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Developing a high-resolution wind map for a complex terrain with a

coupled MM5/CALMET system

Steve H. L. Yim,1 Jimmy C. H. Fung,2 Alexis K. H. Lau,3 and S. C. Kot4

Received 5 July 2006; revised 18 September 2006; accepted 6 October 2006; published 9 March 2007.

[1] This study investigates the wind energy potential in Hong Kong, a region with a
complex terrain, by coupling the prognostic MM5 mesoscale model with the CALMET
diagnostic model to produce high-resolution wind fields. Hourly wind fields were
simulated for the entire year of 2004. The MM5 simulations were performed on a nested
grid from 40.5 km down to 1.5 km horizontal resolution. The CALMET meteorological
model was used in a domain that includes the entire Hong Kong region with a high
horizontal resolution of 100 m. The MM5 model wind field (1.5 km horizontal resolution)
output was input into the CALMET diagnostic meteorological model every hour along
with an objective analysis procedure using all available observations. Verification was
achieved through two steps. In the first step, the data from three meteorological surface
stations that were not assimilated into the CALMET model were compared horizontally
with the simulated wind fields. In the second step, the simulated wind fields were
compared vertically with the vertical wind profile collected from two upper air sounding
stations. The results of this study identified the locations of the highest wind energy
potential in HK down to 100 m resolution.

Citation: Yim, S. H. L., J. C. H. Fung, A. K. H. Lau, and S. C. Kot (2007), Developing a high-resolution wind map for a complex

terrain with a coupled MM5/CALMET system, J. Geophys. Res., 112, D05106, doi:10.1029/2006JD007752.

1. Introduction

[2] Wind energy is clean, local, abundant, affordable,
inexhaustible, environmentally preferable, and elegant. A
single 750 kW wind machine operated for 1 year at a site
with an average wind speed of 6 m/s at 10 m above the
ground is projected to displace a total of 1200 tons of CO2,
7.0 tons of SO2 and 4.5 tons of NO2 on the basis of the
US average utility fuel mix [American Wind Energy
Association, 2003]. Wind is rapidly becoming a practical
source for energy for electric utilities. Many firms in
different countries have undertaken development of com-
mercial wind power plants. Just as the growth of the
petroleum industry in the early twentieth century depended
on the discovery of new oil fields by prospectors and
wildcatters, the growth of the modern wind energy industry,
and its ability to meet growing energy needs, depends on the
discovery of new sites with useful wind resources.
[3] The worldwide installed wind power capacity is

increasing rapidly. The global wind power industry installed
7,976 megawatts (MW) of power capacity in 2004, an
increase in the total installed generating capacity of 20%,

according to figures released by the Global Wind Energy
Council (GWEC). The wind power capacity has grown to
47,317 MW. The countries with the highest total installed
wind power capacity are Germany (16,629 MW), Spain
(8,263 MW), the United States (6,740 MW), Denmark
(3,117 MW) and India (3,000 MW). China ranks ninth with
an installed capacity of 760 MW at the end of 2004, with
43 wind farms in operation. The Chinese government has
clearly indicated that it wants to speed up wind energy
development in the future and aims at 4 GW to be installed
by 2010. Guangdong Providence in southern China is close
to the sea and should offer excellent locations for harnessing
wind power.
[4] The best estimate of wind energy potential is the long-

term wind measurement record at the site where the turbines
are to be installed. However, this information is rarely
available. Traditionally, the standard way to make an
estimate is to interpolate data from wind measurements
taken at the closest wind monitoring site. However, unless
the terrain is flat and the land-surface characteristics are
uniform, the distance over which existing wind information
is useful is quite limited. In most cases, numerical methods
with high-resolution grid sizes are needed. Model
simulations can produce 3D descriptions of wind field
characteristics that cannot be obtained from extensive field
measurements. They can describe the changes induced on
the wind field from the topography and land cover
variations. Moreover, the model results and field measure-
ments can be integrated to gain better estimates of the wind
characteristics of a site.
[5] During the 1980s and 1990s, a variety of computer

modeling techniques for wind field characteristics emerged.
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Several used microscale wind flow models that resolved
steady flow regimes, with the terrain acting as a perturbation
on the flow. The most prominent example is the Wind Atlas
Analysis and Application Program (WAsP) developed by
the Risoe National Laboratory of Denmark and based on the
linear theory developed by Jackson and Hunt [1975]. This
theory conserves mass and attempts to conserve momentum
(approximations made by the Navier-Stokes equations).
Most of the procedures in the method are strictly applicable
only under idealized and limited ranges of conditions. By
the late 1990s, with advances in computing capabilities,
there were rapid developments in nonhydrostatic mesoscale
models that take into account the physical and mechanical
forcings of the atmosphere. The Karlsruhe Atmospheric
Mesoscale Model (KAMM) was first used in wind resource
estimates. The KAMM-WAsP system used KAMM running
at a grid spacing of 2–5 km to simulate a number of static
cases and then used the results to drive the WAsP model to
produce wind resources estimates at a much higher resolu-
tion of 0.2 km [Frank et al., 2001].
[6] More recently, with funding from the New York State

