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ABSTRACT
To build liveable, resilient and climate responsive cities today, there is a need for city
planners to understand the local complexities of the urban environments, especially in a
changing urban climate. The prevailing wind flow over a city determines to a great extent the
urban heat island (UHI) intensity in the city, thus it is important to understand the wind pattern
in a city, since natural wind ventilation is one of the most effective energy-saving strategy to
improve the overall thermal comfort level at the city scale.
This study has attempted to do exactly that, by employing the Local Weather Type
(LWT) classification to conduct a spatio-temporal wind analysis of the Toulouse Metropolitan
region in France under the warm and dry summer months of 2004. The administrative urban
database describing the surface properties and the wind simulation output from the mesoscale
atmospheric model Meso-NH at 250 m x 250 m horizontal resolution across the city of
Toulouse was used in this research. The simulation provided city-wide wind data at 10 m above
average building height, hence representative of the prevailing wind situation over Toulouse.
To quantify the wind characteristics, a mean and frequency statistical approaches were
evaluated in R. Results revealed that the frequency cartographic maps tend to show more details
of the distinct shape of the densely built urban centre. Also, it was revealed that the mean
analysis over-estimated the wind velocity by 1-2 m/s during daytime for all local weather types.
At night, both methods show similar velocity intensity from East to West, though LWT-9 tends
to under-estimate the wind speed by 2 m/s around the airport for the frequency analysis.
Furthermore, using the local climate zones (LCZs) classification describing the built
urban morphology in the city, attempts were made to understand how the nocturnal UHI varies
between LCZs in relations to changes in wind intensity. The results show that compact
buildings LCZ-1/2/3 (compact high/mid/low-rise) which are predominant in the city-centre
recorded the strongest average nocturnal UHI intensity of 2.57OC. Not surprising, this same
compact LCZs had the highest decrease in the wind intensity (-0.20 m/s) from daytime to nighttime. Meanwhile, the highest increase in wind intensity (0.47 m/s) is observed in LCZ-9
(Sparsely built) which corresponds to the weakest nocturnal UHI intensity of 0.32OC.This is
expected since the urban-rural thermal gradient is at the highest at night-time because of the
thermal properties of the building materials. Additional analysis reveals that the intra-LCZ
variabilities of UHI and wind intensity can be explained by the distance to the city centre.
Consequently, the anticyclonic urban breeze circulation on 4th July 2004 documented
in previous work was represented here on a cartographic map to help urban planners better
understand this phenomenon. The map revealed that for the few hours between 15:00 –
18:00UTC there was a NW-SE breeze pattern, with near-surface wind advection from the less
built-up northern part of the city, towards the urban centre. This breeze can also accentuate the
diffusion of pollution from the industrial campuses in the suburban into the centre especially
as the extent of the breeze covers a large portion of the NW-SE mesoscale cross-section.
Finally, the characteristics of the pedestrian wind velocity ratio in relation to the
building volume density was analysed. The results revealed that the higher the building volume
density per unit area, the lower the velocity ratio at the pedestrian level. Ultimately, this study
has proven that city-scale urban climate study can greatly assist urban planning professionals
design and make data-driven decisions that will lead to more sustainable future cities.
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ABSTRACT (Finnish Version)
Rakentaakseen asuttavia, kestäviä ja ilmastoresponsiivisia kaupunkeja muuttuvien
kaupunki-ilmastojen aikana, tulee kaupunkisuunnittelijoiden ymmärtää paikallisia urbaaneja
ympäristöjä niiden koko kompleksisuudessaan. Koska kaupungin yli puhaltava pääasiallinen
tuulivirta määrittää merkittävästi urbaanin lämpösaarekkeen (ULS) intensiteettiä, on tärkää
ymmärtää tuulen liikettä kaupungin sisällä. Luonnollisen tuulen liikkuvuuden säätely on yksi
energiatehokkaimmista strategioista kaupungin lämpötilan kokonaistason parantamiseksi.
Tässä tutkimuksessa käytettiin Paikkallisen Säätyypin (PST) luokittelujärjestelmää
spatiotemporaalisen ilmavirta-analyysin suorittamiseksi Tolousin metropolialueella Ranskassa,
kuivien ja lämminten kesäkuukausien aikana vuonna 2004. Aineistona olivat kaupungin
tietokannat sisältäen kaupungin pintaominaisuudet sekä tuulisimulaation tulokset mesoskaalan
ilmastomallissa Meso-NH horisontaalisella tarkkuudella 250 m x 250 m läpi kaupungin. Simulaatio
tuotti kaupunginlaajuista ilmavirta-aineistoa 10 metriä Touluosin raknnuskorkeuden yläpuolelta.
Tämä edustaa Toulousissa vallitsevaa tuulitilannetta. Tuulten kvantitatiivisten ominaisuuksien
määrittämiseksi käytettiin keskiarvoihin ja frekvensseihin pohjaavia menetelmiä R:ssä. Tulokset
osoittivat frekvenssien katografisten karttojen näyttävän suurempaa yksityiskohtaisuutta tiheästi
rakennetun kaupunkikeskustan selväpiirteisistä muodoista. Lisäksi keskiarvoanalyysi yliarvioi
päiväajan tuulennopeuden 1–2 m/s kaikilla paikallisilla säätyypeillä. Yölle molemmat menetelmät
näyttävät samansuuruisia nopeuksia idästä länteen, joskin PST-9 oli frekvenssianalyysissä
taipuvainen aliarvioimaan tuulennopeuden lentokentän alueella 2 m/s.
Käyttämällä
kaupungin
rakennettua
morfologiaa
kuvailevaa
paikallisten
ilmastovyöhykkeiden (PIV) luokittelujärjestelmää pyrittiin ymmärtämään yöllistä ULS:en
vaihtelua PIV:den välillä suhteessa tuulen intensiteettiin. Tulokset osoittivat, että tiiviit LCZ-1/2/3
-rakennukset (tiiviit korkeat/keskikorkeat/matalat rakennukset) jotka ovat vallitsevia kaupungin
keskustassa, osoittivat suurimman 2.57OC keskimääräisen yöllisen ULS-intensiteetin. Kuten
odottaa saattaa, tällä samalla kompaktilla LCZ:lla oli myös suurin lasku tuulen intensiteetissä (-.20
m/s) päivästä yöhön siirryttäessä. Toisaalta suurin nousu tuulen intensiteetissä (0.47 m/s) havaittiin
vyöhykkeellä LCZ-9 (harvaan rakennettu), jossa oli heikoin yöllinen ULS-intensiteetti (0.32OC).
Tämä oli odotettavissa, sillä urbaani–ruraali lämpögradientti on rakennusmateriaalien
lämpöominaisuuksien vuoksi yöllä korkeimmillaan. Lisäanalyysit paljastivat että PIV:den sisäinen
ULS -vaihtelu ja tuulen intensiteetti voidaan selittää etäisyydellä kaupungin keskustasta.
Näin antisykloninen kaupunkituulen kierto neljäs heinäkuuta 2004, joka on dokumentoitu
aiemmassakin tutkimuksessa,
on tässä
työssä
esitetty
kartografisella
kartalla
kaupunkisuunnittelijoiden ilmiötä koskevan kasvavan ymmärryksen mahdollistamiseksi. Kartta
osoitti, että muutaman tunnin ajan 15:00–18:00UTC, tapahtui koillinen–lounas -tuulikaava
pinnanläheisellä advektiolla kaupungin vähemmänrakennetulta pohjoisosalta kohti kaupungin
keskustaa. Tuuli saattoi myös painottaa saasteen diffuusiota lähiöiden teollisuusalueilta kohti
kaupungin keskustaa, erityisesti kun tuulen mittakaava kattoi suuren osan koillinen–lounas
poikkileikkauksesta mesomittakaavalla.
Lopuksi analysoitiin ominaisuuksia jalankulkijatuulen nopeudesta suhteessa
rakennustiheyden volyymiin. Tulokset osoittivat, että mitä suurempi rakennustiheyden volyymi
yksikön aluetta kohti, sitä pienempi nopeussuhdanne jalankulkijoiden tasolla. Tämä tutkimus on
osoittanut, että
kaupunkimittakaavan ilmastotutkimus
voi
merkittävästi
opastaa
kaupunkisuunnittelun ammattilaisia paremmin suunnittelemaan ja tekemään tietoon pohjaavia
päätöksiä jotka johtavat kestävän kehityksen tulevaisuuden kaupunkeihin.
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1.

INTRODUCTION

The urban population of the world has grown rapidly from 751million in 1950 to 4.2 billion
in 2018, and over 68% of the world population is projected to live in urban areas by 2050
(United Nations, 2018). This rapid urbanization has significantly turned cities into densely
packed urban areas with less greenery, more pollution sources and impervious surfaces. The
presence of artificial materials in buildings and public spaces increases the heat storage in the
ground layer and building fabrics and contributes to the higher level of air and surface
temperature in urban areas compared to their surrounding rural areas (Oke, 1982). This
phenomenon is known as “Urban Heat Island” (UHI).
Consequently, cities are becoming more and more densely built-up with compact and highrise buildings composed mostly in the city-centres and other Central Business District (CBD)
where a vast number of the population spend their entire day working. Hence, UHI has become
a rising concern to the quality of life within the built urban environments (Wong & Yu, 2005).
These effects are evident in the increasing energy use, water consumption, human thermal
comfort issues, and various health complications which accounts for the increase in health
budget and hospital admissions. Nevertheless, climate change induces warmer summers and
more frequent and intense heat waves, thereby increasing human mortality and energy demand
for cooling purpose. This is particularly critical in urban areas where climate variables such as
temperature, wind and radiation are modified by the urban morphology, the absence of pervious
soils and the human activities. As the urban population is projected to grow, it is imperative to
understand better how urban growth and design interplays with weather variables, especially
wind flow patterns which is critical to making cities cooler.

1.1

Background

According to the latest IPCC assessment report, the global climate has warmed by 1°C
above the pre-industrial conditions in 2017 (IPCC, 2018), however, land surfaces especially
urban environments, are warming faster than water surfaces, thus the locations most relevant
to the human population wellbeing are therefore becoming more exposed to frequent heat stress
than the global average temperature rise. Meanwhile, countries in southern Europe and the
Mediterranean basin are particularly vulnerable to a rise in climate change extreme events. No
event made this more apparent in France, than the 2003 heatwave, which saw around 15000
heat-exposure-related deaths in France, and about 70000 deaths across Europe(Watts et al.,
2018). Sadly, in summer 2019, this extreme weather was repeated, but at greater intensity, as
the southern commune of Gallargues-le-Montueux recorded France’s highest ever temperature
1

of 45.9OC breaking the previous 2003 record of 44.1OC. Not surprising, more than 50 French
cities exceeded their previous high temperature records in the 2019 heat wave (WMO, 2019).
The existence of the local heat island effect and the characteristics of existing urban
morphology and the kinds of building materials that traps heat for longer period makes urban
areas in Europe more vulnerable to the regional heat extreme events. Hence, it is important to
understand how the morphology of urban environments affects Urban Heat Island generation
and dynamics. Furthermore, data on weather and climate, air quality and energy use are
valuable for the decision-making process of urban infrastructure planning and development.
Consequently, factors such as temperature, humidity, and wind velocity all play a key role in
human comfort (Stathopoulos, Wu & Zacharias, 2004), but are often ignored during planning
due to its unavailability or cost of measurement, and lack of communication between urban
planners and climate experts(Eliasson, 2000).
Additionally, urban development itself can have a significant effect on the surrounding
microclimate (Rajagopalan, Lim & Jamei, 2014a) since some common building materials trap
heat, causing urban heat islands to form (Akbari, Pomerantz & Taha, 2001) and likewise
humidity is typically lower during the day compared to the exterior suburban vegetated areas
(Eliasson, 2000). Over the last few decades, significant progress has been made to associate
the properties of urban surfaces to the atmosphere. Despite this, huge gaps still remain in our
understanding of these processes, but it is generally recognized that the outstanding issue for
urban climate science is the need for knowledge transfer from urban research into urban
decision-making (MAPUCE, 2016). Unfortunately, most urban planners do not have the
required knowledge to quantify the effect that different urban planning scenarios could have
on UHI intensity. For instance, a survey to which 25 French urban planning agencies answered
showed two major limitations that inhibit the adoption of climate sensitive building topics to
be considered in the everyday planning strategies; the first limit is linked to the lack of
knowledge of these actors on these important topics, while the second is the lack of pertinent
data (MAPUCE, 2019).
Therefore, it is pertinent that necessary climate data analysis is made available to assist
urban planners to better understand this crucial topic, thereby informing the development of a
broad climate sensitive planning framework. However, for this case study based on the city of
Toulouse in France, attempts will be made to push these limits back by analysing the wind
regimes on the city-scale, in addition to understanding “how and to what extent wind flow can
exert effects on regulating the Urban Heat Island dynamics in the context of Toulouse city”.
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1.2

Project Outline

The purpose of this section is to summarise the project goals, give a description of the study
area and outline the motivated research questions.

