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Abstract 
 

As urbanization and industrialization progressed during the last decades, Urban 

Heat Island (UHI) has become a major environmental issue to many cities around the 

world. The effect of UHI differs from area to area due to varying urban scale, 

population density, construction of urban surface layer, the level of industrialization 

and type of climate. Researchers have made great efforts in investigating various 

approaches to Urban Heat Island studies. Monitoring technologies have been widely 

used in this field, especially Geographic Information System (GIS) and remote 

sensing technology. Computational Fluid Dynamics (CFD) simulations are also 

actively applied in wind engineering, which can provide details of air flow over urban 

areas. The combined application of these technologies can provide the monitoring and 

simulation of urban wind corridor and thermal environment that can produce relevant 

information at a lesser time.  

A research using GIS, remote sensing technology and CFD simulation was done 

in this project to obtain a holistic view of the urban thermal environment and wind 

flow for Gävle City. With GIS and remote sensing the thermal image of the city was 

presented. The temperature data, which were collected from MODIS satellite were 

transferred and processed by ArcGIS and Global Mapper. The wind flow above the 

city was simulated through constructing geometric and mathematical model with 

OpenFOAM. The outcomes of the modeling and simulation identified that the 

temperature in the city center could possibly reach 35℃ during summers, which can 

cause the Urban Heat Island to form. Ventilation was also poorer in the city centre, 

and neither the river nor the green area in the southwest could help ventilate the city. 

The study result also suggested that certain sites in the city had relatively high wind 

flow for urban wind turbines to work.  

This study had used method of Urban Heat Island study with remote sensing 

and CFD technologies. The model produced from simulation could also be used to 

further study Gävle city's thermal and wind environment to produce more accurate 

results. 

 

Keywords: Urban Heat Island, thermal environment, ventilation, remote sensing, 

Computational Fluid Dynamics, urban planning 
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1. Introduction  

Urban Heat Island (UHI) has long been an issue that attracted the attention of 

geologists, meteorologists and climatologists. Recent developments of technologies in 

Geographic Information Systems (GIS) and engineering fluid dynamics have 

provided more diversified approaches for its investigation.  

In this paper, a literature review of urban wind and thermal environment studies 

with GIS, Computational Fluid Dynamics (CFD) and other observational and 

measurement approaches would be made. An introduction to urban wind and thermal 

environment issues, with the focus on UHI phenomena, as well as important theories, 

application, and study methods engaged in Urban Heat Island investigation, would 

also be presented.  

This would be followed by a practical case study of monitoring, simulating and 

processing results for urban thermal and wind environment conditions using GIS and 

CFD that would be carried out for Gävle City, Sweden. This has an intention of 

making proposals in modifying the living environment of the city according to the 

simulation results. Gävle is the capital of Gävleborg County and the oldest city in 

Norrland. It is located in the northern part of Sweden, close to the river Dalälven and 

the Baltic Sea. It has around 92,000 inhabitants and several well-known enterprises, 

such as Gevalia coffee. 

1.1 Introduction to urban wind and thermal environmental problems and 

UHI effect 

Over the past decades, the social economical constructions in urban areas have 

been undergoing rapid expansions, which, although can be considered as progress to 

human civilization, can have negative impacts to urban living environment. 

Anthropogenic intervention to climate has been constantly arousing various problems, 

which challenge the function of the cities as human habitats. Urban constructions and 

development of industry, air pollution, excessive concentration of population, and 

traffic have resulted to complex problems as the consequences of breaking the 

balances of natural urban ecosystems. As stated by Peng (2007), “The penalty is being 

paid in the form of adverse ecological changes and great risks to human beings 

health.”  

Among the issues of urban climate and wind effect that interact with each other 

at different levels, Urban Heat Island phenomena has been drawing wide and constant 

attention of scholars, academic institutes, as well as government sectors. It is 

considered as one of the major problems in the 21st century posed to human beings 

(Rizwan, Dennis and Liu, 2008). Nowadays, with a better awareness on climate 

change, mitigating urban heat island and other urban climate problems are raised 

among the main subjects of sustainable city planning.  

The researches on urban heat island effect had a long history. The term Urban 

Heat Island was first proposed by Manley (1958). However, its first observation was 
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made by Howard (1820) in London. He indicated that the temperature of London City 

center was higher than its suburb.  

UHI brings not only hotter summers, but also other abnormal phenomenon, like 

warmer winters and rainstorms, in particular. It is one of the most obvious 

characteristics of urban climate. Although UHI is known as an issue of urban thermal 

environment, it is also affected by urban ventilation corridor and conversely 

contributing to hindering air flow so that pollutant and heat tend to stay stagnant over 

the city. 

UHI is defined as a comprehensive multi-scale phenomenon due to its multiple 

causes, including urban construction and surface material of built-ups and roads; 

ambient air pollution over city; anthropogenic heat produced from industries and 

human activities, etc. The effect of urban heat island appears not only in large-scale 

cities, but also in small towns where the population is dense (Karl et al., 1988). This 

effect also differs between coastal and inland cities (Kim and Baik, 2004). 

To describe UHI effect, Figure 1 is introduced to identify the main contributors 

of UHI, i.e. solar radiation, urban surface structure and material, and anthropogenic 

heat, which is related to population dependent activities and their roles in the 

generation of UHI. Urban structure and population are considered controllable 

variables since they could be controlled through urban planning and population 

control. The uncontrollable variables refer mainly to weather and climatic factors, 

which result to solar radiation, wind blow and humidity variation. 

  

 

Figure 1: UHI generation, modified after Rizwan, Dennis and Liu (2008)  

Generally speaking, building and road materials such as bricks, stones, cement 

and asphalt used in urban areas have relatively high thermal conductivity make the 

urban sub layer easier to store heat than those of the suburb regions. The solar 

radiation is less reflected but absorbed and stored by constructions, which results in a 

gradual increase of the surface temperature during daytime. As a matter of fact, lower 

rate of vegetation and evapotranspiration often exist in the urban areas due to artificial 

changes of the land surface that largely hinders the absorption and conversion of solar 

energy.  

