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a b s t r a c t

This paper describes urban wind ventilation mapping, using the concept of “building frontal area index”,
and uses the Kowloon peninsula of Hong Kong as an example of a dense, sub-tropical urban environment
where ventilation is critical for human health. The frontal area index is calculated for uniform 100 m grid
cells, based on three dimensional buildings in each cell, for eight different wind directions. The frontal
area index is then correlated with a land use map, and the results indicate that high density commercial
and industrial areas with large building footprints had higher values than other urban land use types.
Using the map of frontal area index, the main ventilation pathways across the urban area are located
using least cost path analysis in a raster GIS. Field measurements of urban winds confirmed the signif-
icance and functionality of these modelled ventilation paths. Comparison of the pathways with a map of
the urban heat island suggests that ventilation is a key parameter in mitigating heat island formation in
the study area. Planning and environmental authorities may use the derived frontal area index and
ventilation maps as objective measures of environmental quality within a city, especially when
temperatures in the inner city are a major concern.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The urban heat island (UHI) is defined as the temperature
difference between urban and rural areas. As urban populations
increase, many cities in both temperate [1e3] and tropical regions
[4e9] are reporting significant heat island effects resulting from
high building densities. Air flow between rural and urban areas is
one of the parameters governing urban heat island formation and
the build-up of pollution [3,10]. Low horizontal wind speeds are
usually associated with high surface roughness, where energy is
lost by vertical instability due to a high density of built structures
[11]. The pressure differences along temperature gradients can also
induce low-level breezes across the urban-rural boundary.

Most of the data included inwind and air quality studies are from
ground level instruments. The gathering of data over large regions
such as a city therefore, is a major challenge to these studies. Wind
tunnel models provide another method for visualising the local
winddirectionandpollutantdispersionat largescalesoveradistrict.
For example, Duijm [12] used the wind tunnel model in Lantau
island, Hong Kong at a large scale (1:4000) over a small area, and

Mfula et al. [13] tested a very large building model at 1:100 scale to
identify pollution sources affecting buildings, based on wind and
pollutant patterns at the surface. Although wind tunnel studies of
urban ventilation can provide accurate wind models measured
under constrained conditions, the small area coverage, high
computer processing requirements and high operational cost often
prohibit their usage. In recent years, a variety of numerical models
have been developed for modelling air ventilation, such as the PSU/
NCAR mesoscale model (known as MM5) and the computational
fluid dynamics (CFD) model. The MM5 model works for mesoscale
phenomena such as sea breezes and mountainevalley flows [14]
with large area coverage at coarse resolution, while the CFD model
simulates urbanwind flows over smaller areas in greater detail. The
CFD model is being widely used in engineering flow analysis,
building and structural design, urban wind flow predictions [15],
and air pollution dispersal modelling [16e18]. It comprises a set of
physical models which attempt to closely match the real urban
geometry and thus simulate the air flowaround buildings and along
streets. The CFD model is thus highly computer-intensive and
generally inapplicable to large areas orwhole cities. The only known
exception to this is the use of a CFD model running on a supercom-
puter,whichmodels temperature andairflowovera5�5kmareaof
Tokyo [19]. Therefore, wind ventilation modelling at city scale,
especially over densely urbanised regions with complex street and
building structures is challenging.
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Now, geographic information systems (GIS) and remote sensing
techniques can provide alternative solutions by adopting simplified
assumptions and numerical approximations. Wind modelling for
near surface conditions can be simplified mathematically by
estimating roughness parameters from building structures. Several
studies have modelled surface roughness using GIS and remote
sensing techniques and several parameters have been suggested for
calculation of surface roughness. These are zero-plane displace-
ment height (zd) and the roughness length (z0) [20,21], plan area
density (lp), frontal area index (lf) [22,23], average height weighted
with frontal area (zh), depth of the roughness sub-layer (zr) [24,22]
and the effective height (heff) [25] etc.

Among these urban morphological parameters, the “frontal area
index” has been suggested as a good indicator of the roughness of
the urban surface for mesoscale meteorological and urban disper-
sion models [22,23]. Frontal area index is the measurement of
building walls facing the wind flow in a particular direction (frontal
area per unit horizontal area) (Fig. 1). It has a strong relationship
with surface roughness z0, and is a function of the flow regime
within urban street canyons [23]. Gál and Unger [26] calculated the
frontal area index from lot area polygons in Szeged, Hungary for
depicting the potential ventilation paths over the city. They sug-
gested lot area polygons as the unit for frontal area calculation since
the buildings in Hungary are individually separable and the density
of built area in Szeged is far less (11%) than in the Kowloon
peninsula of Hong Kong (71%). Although Gál and Unger [26]
provided a thorough method for the depiction of ventilation
paths using frontal area index and other parameters, the pathways
were located mainly by visual inspection, and the results were not
practically validated. More details of frontal area indexwill be given
in Section 3.