1.2.1

Project Overview

This project involves quantitative statistical analysis using R and geo-analysis from various
sources. It explores the potential of the mesoscale atmospheric numerical model MésoNHSURFEX simulation output at 250x250m of horizontal resolution to identify wind
characteristics in summer 2004 from the microclimatic point of view, while also accessing the
plurality of weather representative of the local climate of Toulouse using the Local Weather
Type approach (Hidalgo, Julia, Masson & Baehr, 2014). The later stages involved the
evaluation and visualization of the statistical results obtained in a Geographic Information
System (GIS) environment using QGIS to understand the relationship of wind characteristics
with urban heat island dynamics.

1.2.2

Research Question

The hypothesis of this research is highlighted in the research questions below:
➢ “Does the wind (velocity and direction) dynamics have any influence on the night-time
Urban Heat Island (UHI) intensity in relation to the urban morphology of Toulouse?”
➢ If so: “What magnitude of influence does these wind characteristics (wind corridors,
urban/slope breeze etc.) exert on the Urban Heat Island (UHI) intensity in the city of
Toulouse?”
➢ “How well can we display/visualize city-wide mesoscale wind simulation output data
of Toulouse?”

1.2.3

Aim and Objectives

Wind flow in urban centres are generally warmer with weaker speed than in the
rural/suburban due to the blockage of high-rise buildings and the surface roughness (Yim,
Fung, Lau & Kot, 2009). The UHI mitigation strategies suggested by Santamouris et al. (2016)
includes using cool materials with higher albedo on buildings & pavements, the use of green
systems- such as trees, hedges, shrubs and grasses in cities, and the introduction of water
bodies, such as lakes, fountains and ponds. However, wind ventilation corridor is a viable
approach to introduce cooler wind into built areas, which can help reduce urban temperature
and mitigate the urban heat island effect. The corridor is a function of urban forms, previous
3

studies mainly focus on wind ventilation around isolated buildings or just a small cluster of
buildings.
Therefore, the overall goal of this research is to explore how and to what extent the wind
dynamics can exert effects on modulating the Urban Heat Island intensity on a city scale for
urban planning and recommendation purposes in the context of Toulouse, France. This new
knowledge will be integrated in the Geographical Information System software QGIS in order
to make it easily available to researchers working with urban issues as well as urban planners.
Thus, to achieve this goal, the Meso-NH numerical simulation model output and the Local
Weather Types (LWT) classification approach will be used with the following objectives:
➢ Identification and characterization of wind pattern in the city;
➢ Analysis and visualization of the daytime urban breeze circulation (Hidalgo, J., Pigeon
& Masson, 2008; Hidalgo, J., Masson & Pigeon, 2008) from the Meso-NH model
output;
➢ Assessment of the relationship between wind intensity and nocturnal UHI
characteristics across various urban morphology in the city;
➢ Visualization and Cartographic representation of the wind analysis from the MApUCE
urban/surface database.

1.2.4

Description of Study Area

For this project, the city of Toulouse was selected as the study area due to the
availability of the weather types data acquired during the CAPITOUL experiment (Masson et
al., 2008) and the data simulation output from the Meso-NH atmospheric model. Toulouse is
situated in the South-West of France at 80km north of the Pyrenees mountain range, 150km
west from the Mediterranean Sea and 250 km east to the Atlantic Ocean as shown in Figure 1.
The climatological data according to the current WMO climatological normal period
(1981-2010) at the Toulouse-Blagnac station is given in Figure 2. The relief is marked by the
convergence of the Garonne affluent valleys. The minimum and maximum height is
approximately 102m and 273m respectively (MAPUCE, 2016). On a regional level, the city of
Toulouse exerts a notable influence on the surrounding territory. Once the capital of the region
of Midi-Pyrenees, the city is now, as a result of the territorial reform of 2014, the capital of the
large region of Occitanie (Zimmermann & Feiertag, 2017).
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Figure 1: Location Map of the Study Area with the various communes

Figure 2: Climatological data for Toulouse (1981-2010)
Source: Meteo-France
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However, Toulouse is the fourth-largest city in France (after Paris, Lyon and Marseille)
with a population of about 800,000 occupying 1175 km2; its large surface area is comparable
to that of Paris but with one tenth the number of inhabitants making Toulouse one of the least
dense cities with density of 1665 hab/km² in 2016. The old downtown has an area of
approximately 3.5 km2 with relatively homogeneous building height (approximately 20m) and
construction materials composed mostly of red brick walls and tile roofs (Masson et al., 2008).
The city has few polluting industries, the main economic activity being mainly space and
aeronautics.

1.2.5

Report Structure

The layout of this dissertation as to how the remaining sections are outlined, are
described in more details in this section. The report underwent the following structure:
•

Literature Review

•

Methodology

•

Results and discussions

•

Conclusion, recommendation, and direction for future work

Section 2 presents the Literature Review, which discusses the previous related research
in this field. It covers the literatures in the areas of Urban Heat Island investigations, wind flow
analysis and urban building geometry. This analysis of research papers gave an insight of what
prior research has covered and thus identified research/knowledge gaps.
Section 3 explains the various technical methods implemented for the data analysis to
achieve the aim of the project. It describes the different dataset used, and the step-by-step
methods were summarized in the methodology framework.
Section 4 presents the results of the analysis in maps, graphs, and tables. Also, it
compares these results to previous published work, and discusses similarities and differences.
Section 5 concludes the dissertation by summarizing the findings to complete the
ambiguity in research. Further, it proposes some recommendations and direction for future
work.
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2.

LITERATURE REVIEW

In recent years, urban climate literatures have been composed of studies aimed at
understanding and modelling the thermal characteristics of the main urban phenomena: the
“Urban Heat Island (UHI)”. The UHI effects has been well documented as a consequence of
anthropogenic activities, posing significant challenges to urban livelihood and ecosystems
services. However, cities are significantly warmer than the surrounding rural areas since the
urban morphology and their artificial surfaces have varying radiative and aerodynamic
characteristics, which modifies the surface energy balance and interact with the local
circulation pattern. There are two factors affecting the occurrence and intensity of heat island
in an urban environment, and this can be broadly classified into two categories; first category
is the meteorological factors including wind speed and direction, relative humidity and air
temperature; the second category is urban design factors, such as density of built up areas,
aspect ratio of urban canyons, sky view factor (SVF) and construction materials (Rajagopalan,
Lim & Jamei, 2014b).
A first compilation on investigations of Urban-Induced Rainfall was made by
(Shepherd, 2005)

and the potential of remote sensing on urban climate studies was

demonstrated by (Voogt & Oke, 2003). Nevertheless, cities undergo more frequent short and
intense rainfall, less cloud coverage, earlier dissipation of morning fog and lower relative
humidity (He, 2018). These climatic factors are the causes of various problems including
deteriorated air quality, increasing energy consumption and higher rates of mortality and
morbidity (Santamouris, M. et al., 2017; Santamouris, Mat & Kolokotsa, 2016). These
problems are indication that traditional planning approach is no longer suitable for the creation
of safe, reliable and resilient built community. Hence, there is an urgent demand for creative
and innovative planning strategy, where the performance-based planning that has been argued
as an alternative may allow urban planners and decision makers to tackle urban climate
problems (Frew, Baker & Donehue, 2016).
Within the city, there are diverse structures of urban morphology, and these has been
attributed as an explanation for variations of urban climate (Adolphe, 2001; Edussuriya, Chan
& Ye, 2011; Stewart & Oke, 2012). It is important to clearly describe interactions between
urban morphology and climatic conditions (Wang, Li & Hang, 2017). For instance, Adolphe
(2001) developed a spatial model to standardize the complexity of urban morphology and the
variety of climatic conditions. Particularly, for urban temperature, Stewart and Oke (2012)
defined the local climate zones (LCZ) to differentiate generic temperature patterns over city
fabrics.
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Furthermore, UHI occurs both during the day and at night (Figure 3), but the maximum
intensity of heat island is felt 3–5 hours after sunset(Oke, 1987), because the urban features
such as asphalt roads, buildings, and other structures retains much of their heat longer.

Figure 3: Typical Temperature Profile across an UHI. Source: Wijeyesekera et al., 2012
Several studies have been undertaken to investigate the heat island effect by various
methods in climatic characteristics (Santamouris, M. & Georgakis, 2003; Santamouris, Mat,
2011). During the cold winter seasons, urban heat island maybe considered an asset, since it
helps in reducing the energy needed for heating purposes. On the other hand, in a very warm
summer, heat island becomes a liability since it causes further reliability on air conditioning
systems and thus higher energy use. Meanwhile, in comparison with similar cities on the same
latitude, the UHI in Toulouse is more intense during the night-time than during day-time and
more intense in summer and winter than in spring and autumn (MAPUCE, 2016) . The UHI
intensity increases from February to August and then it diminishes from September to January
with a maximum of intensity from June to September and a minimal extension during wintertime (Pellerin et al., 2007).
Consequently, the application of air conditioning itself will increase the outdoor
temperatures by emitting the excess heat to the urban air and more cooling will be
required(Baker et al., 2002). Nevertheless, urban wind flow, have great implications on energy
efficiency (Shirzadi, Naghashzadegan & A. Mirzaei, 2018), urban pollutant dispersion (Hang
& Li, 2011), outdoor thermal comfort (Niu et al., 2015) and it has widely been reported to have
lessened the intensity of heat island effect in urban areas (Kim & Baik, 2002; Memon & Leung,
2010; Morris, C. J. G., Simmonds & Plummer, 2001).
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2.1

Wind Flow Pattern and UHI

Understanding the relationship between urban forms and wind induced airflow is
important, particularly in a changing climate and the ever-increasing population growth and
urbanization. Generally, winds are categorized into three groups depending on the intensity of
the built environment: isolated roughness flow, wake interference flow and skimming flow
which are classified by the ratio (H/W) of building height (H) to the distance between building
arrays (W) (Oke, 1987).

Wind velocity is an important parameter in urban environment influencing the air quality,
health, outdoor/indoor comfort and the energy consumption of buildings (Memon & Leung,
2010; Rajagopalan, Hien & Wai David, 2008; Yang & Li, 2011). Wind provides cooling effects
that helps to mitigate the adverse effects of heat island on the environment and human thermal
comfort. For example, within the tropics, a wind velocity of 1–1.5 m/s can create cooling effect
which is equivalent to a 2OC drop in temperature (Erell, Pearlmutter & Williamson, 2011).
With appropriate wind induced airflows air pollution in cities can be dissipated (Kato & Huang,
2009).
Wind pattern is affected by building height and orientation (Rajagopalan et al., 2014) and
according to Roth (2013), wind speed exerts a strong control on the magnitude of heat island,
which tends to be larger under weaker wind regimes (Figure 4).

