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Abstract: The authors compare distributions of annual mean wind speed during 1961-2099 at altitudes of 30-100 m above ground
level (AGL) in Central Japan based on several available databases. Wind speed fields are statistically interpolated in time and space
using three existing databases: the 333-m resolution local wind field database in Central Japan during 2001-2002 (GWA333), the
global reanalysis ECMWF during 1957-2001 (ERAA40), and the global multi-model database during 2000-2100 (CMIP3) under the
SRES A1B scenario. The interpolated data is validated by available surface observation conducted by the Japan Meteorological
Agency, and we confirm that the interpolation shows good agreement with the observations.

Results show that domain-averaged wind speeds in 2099 evaluated by the statistical interpolation exceed the wind speeds in 2001
evaluated by GWA333 by about 0.48 m/s at 30 m AGL. Over the coastal and mountainous regions, the wind speed at 30 m AGL
increase from 8 m/s in 2001 to 10 m/s in 2099. The gradual increase of the surface wind speed might be completed until the early 21%
century. It is concluded that if global warming advances according to the IPCC A1B scenario, the surface wind speed, namely, the

wind energy resource in Central Japan is expected to increase gradually during the early 21% century.
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1. Introduction

Fossil fuels, which will continue to dominate global
energy usage, will account for around 85% of the increase in
world primary demand during 2002-2030. Furthermore, their
share in total demand will increase slightly from 80% in 2002
to 82% in 2030. The share of renewable energy sources will
remain flat at around 4%, while that of nuclear power is
expected to drop from 7% to 5% [1]. Oil energy resources will
be increasingly scarce and expensive.

An important problem is the combustion of fossil fuels
to generate electricity. It produces atmospheric CO, emissions.
In 2005, total CO, emissions were 26.6 billion tons. More than
41% were produced from fossil fuels. That figure is expected to
increase to 46% by 2030, generating CO, in large amounts, and
releasing it to the atmosphere as the primary cause of global
warming [2-3].

Fossil fuel utilization presents severe environmental
impacts. They can be reduced by replacement of fossil fuels
with renewable energy sources such as wind energy. The Kyoto
Protocol is part of the United Nations Framework Convention
on climate change. Its main objective is to extract a firm
commitment from developed countries for reducing their
greenhouse gas emissions [4-6]. The advancement of renewable
energy technologies seems to present a viable solution for
environmental problems produced by other energy sources.

The wind energy potential of the earth is huge. It is
sufficient, in principle, to meet all the world’s electricity needs.
Virtually every country has sites with average wind speeds of
more than 5 m/s measured at 10 m altitude, which are
sufficiently strong winds to enable their development as a
resource [7]. Among renewable sources of energies, wind
energy is an important source of environmentally friendly
energy that has become more important in recent years [8]. For
the evaluation of productivity of specific plants and the relative
technical-economic considerations, detailed wind field databases
are required, such as data acquired over long periods of time [9].

Wind speed and air density greatly influence wind
power generation. Wind conditions are strongly related to local

weather conditions and geographical locations, so that the
potential of wind power generation differs in each site. Several
studies on global warming impacts indicate that rising
temperatures might decrease surface wind speed [10-13].
Therefore, this study specifically analyzes the relation of global
warming on wind speed field in Central Japan, using three
available databases to compensate for each their limitations.
Details of the database interpolations are described in Section 2.
Section 3 presents the high resolution of wind speed fields in
past and future to evaluate effects of global warming on the
surface wind speed, and also discusses seasonal wind speed
change to quantify its contribution to the annual wind speed
changes. Conclusions are given in section 4.

2. Experimental

Surface wind speeds are strongly influenced by
surrounding topography and synoptic-scale weather conditions.
Steep mountains and complex terrain in Japan require the use of
high-resolution databases to estimate local wind speeds
accurately. Recently, several kinds of databases for wind energy
assessment have become available, although problems remain
related to the spatial resolution and the time period availability.
Therefore, we statistically interpolate a long term wind speed
fields in time and space using three existing databases: the
333-m resolution local wind field database in Central Japan
(Figure 1) during 2001-2002 developed by Gifu University
(hereafter called GWA333) [14], the ECMWF global
atmospheric reanalysis during 1957-2001 (hereafter called
ERA40) [15], and the global atmospheric multi-model database
under the SRES ALB scenario during 2000-2100 (hereafter
called CMIP3) [16-17]. The condition of wind field database
can be seen in Table 1.

