104AR —2.045x107 A°R +9.06x10° A™; )[EJ (A2.107)
p

1 2 0.5
1.1{'-} if T<T,
o

W, = (A2.108)

1 2 0.5
2.5{'—} if T>T,
o

A2.4.3.6 Production rates of non-precipitating hydrometeors

It is possible to evaluate the production/loss of the hydrometeors since local
thermodynamic state and key microphysical parameters are computed. Since their
smaller size increases the surface area to volume ratio, the non-precipitating
hydrometeors respond quickly to changes in their surroundings. Q will denote the
mixing ratios, AQ the change in Q, and P the rate of change of mixing ratios with
time. The subscripts of AQ and P will indicate the microphysical process involved.

The non-precipitating hydrometeors consist of the cloud droplets and the ice crystals.
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Because of the computational efficiency, calculations are performed in a model cell
if one of the participant species is significantly non-zero in that cell (Bacon, 2003).
Freezing of Cloud Droplets

Ice nuclei initiate the water freeze. Large water drops generally contain enough

impurities that they freeze at or near 0°C (T,, ). If small droplets do not involve any
ice nuclei, they can exist in liquid phase at temperatures far below 0°C. Even small
droplets will spontaneously freeze at about —40°C. In OMEGA, no supercooled

liquid is allowed to exist. Therefore, if T <Twm, all cloud droplets are frozen to

produce ice crystals as shown in the following relation:

Q =Q, +Q,
AQcen =Qc ifT< Tn (A2.109)
Qc =0

Melting of Ice Crystals

If T > Ty all ice crystals in that cell are melted to form cloud droplets by the
following:

Qe =Qc +Q,

AQuur =Q if T>Twm (A2.110)
Q =0

If T > Ty Compute Condensation/Evaporation

Depending on the water vapor excess, the amount of cloud water vapor condensed
into liquid which is present at a grid point. Since the excess vapor is assumed to
condense into cloud droplets or undergo deposition to form ice crystals

instantaneously, supersaturated conditions cannot exist in the model domain.

The excess water vapor will start to condense when supersaturation exists. Latent
heat of vaporization is released since condensation proceeds and increases the
temperature and the saturation vapor pressure of air. Thus the initial water vapor
excess AQ, is used not only for condensation, but also for the increase in vapor
capacity of the air. AQ, , and AQ, denote the amount of water vapor condensed, and

the amount of extra vapor the air can hold due to the increase in temperature such

that the total AQ is given by

A0 = A0, + 40, (A2.111)
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The increase in temperature AT due to the release in latent heat when AQ, vapor is
condensed is

_L46,

Cp

AT (A2.112)

This increase in temperature increases the saturation vapor pressure as given by the
Clausius-Clapeyron equation,

de
e

_ L dr
R, T?

S

(A2.113)

S

It was assumed that in each grid cell the pressure does not change during the

microphysical adjustments in an isobaric process;

9Q, _ de, (A2.114)

QVS eS

L, AT _ L2Q,,40
40, = VT = vl A2.115
Q; = Q. RT> c,RT? ( )

Define a fraction r such that AQ1 =r AQ. Then,

2 - 2 -
=40 A0 _ o )0+ BAGL _y, LQ (A2.116)
40 40,+ 40, c,RT C,RT

Thus the amount of water vapor to be condensed or the maximum amount of cloud

water that can be evaporated can be written as;

Qv B st
L\Z/st
c,RT?

AQconp = 144 = (A2.117)

1+

Initiation of Ice Crystals

The production rate of ice crystals via the deposition nucleation depends on the ice
nuclei number concentration, which depends on the local temperature. Cloud ice is
initiated when temperatures less than —16°C. The rate of cloud ice is near zero at the
higher temperatures. 12.9um and 1072 kg are assumed the maximum diameter and
maximum mass, respectively for the initiated crystals. The amount of ice initiated by

this process is controlled by the maximum ice crystal mass and the IN concentration
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and by the available supersaturation with respect to an ice surface. The maximum ice

mixing ratio is obtained by growing all crystals to 12.9um is

10™n
40, = =

(A2.118)

Depositional growth driven by the supersaturation can be used to derive The
maximum ice mixing ratio in a manner analogous to the condensation adjustment
(Equation A2.120) by replacing L, by L, and Q,s by Qsi. Thus,

40, = % (A2.119)
1+ sti
c,RT?
AQ i1 =Min(40,,,40,,) (A2.120)

If T < Ty Compute Deposition/Sublimation

After ice crystal initiation, if excess vapor over ice saturation still exists, existing ice

crystals grow by deposition. The depositional growth rate of ice crystals is given by

R _ g5 [Ar _Qu=Qs (A2.121)
ot ny Q4A +B
where A" = L[ L (A2.122)
kT(RT
* 1
andB" = —— (A2.123)
pD,

where D, is the diffusivity of water vapor given by Equation A2.108. This rate has to

be limited by the maximum cloud ice. This is given by AQ\»;

Pioer = min(aa% ,%j (A2.124)

If (Q—Qsi) is negative then sublimation occurs.

A2.4.3.7 Adjust mixing ratios of non-precipitating hydrometeors

The mixing ratios of cloud droplets, ice crystals and water vapor are adjusted before

compute the production/loss of precipitating hydrometeors.
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Qc = Q¢ +40cenp
Q) =Q, +Ppgpdt+ 40 ey (A2.125)

Q, =Q, = 40ccnp — Pioep 4t — 40,cyw1

The temperature adjustment is determined from
PIDEP = (AQCFZN - AQIMLT )Lf + AQCCND I-v + (AQICV\NI + PIDEPAZ‘)LS (A2126)

A2.4.3.8 Production rates of precipitating hydrometeors

Evaluation of the production/loss of the larger precipitating hydrometeors will be
given in the following.