Figure 4: 3D model of UHI and wind speed under various cloud conditions (Source: Roth, 2013)
Several studies have investigated the role of urban geometry on microclimate.
Investigations by (Shashua‐Bar, Tzamir & Hoffman, 2004) revealed that areas with shallow
open spaces and wider spacing recorded temperatures 4.7OC higher than measurements taken
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from a meteorological reference. Surveys showed that higher relative humidity levels are more
acceptable by people when there is substantially more airflow (Rajagopalan et al., 2014).
However, increasing airflow does not necessarily increase the acceptance of higher temperature
levels (Ahmed, 2003). In addition, in a research investigating the relationship between thermal
performance and urban morphology, (Golany, 1996) noted that the configuration of a city can
assist wind circulation and affects wind velocity which in turn influences the temperature
variations. He made clear that morphology of a city directly affects the movement of the wind
within it, depending on its design, shape, and orientation of the roads within it.

In an experiment using wind tunnel and CFD simulation, (Zhang, Gu, Cheng & Lee,
2011) examined the wind pattern around different building arrangements. The results showed
that maximum wind speed and vortex occur on the windward surface. Also, they found that the
pattern of the wind around the buildings is strongly depending on the building geometry and
wind direction. Furthermore, in a study by (Morris et al., 2001), which investigated the
corresponding relationship between urban heat island intensity, wind speed and cloud cover
from a network of monitoring stations in the city of Melbourne. His findings proved that calm
winds and clear skies result in increased means of urban heat island values. In summer, he
found that an increase of wind speed by 1 m/s causes a 0.14OC reduction in the intensity of
heat island. It was also revealed that, by increasing the cloud cover by 1 okta, UHI decreases
by about 0.12OC.

In summary, an extensive review of literatures available in the field of urban
microclimate and the impacts of building geometry and urban forms highlights few
investigations relating UHI to urban planning and morphology on a city scale (Taleb & AbuHijleh, 2013). Many studies provide strong evidence and findings which are limited to
building-to-building relationships, defined as different ratios (Abreu-Harbich, Labaki &
Matzarakis, 2014; Giannopoulou et al., 2010; Hwang, Lin & Matzarakis, 2011) Therefore, the
goal of this dissertation is aimed at attempting to bridge this gap in city-scale urban climate
research related to urban planning using the Local Weather Types (LWT) classification and
how different urban morphology may impact temperature and wind variations.
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2.2

Local Weather Types (LWT) Classification Approach

This study uses the Local Weather Types (LWT) classification approach for the study
area proposed by (Hidalgo et al., 2014); and further studied by (Hidalgo, Julia & Jougla, 2018),
which is critical for identifying the plurality of weather situations representative of a place.
According to Hidalgo & Jougla (2018), a local weather type refers to the description of the
atmospheric situation directly stemming from the analysis of climatic data from the
atmospheric boundary layer. Also, the term “local” refers to the atmospheric conditions
representative of the background suburban/rural area surrounding the city.
(Hidalgo et al., 2014) used the LWT classification strategy to describe the climate
variability of Toulouse and Paris by leveraging on the statistical clustering k-means method for
the period 1998–2008, to increase the temporal frequency of atmospheric inputs at an hourly
time-step to force existing climate projections like the Soil-Vegetation-Atmosphere Transfer
(SVAT) models for use in impact climate studies. Further, the authors ((Hidalgo & Jougla,
2018) pursued this method more thoroughly for the same construction period (1998-2008), by
recommending the statistical Partitioning Around Medoid (PAM) method which allows a
dissimilarity matrix to be used thereby facilitating the treatment of wind direction as a
qualitative variable based on Gower distance as a metric.
Nevertheless, both statistical methods produce similar results, and that is why, the PAM
method was the most preferred approach used in the nationally funded MApUCE project for
obtaining the LWT for fifty cities in France (MAPUCE, 2016). The spatial distribution,
frequency, length and succession enables the reality of weather conditions over a given land
area to be understood and their corresponding consequences for the urban environment. This
weather type classification approach is useful because it allows for shifting from a mean
climate conditions typically driven by long-term climatic variables to a shorter meteorological
time-scales which is a more realistic representation of the daily cycle of the atmosphere and
thus have an immediate impact on the human comfort level.
Previous studies have also used the weather types classification approach for urban
climate research. For example, (Alcoforado, Andrade & Viera, 2004) applied the weather type
classification to better understand tourist’s numbers along the Lisbon coast. For that study, onsite meteorological data were measured during 120 field surveys carried out in summertime in
1994, 1995 and 1996. Two types of indicators of tourist numbers were selected: number of cars
parked by the beach, and subjective classification of business by two restaurants/coffee shops.
For the same time periods, LWT classification was carried out for each survey based on
cloudiness (3 classes) and Physiological Equivalent Temperature-PET indicator (3 classes),
thus proving significant correlation between weather types and tourist turnout. Furthermore,
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(Cantat, 2004) explored the extent of the Urban Heat Island in the city of Paris according to the
weather types intensity, frequency, duration and shape. In that paper, statistical analysis were
used to highlight the essential influence of cloud cover and wind on the formation of the UHI
and how the corresponding weather types could cause the urban-rural temperature difference
to go from 0 to over 10OC.
Cantat (2014), went further to use this method and applied it to 60 meteorological
reference stations near urban sites in the whole of France for the period 1991–2010, by
including the influence of temperature and precipitation to obtain on an annual basis, 64
possible typologies (four classes for wind, four classes for cloud cover, two classes for
temperature and two for precipitation) of weather types. Thus, since every typology is result of
a classification, weather types can simply be differentiated according to their “use” (Carrega,
2004). However, (Cantat & Savouret, 2013) went beyond this default structure of this typology
to develop a supervised classification module of ‘weather types’ (with free selection from
among 12 parameters), thus enabling pertinent subject areas to be focused more precisely.
However, in both studies (Hidalgo et al., 2014; Hidalgo & Jougla, 2018), it was evident
that 11 clusters was enough to adequately describe the local weather conditions in Toulouse in
terms of the diurnal temperature ranges, precipitation, wind regimes and humidity amplitude.
Therefore, in other to achieve the goal of this dissertation, Table 1 summarizes the general
LWT overview when applied to a classic urban boundary layer scenario in Toulouse during the
CAPITOUL experiment (Feb 2004 and Mar 2005) as detailed in(Masson et al., 2008).
Table 1: Number of days of occurrence and brief description of the LWT Clusters. (Hidalgo & Jougla, 2018)
LWT Number of days Brief Description of LWT
0

38

Typical winter day with low rainfall

1

9

Rainy day with less frequent South-Easterly wind

2

25

Autan wind day (Frequent in spring and autumn)

3

91

Day with strong North-Westerly wind typical of intermediate seasons and winter

4

7

Rainy day

5

58

Typical sunny winter day with weak South-Easterly wind

6

15

Cloudy day with strong NW wind and precipitation

7

44

Typical sunny summer day with weak South-Easterly wind

8

51

Typical sunny summer day with Westerly-NorthWesterly wind

9

56

Sunny day, very hot in summer, with North-Westerly wind

10

0

Very heavy rainy day
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2.3

Local Climate Zone (LCZ) Classification

The local climate zone (LCZ) classification system defines regions of uniform urban and
rural morphology types, characterized by a standardized definition of heat island magnitude.
In essence, the LCZ system was developed to help to fill a crucial void in UHI research
methodology, i.e.- the lack of an accepted global methodology to report heat island
observations in the canopy layer, thus allowing the objective comparison of UHI magnitude in
cities around the world (Stewart and Oke, 2012).
BUILDING TYPES

BUILDING TYPES

Compact highrise

Lightweight low-rise

Compact mid-rise

Large low-rise

Compact low-rise

Sparsely built

Open high-rise

Heavy industry

Open mid-rise

Open low-rise
Figure 5: Built Local Climate Zone Classification (Stewart, 2011)
Therefore, the LCZ scheme comprises 10-“built” and 7-“land cover” classes, which are
defined as ‘regions of uniform surface-air temperature distribution at horizontal scales
spanning hundreds of meters to a few kilometres. The physical surface properties considered
include; the sky view factor (SVF), building surface fraction, impervious surface fraction,
terrain roughness, surface albedo, and anthropogenic heat flux (Stewart and Oke, 2009).
However, in the study the focus will solely be on the built LCZ classes (Figure 5).
Whilst the mapping of LCZ classes should ideally be based on detailed urban
morphological data, recent studies have developed new methods based on remote sensing
technologies to classify LCZ data for cities in which urban information is not available (Geletic
and Lehnert, 2016; and Bechtel et al., 2015). Hence, the inter-LCZ temperature difference
could be used to quantify the UHI intensity (Stewart et al., 2014).
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2.4
-

Brief Description of Concepts

Wind circulation system
The prevailing wind regime in descending order of predominance in Toulouse is

characterized by the humid westerly wind from the Atlantic Ocean coupled with a moderate
south-easterly wind (mostly strong-Autan wind) from the Mediterranean Sea and finally the
southerly wind. Meanwhile, local wind resources and circulation system (including mountain
and valley wind, land-sea breeze, lake-land breeze, and urban-rural breeze) can be assessed by
using statistical methods and numerical simulations. The expected results should determine
prevailing wind directions and obtain the effective time periods and impact areas of these local
wind circulations. Toulouse is situated at the crossroads of three types of temperate climates:
an oceanic climate influenced by the Mediterranean and continental effect. Therefore, unlike
coastal or mountainous cities, due to this peculiar geographic location of Toulouse, it cannot
benefit from the cooling brought by the Sea and Valley breeze.

-

Urban Air Stagnation
Urban Air stagnation is a phenomenon which occurs when air flow remains over an

area for an extended period either due to natural topography, urban infrastructure blockage or
as a result of weaker wind regime. In summertime, air stagnation can cause excessive heat to
build up in blocked urban areas especially in the city centre, thus causing UHI to build-up and
other heat-related human discomfort. Also, air stagnation and ventilation are used as collective
measures of mixing and transport that affect air quality in urban areas.
For this study, due to the coarse resolution of the model output (250mx250m), it is
difficult to access the stagnation areas in Toulouse at a city scale, hence, a topographic map
(Digital elevation Model-DEM) from the MApUCE project, which is at a finer scale of (25m)
will be used instead.

-

Urban Breeze
The difference in the distribution of the surface energy balance (SEB) between the

urbanised and rural zones is the key to the Urban Breeze generation. In an anti-cyclonic
condition where the winds are moderate, the urban plume can transport the heat from the city
centre to the surrounding area (Oke, 2005). If the mean wind speed is low, then an “urban
breeze” could develop (Figure 6). The urban-breeze is a closed circulation associated with the
UHI and is characterized by a surface convergent flow from the countryside to the city centre
and a divergent flow at the top of the Atmospheric Boundary Layer (ABL) (Hidalgo et al. 2008)
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Figure 6: Representation of the urban-breeze circulation in a hinterland city.
Source: (Hidalgo et al. 2008)
➢ Urban Ventilation Corridor
The concept of ‘urban ventilation corridor’ can also be called ‘wind corridor’ originated
from the German word “Ventilationbahn” developed by Kress (1979). He suggested that to
improve air exchange and ventilation conditions of urban areas, people should consider two
important elements, namely the ‘functioning area’ and the ‘compensating area’, before
creating any urban ventilation corridor which serves to link these two areas together to let cool
fresh air move more easily within the city centre.
According to the German national guideline ‘Environmental meteorology climate and
air pollution maps for cities and regions (VDI 3787-Part 1)’, ventilation corridor (also known
as “Ventilation lane”) is the “Area for the mass transport of air near the ground owing to
direction, nature of the surface and width.” (VDI, 1997). This wind corridor is shown in Figure
7 (a & b).

