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In this study, the WRF (Weather Research and Forecasting) model was used to simulate and investigate diurnal and annual
variations of wind speed and wind power density over Southern Vietnam at 2-km horizontal resolution for two years (2016 and
2017). )e model initial and boundary conditions are from the National Centers for Environmental Prediction (NCEP) Final
Analyses (FNL). Observation data for two years at 20m height at Bac Lieu station were used for model bias correction and
investigating diurnal and annual variation of wind speeds.)e results show that theWRFmodel overestimates wind speeds. After
bias correction, themodel reasonably well simulates wind speeds over the research area.Wind speed and wind power density show
much higher values at levels of 50–200m above ground levels than near ground (20m) level and significantly higher near the
coastal regions than inland. Wind speed has significant annual and diurnal cycles. Both annual and diurnal cycles of wind speeds
were well simulated by the model. Wind speed is much stronger during daytime than at nighttime. Low-level wind speed reaches
the maximum at about 14 LT to 15 LTwhen the vertical momentummixing is highly active. Wind speeds over the eastern coastal
region of Southern Vietnam are much stronger in winter than in summer due to two main reasons, including (1) stronger large-
scale wind speed in winter than in summer and (2) funnel effect creating a local maximum wind speed over the nearshore ocean
which then transports high-momentum air inland in winter.

1. Introduction

Wind energy is an increasingly important contribution to the
market of the world’s electricity. According to the report of the
International Renewable EnergyAgency (IRENA) in 2018, wind
energy is the second most important renewable source of
electric power in theworld, only after hydropower [1]. In the last
ten years, the wind power energy production has increased
more than 3.8 times (from 150GW in 2009 to 564GW in 2018)
with an annual growth rate of about 50GW/year [1].

To exploit wind energy, the most important step is to
assess the wind energy potential, which is expressed under a
type of kinetic energy. )e total annual kinetic energy of air
movement in the atmosphere is around 3×1015 kWh, which

can be equivalent to 0.2% of the solar energy reaching the
Earth. )e usable potential of wind energy is evaluated to be
30×1012 kWh/year [2]. )e wind energy potential has been
accessed over many regions of the world, both inland and
oversea [3–13]. To assess the potential of wind energy in a
region, it is essential to investigate the wind speed properties
in the region. )e wind speed at a particular location can be
best determined from measurements by anemometers
placed on meteorological towers. Due to the high cost of
wind measurement, simulated winds from mesoscale nu-
merical models are also utilized to assess the wind power
potential over large areas [10, 14–20].

Since Vietnam has more than 3,000 km of coastline,
there are favorable conditions for wind power development.
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)e summer is predominated by southwest winds, whereas
the winter is governed by the northeast wind. In 2012, the
first wind power plant was installed in Binh )uan. By the
end of 2018, the total energy of wind power plants installed
in Vietnam reached approximately 200MW. As stated in the
plan of national electricity development, Vietnam will install
a total capacity of 6,000MW of wind power, which satisfies
approximately 2.1% of total energy demand by 2030 [21].

Luu et al. [22] observed wind speeds at 40m height from
May 1998 to April 2000 to estimate wind power density in
Quy Nhon, Binh Dinh, Vietnam, to state that the annual
mean wind speed is about 5.5m s−1 and the wind power
density is about 188Wm−2 [22]. Under the sponsorship of
the World Bank, the True Wind Solutions (TWS) Company
constructed wind speed maps at 30m and 65m height for
Vietnam [23].)e wind speedmap is based on the outputs of
the MesoMap model and wind data observed at 40m height
at Quy Nhon, Vietnam, and other stations at 10m height
from the Hydrometeorology network system in Vietnam.
)e results indicated that Vietnam has high potential wind
energy, with more than 39% of the country area having an
annual mean wind speed of more than 6m s−1 at 65-m
height, equivalent to wind energy of 512GW [23]. Nguyen
[11] used the wind data provided by the World Bank to
assess the wind energy potential in Vietnam. )e author
showed that Vietnam has good potential wind energy with
about 31,000 km2 of inland area that can be available for
exploiting wind energy, of which there is about 865 km2 of
high potential wind energy at the cost of 6 US cent per kWh.
)e total wind power production of the high potential area
alone is about 3572MW [11].

In 2011, under the sponsorship of the World Bank, the
AWS TruePower company created an updated wind re-
source Atlas of Vietnam [24]. )e main goal of the project
was to update the previous wind energy resource Atlas of
Southeast Asia (2001) using the latest available wind mea-
surements. A set of wind energy maps constructed for 60, 80,
and 100m height shows that the areas of high potential wind
energy are concentrated mainly in the coastal areas of the
southern provinces, between Ho Chi Minh City and Khanh
Hoa province. Under the sponsorship of the World Bank,
the University of Technology of Denmark collaborated with
other organizations to develop a global wind Atlas (wind
speed and wind power density map) at 50, 100 and 200 m
level in 2018. )e set of maps was created by running the
WRFmodel at a resolution of 3 km and then was downscaled
to 250m resolution using Wind Atlas Analysis and Appli-
cation Program (WAsP) microscale model. )e global wind
Atlas covers entire mainland and 30 km shoreline [1]. Al-
though the maps provide overall pictures of wind energy
resources for the region of Vietnam, to exploit wind energy
or evaluate wind energy potential at a specific location of
Vietnam, further analyses based on more intensive obser-
vation and higher resolution dynamical models should be
conducted.

