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A B S T R A C T

Computational fluid dynamics (CFD) techniques, such as large-eddy simulation (LES), are widely used in urban
ventilation studies. Unfortunately, realistic building data required in CFD studies are not always available. In this
study, LES of urban ventilation is used to assess building height extraction from different satellite images. As a
case study, three sets of digital elevation data extracted from satellite images in an urban area of Mong Kok,
Hong Kong, are assessed. Simulations of velocity ratio from the LES model are first validated by wind tunnel
measurements, yielding a recommended local roughness length of 0.02 m. Wind characteristics in urban ele-
vations extracted from two single satellite images and the fused result are then compared with those from
realistic data in the same area, using identical LES settings. It is found that building height data retrieved from
the WorldView-2 optical (stereo) images are of poor quality, as they underestimate higher buildings, which are
deemed to be more important for pedestrian-level velocity ratios. The TerraSAR-X synthetic aperture radar
(SAR) image and the fused results of SAR and stereo images are sufficient for CFD simulations of urban venti-
lation. This fusion provides a slight improvement over SAR images alone in reproducing urban geometric
parameters, and it is superior in simulating more accurate wind profiles in the urban canopy.

1. Introduction

According to the World Health Organization, the urban population
in 2014 accounted for 54% of the total global population, up from 34%
in 1960, and it continues to grow. Rapid urbanization causes many
problems such as urban heat islands and air pollution, which threaten
the health of city inhabitants. Urban ventilation is one way of miti-
gating these problems (Arnfield, 2003; Shi, Zhu, Duan, Shao, & Wang,
2015; Wang, Zhou, Ng, & Xu, 2016; Wong, Nichol, & Ng, 2011). Good
air ventilation is very important for high-quality and healthy living,
particularly for high-density cities in tropical and subtropical regions
with a hot and humid climate. Thermal comfort can be achieved by
capturing natural wind. The neutral physiological equivalent tem-
perature in summer in Hong Kong is around 28 °C. To achieve neutral
thermal sensation in such conditions in a tropical and subtropical urban
environment, a wind speed of 0.9–1.3 m/s is needed for a person
wearing light clothing under shaded conditions (Ng & Cheng, 2012).

In the literature of urban air ventilation, various research methods
have been used to describe the complex flows over urban environments.
Computational fluid dynamics (CFD) techniques such as the Reynolds-

averaged Navier-Stokes (RANS) model, large-eddy simulation (LES),
and direct numerical simulation (DNS) are among the commonly used
tools (Britter & Hanna, 2003). Urban ventilation is strongly influenced
by wind speed and direction, which in turn are affected by three-di-
mensional urban morphology (Ramponi, Blocken, de Coo, & Janssen,
2015; Skote, Sandberg, Westerberg, Claesson, & Johansson, 2005).
Unfortunately, realistic digital elevations of urban areas required in
CFD studies are not always available for open access, especially in the
less-developed regions of the world where urban population growth is
concentrated. Furthermore, surface geometries and urban morphologies
are found to have a significant influence on urban heat islands (Unger,
2004), especially in regions with a hot and humid microclimate
(Emmanuel & Johansson, 2006). High-resolution digital elevations
have been extensively used in studies of urban climate and outdoor
thermal comfort (Lindberg & Grimmond, 2010). Therefore, there is a
need to develop methodologies for extracting building heights in urban
areas from satellite images that can be used for, but not limited to,
studies of urban ventilation.

Three kinds of building height extractions are available from remote
sensing data: stereo photogrammetry technology with pairs of optical

https://doi.org/10.1016/j.landurbplan.2017.11.008
Received 28 January 2016; Received in revised form 11 September 2017; Accepted 13 November 2017

⁎ Corresponding author.
E-mail addresses: w.wang@cuhk.edu.hk (W. Wang), xuyong@cuhk.edu.hk (Y. Xu), edwardng@cuhk.edu.hk (E. Ng), raasch@muk.uni-hannover.de (S. Raasch).

Landscape and Urban Planning 170 (2018) 90–102

Available online 16 November 2017
0169-2046/ © 2017 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01692046
https://www.elsevier.com/locate/landurbplan
https://doi.org/10.1016/j.landurbplan.2017.11.008
https://doi.org/10.1016/j.landurbplan.2017.11.008
mailto:w.wang@cuhk.edu.hk
mailto:xuyong@cuhk.edu.hk
mailto:edwardng@cuhk.edu.hk
mailto:raasch@muk.uni-hannover.de
https://doi.org/10.1016/j.landurbplan.2017.11.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.landurbplan.2017.11.008&domain=pdf


images (hereafter referred to as stereo images), synthetic aperture radar
(SAR) technology, and light detection and ranging (LiDAR) technology.
However, there are limitations to these methods: (1) stereo images tend
to underestimate the height of tall buildings, and taller buildings pro-
duce larger errors (Eckert & Hollands, 2010); (2) the interferometry of
SAR provides noisy and incomplete data, particularly for high-density
urban areas where the mutual interference of surrounding buildings is
significant (Colin-Koeniguer & Trouve, 2014); and (3) LiDAR data are
expensive and limited by flight restrictions for applications in large
urban areas (Zhou & Zhou, 2014). Therefore, recent studies have also
been devoted to the integrated use of different kinds of data for building
height retrieval (Sportouche, Tupin, & Denise, 2011).