Production of Rain by Melting of Snow

In OMEGA, all snow melts instantaneously to rain above 0°C (Twm);

Qr =Qr +Qs
AQqyr = Qs ifT>Ty (A2.127)
Qs =0

Production of Snow by the Freezing of Raindrops

The production of rain produced by melting of snow assumes that all rain freezes to

snow below 0°C instantaneously;

Qs = Qs + QR
AQgezy = Qg if T<Twm (A2.128)
QR =0

Autoconversion of Cloud Droplets to Form Rain

It has been assumed the cloud droplets to be monodisperse, however in reality they
exist in all sizes. Larger droplets or rain drops is formed by the interparticle
collisions and coalesce. This process forms rain is termed autoconversion. The rate
of production of rain from cloud droplets via autoconversion is given by (Berry and
Reinhardt, 1974a and 1974b)

13
Pracy = 726)(10_3{1020 (ﬁj&“ —0.4}7@? Kﬁj r.10° —7.5:| (A2.129)

1/3
where r, = Sppc is the mean cloud droplet radius, o is the dispersion
4nm -0,
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coefficient of the cloud droplet distribution, and Nc is the cloud condensation nuclei

(CCN) concentration.
Collection of Cloud Droplets by Raindrop

Since the raindrops have a much higher fall speed than the cloud droplets raindrops
collect cloud droplets. The size of cloud droplets is the indicator for the collection
efficiency. While large droplets will have high collection efficiency, very small
droplets have a collection efficiency of zero. The production rate due to this

collection mechanism is;

15z

PRAC = 3_8/1; NORWRQC ERCD (A2-130)
where Ercp is computed from a polynomial fit to experimental data (Proctor, 1987)
given by

0 if r, <1.2um
E —0.275544+0.26249x10° r, 1 2,m < 20

= if1.2um <r, <20um
P ] ~1.8896x10°r2 +4.4626x10* (A2.131)
1 if 20um<r,

Condensation Evaporation of Raindrops

Since the saturation vapor pressure over a curved surface with smaller radius of
curvature is higher than over a surface with larger radius of curvature the smaller
cloud droplets are allowed to evaporate first. If the environment is supersaturated
vapor can condense onto the raindrops. The following expression takes into account

the ventilation effect of the falling raindrop

2n(Q, —QSV)NORA§[1+ 0.3194027N L/ /ARWRJ
vm

Preno =
L L
Q, 2| = 1]+ 1
k,T{R,T

(A2.132)

D

\

Autoconversion of Ice Crystals to Snow

If the cloud ice mixing ratio exceeds a threshold Quax cloud ice conversion to snow
(via stochastic collection, or autoconversion) occurs. A fraction of extra cloud ice is

converted to snow according to the formula
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1
Porev = (QI = Quwnx )Esm x A_l‘ (A2.133)

where Esc, in the collection efficiency of snow for ice crystals given by

Ee, = exp(0.03(T -T,)) (A2.134)
Quvax is set to 1x107 kg/kg in the OMEGA.

Collection of Ice Crystals by Snow
As raindrops collect cloud droplets by virtue of their difference in slip velocity,
snowflakes collect ice crystals. The production rate of snow due to this collection of

ice crystals is given by

Poaci = 0.5m. (W 45Q, Eg, (A2.135)
Deposition/Sublimation of Snow

The deposition onto snow is calculated similar to condensation on raindrops. The

following equation also takes into account the ventilation factor of falling snow:
AW
2n(Q, —Qq )NOSA§[0.86+ 0.2IN? ”SSJ
v
L
Qsi va —3 _1 '|'i
k;T\RT D,

A2.4.3.9 Adjust mixing ratios of hydrometeors

m

(A2.136)

Psper =

The mixing ratios of the hydrometeors and water vapor are adjusted by

(PRACV + Preno + Prac )A t

(PSACV + Popgp + Poney )A t

(Pancy + Paac )41 (A2.137)
Q =Q - (PSACV + Py )At

Q =Q, - (PRCND + Pooep )At

Qe =Qr+
Qs =Qs+
Q :Qc_

A2.4.3.10 Adjust temperature to include latent heat release

By taking the latent heat released or absorbed during condensation/evaporation,
deposition/sublimation, and freezing/melting involving the precipitating

hydrometeors into account, the final step is the temperature adopt for the cell. The
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change in sensible heat balances the total latent heat released in the following

equation:

CPAT = (AQRFZN - AQSMLT )Lf + PRCNDAtLv + PSDEPAtLS (A2138)

This equation defines the temperature difference because of the latent heat release.
After the temperature is updated, new potential temperature values are calculated

using the Poisson’s equation.

A2.4.3.11 Computation of precipitation fluxes

The fluxes are straight up and down at the top and bottom faces of each cell due to
precipitation. The mixing ratio changes to rain and snow is computed using

following formulation.

0Qn _ 10(pQa)yy  ang O = 10(0Qs),,
ot p oz R ot p oz

s (A2.139)
where z’ denotes the local vertical direction.

A2.4.3.12 Convective parameterization

The purpose of the OMEGA mode is to solve large convective areas explicitly;
however there will be regions that are not resolved sufficiently. The contribution of
subgrid-scale deep cumulus convection on cumulus parameterization was
circumvented by Kuo (1965, 1974) and modified by Anthes (1977) to incorporate the
effect of subgrid scale deep cumulus convection on the local environment with
cumulus parameterization. In OMEGA, the convective parameterization applies to
convectively unstable regions to deep penetrative convection and in those regions the
total horizontal moisture convergence exceeds a critical value. In OMEGA, there is
smooth transition from regions where no convective parameterization is applied to
where it is applied. This is achieved by a factor in the cumulus adjustment scheme
changing between 0 and 1 depending on cell area, while explicit cloud microphysics

is active over the whole domain.

The total rate of moisture accession, M, per unit horizontal area is given by the
convergence of moisture in the column of atmosphere above the unit area plus the

surface evaporation, thus
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4
Mt = _J.va 'qu2+§cp0CDV0qs _qa (A214O)
0

where z; is the model top, q the cell averaged mixing ratio, gs the saturation value
corresponding to sea-surface temperature, ga the air value just over the sea, Cp the
drag coefficient, p the density, p, air density in the surface layer, Vo wind speed at
the surface layer, and & is an indicator such that

5:

C

land
{O, over lan (A2.141)

1, overwater

Hence, evaporation within the surface layer is considered only over the sea when

wo>1cms? and 9 <0,
0z

where Wy is the vertical velocity in the surface layer, and 6, is the equivalent potential

temperature. It is assumed that there in no direct evaporation effects on the
generation of deep cumulus convection over land. The drag coefficient is determined

using the surface layer similarity relationships as follows:

_ K

T )

where 3 is a constant and set to 1.35, k the von Karman’s constant, ¥,, and ¥, the

(A2.142)

integral functions, z, the surface roughness height. The moisture M is used to make
cloud columns (T¢, gc) from environmental air (T, q). Part of the moisture (My) will

condense and precipitate, raising the temperature from T to T and the remainder (M)

will increase the mixing ratio of the cloud column from g to qc,

Cp th
M, = jp T, -Tdz (A2.143)
¢ g
th
M,= [pg.-qdz (A2.144)

Zeh
where ¢, is the specific heat at constant pressure, L. latent heat of condensation, zg,
and z: the bottom and top of the cloud, respectively. Hence the total amount of water

vapor is calculated by the sum of the two integrals
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th
C
M,=M,+M, = ij—pTC—T+qc—qdz (A2.145)

Zch ¢

The rate of cloud production per unit time, C (or fractional area), is calculated
proportional to the convergence of water vapor and evaporation for the column

divided by the amount of water vapor which is necessary to produce the model cloud

as follows:
C= % (A2.146)

c
CAt gives the total production of cloud during time At. Kuo introduced a division of
the convergence moisture. There are two fractions; bM; of the total which increases
the humidity of the air, and another fraction is (1-b)M;, which is condensed and
precipitates as rain or is carried away with the latent heat warming the air. It is
important to evaluate the parameter b properly. Anthes (1977a) proposed that b
depends on the mean relative humidity in the air column that when the atmosphere is

dry moistening strong and the moistening is weak when the atmosphere wet.

