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Abstract: The results from a hybrid approach that combines a mesoscale meteorological model with a 
diagnostic model to produce high-resolution wind fields in complex coastal topography are evaluated. The 
diagnostic wind model (California Meteorological Model, CALMET) with 100-m horizontal spacing was 
driven with outputs from the Weather Research and Forecasting (WRF) model to obtain near-surface winds 
for the 1-year period from 12 September 2003 to 11 September 2004. Results were compared with wind 
observations at four sites. Traditional statistical scores, including correlation coefficients, standard 
deviations (SDs) and mean absolute errors (MAEs), indicate that the wind estimates from the 
WRF/CALMET modeling system are produced reasonably well. The correlation coefficients are relatively 
large, ranging from 0.5 to 0.7 for the zonal wind component and from 0.75 to 0.85 for the meridional wind 
component. MAEs for wind speed range from 1.5 to 2.0 m s-1 at 10 meters above ground level (AGL) and 
from 2.0 to 2.5 m s-1 at 60 m AGL. MAEs for wind direction range from 30 to 40 degrees at both levels. A 
spectral decomposition of the time series of wind speed shows positive impacts of CALMET in improving 
the mesoscale winds. Moreover, combining the CALMET model with WRF significantly improves the 
spatial variability of the simulated wind fields. It can be concluded that the WRF/CALMET modeling 
system is capable of providing a detailed near-surface wind field, but the physics in the diagnostic 
CALMET model needs to be further improved. 
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1  INTRODUCTION  

The accurate assessment of wind energy potential 
calls for developing better methods of producing 
high-resolution wind fields. For designing wind power 
plants and micrositing of wind turbines, detailed 
spatial characteristics of the wind field are desired, 
particularly in areas of complex terrain. The regional 
representation of local field measurements highly 
depends on the quality and availability of wind 
records. Topography also increases the complexity of 
the flow as a consequence of its dynamic and thermal 
effects[1-4]. Generally, mesoscale meteorological 
models are used to deduce the near-surface wind field 
in complex terrain by dynamical downscaling of 
reanalysis data. A typical jump in the horizontal 
resolution is from about one to two degrees down to a 
few kilometers. For example, Rife et al.[5] downscaled 
the 40-km Eta model analyses onto the domain with a 

1.33-km grid increment for the area of the Salt Lake 
valley and surrounding mountains, using the 
fifth-generation Pennsylvania State 
University-National Center for Atmospheric Research 
Mesoscale Model (MM5). It was found that the 
1.33-km MM5 was capable of reasonably representing 
the complex terrain of the Salt Lake City region and 
corresponding influences on the local circulation 
patterns. The ALADIN (a high resolution numerical 
prediction project) model was applied in the study of 
Žagar et al.[6] to downscale the 40-yr European Centre 
for Medium-Range Weather Forecasts (ECMWF) 
Re-Analysis (ERA40) data onto a 10-km grid 
covering the complex terrain of Slovenia. The 
simulated wind field at 10 m above ground level 
(AGL) was compared with the observations at 11 sites, 
and the results showed that the model performed best 
at mountaintop sites. Jiménez et al.[7] also downscaled 
the ERA40 data for the period 1992–2005 using the 



No.3                          LU Yi-xiong (路屹雄), TANG Jian-ping (汤剑平) et al.                             285 

 
285

Weather Research and Forecasting (WRF) model with 
a 2-km resolution to investigate the daily-mean wind 
variability over the Iberian Peninsula. Wind 
observations were divided into four subregions with 
similar temporal wind variability. The simulated 
variability at the four subregions was similar to that 
found in the observations, and the meridional wind 
variability was reproduced more accurately than the 
zonal wind. More detailed descriptions of the 
aforementioned studies can be found in the literatures. 
These studies are briefly reviewed here to illustrate 
the effectiveness of the dynamical downscaling as a 
tool for analyzing high-resolution wind fields using 
meteorological mesoscale models. Model results can 
provide three-dimensional wind field structures that 
cannot be obtained from field measurements. They 
can describe the changes induced on the wind field 
from the topography and land cover variations. 
Moreover, model-based approaches allow for a more 
complete understanding of the physical processes and 
mechanisms that impact the wind variability. 