The objective of the present study is to assess the performance of
building height extractions from different kinds of satellite images for
potential use in urban ventilation studies with CFD techniques. As a
case study, we perform CFD simulations and assessment in high-density
urban areas on the Kowloon Peninsula, Hong Kong. A map of the study
area is shown in Fig. 1. The high-density urban areas on the Kowloon
Peninsula are enlarged from a shape map of Hong Kong. In the enlarged
Kowloon Peninsula map, the blue box encloses the 1.2 km × 1.2 km
neighbourhood used for building height extraction and evaluation at
Mong Kok. The black box encloses the 1.2 km × 1.2 km neighbourhood
of the wind tunnel site at Tsim Sha Tsui, which is used for validating the
CFD codes in this study.

Evaluation of building height extraction from satellite images from
the perspective of an application, that is, urban ventilation, has rarely
been attempted to date as far as we know. What affects pedestrian
comfort directly is the wind flow within cities, and the local turbulence
level in particular (Britter & Hanna, 2003). We therefore use an LES
model to produce CFD simulations in this study. LES overcomes the
deficiencies of RANS by explicitly resolving large, energy-containing
turbulent eddies and parameterizing only small (subgrid)-scale turbu-
lence (Rodi, Ferziger, Breuer, & Pourquiée, 1997; Tamura, 2008). The
dimensionality, spatial resolution, and turbulence intensity that an LES
model can handle are superior to those of most other methodologies,

and sometimes also to those of other CFD models, such as RANS and
DNS (Castillo, Inagaki, & Kanda, 2011). LES provides not only mean
flow fields but also instantaneous turbulences, which are especially
important for human comfort at the pedestrian level in the urban ca-
nopy layer (Keck, Raasch, Letzel, & Ng, 2014).

2. Data and methodology

2.1. Wind tunnel measurements

In air ventilation assessment (AVA) studies, we are especially in-
terested in pedestrian-level wind velocity. The wind velocity ratio (VR)
is used as an indicator, which is calculated by VR = VP/V∞, where VP is
the wind velocity at the pedestrian level (2 m above the ground), and
V∞ is the wind velocity at the top of the wind boundary layer and is not
affected by ground roughness. Velocity ratios measured from a wind
tunnel model are used to compare with LES results in this study and are
taken from the “Urban Climatic Map and Standards for Wind
Environment – Feasibility Study” (Hong Kong Planning Department,
2008). The wind tunnel model tests were undertaken in accordance
with the international practice requirements stipulated in the Aus-
tralasian Wind Engineering Society Quality Assurance Manual (AWES-
QAM-1-2001) and the American Society of Civil Engineers Manual and
Report on Engineering Practice for Wind Tunnel Studies of Building and
Structures (No. 67). The scale of the model was 1:400. Wind velocities
were measured at 5 mm from the ground, which corresponds to 2 m.
The top of the boundary layer was 500 m. The wind tunnel site at Tsim
Sha Tsui, Kowloon, was chosen for comparison. Locations of all 94 test
points at this site are shown in Fig. 2. Green dots denote test point
group A (TSA, 31 points), blue dots denote test point group B (TSB, 29
points), and red dots denote test point group C (TSC, 34 points).

2.2. Neighborhood-scale urban elevations

In the present study, actual (measured) urban elevations (buildings)

Fig. 1. A map of the study area. The small panel shows a shape map of Hong Kong. The Kowloon Peninsula is enlarged, and the colored map denotes land use types and building heights.
The blue box encloses the 1.2 km× 1.2 km neighbourhood used for building height extraction and evaluation at Mong Kok, while the black box encloses the 1.2 km × 1.2 km
neighbourhood of the wind tunnel site at Tsim Sha Tsui. (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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in two neighborhoods on the Kowloon Peninsula provided by the Hong
Kong Planning Department are utilized as topography input for the LES
model. One is the same as the wind tunnel site Tsim Sha Tsui, shown in
Fig. 2. The other is the same area used in Xu, Ma, Ng, and Lin (2015)
which jointly uses high-resolution WorldView-2 stereo images and
multi-temporal TerraSAR-X SAR images to retrieve building heights in
this high-density urban area of Mong Kok (Fig. 3a). Both are
1.2 km × 1.2 km and have a horizontal resolution of 2 m. The satellite-
derived methodology for retrieving building heights in urban areas
using both stereo and SAR images assumes that the building footprints
are known and involves two main stages: first, estimated initial building
heights are retrieved from stereo and SAR images, respectively; second,
according to an object-based fusion approach, the initial building
heights are then combined. The bias of building heights between actual
data and data extracted from stereo images, SAR images, and the fused
result of the two kinds of images is given in Fig. 3b–d, respectively.

A boxplot is attached to Fig. 3, and to other contour maps in this
study, to describe statistics of the contoured parameter. In each box of
the boxplot, the central mark is the median, the edges of the box are the
25th and 75th percentiles, and the whiskers extend to the most extreme
data points (McGill, Tukey, & Larsen, 1978). The outlier algorithm of
boxplots, which is not necessary for our purpose here, is ignored.