Energy Research and Development Authority, TrueWind
Solutions developed its own nonhydrostatic mesoscale
modeling approach for wind resources estimation. This
model is called the MesoMap [Brower et al., 2001]. The
model uses output from a mesoscale weather model
(MASS) and dynamically couples it with a mass-conserving
flow model (WindMap) to provide high-resolution estimates
of wind resources. Although it is advanced compared with
other wind mapping methods and models, the MesoMap
system and its mapping process nevertheless have limita-
tions. First, studies show that on the scale of 1–3 km,
accurate depiction of land use and surface characteristics are
critical for good estimates of surface winds [Lo et al., 2006],
suggesting the need for land-surface coupling not found in
MASS. Also, parameterizing the subgrid-scale forcing at a
scale within the boundary layer is a very active research
area and as yet not included in MASS. Finally, the assump-
tion of a fixed rate of lateral numerical temperature diffu-
sion along a sloping terrain in MASS often results in
incorrect temperature gradients between valleys and
mountain tops.
[7] More fundamentally, MesoMap is a proprietary model,

which makes it difficult for nonauthorized users to assess
the model’s performance. It is also impossible to make
modifications to suit local needs. In contrast, the open-
source Fifth Generation Mesoscale Model (MM5) or the
new Weather Research Forecast model (WRF) developed
by the National Center for Atmospheric Research (NCAR)
are nonproprietary models. Refinement of and improvement
to these models are made on continuous basis. Since the
early 2000s, MM5 and now WRF have become the dom-
inant nonhydrostatic modeling systems with hundreds of
academic as well as commercial users around the world.
[8] In addition, most earlier modeling studies focused on

detailed spatial characteristics of the wind field under
‘‘typical or mean’’ wind conditions. However, the temporal
variability of the prevailing winds and how this variability
affects the calculated wind spectrum at a specific location is
not well understood. This is particularly important in
southern China where the wind is quite variable and where
the local terrain is complex. A solid understanding of the

local wind spectrum is critical to the decisions on what type
of turbines should be used and also for preparing for
occurrences of potentially destructive wind situations, such
as typhoons, as the wind energy industry develops in the
area.
[9] In this study, we coupled the MM5 system with

CALMET (another mass conserving diagnostic model com-
monly used in air quality studies) to estimate the detailed
wind resources in Hong Kong. Since Hong Kong has small-
scale terrain features (see Figure 1a) as well as sharp
gradients in land surface characteristics that are smaller
than the typical resolutions used in MM5 simulations, the
result is that the effects of the terrain and land surface
characteristics on the meteorological fields are not always
captured in the MM5 simulations. Thus a diagnostic mete-
orological model, CALMET, which can be run at finer
resolutions, was used in this study. CALMET uses impor-
tant information contained in the MM5 data, as well as wind
information from automatic weather stations, to help resolve
the effects of the fine-scale terrain on the meteorological
fields and thus captures meteorological structures forced by
the terrain, such as terrain channeling and gravity-driven
slope flows.
[10] With detailed terrain and land use information

obtained from the Planning Department of the Hong Kong
SAR government, we ran the system on an hour-to-hour
basis, first by using MM5 to generate a large-scale wind
field at 1.5 km resolution as a first guess, and then utilizing
the CALMET model to adjust the meteorological fields to
reflect the high-resolution terrain and land use data on an
hourly basis to produce wind fields at 100 m resolution. We
ran simulations for 2004 from which we obtained a detailed
wind spectrum for Hong Kong. The main advantage of this
approach is that it provides detailed temporal as well as
spatial variations in the wind field for the study area, which
is not possible when the data are forced with only mean
conditions. This is particularly important for southern China
where the wind variability is considerable.

2. Meteorological Models

[11] We investigated the possibility of coupling the prog-
nostic MM5 mesoscale model with the CALMET diagnos-
tic model to produce high-resolution wind field estimates.
The reason to use the fine-scale CALMET model is to
resolve the flow field in a complex terrain. CALMET
resolves mesoscale and local-scale meteorological phenom-
ena by blending observational data with synoptic-scale
model results and analyses.

2.1. Prognostic Mesoscale Model, MM5

[12] The meteorological model used in this study is the
Pennsylvania State University-National Center for Atmo-
spheric Research Fifth-Generation Mesoscale Model
(MM5) version 3.6.3. MM5 is a prognostic model in which
primitive equations that govern the state of the atmosphere
are solved. It is a limited area, nonhydrostatic model with
terrain-following sigma-coordinates [Dudhia, 1993; Grell et
al., 1994]. It has been widely used to predict mesoscale and
regional-scale atmospheric circulation. Many published
papers showed that MM5 performs well in numerical
weather prediction, air quality studies and hydrological
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Figure 1. (a) Computational domain in CALMET and the shaded contours representing the complex
Hong Kong topography. (b) Four nested domains in MM5 (solid lines). Resolutions from the outermost
to the innermost domains are 40.5, 13.5, 4.5 and 1.5 km.
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studies over different parts of the world [Warner et al.,
1991; Mass and Kuo, 1998; Lau et al., 2002; Vaughan et
al., 2004; Fung et al., 2005].
[13] In this study, MM5 was configured with four two-