Figure 7a: Main urban ventilation corridors at the city level (left) and the regional level (right).
(Ren et al., 2018)
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Figure 7b: Main and secondary urban ventilation corridors at the district (left) and the city level (right).
(Ren et al., 2018)
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3.

METHODOLOGY

The following chapter presents the methodology adopted to achieve the goal of the
project. The section starts by describing the different dataset used, and the step-by-step methods
implemented for the data analysis were summarized in a flowchart methodology framework.
The overarching methodology in this project involved quantitative data analysis which
included statistical evaluation of atmospheric data and GIS analysis for visualization.

3.1

Overview of Dataset

The dataset used in this study is primarily divided into 2 different types i.e. the
Atmospheric dataset and the Surface/Urban dataset files.
3.1.1

Atmospheric Data

The atmospheric weather data used included the U and V (i.e. the zonal and meridional)
wind components at 10m together with the wind velocity ratio (VRat) at 2m pedestrian level
derived from the MésoNH-SURFEX atmospheric model output. The simulation output was
each collected as hourly wind data from 01-03-2004 to 28-02-2005. In this study, only the
summer season (June-August 2004) was investigated. Meanwhile, the simulation data was subclassified into Constant and Time-Dependent fields. The constant fields included data that stay
the same all through the entire simulation process, such as LONS-Longitude, LATS-Latitude,
HEIG-Elevation above sea level[m]. On the other hand, the time-dependent wind variables
were extracted from two numerical simulation scenarios- Reference (REFER) and Urban
Increment (URBINC) situations as described below.
The reference (REFER) numerical simulation scenario was performed such that, the
MésoNH-SURFEX model was coupled with the surface scheme - Town Energy Balance (TEB)
to simulate the urbanised areas (Masson, 2000) and with the Interaction between Soil,
Biosphere, and Atmosphere (ISBA) scheme to simulate natural covers. Consequently, the
“urban increment” (URBINC) scenario was also run to estimate the current impact of the blue
and green belt within the mixing layer by comparison with the REFER simulation. For this
scenario, the natural features were removed (i.e. the vegetated and watered grid box in the
ISBA and TEB schemes were replaced with the characteristics of the most common urban land
use category in the zone). The grid resolution of the atmospheric data is 250m x 250m
horizontal scale within a horizontal domain of 30km x 30km covering the entire communes of
the metropolitan area of Toulouse as shown in figure 8;
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Figure 8: The grid points of the atmospheric simulation domains (250m x 250m). Source: Author

The simulation output data were stored in binary R files with each day of simulation
contained in a folder. Each file contains a list named "LST" which contains the array "vals" for
constant fields or "vals_day" for time-dependent fields. The constant fields ("vals") are
available as a vector whose length corresponds to the number of grid points (NGRIDPOINTS),
while the time-dependent fields ("vals_day") are stored as arrays with the dimensions
(NGRIDPOINTS,24). The 24 values per grid point correspond to the time of day in UTC
starting one hour after midnight (1 UTC to 24 UTC).
Furthermore, the local weather type situation for each day (01-03-2004 to 28-02-2005)
was stored in a text (.txt) file shown in APPENDIX. However, for this study, only the
summertime (June-July-August) weather situations was analysed. According to Hidalgo &
Jougla, (2018), LWT - 7, 8 and 9 are the most persistent weather situation during summertime.
They represent 85% of summer days in the simulation with an occurrence frequency of 24 days
(26%), 37 days (40%) and 18 days (20%) respectively.
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3.1.2

Surface/Urban Dataset

The surface data was acquired from the MApUCE project urban database which
includes the urban data in GIS shapefile (.shp) format and the Digital Elevation Map (.geotiff
format) in 25m x 25m resolution. The urban data include the LCZ maps-which shows the
different local climate zones across the city land-scape and the UHI maps- showing the nighttime temperature as compared to the previous daytime temperature. All these data are
summarized in Table 2.
Table 2: Summary of all the dataset used in the research

Atmospheric
Data

Surface
(Urban)
Data

Time-dependent
fields
Constant fields

REFER &
URBINC
Simulation
LONS, LATS,
HEIG

U-Wind component
V-Wind Component
VRat - Velocity
Ratio

250m
x
250m

01-03-2004
to
28-02-2005

Local Climate Zone
Map

Hourly Summer
data was analysed
The map with the local climate zones across the metropolitan area
including the urban and natural surfaces

Urban Heat Island
Map
Topography Map

For each Local Weather Type situation in the study period
[LWT 7, 8, 9]
25m x 25m

Toulouse Metropole
Urban Database with
Building information

-

At individual building scale (see figure 9)

At the Reference Spatial Unit- RSU scale (See figure 9)

Where;
REFER: represents the reference simulation
URBINC: represents The urban increment simulation
LONS: Geographical longitude of grid cell center [degrees east]
LATS: Geographical latitude of grid cell center [degrees north]
HEIG: Elevation above sea level [m]

The Toulouse building information dataset used in the study was provided in 2 different
scales (Erwan et al, 2018), namely the “building scale” and the “Reference Spatial Unit -RSU”.
The RSU is the aggregation of buildings into blocks. Also, any well-defined geographical entity
may be used as an RSU, such as the urban block defined by the road network [Lesbegueries et
al., 2012]. A block is an aggregation of individual buildings that intersect each other with at
least one point in common. All these scales are illustrated in Figure 9.
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Figure 9: Three scales of urban building morphology (Erwan et. al, 2018)

Nonetheless, each one of these urban form resolutions have their unique pros and cons
which makes either of them the best fit based on different urban-based research scenarios. For
instance, if a research is aimed at understanding an urban change at a neighbourhood, then the
best fit in this case will be the “building scale” which provides a more detailed information at
a higher resolution. On the other hand, if a study is aimed at evaluating urban change in a city,
or region, the RSU resolution will be the most appropriate. However, in this study, the building
information attributes used include building height (i_H), and building volume (i_vol).

3.1.3

Software used

The various software used in this thesis research include; R Studio- which is the
programming package used for writing and running the R script in the statistical analysis
methodology, while both QGIS and ArcGIS software were used for the GIS visualization and
geo-analysis. Lastly, Microsoft Excel was used for plotting the graphs in this study.
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3.2

Description of Methods

The methodology executed in this study involved both the statistical evaluation of the
Meso-NH model data and GIS post-analysis for cartographic visualization purpose. However,
it should be noted that the reason for using this methodology in this study was mainly due to
the type of available dataset in other to visualize the wind characteristics in the city.
3.2.1

Statistical Evaluation

The main goal for implementing the statistical evaluation method is to read-in the
binary files and make sense of the data by processing and producing a map from the MésoNHSURFEX model for each simulation scenarios. To do this, the methodology for the statistical
evaluation was carried out in two phases:
➢ Wind Preparation Phase
➢ Wind main Analysis Phase
➢ Wind Preparation Phase
The goal of this phase is to write the script that will read-in the hourly wind simulation
file (VRat, U and V components), identify the days that each local weather types (7,8,9) occurs
from the LWT (.txt) file and then combine this two subroutines to extract the hourly Velocity
Ratio and the U-V components for each days of occurrence of LWT 7, 8, 9. Given that the goal
of this study is to access how wind dynamics impacts urban heat island effects with respect to
urban characteristics during the summer season when UHI is more prominent. Hence, the focus
was to extract those days in summer when LWT7, 8 and 9 occurs.
Specifically, in other to access the day_time and night_time wind characteristics, 36
hours was extracted for each day, such that 12 hours after each day was included to signify the
night_time wind effect due to the prior day_time). The result of this phase was outputted into
a (.txt) file for each LWT, which then served as input for the second phase.
However, the R file was read using the freely available R program (R team, 2019) with
the script command shown in equation 1a and 1b below:
load(file="inputfile")
vals=LST$vals (for constant fields]
or

[1a]

vals_day=LST$vals_day (for time-dependent fields)

[1b]

Nevertheless, the full R script written for this phase is attached in the APPENDIX.
➢ Wind main Analysis Phase
The aim of this second phase is to read in the hourly wind data (.txt) file derived from
previous phase one, and thereafter carry out various analysis on it. In this phase, two distinct
procedures were analysed i.e. Mean_Analysis and Frequency_Analysis approach.
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The mean-analysis was implemented in other to evaluate the average wind
characteristics per day for each day of the specific local weather type. While the frequency
analysis was also applied so as to access the most frequent wind characteristic per day for each
day of the local weather type. The following paragraphs details the step-by-step methodology:
o Step I - Reading in the data into a variable
The first major step is to read in the 36-hourly wind data file derived from phase one. This
file is stored in a variable “data_temp” as shown in figure 10 below;

Figure 10: Screenshot for the R script used for Step-I analysis phase
o Step II - Extracting the required time interval
This step involves extracting the required time interval for the day_time and night_period.
Hence, in this study, the aim is to evaluate the wind data between the time interval:
15h -18h GMT (i.e. 17h - 20h local time) ---> to represent the day_time,
01h -04h GMT (i.e. 03h – 06h local time) --> to represent the night_time
o Step III – Calculating the Mean or Frequency
The average wind characteristics (VRat, U and V components) within the time interval
for each LWT was calculated for the mean analysis approach. While the frequency of
occurrence of the wind characteristics per day for each LWT was also evaluated.
o Step IV – Converting the U-V components into speed and direction
In this step, the mean U-V components derived from previous step was converted into
the wind speed (FF) and wind direction (DD) using a function written for that purpose. The R
function script is attached in figure 11 below

Figure 11: Screenshot of the R script for converting of U-V wind component to FF-DD
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o Step V – Wind Threshold Classification
For the purpose of a cartographic visualization of the wind data, the wind speed (FF)
and wind direction (DD) was combined based on the Beaufort scale wind speed classification
(WMO, 2018). This classification and the corresponding implication on wind ventilation is
summarized in table 3 below

Beaufort
Scale

Table 3: Adapted Beaufort scale wind classification (WMO, 2018)
Wind Speed (m/s)
Wind
at 10m above

Category

Characteristics

Very Weak
Wind

Calm; smoke rises vertically
Direction of wind shown by smoke-drift but
not by wind vanes

Weak Wind

Wind felt on face; leaves rustle; ordinary

ground
Calm /

< 1.5

Light air
1.51 – 3.3

Light
Breeze
Gentle

vanes moved by wind
3.31 – 5.4

Breeze
Moderate/

Intermediate
Wind

>5.4

Strong Wind

Fresh

Leaves and small twigs in constant motion;
wind extends light flag
Raises dust and loose paper; small branches
are moved

It should be noted that this wind categorization used in this study does not correspond
to "strong wind" in the meteorological sense, which will rather start at 15 m/s. However, based
on the above Beaufort scale wind classification, the wind speed (FF) was combined with the
wind direction (DD) to create 32 unique wind classes as described below;
windspeed (FF) = (0, 1.5, 3.3, 5.4) m/s
wind direction (DD) = (22.5, 67.5, 112.5, 157.5, 202.5, 247.5, 292.5, 337.5) O
Wind Classification (32 classes)
C1: N-no ventilation | C2: N-weak ventilation | C3: N - Intermediate ventilation | C4: N-good
ventilation;
C5: NE-no ventilation | C6: NE-weak ventilation | C7: NE-Intermediate ventilation | C8: NEgood ventilation;
C9: E-no ventilation | C10: E-weak ventilation | C11: E-Intermediate ventilation | C12: E-good
ventilation;
C13: SE-no ventilation | C14: SE-weak ventilation | C15: SE-Intermediate ventilation | C16:
SE-good ventilation;
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C17: S-no ventilation | C18: S-weak ventilation | C19: S-Intermediate ventilation | C20: S-good
ventilation;
C21: SW-no ventilation | C22: SW-weak ventilation | C23: SW-Intermediate ventilation | C24:
SW-good ventilation;
C25: W-no ventilation | C26: W-weak ventilation | C27: W-Intermediate ventilation | C28: Wgood ventilation;
C29: NW-no ventilation | C30: NW-weak ventilation | C31: NW-Intermediate ventilation |
C32: NW-good ventilation;
o Step VI – Conversion to Shapefile (.shp)
Upon completing the wind threshold classification, the final step involved in the
statistical analysis in R, is the conversion into shapefile format. This shapefile (.shp) is the
required format needed to carry out further analysis and visualization in the GIS environment.
The entire R script used for the statistical analysis is attached in APPENDIX.