More recently, the hybrid approach is 
increasingly being used by combining a mesoscale 
prognostic model with a diagnostic meteorological 
model. The mesoscale model accounts for treating 
dynamic effects on scales of several kilometers, and 
the diagnostic model is defined on a grid with much 
finer resolution to address smaller-scale topographic 
effects (Ludwig et al.[8]). This hybrid approach is 
considered practical enough to provide finer details of 
wind fields in complex terrain, with acceptable 
computational requirements. One of the most 
prominent examples is the MM5/California 
Meteorological Model (CALMET) modeling 
system[9-11]. Yim et al.[11] investigated the wind energy 
potential in Hong Kong by producing high-resolution 
wind maps for the entire year of 2004 using the hybrid 
MM5/CALMET system. The MM5 simulations were 
performed on four nested grids at horizontal 
resolution from 40.5 km down to 1.5 km, and the 
CALMET model was run in a domain with a fine 
resolution of 100 m. The MM5 model outputs were 
ingested into the CALMET model, and CALMET 
adjusted the mesoscale winds to the finer-resolution 
topography. Subsequently, the model results were 
integrated with extensive field measurements from 
forty-one surface sites and one upper air sounding site 
in the objective analysis procedure of CALMET. The 
wind observations were blended with model results 
based on an inverse-distance-squared interpolation 
scheme. The final results indicated that this hybrid 
MM5/CALMET system could generate accurate wind 
fields for evaluation of wind energy resources in 
Hong Kong with an extremely complex topography. 
However, the overall performance of the CALMET 
model may be contributed by the objective analysis 
procedure, rather than the physical adjustments for the 
finescale terrain effects. The performance of 

CALMET treating terrain effects without 
measurements intervention was not rigorously 
evaluated. Obviously, the reliability of the objective 
analysis depends upon the density, frequency, and 
accuracy of the observations, but studies are often 
undertaken over a region with complex topography 
where limited or no observations are available. It is 
intended to lean on the ability of the model to deduce 
its own near-surface wind field structures. In this 
paper, the study area encompasses Hailing Island, on 
the coast of South China Sea. Elevations range from 
sea level to over 360 m; several small hills are located 
on the Hailing Island. The mesoscale WRF model is 
employed to provide the coastal weather conditions 
over this tropical region. The CALMET model is 
expected to resolve the microscale terrain effects of 
Hailing Island. The main purpose of this study is to 
evaluate the simulated winds produced by the hybrid 
WRF/CALMET modeling system. The objectives are 
1) to verify the performance of the WRF/CALMET 
system in terms of traditional verification statistics 
and wind variability spectra, 2) to evaluate the 
existing physical terrain treatments in CALMET, and 
describe the degree to which the accuracy of the wind 
simulations can be improved by CALMET without 
objective analysis, and 3) to describe the CALMET’s 
accuracy relative to the initialization by WRF outputs, 
and determine whether it is required that the WRF 
model should be run at the highest possible horizontal 
resolution. 

The paper is organized as follows. Details of 
experimental design are presented in Section 2. The 
observational data used for model validation and the 
verification strategies are also presented in this 
section. Results are discussed in Section 3. First the 
performance of the hybrid modeling system is 
validated in terms of traditional scores, and then the 
verification is undertaken in spectral domains. The 
spatial variation of the simulated wind fields obtained 
by the WRF/CALMET system is also discussed. At 
last, the main conclusions and discussion are 
summarized in Section 4. 