2.3. LES model and experiments

The LES model used in this study is the Parallelized LES Model
(PALM), which has been used since 1997 (Raasch & Schröter, 2001).
This LES model has been validated for simulating flows and turbulence
characteristics at the street-canyon and neighbourhood scale (Letzel,
Krane, & Raasch, 2008) and has been widely used in studies of urban
street-canyon flows in recent years (Inagaki, Castillo, Yamashita,
Kanda, & Takimoto, 2011; Kanda, Inagaki, Miyamoto, Gryschka, &
Raasch, 2013; Park & Baik, 2014; Park, Baik, Raasch, & Letzel, 2012;
Razak, Hagishima, Ikegaya, & Tanimoto, 2013; Wang, Ng, Yuan, &
Raasch, 2017). The code used in this study is PALM version 4.0
(Maronga et al., 2015).

As we are focusing mainly on VR, the input wind speed is not very
important, and if high wind speed is used, more computational time

will be needed because the time step must be shorter. Therefore, a wind
speed of 1.5 m/s is prescribed to save computational time. The time
step sizes are optimized in PALM. Horizontal grid sizes are equidistantly
2 m. The vertical grid spacing is 2 m below 300 m and stretched with a
stretch factor of 1.08 above. CFD equations are spatially discretized on
an Arakawa-C grid. Scalar variables are defined at the grid centers,
while velocity components are shifted by half of the grid spacing.
Therefore, horizontal wind velocity output from the 1 m and 3 m levels
is linearly interpolated (averaged) to obtain VP at 2 m above the
ground. V∞ is derived from 500 m to be comparable with wind tunnel
tests. The total simulation time is 6 h. The first 4 h are excluded in the
analysis of the results, as the turbulences need this time to spin-up. The
simulated results from the 5th to the 6th hours are averaged for ana-
lysis. For the comparison with wind tunnel measurements, east (90°)
wind input is simulated. East and southwest (225°) winds, the pre-
vailing annual and summer winds in Hong Kong, respectively, are si-
mulated for assessment of building height extraction from satellite
images. The no-slip bottom boundary condition with a Prandtl layer
and the free-slip top boundary condition are applied to horizontal ve-
locity components. As the targeted area is surrounded by urban areas, a
simple cyclic (periodic) boundary condition setup in both the stream-
wise and spanwise directions is sufficient for the task. The simulations
are restricted to neutral atmospheric stratification; that is, thermal ef-
fects are not considered.

3. Zonal comparison with wind tunnel tests

The best available verification of LES results at present is a cross-
comparison of results computed by LES with those derived from wind
tunnel measurements. Meanwhile, a zonal comparison is more re-
presentative and meaningful than a point-to-point direct comparison
(Schatzmann & Leitl, 2011). In this comparative analysis, the test points
are classified into a few groups in terms of their street types and ground
coverage (Table 1). For street types, 94 test points are divided into 4
groups: main streets, narrow streets with parallel flow, narrow streets
with canyon flow (streets perpendicular to the input wind direction),
and waterfront/open spaces. For ground coverage, all test points are
divided into 3 groups: low ground coverage refers to grids with

Fig. 2. Locations of test points at the wind tunnel site Tsim
Sha Tsui for comparison with results from PALM. Green dots
denote test point group A (TSA), blue dots denote test point
group B (TSB), and red dots denote test point group C (TSC).
The largest circle is used to define this site in the wind tunnel
test, and the middle and two small circles are used as a lo-
cation reference for the grouped test points. The colored bar
describes building heights on the site. (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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coverage not greater than 20%, high ground coverage refers to grids
with coverage greater than 50%, and mid ground coverage refers to
those in between. Ground coverage is calculated in a 100 m × 100 m
grid where the test point is centered. This simple two-dimensional

ground coverage ratio, which is readily available, can be used to predict
the area’s mean pedestrian-level ventilation (Ng, Yuan, Chen, Ren, &
Fung, 2011). Finally, the mean of all test points in the entire assessment
area is considered as one last sample (Table 1).

Fig. 3. (a) Actual urban elevations (buildings) in a 1.2 km × 1.2 km neighborhood in Mong Kok. Bias between actual data and data extracted from (b) stereo images, (c) SAR images, and
(d) fused result of the two kinds of images. The boxplot describes statistics of building heights in 4 sets of data. Refer to the text for more details regarding boxplot statistics.

Table 1
A zonal comparison of velocity ratio (VR) between large-eddy simulation (LES) and wind tunnel (WT) results. The roughness length is 0.02 m for the LES results in the last column.