B-RA) " s e
b=4| L-RH,)

1 if RH < RH,

¢ (A2.147)

where RH is the mean environmental relative humidity in the air column, RH. is the
critical relative humidity, and n a positive exponent. Hence, when RH is less than
RHc, only environmental moistening is available. Value of n=1 and RH¢ =0.5 were
chose by Anthes (1977b) for the axisymmetric hurricane model. However, a number
of studies have indicated that the b value computed with n=1 and RH, =0.5 is too
large and consequently convective heating, drying, and rainfall rates are
underestimated. In a study on semi-prognostic tests of Kuo-type schemes in an
extratropical convective system, Kuo and Anthes (1984) found that the simulated
rainfall rate agrees with observations when n is between 2 and 3, and RH. is between
0.25 and 0.50. Someshwar Das et al. (1988) found that the best results are obtained
for values of n between 3 and 5, and RHc between 0 and 0.25 when conducting the
Asian summer monsoon period. In the ECMWF numerical forecasting model, n=3
and RHc=0 are used (Tiedtke 1986). As a compromise between these values, in the

OMEGA model n and RHcare specified as 3 and 0.5, respectively.
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Assuming the large-scale forecast is made for a time step At giving a temperature Te

without the effects of cumulus convection. Then, applying the parameterization
scheme gives a temperature T(t + At ) such that

T(t+4¢)=T,+(1-b)CaAT, -T,) (A2.148)
and the corresponding equation for mixing ratio q(t + At) after the parameterization
is applied is

q(t+41)=q, +(@-b)Ca4q, -q,) (A2.149)
The precipitation from the subgrid cloud scale is used in warming the air from T. to

T. Therefore, the rate of precipitation per unit time per unit volume in the column is

calculated by

walag_pce T, T,
prcl = J. L

tozy c

dz dt (A2.150)

When the vertically integrated moisture convergence rate exceeds a critical value of

10°kgm™2s? (Anthes 1977b) cumulus convective processes are activated, on
evaluating the subgrid scale cloud effects. There is a need to determine the cloud
base z¢, and cloud top zy. Lifting condensation level (LCL) of each air parcel is
utilized to determine the cloud base. The temperature T and mixing ratio g inside the
cloud are assumed as those on a moist adiabatic passing through the lifting
condensation level. The cloud top is identified as the height where cloud temperature

T.becomes less than the environment temperature Te.

A2.5 Radiation

Separate parameterizations are developed for short and long wavelengths and the

radiative source-sink term in the conservation of energy equation (A2.10) can be

written as:
S, = (a_Tj +(5_Tj (A2.151)
ot )w ot Jow

The terms on the right hand side represent temperature change resulting from
longwave and shortwave radiative divergence flux in the vertical direction. Since

variation of the radiative energy divergence is much larger in the vertical direction on
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the mesoscale, its horizontal direction is neglected. The method of parameterizing
vertical flux takes into account the absorption of shortwave radiation by water vapor
and the longwave energy emitted by water vapor and carbon dioxide using the
computationally efficient technique of Sasamori (1972) which is essentially similar
to Mahrer and Pielke (1977). Separate parameterizations for long and short
wavelengths are convenient to use in the model due to the separation of wavelength

in the atmospheric radiation spectra.

A2.5.1 Shortwave radiative flux

The diurnal variation of the solar flux is computed from the following equation on a

horizontal surface at the top of the atmosphere.

S=S, cosZ (A2.152)
cosZ = cos ¥cosdcosH + sin¥sind (A2.153)
where So is the solar constant, Z the zenith angle,y the latitude, &the solar
declination, a function of Julian day, and H the solar hour angle. It is assumed that

shortwave absorption in the atmosphere is only due to water vapor and the heating of

the atmosphere by this radiation is then given by

-0.7
(GT j 0.231°0.€0Z [ﬂ} % c0sZ >0
— Z

P = pC, LcosZ (A2.154)

cosZ <0
where r(z) is the optical path length of water vapor above the layer z and is given by

top

rz) = j p qdz. (A2.155)

A2.5.2 Longwave radiative flux

The normal optical thickness, integrated over all wavelengths is represented by the
broadband emissivity, €, used for the parameterization of longwave radiative flux in
atmospheric models. Water content of the air affects the emissivity in clear and
cloudy air. Water vapor and carbon dioxide (CO2) are the longwave radiation
emitters. The path length for water vapor (Ar;) is in units of g cm?and computed for

each vertical layer as
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P, —P
ar;=p; qy(z;,-2))= —%qj (A2.156)

and the path length for carbon dioxide (Ac;) expressed in units of millibars is

Ac, = -0.4148239(P,,, — P;) (A2.157)

In order to calculate the total path length, they are summed up from the first level to

the ith level to give as follows

=>"4r;andc,,, =) Ac, (A2.158)
j=1

=1
where r; = ¢; =0 at the surface. The emissivity for water vapor was derived from data
in Kuhn (1963) and is given in Jacobs et al., (1974) by

0.113 log,, (1 +12.63r) log,,
0.104 log,, 7 +0.440  —4<log,,F <-3
g, (i, j)=0.121log,, T +0.491 ~3<log,,

_ (A2.159)
0.146 log,, F +0.527 —15<Ilog,,

0.161log,, T +0.542 —1.0<Ilog,,
0.136 log,,  +0.542 log,,

IN A
o o |

b I e TR (| |/\
\Y% IN
|
=
o o

where F:‘ri—rj‘is the optical path length between the ith and jth level. The

emissivity function for carbon dioxide is given by Kondratyev (1969) by

éco, (i, )= 01851 exp(- 0.3019f, —c,*) | (A2.160)
Total emissivity for each depth between level i and level j is then given by
e, )= e.(i, )+ eco, (i, 1) (A2.161)

The downward and upward radiative fluxes at a level N can be computed using the

above emissivity functions as

Z (J+l (N, j+2)-2(N, ) ]+ 0T L (N, top) | (A2.162)

n-1
RT (N):Z;(TJ+1+T )e(N, j)—2(N, j+1) [+oT2 [1-£(N,1) ] (A2.163)
j=1
where Tg and Ty, are the temperatures at the ground level and model top,
respectively and o is the Stefan-Boltzman constant. Thus the radiative cooling at

each level N except the ground level is calculated by using the following formulation