2  EXPERIMENTAL DESIGN 

2.1  Mesoscale model WRF 

The prognostic mesoscale model used in this 
study is the Weather Research and Forecasting (WRF) 
model version 3.1.1, developed by the National 
Center for Atmospheric Research (NCAR). WRF has 
been a widely used community model designed to 
simulate mesoscale and regional-scale atmospheric 
circulations (Skamarock et al.[12]). Good performances 
have been proved in previous studies[13-17]. In this 
study, the WRF model was configured with four 
one-way nested domains with horizontal grid spacing 
of 27 (D1; mesh size of 180×130), 9 (D2; mesh size of 
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193×154), 3 (D3; mesh size of 175×175), and 1 (D4; 
mesh size of 82×82) km, respectively (Figure 1). The 
outermost 27-km domain covers most of southeastern 
China and South China Sea to capture the 
synoptic-scale features, whereas the innermost 1-km 
domain covers Hailing Island and its vicinity and is 

designed to resolve the local-scale circulation features. 
In the vertical direction, 35 full Eta levels from the 
surface to 100 hPa were defined on a non-uniform 
vertical grid, with the lowest 12 levels below 1 km to 
resolve the detailed structure of the planetary 
boundary layer (PBL).

 

 
Figure 1. Area coverage for the four nested grids in the WRF model. The grid increment for each grid is indicated. The expanded 
innermost grid shows the shoreline and the location of the Hailing Island. The box in the innermost grid indicates the study region, 
which is also the computational domain in the CALMET model.

The Single-Moment 3-class simple ice scheme 
was applied in all domains for microphysical 
parameterization (Hong et al.[18]). The Kain-Fritsch 
cumulus scheme was used in D1 and D2 (Kain[19]), 
and explicit convection was calculated in D3 and D4. 
Shortwave radiation processes were parameterized 
using the Dudhia scheme (Dudhia[20]) and the Rapid 
Radiative Transfer Model (Mlawer et al.[21]) was 
applied for longwave radiation processes. The Yonsei 
University (YSU) PBL scheme was used for the PBL 
scheme (Hong et al.[22]). Finally, the Noah land 
surface model was used. The topographic data were 
obtained from the U.S. Geological Survey (USGS) 
global 30 arc-seconds elevation (GTOPO30) dataset, 
and the 20-category MODIS-based land use data were 

used to determine the surface physical properties. 
In recent years, climatological studies have shown 

that mesoscale models perform better in a reinitialized 
short-term integration mode than in a continuous 
long-term integration mode[23-25]. In the present study, 
a 1-year data set of wind simulations were obtained by 
multiple short WRF runs. For each run on the four 
nested domains, D1 was initialized as a “cold start” at 
0600 UTC and run for 48 h. The initial conditions 
were provided by the 1.125° European Centre for 
Medium-Range Weather Forecasts (ECMWF) - 
Tropical Ocean and Global Atmosphere (TOGA) 
global analyses. The inner domains (D2, D3 and D4) 
were started every 6 hours and ended at the same time 
as D1. Therefore, D4 was started at 0000 UTC and 
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run for 24 h. The initial fields of each inner domain, 
interpolated from its mother domain, are expected to 
contain more mesoscale information. Moreover, WRF 
has four-dimensional data assimilation (FDDA) 
capacities based on nudging techniques. In the current 
study, only grid nudging was applied to the outermost 
domain (D1) to improve the accuracy of the 
synoptic-scale background flow. Neither grid nudging 
or observational nudging was applied to D2, D3 and 
D4 to retain the ability of the WRF model to generate 
its own mesoscale features. 

2.2  Diagnostic model CALMET 

The diagnostic meteorological model used in this 
study is the California Meteorological Model 
(CALMET) version 6.326, which is the 
meteorological component of the California Puff 
(CALPUFF) dispersion modeling system (Scire et 
al.[26]). The diagnostic CALMET uses a two-step 
approach to compute the wind fields. In the first step, 
an initial-guess wind field is adjusted for kinematic 
effects of terrain, slope flows, and terrain blocking 
effects to produce a Step 1 wind field. The second 
step consists of an objective analysis procedure to 

introduce observational data into the Step 1 wind field 
to produce a final wind field. 