Another major contributor of UHI is anthropogenic heat. In the city, machines 

and vehicles (such as boilers, cars and air conditioners) used for human activities rely 

on significantly high consumption of energy. The consequence is that large amount of 
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energy is generated and released to the atmosphere as heat, which greatly challenges 

the ability of the city to exhaust, convert or transform heat in order to maintain the 

energy balance at lower temperature.  

Wind is usually promoting heat exchange between built-up areas and their 

surroundings. However, the crowded architectural ensembles and the roads constitute 

a rougher layer that decrease wind flow at local and micro scales. This makes it even 

harder to ventilate out not only heat but also carbon dioxide and other air pollutants 

from the city. 

On the other hand, air pollution shares a significant role in intensifying UHI 

effect. Complex air pollutants are usually from daily human activities including 

industrial production, and transportation. They converge and act as a thick blanket 

cover above the city, thus, accumulating heat within the sphere. 

According to the generations of UHI explained above, the mitigation methods 

can fall into the three main categories, which compensate the work of contributors: 1) 

reducing anthropogenic heat release (e.g. reducing energy consumption of cooling and 

vehicle emission); 2) converting absorbed solar radiation (e.g. green roofs, 

photovoltaic canopies and solar panels); 3) better ventilation (redevelopment of 

build-up blocks) (Rizwan, Dennis and Liu, 2008). It must be noted that one specific 

mitigation method usually contributes to reducing UHI from different paths directly 

or indirectly at the same time, and improves the environment in multiple perspectives.  

1.2  Aim and Contribution 

The project was carried out with the interest of making a multidisciplinary study, 

which combines GIS and CFD technologies. The first objective would be to lead a 

literature review of studies on urban wind and thermal environment, and the methods 

in UHI investigation, regarding its complex generations and influences on the urban 

living environment amongst the other climatic problems. The literature review would 

be expected to generally introduce Urban Heat Island study approaches and the 

suggestions from previous researches in conducting studies in this field, especially the 

recommendations in the practical implementation of CFD simulation to a micro-scale 

urban environment, in order to better understand the study undertaken.  

Another purpose of this research project is to conduct a study of the wind and 

thermal environmental problems in the city of Gävle, and to produce and present 

maps from remotely-sensed data and CFD simulation of urban wind flow. The 

thermal infrared images, which describe the surface temperature distribution, could 

help assess the UHI situation in Gävle. On the other hand, the CFD simulation of the 

City’s wind and thermal environment would aim at identifying the regions with 

poorer or stronger ventilation so as to see the potential formation of Urban Heat Island 

effect in certain areas of the city, as well as to suggest on improving the wind 

environment. Furthermore, the results of this research can provide suggestions on 

hindering the formation of UHI in Gävle City, as well proposing approaches that can 

be used in future studies.  

 



4 
 

2. Theoretical background  

2.1 Remote Sensing and UHI 

Researches carried out in the study of UHI have used different approaches. 

Among these approaches are observation and field measurements (through mobile 

stations and other stations), which are both common and practical ways of UHI 

investigation. However, as pointed out by Mirzaei and Haghighat (2010), it could 

happen that the results of observation end up contradicting each other due to the 

limitations of statistical analysis in dealing with complex physical causes of UHI. 

They also mentioned that field measurements are usually expensive and time 

consuming, which makes it difficult to access sufficient data from stations over the 

urban area in a single study, in addition to the data being generalized. 

During the last decades, massive works have been done in studying UHI effects, 

to which space and sensor technologies (i.e. thermal remote monitoring of UHI) were 

proven to provide great convenience. As introduced by Rizwan, Dennis and Liu 

(2008), remote sensing technology has been applied in observing the surface 

temperature and Surface Energy Budget (SEB), such as the determination of sensible 

heat flux and relevant surface parameters, identifying changes of evapotranspiration, 

as well as picturing the urban thermal environment through surface energy exchange.  

In the remote sensing field, an important information source is the vegetation 

index that presents the surface vegetation information. The index has widely been 

used for qualitative and quantitative analysis of land (Hu, Chen and Gong, 2005). 

These researches confirmed that the urban region can be differentiated through 

analysis of satellite thermal infrared data. Thermal infrared remote sensing can record 

radiation from the atmosphere, environment and objects so as to define and monitor 

the distribution and intensity of UHI.  

Like measurements and observation data, remote-sensing data can also be taken 

in accordance to setting parameters for numerical modeling. However, it has also its 

limitations. As concluded by Mirzaei and Haghighat (2010), these include: 1) the  

cost of acquiring good data is fairly high; 2) the images of urban surface vary with 

time due to atmospheric interaction; 3) it captures the surface temperature, which is 

the infrared ray that reaches the sensor, but not the actual ambient air temperature that 

is affected by air flow, and the difference between the actual temperature and the 

sensed one could be significant even with the help of sensor-view, filtration and 

conversion models; and, 4) the surface temperature image cannot provide details of 

the vertical field. Therefore, the reliability of basing conclusion from statistical 

analysis using these methods relies highly on the quality and quantity of the collected 

data, and will also be influenced by different factors, such as the weather, equipment, 

and data processing methods. 
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2.2.1 Remote sensing and Geographic information System 

Since 1972, UHI has been studied with satellite data (Hu, Chen and Gong, 

2005).  Remote sensing has been employed to study the UHI phenomenon and for 

monitoring its physical processes by using thermal sensor data (Pu et al., 2005). 

Further advancement in technology, made it possible to integrate GIS in indicating the 

surface temperature distribution of study area by advancing numerical simulation 

algorithm (Akinaru and Akira, 1996). 

2.2.2 MODIS product and Data collection 

 The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument, 

which is loaded on the NASA Terra (EOS AM) and Aqua (EOS PM) Earth Observing 

System satellites, is an important sensor (Wang, Liang and Meyers, 2008).Terra and 

Aqua are working alternately around the Earth to obtain information of its surface. In 

the last decades, advances in aerospace technology made it possible for people to 

study Earth more, especially when MODIS data became accessible from NASA’s 

website, with the 67 products covering ocean and sea surface temperature, land, 

atmosphere and the cryosphere. It is generally accepted that MODIS land products are 

well-suited to monitoring vegetation indices, land surface temperature and emissivity, 

thermal anomalies and fire, leaf area index, land cover dynamics and type, and burned 

areas. A summary of MODIS land products are shown in Table 1.   