3.2.2 GIS Analysis
For the GIS analysis, the shapefile (.shp) output from the statistical evaluation served
as input data for the GIS visualization. These input datasets were combined with the
urban/surface dataset (LCZ maps, UHI maps and Elevation maps) acquired from the MApUCE
database (http://mapuce.orbisgis.org/). The GIS methods and analysis were executed:
• Clipping and masking of vector and raster dataset
•

Aggregation and resampling of data

•

Overlay analysis and a color-coded symbology style was created for visualization
purpose.
➢ Building Volume Density (BVD) Map

Building density is a key concept that must be considered in the description of a city’s
urban spatial structure. Hence, from the urban building information dataset described in section
3.1.2, the Building Volume Density (BVD) for was derived using the following GIS operation;
-

The input Toulouse_Building.shp shapefile was converted to raster with the building
height attribute field “i_H” selected as raster values at 1x1m resolution (Rasterization),

-

Then, the resultant raster was aggregated into 100x100 resolution by using the “sum”
option;

-

Lastly, the raster was further divided by the value of the biggest building volume
(420,000 m3) using ArcGIS raster calculator.
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➢ Analysis of wind intensity vs UHI intensity across built local climate zones (LCZ)
To understand the variation in wind intensity (∆Wind(m/s)) and the Nocturnal UHI
intensity (∆UHI(OC)) across the different LCZ in Toulouse, it was important to aggregate the
wind intensity parameters from the various summertime LWT-7,8,9 together with the
Nocturnal UHI corresponding to the LCZs spatially. Specifically, the model wind velocity
output at 250-m horizontal grid and the UHI map was overlaid onto the LCZ map in ArcGIS.
Using the “Extract Values to Point” toolset, each grid of the wind intensity and UHI data point
is matched with its underlying LCZ.
However, after a preliminary visual inspection, for smaller sized LCZ classes with an
area less than 10,000 m2, the more dominant LCZ within a 250m buffer radius around it is
assigned to the class instead. This was done to match the model resolution of 250m, which
cannot capture the sub-scale variation of meteorological parameters. Hence, to avoid sample
sizes that are too small for a fair statistical evaluation of the differences across LCZs, the built
LCZs was regrouped into five classes (i.e. LCZ-1/2/3, LCZ-4/5, LCZ-6, LCZ-8, LCZ-9) based
on their geographic proximity and/or similar thermal properties.
In conclusion, all the methodology implemented in this study are summarized in a
methodology framework in Figure 12.
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3.2.2 Methodology Framework

R Script for Wind
Pre-treatment
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wind components
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Wind Direction
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Statistical Evaluation
Building Volume
Density Map

Urban Breeze
Circulation
Map

Mean Analysis
Wind Map

Frequency
Analysis Wind
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GIS Analysis and
Visualization

Methodology Stages

Figure 12: The Methodology Framework used in the research
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4.

RESULTS AND DISCUSSION

The following chapter presents and discussed the various results and map visualizations
from the statistical data evaluation and the GIS post-analysis. Also, attempts were made to
compare these results to previous published research.

4.1

Mean Wind Analysis vs Most Frequent Wind Analysis

To accurately understand and quantify the wind characteristics over the period of study
(summer: June-August 2004) in Toulouse, two descriptive statistical methods were evaluated
and compared: Mean Approach and Frequency Approach. The mean approach simply averages
the hourly wind velocity and direction for each grid per day of occurrence of the different local
weather types. On the other hand, the frequency approach evaluates the most frequent wind
velocity and direction for each grid per day of occurrence of the weather types.

Figure 13a: Summer day wind characteristics for the mean and frequency approaches
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Figure 13b: Summer night wind characteristics for the mean and frequency approaches
A first visual glance of figure 13 (a & b) above clearly shows that the frequency analysis
approach tends to show more details as compared to the mean analysis approach. More so, both
the daytime and night-time frequency analysis maps reveal the distinct shape of the densely
built-up areas in the city centre. As shown on the maps, the most persistent summer wind
characteristics for LWT 7 is the south-easterly wind with stronger velocity(>5.4m/s) along the
fringes of the Eastern part of the city, and the wind speed slows down towards the core of the
city centre. While for LWT 8 & 9, the predominant wind regime is the westerly and northwesterly wind. This result is consistent with previous findings by Hidalgo & Jougla (2018).
However, aside from these cartographic comparison between the wind maps derived
from both the mean and frequency statistical methods, it was imperative to quantitatively assess
how both approaches perform in relation to estimating the wind variables on the city scale.
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Figure 14a: East – West Profile of the
wind velocity across the city
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Figure 14b: Comparison of the East–West Profile of wind velocity (m/s) for the mean and frequency
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methods for each local weather types (LWT 7,8,9) during the daytime and night-time

WEST

EAST

Hence, this quantitative comparison was evaluated only based on the wind velocity values
derived by each method. This was done because from a visual look at Figures 13a &13b, both
methods tend to describe the wind direction regime in a similar pattern, which to a great extent
corroborates previous study (Hidalgo et al 2008; Hidalgo & Jougla, 2018) as earlier noted. To
achieve this comparison, a cross-section of the East-West wind velocity profile (Figure 14a)
was extracted using ArcGIS spatial analyst tool and then plotted in a graph (Figure 14b).
Figure14b shows the East-West profile of the wind velocity in the city for each statistical
method and each local weather types during the daytime and night-time. This graph tried to
quantify to what extent both methods either over-estimated or under-estimated the wind
velocity in Toulouse. At first look, it is evident that the mean statistical approach tends to overestimate the wind velocity by 1-2m/s during the daytime for all local weather types. While at
night, the case is different with both methods showing almost similar wind velocity intensity
from East to West, with occasional spikes in the frequency method. Furthermore, observed
temporal similarities between the mean and frequency East-West profile is that they both show
the distinct presence of the urban centre with a drop in the wind speed across all local weather
types irrespective of the time of day. This is due to the dense built-up which slows down the
wind speed as it approaches the centre (Santamouris, M., Georgakis & Niachou, 2008)
To be more specific, for LWT-7 during the daytime, the mean analysis over-estimated
the wind velocity by an average of 1m/s as compared to the frequency analysis. While at night,
the E-W mean wind velocity tends to hover around 4m/s with slight decrease in the city centre.
Further, for LWT-8 during the daytime, the mean analysis over-estimated the wind intensity
by almost 2m/s. Here, the frequency approach recorded a sudden spike in the wind speed
(5.8m/s) around the airport area. This is expected as the presence of large open spaces in the
airport accentuates the wind speed with less surface friction as in the centre. Also, similar overestimation of 2m/s is recorded for LWT-9 during the daytime. But at night, LWT-9 tends to
under-estimate the wind speed around the airport.
In general, as shown in Figure 14b, the intensity of the most frequent wind velocity tends
to fluctuate a lot from East to West, as compared with the East-West mean wind velocity which
remains almost stable. This is quite expected since mean analysis does not give the absolute
values of the wind velocity but rather aggregates this into daily average wind velocity. Thus,
mean might not account for any consistent outlier that might occur during the day. On the other
hand, the frequency analysis evaluates the most frequent absolute wind velocity per day, hence
this accounts for why this method describes the wind intensity as close to what is expected in
the prevailing urban climatic conditions.
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4.2
Variations in Wind Intensity and Nocturnal UHI intensity
across Built Local Climate Zones (LCZs) in Toulouse
This session presents the results of the analysis carried out to understand how nocturnal
UHI intensity is influenced by changes in the wind intensity from the daytime to night-time
across the different LCZs. The LCZ map of Toulouse generated at the building block scale in
a GIS platform as part of the MApUCE project (Bocher et al., 2018) is presented in Figure 16b.
More so, the difference between the daytime and night-time average wind velocity across the
local weather types 7,8 and 9 is presented in Figure 16a.

a

b

c

Figure 15: Comparison of (a) change in wind intensity map between the night-time and daytime, (b) Local
Climate Zones re-grouped, and (c) the Nocturnal Urban Heat Island Intensity
2.2% 2.4%

5.4%

31.1%

38.3%
20.6%

Figure 16: Distribution of area covered by each of the Built LCZs and the Natural LCZs
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A visual inspection of the LCZ map and the pie-chart distribution (Figure 17) clearly
reveals that the natural LCZ (i.e. all vegetation types and water) occupies 31.1% of the land
area. Meanwhile, the most common built LCZ in Toulouse is the open low-rise (LCZ 6)
category which covers 38.3% and thus reflects the city's low built density. Furthermore, the
second-most common LCZ is the large low-rise (LCZ 8) class with 20.6% area covered which
corresponds to the commercial and industrial districts dominant along major traffic routes away
from the city-centre. Within the historical city centre, the most common LCZ is the compact
mid-rise (LCZ 2) buildings with patches of open mid-rise (LCZ 5) and compact low-rise (LCZ
3) developments in its surrounding. Meanwhile, it should be noted that there are few informal
settlements in Toulouse, hence the lightweight low-rise (LCZ 7) buildings are not present at
the building block scale. Also due to the limitations of the MApUCE database, heavy industry
(LCZ 10) is also not represented.
Furthermore, from the change in wind intensity map in Figure 16a, regions covered in
red represent those areas where there is either no change or a decrease in average wind velocity
from daytime to night-time. While the green and blue coloured grids represent those regions
with either between [0 – 1]m/s increase in wind velocity or between [1.01 – 1.75] m/s,
respectively. Additionally, the Nocturnal UHI map shown in Figure 16c above clearly reveals
the aggregated warming pattern (from all local weather types 7,8,9) of the city at night as
compared to the previous daytime. It can be seen that the city centre (in red) has a UHI intensity
of between [2-3] OC, while the next urban regions surrounding the core of the city centre (in
green and blue) has UHI intensity between [1-2]OC and [0-1]OC respectively. Meanwhile the
surrounding rural suburban of the city (in yellow) experienced 0OC change in nocturnal UHI
as compared to the previous daytime.
Table 4: Summary of UHI Intensity and Wind Intensity across the LCZs.
Urban/Rural Nocturnal

Change in Wind Intensity

LOCAL CLIMATE ZONEs

Heat Island Intensity

(Night-time - Daytime)

(re-grouped)

(∆OC)

(m/s)

Zone #

Zone Title

Min

Average

Max

Min

Average

Max

1/2/3

Compact Zones (High/mid/low-rise)