219



(A2.164)

(a_Tj _ 1 [RT(N+1)-RT(N)+RL(N)-R{(N+1)
ot ) pC, z(N+1)-z(N)

where LW denotes the longwave radiation and z is the height. Radiative transfer is
computationally expensive without simplification. In OMEGA, it is needed to be
simple parameterizations since complexity of the mesh is computationally much
expensive. Sasamori’s technique (1972) simplifies the computing procedure
assuming an isothermal atmosphere for radiative transfer. The temperature change

resulting from longwave radiative flux divergence is calculated at each level N as

[aj 1 (oT¢ o Je(N+1,2)-e(N Y+ (0T, —oTyt Je(N+1, top)—&(N, top)] (A2.165)

) rC, 2(N+1)-z(N)

A2.6 Model Initial and Boundary Conditions

The OMEGA data preprocessor converts a diverse mixture of real-time atmospheric
and surface data as an input into an OMEGA simulation. Two datasets produces
from this process; one is the initial values of all the model’s dependent variables and
the surface based model parameters, second dataset consists of the time-dependent
behaviour of all the model’s dependent variables along the lateral boundaries of the
simulation domain. The OMEGA analysis and initialization procedure have seven
steps: 1) ingestion of the available data prepared by the PREPDAT module and the
preliminary INIT file created by the GENINIT module, 2) objective analysis of sea
surface temperature data, 3) processing and quality control of surface and upper air
data, 4) objective analysis of surface and upper air data, 5) adjustments to ensure that
the analyzed data meet desired constraints, 6) generation of objective analysis

performance statistics, and 7) output of the initialization data to a modified INIT file.

The OMEGA data preprocessor uses the multivariate algorithm by DiMego (1988),
which adapts in a natural way to the unstructured grid. The analysis proceeds
horizontally layer by layer, cell by cell. The analysis is performed at the top center of
each OMEGA grid cell as well as at the bottom of the lowest layer of cells.
Corrections to the first-guess field for height and wind are computed using the
multivariate algorithm and for relative humidity are computed using the simpler
univariate algorithm. Corrections are computed for an entire layer and smoothed with
a four-point smoother before being added to the first-guess. The smoother uses the

value at a given cell to 50% of the original value adding 1/6 the value at each of the
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three adjacent cells. OMEGA defines grid locations by absolute altitude hence, the
height corrections are converted to pressure corrections. The variables are vertically
interpolated to cell centroids. Temperature is analyzed only at the surface and is
derived hydrostatically from the pressure at the top and bottom of the cell, at cell
centroids. If a level is less than 10 mb from the last analyzed level, the analysis at
this level is skipped. The corrections to the first guess are then interpolated from the
corrections at the nearest analyzed layers above and below. This reduces the problem
of noisy temperature fields due to small differences in the height correction at closely
spaced analysis layers. As it is proposed by DiMego (1988) the surface temperature
data are used to hydrostatically adjust the surface height increment in the lowest
levels. The surface height increment is used directly at the ground. The surface
height increment is hydrostatically corrected by assuming that the surface
temperature perturbation is valid over in the first few model levels above the ground
(up to about 40 mb above the surface). The corrected height increment is considered
to be valid at the model level. Only the nearest height increment to a given level is
included in the analysis matrix at any given grid point. This has the effect of
influencing the thickness field near the ground so that the hydrostatically derived
temperature field closely resembles a direct surface temperature analysis (Bacon,
2003).

Boundary conditions for computational domain is provided from large scale forecast
models such as the Nested Grid Model, the Eta Model, or the Medium Range
Forecast model run at National Center for Environmental Prediction (NCEP), or the
Navy Operational Global Atmospheric Prediction System (NOGAPS) run at the
Navy Fleet Numerical Meteorology and Oceanography Center. Boundary conditions
at user-specified time intervals are calculated based on one of these forecasts and
linear interpolation is used to determine boundary values at intermediate times. The
lateral boundaries are open. Interior values of outflow boundaries interior value are
used in the calculation of the fluxes across the boundary faces instead of forcast data.
A radiative boundary condition with a uniform phase speed is used on outflow
boundaries to allow the propagation of acoustic disturbances across the boundaries.
A “nudging” scheme is applied at the each time step to the new values of all
variables, which nudges values in cells immediately inside the boundary to the

forecast values in the ghost cells across the boundary. The velocity normal to each
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boundary face and the fluxes across the face are calculated using the forecast data at
inflow boundaries. Initial values of density and potential temperature are calculated
in a hydrostatic balance and remain fixed throughout the simulation at the top of the
computational domain. A homogenous Neumann boundary condition is applied to
the horizontal components of momentum when the vertical momentum is assumed to
be zero. Hence, the upper boundary is considered a rigid, free-slip surface. A
diffusive “sponge” behaviour is applied to the vertical component of momentum to
minimize the reflection off of the upper boundary. The exponential sponge
coefficient approaches zero below the top few layers of the grid. Monin-Obukhov
similarity theory is applied in the surface boundary conditions formulation of
OMEGA. The theory provides to determine the values of the model prognostic
values at a diagnostic level between the first and second computational levels. No-
slip condition is used at the ground surface in the OMEGA. The hydrostatic equation
is used to calculate the surface pressure from the lowest atmospheric layer in the
model. The surface density, p, is calculated from the known surface pressure and
ground surface temperature using the ideal gas law. A zero flux boundary condition
is assumed at the ground for all Eularian tracers (Q;) and for the turbulent kinetic

energy (Bacon, 2003).

A2.7 Urban Parameterization

Urban parameterization has been developed so as to represent modification on the
parameters (such as, temperature, wind, moisture etc.) by urban areas. Urban
parameterization in the OMEGA is fundamentally based on Brown (2000), which
modifies drag and turbulence production into the flow equations and the surface
energy budget and heat equation to account for urban influences. These
parameterizations endeavor to account for the area-average effect of drag, turbulence
production, heating, and surface energy budget modification induced by buildings
and urban land-use. Since lack of spatial resolution does not allow mesoscale models
to simulate the fluid dynamics and thermodynamics in and around urban structures
directly, urban canopy parameterizations are used to approximate the drag, heating,
radiation attenuation and enhanced turbulent mixing produced by the sub-grid scale
urban elements. In this parameterization, different methods are used above the urban

canopy and within the urban canopy. The bulk or area-average parameterization
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attempts to implement the urban canopy layer into the mesoscale models. However,
the model and the model physics are determined the utility of the urban

parameterization.