             Table 1: Summary of MODIS land surface temperature data products (LP DAAC, Land 

processes distributed active archive centre, 2012) 

Short Name 

(Earth 

Science Data 

Type) 

 

Platform 

Spatial 

resolution 

Temporal 

resolution 

Image 

dimensions 

(rows x 

columns) 

Raster 

type 

Map  

projection 

MYD11C3 Aqua 5 600 m Monthly 3 600 x 7 200 CMG Geographic (Lat/Long) 

MOD11C3 Terra 5 600 m Monthly 3 600 x 7 200 CMG Geographic (Lat/Lon g) 

MYD11B1 Aqua 5 000 m  

(actual 4.63 km) 

Daily 240 x 240 Tile Sinusoidal 

MOD11B1 Terra 6 000 m  

(actual 5.6 k m) 

Daily 240 x 240 Tile Sinusoidal 

MYD11A1 Aqua 1 000 m 

(actual 930 m) 

Daily 1200 x 1200 Tile Sinusoidal 

MYD11C1 Aqua 5 600 m Daily 3600 x 7200 CMG Geographic (Lat/Long) 

MOD11C1 Terra 5 600 m Daily 3600 x 7200  Equal-angle geographic 

MOD11A2 Terra 1 000 m  8 days 1200 x 1200  Tile Sinusoidal 

MYD11C2 Aqua 5 600 m 8 days 3600 x 7200 CMG Geographic (Lat/Long) 

 

 

 

             

https://lpdaac.usgs.gov/products/modis_products_table/myd11c3
https://lpdaac.usgs.gov/products/modis_products_table/mod11c3
https://lpdaac.usgs.gov/products/modis_products_table/myd11b1
https://lpdaac.usgs.gov/products/modis_products_table/mod11b1
https://lpdaac.usgs.gov/products/modis_products_table/myd11a1
https://lpdaac.usgs.gov/products/modis_products_table/myd11c1
https://lpdaac.usgs.gov/products/modis_products_table/mod11c1
https://lpdaac.usgs.gov/products/modis_products_table/mod11a2
https://lpdaac.usgs.gov/products/modis_products_table/myd11c2
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Short Name 

(Earth 

Science Data 

Type) 

 

Platform 

Spatial 

resolution 

Temporal 

resolution 

Image 

dimensions 

(rows x 

columns) 

Raster 

type 

Map  

projection 

MOD11C2 Terra 5 600 m 8 days 
3600 x 7200 CMG Equal-angle 

geographic 

MYD11_L2 Aqua 1 000 m 5 mins 2030 x 1354 Swath None (Swath data) 

MYD11_L2 Aqua 1 000 m 5 mins 2030 x 1354  Swath None (Swath data) 

MYD11A2 Aqua 
1 000 m 

(actual 930 m) 
8 days 

1200 x 1200 
Tile 

Sinusoidal 

MOD11A1 Terra 1 000 m Daily 1200 x 1200  Tile Sinusoidal 

MOD11_L2 Terra 1 000 m 5 mins 2030 x 1354  Swath None (Swath data) 

*CMG: Climate Modelling Grid 

2.2 CFD simulation and optimization  

Wind tunnel experiment is known as a classical study method in fluid dynamics, 

which provides details of flow by implementing simulation with models under certain 

conditions. In cases of urban environment modeling, especially when complex terrain 

or large urban areas with artificial built-ups and other constructions are involved, 

wind tunnel modeling usually requires high requirements on experimental period and 

modeling conditions, but receives lower repeatability. The development of 

computational science has created great advantage for this sort of modeling.  

Computational fluid dynamics is the computational simulation of fluid flow 

based on classical fluid mechanics and numerical calculation, as shown in Figure 2. It 

presents details of the flow properties, energy exchanges and chemical reactions. As 

also shown in the figure, it is the third approach in fluid dynamics, in addition to 

experiment and theory, which assures greater advantages for fluid flow studies in both 

time consumption and implementation procedures compared with classical wind 

tunnel experiments. Widely used CFD software includes CFX, ANSYS, Phoenics, 

and OpenFOAM. 

In recent years, a variety of numerical models have been developed for 

modeling air ventilation, such as the Pennsylvania State University/National Center 

for Atmospheric Research (PSU/NCAR) Meso-scale Model (MM5), which works in 

meso-scale phenomena of air flow simulation, for instance sea breezes and 

mountain-valley flows (Baik, Seung, and Park, 2009). CFD simulation can also 

provide details of air flow. However, the accuracy of result depends on the physical 

and geometrical boundary conditions, as well as the numerical models adopted in the 

simulation. As stressed by Priyadarsini, Hien and David (2008), the simulation results 

need to be compared with data from measurements or observation in order to validate 

them. 

https://lpdaac.usgs.gov/products/modis_products_table/mod11c2
https://lpdaac.usgs.gov/products/modis_products_table/myd11_l2
https://lpdaac.usgs.gov/products/modis_products_table/myd11_l2
https://lpdaac.usgs.gov/products/modis_products_table/myd11a2
https://lpdaac.usgs.gov/products/modis_products_table/mod11a1
https://lpdaac.usgs.gov/products/modis_products_table/mod11_l2
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Figure 2: The “three dimension” of fluid dynamics (Anderson, 1995). 

2.2.1 CFD simulation approaches in urban environment 

Previous researchers have shared their experiences in CFD simulation to modify 

the numerical simulation methods under specific circumstances. According to which, 

the Meteorological Institute at the University of Hamburg published a guideline for 

CFD simulation of flows in the urban environment under different circumstances with 

the Reynolds-Average Navier-Stokes (RANS) simulations of neutrally stratified 

turbulence flow (Franke et al., 2007). The potential errors and uncertainties resulted 

from assumptions and approximations, as well as the numerical solutions in CFD 

simulation were summarized and interpreted in the book, followed by suggestions in 

practice.  