way interactive nested grids (Figure 1b). The outermost
domain (D1) extends from central China (north) to the
Philippines (south), covering most of southeastern China
and the South China Sea to provide the boundary conditions
for the intermediate domains, D2 and D3, which have
important influences on the weather of Hong Kong and its
vicinity. The D1 domain has a mesh size of 115 � 75 with a
horizontal resolution of 40.5 km. The intermediate domains,
D2 and D3, contain 85 � 73 grid points with a horizontal
resolution of 13.5 km and 61 � 55 grid points with a
horizontal resolution of 4.5 km, respectively. The innermost
domain, D4, encompasses the whole territory of Hong Kong
and has 61 � 55 grid points with a horizontal resolution of
1.5 km. MM5 is written with a terrain-following (or sigma)
coordinate and each s level is defined by s = (P � Ptop)/
(Psur � Ptop), where Psur is the surface pressure, with the
pressure at the model top, Ptop = 100 hPa. In the vertical
direction, 25 sigma levels were defined unequally from the
ground to the model top, with the first 10 layers being
concentrated in the atmospheric boundary layer (about
1.0 km above the ground level) to resolve the detailed
structure of the planetary boundary layer. Four-dimensional
data assimilation (FDDA) is employed to improve the
accuracy of the meteorological simulation [Stauffer and
Seaman, 1990, 1994; Stauffer et al., 1991; Seaman et al.,
1995]. Stauffer and Seaman [1994] pointed out that the best
application of FDDA methods results from performing
analysis nudging on the meso-alpha scale coupled with
observational nudging on the finest scale. FDDA here is
applied to each run of MM5 with analysis nudging and
observational nudging applied to the outermost domain (D1)
and the innermost domain (D4), respectively.
[14] The topography of Hong Kong is extremely complex

and it is necessary to use up-to-date, high-resolution land
use and terrain data to simulate the region-wide three-
dimensional meteorological flow fields. The up-to-date
high-resolution land use data (30 m), originally compiled

by the Planning Department (HKPD) of the Hong Kong
SAR Government, was reformatted to supersede the default
30-arc second in the MM5 data over Hong Kong and
the Pearl River Delta (PRD) region. A direct comparison
between new land use categories in 2003 with the 24-category
and the U.S. Geological Survey (USGS) land use (1993)
data is shown in Figure 2. Figure 2 (left) represents the
default land use category distribution over the PRD region
based on 30-s-resolution USGS data of the current version of
MM5 (v3.6.6), which was derived from 1-kmAdvancedVery
High Resolution Radiometer (AVHRR) data in a 12-month
period spanning from April 1992 to March 1993. Figure 2
(right) represents the up-to-date (2003) high-resolution land
use data over the PRD region and Hong Kong. Much larger
urban areas (red color) (increased by a factor of about 24)
have developed in the PRD region since 1993. In 1993, only
0.9% of the land area was classified as urban. Most of the
land area was cropland. By 2003, the urban area has
increased to about 22.2% of the total land area. With this
rate of urbanization, local meteorological conditions includ-
ing land-sea breezes and heat island effects have changed
markedly [Fung et al., 2005; Lam et al., 2006; Lo et al.,
2006].
[15] In the present study, multiple MM5 simulations are

performed with the length of each simulation not extending
beyond a 4-day period on the four nested domains with two-
way nesting boundary conditions. The first 24 hours of each
run were discarded as a spin-up run; that is, each simulation
overlaps the previous simulation to account for model spin-
up time. Up to 121 separate MM5 simulations are required
to build a 1-year data set of the meteorological fields in
2004. Initial conditions and boundary conditions were
provided by the 2.5� European Centre for Medium-Range
Weather Forecasting (ECMWF) reanalysis data at 6-hour
intervals.
[16] MM5 has four-dimensional data assimilation

(FDDA) capabilities. In the current study, we performed
MM5 simulations with FDDA using Newtonian nudging
[Stauffer and Seaman, 1990; Stauffer et al., 1991] to restrain
the model’s solutions from deviating too strongly from
observations or from a gridded analysis. MM5 with FDDA

Figure 2. Land use data on the Pearl River Delta region in (left) 1993 (from U.S. Geological Survey)
and (right) 2003 (from Planning Department of Hong Kong).
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can be used to develop realistic three-dimensional fields that
are completely suitable as input to diagnostic meteorolog-
ical models. Modeling studies [Stauffer et al., 1991; Seaman
et al., 1995] have shown that FDDA has the ability to
improve simulations of wind, temperature, moisture and
mixed layer depth and these studies concluded that model-
ing with FDDA can produce spatially consistent solutions
without degrading the important dynamical processes. Grid
analysis nudging was conducted to relax the simulations
with global telecommunication system (GTS) observed data
for the outmost domain (D1) with an interval of 6 hours. In
this study, the temperature and the horizontal wind compo-
nents, u and v, are used to nudge the governing equations
for analysis nudging. Only hourly surface wind observa-
tions from Hong Kong Observatory stations were employed
for observation nudging in the innermost domain (D4). The
nudging coefficient for both analysis nudging and observa-
tion nudging was 2.5 � 10�4 for both wind and tempera-
ture, which constrains the magnitude of the nudging term to
be small compared to the major physical terms in the
dynamical equations. The radius of influence in space was
250 km for analysis nudging, while it was set at 7.5 km for
observation nudging. The time window was 40 minutes,
which means both analysis nudging and observation nudg-
ing were applied within 20 minutes on either side of the
observation times [Huang et al., 2005].
[17] The ability of the current MM5 setup to simulate the

surface winds (both speed and direction) was evaluated
using a statistical method and wind observations from the
Hong Kong Observatory, and the performance statistics
were presented by Fung et al. [2005] and Huang et al.
[2005, 2006]. The statistical parameters examined include
observed and predicted means, standard deviations, root-
mean-square difference for wind speed, and indices of
agreement for wind speed and wind direction. All these
statistical measurements indicated that the MM5 agrees well
with the observed values.