The aims of this paper are (i) to demonstrate a simple automated
method for deriving the frontal area index from three dimensional
GIS building data, (ii) to demonstrate the use of the frontal area
index map in least cost path (LCP) analysis to derive the frequency
of occurrence of ventilation paths over the study area, and (iii) to
identify the locations of major ventilation corridors and their
relationships to urban heat island formation in the study area.

2. Study area

Hong Kong, a sub-tropical city with hot humid summers, suffers
from the urban heat island effect caused by a high-rise, high density

urban form, with population densities in the Kowloon peninsula
exceeding 52,000 km2 in some areas [9]. With temperature
differences up to 9e10 �C between rural areas and the urban core
[6,9], the Hong Kong population has recently shown great concern
about the heat island effect. This is exacerbated by planning policies
which allow building developers to maximise profits by blocking
sea views resulting in the so-called “wall effect” around the
coastline, and depriving inner areas of ventilation. The study area is
the Kowloon peninsula in Hong Kong, which is 160 km2 in extent
and has a population over 2 million. It comprises mainly high
density residential and commercial districts, with one large park
(Kowloon Park) and a few small urban parks of less than 1 ha each.
The topography is mainly flat, but at the northern edge, elevation
rises to 300 m. Media reports suggest a strong belief by residents
that the wall effect is a major cause of the urban heat island, by
preventing cool sea breezes from reaching the inner city, and since
Kowloon is a peninsula, this is a reasonable assumption. In planning
for future urban renewal, data are needed to confirm and analyse
the influence of ventilation on urban temperatures.

3. Methods

3.1. Calculation of frontal area index

The frontal area index (lf) is calculated as the total area of
building facets projected to plane normal facing the particular wind
direction (and independent of the angle of the building facets),
divided by the plane area (equation (1)) [22,23].

lf ¼ Afacets=Aplane (1)

where lf is the frontal area index, Afacets is the total area of building
facets facing the wind direction, and Aplane is the plane area.
Therefore, a lf of �1.0 means that wind is mostly blocked by build-
ingswithin a selected plane region (e.g.Afacets�Aplane), and a lf of ca.
0.5 means that wind is half blocked (e.g. 2� AfactorszAplane).

Burian et al. [23] used a similar approach for estimating the lf in
Los Angeles. Digital data of building polygons at 1:5000 scale were
obtained from the Hong Kong Lands Department. A program was
written in ESRI� ArcGIS� 9.2 software to estimate the total frontal
area in the projected plane normal to the specific wind direction. In
this study we modified Grimmond and Oke and Burian et al.'s
[22,23] algorithm by eliminating the areas blocked by buildings
upwind, from the blocked area on leeward buildings (Fig. 1). This
program is first set up for a particular wind direction and it
generates projected lines in the wind direction with a 5 m hori-
zontal increment. If the projected lines hit the first facet and do not
reach the second facet, only the frontal area of the first facet is
calculated. This modification of the original method is important
for irregular building groups, and can reduce the number of facets
being calculated in computer memory. The calculated frontal areas
are then re-grouped based on horizontal plane polygons (e.g. grid
cell of 100 m � 100 m, which is the resolution of the study).

We used grid cells of 100 m � 100 m size to calculate the lf
because the Hong Kong Planning Department [27] in Hong Kong
found that a grid resolution of 100 m was compatible with all vari-
ables used for determining dynamic potential and thermal load
contributions in an urban climatic study. Also, sinceNichol andWong
[28] show that a resolution of 200 m corresponds to intra-urban
differences in air temperature between different land cover types,
then a resolution of 100 m is more than adequate. Thus, our study
calculated lf at 100 m grid resolution over the Kowloon peninsula
(approx. 11 km by 7 km) for eight different wind directions (north,
northeast, east, southeast, south, southwest, west, and northwest).Fig. 1. Example of frontal area calculation.
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Since the most densely built areas are devoid of vegetation, and
elsewhere street planting is severely restricted by lack of space [29],
urban vegetation is small and fragmented. Since urban vegetation
has a small frontal area compared to buildings, trees are not
considered in the lf calculation. In addition, since the urban
topography is mainly flat, terrain is also not considered.