2.2.2 Turbulence simulation approaches 

For steady treatment of air flow in urban environment, the RANS equations are 

generally favored as a modification of Navier-Stokes equations for unsteady flow due 

to the turbulence of air. It is also the method chosen in the majority of simulation 

projects in the urban environment (Franke et al., 2007). The two modeling approaches 

of fluid turbulence are Eddy Viscosity Modeling and Reynolds Stress Modeling. It is 

suggested to run test cases in order to evaluate the validation of different turbulence 

models through comparing data from measurement with computed results, because 

the models are closely related with other conditions and applications of the simulation 

(Franke et al., 2007). However, the standard two-equation eddy-viscosity turbulence 

model (k-e model) is quite widely used in the reviewed projects. As stressed by 

Priyadarsini, Hien and David (2008), this model provides a good compromise 

between numerical effort and computational accuracy. 

Large Eddy Simulation (LES) is also recommended in wind load and wind 

environment studies (Ashiea and Konob, 2010). LES is believed to be able to avoid 



8 
 

errors of RANS turbulence modeling, so could Hybrid RANS-LES simulations avoid 

certain errors at certain level. The Direct Numerical Simulation (DNS) method 

resolves all fluctuations (Gatski, Hussaini and Lumley,1996), yet, it has not been 

widely used due to its high requirements in computer capacities. For the same reason, 

as also pointed out by (Franke et al., 2007), LES and the hybrid approaches require 

higher computing capacities and more computing time than RANS and the Unsteady 

Reynolds-Averaged Navier-Stokes (URANS) simulation. Despite this, they generally 

provide better details of the flow than RANS and URANS that is of significance when 

the fluctuations is much effective than the mean flow velocity, such as in cases of 

wind flow simulation at street level (Franke et al., 2007). 

2.2.3 Boundary conditions, initial values and approximation of flow properties 

Boundary conditions restore the boundary of the domain by specifying 

conditions and values on the meshes at the inlet, outlet, top, lateral, as well as the wall. 

What is usually taken into account includes wind velocity, temperature of the 

incoming flow at the surfaces of the physical model, humidity, and the location and 

release rates of air pollutants in dispersion studies, or the initial values of fluid 

properties when treating unsteady flow. It is also common to specify information of 

natural compounds and artificial constructions.  

For the wall boundary conditions in RANS and LES, as concluded in the Best 

Practical Guidelines, the shear stress at smooth walls can either be solved with low 

Reynolds number, which requires very fine wall normal direction meshes, or being 

computed from the assumption of the wall functions (Franke et al., 2007). The initial 

boundary conditions have little influence on RANS, but can impact time-dependent 

unsteady simulations. Therefore, it is suggested to make the initial data as accurate as 

possible in unsteady simulations. 

The Coriolis force of earth’s rotation also affects the wind direction. It is often 

included in the standard k-ε model when the domain covers high latitude regions (e.g. 

up to 20 km) (Tapia, 2009). However, it can be neglected in micro-scale models; but 

instead, its influence should be included when setting flow profiles (Franke et al., 

2007). In case that air density is affected by the buoyancy effect, it is also necessary to 

make the Boussinesq approximation.  

2.2.4 Geometrical representation and the domain size 

Geometry is the concrete physical structure in the fluid fields that has a crucial 

influence on fluid flow. The key suggestions addressed by Franke et al. (2007) in 

creating geometric representation are: 1) land surface characteristics like vegetation 

and landscape should be specified; and, 2) more details of individual buildings should 

be provided when getting closer to the region of interest. In addition to improving the 

geometrical representation, this approach also enriches the number of computing 

cells.  

     Recommendations from Best Practical Guidelines on the computational domain 

(Franke et al., 2007) are summarized in Table 2. Principally, the domain should be 

large enough to prevent the area from being affected by the approximated boundary 
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conditions. Here H refers to the height of the built-up areas in meters, and Hmax 

represents the height of the highest building in the studied urban area. 

             Table 2: Recommendations on domain size 

Extension 

direction 

Building with height H Urban areas with 

multiple buildings 

Vertical < 6 x H 5 x Hmax 

Lateral Around 5 x H 5 x Hmax 

Flow direction 5 x H to 8 x H in front of the building 

5 x H  behind the building 

Smaller distance can be used. It 

depends on the boundary conditions 

2.2.5 The discretization method and computational grid 

Different discretization methods are applied to discretize the domain and 

replace the exact solution of the partial differential equations with approximated 

numerical solution on the meshes. Finite Volume Method (FVM) is one of the 

common methods of discretization and is adapted by most CFD codes. Another 

common method is the Finite Difference Method (FDM), which has the longest 

history in CFD. Other discretization schemes include Finite Element Method, 

Boundary Element Method and the Spectral Element Method. 

 For Finite Volume and Finite Difference Methods, grids should be able to 

capture the physical phenomenon, therefore it is recommended that: 1) the resolution 

needs to be high enough; 2) the expansion ratio between two consecutive cells should 

be small enough in regions with high gradients, in order to minimize truncation errors; 

3) hexahedral cells are better than tetrahedral ones, because they introduce less 

truncation errors; and, 4) prismatic cells on the wall can improve the results of 

tetrahedral grids (Franke et al., 2007). For FVM, the angle between the normal 

vectors of the cell surface should be parallel to the line between the midpoints of the 

neighboring cells. 

The requirement on meshes depends highly on a case to case basis, which 

makes it hard to draw any specific guideline on grid design (Franke et al., 2007). 

However, some researchers were able to make simplified model to assess the grid 

resolution (Blocken, Carmeliet and Roels, 2004).  

2.2.6 OpenFOAM 

OpenFOAM is developed on Linux/UNIX system and written in C++.However, 

it is also made operable under Cygwin/X, which is a port in the X Windows System 

of Microsoft Windows. Like other CFD codes, OpenFOAM simulation contains three 

processes: pre-processing, solving and post processing. Figure 3 illustrates its general 

procedure.  
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Figure 3: Overview of OpenFOAM structure (The OpenFOAM foundation, 2012). 