Zones of urban morphology Test points VR (WT) VR (LES)

Zone by street types Main streets TSB02, TSB06–07, TSB10, TSB14–15, TSB19, TSC05, TSC13–14, TSC21, TSC28, TSC31 0.24 0.28
Narrow streets (parallel
flow)

TSA07–09, TSA14–15, TSA18–19, TSA23–25, TSA28–30, TSB08, TSB23–24, TSC02, TSC06,
TSC11, TSC15–18, TSC22–23, TSC29–30

0.22 0.22

Narrow streets (canyon
flow)

TSA01–06, TSA10–13, TSA16–17, TSA20–22, TSA26–27, TSA31, TSB01, TSB03–05, TSB09,
TSB11–13, TSB16–18, TSB20–22, TSB25–29, TSC01, TSC03–04, TSC07–10, TSC12, TSC19–20,
TSC24–27, TSC32–33

0.15 0.12

Waterfront/open spaces TSC34 0.33 0.32
Zone by ground coverage

(GC)
Low GC (< = 20%) TSA17, TSB10–11, TSB14, TSB23–25, TSC23, TSC34 0.23 0.20
Mid GC (> 20%
&< = 50%)

TSA01–02, TSA12, TSA14–16, TSA25, TSA28–30, TSB04–09, TSB12–13, TSB15, TSB22,
TSB26–29, TSC03, TSC08–11, TSC21–22, TSC24, TSC27, TSC29–31, TSC33

0.21 0.18

High GC (> 50%) TSA03–11, TSA13, TSA18–24, TSA26–27, TSA31, TSB01–03, TSB16–21, TSC01–02, TSC04–07,
TSC12–20, TSC25–26, TSC28, TSC32

0.15 0.17

Entire assessment area Mean of all 94 test points 0.18 0.17
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Pedestrian-level ventilation, or VR, which serves as an indicator for
urban planners to assess the effect of developments and redevelop-
ments, is highly influenced by complex urban geometry. VR is therefore
highly site-dependent, but sensitivity tests are required to quantify the
influence of numerical parameters. LES settings described in the pre-
vious section, such as grid spacing, boundary conditions, input wind
speed, and spin-up and averaging time, are prescribed from a number of
PALM experiments and previous studies (Kanda et al., 2013; Keck et al.,
2014; Letzel et al., 2012). Apart from these setups, we found that the
local roughness length in PALM is an important parameter that influ-
ences the overall VRs significantly. Fig. 4 compares a set of simulations
using different roughness lengths and their linear regressions with wind
tunnel results. Zoned VRs calculated in LES with a roughness length of
0.02 m are found to be most comparable with those measured from the
wind tunnel test (Fig. 4b). Zoned VR values from both the wind tunnel
and LES are listed in the last two columns of Table 1. While larger
roughness lengths are utilized in LES—for example, 0.05 m and 0.1 m,
as shown in Figs. 4c and d, respectively—zoned VRs are underestimated
compared with those from wind tunnel measurements. In contrast, a
smaller roughness length adopted in PALM results in overestimation of
zoned VRs compared with the wind tunnel (Fig. 4a).

Fig. 5 compares the spatial differences of VRs calculated by LES
between roughness lengths of 0.02 m and 0.1 m. Higher (lower) VRs are
denoted by a cooler (warmer) color. Previous wind tunnel and CFD
studies in Hong Kong have indicated a VR of about 0.3 near waterfront
and open spaces, and 0.05–0.1 in streets and congested urban spaces
(Ng, 2009). Fig. 5a suggests that an overall VR computed by LES with a
roughness length of 0.02 m is in line with previous experimental and
computational studies. While a roughness length of 0.1 m results in a
systematic reduction in the overall VR, it is still within a reasonable
range (Fig. 5b). In general, the differences are larger in regions with a
higher absolute VR, about 0.04–0.08 lower in Fig. 5b than in a. Large

differences are found only in a few localized areas. For validation of
building height extraction in the next section, we conduct LES runs with
roughness lengths of both 0.02 m and 0.1 m. The choice of 0.1 m is in
view of the local roughness length possibly being underestimated in the
wind tunnel model, as complex objects in the city, such as traffic, ad-
vertisement boards, and air conditioners along building walls, are not
included. Taking these into consideration, a roughness length of 0.1 m
is the default setting in PALM and has been commonly adopted in
previous studies (Letzel et al., 2008; Park et al., 2012).

4. Evaluation of building height extraction

A total of 16 LES experiments, including four types of urban topo-
graphy data (actual, stereo, SAR, and fused), two roughness lengths
(0.02 m and 0.1 m), and two input wind directions (east and south-
west), are conducted to carry out this analysis. The performance of
building height extraction for AVA purposes is defined by the difference
in LES-calculated VR between extracted and actual topography. The
smaller the bias is, the better the performance. As the simulated VR is
highly site-dependent and is sensitive to many aspects, we describe the
assessment process in terms of the effects of average size (grid sensi-
tivity test for calculating site-averaged VR), wind direction and
roughness length, building height, and the ways in which the fused
satellite images are better than extraction from a single type of satellite
image.