3.2. Frontal area index in different land use types

In Hong Kong, as in most cities, different land use types support
different building structures and characteristics. For example high-
rise buildings in residential areas have over 50 floors compared
with only 20e30 floors in commercial districts, and industrial
buildings have larger footprint, and 20e50 storeys. Therefore, it
was expected that these areas would have different lf properties.
This study used a digital land use map at 10 m resolution from the
Hong Kong Planning Department for analysing the relationship
between lf and different land uses.

3.3. Relationship between frontal area index and environmental
parameters

Five environmental parameters, namely heat island intensity
(HII), aerosol optical thickness (AOT) air quality derived from
a satellite image, vegetation cover (NDVI) derived from a Landsat
image, buildingdensity (BD), andbuildingheight (BH)weremapped
over the study area. HII represents the air temperature difference
between the urban pixels and a rural climatic station at the image
time, derived from a previous study [9], and the Normalized
Difference Vegetation Index (NDVI) is a measure of vegetation
amount. Table 1 describes the sources of the parameters, their units,
and their resolutions. The parameters HII and AOT represent typical
distributions of aerosols and temperature over the urban area.
Although the data were derived from a single image time, both HII
and AOTare closely related to the urban structure and activities, and
are observed by the researchers to be spatially stable at different
seasonsof theyear. Allmapswere thenregressedagainst thederived
lf map and the correlations were tabulated (see Section 4.2).

3.4. Least cost path analysis

In order to predict the likely air flow corridors based on the
premise that wind across a city follows the path of least resistance,
least cost path (LCP) analysis was undertaken to designate these
pathways across the city. LCP analysis identifies the path of least
resistance across a cost surface from a starting point to an ending
point. The pathways represent routes with a high probability of
strong ventilation and a high degree of connectivity between
starting and ending points. This study adopted the approach of
allocating variableweightings to the frontal area index value of each

pixel, e.g. the higher lf, the higher the friction value. The friction
values represent the percentage of obstruction of wind ventilation
or air flow for that 100 m pixel. By varying the lf classes and/or the
frictionweightings, it is possible to designate a fewmajor pathways
or many minor pathways. For example, this study adopted variable
weightings in order to generate many different paths.

Firstly, the lf map was imported to IDRISI v.14.02 (Clark Labs.,
Worcester, MA, USA). The lf pixel values were reclassified into five
classes and each class was given a friction value according to the
degree of wind obstruction, with higher friction values given to large
frontal area values. The friction values were set to increase gradually
with higher lf values (Table 2). This assumes that air is most
obstructed in areas with high lf values, but is not completely
obstructed if the cost-distance of using an alternative path
outweighs the cost of a cell's lf value. Secondly, starting points for the
air flows were designated. For example, fifty points were spaced
evenly along the east coast of the Kowloon peninsula representing
starting points for the easterly wind travelling across the peninsula
from east to west. The friction surface was then created by the IDRISI
COST module which computed the cost surfaces for the fifty starting
points. Thirdly, fifty ending points located along the west coast of
Kowloon peninsula were input to the PATHWAY module [30] for
generating LCPs from the starting points to these ending points.
A total of 2500 and 5186 LCPs represent eastward and northeasterly
winds respectively, from the combinations of multiple starting and
ending points. Due to the large number of starting and ending points,
the LCPs overlapped each other in many places, i.e. many grid cells
have many LCPs running through them. The occurrence frequencies
were calculated by counting the overlaid LCP pathways for each cell.
Thus, grid cells with high occurrence frequencies are associatedwith
low frontal area index values represented by low friction values.
These cells are likely to have stronger air flow and better ventilation
than those with few, or no paths passing through them. All these
processes were implemented by customised scripts in IDRISI, and
the results are shown in Section 4.4.

4. Results

4.1. Map of lf

Fig. 2 shows the distribution of lf which represents the average
frontal area index values calculated for all eight directions. An
average value of lf ¼ 0.25 is observed over the whole study area,
with significantly high lf values near the west coast of the penin-
sula, caused by newly developed high-rise buildings (>300m high)
creating the so-called “wall effect” described in Section 2. These
high-rise buildings are also shown by our study to have a significant
relationship with the UHI (Section 2).