)e southern region of Vietnam is embedded in the
Southeast Asia monsoon region. Wind is characterized by
monsoon circulation with two seasons: the summer monsoon
fromMay to October and the winter monsoon fromNovember

to April [25, 26].)e summermonsoon is onset when the trade
winds from Southern Hemisphere flow through the equator
and change direction to be southwesterly [25, 27]. )e summer
monsoon is strongest in July and August. In winter, the
northeast monsoon is dominated [25, 27].)e winter monsoon
is strongest in December and January. In addition to the
dominated monsoon circulation, in the southeastern coastal
areas, including Bac Lieu, local wind regimes such as land-sea
breezes are also observed, especially during weak monsoon
days. In Vietnam, land-sea breezes blow in the coastal region
and have a significant influence to 5–10km inland [27].

)is study firstly verifies a high-resolution WRF model on
simulating wind speeds and wind power density over the
Southern Vietnam region. A wind speed adjustment scheme
was constructed to adjust WRF-simulated wind speed with
observation to reduce systematic overestimating wind speed of
themodel. Secondly, adjustedwind speeds from the high (2km)
resolution simulation are used to investigate the spatial dis-
tribution of wind speed and wind power density over Southern
Vietnam. Finally, observed and simulated wind speeds were
used to investigate the diurnal and annual cycle of wind speeds
in the region.)e next section of the article will present data and
methodology. )e main results are shown in Section 3. A
summary is given in Section 4.

2. Data and Methodology

2.1. Model Configuration. In this study, a nonhydrostatic,
three-dimensional primitive equation model, the Weather
Research and Forecasting (WRF) model [28], version 3.7,
was used to simulate the meteorological fields over Bac Lieu
and Southern Vietnam regions. Data from the National
Centers for Environmental Prediction (NCEP) Final Ana-
lyses (FNL) at one-degree horizontal resolution were used to
initialize the WRF model.

)e WRF model was configured with four nested domains
in two-way nestingmode.)e horizontal resolutions are 54km,
18km, 6km, and 2km, and horizontal dimensions are 100× 61,
154×145, 163× 217, and 127×133, respectively (Figure 1).
)ere are 38 vertical levels from the surface to 50hPa level. )e
physical parameterization options (e.g., convective scheme and
cloud microphysics) in WRF are represented in Table 1. )e
physical model configurations were selected based on previous
studies [14, 28–34]. )e terrain height, land use, and soil type
data for the lower boundary conditions of the model are from
the USGS global dataset with 24 categories of vegetation data
and 17 categories of soil type data.)e highest resolution of the
dataset is 30 s of longitude (or about 1km). Model is initialized
every day at 00Z and run for 36hours from January 1st 2016 to
December 31st 2017. A total of 731 high-resolution, 36-hour
model runs are conducted. To avoid the effect of model spin-up
time on simulated data quality, the first 12-hour data are not
used. Data from 13th to 36th hour are used for verification and
construction of wind speed and wind energy maps.

2.2. Data. Wind data measured at 20m height at the At-
mospheric Physics Bac Lieu station (9.299°N, 105.711°E)
were used in this work (Figure 2) for verification and

2 Advances in Meteorology



adjustment of simulated wind speed and investigating the
diurnal and annual variation of wind speed. Bac Lieu station
location is about 10 km from the sea. Rice fields are within a
radius of 200m from the station. )e anemometer is pro-
vided by Davis Instruments Company, USA. )e ane-
mometer model is the Davis 6163 Wireless Vantage Pro2
Plus with a wind speed measure range of 1.0–67.0m s−1 and

an accuracy of 1m s−1 (or 5%, whichever is greater). )e
anemometer has been calibrated by the Inspection Center of
the Ministry of Natural Resources and Environment. )e
wind speed at 20m level from surface is measured at a
temporal resolution of 1min for a two-year period from
January 2016 to December 2017. )e one-minute data are
used to compute hourly data for comparison with model
simulation.

Two years (January 2016 to December 2017) of high-
resolution (2 km) WRF data and observation are used to
compute error statistics and investigate the diurnal and
annual variation of wind speeds at Bac Lieu station and over
the research area. Simulated data after adjustment are also
used to construct maps of wind speeds and wind energy at
10, 20, 50, 100, and 200m height above ground. )e grid
FNL data are used as model input. )e FNL data are also
used for model verification and analysis of wind speed
distribution on the grid.

2.3. Wind Speed Adjustment Method. )e model wind
speeds are adjusted to remove the model systematic bias
using the following empirical function:

U
adj
mod � Umod − αBias, (1)

where U is the wind speed and Bias is the model bias of
wind speed at 20m level at Bac Lieu station. Alpha is an
empirical parameter for wind speed adjustment at a grid
point to make sure that the wind speed is not negative after
adjustment. Without α in equation (1), the simulated wind
speed less than the Bias value will be less than zero, which is
not valid for wind speed.)e αparameter is to make sure that
wind speed is less reduced by adjustment to avoid negative
value after adjustment. Alpha is calculated as follows:

Bias � U
sta
mod − U

sta
obs, (2)

α1 � exp −
2Bias − Umod

βUmod
 

2
⎡⎣ ⎤⎦, (3)

α2 �

�����
Umod

2Bias



;

β � 2.8,

(4)

α �

α1 + α2
2

, if Umod ≤ 2Bias,

1, if Umod > 2Bias,

⎧⎪⎪⎨

⎪⎪⎩
(5)

)e values of α as a function of wind speeds are shown in
Figure 3(a). Based on the value of alpha, wind speed larger
than 4m s−1 is fully reduced by the model bias value. )e
small wind speed is less changed with the adjustment.