 

As one of the mesh generation tools of OpenFOAM, BlockMesh is a relatively 

well developed application. An alternative is SnappyHexMesh, which automatically 

generates three-dimensional (3D) meshes on .stl file (i.e. triangulated surface 

geometries) (Nilsson and Petit, 2011). The meshes are constituted of hexahedron and 

split-hexahedrons. Post-processors of OpenFOAM are ParaView, which is most often 

chosen as a free application with native reader (The OpenFOAM Foundation, 2012). 

The results can be exported so that they can be visualized in other codes like Fluent, 

Fieldview or Ensight (Nelson, 2011). 

 

3. Methodology 

3.1 Land Surface Temperature (LST) Mapping using Remote Sensing  

MOD11A1 is responsible for land surface temperature in terms of a higher level 

of assurance in quality (Zhang et al., 2009). The emissivity data of bands 31 and 32 

can show information of land surface temperature. MOD11A1 LST product has daily 

temporal and a spatial resolution of 1 km (the precision grid size is 0.928 km x 0.928 

km). It is able to calculate the land surface temperature value and emissivity of each 

pixel in each grid with overlapping areas (Wan, 2006). 

The surface temperature data used for this study were derived during the 

summer of June through August 2009. Due to the location of Gävle at higher latitude, 

the temperature is always lower than other areas on earth. According to the 

temperature condition, this study follows the temperatures of summer days, which are 

from June to August. The data was converted from HDF to GeoTiff file format. Conversion 

and image reprojection were processed using the MODIS Reprojection Tool (MRT). 

An example of a processed satellite image is shown in Figure 4. 
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Figure 4: Processed satellite image.  

     It must be noted that the 1 km spatial resolution of the satellite data could not 

represent UHI phenomenon exactly. Initial satellite data have been presented by 

digital numbers. The temperatures were initially in degrees Kelvin and were 

converted to degree Celsius, using the following function in ArcGIS (Hutchinson 

Vought and Hutchinson, 2006):  

 

LSTR = (LSTI * 0.02) – 273.15                                [Eq. 1] 

 

where: LSTR = the re-scaled LST digital numbers, to be described by Celsius 

 LSTI = the initial, or original LST digital numbers 

 

Because of the extent of the satellite images, Gävle was not easily identifiable in 

the imagery. To locate the city from the map, Global Mapper was used. The overall 

workflow of processes for the GIS part is shown in Figure 5. 
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Figure 5: The flow chart for LST mapping  

3.2 CFD simulation  

The CFD software simulation approaches generally followed three steps: 

pre-processing, solving and post-processing. The purpose of pre-processing was to 

create the geometry and objects of study in the defined domain and to cover them 

with meshes. Initial physical fluid properties, as well as boundary conditions of the 

domain were also specified in this stage. In the solving procedure, the numerical 

model and discretization method were defined. The algebraic equations were built and 

allocated to define the flow variables, and were substituted into governing equations 

and subsequent mathematical manipulations. The display and plotting of simulation 

results were completed by post-processors. 

3.2.1 Pre-processing 

3.2.1.1 Model simplification 

   The 3D model of Gävle City was modified from a previous 2D map, which 

contains data of building distribution, position and heights. With ArcGIS, the map 

was converted into .dwg file as a basis of for creating 3D model with AutoCAD. 

A .shp file was also exported so as to be read by Global Mapper for viewing attributes 

of built-up areas. Google Earth provided an aerial view of the streets, blocks, water 

and woods as complements, which helped define the roughness length. 

Since only the main ventilation paths will be the focus, with respect to their vital 

effects on the energy balance of the urban thermal environment, it had been decided 

not to investigate the pedestrian-scale wind and simplified block; therefore, certain 

built-ups were either removed or merged. The decision of model simplification was 

on the other hand a consequence of limited availability of computer resources, license 

periods and implementation time. 

    Since Gävle has rather a plane terrain, it was considered viable to settle the 

model on a horizontal flat surface. Besides, the model covered only the central area of 

Satellite data 

• MODIS LST data - MOD11A1 

• Date: June to August 2009 

Satellite image 

• MRT---- data format conversion and 
reprojection 

Temperature 
analysis 

• ArcMap---- calculation of temperature 

• Global mapper ----Geolocation 
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the city, thus, relatively separated regions like Sätra, Bomhus and Andersberg were 

not included.  

    Dwellings in the city are well planned and constructed similar in both shape and 

direction to each other, except for the industrial area where factories and facilities 

located. This allowed classifying the studied area into blocks according to building 

density, height difference and vegetation rate.  

    The blocks were set up with an average height and roughness height. The actual 

height of some buildings, which were two times higher than the average, were kept. 

Based on observation, most trees were taller than the lower buildings, thus, objects 

below 2.5 m were also neglected.  

 

Figure 6: Simplified model of Gävle city 

3.2.1.2 Mesh generation 

The geometry model was exported as .stl file in AutoCAD. With a manual 

background mesh generated in the basic pre-processing tool of OpenFOAM (i.e. 

Block Mesh), the file was imported into SnappyHexMesh, which created and refined 

close surface meshes automatically (Figure 7). Mesh generation was implemented by 

splitting cells around the surface, removing inner object cells and the ones that have 

over half outside, specifying the region and snapping to surface, iterating and 

inserting mesh surface layers. The blockmeshDict.m4 contains several parameters to 

define the O-grid throughout the domain. The mesh is defined by the total domain 

size (height and radius), inner domain size, number of cells (tangent, radial and 

height), wind direction, and mesh grading. 
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Figure 7: Flow chart of the pre-processing procedure, modified after Cehlin (2009). 

3.2.2 Solving Procedure 

3.2.2.1 Numerical modelling 

Reynolds number (Re), named after Osborne Reynolds (Rott, 1990), indicates 

the ratio of the intensity of inertia and viscosity applied on fluid particles. The rotational 

flow structures of turbulent flow show a wide range of length scales and frequencies 

which result in momentum exchange and heat transfer within the flow and with the 

boundaries. According to Lumley (1996), inertial effect is dominated on the largest 

turbulent eddies at integral scale that extract energy from the mean flow through 

vortex-stretching to maintain the turbulence. The fluctuations in this region are not 

isotropic and results in excessive turbulent mixing.  There are smaller eddies at 

smaller length scales and time scales. Energy is transferred to the smallest eddies, 

dissipated and converted into heat through the viscosity of the fluid. The fluctuations 

are isotropic and have little effect on turbulent mixing.  