In this present study, the Universal Transverse 
Mercator (UTM) grid system was used in CALMET 
and the computational domain was set up with 
261×201 grid points with 100 m grid spacing (Figure 
2). CALMET is written with terrain-following vertical 
coordinates and the vertical coordinates were set with 
22 levels, including 10, 20, 30, 40, 50, 60, 70, 80, 90, 
100, 110, 120, 130, 140, 150, 200, 300, 400, 550, 700, 
850 and 1000 m. The objective analysis procedure 
was not used. The major part of this paper is 
concerned with the evaluation of the terrain-adjusted 
Step 1 wind field. The terrain in CALMET was 
constructed using the National Aeronautics and Space 
Administration (NASA) Shuttle Radar Topography 
Mission 3 arc-seconds (SRTM3) terrain data. As 
shown in Figure 3, the topographic features of Hailing 
Island are more detailed as the grid size decreases 
from 3 km to 100 m. The CALMET computations in 
this study could be regarded as an attempt to 
compensate for the difference between the mesoscale 
model and the actual terrain elevations.

 

 
Figure 2. Computational domain in CALMET (area in the box shown in Figure 1). The shaded contours represent the terrain 
elevations. The four wind measurement masts are indicated by solid dots with their corresponding names. The dashed box enclosing 
four major hills indicates the region discussed in Section 3.3.

WRF generates a vertical profile of winds over 
each grid point. The CALMET model contains an 
option to allow the WRF profile to serve as the 
initial-guess field. The first step is to interpolate the 
gridded mesoscale winds to the CALMET horizontal 
and vertical grids. The linear interpolation is 

performed to convert winds at the mesoscale model’s 
vertical levels to the CALMET levels. An 
inverse-distance-squared weighting procedure is used 
in the horizontal to interpolate the mesoscale model 
winds to the CALMET grid points. In the present 
study, WRF profiles in 3-km D3 and 1-km D4 were 
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used as input to CALMET, respectively.
 

 
Figure 3. Orography of Hailing Island as represented by (a) the WRF model with 3-km horizontal resolution, (b) the WRF model 
with 1-km horizontal resolution, and (c) the CALMET model with 100-m horizontal resolution.

2.3  Data preparation  

The simulated wind time-series were obtained by 
1) the 3-km WRF, denoted as W3km, 2) the 1-km 
WRF, denoted as W1km, 3) the 3-km WRF coupled 
with the 100-m CALMET, denoted as W3km/C100m, 
and 4) the 1-km WRF coupled with the 100-m 
CALMET, denoted as W1km/C100m, respectively. 
The model output was saved every hour. So the 
simulated time series consists of hourly instantaneous 
wind speed. The simulated wind speed at a site was 
selected at a point which best corresponds to the 
surrounding orography, among the four neighboring 
grid points. On the other hand, the observational data 
were collected from four wind measurement masts 
(Figure 2). The wind speed and direction were 
recorded as an integrated average for every 10-min 
interval at both 10 m and 60 m AGL. The records at 
the top of every hour were used as validation data. 
Both the observed and simulated time-series covered 
the period from 12 September 2003 to 11 September 
2004. The validation period includes all seasons with 
a chance of covering most of the typical 
meteorological situations, so it could be expected to 
describe the surface wind climatology over the study 
area. 

3  RESULTS 

3.1  Traditional verification statistics 

A basic visual assessment of the wind speed 
distribution conveys a first impression of the 
simulation accuracy. Figures 4 and 5 show boxplots of 
wind speed simulations made by the WRF/CALMET 
system, together with the corresponding observations. 
Boxplots provide a means of examining the location, 
spread and skewness of the observations and the 
simulations. The box covers the central 50% of the 
data, and the line across the center of the box 
indicates the median. The whiskers attached to the 
box show the range of the data, from minimum to 
maximum. At 10 m AGL, the medians of the 
simulated winds are near the observed; whereas the 
simulated medians generally present a shift to the high 
winds at 60 m AGL. The spread of the simulations is 
less than the spread of the observations at 10 m AGL, 
especially at the sites of DDB and CSC. The 
simulated maximal wind speeds are 6 m s-1 and 3 m s-1 
less than the observed maxima at DDB and CSC, 
respectively. However, the extreme winds are 
simulated better at 60 m AGL, excluding DDB. 
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Figure 4. Boxplots of the wind speed simulations and the corresponding observations at 10 m AGL for sites of (a) JCF, (b) DDB, (c) 
CSC and (d) XCH in the 1-year period. 
 