)e scatter plot of model vs. observed sorted wind speed
(Figure 3(b)) shows that after bias correction, wind speeds
were well adjusted. )e model bias was mostly removed. It
can be seen that wind speeds greater than 4m s−1 also have
similar values of systematic errors to those at lower wind
speeds. Only two extreme values of wind speed higher than

Table 1: Physic configurations for simulation in WRF.

Model physics Scheme Reference

Surface layer )e Monin-Obukhov
similarity [28]

Microphysics )ompson [29]
Short-wave radiation Dudhia [30]

Long-wave radiation Rapid Radiative Transfer
Model (RRTM) [31]

Planetary boundary
layer )e Yonsei University [28]

Convective
parameterization Kain-Fritsch [29]
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Figure 1: )e four nested domains employed in this work with
horizontal resolution of 54 km (d01), 18 km (d02), 6 km (d03), and
2 km (d04), respectively.

Longitude

La
tit

ud
e

Figure 2: Location of Bac Lieu station.
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12m s−1 have relatively smaller bias than at other wind speed
values. )us, overall the adjusted method is feasible to apply
wind speed higher than 4m s−1.

2.4. Calculation ofWindPowerDensity. Wind power density
of a region can be determined using the probability dis-
tribution function of wind speed [7, 35, 36]. In this study, we
employed the Weibull distribution function, which has been
widely applied to calculate wind energy density [36–39]. )e
probability density function p(v) and a cumulative proba-
bility function P(v) of theWeibull distribution are defined as
follows [36]:

p(v) �
k

c
 

v

c
 

k− 1
exp −

v

c
 

k

 , (6)

P(v) � 1 − exp −
v

c
 

k

 , (7)

where c and k are the Weibull shape and scale parameters,
respectively, and v is the wind speed. )e shape parameter c
describes the skewness of the distribution function, while the
scale parameter k has wind speed units and is proportional to
the average wind speed calculated from the entire distri-
bution. Weibull shape and scale parameters c and k can be
calculated as follows:

Logarithmic transformation of the distribution function
P(v) was used to obtain the following:

k ln(v) − k ln(c) � ln[−ln(1 − P(v))]. (8)

Let x� ln(v) and y� ln[−ln(1−P(v))] to obtain the following
form:

y � Ax + B, (9)

where A� k and B� –kln(c), c� exp(−B/A).
)e percentage probability for each wind class i can be

defined as follows:

p vi(  �
fi


N
i�1 fi

�
fi

n
(i � 1, 2, . . . , N). (10)

)e cumulative probability of wind class i will be cal-
culated using the following formula:

P vi(  � 

i

j�1
p vj . (11)

)e coefficientsA and B can be calculated using the least-
squares method as follows:

A � 
N
i�1 xi − x)

yi − y)


N
i�1 xi − x)

2
, B � y − Ax,

⎛⎝⎛⎝ (12)

wher: xi � ln(vi), yi � ln[−ln(1−P(vi))],

x �
1
N



N
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1
N



N

i�1
p vi( yi. (13)

Wind power density P/A will be calculated from coef-
ficients c and k of Weibull function as follows:

P

A
� 
∞

o

1
2
ρv

3
f(v)dv �

1
2
ρc

3Γ
k + 3

k
 , (14)

where Γ is gamma function and ρ is air density.

3. Results

3.1. Model Verification and Wind Speed Adjustment.
Simulated wind speeds are verified against FNL analysis and
observation at Bac Lieu station. Figure 4 shows the monthly
mean of wind speeds at Bac Lieu station for original and
adjusted WRF simulation, station observation at 20m level,
and FNL analysis at 10m level. )e model data are from the
2 km resolution domain. It can be seen that both original
WRF and FNL data overestimate wind speeds at Bac Lieu
(Figure 4). )e mean bias of the WRF simulation is about
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Figure 3: )e values of α as a function of wind speed (a), and (b) scatter plot of model vs. observed wind speeds (m s−1) for before bias
correction (red) and after bias correction (blue).
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2m s−1. Although FNL data are at the 10m level, the FNL
wind speeds are significantly stronger than simulated and
observed wind speeds at the 20m level. Note that FNL data
are not available at the 20m level. Because wind speed in the
low boundary layer increases with height, the wind speed at
the 20m level should be stronger than that at the 10m level.
It can imply that FNL wind speeds at the 20m level (if
available) should be more overestimated. In the winter
months (December, January, February), FNL wind speed
(Figure 4, blue) is almost double the observed values (Fig-
ure 4, purple). )e too strong wind speed in FNL suggested
that the FNL product should not be directly used for wind
resource assessment; a downscale model simulation is
required.