At fully turbulent flow, region dominated by the turbulent energy and by viscous 

dissipation would both appear. In turbulence flow the instantaneous velocity can be 

written as: 

iuiUiu 
                                       [Eq.2] 

Here iU
 represents the mean velocity and iu

 is the fluctuating velocity. This 

technique for decomposing the instantaneous motion is called Reynolds decomposition 

where the mean velocity can be expressed by ensemble-averaging: 





N
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                                     [Eq. 3] 
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N is the number of samples. The variance of the fluctuating part is obtained by: 
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                             [Eq. 4] 

The behavior of turbulence could be described with the variance. For instance, 

the turbulent kinetic energy, k:  

 222
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                                [Eq. 5] 

The turbulent intensity, Tu, with relation to the kinetic energy and a reference 

mean flow velocity, Uref, is expressed as: 

ref
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                                       [Eq. 6] 

In fluid dynamics, the Navier-Stokes equations are the fundamental description of 

fluid physics which includes the conservation of mass, momentum and energy (Foias, 

2001). The conservation of mass, in Cartesian tensor form, can be written as:  
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The conservation of momentum: 
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The energy equation expressed in temperature form can be written as: 
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               [Eq. 9] 

3.2.2.2 Time-Average Transport Equations  

Due to the wide range of length scales and frequencies in turbulent flows, it is very 

difficult to solve time-dependent Navier-Stokes equations of fully turbulent flows. 

However through Reynold’s decomposition (see Equation 3), Reynolds-Averaged 

Navier-Stokes Equations could be obtained. RANS and the averaged heat transport 

equation provide the time-averaged properties of the flow, such as the mean velocities, 

mean pressure and mean stresses. The whole range of the scales of turbulence is going 

to be modeled instead, which greatly reduces the required computational resources. 
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For time-averaged, steady-state, incompressible flow, the governing equations are: 
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These equations contain additional unknowns, which are the Reynolds stresses,

jiuu 
; and the turbulent heat fluxes, 

  iu
. They are going to be modeled to solve the 

RANS. 

3.2.2.3 Turbulence Modelling 

Different turbulence models have been developed during the past decades. They 

rely on empirical equation to solve and simulate, and have their strengths and 

weaknesses. The common turbulence models are shown in Table 3.  

                Table 3：Classical turbulence models 

Eddy viscosity models Zero-equation models 

One-equation models 

Two-equation models 

Second-moment closure models Reynolds stress models 

Models based on space-filtered equations Large eddy simulation 

 

The standard k- model (Launder and Spalding, 1974) is a semi-empirical model 

based on model transport equations for turbulent kinetic energy and its dissipation rate. 

The derivation of the model transport equation for k is based on the exact equation, 

while the model transports equation for  is obtained under physical reasoning. The 

model is valid for fully turbulent flows, and the effects of molecular viscosity are 

negligible.  

The turbulence kinetic energy and its rate of dissipation are obtained from the 

following transport equations, assuming incompressible and steady state flow: 
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                                                                  [Eq. 14] 

The eddy viscosity is computed by combining k and , as follows: 

 


 

2k
Ct 

                                                [Eq. 15] 

The standard model constants are: 

 

C1 = 1.44 

C2 = 1.92 

u

v
TanhC 3

 

C = 0.09   

k = 1.0   

 = 1.3 

 

where v is the component of the flow velocity parallel to the gravitational vector and u 

is the component of the flow velocity perpendicular to the gravitational vector. 

As chosen by most of the studies in urban wind flow simulation (Franke et al., 

2007), the RANS simulation and standard k- turbulence model were used for this 

study.  

3.2.2.4  Wind velocity and roughness 

a. Atmospheric boundary layer (ABL)  

As stated by Oke (1997), three scales are introduced in analysis of atmospheric 

processes and boundary layers: a) meso-scale, b) local scale, and c) micro-scale. Our 

simulation of urban wind path is defined as a micro-scale study of the roughness 

sublayer (see figure 8). 

 

 

Figure 8 : Three scales of atmospheric processes in urban area and the   

atmospheric layers (Grimmond, 2006). 
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     According to Brutsaert (1984), in the outer region of the atmospheric boundary 

layer, air flow is affected mostly by pressure and the Coriolis force. Lower part of the 

inner region is occupied by dynamic sublayer, which is fully turbulent, where 

buoyancy and Coriolis forces both show little impacts on air flow. Due to the distance 

from viscosity dominated interfacial sublayer, air viscosity and rough objects on the 

ground are also considerably negligible. Mean wind velocity profile is taken as 

logarithms in the dynamic sublayer.  

   

 

b. Wind velocity profile 

     The logarithmic wind velocity profile is usually required at the inlet of the 

domain. It could be approximated from the wind speed at certain height with specified 

roughness length of the wall boundary, or obtained from wind tunnel simulation. 

     According to Richards and Hoxey (1993), fully developed wind velocity profile 

is presented with the logarithmic function, where a constant shear stress with height is 

assumed as: 

                                             [Eq. 16] 

                                                  [Eq. 17] 

                                                    [Eq. 18] 

Here y is the height, u* refers to friction velocity, the von Karman constant (κ) 

varies from 0.40 to 0.42. For standard k-model, the three equations above are an 

analytical solution. These profiles are commonly applied in CFD simulations when 

 and k are unknown.  

Wind rose is a two-dimensional representation of local wind speed and direction 

over a certain period. The data parameter applied was obtained from the work of 

Charreron and Moreno (2010). They used a wind rose at 10 m height above Valbo, 

Gävle during the years 2003 to 2007, and for 36 directions (Figure 9), using 

WRPLOT View provided by the Lakes Environmental Company. 
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Figure 9: Wind rose of Valbo for 36 directions (Charreron and Moreno, 2010). 