GWA333 is dynamically analyzed by using the mesoscale
meteorological model PSU/NCAR MM5 [18] and the mass-
consistent wind field model [14], and has the advantage of having
a high-resolution wind field during a one-year period. Although
ERA40 and CMIP3 are simulated by lower-resolution general
circulation models with available observations and future-climate
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Table 1. The details of the wind field database, GWA333, ERA40, and CMIP3.

GWAZ333
High-resolution local wind field
database of Gifu University

Global reanalysis of ECMWF

CMIP3
Global multi-model database of
Intercomparison Proj. phase 3

ERA40

(A1B Scenario)
Period 2001-2002 1957-2001 2000-2100
Computational Domain Central Japan Global Global

European Centre for Medium

World Climate Research

Developer Gifu University Range Weather Forecasts
(ECMWEF) Programme (WCRP)
Spatial Resolution 333 m 2.5 deg 1-5 deg
Vertical Resolution 30-100 m (5 layers) 1000-1 hPa (23 layers) 1000-1 hPa
Time Interval Hourly Monthly Monthly
Data Types wind direction and wind speed, Wind direction, wind speed, Wind direction, wind speed,

temperature, humidity, etc.

temperature, humidity, etc.
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Figure 1. Maps of the study area.
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Figure 2. Flowchart of the study.

scenarios respectively, they have the advantage of having very
long-term and physically consistent estimates of large-scale
meteorological fields. The authors statistically analyze the
average surface wind speed with such a high-resolution grid as
GWAZ333 according to regression equations correlated with the
850-hPa wind field derived from ERA40 and CMIP3. This is
because the surface wind field is strongly affected by the
upper-level wind and surrounding complex topography. These
statistically-merged datasets would compensate for the
limitations of each dataset.

The flow of the statistical estimation used in this study
is seen in Figure 2. Multiple regression equation representing
the relationship between upper and surface winds is expressed
as the following equation,

y =a+hx, +cx, +dx, +--- 1
where: Y is the objective variable which is equivalent to surface

wind fields obtained from GWA333. a, b, and c are regression
coefficients. x;, X,, and x; are explanatory variables which is
equivalent to upper-level atmospheric conditions derived from
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ERA40. It should be noted that both of GWA333 and ERA40
are available during one year period in 2001. The following three
combinations of explanatory variables are tested in this study.
Case 1:

IV |qurtace =2 + DV | 2
Case 2:
IV |qrtace = 2+ bV |+ €O (©))
Case 3:

—2 —2
IV |artoce = a+bM+c u+y Q)

V|

where, 75”,“9 is the monthly-averaged surface wind speed.
M is the monthly-averaged wind speed at 850 hPa. g is the

monthly-averaged potential ~temperature at 850 hPa.
NT?+v? /| is the monthly-averaged wind direction change

parameter at 850 hPa. Based on the verification result, the

combination of |V| and /T2 +Vv? /[\/| in Case 3 show

the highest correlation with the surface observations obtained
by the Japan Meteorological Agency (see in Figure 3). Thus, the
multiple regression equation represented by equation (4) is
applied to estimate the monthly-averaged surface wind speed
with a high-resolution grid used in GWA333, and the long-term
and high-resolution database containing the surface wind fields
under the future climate condition is constructed based on the
regression coefficients defined by ERA40 and the explanatory
variables given from CMIP3.

3. Results and Discussion

Figure 4 presents the spatial distributions of wind
speeds at altitudes of 30 m and 100 m above ground level

138°00 190' 13:"0{1' iarar  1=EEor IW“J‘U
30m
Figure 4. Spatial distributions of average wind speed during 1961-2001 at 30 m and 100 m AGL.

(AGL) averaged during 1961-2001 based on GWA333 and
ERA40. The annual wind speeds vary at each location from 2
m/s to 10 m/s. The highest wind speed occurs in coastal and
highland areas: over 8 m/s. Valley areas produce the lowest
wind speeds of about 2 m/s. However, comparison of the wind
speed distributions at 30 m and 100 m AGL shows higher wind
speeds at higher altitudes. Dominant wind speeds are about 5
m/s at 30 m AGL and higher than 7 m/s at 100 m AGL.