0

2.57

3

-0.82

-0.20

0.52

4/5

Open High/mid-rise

0

1.52

3

-1.40

-0.13

1.72

6

Open low-rise

0

0.76

3

-1.48

0.20

1.75

8

Large low-rise

0

0.64

3

-1.39

0.14

1.70

9

Sparsely built

0

0.32

2

-0.82

0.47

1.75
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The nocturnal thermal environment and the wind intensity for different LCZs in the
Toulouse Metropolitan Area is described in Table 4 obtained from the Méso-NH simulations
output. Significant nocturnal urban warming can be observed in all the LCZs. This nocturnal
urban warming has a distinct decreasing pattern as one moves away from the densely built
urban core towards the sparsely built suburban. This result is consistent with previous findings
(Kwok et al. 2019), where the same decreasing pattern was observed for both air temperature
and the mean radiant temperature in Toulouse. On the other hand, the change in wind intensity
shows a gradual increase across the LCZ, from the inner urban core LCZ 1/2/3 to the outermost
sparsely built LCZ 9. However, there was a slight variability in the increasing pattern from
LCZ 6 to LCZ 8, which could be attributed to their “low-rise” urban morphology.
Nevertheless, areas with LCZ 1/2/3 - compact development (high/mid/low-rise) can be
seen to have the strongest average nocturnal UHI intensity of 2.57OC. Consequently, the same
compact LCZ zones recorded the highest decrease in the wind intensity (-0.20m/s) from
daytime to night-time. This is expected since the urban-rural thermal gradient is at the highest
at night-time because of the thermal properties of the building materials which tends to
conserve the daytime heat which is later released at night-time. This coupled with the compact
morphology of the urban core that tends to slow down the wind intensity and redistribution
across the LCZ contributes to the warming of the LCZ 1/2/3.
Furthermore, among the built LCZs, the highest increase in wind intensity (0.47m/s) is
observed in LCZ 9 (Sparsely built) which corresponds to the weakest nocturnal UHI intensity.
It is deemed that since these areas are scattered all over the city with most located in the rural
outskirt, their building fabric will tend to allow easy passage of the stronger prevailing rural
wind into its street canyon during the day and even at night when the weather is close to calm
situation. The end result is such that both the heating and the cooling of the LCZ fabric happens
in a rapid manner thus leading to a near zero nocturnal heat island intensity.
Further analysis revealed that an increase in daytime to night-time wind intensity of
0.20m/s and 0.14m/s is observed for LCZ 6 and LCZ 8 respectively. This could be due to their
spatial heterogeneity in urban form because of their locations at urban–rural boundaries, or
perhaps as a result of the larger area covered by the LCZs. More so, Table 4 showed that LCZ
6 has the largest wind intensity range, which is consistent with previous findings on larger
intra-LCZ variabilities in cities at night (Skarbit et al., 2017).
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4.3

Visualizing Urban Breeze Circulation in Toulouse

The differential rate of heating between the built urban centres and the surrounding
countryside is the main cause for the urban breeze circulation. The atmospheric conditions
favouring the formation of this phenomenon is a strong insulation day coupled with low surface
wind velocity and a deep boundary layer. Luckily, these atmospheric conditions were observed
by (Hidalgo et al., 2008) over the city of Toulouse and countryside during the Intensive
Observation Period number 5 (IOP5, 3rd and 4th July 2004) of the CAPITOUL experiment (Feb.
2004 to Feb. 2005).
Therefore, to visualize the existence of this phenomenon, the wind characteristics on the
4th of July 2004 in the Meso-NH simulation output dataset used in this study was analysed such
that the average wind pattern between 12:00 – 15:00UTC and 15:00 – 18:00UTC was
evaluated. The resulting summertime urban breeze phenomenon is presented (Figure 18).

,
Figure 17: Urban Breeze Situation at 10m above ground in Toulouse Metropole on 4th/July/2004
From Figure 18, it is apparent that on the 4th of July, between 12:00- 15:00UTC, the
dominant wind system at 10m above ground, was a weak East-Northeast (E-NE) pattern. This
is expected since according to the weather clustering by Hidalgo & Jougla (2018), the most
persistent weather type on July 4th is LWT 7- which is a typical sunny summer day weather
with persistent but weak south-easterly wind and extreme temperature reaching 40OC. Thus,
this extreme urban-rural horizontal temperature gradient which must have begun to develop
from the previous day and the early morning, together with the weak wind intensity allows a
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more turbulent boundary layer to build up. That is why for the few hours between 15:00 –
18:00 UTC, the wind system had switched to a NW-SE pattern, such that now, there is a nearsurface wind advection from the less built-up northern part of the city, towards the core of the
urban area as shown in Figure 18 above.
This surface convergence towards the urban centre is complimented by an upper
boundary layer divergence of wind away from the centre towards the rural outskirts. This result
further corroborates the previous aircraft measurement by Hidalgo et al. (2008a) where it was
noted that the urban-breeze grew in intensity from 2 m/s at 12:00UTC to 5-6m/s at 18:00UTC.
Similar results were also recorded by Lemonsu and Masson (2002), in the case of the city of
Paris and its surrounding in July 1994.
Whilst the synoptic scenario on 4th of July was favourable to the development of an
urban-breeze which could be considered as a positive situation since the fresh breeze from the
rural outskirt could bring in some much needed cooler air into the already warm city centre, it
is important to note that, urban breeze can also accentuate the diffusion of pollution from the
industrial campuses in the suburban into the city centre especially as the horizontal extent of
the breeze covers a large portion of the NW-SE mesoscale cross-section of the city. Meanwhile,
with favourable atmospheric system, the anticyclonic urban-breeze could aid the formation of
convective thunderstorm over the urban area as the wind advects towards the city centre leading
to much heavier turbulent rainfall. A concise record of recent (1990–present) research related
to how the thermodynamics of the urban climate affects precipitation is documented by
Shepherd (2005).
Therefore, it is imperative that more work is still needed to understand the severity,
frequency and horizontal extent of urban breeze across other major French agglomeration
which will be very useful to predict the urban-rural pollution transport and the evaluation of
air policy legislations.
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4.4

Wind Velocity Ratio Analysis

The wind velocity ratio is a unitless quantity defined as the ratio of wind speed measured
at pedestrian level (Vp) to that at the reference point -Vref (Ng et al., 2011).
VRatio =

𝑉𝑃

[2]

𝑉𝑟𝑒𝑓

In this study, the Vp refers to the hourly mean of wind speed [m/s] at 2m pedestrianheight above the ground in the TOWN tiles (i.e. the urban areas), while Vref is the reference
hourly mean of wind speed [m/s] at 10m above average building height in urban areas. Hence,
the results of the velocity ratio analysis in the urban areas are shown in figure 19.

LWT-7 Day Time

LWT-8 Day Time

Airport Area

Airport Area

0.291 - 0.300
0.303 - 0.400
0.405 - 0.600
0.601 - 0.800
0.803 - 1.000
1.075 - 1.406

LWT-7 Night Time

0.266 - 0.300
0.309 - 0.400
0.401 - 0.600
0.605 - 0.677

LWT-9 Day Time

0.28 - 0.300
0.303 - 0.400
0.405 - 0.600
0.601 - 0.800

LWT-8 Night Time

0.277 - 0.300
0.307 - 0.400
0.406 - 0.600
0.602 - 0.744

0.306 - 0.400
0.401 - 0.600
0.606 - 0.800
0.803 - 1.000
1.225 - 1.406

LWT-9 Night Time

0.274 - 0.300
0.301 - 0.400
0.404 - 0.600
0.601 - 0.800
0.827 - 1.000
1.042

Figure 18: The mean wind velocity ratio at pedestrian level-2m during the daytime (17h - 20h local time) and
night-time (03h – 06h local time) across the different local weather type 7, 8 and 9.
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The daytime and night-time velocity ratio maps (Figure 19) clearly reveal both the
general pattern and shape of the urban areas within the city, as high values of velocity ratio
(yellow: 0.6 - 0.8) are found in open areas away from the centre, such as in the airport area
towards the North West, while the lower values (green: 0.3 – 0.4) are mostly concentrated
within the densely built up areas of the city centre. Meanwhile, the high velocity ratio is due to
the prevalence of large open spaces and low buildings leading to low values of aerodynamical
roughness length and building drag. More so, the maps shows the differential change in
velocity ratio from daytime to night-time as lower values are predominant at night time, since
there is less turbulent transport of momentum towards the surface, leading to the lower wind
speed at the pedestrian-level at night.
Furthermore, figure 19 above also revealed that in the middle of the map, there exist
pockets of very weak wind velocity ratio ranging between 0.2 - 0.3. These very weak values
are due to the high building density in the city centre and could be as a result of the homogeneity
of those built form in the centre. However, these very weak values will have a negative impact
on the urban ventilation and consequently affect the thermal comfort of pedestrian, especially
during night-time when there is a stable atmospheric condition with less transport of
momentum.
Table 5: Summary of the velocity ratio for the different local weather types
during the daytime and night-time
Velocity
Daytime
Night-time
Ratio

Min

Mean

Max

Min

Mean

Max

LWT 7

0.291

0.447

1.406

0.266

0.390

0.677

LWT 8

0.284

0.427

0.754

0.277

0.390

0.744

LWT 9

0.306

0.460

1.477

0.274

0.387

1.042

Consequently, from table 5 showing the summarized values, it is evident that LWT-9
has the strongest velocity ratio across both timescales, while LWT-7 mean recorded the
weakest velocity ratio within both timescales.
However, to better understand how the urban morphology affects the velocity ratio
across the cityscape, the difference in daytime velocity ratio and night-time velocity ratio was
compared with the building volume density map as illustrated in the next section.
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➢ Relationship between wind Velocity ratio & Building Volume Density
A further analysis of the wind velocity ratio map was carried out by aggregating
together the three velocity ratio maps of all the local weather types for daytime to get the
estimate of the daytime mean velocity ratio, and likewise for the night time to evaluate the
night-time mean velocity ratio (Figure 20).

Figure 19: Aggregated mean velocity ratio across all local weather types during the daytime and night with
the marked case study areas.

The aggregated spatiotemporal maps reveal the pattern of the wind velocity ratio in
relation to the time of the day. During the daytime, strong velocity ratio values can be seen
around the airport area and towards the eastern part of the city where there are more open
spaces. At night, this ratio had decreased such that very weak velocity ratio could be observed
in the city centre due to the less turbulence in the atmosphere which in turn lowers the speed.
Furthermore, these results were then compared with the building volume density (BVD)
to examine how the wind velocity ratio is influenced by the underlying building volume
density. However, in other to further understand how this is characterized across different urban
built-up scenarios in the city, 3 sample case study areas were selected as follows (Figure 21);
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Case A [Urban Core]: This is representative of the densely built up city centre,
Case B [Airport Area]: This represents the suburban scenario with more open spaces,
Case C [Rural Area]: This is representative of the rural areas with less buildings, but
greatly influenced by high elevation.

Figure 20: The Building Volume Density map for Toulouse based on the building unit scale(left) and
the RSU scale (right) at 100m resolution.