 
Figure 5. Same as Figure 4 but at 60 m AGL.

The quantitative comparison between simulated 
and observed winds was then performed using Taylor 
diagram (Taylor[27]). The Taylor diagram is a polar 
plot. The angle depicts correlation ranging from 0 to 1. 
The radial coordinate represents the standard 
deviation (SD), normalized by the observed SD. 
Hence, the unit point at the abscissa indicates 

observations. Because the SDs of the two time series 
and their correlation are related with the 
root-mean-square error (RMSE) of the anomalies by 
the law of cosines, the RMSE of anomalies is 
proportional to the radial distance from the unit point. 
Figure 6 shows Taylor diagrams calculated with the 
simulated and observed wind components for each 
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site. The good performance of the WRF/CALMET 
system could be demonstrated by the relatively large 
correlation. Rife et al.[5] proposed that a value of 0.4 is 
appropriate to represent the subjective cutoff for 
“useful” near-surface wind field forecast skill. In 
Figure 6, the correlation coefficients are above 0.5 for 
both zonal and meridional wind components. The 
maximum (0.84) is reached at the CSC site for the 
60-m-AGL meridional wind component. The 
meridional wind is reproduced more accurately than 
the zonal wind, which is consistent with the results 
found by Jiménez et al.[7]. In particular, the correlation 
ranges from 0.52 to 0.71 for the zonal wind 
component, whereas it ranges from 0.75 to 0.84 for 
the meridional wind component. For the 10-m-AGL 
zonal wind, the SDs are generally underestimated, 
while the SDs of the zonal wind at 60 m AGL are 
overestimated. For the meridional wind, the SDs are 
overestimated at both 10 m and 60 m AGL. Moreover, 
there is no consistent tendency for the errors to 
decrease with increased horizontal resolution, leading 
to the counterintuitive fact that wind simulations do 
not generally improve with higher resolution. Actually, 
the statistical improvements are minimal with a 
reduction in grid spacing from 3 to 1 km in WRF. The 
skill scores are contaminated somewhat by the 
CALMET computations. An example of this is that 
the W3km time-series are the best estimates for the 
10-m-AGL zonal wind component. 

Figure 7 summarizes the diurnal variations of the 
mean absolute errors (MAEs) for wind speed and 
direction. MAEs for wind direction range from 30 to 
40 degrees. Interesting features of the MAEs for wind 
direction are the two maxima around 0300 UTC (1100 
LST) and 2000 UTC (0400 LST), respectively. The 
transition between sea breeze and land breeze usually 
happens at these times. It may be that the WRF model 
does not adequately represent the complex transition 
processes. The near-surface wind field is highly 
variable over the coastal region during these transition 
periods. The MAEs for the 10-m wind speed range 
from 1.7 to 2.1 m s-1, whereas they are about 0.5 m s-1 
larger at 60 m AGL. In addition, it can be found that 
the errors are enlarged with finer grid resolution. In 
fact, the wind speed estimates from W3km are the 
best with smallest MAEs. Although the topographic 
features are resolved more realistically with finer 
grids, increasing horizontal resolution does not 
necessarily produce more skillful statistical scores 
(Mass et al. [28]). 