2.2. CALMET Diagnostic Meteorological Model

[18] CALMET is a diagnostic meteorological model that
develops hourly wind and temperature fields on a three-
dimensional gridded modeling domain, including two-
dimensional fields such as mixing height, surface character-
istics and dispersion properties. The diagnostic wind field
module uses a two-step approach in the computation of
wind fields [Douglas and Kessler, 1988]. In the first step,
the wind field outputs from the MM5 model are ingested
by the CALMET model as an initial guess wind field; that
is, the prognostic winds are interpolated in the fine-scale
CALMET grid and the normal diagnostic adjustments for
the fine-scale kinematic effects of terrain, slope flows and
terrain blocking effects are made to produce a Step-1 wind
field. The kinematic effects of the terrain on the horizontal
wind components are evaluated by applying a divergence-
minimization procedure to the initial guess of the wind field.
Finally, an objective analysis procedure is employed using
all available surface and upper level observational data.
[19] CALMET consists of two boundary layer models for

overland and over water applications. For overland surfaces,
the energy balance method of Holtslag and van Ulden
[1983] is used to compute hourly gridded fields of the heat
flux, surface friction velocity, Monin-Obukhov length, and

convective velocity scale. Mixing heights are determined
from the computed hourly surface heat fluxes and observed
temperature soundings. The model also determines the
Pasquill-Gifford stability class and optional hourly precip-
itation rates.
[20] CALMET reads hourly surface observations of wind

speed, temperature, cloud cover, ceiling height, surface
pressure, relative humidity, and precipitation (only if wet
removal is to be computed). The twice-daily upper air
observations required by CALMET include vertical profiles
of wind speed, wind direction, temperature, pressure, and
elevation. CALMET also requires geophysical data includ-
ing gridded fields of terrain elevations and land use cate-
gories. Gridded fields of other geophysical parameters, such
as the surface roughness length, albedo, Bowen ratio, soil
heat flux parameter, anthropogenic heat flux, and vegetation
leaf area index are also required.
[21] In order to improve the initialization of the diagnos-

tic model, the D4 wind fields from the MM5 prognostic
model with 1.5 km resolution are ingested every hour by
CALMET as the initial guess wind field. This step is
expected to improve the model’s performance by providing
equally spaced data points both at the surface and upper
levels within the modeling domain where observational data
are not available [Chandrasekar et al., 2003]. The prognos-
tic winds are interpolated to the fine-scale CALMET grid.
The diagnostic module in CALMET then adjusts the initial
guess wind field for kinematic effects of terrain, slope
flows, and terrain blocking effects using fine-scale
CALMET terrain data. Finally, an objective analysis proce-
dure is employed using all available observations. In other
words, data from one upper air sounding station (King’s
Park, see Figure 3) collected twice daily (available every
0000 UTC and 1200 UTC) from the Hong Kong Observa-
tory are ingested by CALMET model. Hourly surface data
from forty-one surface stations operated by the Hong Kong
Observatory (Figure 3) are also input in the CALMET
model. The CALMET model then employs the objective
analysis procedure to improve the accuracy of the low-level
wind field simulations. In this present study, in order to
resolve the complex terrain structure in Hong Kong,
CALMET is configured with a high-resolution domain.
The domain is set up with 684 � 494 grid points with
100 m grid spacing in the x and y directions. CALMET is
written with terrain-following vertical coordinates and the
vertical coordinates are set with 10 levels, including 10, 30,
60, 120, 230, 450, 800, 1250, 1750 and 2600 m.

3. Results

3.1. Advantage of High Resolution

[22] As Hong Kong’s terrain is extremely complex, a
high-resolution grid size is necessary to study detailed wind
characteristics. Two identical setup runs were performed but
with two different resolution grid sizes (1 km and 100 m)
used in the CALMET model. In the 1 km run, the CALMET
model could not resolve the terrain structure as shown in
Figure 4a. The slope flows and channel effects between two
hills were not simulated by this low-resolution CALMET
run. On the contrary, the finer resolution run of CALMET
with a 100 m grid size provides more detailed wind field
structures in different areas, especially in the regions with
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valleys and mountains (Figure 4b). For example, the block-
ing effects of hills were clearly simulated on the windward
sides of the hills. Note also that CALMET downscales the
MM5 wind field to finer resolutions taking into account
high-resolution terrain and land use information from Hong
Kong Planning Department (30 m) and generates a more
qualitatively realistic wind field. A high-resolution grid size
is needed to capture the upslope and downslope wind field
structures in this complex terrain.