4.2. Relationship between lf and different land use types

Table 3 shows lf as a function of different land use types. The
industrial and commercial areas have significantly higher lf (0.324
and 0.305) than other areas. The residential class has moderate to
high lf (w0.254) values, and public transportation and warehouses

Table 1
Data sources.

Parameters Unit Source Source resolution

HII �C ASTER image
on 31 Jan 2007

10 m after emissivity
correction [8]

AOT e CHRIS/PROBA
satellite images
on 18 Dec 2005 and
06 Feb 2007

90 m

NDVI e Landsat image
on 17 Sep 2001

30 m

BD e LIC (GIS) 1:1000 data Tertiary Planning Unit
BH Meter LIC (GIS) 1:1000 data Rasterised to 10 m,

Tertiary Planning Unit

Table 2
Friction values allocated to different classes of lf.

Allocated friction value lf

20 <0.2
40 0.2e0.4
60 0.4e0.6
80 0.6e0.8
100 >0.8
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have lower lf (w0.15) values. Our findings indicate a direct
relationship between the frontal area index and the building
characteristics, with higher lf always associated with wider and
taller buildings (e.g. industrial and commercial districts). Burian
et al. [23] found that the lf in residential, commercial, industrial and
public transportation districts in Los Angeles, were 0.176, 0.246,
0.095, 0.011 respectively based on the irregular grid cells
(>10000 m2) of the street network. Grimmond and Oke [22]
studied the lf over small areas immediately surrounding meteo-
rological stations in North America, finding the highest lf in the city
center in Vancouver, Canada (0.3) and in suburban residential areas
in Arcadia, United States (0.33). Since their methods of calculating lf
included the frontal areas for every facet, their values would be
expected to be much higher than ours. The fact that our values are
higher, testifies to the extremely high density built environment of
the Kowloon peninsula, and the problems of human comfort from
which it suffers, compared with these temperate zone cities.

4.3. Correlations between lf and environmental parameters

The relationships between lf and environmental parameters
were analysed at regional scale, within 68 Tertiary Planning Units
(TPU), which sub-divide the city into a number of street blocks and
village clusters, and are regarded as basic socioeconomic units
(Table 4). All parameters at regional scale have higher correlations
than at pixel scale and most of the parameters are significant at the

1% confidence level. Of the individual parameters, HII obtained the
highest correlation (r¼ 0.757), and both BD and BH also have strong
correlations with lf, since lf represents the plane and vertical
aspects of building geometry. Vegetation cover (NDVI) shows
strong negative correlation with lf. Only moderate correlation was
observed with AOT (r ¼ 0.315, r ¼ 0.251 at regional and pixel levels
respectively), but this may be due to the difficulty of mapping
aerosols accurately at high resolution from satellite images.

4.4. Ventilation paths

The eastward and northeastward maps of lf gave somewhat
similar results (Fig. 3a and b), but they differ in the distribution of
path frequencies (Fig. 3c and d; the cross and triangle symbols
represent the starting and ending points of the LCPs). A total of
2500 and 5186 pathways were created from easterly and north-
easterly directions respectively. The distribution of the occurrence
frequency of LCPs shows that the areas with high probability of
easterly wind ventilation paths are mostly located on

i. Boundary Street (A in Fig. 3c). This route traverses across low-
rise low-density residential areas in which high-rise building
was restricted due to the airport flight path. This street marks
the boundary between Kowloon in the south which was
ceded to the United Kingdom in 1860, and the New Territories
which were leased to the United Kingdom in 1898. The
occurrence frequency of LCPs along this route is greater than

Fig. 2. Map of frontal area index.

Table 3
Frontal area index in different land use types.

Land use type Averaged lf with
eight directions

Private residential 0.267
Public residential 0.241
Commercial/business & offices 0.305
Industrial 0.324
Warehouse & storage 0.155
Rural settlements 0.056
Vegetation 0.075
Public transportation 0.15
Vacant development land 0.191

Table 4
Correlations between lf and six environmental parameters at TPU district and pixel
levels, and the number of samples.

Parameter Correlation (r)

Regional level Pixel level

HII 0.757 0.452
AOT 0.315 0.251
NDVI �0.674 �0.449
BD 0.603 0.522
BH 0.527 0.383
n (Number of samples) 68 6504
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30%, i.e. 750 out of the 2500 eastewest paths are generated
along Boundary Street.

ii. Argyle Street and Cherry Street (B in Fig. 3c). This is the
shortest route, but is a wide four-lane dual-carriageway
which connects the old airport in the east to the west coast.
This route provides a strategic air corridor in the eastewest
direction since it bisects the most densely built part of
MongKok. The occurrence frequency of LCPs along this route
is greater than 18% (i.e. 450/2500).

iii. Ho Man Tin Hill road, King's Park road and Gascoigne road
(C in Fig. 3c). This route traverses a large patch of urban
vegetation, low-density residential development with
fragmented trees, and dense commercial areas at the

southern end. The occurrence frequency of LCPs along this
route is ca. 16% (i.e. 400/2500) which is the lowest frequency
among the three main paths.