 

For this study, the von Karman constant was set as 0.40; the height of the wind 

flow (z) was 10 m, and the wind velocity (u*) was computed and applied in the velocity 

profile. Wind blowing from the southwest, with an average velocity of 4 m/s was used 

for this study, since it is the prevailing wind of Gävle. 

c. Roughness  

In treating wall boundaries, wall functions are required. For the wall surfaces, 

roughness was represented with the roughness height (Ks) and roughness constant (Cs). 

A Ks of 0.002 was assigned for concrete building and road surfaces, while the Ks for 

woods in the southwest and the river which runs through the city were set as 0.4, 

respectively (Table 4). 
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Table 4：Roughness classes (Tapia, 2009) 

 
     

d. Assumptions about the fluid properties and the flow 

     Since the wind velocity in our case is much lower, it could be assumed to be 

incompressible (Celli, 1997). The thermo-physical properties, i.e. , , , and cp, are 

assumed to be constant, and are evaluated at the inlet temperature. 

     The buoyancy effect can be modeled based on the Boussinesq approximation. 

The flow is assumed to be stationary since the flow field is steady. Turbulent and 

viscous heating are assumed to be negligible. Due to lack of data, the influence of 

radiation heat transfer is not included here. 

      Air is assumed as stationary Newtonian fluid, and taken as incompressible 

with no viscous heating effect considered. Thus Boussinesq ś approximation is 

written in Cartesian tensor form as: 
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3.2.2.5 Discretization schemes 

Finite volume method is one of the common methods of discretization and is 

adopted by most CFD codes. With this method the domain is divided into small 

control volumes. The differential governing equations are approximated on the small 

volumes to solve the equations (Tu, Yeoh and Liu, 2007). Finite volume method is 

adapted by default in OpenFOAM. The variables are represented with the value at the 

center of each cell. In case of interpolation of values at cell face, discretization 

schemes are approximated. This is also a measure for achieving more accurate results. 

The two common schemes, according to Tapia (2009), are the: first order upwind 

discretization, which uses constant value of variable in the cells; and, second order 

upwind discretization, where linearly related variables inside the cell are computed 

following the formula: 

 

                                                  [Eq. 22] 

 

where   is a gradient calculation and    refers to the displacement vector from 

upstream cell centre to its surface. 

3.2.3 Basic Case set-up and post-processing 

An OpenFOAM case was required to be set up with text files in a specific folder 

structure to identify boundary conditions, meshes, constants and variables. By 

following the case setup, both the physical and numerical models could work together 

to compute the simulation result. The case structure used for this study is shown in 

Figure 10, while a brief description of each part is described in the succeeding 

subsections.  
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Figure 10: Folder structure of the case file. 

a. System 

This folder contained three main file folders. controlDict was the basis of 

database creation for OpenFOAM solvers that control data writing and reading, as well 

as the time of starting and ending the simulation. The numerical schemes were included 

in the fvSchemes. For discretization, the standard Gaussian Finite Volume integration is 

a common choice. The first and second upwind discretizations orders were chosen for 

this case. fvSolution contained the equation solvers and algorithm control of the case. 

decomposeParDict was written for indicating the work of parallel clusters. 

SnappyHexMesh was an essential file to draw the work of SnappyHexMesh, refinement 

region and to contain the variables concerning the mesh.  

 

b. Constant 

In transportProperties, the physical properties of the fluid were written, such as 

its viscosity. RASProperties identified the turbulence model and relevant parameters. In 

this case it refers to the standard k-  model and the coefficients.  
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polyMesh contained subfolders, which had the complete description of the 

geometry and meshes including the points, faces, cells, etc., as well as the definition of 

boundary walls. Besides, the background mesh in hexahedral cells was also identified 

for the implementation of the SnappyHexMesh utilization. triSurface was the folder for 

the .stl file in order for it to be meshed.  

 

c. Folder 1 

This included files, which defined the boundary conditions and fluid properties 

(in this case, the wind velocity profile at the inlet, roughness of the wall boundary) 

accordingly with the turbulent flow. Other variables used in the model were written in 

individual files for u, p, k, epsilon, Ks and Cs for wall function. 

 

d. Run time folders (itt-end) 

This folder should contain data for particular fields such as initial values and 

boundary conditions for unsteady flow. However, this was not used for this case study.  

After the setup, the case was run under the period indicated in the controlDict 

folder. ParaView was used for post-processing the results. 

4. Results  

4.1 Land Surface Temperature 

The land surface temperature was classified into five different temperature 

classes, and the higher temperature images of each month represent the Urban Heat 

Island phenomenon in Gävle city (Figure 11). According to the processed map, the 

temperature of the city centre was above 25⁰C but a gradual decrease of surface 

temperature spread from centre to suburbs (Figure 12). Although, the surface 

temperature of study area was lower than other southern cities, the temperature 

difference between centre and suburbs can reach about 10⁰ Celsius.  
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Figure 11: Examples of representation of LST image, the surface temperature 

distribution was monitored during the summer of 2009.  

The land surface temperature image also showed that the temperature at the city 

centre was higher than the suburb region from June to August 2009 (Figure 12). For 

both urban and suburban areas, the trend of temperature was rising from June to July; 

the highest temperature appeared in July. After July, the temperature was beginning to 

be lower.  

 

 

Figure 12: the mean temperature of suburbs and city centre in Gävle city. 
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4.2 CFD simulation 

Due to the lack of detailed temperature information, energy exchange was not 

included in the CFD simulation. However, the case was still run for simulating wind 

flow over the city at 10 m height. As shown in Figure 13, air flow was weakened 

while passing through the city centre. Areas in the city centre with weak ventilation 

show a wind velocity of 0.5 m/s, and are in cohesion with the area of higher 

temperature in the UHI theory. This verifies the mechanism of the generation of UHI, 

that it is not hard to speculate the importance of ventilation in maintaining the air 

temperature above the city. However, Gävle City is generally well-ventilated, as 

presented; the general wind velocity was between 3.5 m/s. 

Some high built-up areas were significantly obstacles to the wind flow. Besides, 

the size of the building block had also contributed to disturbing the wind in the 

direction of wind flow. The turbulence can develop to a large extent. The results also 

showed that water body and vegetations did not necessarily affect the wind flow.  