With high (2 km) resolution, in spite of overestimating
wind speed, WRF produces much better wind speed in
comparison to FNL data, especially in wintertime. )e
overestimation problem can be overcome by wind speed
adjustment following the method mention in Section 2. )e
adjustment process is applied for every single wind speed
value before wind statistics are calculated. After adjustment,
WRF-simulated winds at 2 km resolution (Figure 4, green)
are reasonably well agreed with observation (Figure 4,
purple). )e difference in mean wind speed at 20m height
between adjusted simulated wind speed and observation is
0.1m s−1. )e correlation is 0.82. )us, the adjusted wind
speeds may be good for estimating wind energy at location
without observation, investigating features of the spatial and
temporal distribution of local winds, and constructing wind
density maps for the research region.

Histograms of wind speed distribution and Weibull
function at Bac Lieu for observation and adjusted simulation
at 20m height are shown in Figure 5. )e wind speeds are
classified into 14 groups with 1m s−1 interval. It can be seen
that both the histogram of wind speed and fitting Weibull

function of the simulated winds agreed well with observa-
tion. Wind speed values are mostly in the range of 1.5 to
5.5m s−1 for both observation and simulation. )e most
significant differences occur at bin of 1.5m s−1 , where the
model overestimates wind speeds, and 3.5m s−1, where the
model underestimates wind speeds (Figure 5). )e Weibull
shape parameter (k) from the model simulation is 1.68,
which is almost equal to the value of observation (k� 1.72).
)eWeibull scale parameters computed from simulated and
observed wind are 3.73 and 3.79, respectively (Table 2). )e
wind power densities at the 20m level calculated from the
coefficients c and k of the Weibull function for monitoring
and simulation are 53.4Wm−2 and 52.6Wm−2, respectively
(Table 2). Table 3 shows that the simulated wind data fre-
quency and probability densities calculated from theWeibull
function at Bac Lieu station reasonably agree well with those
of observation.

As shown in Section 2 and Figure 3, the adjustment
method is applied to adjust wind speed for every single wind
speed value at any grid point at any level in the lowest 200m
of the boundary layer. )e degree of adjustment is only
dependent on the magnitude of simulated wind speed
(Figure 3). To construct wind speed map at different levels,
the adjustment is applied for wind at other levels in the lower
(surface to 200m) boundary layer. Figure 6 shows vertical
profiles of adjusted wind speeds computed from WRF
simulation at Bac Lieu station. )e red dots mark simulated
wind speed at the levels. )e black curve is the best fitting
logarithm function of the wind speed profile. It can be seen
that the simulated wind speeds at Bac Lieu station at all levels
from the surface to 200m almost exactly follow the best
fitting logarithm function (Figure 6). )e same process is
applied for wind speeds at all grid points in the 2 km domain
to construct wind speed and wind energy maps at different
levels from surface to 200m.
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Figure 4: Monthly mean of wind speeds (m s−1) at 10m level from FNL (blue), at 20m level from observation (purple) and WRF model at
2 km resolution for unadjusted (red) and adjusted (green) at Bac Lieu station.
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3.2. Spatial Distribution of Annual Mean Wind Speeds and
Wind Power Density. Because of limitations in data at
meteorological wind tower, maps of the spatial distribution
of wind speeds at different levels in the lower boundary are
important for wind resource assessment. )e wind speed
maps at the most common levels for wind energy assess-
ment, including 10, 20, 40, 50, 60, 80, 100, 150, and 200m
levels, were constructed using adjusted wind speeds for wind
resource assessment over the Southern Vietnam region. In
this article, only wind speed maps at 20, 50, 100, and 200m
levels are presented (Figure 7).

Figure 7 represents the annual mean of wind speeds
computed from 731 high-resolution (2 km) WRF model

runs from January 1st 2016 to December 31st 2017.)e figure
shows that wind distributions are significantly affected by
friction and topography. At all levels, the annual highest
mean wind speed occurs in the coastal regions of Bac Lieu,
Soc Trang, Tra Vinh, and Ben Tre provinces. )e mean wind
speeds at the provinces are about 3.5–4.5m s−1 at 20m level;
4.0–5.5m s−1 at 50m level; 5.0–6.0m s−1 at 100m level;
5.5–7.0m s−1 at 200m level (Figure 7). Mean wind speeds are
rapidly increased with height due to the reduction in the
effect of surface friction with height in the lower boundary
layer. Wind speed rapidly decreased from coast to inland
due to larger surface friction over land than over the ocean.
In the northern region, the mean wind speeds are low
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Figure 5: Histogram of wind speed distribution (bar) andWeibull function (line) at Bac Lieu station for (a) observation and (b) simulation.

Table 2: )e Weibull parameters and wind power density for observation and simulation at Bac Lieu station.