A2.7.1 Drag force definition

A drag force term can be added to the atmospheric momentum conservation
equations to account for obstacle drag. This approach has been successfully used to
parameterize the frictional drag due to forest canopies (e.g., Wilson and Shaw, 1977;
Yamada,1982; Liu et al., 1996) and has been used in several cases for urban canopies
(e.g., Sorbjan and Uliasz, 1982; Brown and Williams, 1998; Urano et al.,1999).
Since the drag coefficient approach, modifications can be made to the horizontal
components of the momentum equations to account for the area-average effect of the

sub-grid urban canopy elements:

J<uu; >
DU _ _ier fV-——1" —f,.Csa(z)uU] (A2.166a)
Dt p X X;

J<vu; >
V_ 1P 2507 ¢ coa@Vvy| (A2.166b)
Dt p X,

where f is the Coriolis parameter, the <uju;> are the Reynolds shear stresses, fum IS
the fraction of the grid cell covered by urban canopy, a(z) is the canopy area density
(surface area of buildings perpendicular to the wind per unit volume of urban
canopy), Cq is the drag coefficient, the other variables; p is the fluid density, U is the
mean velocity in the x- direction and V is the mean wind in the y-direction, and P is
the pressure. The drag force will be non-zero within the canopy and “turn-off” at
some height above the canopy in response to the canopy area density a(z) term. The
drag formulation by Urano et al. (1999) and Sorbjan and Uliasz (1982) is nearly
identical to equation 3.167, except that in the latter case they lumped Cq4 and a(z)
together and did not explicitly state that it could vary with height. The major
disadvantage of the drag approach is to specify the new terms; fum,, Cq4, and a(z)
(Brown, 2000).

A2.7.2 Turbulence production/destruction

Enhanced turbulent production is seen in the urban environment due to buildings.

Flow separation, recirculation zones, high shear, and production of turbulent eddies
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result from the flow blockage, isolated regions of jetting, and adverse pressure
gradients associated with the obstacle. Reynolds shear stress term, modified in the
urban parameterization is modeled as a first-order gradient diffusion term:

éUi éUj

<uiuj >=—Km[@(—+yj (A2167)

J I

where Ky, is the turbulent eddy diffusivity for momentum.

In mesoscale models using the k-¢ or q2—l turbulence closure approach to specify the
eddy diffusivity, a turbulent kinetic energy production term can be added to the tke
equation to account for urban-induced turbulence, (e.g., Brown and Williams, 1998;
Maryuma, 1999; Urano et al., 1999)

. d<u; -tke>
I:)Lke=5i3g<ui6?>—<uiuj>0AU'— :
Dt ® i X
1o<up>
_;T_g + furdea(z)QU|3 +|V|3)

where tke = k = g%/2 = 1/2(<u®>+<v?>+<w’>) and ¢ is the dissipation term. This is
the exact form of the tke equation without the closure assumptions used in k-& or g%
modeling applied yet. The last term is the tke production term due to sub-grid urban
canopy elements, where fup is the urban fraction of the grid cell, Cq is a drag
coefficient, a(z) is the canopy area density, and U and V are the horizontal
components of the wind velocity. The absolute value signs on the velocities ensure

that the drag term is always a source of turbulent kinetic energy (Brown, 2000).

A2.8 Atmospheric Dispersion Model

Atmospheric dispersion can be seen every atmospheric dynamical process operating
on scales larger than molecular dissipation and smaller than the latitudinal variation
of the Coriolis force. Mesoscale energy is distributed over a variety of flows, such as
mesoscale circulations, mesoscale eddies, and internal gravity waves. Flow dynamics
are variable and complex on mesoscale flow which may be hydrostatic or non-
hydrostatic. Significant features raging from several meters to several tens of
kilometers on with timescales of minutes to many hours may be enclosed by non-
hydrostatic motions. Hydrostatic motions including embedded non-hydrostatic

motions have motion scales larger than the non-hydrostatic motions. Mesoscale
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atmospheric flows own various mesoscale time and space scales. The range of flow
scales can affect the transport and diffusion of atmospheric pollutants depending on
variations in the mean wind, differential advection due to the vertical and horizontal
wind shear, and vertical mixing (c.f. Moran, 1992). Time-space flow scale accuracy
is important when the mesoscale dispersion processes are studied. Otherwise,
significant components of mesoscale transport and diffusion may be neglected
(Bacon et al., 2000). Atmospheric Dispersion Model (ADM) has benefit of using the
OMEGA model-predicted meteorological fields (such as mean wind component and
atmospheric turbulence information) at spatial and temporal resolution of the model
since ADM is embedded within the OMEGA. Three dispersion models; an Eularian
model, a Lagrangian particale dispersion model, and a probabilistic Lagrangian puff
model are implemented in the ADM. These dispersion models advect massless
tracers and gases and/or solid and liquid particles using the OMEGA resolved wind
field, while simultaneously solving a diffusion model that simulates the effect of
unresolved physics including turbulence. Massless tracers and gases are in
thermodynamic and dynamic equilibrium with the ambient atmosphere whereas solid
and liquid particles are allowed to settle out with a size and density dependent

vertical slip velocity due to gravity (Bacon and Sarma, 1991).

A2.8.1 Eularian dispersion model

The OMEGA model assumes that the released gas instantaneously and uniformly
fills the OMEGA cell containing the source. The Eularian tracers are assumed to be
massless and advected by the mean wind and diffused by its turbulence components
(Bacon et al., 2000). The conservation equation for the tracer field is calculated as
% =-V-(QV)+S, (A2.169)
where Q; is the tracer concentration, S; represents the tracer sources/sinks with
subgrid scale turbulent transport fluxes. S; is defined in the model via their source
strength, latitude, longitude and altitude locations. Eularian model is well suited for
the reactive nonlinear chemistry and wet deposition which have complex physical
processes. Due to its gridpoint calculation independency of the number of sources,
Eularian model is also well suited for a large number of geographically fixed sources
(Bacon et al., 2000).
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A2.8.2 Lagrangian particle dispersion model

The Lagrangian particle dispersion model uses Monte Carlo technique to simulate
dispersion of non-buoyant and dynamically passive pollutants released from multiple
emission sources with different geometry and release duration (Bacon et al., 2000).
Particles fall out with a vertical slip velocity because of the gravity. The terminal
velocity, Vi, is used determining the slip velocity. The particle momentum equation

used to the terminal velocity calculation.

ow
P ot

24

=M,g %[O.4+R—JAP V| (A2.170)

M

where: w = the component of particle velocity perpendicular to the ground,
o = drag coefficient multiplier for rough spheres,

g = acceleration due to gravity,

Re= Reynold's number,

A, = cross-sectional area of the spherical particle, and

p.= ambient air density.

_ ow .
Setting i = 0 gives

D3
V= O gy 1 D 9Pl (A2.171)
p,D 405u

where w is the dynamic viscosity of air, p, is the ambient air density, p;, is the particle

density, D is the particle diameter, and g is the acceleration due to the gravity.