Figure 5 presents time series of the annual average wind
speeds on surface and 850 hPa during 1961-2001 estimated by
GWAZ333 along with ERA40 at the 850-hPa level at the grid
point of 35.0°N, 137.5°E. Wind speeds at the surface are lower
than those of ERA40 at 850 hPa at 35.0°N, 137.5°E, owing to
the effect of surface friction, and differ among locations. The
highest surface wind speed is measured in Aoyama: around 8
m/s. The lowest surface wind speed is observed in Nagoya:
around 3.5 m/s. Generally, the wind speed is higher than 5 m/s
except in the Nagoya area where its large roughness length
reduces the wind speed at the surface. Wind speed fluctuations
year by year are not large throughout the 40-year period in the
four locations. This is because wind speed fluctuations at
850-hPa are not large during 40-year period.
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Figure 3. Correlation of explanatory variables in each case.
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Figure 5. Time series of annual average wind speed on surface and 850 hPa during 1961-2001.
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Figure 6 presents the spatial distributions of the annual
average wind speed at 30 m AGL in 1961, 1981, and 2001.
Spatial distribution shows that the wind speed fields are similar
in each year from 2 m/s to 8 m/s. It indicates that change of the
surface wind speed before 2001 is not apparent in Central Japan.
Figure 7 presents the spatial distributions of the averaged wind
speed difference at 30 m AGL and 100 m AGL between 1960’s
decade and 1990’s decade, indicating that the temporal change
of the surface wind speed is not so significant during the late
20" century. Areas experiencing wind speed reduction are wider
at 100 m AGL. In large areas, wind speeds are lower by around
0.1 m/s. Therefore, no marked changes of wind speed are
apparent. The significance of wind speed changes over the
decades is quantified using statistical analysis as follows,

X+ X,

,l 1

where X, is surface wind speed during 1961-1970. X, is surface

t= (5)

wind speed during 1991-2000. n, is number of data for group

X, and N,is number of data for group X, . Calculation

results by equation (5) shows that calculated value is 0.564739
and table value is 2.10; (-2.10 < 0.564739 < 2.10), meaning that
the differences of surface wind speed between 1961-1970 and
1991-2000 are not significant.

Table 2 shows annual wind field properties: average,
standard deviation, minimum, and maximum values of the
annual average wind speed from 1961 to 2000 at 30 m AGL at
five observation points and ERA40 at 850 hPa. The highest of
annual average surface wind speed during 1961-2000 is found
in Aoyama of 6.31 m/s and the lowest is observed in Nagoya of
3.36 m/s. The standard deviation of annual wind speed is less
than 10%, indicating that annual average wind speed has not
fluctuated so much during the last three decades.

In summer, the highest surface wind speed is 6.00 m/s
in Aoyama and the lowest is observed in Nagoya at 3.25 m/s
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(see Table 3). In winter, the highest wind speed is found in Irago
at 6.88 m/s and lowest is observed in Nagoya at 3.52 m/s (see
Table 4). The surface wind speed in winter is more prominent than
in summer since the Siberian high pressure system extends over
the Japan isles during the winter season. The standard deviation
of annual average surface wind speed is less than 0.10 m/s.

Table 2. Annual wind field properties during 1961-2000.

Location | Average Standard Maximum | Minimum

(m/s) Deviation (m/s) (m/s) (mls)
850hPa 7.87 0.14 8.87 7.14
Aoyama 6.31 0.02 6.76 6.11
Irago 6.02 0.04 6.52 5.68
Nagoya 3.36 0.00 3.51 3.30
Tsu 4.40 0.01 4.72 4.26
Tsuruga 4.75 0.02 5.09 4.49

Table 3. Wind field properties in summer (April-September),
1961-2000.