Parameter Observation Simulation
Average wind speed 3.3 3.4
Weibull shape parameter (k) 1.72 1.68
Weibull scale parameter (c) 3.79 3.73
Wind power density 53.4 52.6

Table 3: Observed and simulated wind data frequency and probability density calculated from the Weibull function at Bac Lieu station.

i V f (obs) F (mod) p (obs) p (mod) p (obs) p (mod) Pw (obs) Pw (mod)
1 0.5 1795 1638 13.75 12.55 0.1375 0.1255 10.28 11.15
2 1.5 1593 2351 12.21 18.01 0.2596 0.3056 19.02 19.55
3 2.5 2447 2337 18.75 17.91 0.4471 0.4847 20.62 20.58
4 3.5 2639 2108 20.22 16.15 0.6492 0.6462 17.89 17.54
5 4.5 1939 1914 14.86 14.66 0.7978 0.7928 13.38 12.97
6 5.5 1092 1204 8.37 9.22 0.8815 0.8851 8.89 8.58
7 6.5 735 712 5.63 5.46 0.9378 0.9396 5.33 5.16
8 7.5 420 379 3.22 2.90 0.9700 0.9687 2.92 2.85
9 8.5 209 240 1.60 1.84 0.9860 0.9871 1.47 1.46
10 9.5 118 106 0.90 0.81 0.9950 0.9952 0.69 0.70
11 10.5 48 43 0.37 0.33 0.14 0.9987 0.9985 0.30 0.31
12 11.5 15 18 0.12 0.02 0.9998 0.9998 0.12 0.13
13 12.5 1 2 0.01 0.9999 1.0000 0.05 0.05
14 13.5 1 0.01 1.0000 0.02
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because of the far distance from the ocean. Mean wind
speeds over the region are about 2.0–3.0m s−1, 3.0–4.0m s−1,
3.5–4.5m s−1, and 4.5–5.5m s−1 at 20m, 50m, 100m, and
200m levels, respectively (Figure 7).

To construct wind power density maps, based on the ob-
served wind speed from 2016 to 2017,Weibull’s shape and scale
parameters, c and k, are firstly calculated. )e parameters are
then used to construct wind power density at all levels. Adjusted
model wind speeds are used for wind power density calculation.
)e spatial distributions of wind power density (Figure 8) are
very similar to those of wind speeds (Figure 7). Values of wind
power density are larger at coastal region than inland, larger at
upper levels than at lower levels (Figure 8).

At 20m height (Figure 8(a)), the mean wind power density
at Bac Lieu, Soc Trang, Tra Vinh, and Ben Tre ranges from 60 to
120Wm−2.)ewind power density at the western coastal areas
of CaMau andKienGiang ranges from 40 to 70Wm−2. Inland,
over An Giang and Dong )ap provinces, the wind power
density is only about 20–30W m−2. )e wind power density
along the river higher than the surroundings has values from
40W m−2 to 70W m−2 in river areas (Figure 8(a)). At 50m
height (Figure 8(b)), around Bac Lieu, the range of the annual
mean wind power density is 150–170W m−2. )e values are
about 100–120W m−2 in western coastal areas. Wind power
density is low with values of about 30–50W m−2 at An Giang,
Dong )ap, and Can )o provinces (Figure 8(b)). At 100m
height, in eastern coastal regions, the mean wind power density
ranges from 200 to 250Wm−2. Over the western coastal areas,
the values of the wind power density are much less, with values
of about 120–150Wm−2. Over AnGiang, Dong)ap, and Can
)o provinces, the values are as low as about 80–100W m−2

(Figure 8(c)). At 200m height, the values of the wind power
density at the eastern coastal region range from 260 to 320W
m−2. Over the western coastal region, the values of the wind
power density are about 200–250W m−2. In the northern
provinces of the research areas, including An Giang, Dong
)ap, Can )o, and Tien Giang, the wind power density at

200m level ranges from 150 to 180W m−2 (Figure 8(d)). As
shown in Figure 3(b), at a high wind speed of more than
12m s−1, the bias correction may overreduce wind speeds at
200m above ground level, resulting in significantly reducing the
estimated wind power density. Because the wind data are not
available at a high (200m) level, to deal with the uncertainty in
wind speed bias correction, Figure 8(e) is to show the possibility
of high values in wind power density of about 400–440W m−2

(Figure 8(e)) in the nearshore region (Figure 8(e)). )e possible
high values in wind power density on Figure 8(e) should be
considered and verified in the future when observed wind data
at the 200m above ground level are available.

Results from this work suggest that over Southern
Vietnam, the eastern coastal regions of Bac Lieu, Soc Trang,
Tra Vinh, and Ben Tre have the most potential to exploit
wind energy. At levels below 100m, only regions with a
distance of 10–20 km from the coast have relatively high
values of potential wind energy. At higher levels of
150–200m above ground, the zone of high values of po-
tential wind energy can be extended to 40–50 km from the
coast.

3.3. Diurnal and Annual Variation of Wind Speed.
Figure 9 shows the annual mean of hourly wind speeds
(m s−1) at 20m level at Bac Lieu station for observations
(blue) and adjusted simulation (green). It can be seen that
the model reasonably well simulates wind speed and its
diurnal cycle. Both simulation and observation present that
wind speeds have a clear diurnal cycle with weak wind
speeds of less than 2.5m s−1 at night. Observed wind speed
during the day is almost double the values at night. )e
strongest wind speed occurs from 13 LT to 15 LT when the
air is the most unstable due to heating (Figure 9). )e model
simulates better wind speeds at night than during the day.
Maximum simulated wind speed occurs at about 15 LT,
whereas the observed one is at about 14 LT. Although the
model underestimates wind speeds in the late morning and
overestimates wind speeds in the late afternoon, the mean
errors of about less than 0.5m s−1 are relatively small. It is
difficult to fully explain why the model errors are smaller at
night than during the daytime. In an unstable boundary
layer during daytime, the model may more poorly represent
physical processes, such as turbulent mixing, radiative
transport, or atmosphere-land interaction processes relating
to the type of soil.