3.2. Model Validation

[23] The validations are separated into two parts. The first
part is to verify that the ingested station data, from both
surface and upper level winds are assimilated into the
CALMET model runs. The second part is to verify the
reliability of the surface and upper layer wind fields. Data
from three randomly selected surface observational stations
and one upper level sounding station were not ingested into
the CALMET model and the data from three surface
stations and the upper level station were then compared
with that of the model simulation values.
[24] A set of common statistical parameters [Lu et al.,

1997; Barna et al., 2000] were employed to evaluate the
performance of the model simulation and compare the

differences between the model results and observations at
different surface stations. Statistical parameters used to
evaluate the model performance include the observed and
predicted means, the root mean square error and the index
of agreement for wind speed at 10 m above the ground. The
root mean square error (RMSE) is defined as

RMSE ¼ 1

N

XN
i¼1

pi � oið Þ2
" #1=2

; ð1Þ

where pi and oi are the simulated and observed values,
respectively, for measurement i. N represents the total
number of measurements. The index of agreement is
defined as

I ¼ 1�

PN
i¼1

pi � oið Þ2

PN
i¼1

pi � oj j þ oi � oj jð Þ2
; ð2Þ

where o denotes the average observed wind. A model index
value of 1 indicates perfect agreement between the model

Figure 3. Forty-one meteorological stations operated by the Hong Kong Observatory as indicated by
solid dots. The digits represent different stations, and their corresponding names of the stations are given
in Table 1. The small square (station 14) is the King’s Park upper air sounding station, and the small star
is the Sham Shui Po wind profiler station. The square in the bottom left corner is the area used for
comparisons of different CALMET resolutions (1 km and 100 m) in Figure 4.
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and observations while an index of 0 indicates no
agreement.
3.2.1. Validation of Ingested Surface and
Upper Layer Wind Data
[25] For an 1-month period of March 2004 (total

744 hours), data from forty-one surface meteorological
stations operated by the Hong Kong Observatory (see
Figure 3) are chosen to evaluate the performance of the
simulated wind fields in the CALMET domain. Perfor-
mance statistics for the surface winds are summarized in
Table 1. The means of the simulated wind speeds at most
stations are fairly close to the observed means, as is
indicated by the index of agreement of the simulated wind
speed. Most of the indices of agreement are close to 1 and
the average value is 0.97. The average RMSE value of the
simulated wind speeds is around 0.46.
[26] In addition, upper level wind fields were also com-

pared with one upper air sounding station (King’s Park,
which was used for the initial guess wind field in
CALMET). The location of this station is shown in
Figure 3. The horizontal wind vectors with seven different
levels from King’s Park is shown in Figure 5a and the
corresponding wind vectors from the CALMET runs are
shown in Figure 5b. It is clear that the CALMET simu-
lations are fairly close to the wind speed observations and
they successfully reproduced the observed changes in wind
direction. These results show that the data from these
stations were ingested into the CALMET model correctly.
3.2.2. Reliability of the Surface and
Upper Layer Wind Fields
[27] To determine how realistic the simulated wind field

is, data from three randomly selected meteorological surface
stations were not included into the CALMET run and were
used for comparisons with the simulated results; that is,
data from 38 surface stations were used in the objective
analysis procedure in this simulation of the CALMET
model. Figure 6 shows that the model analyses at the
locations of the three stations compare favorably with the
observations for the 1-month period from 1 to 31 March,
especially the CCH station. The model was able to capture

the large fluctuations in the wind speed from nearly zero to
over 10 m/s. The performance statistics results are shown in
Table 2. The index of agreement ranges from 0.77 to 0.93,
which means that the model performance was acceptable. In
fact, we withheld data from other three randomly selected
observational surface stations from the CALMET model
and ran the simulation again. We found that the performance
statistics at these three withheld stations had similar values
as from another three stations, which demonstrates that our
statistics are quite robust.
[28] In addition, upper level wind fields were compared

with one wind profiler station (Sham Shui Po (SSP), which
was not included in CALMET) up to about 2 km above
ground. The location of this station is shown in Figure 3.
The horizontal wind vectors with nine different levels from
SSP are shown in Figure 5c and the corresponding wind
vectors from the CALMET runs are shown in Figure 5d. It
is clear that the CALMET simulations are fairly close to the
wind speed observations and they successfully reproduced
the observed changes in wind direction. These results show
that CALMET with a high-resolution grid coupled with
MM5 input is able to reproduce the general features of the
vertical structure of the wind over the Hong Kong region.

3.3. Annual and Seasonal Average Wind Speed

[29] An important parameter in the characterization of
wind resources is the variation in wind speed at different
heights above the ground. Figure 7 shows the annual
average 2004 wind speed at two different heights (10 and
60 m). At 10 m above the ground, high winds (about 6 m/s)
are generally associated with hilltops, as expected (Tai Mo
Shan, Kowloon Peak and Lantau Peak). However, at 60 m
above ground, many high-wind sites were identified at
locations not only on the hilltops around HK. They were
also located in the southeastern part of Lantau Island. The
annual average wind speed in those areas at 60 m above the
ground was greater than 10 m/s, which is regarded as having
good wind energy potential.
[30] The seasonal distribution of wind speeds for 2004 is

shown in Figure 8. The average monthly wind speeds differ
across the seasons. The average wind speed was the highest

Figure 4. Wind fields with different resolutions: (a) 1 km and (b) 100 m in the western part of Lantau
Island (see also Figure 3). The isopleths present the terrain height with intervals of 50 m.
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during the winter and spring. This is expected from clima-
tology because of the stronger and steadier outflow of the
east Asian winter monsoon. The winds are more reduced in
the summer and at its minimum level in the autumn with
only very weak weather systems affecting Hong Kong
during this transition period from summer to winter mon-
soon conditions.

4. Wind Map and Wind Energy

[31] A thorough understanding of the characteristics of
the wind regime in which a wind turbine is expected to
work is a prerequisite for the successful planning and
implementation of any wind power project. Knowledge of
wind velocity distribution at different timescales and the
quantity of energy associated with these wind spectra are
essential for the proper sizing and siting of a wind project. It
is established [Justus et al., 1978; Weisser, 2003; Zhou et
al., 2006] that the Weibull distribution can be used to
characterize wind regimes in terms of the wind’s probability
density and cumulative distribution functions.