3.2  Spectral analysis 

In the study of Rife et al.[5], the circulation scales 
were grouped into three period bands: the diurnal 
period of 22-26 h, the subdiurnal period, and the 

longer-than-diurnal (LTD) period. The mesoscale and 
smaller scale flows could be quantitatively defined by 
the power in the diurnal and subdiurnal components 
of the wind time-series. For this purpose, the wind 
speed time series were decomposed by the spectral 
analysis method based on the discrete fast Fourier 
transform (Ghil et al.[29]). As shown in Figure 8, the 
spectral curves do not vary much with location. All 
the four sites have a large amount of LTD power, 
which may be considered with synoptic scale motions. 
Furthermore, the power curves present two maxima 
around the periods of 24 h and 12 h, respectively, 
indicating that the motions with diurnal and 
subdiurnal scales are evident in the study area. 

A common action of model dynamics and physics 
at a finer resolution enhances the temporal variability. 
Downscaling by the WRF/CALMET modeling system 
introduces new scales. It is desired that the 
WRF/CALMET system have its spectral power 
distribution as close as the observed distribution, and 
the amount of power in each time range as similar as 
possible to the measured amount. These expectations 
are checked in Figure 9. The LTD and diurnal bands 
are reproduced reasonably well. The largest 
discrepancy between the WRF/CALMET results and 
observations is found in the subdiurnal range. The 
motions with subdiurnal time scales may be forced by 
orographic or other landscape forcing rather than 
forced by the thermal circulations. 

A more quantitative comparison of the observed 
and simulated spectral distribution is provided in 
Figures 10 and 11. The spectral power in each band is 
normalized by the total power for each site. At 10 m 
AGL, it can be noted that the sites are grouped into a 
group of three (JCF, DDB and XCH), and one isolated 
site (CSC). Sites of JCF, DDB and XCH contain 
about 66% of their power in the LTD band and about 
25% in the subdiurnal periods, whereas CSC contains 
81.6% of its power in the LTD band and 16.2% in the 
subdiurnal period. Only 3% of the spectral power is 
attributed to the diurnal band. The results from W3km 
classify the sites of JCF, CSC and XCH in complex 
terrain as a category, leaving the DDB site at flat 
terrain as the isolated one. The W3km spectra have 
more power in the LTD band and less power in the 
subdiurnal bands. W1km reduces the power in the 
LTD band by 1–3%. The power in the diurnal and 
subdiurnal bands is increased by 1–5% and 1%, 
respectively. Finally, results from W3km/C100m and 
W1km/C100m are similar and present the largest 
power in the LTD band and the smallest power in the 
subdiurnal band at the site of CSC. This feature is 
consistent with the observed. Similar results are 
shown in Figure 11 for wind speed at 60 m AGL.
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Figure 6. Normalized Taylor diagrams comparing the (left) zonal and (right) meridional wind components at each site.

3.3  Spatial variability 

Investigating the spatial variability of the 
simulated wind field is important because one of the 
major potential benefits of the WRF/CALMET 
modeling system is for capturing the effects of finer 
scale terrain on the wind field. Figure 12 illustrates 
the 30-m-AGL wind field obtained by W1km and 
W1km/C100m, respectively. Although the 1-km WRF 
can develop the regional wind regime, it could not 
resolve the detailed terrain structure and flow 
variation as shown in Figure 12a. Wind speed and 

direction are almost uniform on the 1-km grid. On the 
other hand, the 100-m CALMET provides more 
detailed terrain and wind field structures within the 
local region as shown in Figure 12b. The prevalent 
wind pattern is defined by both the northeast wind and 
the speed-up and sheltering by hills. For example, the 
blocking effects of hill C, and flows around hill C 
were clearly reproduced by CALMET. The 
corresponding channel effects between hills B and C, 
as well as between hills D and C are also captured. 
The wind speed exhibits significant spatial variation 
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on the 100-m grid, characterized by wind speed 
maxima around hilltops associated with slope flows. 
In addition, two primary wind speed minima are 
located between hills A and C, associated with the 
convergence of flows on the downwind side of hill C 

and the blocking effects on the upwind side of hill A. 
These results indicate that the combined 
WRF/CALMET system shows great skill at deriving 
local structure of wind field in a complex terrain.