Figure 10 presents the mean of wind speed (m s−1) at
20m level in the Southern Vietnam region in winter (DJF)
and summer (JJA) for at night (05LT) and daytime (14LT)
regimes. )e figure shows an annual wind pattern of a
monsoon region with northeast winds in winter and
southwest winds in summer.

In winter, while wind at night is relatively strong over
open ocean with a mean wind speed of about 4.5 to 6.5m s−1,
the wind is almost calm over land with a mean wind speed of
about 2m s−1 or less (Figure 10(a)). During the day, with
more vertical mixing and more transporting high-
momentum air from ocean to mainland, wind speed over
land is much stronger (Figure 10(b)) than that at night
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Figure 6: Vertical profiles of adjusted wind speed (m s−1) from
WRF simulation at Bac Lieu station. )e red dots mark simulated
wind speed at the levels.)e black curve is the best fitting logarithm
function of the wind speed profile.
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Figure 7: Annual mean of simulated wind speeds (m s−1) from 2 km resolution domain at (a) 20m, (b) 50m, (c) 100m, and (d) 200m levels.
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Figure 8: Continued.
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(Figure 10(a)). During the day, the mean wind speed near
the coastal region reaches 4.5 to 5.5m s−1. )e region with a
relatively stronger wind speed of 3–4m s−1 reaches
40–60 km inland from the coast (Figure 10(b)).

In summer, winds over the ocean (Figures 10(c) and
10(d)) are 1–2m s−1 weaker than those in winter
(Figures 10(a) and 10(b)). Wind speed distribution over land
is totally different between night time (Figure 11(c)) and
daytime (Figure 10(d)) during summer. At night, the entire
Southern Vietnam region, except over river areas, has a wind

speed less than 2m s−1 (Figure 10(c)). During the day,
stronger vertical mixing and transporting of high-
momentum air from the ocean to mainland by southwest
monsoon enhanced by land breeze effect make wind much
stronger than that at night over the entire region. Mean wind
speeds during daytime are mostly from 3 to 4m s−1

(Figures 10(d)).
Figure 11 illustrates the monthly mean of observed and

simulated wind speeds at Bac Lieu station in 2016. )e
annual cycle of wind speed shows two maxima: one in
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Figure 8: Simulated wind power density (WPD, W m−2) computed from wind speed with bias correction at (a) 20m, (b) 50m, (c) 100m,
and (d) 200m levels, and (e) 200m level but without wind speed bias correction.
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Figure 9: Diurnal cycle of wind speed (m s−1) at 20m level at Bac Lieu station for observations (blue) and adjusted simulation (green). )e
horizontal axis is the time in the day.
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February with a monthly mean wind of about 4.6m s−1; the
other in August with a monthly mean wind of about
3.6m s−1. )ere are two minima that occurred in May and

October with a monthly mean wind of about 2.5m s−1

(Figure 11). )e annual variation of wind speeds with two
maxima agrees with previous studies (Tran, 2007 [27]). It can
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Figure 10: Annual mean of wind speed (m s−1) and wind vector (vector) at 20m level in Southern Vietnam region for winter (DJF) at (a) 05
LT and (b) 14LT and summer (JJA) at (c) 05LT and (d) 14LT.
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be seen in Figure 11 that the model well captures the annual
cycle of observed wind speed, including the two maxima and
monthly values.

)emodel simulates better wind speeds in winter than in
the summertime (Figure 11). In Southern Vietnam (SV),
other than dividing one year into four seasons (winter,
summer, fall, and spring) based mainly on temperature,
there is another definition of seasons in SV based on rainfall
in which one year is divided into two seasons including dry
season (November to April) with much less or no rainfall
and wet season (May to October) with much more rainfall.
Rainfall in SV in the wet season mostly comes from con-
vective rains in afternoon thunderstorms and mesoscale
disturbances. More disturbances that are not well simulated
in current model physics may be one of the reasons for lower
quality in wind speed simulation in summertime than in
wintertime (Figure 11).

As shown in Section 3.1, the high-resolutionWRFmodel is
much better than the FNL analysis data in regenerating wind
speed at Bac Lieu station. To further see the advantages of high-
resolution simulation over the SV region, simulated wind
speeds from the WRF model are compared with those of FNL
analysis on grids. Figure 12 presents mean wind speeds from
FNL analysis (Figures 12(a) and 12(b)) at one-degree resolution
and WRF model at 18km resolution (Figures 12(c) and 12(d))
in February (top) and August (bottom). )e two months were
selected because February (August) has the strongest wind
speed in observation in winter (summer) time.