Location | Average Standard Maximum | Minimum

(m/s) Deviation (m/s) (m/s) (m/s)
850hPa 6.86 0.23 7.81 5.81
Aoyama 6.00 0.03 6.50 5.56
Irago 5.41 0.06 6.06 4.86
Nagoya 3.25 0.00 3.42 3.11
Tsu 4.22 0.01 4.56 3.92
Tsuruga 4.41 0.03 4.81 4.12

Table 4. Wind field properties in winter (October—March),
1961-2000.

Location | Average Standard Maximum | Minimum
(m/s) Deviation (m/s) (m/s) (m/s)
850hPa 9.28 0.24 10.74 8.08
Aoyama 6.74 0.04 7.11 6.30
Irago 6.88 0.09 7.48 6.14
Nagoya 3.52 0.00 3.64 3.36
Tsu 4.67 0.02 4.94 4.38
Tsuruga 5.22 0.04 5.65 4.75
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Figure 6. Spatial distributions of annual average wind speed at 30 m AGL in 1961, 1981, and 2001.
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Figure 7. Spatial differences of average wind speed between 1961-1970 and 1991-2000 at 30 m and 100 m AGL.
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To ascertain the effects of global warming on surface
wind speed changes, we introduce the ratio R\7 of average
wind speed change as follows,

V,

1991-2000

R ==

1961-1970

(6)

<

where V1991fzooo and V1961—1970 are the surface wind speeds
averaged during 1991-2000 (present climate) and 1961-1970
(past climate), respectively. If the ratio R\7 based on the

calculation of equation (6) is equal to 1.0, it follows that the
changes of surface wind speed during 1961-2000 are not
apparent in the Chubu area (Central Japan) and there is no
significant effect of global warming on surface wind speed
during the late 20" century. Figure 8 shows the frequency

distribution of the ratio of wind speed change R\7 . The increase
of annual wind speed is not apparent because the average value
of R, isjust1.0.
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Figure 8. Ratio of average surface wind speed between
1961-1970 and 1991-2000.

Figure 9 shows the time series of the annual wind speed
at the 850-hPa level projected by CMIP3 during 2001-2099.
Annual wind speeds remain stable from 2001 to 2020 with the
value at around 8 m/s. The surface wind speed slightly fluctuates
by 1 m/s during 2021-2045, with the highest wind speed of
about 85 m/s and the lowest of about 7.7 m/s. During
2046-2099, surface wind speed fluctuations occur within the
limits of 8.0 m/s to 9.0 m/s. The annual average wind speed
shows a gradual increase in linear trend with fluctuating by
about 0.2 m/s year by year. The average wind speed is around 8
m/s during 2001-2046, although it is greater than 8 m/s during
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Figure 10. Spatial distributions of annual average wind speed at 30 m AGL in 2001, 2046, and 2099.

2046-2099. For 2081-2091, the highest wind speed is almost as
high as 9 m/s. The wind speed trend increases continuously after
2000, meaning that future global warming can influence annual
wind speed at the 850-hPa level over a long period of years.

Table 5. Domain-averaged wind speed differences at 30 m AGL.

Year 2046 2064 2099
Increase of wind 0.57 0.50 0.48
speed from 2001 m/s m/s m/s

Figure 10 portrays the spatial distributions of the annual
average wind speed at 30 m AGL in 2001, 2046, and 2099,
estimated by GWA333, ERA40 and CMIP3. In these figures,
blue colors denote lower wind speed. Generally, the highest
annual wind speed field is found in coastal and mountain areas
with the value of about 8 m/s in 2001 and 10 m/s in 2099,
indicating that the future climate change might strongly affect
the surface wind field especially in coastal and mountainous
regions. Comparison reveals that annual wind speeds in 2046
and 2099 are greater than those in 2001, as confirmed by
widespread yellow and red coloration of the images. The
difference of annual wind speed between 2046 and 2099 is
smaller than that between 2001 and 2046. This indicates that the
increase of surface wind is almost completed by the middle of
the 21% century, as a result of the global warming caused by the
accumulated burning of fossil fuels in the early 21% century.