In the centre, there were regions with weak ventilation that tend to form under 

the influence of high buildings, which are close enough to each other. It must be noted 

that the simulation has a boundary shown in Figure 13. Outside of the boundary 

distributed mostly small building blocks and woods which were not constructed in 

order to simplify the geometric model. Therefore the areas in darker red beyond the 

city boundary could not be taken as with maximum wind velocity in the figure. 

Conclusions drawn from the simulation results were based on the city centre region. 

 

Figure 13: Wind environment simulation of Gävle city 
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5. Discussion  

A case on modelling urban wind and thermal environment with remote 

sensing/GIS and CFD techniques was undertaken in this thesis. The tools used in the 

research made the study manageable in terms of computing time and computational 

capacities. The results of this study had also helped assess the Urban Heat Island 

phenomenon. However, they have to be examined for their ability to determine the 

thermal environment and wind flow above Gävle City based on the data used and the 

chosen simulation approaches. Although weak ventilation always intensifies heat 

stagnancy, heat flow can lead to a different air flow depending on its intensity. The 

limitation of this study must be mentioned when it comes to the details of thermal 

environmental modelling and simulation, which could not be fully demonstrated by 

the results of this project at this stage.  

Combining the knowledge and technologies from GIS and CFD in the study has 

also complemented the disadvantages from each side. Although correcting CFD 

simulation with remote sensing images had not been achieved here, it could be an 

alternative approach on a similar study when better data becomes available.    

 

5.1 Data quality and collection 

Appropriate data types and local data had been important in the entire work 

process of undertaking the thesis work. Although satellite data have been available 

online, the different data formats should be standardized and uniform through 

government support to allow data access. The spatial resolution of the satellite data 

used, which was 1 km, was large, thus, this could not provide detailed information of 

the temperature trend at the centre of Gävle. 

Many researchers have ignored the errors caused by MODIS land surface 

temperature products, such as sensor view angle, humidity, wind speed, the 

insufficient resolution, and even study areas that do not have adequate ground 

measurements, because they support a potentially inexpensive means to implement 

and monitor the land environment (Wang, Liang, and Meyers, 2008). Considering the 

location and weather of Gävle City, the temperature difference was still presented in 

this study between the city centre and suburb regions, therefore, errors in the satellite 

imagery were also disregarded our case. 

 

5.2 Improvements on the geometric model and boundary conditions 

The geometric model created could have been modified for further study of 

ventilation corridor in smaller scales associated with the above simulation result. For 

instance, more details could have been used in the region of interest and other regions 

could have further been simplified with minimal influence on the general wind flow 

through case testing and comparing with the flow field obtained. Thus, better targeted 

results could be achieved without rising requirements on computational capacity and 

simulation time. This could also provide inputs of boundary conditions for pedestrian 
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wind simulation when a more specific area in the city is focused at local scale. It must 

also be mentioned that physical properties, other than the wind profile, had not been 

used in this study due to the difficulties in data collection and limited time of research. 

However, with specified inputs of solar radiation, surface temperature, 

evapotranspiration rate and the anthropogenic heat generation, which come from 

built-up area materials, heat transfer rate, traffic, and population density, the 

numerical simulation, could have included energy exchange within the city and 

present the heat flux with the wind flow. Details of the flow field could have also 

been shown at different heights so that so that the analysis could be done at different 

scales.  

Besides, with higher-resolution remote sensing images, the validation of CFD 

simulation results could be evaluated and adjusted, so as to produce reliable results for 

prediction purpose. Through substituting the prevailing wind used in the current 

model with other wind flow from other directions, the model could have offered a 

more general information of the urban ventilation and make it possible to define the 

weakly ventilated regions from the overlapping low wind velocity areas. The 

conclusion will be more representative and accurate when other major wind flows 

over the city are taken in to consideration. Cases under extreme weather conditions 

could have also been run through some adjustment of the inputs of boundary 

conditions.  

CFD is used as a tool for prediction and design. With some adjustment on the 

numerical and physical models, this case can contribute to urban planning for Gävle’s 

thermal and wind comfort, as well as in energy conservation. One of the interesting 

subjects is the utilization of wind power.   

5.3 Installation of urban wind turbines  

As shown in the result, the harbour in the northeast of Gävle experienced a 

minimal impact from high built-ups and building density on the wind flow. 

Considering that it is used for industrial purposes, the site can be suitable for carrying 

out wind power projects. The simulation could have been run with more major wind 

flow from other directions based on the wind map or more precisely from acquired 

data from field measurements. However, this is time-consuming.  

Different types of small wind turbines are drawing the attention of researchers 

and many have been engaged in design of eco-villages and sustainable city planning 

(Wineur, 2007). Dwellings in relatively strong wind regions like those located in the 

southwest of Gävle City can be potential sites for launching these small wind turbine 

projects. In addition to simulating the wind flow and identifying sites for the turbine, 

CFD can be utilized in actual prediction of wind speed at the turbines so as to estimate 

their efficiency. 
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5.4 Green walls and solar energy 

Other possible structures that can be included in the simulation are buildings 

with green walls and green roofs, as well as those with solar panels. These methods 

have been taken as ways of mitigating UHI, considering their absorption of solar 

radiation and contribution in reducing anthropogenic heat emission. Aside from 

testing their work on theses aspects, it can also be worthy to study the influence of 

green roofs and walls on the pedestrian wind when the roughness of building surface 

and radiation rate vary. 

  

6. Conclusion  

In this study, remote sensing data and GIS were used to estimate the city 

temperature. In assessing UHI, CFD simulations provided details of the air flow over 

the urban areas. The results have shown that Gävle has very hot summer days, and the 

tall buildings in the city center are blocking the heat from convecting with the 

surroundings. Therefore, Gävle city has the risk of encountering UHI.  

The methods and results used can be considered as basis for further studies, and 

there are possibilities to continue and improve this research. From what had been 

discussed in the paper, further modifications are still needed to obtain more detailed 

information of Gävle’s urban environment that can provide good support for drawing 

out suggestions for urban planners and policy makers. 
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