These three routes have occurrence frequencies greater than
16%, and flow directions are from the east toward reclaimed land
areas on the west coast. For the northeasterly paths generated, the
corridor with the greatest frequency of paths (28%) was located on

iv. Princess Margaret road, Chatham road, Hong Chong road and
Salisbury road (D in Fig. 3d). This route is located along the
direction of the roads as they join end to end, and passes
through low-rise residential areas, urban parks, a university

Fig. 3. a. Frontal area index map in eastewest direction; b. Frontal area index map in northeastesouthwest direction; c. Occurrence frequency of ventilation paths in eastewest
direction (total number of paths is 2500); d. Occurrence frequency of ventilation paths in northeastesouthwest direction (total number of paths is 5186).

M.S. Wong et al. / Building and Environment 45 (2010) 1880e18891884
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Fig. 3. (continued).
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campus, a commercial district and harbor walkway. This route
is represented by occurrence frequency greater than 28%
(1500 out of 5186 paths).

These four pathways generated were considered to have a high
probability of stronger andmore frequent air movement than other
areas. Since the easterly and northeasterly winds account for 66% of

all the winds in Hong Kong, only these two directions were
calculated in this study.

These maps of ventilation paths facilitate the visualisation of
wind ventilation and show the specific locations in the city e.g. those
in red and purple colours, which have the highest frequency of
occurrence of paths are potential air flow corridors. (For interpre-
tation of the references to colour in text, the reader is referred to the

Fig. 4. Occurrence frequency of ventilation paths overlaid with field measurements in a. eastewest direction, b. northeastesouthwest direction.
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web version of this article.) This enables better understanding of air
ventilation at local scale, as well as over the whole urban area,
whereas previous studies using the concept of lf have been
conducted at local scale, for small city districts. When the whole
urban area is considered, identification of the ventilation corridors
by visual inspection from a building plan and/or amap of frontal area
index alone would be impossible due to the complexity of the
building and street network. For example, in our study, because the
four pathways traverse thewhole urban area, each path is influenced
by a large number of buildings (average of 436) and comprises many
changes of direction (average of 24) along a route, and furthermore,
LCP analysis considers distance values as well as lf in the compu-
tation. On the other hand, the study by Gál and Unger ([26], op cit)
describe a visual (non-automated) method for identifying the
ventilation paths, which appear unable to traverse the central urban
areas, and only general ventilation paths are drawn.

4.5. Validation strategy

In order to investigate the significance and functionality of the
ventilation paths, fieldwork was undertaken on 09 Oct 2009, 13 Oct
2009, 15 Oct 2009, when winds were at 45, 90, and 45�, which are
representative of the dominant east and northeasterly winds
throughout the year. A slowwalk was undertaken along the differing
sections of the routes A and D, recording the wind speed and GPS
locations along the routes. The wind speeds were measured four
times for each section, resulting in 22 and 48 readings from routes A
and D respectively, and the results were averaged. These two routes

were chosen because of the high occurrence frequencies of ventila-
tion paths. Fig. 4 shows the field measurements overlaid onto the
ventilation paths, and the dot sizes represent the wind speeds along
the route. Along route A, average and maximum wind speeds of
9.3 ms�1 and 17.8 ms�1 were observed respectively. However, wind
speeds off the pathway were much lower (ca. 2.3 ms�1), and more
similar to the background wind speed of 2 ms�1 for Kowloon
recorded by the Hong Kong Observatory at the time. About 55% of
the field readings with wind speed above 9.1 ms�1 fall in route A
(which has 24% of all paths generated). This identifies route A as
a key connecting corridor along which air flows in the dominant
wind direction, from the eastern to thewestern parts of the Kowloon
peninsula. Along route D, the average and maximum wind speeds
were lower than for route A, namely 3.5 ms�1 and 12.4 ms�1

respectively. But again the speeds along the route were much higher
than that off the route (ca. 1.1 ms�1) as well as higher than the
background wind speed of 0.65 ms�1. This validation study
confirmed that analysis of the frequency of occurrence of ventilation
paths does indeed indicate relevant ventilation corridors over the
city, since the highest field measured wind speeds corresponded to
the corridor with the highest frequency of paths from the LCP
analysis i.e. route Awith 30% of all paths generated, andwind speeds
off the paths were much lower.