4.1. Weibull Density Function

[32] If wind speeds were measured throughout a year, we
would find that in most areas strong gale force winds are
rare, while moderate winds are quite common. The varia-
tions in wind speed are best described by the Weibull
probability distribution function, f, with two parameters.
The probability of the wind speed being v during any time
interval is

f vð Þ ¼ k

c

v

c

� �k�1

exp � v

c

� �k
� �

k > 0; v > 0; c > 1ð Þ ð3Þ

where c is the scale parameter, in the unit of the speed and k
is the shape parameter. Once the mean and variance of the
wind speed are known, the following approximation can be
used to calculate the Weibull parameters, c and k:

k ¼ s
v

� ��1:086
1 � k � 10ð Þ ð4Þ

c ¼ v

G 1þ 1=kð Þ ; ð5Þ

Table 1. Statistical Results for the 41 Included Meteorological Surface Stations

Station Number
Used in Figure 3 Station Name

Observed Mean
Speed, m/s

Model Mean
Speed, m/s

Observed
SD

Model
SD RMSE I

1 Bluff Head (BHD) 3.67 3.53 1.98 1.72 0.41 0.99
2 Black Point (BPT) 3.06 2.92 2.42 2.04 0.52 0.99
3 Cheung Chau (CCH) 5 4.79 2.51 2.53 0.27 0.99
4 Central: Star Ferry Pier (CEN) 2.97 3.03 1.74 1.72 0.35 0.99
5 Ching Pak House, Tsing Yi (CPH) 3.76 3.26 1.6 1.47 0.39 0.98
6 Cheung Sha Wan (CSW) 2.49 2.63 1.15 1.21 0.45 0.96
7 East Lantau (ELN) 3.93 3.81 2.21 2.12 0.18 0.99
8 Ping Chau (EPC) 1.44 2.77 0.84 1.98 0.18 0.99
9 Green Island (GI) 6.15 5.83 3.35 3.23 0.18 0.99
10 Hong Kong Observatory (HKO) 2.93 3.35 1.69 1.91 0.77 0.95
11 Wong Chuk Hang (HKS) 2.85 2.67 1.55 1.44 0.18 0.99
12 Tseung Kwan O (JKB) 1.85 1.93 0.98 1.19 0.22 0.99
13 Kowloon Tsai (KLT) 2.46 2.56 1.13 1.45 0.86 0.88
14 King’s Park (KP) 3.09 3.73 1.32 2.21 1.76 0.76
15 Lau Fau Shan (LFS) 3.21 3.21 1.58 1.59 0.09 0.99
16 Nei Lak Shan (NLS) 7.14 6.93 4.03 3.64 0.79 0.99
17 North Point (NP) 4.09 3.4 1.8 1.53 0.76 0.94
18 Tai Mei Tuk (PLC) 4.05 3.98 2.07 2.11 0.21 0.99
19 Sha Chau (SC) 5.62 5.45 2.67 2.74 0.1 0.99
20 Kai Tak (SE) 3.65 3.01 1.5 1.33 0.68 0.94
21 Shek Kong (SEK) 3.19 2.73 1.64 1.4 0.38 0.98
22 Star Ferry: Tsim Sha Tsui (SF) 3.55 3.74 2.06 2.25 0.5 0.99
23 Sha Tin (SHA) 2.53 2.34 1.07 1.07 0.45 0.95
24 Shell Tsing Yi Installation (SHL) 2.52 2.44 1.59 1.5 0.16 0.99
25 Siu Ho Wan (SHW) 3.82 3.62 2.15 1.87 0.8 0.96
26 Shek Kwu Chau (SKC) 5.37 4.61 2.81 2.26 0.98 0.96
27 Sai Kung (SKG) 2.97 2.7 1.93 1.66 0.46 0.98
28 Sha Lo Wan (SLW) 3.61 3.57 2.32 2.28 0.23 0.99
29 Sham Wat (SW) 2.55 2.79 1.36 1.68 0.24 0.99
30 Tap Mun (TAP) 3.2 3.18 1.74 1.79 0.15 0.99
31 Tate’s Cairn (TC) 6.57 4.97 3.21 2.19 1.93 0.88
32 Ta Kwu Ling (TKL) 2.59 2.49 1.38 1.38 0.07 0.99
33 Tai Mo Shan (TMS) 5.8 5.99 3.1 3.05 0.62 0.99
34 Tai Mo To (TMT) 4.8 4.66 2.31 2.25 0.17 0.99
35 Tai O (TO) 4.46 4 3.54 3.16 0.23 0.99
36 Tuen Mun (TUN) 2.6 2.51 1.38 1.2 0.28 0.99
37 Tsak Yue Wu (TYW) 1.78 1.89 1.66 1.56 0.14 0.99
38 Wan Chai (WCN) 4.65 4.55 2.36 2.49 0.29 0.99
39 Waglan Island (WGL) 6.82 6.17 3.12 3.25 0.08 0.99
40 Yi Tung Shan (YTS) 7.16 6.96 3.63 3.45 0.68 0.99
41 Yau Yat Chuen (YYC) 2.81 3.08 1.9 1.93 0.85 0.95
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where

v ¼ 1

n

Xn
i¼1

vi and s2 ¼ 1

n� 1

Xn
i¼1

vi � vð Þ2: ð6Þ

Here, G is the gamma function. The shape, k, and scale,
c, parameters can be calculated according to equations (4)
and (5), respectively. When the value of k is small (such as
k = 1, which is the exponential distribution and is generally
used in reliability studies), the day is windless or there is a
very weak wind; that is, the curve has a heavy bias to the left.
When k is high (such as k = 3), the Weibull probability
distribution function curve looks more like a normal bell
shape distribution, in which some days have high winds and
an equal number of days have low winds. k = 2 is a typical
wind distribution found at most sites. In this case, the