Figure 21 above shows the characteristics differences in the building volume density
maps derived from the building unit scale and the RSU scale respectively. The more detailed
building unit scale data helps to identify areas with no buildings which could serve as the
ventilation corridor to allow wind flowing into the city. However, with land use data available,
concrete areas with no building can also be identified as it has implications on the thermal load
of the city. From the figure above, it can be observed that high building volume density is
mostly found in the city centre around the Capitole, Esquirol and Carmes metro stations. More
so, scattered pixels of high building density are observed in the airport areas and other large
commercial complexes around the city. This demonstrate the applicability of built-up volume
as triggers of local heat island phenomena or their influence on local wind systems (Harlan et
al. 2006).
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Table 6: Summary of the relationship between building volume density and mean of
the unitless velocity ratio during the day and night
Building Volume Density

Velocity Ratio

(%)

Day-time

Night-time

Mean

Max

Mean

Max

Mean

Max

Case A

13

86

0.384

0.562

0.355

0.495

Case B

9

100

0.529

0.732

0.454

0.699

Case C

2

15

0.429

0.790

0.374

0.749
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Figure 21: Spatial average of wind velocity ratio as compared with the building volume density for the
different case studies during the daytime and night.
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Table 6 presents the summary of the relationship between building volume density
(BVD) and the mean velocity ratio for each case study areas during the daytime and night-time.
It is revealed that CaseB (Airport) recorded the maximum building volume density (100%) per
unit area of all the sampled cases. This is due to the presence of large bodied buildings at the
airport terminals. Despite CaseB reporting the maximum BVD, CaseA (Urban Core) had the
highest mean BVD of 13% because of the tall and close packed dense nature of the buildings
in the centre. Of the three cases, CaseC (Rural Area) recorded the lowest BVD since it is in
rural outskirt of the city with fewer built-up densities.
Furthermore, table 6 indicates that CaseC (Rural) recorded the maximum value of wind
velocity ratio both during the daytime and night-time. This is expected as in this case, the
surface wind velocity is accelerated because of the less obstructions from the fewer buildings
in the rural vicinity. Consequently, the maximum velocity ratio recorded show a reducing
pattern similar to the mean building volume density as one moves closer to the centre of the
city (CaseC --- CaseB --- CaseA). Regardless of this, the highest mean value of the velocity
ratio was recorded at the airport area (CaseB). This is because in this study, only the built-up
grid points were considered and since CaseC is mostly rural with large vegetation cover, there
are fewer data points considered in this case. Unlike in CaseB, with plenty open spaces around
the airport complex with mostly urban built-up, more grid points were considered.
Nonetheless, figure 22 shows the graph of the spatial average of wind velocity ratio
when plotted against the building volume density for all cases during the day and night-time.
From the graph, it is apparent that only CaseA shows a positive characteristic between the mean
velocity ratio and the BVD irrespective of the time of day. This could be due to the high density
and compact nature of the buildings in the centre, as compared with the open spaces in Cases
B and C which revealed a negative relationship between BVD and the velocity ratio.
Consequently, for both time of the day, the urban core recorded the lowest R2 value (0.0052
for day, and 0.0034 for night-time), however CaseC in the rural recorded the highest R2 value
(0.2035 in the day and 0.2034 in the night). This very high R2 value could be because of the
high topography of the selected location (CaseC) in the rural eastern part of the city.
These findings is similar to previous work by Kubot and Miura et al (2000, 2002) in
Japan and Malaysia, where they used a wind tunnel test to analysis the variation of gross
building ratio in relation to the wind velocity ratio. Hence, this study has illustrated that
irrespective of time of day, the relationship between BVD and VRatio tends to behave in a
similar pattern with higher velocity ratio in daytime, thus, demonstrating how the urban surface
morphology and small-scale orography could influence the wind field.
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5.

CONCLUSIONS

This chapter draws conclusion based on all the results. It also acknowledges the
limitation of the research approach and recommends ways for further research.

5.1

Summary of Results

This thesis has attempted to examine the spatial characteristics of wind dynamics in
relation to urban morphology and heat island in the metropolitan city of Toulouse using the
local weather type classification through statistical analysis and GIS operations. Specifically,
the urban surface database was used, while the 2004 summertime Meso-NH model data with
250m x 250m horizontal resolution at 10m above ground was extracted and analysed using R
script and was then exported to shapefile (.shp) format for subsequent GIS spatial analysis.
To understand the wind propagation across the cityscape, a comparative analysis of the
frequency and mean statistical methods was carried out. The results of the wind map revealed
that the frequency approach showed more details and the distinct shape of the urban
morphology. Further analysis revealed that the mean method tends to over-estimate the wind
velocity by 1-2 m/s across the East-West profile during the daytime for all LWT. While at
night, both methods show almost similar wind intensity pattern with occasional spikes in the
frequency method. Consequently, observed temporal similarities between the mean and
frequency East-West profile is that they both show the distinct presence of the urban centre
with a drop in the wind speed across all local weather types irrespective of the time of day.
This observed differences in the mean and frequency wind maps could be attributed to the fact
that mean analysis is not a representation of the actual absolute values of the wind velocity but
rather an aggregation of the daily average wind velocity. On the other hand, the frequency
analysis simply extracts the most frequent actual wind velocity per day, hence this accounts for
why frequency method represents the wind intensity as close to what is expected in the urban
climatic conditions.
Furthermore, to understand how the nocturnal UHI varies across different urban
characteristics in relations to changes in wind intensity, the local climate zones (LCZs)
classification which characterizes built urban morphology was used. The results showed that
LCZ-6 (open low-rise) is the most common building type in Toulouse covering 38.3% of the built
area. Further results revealed that compact buildings LCZ-1/2/3 (compact high/mid/low-rise)

which are common in the city-centre recorded the strongest average nocturnal UHI intensity of
2.57OC. Interestingly, this same compact LCZs recorded the highest decrease in wind intensity
of -0.20 m/s from daytime to night-time. Meanwhile, the highest increase in average wind
intensity of 0.47 m/s was observed in the sparsely built LCZ-9 which also corresponds to the
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weakest nocturnal UHI intensity of 0.32OC. This is not surprising since the urban-rural thermal
gradient is at the peak at night-time because of the thermal properties of the building materials
that stores heat during day and releases it at night. Additional analysis reveals that the intraLCZ variabilities of UHI and wind intensity can be explained by the distance to the city centre.
Consequently, the characteristics of the unitless wind velocity ratio in Toulouse was
analysed. It was observed that the highest values of velocity ratio were found around the airport
area. This is due to the prevalence of large open spaces and low buildings leading to low values
of aerodynamical roughness length and building drag. Conversely, the very low values
observed in the city centre are due to the high building density. Even so, lower values of the
velocity ratio were observed at night, since there is less turbulent transport of momentum
towards the surface, thus confirming previous studies. Furthermore, the characteristics of the
spatial average wind velocity ratio in relation to different case studies with varied building
volume density was examined. The results revealed that the higher the building volume density
in a unit area, the lower the velocity ratio at the pedestrian level.
Additionally, to assist urban planners, attempts were made to visualize on a
cartographic map the anticyclonic urban breeze circulation pattern which occurred on the 4th
July 2004. The map confirm that for the few hours between 15:00 – 18:00UTC there was a
breeze pattern which stretch across the NW-SE axis of the city with surface wind flowing from
the peripheral northern areas towards the core of the city. Whilst the weather situation on that
day was favourable to the development of an urban-breeze which could be considered as a
positive event with the fresh breeze from the rural outskirt bringing in some much needed
cooler air into the already warm city centre, it is important to note that this breeze can also aid
the diffusion of pollution from the industrial factories in the suburban into the centre especially
as the extent of the breeze covers a large portion of the NW-SE mesoscale cross-section.
In conclusion, this thesis has demonstrated that the morphology of the urban fabric and
the wind flow characteristics has a great impact on the extent and intensity of the summertime
urban heat island. Through this study, it has been revealed that a decrease of 0.20m/s in diurnal
average wind intensity in the city-centre resulted in a night-time UHI intensity of 2.57OC, while
an increase of 0.47 m/s in the sparsely built LCZ-9 was observed to have resulted in a nocturnal
UHI intensity of 0.32OC. Knowing this new information, the urban planning agency of
Toulouse can leverage on this knowledge to design more climate-sensitive urban
neighbourhoods that would allow flow of natural wind ventilation which can contribute to the
overall environmental sustainability and well-being of the entire city.
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5.2

Implication of this study

A city-wide urban climate study such as this one in this research can help estimate the
natural ventilation potential of a city and thus greatly assist city planning professionals
incorporate climate knowledge to design and make data-driven decisions. By comparing in this
study, the wind velocity ratio across various urban case scenarios, in addition to the mesoscale
wind speed and nocturnal UHI across the different LCZs in the city, this thesis has contributed
to the understanding of how to optimize the Toulouse urban climatic conditions to mitigate
UHI effects and create liveable and sustainable urban environment in France. In addition, the
urban breeze circulation visualized in this study can assist the environmental agency in the
prediction of peak pollution perturbation pattern and the evaluation of air quality policy in the
city and thus contribute to a more sus
Finally, it is important to mention here that the wind maps produced in this thesis is
already been incorporated in a much bigger ongoing project by the Toulouse Metropole
Planning Agency to understand the urban climate of the city.

5.3

Limitations of the Study

Upon completing this research, the following are some of the issues encountered:
➢ Whilst the 250 m x 250 m horizontal resolution of the Meso-NH data used in this thesis
could be said to be appropriate for a city-wide urban climate study, it however has its
limiting factor. Specifically, the resolution was too coarse and urban features such as
roads and canals with less than 250m width are not fully resolved in the model. Thus,
the results in this study is only limited to the mesoscale wind pattern and any smallscale wind effects cannot be inferred from this.
➢ Consequently, the U and V wind components used in this study are simulated at 10m
above ground it is difficult to evaluate the wind flow pattern within the urban canopy.
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5.4

Recommendations for Future Research

The following recommendations are suggested for future research:
➢ Firstly, since the analysis carried out in this research was based only on summer months
heat island and wind intensity situations, thus, it is recommended that future study
should examine more closely similar kind of analysis for the winter conditions. This
will greatly help city planners investigate the seasonal changing effects of the wind
flow on the thermal characteristics and pollution dispersion in the city,
➢ Further, given the low resolution of the model data used in this study, it is recommended
that for future work, a much higher model resolution (possibly less than 100 m) should
be simulated. While this would take up large computing resources and time to simulate
over the entire city, it is therefore recommended that this higher resolution modelling
could be simulated for much smaller portions of the city, such as areas with weaker
wind intensity and high potential for extreme UHI intensity. This will provide a more
detailed examination of the wind blocking areas in the centre and to better the wind
dynamics at the district and neighbourhood scales,
➢ Lastly, it is recommended that for future study, the daytime UHI intensity should be
considered as well. Also, other time periods, such as: late morning (09:00 - 12:00UTC)
and late evening (19:00 - 22:00UTC) should be evaluated as well. This will further
contribute to understanding the temporal evolution of the wind and thus give a holistic
picture across the city,
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APPENDIX I
Local Weather Types Classification
2192 2004-01-01 0