Figure 12 shows that both FNL and WRF wind speeds
over the ocean in winter are stronger than those in the
summertime. Over the ocean, WRF-simulated wind
speeds display similar spatial distribution as the analysis
but with more details because of higher resolution. In
February, the northeast wind is almost perpendicular to
the mountain and coastal lines of central Vietnam. Due to
the orographic blocking effect, there is an anomalous
high-pressure system near the coastal region of central
Vietnam, resulting in a relatively weaker wind over the
region and nearshore ocean (Figure 12(c)). )e wind
speeds decrease from upstream values of about 8 m s−1

(before reaching 16°N, 109.5°E) to about 6 m s−1, when the

oceanic air parcel reaches about 40 km from the coast
(Figure 12(c)). Wind speeds significantly decrease to
about 2–3m s−1 at about (15°N, 109°E) (Figure 12(c)),
when it reaches the coastal boundary due to the combined
effect of friction and orographic blocking.

In the wintertime, there is a strong wind area over the
ocean near the coastal region centered at about (10.5°N,
108.5°E) and extended to the south (Figures 12(a) and 12(c)).
)e strong wind region may be due to the funnel effect in a
small friction region over the ocean. In fact, there is a high-
pressure anomaly with the value of 1.5 hPa to 4 hPa located
over Vietnam mainland and coastal regions, along 10.5°N to
20.5°N (Figure 12(c)). )e wind speed anomaly at the exit
region of the funnel effect associated with the high-pressure
anomaly is in the same direction as the large-scale northeast
monsoon winds. In addition, the exit region is over ocean
with small friction. As a result, a strong wind speed region
centered at about (10.5°N, 108.5°E) persistently presented in
analysis (Figure 12(a)) and simulated (Figure 12(c)) wind
fields during wintertime. )e strong wind region is one of
the main reasons to make the observed wind speed over Bac
Lieu region reach its annual maximum in February
(Figure 11).

In the summertime, with dominated southwest
monsoon, the strong wind region due to the funnel effect
moved to the location of about (11.5°N, 109.5°E) and
extended to the north (Figures 12(b) and 12(d)) as the exit
location of the funnel effect changes with southwest
monsoon direction. )e magnitude of strongest wind
speed at the wind maximum center (11.5°N, 109.5°E) in
August is only about 9 m s−1 (Figure 12(d)), which is
much weaker than that in wintertime with maximum
wind speed at (10.5°N, 108.5°E) of over 11 m s−1

(Figure 12(c)). Because the location of maximum wind
center (11°N, 110°E) due to funnel effect in the sum-
mertime is relatively far from the Bac Lieu region and the
extended region is to the north, the maximum wind speed
in August over Bac Lieu region (Figure 11) is not due to
funnel effect but the strengthening of the dominated
large-scale southwest monsoon in August (Figures. 12(b)
and 12(d)).
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Figure 11: Monthly mean of wind speed at 20m level at Bac Lieu station for observations (blue) and simulated (green).
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Over land, there are some noticeable differences between
FNL analysis and WRF model (Figure 12). Due to the coarse
resolution, FNL analysis is not able to present small-scale
wind patterns over land. At 18 km resolution, the WRF
model simulates more details on the horizontal distribution
of wind speed over land. )e model also simulates strong
wind speeds associated with Truong Son Mountain Range
(from 11.5°N to 19°N; 104°E to 108°E) with wind speed
stronger than 6m s−1 (Figures 12(c) and 12(d)) which is not
seen in the FNL data (Figures 12(a) and 12 12(b)). )e
stronger wind is due to higher wind speed at a high elevation
of the mountain and the channel effect between mountain
tops (Figure 12).

)e advantages of high resolution in wind speed sim-
ulation can be seen more clearly at 2 km horizontal reso-
lution. WRF simulation shows much more details of wind
speed distribution in comparison with those of FNL analysis
(Figure 13). )e FNL data only show nine values of wind
speeds over the whole region, whereas WRF simulation at
2 km resolution presents detailed information over both

ocean and inland. )e effect of friction on wind speeds is
visible at coastal areas of Ca Mau, Bac Lieu, Soc Trang, and
Ben Tre provinces, where wind speeds are rapidly decreased
from about 4 to 5m s−1 over open ocean to 1–2m s−1 at
about 40 km inland (Figure 13, right). )e relatively strong
wind speeds over river regions due to less friction are also
simulated in 2 km resolution simulation in both winter
(Figure 13, top-right) and summer (Figure 13, bottom-
right). )ose features are not seen in the FNL data (Fig-
ures 13, left). It is interesting to see that although the SV
region is more affected by the southwest summer monsoon,
wind speeds over the eastern coast region and Ca Mau are
much stronger in winter (Figure 13, right-top) than in the
summer (Figure 13, right-bottom). )e stronger mean wind
in winter in the regionmay be mainly due to the advection of
high-momentum air in a strong wind speed region during
the day as a result of the funnel effect in winter as mentioned
in the above discussion (Figures 10(b) and 12(c)).

Over land at about 20 km from the western coast in Kien
Giang and An Giang provinces, WRF-simulated wind speed
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Figure 12: Mean wind speed at 10m height from FNL analysis data for Feb (a) and Aug (b) and WRF model at 18 km resolution for Feb
(c) and Aug (d). )e contours on the WRF simulation are SLP anomalies (hPa) from the open ocean SLP at 115 E.
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Figure 13: Mean wind speed at 10m height from FNL data (left) and WRF model at 2 km resolution (right) for January (top) and
July (bottom).
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in the summer is about 1m s−1 stronger than in winter
(Figure 13, right). )e stronger wind speed over the region
may be due to the advection of relatively strong southwest
winds flow inland in the summer daytime (Figures 10(d) and
12(d)).