The model simulates the dispersion with pseudovelocities at each time step. Effects
of two basic dispertion components are simulated by pseudovelocities: 1) transport
due to the mean wind, and 2) diffusion due to turbulent velocity fluctuations
(Boybeyi et al., 1995). Subsequent positions of each particle (x, y, z) which

represents a discrete element of pollutant mass are computed from the following

equations:
X(t + At) = x(t) + [T(t) + u'(t) Jat,
y(t+At) = y(t) + [V(t) + V' (D) At (A2.172-A2.174)

Z(t+ At) = z(t) + [W(t) + w'(t) JAt,

whereu,v,and W are mean wind components from the OMEGA model, and
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u,v ,and w are subgrid-scale turbulent velocity fluctuations. Their statistics are

derived from the boundary layer formulation used in OMEGA. The sub-grid scale

particle turbulent velocity fluctuations are calculated using a Markov chain scheme;

U'(t+ At) = R, (At)u’(t) +u"(t + At),
V'(t+At) = R, (ADV'(t) +V"(t + At) (A2.175-A2.177)
W/(t + At) = R, (At)W'(t) + W"(t + At)

whereu”,v',and w are random uncorrelated turbulent velocity components. These

random turbulent velocity components distribute in Gaussian with zero mean values,

viz., they are characterized by the variances;

O'ri =0’ (1-R%),

ol =c.(1-R%), (A2.178-A2.180)

r,

O'ri, =02 (1-R%),

where R, ,R,,and R, are auto-correlation coefficients for each velocity component

u'r it

and assumed to be exponential,

Ru' (At) = w = exp[_ A:' J
(e}

—

u’ L

R, (At) = YOV =AY _ exp[— ﬂj (A2.181-A2.183)

T
R (A1) = W’(t)w’gt —At) _ exp[_ At J

V'

w

w L

where T, T ,and T are the Lagrangian integral time scales of the sub-grid scale
turbulence. Turbulent kinetic energy closure in the OMEGA allows to determine a
variety of turbulent statistics which is necessary to run the Lagrangian particle
dispersion model are obtained from the level 2.5 Mellor and Yamada scheme (c.f.
Uliasz, 1990).

A2.8.3 Plume rise

The study of Briggs (1969, 1979) is used as a basis of the plume rise treatment in the
model. Using wind and stability values at the point, plume rise equations are applied
separately to each puff centroid. This allows to simulate spatial and temporal
variations of atmospheric stability. The governing parameter is the buoyancy flux

F(m*s?), givenas;
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F= gvedeZ(Te _T)
4T

e

(A2.184)

where g gravitational acceleration, v, stack gas exit speed, d. stack exit diameter, Te

stack gas exit temperature, and T ambient temperature. Four different equations
(depending on wind speed and stability) are used to determine plume rise. Stability,

is also needed to define plume rise given by

S= %j—e (A2.185)
4

The equations for plume rise w,when S> 4.2x10V?/H? (stable conditions ) are

1/3
w, = Q[LJ [(xt +VAN" - xf""]whenv >V,

P At {1000 SH2V
Ca1om 1 E (A2.186)
Wp:A_.t[ v Sj (Swzj [(t"'VAZﬂZ/S—tZ/S]WhenVSVS

where Hs is stack height, V is horizontal wind speed, and Vs is critical wind speed
which are separated ‘calm’ from ‘not calm’ conditions for stable conditions as
defined by

V, =0.14F"*s"® (A2.187)

Plume rise is determined using travel time. Maximum plume rise under stable

conditions is obtained when

=10 (A2.188)
when S > 4.2x102V?/H? (neutral and unstable conditions)
1/3
w, _16F [(xt +VAt)2’3—xf’3] when V>V,
(A2.189)
1.6F™°
0= AL [(xt +VAL)" - xf’e’] when V<V,

where V, is critical wind speed are separated ‘calm’ from ‘not calm’ conditions for

neutral or unstable conditions is defined by

1/3
= 1§F (LOH, )*"? (A2.190)

max

\

where Znax is the maximum plume rise wich can be occured during light winds and

neutral or unstable conditions.
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A2.8.4 Concentration calculation

A new group of Lagrangian puff (N) is generated by the probabilistic puff model at a
user defined time interval (At) in the OMEGA. Local wind speed and turbulence
diffusion at the source show the number of puffs released. N is chosen distance
between two puffs which should be approximately equal to half of the horizontal
standard deviation, on. Each puff shows a discrete element of the total material
release into the atmosphere. The puffs move via the OMEGA model mean wind field
and locations of each puff center are computed by equations (A2.172-A2.174) where
turbulence components are omitted. Puff diffusion is estimated based on Taylor’s
homogenous diffusion theory. It is assumed that the theory is applicable over short
time scales (c.f. Uliasz, 1990 or Arya, 1999), for example, the time step, At, used to
transport puffs in OMEGA (Bacon et al., 2000):

o, (t+At)=0,(t) +o,At for t<2T",and

(A2.191)
ol(t+At)=c?(t)+2T oAt for t> 2T/

where oy is the variance of wind velocity component and T is the Lagrangian

integral timescale. Turbulence characteristics are provided from the turbulence
closure scheme in the OMEGA model. oy and o; are also determined in a similar way
(Uliasz, 1990).

The local representation of the turbulence and velocity fields becomes inaccurate
when the puffs grow. If the puffs split into the smaller components, the accuracy of
the calculation can be maintained. The growth of a puff extends either vertically or
horizontally over one cell area of the model is the puff splitting scheme in OMEGA.
The puff is divided into two or more puffs which the sum of all puff component’s air
masses equals the initial puff air mass. Gaussian function is used to distribute the
concentration within each puff. oy, oy and o; values of Gaussian function increase
with travel time or distance. Information of puff location such as, the material in it,
and its geometrical dimensions allows concentration to be determined by summing
contribution from each puff. Generalized Gaussian distribution with reflection terms
from ground and mixing layer height used to compute local concentration values
(Bacon, 2003).
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C(x,y,z,t)= Q exp{_ (X;X;)Z}exp{_ (y—yc)z}X

(27r)2/3GXGyGZ . 205

(z-1,)? (z+12,)° (22, —2-12,)°
exp| ——2— |+ f_exp| ———<— |+ f_exp| —~—" "¢
{ p{ 207 g &P 20°; T inO® 207

where C is concentration, Q is the mass of puff, X, y,z are position of receptor x_, Y., z,

(A2.192)

are the position of the puff center point, f, is the fraction of cloud mass reaching the
ground reflected back into cloud mass, f,, is the fraction of cloud mass reaching the
mixing layer reflected back into the cloud,z, is the mixed layer height. The

integrated surface dosage can be calculated as

t
2(X,y,t) =jc X, y,0,t" dt’ (A2.193)
0

Amount of dosage is accumulated on a stationary receptor network.
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Table A2. 2: The USGS Global Ecosystem land-use classification and their
associated surface properties.