2219 2004-01-28 3

2246 2004-02-24 0

2273 2004-03-22 3

2300 2004-04-18 5

2193 2004-01-02 3

2220 2004-01-29 3

2247 2004-02-25 5

2274 2004-03-23 3

2301 2004-04-19 2

2194 2004-01-03 3

2221 2004-01-30 5

2248 2004-02-26 3

2275 2004-03-24 3

2302 2004-04-20 9

2195 2004-01-04 0

2222 2004-01-31 5

2249 2004-02-27 0

2276 2004-03-25 3

2303 2004-04-21 2

2196 2004-01-05 9

2223 2004-02-01 5

2250 2004-02-28 3

2277 2004-03-26 3

2304 2004-04-22 6

2197 2004-01-06 0

2224 2004-02-02 5

2251 2004-02-29 3

2278 2004-03-27 0

2305 2004-04-23 3

2198 2004-01-07 5

2225 2004-02-03 5

2252 2004-03-01 3

2279 2004-03-28 5

2306 2004-04-24 9

2199 2004-01-08 5

2226 2004-02-04 5

2253 2004-03-02 3

2280 2004-03-29 2

2307 2004-04-25 9

2200 2004-01-09 10

2227 2004-02-05 5

2254 2004-03-03 9

2281 2004-03-30 2

2308 2004-04-26 9

2201 2004-01-10 4

2228 2004-02-06 5

2255 2004-03-04 9

2282 2004-03-31 1

2309 2004-04-27 1

2202 2004-01-11 8

2229 2004-02-07 0

2256 2004-03-05 0

2283 2004-04-01 2

2310 2004-04-28 4

2203 2004-01-12 1

2230 2004-02-08 9

2257 2004-03-06 6

2284 2004-04-02 0

2311 2004-04-29 6

2204 2004-01-13 0

2231 2004-02-09 9

2258 2004-03-07 3

2285 2004-04-03 9

2312 2004-04-30 0

2205 2004-01-14 6

2232 2004-02-10 9

2259 2004-03-08 3

2286 2004-04-04 9

2313 2004-05-01 5

2206 2004-01-15 0

2233 2004-02-11 9

2260 2004-03-09 9

2287 2004-04-05 3

2314 2004-05-02 1

2207 2004-01-16 5

2234 2004-02-12 9

2261 2004-03-10 9

2288 2004-04-06 3

2315 2004-05-03 8

2208 2004-01-17 6

2235 2004-02-13 5

2262 2004-03-11 5

2289 2004-04-07 3

2316 2004-05-04 3

2209 2004-01-18 3

2236 2004-02-14 9

2263 2004-03-12 5

2290 2004-04-08 0

2317 2004-05-05 3

2210 2004-01-19 3

2237 2004-02-15 3

2264 2004-03-13 6

2291 2004-04-09 3

2318 2004-05-06 3

2211 2004-01-20 3

2238 2004-02-16 3

2265 2004-03-14 5

2292 2004-04-10 3

2319 2004-05-07 3

2212 2004-01-21 3

2239 2004-02-17 0

2266 2004-03-15 5

2293 2004-04-11 3

2320 2004-05-08 3

2213 2004-01-22 3

2240 2004-02-18 3

2267 2004-03-16 5

2294 2004-04-12 3

2321 2004-05-09 9

2214 2004-01-23 6

2241 2004-02-19 3

2268 2004-03-17 2

2295 2004-04-13 3

2322 2004-05-10 0

2215 2004-01-24 6

2242 2004-02-20 2

2269 2004-03-18 9

2296 2004-04-14 0

2323 2004-05-11 9

2216 2004-01-25 5

2243 2004-02-21 5

2270 2004-03-19 3

2297 2004-04-15 5

2324 2004-05-12 6

2217 2004-01-26 6

2244 2004-02-22 3

2271 2004-03-20 3

2298 2004-04-16 6

2325 2004-05-13 2

2218 2004-01-27 3

2245 2004-02-23 0

2272 2004-03-21 3

2299 2004-04-17 0

2326 2004-05-14 3
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2327 2004-05-15 9

2356 2004-06-13 9

2385 2004-07-12 2

2414 2004-08-10 7

2443 2004-09-08 7

2328 2004-05-16 9

2357 2004-06-14 9

2386 2004-07-13 9

2415 2004-08-11 7

2444 2004-09-09 7

2329 2004-05-17 7

2358 2004-06-15 9

2387 2004-07-14 9

2416 2004-08-12 8

2445 2004-09-10 1

2330 2004-05-18 7

2359 2004-06-16 8

2388 2004-07-15 9

2417 2004-08-13 8

2446 2004-09-11 8

2331 2004-05-19 9

2360 2004-06-17 8

2389 2004-07-16 7

2418 2004-08-14 7

2447 2004-09-12 8

2332 2004-05-20 7

2361 2004-06-18 9

2390 2004-07-17 2

2419 2004-08-15 7

2448 2004-09-13 7

2333 2004-05-21 7

2362 2004-06-19 6

2391 2004-07-18 7

2420 2004-08-16 8

2449 2004-09-14 8

2334 2004-05-22 4

2363 2004-06-20 3

2392 2004-07-19 7

2421 2004-08-17 1

2450 2004-09-15 8

2335 2004-05-23 9

2364 2004-06-21 5

2393 2004-07-20 8

2422 2004-08-18 7

2451 2004-09-16 9

2336 2004-05-24 5

2365 2004-06-22 7

2394 2004-07-21 7

2423 2004-08-19 8

2452 2004-09-17 9

2337 2004-05-25 2

2366 2004-06-23 8

2395 2004-07-22 7

2424 2004-08-20 8

2453 2004-09-18 5

2338 2004-05-26 9

2367 2004-06-24 8

2396 2004-07-23 8

2425 2004-08-21 8

2454 2004-09-19 8

2339 2004-05-27 8

2368 2004-06-25 8

2397 2004-07-24 8

2426 2004-08-22 7

2455 2004-09-20 8

2340 2004-05-28 9

2369 2004-06-26 7

2398 2004-07-25 9

2427 2004-08-23 7

2456 2004-09-21 8

2341 2004-05-29 9

2370 2004-06-27 8

2399 2004-07-26 9

2428 2004-08-24 8

2457 2004-09-22 9

2342 2004-05-30 8

2371 2004-06-28 8

2400 2004-07-27 9

2429 2004-08-25 8

2458 2004-09-23 9

2343 2004-05-31 8

2372 2004-06-29 9

2401 2004-07-28 7

2430 2004-08-26 8

2459 2004-09-24 8

2344 2004-06-01 8

2373 2004-06-30 9

2402 2004-07-29 8

2431 2004-08-27 9

2460 2004-09-25 3

2345 2004-06-02 8

2374 2004-07-01 8

2403 2004-07-30 8

2432 2004-08-28 8

2461 2004-09-26 3

2346 2004-06-03 3

2375 2004-07-02 9

2404 2004-07-31 9

2433 2004-08-29 8

2462 2004-09-27 9

2347 2004-06-04 9

2376 2004-07-03 9

2405 2004-08-01 7

2434 2004-08-30 8

2463 2004-09-28 9

2348 2004-06-05 8

2377 2004-07-04 7

2406 2004-08-02 4

2435 2004-08-31 8

2464 2004-09-29 5

2349 2004-06-06 7

2378 2004-07-05 8

2407 2004-08-03 8

2436 2004-09-01 7

2465 2004-09-30 9

2350 2004-06-07 2

2379 2004-07-06 1

2408 2004-08-04 8

2437 2004-09-02 7

2466 2004-10-01 7

2351 2004-06-08 7

2380 2004-07-07 8

2409 2004-08-05 8

2438 2004-09-03 7

2467 2004-10-02 7

2352 2004-06-09 5

2381 2004-07-08 2

2410 2004-08-06 7

2439 2004-09-04 7

2468 2004-10-03 7

2353 2004-06-10 7

2382 2004-07-09 9

2411 2004-08-07 7

2440 2004-09-05 7

2469 2004-10-04 2

2354 2004-06-11 8

2383 2004-07-10 8

2412 2004-08-08 7

2441 2004-09-06 2

2470 2004-10-05 2

2355 2004-06-12 8

2384 2004-07-11 3

2413 2004-08-09 7

2442 2004-09-07 1

2471 2004-10-06 8

Summertime (June, July, August) Local Weather Types in orange colour
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2472 2004-10-07 7

2501 2004-11-05 0

2530 2004-12-04 0

2559 2005-01-02 3

2559 2005-01-02 3

2473 2004-10-08 2

2502 2004-11-06 3

2531 2004-12-05 3

2560 2005-01-03 0

2560 2005-01-03 0

2474 2004-10-09 4

2503 2004-11-07 3

2532 2004-12-06 0

2561 2005-01-04 5

2561 2005-01-04 5

2475 2004-10-10 7

2504 2004-11-08 0

2533 2004-12-07 0

2562 2005-01-05 9

2562 2005-01-05 9

2476 2004-10-11 1

2505 2004-11-09 6

2534 2004-12-08 0

2563 2005-01-06 5

2563 2005-01-06 5

2477 2004-10-12 1

2506 2004-11-10 3

2535 2004-12-09 0

2564 2005-01-07 5

2564 2005-01-07 5

2478 2004-10-13 5

2507 2004-11-11 6

2536 2004-12-10 0

2565 2005-01-08 5

2565 2005-01-08 5

2479 2004-10-14 3

2508 2004-11-12 0

2537 2004-12-11 5

2566 2005-01-09 5

2566 2005-01-09 5

2480 2004-10-15 6

2509 2004-11-13 3

2538 2004-12-12 5

2567 2005-01-10 2

2567 2005-01-10 2

2481 2004-10-16 4

2510 2004-11-14 3

2539 2004-12-13 5

2568 2005-01-11 5

2568 2005-01-11 5

2482 2004-10-17 5

2511 2004-11-15 3

2540 2004-12-14 5

2569 2005-01-12 5

2569 2005-01-12 5

2483 2004-10-18 7

2512 2004-11-16 3

2541 2004-12-15 9

2570 2005-01-13 0

2570 2005-01-13 0

2484 2004-10-19 7

2513 2004-11-17 3

2542 2004-12-16 5

2571 2005-01-14 5

2571 2005-01-14 5

2485 2004-10-20 2

2514 2004-11-18 0

2543 2004-12-17 3

2572 2005-01-15 5

2572 2005-01-15 5

2486 2004-10-21 8

2515 2004-11-19 3

2544 2004-12-18 3

2573 2005-01-16 5

2573 2005-01-16 5

2487 2004-10-22 7

2516 2004-11-20 0

2545 2004-12-19 6

2574 2005-01-17 5

2574 2005-01-17 5

2488 2004-10-23 2

2517 2004-11-21 5

2546 2004-12-20 3

2575 2005-01-18 6

2575 2005-01-18 6

2489 2004-10-24 2

2518 2004-11-22 5

2547 2004-12-21 5

2576 2005-01-19 3

2576 2005-01-19 3

2490 2004-10-25 4

2519 2004-11-23 0

2548 2004-12-22 0

2577 2005-01-20 3

2577 2005-01-20 3

2491 2004-10-26 6

2520 2004-11-24 0

2549 2004-12-23 3

2578 2005-01-21 3

2578 2005-01-21 3

2492 2004-10-27 5

2521 2004-11-25 5

2550 2004-12-24 0

2579 2005-01-22 3

2579 2005-01-22 3

2493 2004-10-28 5

2522 2004-11-26 0

2551 2004-12-25 3

2580 2005-01-23 3

2580 2005-01-23 3

2494 2004-10-29 4

2523 2004-11-27 5

2552 2004-12-26 3

2581 2005-01-24 3

2581 2005-01-24 3

2495 2004-10-30 5

2524 2004-11-28 5

2553 2004-12-27 3

2582 2005-01-25 3

2582 2005-01-25 3

2496 2004-10-31 6

2525 2004-11-29 3

2554 2004-12-28 3

2583 2005-01-26 3

2583 2005-01-26 3

2497 2004-11-01 0

2526 2004-11-30 0

2555 2004-12-29 3

2584 2005-01-27 3

2584 2005-01-27 3

2498 2004-11-02 5

2527 2004-12-01 2

2556 2004-12-30 3

2585 2005-01-28 3

2585 2005-01-28 3

2499 2004-11-03 5

2528 2004-12-02 5

2557 2004-12-31 3

2586 2005-01-29 3

2586 2005-01-29 3

2500 2004-11-04 9

2529 2004-12-03 0

2558 2005-01-01 3

2587 2005-01-30 3

2587 2005-01-30 3
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2588 2005-01-31 3
2603 2005-02-15 3
2589 2005-02-01 3
2604 2005-02-16 3
2590 2005-02-02 3
2605 2005-02-17 3
2591 2005-02-03 3
2606 2005-02-18 3
2592 2005-02-04 0
2607 2005-02-19 3
2593 2005-02-05 5
2608 2005-02-20 3
2594 2005-02-06 5
2609 2005-02-21 3
2595 2005-02-07 2
2610 2005-02-22 5
2596 2005-02-08 2
2611 2005-02-23 0
2597 2005-02-09 5
2612 2005-02-24 0
2598 2005-02-10 0
2613 2005-02-25 5
2599 2005-02-11 9
2614 2005-02-26 9
2600 2005-02-12 2
2615 2005-02-27 3
2601 2005-02-13 6
2616 2005-02-28 3
2602 2005-02-14 3
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APPENDIX II
R Script used in the study
Preparatory Script for Wind Analysis
Full Script available for download at:
https://drive.google.com/drive/folders/1hGu9F0SJSshTn16IqLcbRNZN_RuCMNnx?usp=sharing
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Main Script for Wind Analysis
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Preparatory Script for Wind Velocity Ratio Analysis
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Main Script for Wind Velocity Ratio Analysis

64

65