Fig. 5 shows the designated ventilation paths overlaid onto the
image of HII which has a 10 m resolution. Red and purple areas
indicate the core regions of the urban heat island, having large
temperature differences from the rural areas. All four paths cross
these core areas at the shortest distance, especially route B, which

Fig. 5. Designated ventilation paths overlaid on heat island intensity image at 10 m resolution.
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passes through the core heat island region of MongKok (the highest
populated district in the world). Route D also passes through green
open spaces with low HII, avoiding the core built areas with high
HII values. These observations suggest that adequate ventilation is
indeed a key requirement for controlling the temperatures in inner
areas of densely built, high-rise cities such as Kowloon. Indeed it
may also be suggested that without the observed ventilation
corridors, the existing core heat island areas would expand and
amalgamate to form a larger and more compact entity.

Fig. 6 shows ventilation corridors located by LCP analysis using
starting and ending points offshore, in order to test the “wall effect”
due to high-rise buildings along the coast, which has been a cause
of concern to the Hong Kong public. It is obvious that the paths
avoid, and have to navigate around the two coastlines with major
wall effect buildings (red arrowed areas). A comparison with Fig. 5
indicates high HII values immediately or more generally inland of
these highly built coastlines, comprising heat island core areas.

5. Conclusion

This paper investigates urban ventilation pathways using the
frontal area index model over a densely built urban area, the
Kowloon peninsula of Hong Kong. We calculated the frontal area
index based on three dimensional building data and expressed this
as a function of land use type. Most of the frontal area indices as
a function of land use type were found to be greater than those
computed for other studies elsewhere, and commercial and
industrial areas were found to have significantly high values
because these areas are high-rise in Hong Kong. The environmental
parameters heat island intensity (HII), building density (BD), and
building height (BH) were found to have significant positive
correlations with frontal area index, while vegetation cover (NDVI)
had a significant negative relationship. These suggest that the
frontal area index presented herein is a useful parameter in
mesoscale meteorological studies and can contribute to heat island
analysis.

To evaluate ventilation corridors at city scale, LCP analysis was
performed. However, whereas LCP analysis usually operates with
a single or few pathways, this study overlaid all LCP paths to derive
maps of frequency of occurrence of LCPs. Four major ventilation
corridors travelling from easterly and northeasterly directions were
identified from these maps. The corridors, routes A, B, C and D
accounted for 30%, 18%, 16% and 28% respectively, of all least cost
paths, and they travel from easterly and northeasterly directions
respectively. Wind speeds were measured in the field to evaluate
the relevance of the models, and these compare well with the
frequencies of the modelled pathways.

In densely urbanised Hong Kong, the ventilation corridors of
100 m width used in this study may not appear to provide viable
connecting corridors at street scale, but are sufficient for city scale
modelling, as demonstrated by the analysis of the urban heat
island. However, the model of frontal area index can be adapted for
any grid resolution depending on the morphology of any particular
city. This study offers a simple and low cost method to investigate
the ventilation conditions of any city at a highly detailed level. City
planners and environmental authorities may use the derived maps
for pinpointing the key buildings restricting air flow to the urban
core. Thus the living environment in future urban renewal projects
may easily be improved by a simple shift in location and orientation
of buildings, while maintaining the same plot ratios, and the
creation of ventilation corridors will not decrease ventilation
elsewhere. The lf values calculated for this study did not account
for terrain elevation, since the study areawasmainly flat. This could
easily be achieved by converting the grid to a DEM, and allocating
a DEM value weighting to the lfvalues in each cell. Furthermore, if
the main objective of designating ventilation paths was to maxi-
mise human comfort rather than for heat island analysis, then
ground level is more important than the tops of tall buildings, and
a lower weight should be allocated to high level building facets.
Other future improvements to the model may include consider-
ation of the type of surface, since winds traversing a vegetated
surface have a greater cooling capacity than those traversing
impervious surfaces.

Fig. 6. Ventilation paths located using offshore starting and ending points to test the “wall effect” along coastlines. Red arrows indicate main locations of “wall effects” due to high-
rise building parallel to the coast, referred to in media reports. Colour legend as for Fig. 3c. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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