4.1. Effects of average size

Horizontal distributions of LES-computed VR with wind input from
the east (southwest) with actual topography and satellite-extracted to-
pography are given in Fig. 6 (Fig. 7). Urban planners and researchers
care about the site-averaged VR. We select two kinds of grid sizes to

Fig. 4. Scatter plots (stars) and linear regressions (solid lines)
of zonally averaged velocity ratio (VR) from wind tunnel
(WT) measurements and large-eddy simulation (LES) results,
with a roughness length of (a) 0.01 m, (b) 0.02 m, (c) 0.05 m,
and (d) 0.1 m given in the LES model. The regressed linear
models and adjusted r-squares (R2) are given in the plots.
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check whether the comparative results are sensitive to this average size.
One is 100 m × 100 m while the other is 50 m × 50 m, with a unique
buffer width of 250 m. A buffer width of 250 m fulfills the requirement
of AVA (Ng, 2009), as the tallest building in the research area is 255 m
(Fig. 3). Generally, it is suggested that simulated results in the outer
regions near the horizontal boundary are not reliable. The assessment
areas are enclosed in dashed boxes in Figs. 6 and 7.

Table 2 lists all the root mean square errors (RMSEs) of LES-calcu-
lated VRs between satellite-extracted and actual topography. The lar-
gest and smallest values in each row are highlighted, bolded for the
largest value and underlined for the smallest value. Referring to the
average size, the results can be classified into 4 groups: first, roughness
length 0.02 m and east wind (rows 1 and 2); second, roughness length
0.02 m and southwest wind (rows 3 and 4); third, roughness length
0.1 m and east wind (rows 5 and 6); and fourth, roughness length 0.1 m
and southwest wind (rows 7 and 8). It is found that the average sizes do
not change the order of RMSEs from three sets of topography in the first
and fourth groups. In the second group, an average size of
100 m × 100 m homogenizes the difference in the zonally averaged VR
in three sets of topography (row 3), homogenization that cannot be seen
from an average size of 50 m × 50 m (row 4). The average size has a
slight effect on the RMSE order of the third group, as can be seen from
rows 5 and 6 of Table 2. We presume that the effects of average size,
50 m× 50 m or 100 m× 100 m, on the overall RMSEs are not sig-
nificant, as these two average sizes do not practically change the order
of RMSEs from the three sets of topography. The scatter plots and linear
regressions in Figs. 8 and 9 are produced with samples from an average
size of 50 m × 50 m, which obtains more samples than an average size
of 100 m× 100 m. Figs. 8 and 9 will be interpreted in the next section
in association with the effects of wind direction and roughness length.

4.2. Effects of wind direction and roughness length

RMSEs in Table 2 suggest that building height data extracted from
stereo images are of poor quality compared with the other two
methods. A comparison of SAR and the fused results shows that the
fused results perform better when given a roughness length of 0.1 m
and southwest wind (rows 7 and 8), while the SAR result is slightly
better in other cases. Figs. 8 and 9 further demonstrate the performance
of data retrieved from different methods. The stereo result has a large
bias from the actual topography in the LES experiment with east wind
(Fig. 8a and d), while it performs better in the LES experiment with
southwest wind (Fig. 9a and d). The performances of SAR and the fused
results are close to each other and reasonable in the LES experiment
with east wind (Fig. 8b, c, e, and f). In the LES experiment with
southwest wind, a roughness length of 0.02 m results in a slight over-
estimation of the large VRs with both SAR and fused images (Fig. 9b
and c, regressed lines), but a roughness length of 0.1 m may fix this
overestimation (Fig. 9e and f). According to Table 2 and Figs. 8 and 9,
we can preliminarily deduce that SAR images and the fused images are
suitable for numerical simulations of urban ventilation, while stereo
images alone may be not good enough.

The overall VR is larger with easterly input than with southwesterly
input (Figs. 6 and 7). Street orientations in the area could be the main
contributor. This is supported by comparing the frontal area index
(FAI), which is defined as the frontal area of buildings in a certain wind
direction over a site area (Xu et al., 2017). Fig. 10 demonstrates FAIs
calculated from site areas of 100 m × 100 m, with east wind cases in
the upper panels and southwest wind cases in the lower panels. The
maximum FAI in the upper panels is about 1.2, while the maximum FAI
in the lower panels reaches 2.0. This is deemed to be the major reason
why the overall VR is larger with east wind than with southwest wind
input.

The roughness lengths for Figs. 6 and 7 are both 0.02 m. The

Fig. 5. LES-computed VR at the wind tunnel site Tsim Sha Tsui, Kowloon. The roughness length is (a) 0.02 m, and (b) 0.1 m. The vertical (horizontal) colored bar describes VR (building
height). The boxplot describes statistics of VR in both LES experiments.
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horizontal distributions of VR for 0.1 m roughness length are not
shown. The spatial patterns are like those in Figs. 6 and 7, but with
systematically lower VR values, which can be referred to the boxplot in
Fig. 5. Alternatively, we evaluate the impact of roughness length on
ventilation by comparing the probability of VR taken from random test
points inside the assessment area (Fig. 11). In this analytical procedure,
all street grid points in each LES experiment are stored in a one-di-
mensional array, and 10,000 test points are randomly taken from each
array to calculate the probability. The random function calculates the
interval between test points using a normal distribution with a mean of
the array size divided by the number of test points (10,000) and a
standard deviation of 25% of the mean; thus, the test points are

randomly spread throughout the entire assessment area. Furthermore,
sensitivity tests were conducted regarding the number of test points,
and no significant differences were found when the number of test
points was larger than 10,000, which means that 10,000 test points are
sufficient to produce the probability graphs in Fig. 11.