 

 
Figure 7. Diurnal characteristics of the average MAE for wind speed (left panels) and wind direction (right panels) in the 1-year 
period. 
 

 
Figure 8. Spectral power distribution as a function of period for the observed wind speed at the four sites at (a) 10 m AGL and (b) 
60 m AGL.

4 CONCLUSIONS AND DISCUSSION 

In this study, a combined WRF/CALMET 
modeling system was developed to generate wind 
estimates on the hilly Hailing Island. WRF was run in 
a one-way nested mode with grid spacing of 27, 9, 3 
and 1 km. CALMET was run with grid spacing of 100 
m, coupled offline to the WRF model. Simulated 
winds were first compared with the time series of 

observations at 4 sites by traditional verification 
scores. Decreasing grid spacing from 3 km to 100 m 
provides more detailed topographic features, but there 
is no corresponding improvement indicated by the 
correlation coefficient. The MAEs actually increase 
somewhat as the grid spacing decreases. The 
traditional statistical scores are incapable of showing 
a positive impact of increasing horizontal resolution.
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Figure 9. Observed versus simulated power spectra for the wind speed at the four sites. The shaded areas represent the observed 
spectra.

Similar results have been found in the study of 
Ludwig et al.[8], in which the diagnostic wind model 
(Winds on Critical Streamline Surfaces, WOCSS) was 
driven with forecasts from the Coupled 
Ocean-Atmosphere Mesoscale Prediction System 
(COAMPS) to obtain detailed near-surface wind 
forecasts with 3-km horizontal spacing. It was pointed 
out that the diagnostic model was developed to treat 
terrain effects on atmospheric flows during stable 

conditions. The unstable conditions were not what the 
model was designed to address. The relatively long 
analytical periods might span both types of conditions 
and blur the results. The performance of CALMET 
under very specific weather situations can be 
investigated for future study. Such investigations 
would likely give clues to improve the physics in 
CALMET to address some constraints imposed on the 
flow by the terrain under different weather situations.
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Figure 10. Observed (blue) versus simulated (red) spectral power at 10 m AGL in each band normalized by the total power. 

 

 
Figure 11. Same as Figure 10 but at 60 m AGL. 
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Figure 12. Comparison of wind fields between (a) the W1km analyses and (b) the W1km/C100m analyses (see Figure 2 for 
locations). The average wind fields are calculated at 30 m AGL from September 12 to November 17, 2003. The shades of color 
represent the mean wind speed, and the vectors represent the prevailing wind direction. The isopleths represent the terrain height 
with intervals of 40 m.

A more physical insight is attempted through a 
comparison of the observed and simulated wind 
time-series in the spectral domain. The WRF model 
with 3-km grid spacing tends to group sites in 
complex terrain (JCF, CSC and XCH) into a category, 
and isolate the site (DDB) at flat terrain. Results from 
the 1-km WRF were similar to that from the 3-km 
WRF. More realistic spectral distributions are 
presented by the 100-m CALMET results. It is 
encouraging of the WRF/CALMET modeling system 
to show positive impact in simulating highly variable 
wind field in complex terrain. The CALMET model 
could add value to the simulations for the near-surface 
wind field, suggesting that the subdiurnal scale flows 
relating to the local topography could be generated to 
some extent. 

An intercomparison indicates that the potential 
benefit of the high-resolution WRF/CALMET system 
is great. Increasing horizontal resolution does provide 
more realistic simulated wind fields. Wind flows 
around hills, slope flows and blocking effects of hills 
are clearly presented in the CALMET analyses. Wind 
speed maxima are generally associated with hilltops, 
and the minima are found on the upwind side of hills 
due to the blocking effects and on the downwind side 
of hills as the convergence of flows. 

The overall performance of the WRF/CALMET 
system is good in deriving high-resolution wind field 
in complex terrain. Developing alternative evaluation 
methodology would be an important extension to the 
current work. It is expected that more physical clues 
can be uncovered in the process of developing the 
WRF/CALMET system. 
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