Weibull distribution degenerates to the Rayleigh distribution
[Mukund, 1999]. In this distribution, more days have lower
than the mean wind speed, while a few days have high wind
speeds. Also, the higher the values of the scale parameter, c,
the more to the right the curve to higher wind speeds. That is,
the higher the values of c, the more days have high winds.
Therefore different distributions of wind speeds result in
different values in the shape and scale parameters.
[33] Hong Kong has varied wind distributions at different

locations. The shape and scale parameters of different
locations also vary a lot. Figure 9 shows the values of the
Weibull parameters, k and c, for the entire region around
Hong Kong with 100 m resolution calculated from
equation (4) or equation (5) for the entire year of 2004.
Figure 9 shows that the distribution of the shape parameter
is rather nonuniform, which means that it is not suitable to

Figure 5. Comparisons of vertical wind fields. (a) King’s Park upper air sounding data (data available at
every 12 hours, 0000 UTC and 1200 UTC) and (b) corresponding time CALMET model results at King’s
Park. (c) Sham Shui Po wind profiler data (data available at every 12 hours, 0000 UTC and 1200 UTC)
and (d) corresponding time CALMET model results at Sham Shui Po. See Figure 3 for the locations of
King’s Park station and Sham Shui Po station.
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apply the typical wind distribution setting (k = 2) to the
entire Hong Kong domain. The shape parameter, k, ranges
from 1 to 3 in most areas (more than 90% of the area). In
HK, it ranges from 1.5 to 2.5 [Jensen et al., 1984]. Figure 9
shows that high wind speeds are generally associated with
hilltops and found on the southeastern side of HK Island
and in the northwestern New Territories.
[34] Low wind speeds are generally found on the western

parts of HK Island, the northwestern parts of Lantau Island
and the eastern New Territories. With scale parameter c,
high wind speeds, v, are associated with hilltops, with the
highest values on Lantau Peak and Tai Tung Shan Lantau
Island and Tai Mo Shan in Kowloon, as well as along the
southern coastline of Lantau Island.

[35] The values of the shape parameters should be calcu-
lated at every location in order to extract the wind speeds
that reflect the real situation.

4.2. Different Methods for Calculating the Average
Wind Power

[36] Typically, wind power contained in the air moving
across a vertical plane is calculated by

Pa ¼
1

2
r zð ÞAv3; ð7Þ

where v is the average wind speed, r(z) = r0e
�z/H is the

density of the air at different heights, H is the scale height,

Figure 6. Comparisons of the hourly model results and the observational data at three withheld ingested
meteorological surface stations, (a) CCH, (b) CSW, and (c) TUN. The corresponding station numbers
from Figure 3 are 3 for Figure 6a, 6 for Figure 6b and 36 for Figure 6c. The blue and red dots denote the
observational data and the CALMET model results.

Table 2. Statistical Results for the Three Meteorological Surface Stations Not Ingested in the CALMET

Observed
Mean

Model
Result Mean

Observed
SD

Model
Result SD RMSE

Index of
Agreement

Tuen Mun (TUN) 2.60 2.86 1.38 1.53 1.15 0.84
Cheung Sha Wan (CSW) 2.41 3.06 1.17 1.77 1.38 0.77
Cheung Chau (CCH) 5.02 4.32 2.51 2.47 1.30 0.93
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Figure 7. The 2004 annual average wind speed in Hong Kong at two different elevations above ground:
(a) 10 m and (b) 60 m. The colors represent different wind speeds in m/s. The isopleths present the terrain
height with interval of 50 m.

Figure 8. Seasonal average wind speeds of Hong Kong at 60 m above ground in 2004: spring
(February–April), summer (May–July), autumn (August–October) and winter (November–January).
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r0 is air density at the ground level, and the wind swept area
is often defined by A in m2. The energy output is commonly
calculated in watts per square meter, Wm�2. If f (v) is the
Weibull probability distribution of v, the average power of
the wind, Pd, can be expressed by

Pd ¼
1

2
r zð ÞA

Z1
0

v3f vð Þdv ¼ r Zð ÞAv3G 1þ 3=kð Þ
2 G 1þ 1=kð Þ½ �3

: ð8Þ

However, for simplicity, sometimes the calculated annual
average power just takes the annual average wind speed into
account without considering the wind distribution. In that
case, the average wind power is expressed by equation (7).
[37] Figures 10a and 10b show that the annual wind

power densities at 60 m AGL which were calculated using
the mean wind speed as in equation (7) and using the
distribution of wind speeds as in equation (8). The annual
mean power calculated by equation (8) seems to indicate
higher energy and includes more spatial features than that
calculated by equation (7). Figure 10c shows the
corresponding percentage difference in average wind power
where the highest difference seems to occur around the hill
tops and the difference can be as large as 50%. This is
because the power density is determined not only by the
mean speed but also by the distribution of the wind speed.
We should not use the mean wind speed to calculate the
wind power density because the error can be quite large.
The result also indicates the importance of incorporating the
variation in the wind energy potential during diurnal cycles
[Weisser, 2003].