A schematic diagram of monsoon-land-sea interaction
and their effects on wind speed over the SV region is shown
in Figure 14. )e yellow color indicates landmass. )e dark-
green color denotes Truong Son Mountain Range (TSMR)
and Central Highlands (CHL). Red contours are pressure
anomalies due to the orographic blocking effect. Black wind
vectors for each wind regime with the maximum wind speed
denote the largest vectors at the maximum wind center over
ocean. )e color shading regions are local maximum wind
speed locations due to the funnel effect as a result of
monsoon-land-sea interaction. In winter, the interaction of
northeast monsoon with landmass and TSMR creates a
high-pressure anomaly over central Vietnam. )e high-
pressure anomaly results in reducing wind speed over
nearshore and coastal regions of central Vietnam due to the
orographic blocking effect. )e reducing wind speeds are
presented by smaller arrows. )e high-pressure anomaly is
also one of the main reasons for creating a local maximum
wind region over the nearshore ocean regions of SV in
winter. )e local maximum wind region over open ocean
makes wind speeds over easterly coastal region strongest in
wintertime (Figure 14(a)).

In summer (Figure 14(b)), with the southwest monsoon
regime dominating, the anomaly high pressure over

northern Vietnam, eastern TSMR, disappears. A high-
pressure anomaly with a relatively small magnitude formed
over the western side of the TSMR.)e location of nearshore
wind maximum center moves to the north. )e relatively
strong wind speed in summertime over the SV region is due
to the strengthening of the dominated large-scale southwest
monsoon (Figure 14(b)).

4. Summary and Discussion

In this work, theWRFModel Version 3 was used to simulate
and investigate the diurnal and annual variation of wind
speeds and wind power density over the SV region. )e
model initial and boundary conditions are from the NCEP
Final Analyses (FNL). High-resolution (2 km)WRF data of a
two-year period from January 2016 to December 2017 were
collected. Wind data at 20m height with a time interval of
one minute at Bac Lieu station for the same period were used
for model bias correction and to investigate the diurnal and
annual variation of wind speed in the research area.

)e simulated results show that the WRF model over-
estimates wind speeds in the SV region. )e too strong
simulated wind speed may due to the WRF model itself or
the fact that wind speed in FNL input is too strong, com-
pared to observation. )e too strong FNL wind speed
suggested that FNL product should not be directly used for
wind resource assessment and a downscale model simula-
tion is required. To reduce the systematic bias in WRF-
simulated wind speed, an empirical scheme for wind speed
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Figure 14: Schematic diagram of monsoon-land-ocean interaction and its effects on wind speeds over SV region for (a) winter regime and
(b) summer regime. )e yellow color indicates landmass. )e dark-green color denotes Truong Son Mountain Range (TSMR) and Central
Highlands (CHL). Red contours are pressure anomalies due to the orographic blocking effect. Black wind vectors for each wind regime with
the maximumwind speed denote by the largest vectors. )e color shading regions are local maximum wind speed location due to the funnel
effect as a result of monsoon-land-sea interaction.
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adjustment was constructed. After bias correction, the WRF
model at 2 km resolution reasonably well simulates wind
speeds over the SV region.

)e adjusted wind speeds from model simulation were
used to construct wind speed and wind power density maps
for a wind energy assessment. )e results show that both
wind speed and wind power density rapidly increase with
height and with decreasing distance to the coast due to
reducing in effect of surface friction with height in the lower
boundary layer and larger surface friction inland than that of
oversea.

)e results also suggest that the eastern coastal regions of
SV within 10–20 km distance from the coast, including Bac
Lieu, Soc Trang, Tra Vinh, and Ben Tre provinces, have the
most potential to exploit wind energy. At levels below 100m,
the wind power density in the coastal region is about
100–150Wm−2. At higher levels of 150–200m above ground
level, the zone of high potential wind energy of about
200–250Wm−2 can be extended to 40–50 km from the coast.

Wind speed is much stronger during daytime than that
at night because of well vertical mixing of high-momentum
air aloft to the lower boundary layer and advection of high-
momentum air from ocean to inland areas. )e low-level
wind speed reaches its maximum at about 14 LT to 15 LT
when the vertical momentum mixing is the most active. )e
high-resolution WRF model well simulates both annual and
diurnal cycles of wind speeds.

Observed and simulated wind speeds show a significant
annual cycle. Wind speeds over the eastern coastal region of
SV are much stronger in winter than those in the summer
due to stronger large-scale wind speeds in winter than those
in summer and funnel effect in a condition of small surface
friction over the ocean (Figure 14).)e strong wind region is
one of the main reasons to make observed wind speeds over
the Bac Lieu region reach their annual maximum in the
winter time. While funnel effect is the main mechanism for
the formation of annual winter maximum in wind speed at
Bac Lieu region, the maximum wind speed in August over
Bac Lieu region in particular, in SV region, in general, is
mainly due to the dominant relatively strong wind speed in
large-scale southwest monsoon in summer.
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