Land Use ALB | EMISS | Z0 | BSF | ICMN | LAl | RSMIN | TADM | SVF
description
Urban 0.187 | 0.850 | 75.0 | 0.000 | 0.000 | 0.500 | 40.0 1222.0 | 0.800
Low Sparse 0.184 | 0.900 |20 |0.500| 0100 | 1.500 | 40.0 600.0 | 1.000
Grassland

Coniferous Forest | 0.160 | 0.900 113.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000

E(ff;gtuous Conifer | 160 | 0.900 | 113.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000

Deciduous

0.160 | 0.900 90.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000
Broadleaf Forest

Evergreen

0.160 | 0.900 240.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000
Broadleaf Forests

Tall Grasses And | 184 | 0900 | 150 | 0500 | 0,100 | 1.500 | 400 | 600.0 | 1.000

Shrubs

Bare Desert 0.200 | 0850 | 0.1 | 0.100 | 0.000 | 0.500 | 2000 | 620.0 | 1.000
Upland Tundra 0.169 | 0.900 | 40 | 1.000 | 0.000 | 1.000 | 2000 | 600.0 | 1.000
Irrigated 0.184 | 0900 | 3.0 |0.500 | 0.100 | 1.500 | 40.0 600.0 | 1.000
Grassland

Semi Desert 0.200 | 0850 | 1.0 | 0.100 | 0.000 | 0.500 | 2000 | 620.0 | 1.000
Glacier Ice 0.500 | 0.900 | 0. | 0.000 | 0.000 | 0.100 | 999.0 | 594.0 | 1.000
\S/\x;?];dwm 0179 | 0920 | 66.0 |0.100 | 0.000 | 1.500 | 40.0 | 600.0 | 1.000
Inland Water 0.016 | 0950 | 0.1 | 1.000 | 0.000 | 0.100 | 40.0 600.0 | 1.000
Sea Water 0.016 | 0950 | 0.1 | 1.000 | 0.000 | 0.100 | 40.0 600.0 | 1.000

Shrub Evergreen 0.160 | 0.900 23.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000

Shrub Deciduous 0.160 | 0.900 23.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000

m‘gd ForestAnd | 160 | 0.900 | 1200 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000

Evergreen Forest | 166 | 900 | 1200 | 0.100 | 0.200 | 2.300 | 150.0 | 600.0 | 1.000
And Fields

Cool Rain Forest 0.160 | 0.900 113.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000

Egggfr Boreal 0.160 | 0.900 | 750 |0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000

Eg&'stconifer 0.160 | 0.900 | 113.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000

Cool Mixed Forest | 0.160 | 0.900 113.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000

Mixed Forest 0.160 | 0.900 113.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 1.000

gg&'s?road'eaf 0.160 | 0.900 | 113.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000

Deciduous 0.160 | 0.900 | 90.0 |[0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Broadleaf Forest

Conifer Forest 0.160 | 0.900 113.0 | 0.200 | 0.100 | 2.300 | 150.0 600.0 1.000

Montane Tropical | 160 | 0900 | 75.0 |0.100 | 0.200 | 2.300 | 150.0 | 600.0 | 1.000

Forests

ﬁg‘;‘:‘s’{‘a' Tropical | 4160 | 0.900 | 113.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
%\?v'rgrOpSA”d 0.169 | 0.900 | 120 | 1.000 | 0.000 | 1.000 | 400 | 600.0 | 1.000
Crops And Town | 0.169 | 0.900 | 12.0 | 1.000 | 0.000 | 1.000 | 40.0 600.0 | 1.000
Dry Tropical 0.160 | 0.900 | 38.0 |0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Woods

Tropical 0.160 | 0.900 | 240.0 | 0.100 | 0.200 | 2.300 | 150.0 600.0 | 1.000
Rainforest

lg‘;g;fa' Degraded | 4 165 | 0.900 | 180.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Com And Beans | 169 | 0900 | 60 |1.000 | 0.000 | 1.000 | 40.0 | 600.0 | 1.000
Cropland

Ei'glzpaddyA”d 0169 | 0900 | 3.0 |1.000 | 0.000 | 1.000 | 400 | 600.0 | 1.000
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Table A2. 2 : (contd.) The USGS Global Ecosystem land-use classification and their
associated surface properties.

Land Use ALB EMISS | Z0 BSF | ICMN | LAl | RSMIN | TADM | SVF
description

Hot Irrigated 0.169 0.900 |6.0 | 1000|0000 | 1.000 | 40.0 6000 | 1.000
Cropland

Cool Irrigated 0.169 0900 |6.0 | 1.000]|0.000 |1.000| 40.0 6000 | 1.000
Cropland

Cold Irrigated 0.169 0900 | 6.0 | 1.000]|0.000 |1.000| 40.0 6000 | 1.000
Cropland

gﬁﬂbfrassesmd 0.184 0.900 |20.0 | 0500 |0.100 | 1.500 | 40.0 6000 | 1.000
Hot And Mild

Grasses And 0.184 0.900 | 20.0 | 0500 | 0.100 | 1.500 | 40.0 6000 | 1.000
Shrubs

Cold Grassland 0.184 0900 |50 |0500]0.100 | 1.500 | 40.0 6000 | 1.000
Savanna (Woods) | 0.160 0.900 | 28.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Mire, Bog, Fen 0.179 0920 | 6.0 |0.100] 0.000 | 1.500 | 40.0 6000 | 1.000
Marsh Wetland 0.179 0920 | 28.0 | 0.100 | 0.000 | 1.500 | 40.0 6000 | 1.000
g"c‘igge”a”ea” 0.184 0.900 |10.0 | 0500 | 0.100 | 1.500 | 40.0 6000 | 1.000
Dry Woody Scrub | 0.184 0900 | 10.0 | 0500 | 0.100 | 1.500 | 40.0 6000 | 1.000
\?Jg’oﬁ‘s’ergree” 0.160 0.900 |38.0 | 0.00|0.200 | 2.300 1500 | 600.0 | 1.000
Volcanic Rock 0.200 0850 | 0.1 | 0.100 ]| 0.000 | 0500 | 2000 | 620.0 | 1.000
Sand Desert 0.200 0850 | 0.1 | 0.100 ]| 0.000 | 0500 | 2000 | 620.0 | 1.000
gm‘bges‘*” 0.184 0900 |30 |0500]|0.100 | 1.500 | 40.0 6000 | 1.000
Semi Desert Sage | 0.184 0900 |30 | 0500]0.100 | 1.500 | 40.0 6000 | 1.000
Barren Tundra 0.169 0900 | 1.0 | 1.000 | 0.000 | .000 | 2000 | 600.0 | 1.000
Cool Southern