4.3. Annual and Seasonal Average Wind Power

[38] In general, at least 1 year of measurement data from
an observation station or simulation data are required in
order to determine the wind power potential. Of course, it is
preferable to have wind speed data for 5 years, if the data
are available. However, for this study, our main purpose was
to demonstrate that the CALMET system coupled with
MM5 can be used to estimate the detailed wind resources

in Hong Kong. Therefore the simulation was conducted for
1 year because of limited computational resources.
[39] From equation (8), the average annual wind power

density is calculated for HK and is shown in Figure 11 for
the two different heights of 10 m and 30 m above ground
level (AGL). For the 10 m height, the only possible
locations to extract wind energy are on hilltops with the
maximum average power 340 Wm�2, while at 60 m AGL
(see Figure 10b), there are many suitable sites to extract
wind energy, including almost the entire Lantau Island, with
an annual average power up to 1270 Wm�2. The annual
average wind power at Tai Mo Shan and Kowloon Peak are
as high as on Lantau Island.
[40] Figure 12 shows the average wind power density at

60 m AGL in different seasons. The highest wind power
density is in the winter season, while autumn has the lowest
wind power density.

5. Conclusions

[41] A MM5/CALMET study of Hong Kong was under-
taken to examine whether or not this approach could
generate accurate wind fields for evaluation of wind energy
resources in an area with an extremely complex topography,
with relatively dense observational data available. MM5
was run in a nested mode with grid spacing of 40.5 km,
13.5 km, 4.5 km and 1.5 km. CALMET was run with grid
spacing of 100 m. This combination of MM5 and CALMET
was run for a period of 1 year. The simulations did a very
good job of replicating wind speeds and wind directions at
sites where the observation data were not assimilated into
the CALMET simulations. The vertical performance of the
simulation was very good compared with profiler observa-
tions. Our results indicate that utilizing coarse prognostic
meteorological model output as input for a diagnostic model
provides an attractive option for generating accurate veloc-
ity fields for wind resource evaluations.
[42] It is undoubtedly the case that wind power is one of

the solutions to protect our environment and to provide an
efficient electricity source to achieve sustainable develop-

Figure 9. (a) Values of the shape parameter, k, and (b) the scale parameter, c, at different locations in
HK in 2004.
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Figure 10. The 2004 annual average wind power at 60 m above ground calculated by using different
formulae. (a) Using equation (7) only to compute the annual average wind speed and the maximum wind
power is 570 W/m2. (b) Using equation (8) only to compute the annual average wind speed and the
maximum wind power is 1270 W/m2. (c) Percentage difference between the annual average wind power
at 60 m calculated by equations (7) and (8).

Figure 11. The 2004 annual average wind power at (a) 10 m with maximum average wind power
340 W/m2 and (b) 30 m above ground with maximum average wind power 980 W/m2.
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ment. Hong Kong is on the eastern side of the rapidly
developing Pearl River Delta (PRD) on the southeastern
coast of China, facing the South China Sea in the south, and
bordering Guangdong Province in the north. The rapid
urbanization and industrial development of the PRD have
resulted in large increases in anthropogenic emissions over
the past two decades [Lo et al., 2006]. Between 1990 and
1995, NOx emissions increased by 21% over the PRD
region, and they are anticipated to increase by a further
100�160% between 1995 and 2020 [Streets and Waldhoff,
2000]. Therefore wind power utilization should be consid-
ered as a means to improve our air quality. Our results
indicate that the southeastern area of Lantau Island has high
potential to be a wind power generating site in Hong Kong.
Moreover, the actual distribution of wind speeds should be
used to calculate the wind power density rather than just
using the mean wind speed. We have shown that the
difference between the two methods can be as large as 50%.

[43] The diagnostic CALMET model alone contains lim-
ited physics in their formulation, and also depends upon the
density, frequency, and accuracy of the observations used as
input for computing wind fields. On the basis of this study,
it appears that the hybrid approach of using a coarser MM5
run with a finer CALMET run does adequately represent
meteorological conditions in complex terrain such as Hong
Kong. However, the accuracy of the result will depend on
the accuracy of the initial guess field of the MM5 simula-
tion, it appears that whether CALMET is used or not, good
model performance in areas of complex terrain requires that
the prognostic model should be run at the highest possible
horizontal resolution (grid spacing less than about 3 km, if
possible).
[44] While it is true that there are dense and high-rise

urban areas within Hong Kong, it covers less than 20% of
Hong Kong’s territory (see Figure 2, right). The urban
canopy model [Dupont et al., 2004] can be incorporated

Figure 12. The 2004 seasonal average power at 60 m within Hong Kong: spring (February–April),
summer (May–July), autumn (August–October) and winter (November–January).
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in our study for further study. Such incorporation would
likely give a better representation of radiative exchange
within the complex urban canyon and give more detailed
meteorological fields inside the roughness sublayer near and
around urban areas, but it is less important for areas where
wind turbines are likely. However, this kind of urban
canopy model requires a whole new set of parameterizations
and additional input data characterizing the canopies which
are not yet available for Hong Kong.
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