Generally, 0.02 m roughness length increases the probability of
higher VR and decreases the probability of lower VR compared to 0.1 m
roughness length (Fig. 11). But the value dividing higher and lower VR
is rather case-dependent. In the simulations of actual building data, for
example, 0.02 m roughness length increases (decreases) the probability
of VR above (below) around 0.15 with east wind input (Fig. 11a), while
in the southwest wind experiment, the dashed and solid lines cross at

Fig. 6. LES-computed VR in (a) actual topography, (b) topography retrieved from stereo images, (c) topography retrieved from SAR images, and (d) fused results of the two images. The
dashed boxes enclose the assessment area and denote the 100 m × 100 m domains for the zonal average. The vertical (horizontal) colored bar describes VR (building height). The
roughness length is 0.02 m. Wind input is from the east. The boxplot describes statistics of VR in the four simulations.

W. Wang et al. Landscape and Urban Planning 170 (2018) 90–102

96



Fig. 7. LES-computed VR in (a) actual topography, (b) topography retrieved from stereo images, (c) topography retrieved from SAR images, and (d) fused results of the two images. The
dashed boxes enclose the assessment area and denote the 100 m × 100 m domains for the zonal average. The vertical (horizontal) colored bar describes VR (building height). The
roughness length is 0.02 m. Wind input is from the southwest. The boxplot describes statistics of VR in the four simulations.

Table 2
Root mean square errors (RMSEs) of VR between satellite-extracted and actual building heights in different LES experiments (roughness lengths and wind directions) and average sizes.
The largest (smallest) value in each row is bolded (underlined).

Row No. Roughness length (m) Wind direction Average size RMSEs Stereo RMSEs SAR RMSEs Fused

1 0.02 East 100 m× 100 m 0.046 0.023 0.029
2 0.02 East 50 m × 50 m 0.053 0.032 0.035
3 0.02 Southwest 100 m× 100 m 0.023 0.023 0.023
4 0.02 Southwest 50 m × 50 m 0.032 0.027 0.029
5 0.1 East 100 m× 100 m 0.040 0.026 0.028
6 0.1 East 50 m × 50 m 0.046 0.035 0.035
7 0.1 Southwest 100 m× 100 m 0.017 0.014 0.009
8 0.1 Southwest 50 m × 50 m 0.023 0.020 0.016
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about 0.2–0.3, and the difference in VR below 0.15 is very small
(Fig. 11e). Similar situations are found in other cases in Fig. 11. Effects
of roughness length are significant but rather complicated.

The effects of the roughness length setting are complicated and
highly associated with building shapes and input wind direction.
Change in the input wind direction causes modifications in local (sub-
domains in the neighborhood) urban morphology and geometry

parameters in AVA, such as the frontal area density. The local rough-
ness length takes effect when the wind sweeps across the ground and
walls. The higher the proportion of ground and walls the wind sweeps
across, the larger the friction effects on the wind. Therefore, wind di-
rection and roughness length affect air ventilation in combination, both
locally and globally.

Fig. 8. Scatter plots (stars) and linear regressions (solid lines) of LES-computed VR with actual topography and topography extracted from (a, d) stereo images, (b, e) SAR images, and (c,
f) fused results of the two images. The roughness length is 0.02 m (0.1 m) for a–c (d–f). Average size is 50 m × 50 m. Wind input is from the east.

Fig. 9. Scatter plots (stars) and linear regressions (solid lines) of LES-computed VR with actual topography and topography extracted from (a, d) stereo images, (b, e) SAR images, and (c,
f) fused results of the two images. The roughness length is 0.02 m (0.1 m) for a–c (d–f). Average size is 50 m × 50 m. Wind input is from the southwest.
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4.3. Effects of building height

Using the average absolute difference from measured data to eval-
uate the retrieved results, Xu et al. (2015) found that stereo images
provide significantly better results for buildings below 50 m, while SAR
images provide significantly better results for buildings above 100 m.
For buildings between 50 m and 100 m, stereo images provide slightly
better results than SAR images. The site-averaged vertical velocity
profiles from LES outputs also demonstrate clearly that there are three
levels of building heights: below 50 m, between 50 m and 100 m, and
above 100 m (Fig. 12). However, the sample size of buildings above
100 m is small, as shown in the attached boxplot of Fig. 3. This is

further confirmed by the relatively small magnitude of downward
motions generated by high-rise buildings above 100 m in Fig. 12.
Therefore, we define lower (higher) buildings as those with a height
below (above) 50 m in this study.

Tall buildings are underestimated by the stereo images, which can
be seen in Fig. 3b. If we check the details of VR inside the congested
urban spaces of the assessment areas (Figs. 6 and 7), a larger difference
can be found in the stereo result than in the SAR result in the simula-
tions, particularly for areas around high-rise buildings (building heights
in Figs. 6 and 7 are scaled by the horizontal color bar). This implies that
a better representation of higher buildings may contribute more to the
quality of pedestrian-level ventilation simulations, as high-rise

Fig. 10. Scatter plots (dots) and linear regression (dashed lines) of frontal area index (FAI) calculated from actual building data and building data retrieved from stereo images (a, d), SAR
images (b, e), and fused results (c, f). The upper panels (a–c) are east wind input and the lower panels (d–f) are southwest wind input.