Hemisphere Mixed | 0.160 0.900 | 90.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Forests

S\fo‘ﬂ dFS'e'dSA”d 0.160 0.900 | 108.0 | 0.100 | 0200 | 2300 | 1500 | 6000 | 1.000
Forest And Field | 0.160 0.900 | 120.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
EI‘;‘I)(; ForestAnd | 149 0900 | 1200 | 0.100 | 0200 | 2300 | 1500 | 6000 | 1.000
Fields And Woody | 1, 0900 | 450 | 0100|0200 |2300 1500 | 6000 |1.000
Savanna

Succulent And 0.184 0.900 |3.0 | 0500|0100 | 1.500 | 40.0 6000 | 1.000
Thorn Scrub

\S/\'/'(‘)f)'és'-eaf'v“xed 0.160 0900 |280 | 0100|0200 |2300 1500 | 6000 |1.000
Deciduous And

Mixed Boreal 0.160 0.900 | 75.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Forest

Narrow Conifers | 0.160 0.900 | 90.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Wooded Tundra | 0.169 0.900 | 63.0 | 1.000 | 0.000 | 1.000 | 2000 | 600.0 | 1.000
Heath Scrub 0.184 0900 |6.0 | 0500]0.100 | 1.500 | 40.0 6000 | 1.000
ﬁs\‘j‘“”" Wetland - | 17 0920 | 28.0 | 0.100 | 0.000 | 1.500 | 40.0 6000 | 1.000
ﬁgasm' Wetland - | 17 0920 | 28.0 | 0.100 | 0.000 | 1.500 | 40.0 6000 | 1.000
g:aSta' Wetland, | 179 0920 | 28.0 | 0.100 | 0.000 | 1.500 | 40.0 6000 | 1.000
gvflaSta' Wetland - | 17 0920 |28.0 | 0.100 | 0.000 | 1.500 | 40.0 6000 | 1.000
E%La;nA”d Alpine | 5 169 0000 |1.0 | 1.000| 0000 |1.000 2000 | 6000 |1.000
Glacier Rock 0.200 0850 | 0.1 | 0.100 | 0.000 | 0500 | 2000 | 620.0 | 1.000
Salt Playas 0.169 0900 | 0.1 | 1.000 | 0.000 | 1.000 | 2000 | 600.0 | 1.000
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Table A2. 2 : (contd.) The USGS Global Ecosystem land-use classification and
their associated surface properties.

Land Use ALB | EMISS | Z0 BSF | ICMN | LAl | RSMIN | TADM | SVF

description

Mangrove 0.160 | 0.900 | 90.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
\F’Yi‘ﬁggA”d Island | 5500 | 0850 |50 |0.100 | 0.000 | 0500 | 2000 | 6200 | 1.000
Land, Water, 0.200 | 0.850 |50 |0.100 | 0.000 | 0.500 | 2000 | 6200 | 1.000
And Shore

Ili?\r/]((ejr?nd Water, | 5900 | 0.850 |50 | 0100 | 0.000 | 0.500 | 2000 | 6200 | 1.000
Crop And Water | 159 | 9900 [3.0 | 1.000 | 0.000 | 1.000 | 40.0 600.0 | 1.000
Mixtures

Southern

Hemisphere 0.160 | 0.900 | 1130 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Conifers

Southern

Hemisphere 0.160 | 0.900 | 90.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Mixed Forest

\é‘(’)‘izsstc'emphy“c 0.160 | 0.900 | 1350 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Coastline Fringe | 0.200 | 0850 | 0.1 | 0.100 | 0.000 | 0.500 | 2000 | 620.0 | 1.000
gﬁa:](;r;es And 0.200 | 0850 | 0.1 |0.00 |0.000 | 0500 | 2000 | 6200 | 1.000
Sparse Dunes 0.200 | 0.850 | 0.4 | 0.100 | 0.000 | 0.500 | 2000 | 620.0 | 1.000
And Ridges

gﬂfescoa“a' 0.200 | 0850 | 0.1 |0.00 |0.000 | 0500 | 2000 | 6200 | 1.000
Residual Dunes | 50y | 9850 | 01 | 0100 | 0.000 | 0.500 | 2000 | 6200 | 1.000
And Beaches

Compound 0.200 | 0.850 | 5.0 | 0.100 | 0.000 | 0.500 | 200.0 6200 | 1.000
Coastlines

;‘2)%'2; CliftsAnd | 6500 | 0.850 |50 |0.100 | 0.000 | 0.500 | 2000 | 6200 | 1.000
Sandy Grassland | 1e0 | 0900 | 1.0 | 0500 | 0.200 | 1.500 | 40.0 600.0 | 1.000
And Shrubs

Bamboo 0.160 | 0.900 | 150 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Moist Eucalyptus | 0.160 | 0.900 | 90.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Rain Green 0.160 | 0.900 | 150.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Tropical Forest

Woody Savanna | 0.160 | 0.000 | 38.0 | 0.100 | 0.200 | 2.300 | 150.0 | 600.0 | 1.000
Broadleaf Crops | 0.169 | 0.900 | 6.0 | 1.000 | 0.000 | 1.000 | 40.0 600.0 | 1.000
Moist Eucalyptus | 0.160 | 0.900 | 90.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Rain Green 0.160 | 0.900 | 150.0 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
Tropical Forest

Woody Savanna_ | 0.160 | 0.000 | 38.0 | 0.100 | 0.200 | 2.300 | 150.0 | 600.0 | 1.000
Broadleaf Crops | 0.169 | 0.900 | 6.0 | 1.000 | 0.000 | 1.000 | 40.0 600.0 | 1.000
Grass Crops 0.169 | 0.900 | 6.0 | 1.000 | 0.000 | 1.000 | 40.0 600.0 | 1.000
gﬁfﬁg'serass' 0.169 | 0.900 | 11.0 | 1.000 | 0.000 | 1.000 | 40.0 600.0 | 1.000
E‘:g;gree” Tree | 5160 | 0.900 | 1000 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
gfg;duous Tree | 5160 | 0.900 | 1000 | 0.100 | 0.200 | 2.300 | 1500 | 600.0 | 1.000
NO DATA 0.000 | 0.000 | 0.0 | 0.000 | 0.000 | 0.000 | 0.0 0.0 0.000
NO DATA 0.000 | 0.000 | 0.0 | 0.000 | 0.000 | 0.000 | 0.0 0.0 0.000
;’;ézrsr“pted 0.000 | 0.000 | 0.0 | 0.000 | 0.000 | 0.000 | 0.0 0.0 0.000
Missing Data | 0.000 | 0.000 | 0.0 | 0.000 | 0.000 | 0.000 | 0.0 0.0 0.000
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