Fig. 11. The probability of VRs taken from random test points in the assessment area of 16 LES experiments. Upper panels are east (E) wind input and lower panels are southwest (SW)
wind input. Dashed (solid) lines represent a roughness length of 0.02 m (0.1 m).
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buildings can experience high wind loads and concentrate pedestrian-
level winds (Liu et al., 2005; Wang et al., 2017).

We further demonstrate this dynamically using an extreme case: the
tallest building is at a coordinate of approximately x = 0.55 km,
y = 1.0 km (Figs. 6 and 7). Fig. 13 shows the vertical velocity of the x-z
cross section at y = 1000 m, which crosses the tallest building on the
site. The results of the LES experiment with a roughness length of
0.02 m and east wind input from all four topography datasets are
shown. It is obvious that both the SAR and fused results can capture the
high-rise building as well as the vertical motion around it, while the
stereo result fails to do so. When the wind comes from the east (right-
hand side of Fig. 13), the high-rise building blocks the wind and results
in strong sinking motion on its windward side and rising motion in front
of its steeple and on the leeward side. This vertical motion will further
induce horizontal winds and gusts at the pedestrian level and hence
increase ventilation in the subdomain where the high-rise building
stands. The averaged VR in the two grid boxes that are closest (on the
south) to the high-rise building in Fig. 6 (the second and third grid
boxes from the left in the uppermost row), for instance, is 0.21 in the
actual case, while it is approximately 50% lower, 10% higher, and 14%
higher in the stereo, SAR, and fused results, respectively. It is also

noteworthy that a similar structure of vertical motion can be found
around other high buildings (above 50 m) in Fig. 13, which suggests
that better performance in representing higher buildings, rather than
lower buildings, is more important in building height extraction for
AVA purposes.

4.4. Improvements in satellite image fusion

In this study, actual building footprints are given before building
heights are extracted from satellite images; therefore, there is no dif-
ference in building coverage ratios in data from different sources. Other
than coverage ratio, FAI is found to be another important morpholo-
gical factor that influences urban ventilation (Ng et al., 2011; Razak
et al., 2013). Fig. 10 evaluates FAIs computed from different satellite-
retrieved data. Fig. 10 suggests that SAR images perform better than the
stereo images, and the fused result shows a slight improvement over the
retrieval of a single type of image (larger R2 with both east and
southwest wind). However, this slight improvement of the fused images
over the SAR images cannot improve the pedestrian-level ventilation
performance in the LES, as discussed above (Table 2, Figs. 8 and 9). But
improvements are found in reproducing the horizontally averaged

Fig. 12. Site-averaged profiles of vertical velocity (w-wind
component) computed by LES in four types of building data
with (a) east wind inflow, and (b) southwest wind inflow. The
roughness lengths are 0.02 m. Z = 50 m and 100 m are in-
dicated by horizontal black dashed lines.

Fig. 13. Time-averaged vertical velocity in a specific section with a high-rise building from (a) actual urban elevations, and urban elevations extracted from (b) stereo images, (c) SAR
images, and (d) fused results of the two images. The roughness length is 0.02 m and wind input is from the east (right).
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velocity profiles (Fig. 14). Fig. 14 shows that the performance in re-
producing the horizontally averaged profiles of u- and v-wind compo-
nents in the canopy layer is generally consistent with the performance
in capturing pedestrian-level VR. The result from stereo data has a
larger discrepancy from the actual compared to the SAR and fused data.
But in Fig. 14c, the dashed green line shows a large discrepancy in the
lower layers, specifically, between 20 m and 60 m. At this aspect, the
fusion of the two types of satellite images is superior to the retrieval
from a single type. Furthermore, stereo images are required in the next
step of extracting building footprints (Xu et al., 2017).

5. Discussion

Extraction of urban information from satellite images has become a
hot topic in remote-sensing studies (Colin-Koeniguer & Trouve, 2014;
Jin & Davis, 2005; Sportouche et al., 2011; Zhou & Zhou, 2014), as
these techniques are important for urban studies (Ren, Ng, &
Katzschner, 2011). Therefore, assessment of these techniques should be
done in combination with urban applications, which is the origin of the
present study. As a case study, building information in a high-density
urban area in Mong Kok, Hong Kong, including both actual information
and that retrieved from satellite images, is adopted from a newly
published report (Xu et al., 2015) and is evaluated by comparing pe-
destrian-level ventilation in an LES model. This is challenging because
urban wind environments are extremely sensitive to urban morpholo-
gies and building geometries (Shi et al., 2015; Yang, Qian, & Lau,
2013). The accuracy requirement of urban geometries and building
heights for AVA studies may be higher than that for other studies, such
as thermal analysis that does not consider wind effects. As one can
imagine, the effects of buildings on thermal conditions arise mainly
through shading and anthropogenic heat generated by the buildings,
and these effects are more localized than effects of building geometries
on the wind environment.

We first consider site-averaged VR and evaluate the effect of average
size for the calculation. In Section 4.1, we deem that the effects of
average size, 50 m × 50 m or 100 m× 100 m, on the overall RMSEs
are not significant, as these two average sizes do not practically change
the order of RMSEs from the three sets of topography in Table 2.
Therefore, the 50 m × 50 m average size is used to plot Figs. 8 and 9.
These scatter plots and linear regressions demonstrate that stereo
images perform poorly, while SAR images and the fused images are
sufficient for the task. Such findings contribute to the effects of building
height in Section 4.3, where we suggest that better performance in
representing higher buildings, rather than lower buildings, is more
important in building height extraction for AVA purposes. Higher
(lower) buildings are defined as those with a height above (below) 50 m
in this study.

Moreover, our results show that simulated pedestrian-level wind

speed is sensitive to the given wind direction and roughness length
(Section 4.2), which are sensitive to building geometries. It is note-
worthy that the term “roughness length” in this study is not the city-
scale roughness length that is applied in wind tunnel tests, but the so-
called “local roughness length” that is imposed in each local grid box
adjacent to a horizontal or vertical surface (Letzel et al., 2012). The
parameter is applied to every single grid point near the surfaces, in-
cluding floors, walls, and roofs, in the LES model. Some urban struc-
tures may not be included in the digital elevation data, or may be
subgrid-scale in CFD simulations. The ubiquitous projecting obstruc-
tions in Hong Kong, for instance, are not included in the digital ele-
vation data, yet they have the potential to slow down the wind. One
interesting finding of this study is the significance of this local rough-
ness length, which has generally been ignored in wind tunnel tests and
previous CFD studies of urban ventilation.

The city-scale roughness length in front of the targeted area (a city
or a neighbourhood) for generating the input wind profile in wind
tunnel tests or CFD is not involved in the LES experiments in this study.
As mentioned, a vertically unique wind velocity is imposed. Associated
with the cyclic boundary condition setting and adequate time (4 h) for
turbulence spin-up, a sufficient vertical wind profile can be generated in
the simulation, as shown in Fig. 14. Fig. 14 further demonstrates that
the performance in reproducing the horizontally averaged velocity
profile in the canopy layer is generally consistent with the performance
in pedestrian-level VR. The result from stereo data has a larger dis-
crepancy from the actual compared to the SAR and fused data. One
exception is found in Fig. 14c, where the dashed green line shows a
large discrepancy in the layer between 20 m and 60 m. We consider this
one way in which the simulated results demonstrate that the fusion of
two types of satellite images is superior to the retrieval from a single
type.

Finally, studies of urban wind environments using the LES tech-
nique require accurate urban morphologies and building geometries,
that is, precise urban elevation data. For the retrieved data used in this
study, building footprints are assumed to be known before the building
heights are extracted. Hence the street patterns are basically the same
among all four sets of data evaluated in this study, and differences in
pedestrian VR are caused mainly by building height and building vo-
lume differences. However, building footprints are probably not known,
in the case of not knowing the realistic elevation data. Building height
retrievals from satellite images without knowing building footprints
and corresponding evaluations from the perspective of urban applica-
tions should be initiated in further studies.

6. Conclusions

This study performs a set of LES experiments to evaluate building
height extraction from satellite images in an urban area of Mong Kok,

Fig. 14. Horizontally averaged wind profile within the canopy normalized by the velocity at the canopy top (500 m). (a) U-wind of wind input from the east, (b) U-wind of wind input
from the southwest, and (c) V-wind of wind input from the southwest. Roughness lengths are 0.02 m.
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Hong Kong. This comparative study is done from the practical per-
spective of urban ventilation. Major findings and recommendations can
be summarized as follows: First, zonal comparison of wind tunnel tests
and LES results suggests that a roughness length of 0.02 m in the LES
gives more comparative results of the two (Fig. 4). Second, the choice of
average size (50 m × 50 m or 100 m× 100 m) causes no significant
change in the LES-computed ventilation performance of different sa-
tellite-derived building data (Table 2). Third, the effect of roughness
length is rather case-dependent and highly associated with building
shape and input wind direction (Fig. 11). Fourth, building heights ex-
tracted from the stereo image perform the worst compared to those
from the SAR image and the fused result of both images. Both the SAR
and fused results can be considered acceptable for AVA purposes in this
assessment (Table 2 and Figs. 8 and 9). It is known that high-rise
buildings produce strong winds concentrated at the pedestrian level,
and it is documented that data extracted from stereo images produce
better representations of low buildings, while data extracted from SAR
images provide better results with high buildings (Fig. 13). This may be
the reason why a larger bias is found in the stereo result than in the SAR
result in both the east and southwest wind simulations. A further im-
plication for this point is that retrieval methods with better re-
presentation of higher buildings can obtain better CFD results for urban
ventilation. Fifth, the fused building data show a slight improvement in
FAIs over the retrieval from a single type of image (Fig. 10). However,
this slight improvement of the fused images over the SAR images cannot
improve the pedestrian-level ventilation performance in the LES. Fusion
is superior to a single type of satellite image in reproducing more ac-
curate wind profiles in the simulations (Fig. 14).
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