Table 5 shows the differences of the domain-averaged
wind speed at 30 m AGL. If the annual average wind speed in
2001 is used as a basis of comparison, then upcoming global
warming completes the modification of the surface wind field in
nearly all areas in Central Japan by the middle of the 21
century. The greatest increase in wind speed occurs during
2001-2046, and the difference of wind speed after 2046 is not
so significant. Under the SRES A1B scenario, change of surface
wind attributable to future global warming becomes maximum
during 2001-2046. Table 6 presents the numbers of grid points
of the annual wind speeds that exceed 5 m/s, 8 m/s, and 10 m/s
at 30 m and 100 m AGL. It indicates that areas with wind speed
of 5 m/s, 8 m/s and 10 m/s increase in 2046 and 2099 compared
with 2001 at both 30 m and 100 m AGL, and the highest
increase is likely to occur by 2046. Increase of wind speed is
greater at 100 m AGL than that at 30 m AGL.
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Figure 9. Time series of annual wind speed at the height of 850 hPa in point 35.0°N, 137.5°E.
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Table 6. The numbers of grid points of the annual wind speeds that exceed 5 m/s, 8 m/s, and 10 m/s at 30 m and 100 m AGL.

Year 30 m AGL 100 m AGL
>5 m/s >8 m/s >10 m/s >5 m/s >8 m/s >10 m/s
2001 243,518 7,801 379 482,856 54,211 1,698
(30.06%) (0.96%) (0.05%) (59.61%) (6.69%) (0.21%)
2046 332,530 67,098 1,754 595,501 130,291 13,632
(41.05%) (8.28%) (0.22%) (73.52%) (16.09%) (1.68%)
2099 318,185 60,422 1,638 573,283 114,655 6,738
(39.28%) (7.46%) (0.20%) (70.78%) (14.15%) (0.83%)
s X1 30m AGL 2001 3 100 mASL w2001
2 2046 £ = 2046
s N 2009 & 2000
= 2 22
) et
s o
h WM
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Figure 11. Frequency distributions of annual average wind speeds at 30 m and 100 m AGL.

Figure 11 shows frequency distributions of annual average
wind speeds at 30 m and 100 m AGL in 2001, 2046, and 2099.
At 100 m AGL, the areas with a wind speed of 6 m/s or lower
are wider in 2001 than in 2046 and 2099, but areas with a wind
speed of over 6 m/s are more predominant in 2046 and 2099
than in 2001. The frequency distribution shows the maximum at
around 5 m/s in 2001, but around 6 m/s in 2046 and 2099. The
same tendency can be seen at 30 m AGL. The frequency
distribution exhibits the maximum at 4 m/s in 2001, but around
4-5 m/s in 2046 and 2099. Although the peak of the frequency
distribution in 2001 is almost same as that in 2046 and 2099,
the areas wind speed more than 9 m/s are enlarged significantly
after the middle of the 21% century.

Wind speed is higher in winter compared with in
summer during 1961-2000 (Table 3 and 4). Wind speed differs
in each location depending on the land surface types and
topographical conditions; coastal areas and mountainous
regions may have larger impact on surface wind speeds
(Figures 4, 6, and 10). Changes of surface wind speed in
Central Japan have yet to appear during 1961-2000 and the
global warming has little effect on the surface wind speed as of
the late 20™ century (Figures 5-8). The surface wind speed
might increase continuously after 2000 until the early 21%
century (Figures 9 and 10). Wind speed in 2046 and 2099
exceeds the wind speed in 2001. Over the coastal and
mountainous regions, the wind speed at 30 m AGL increases
from 8 m/s in 2001 to 10 m/s in 2099 (Figure 10), and the
differences of wind speed distributions between 2046 and 2099
are not so significant (Table 5). The areas with a wind speed of
over 7 m/s are larger in 2046 and 2099 than those in 2001 at
both 30 m and 100 m AGL (Table 6 and Figure 11). In general,
wind power generation is mainly influenced by the surface
wind speed, so that the future climate change could be expected
to enhance the potential of wind energy in Central Japan.

4, Conclusion

Wind speed differs in each area depending on the land
surface and topographical conditions, the highest annual wind
speed is found in mountain and coastal areas. Increases and
decreases of surface wind speeds in Central Japan are not found
during 1961-2000, but the wind speeds are predicted to
increase during 2001-2099. Changes of surface winds because
of global warming will be at its greatest during 2001-2046.

The differences of wind speed distribution between

those in 2046 and 2099 are small, and wind speeds in 2046 and
2099 are expected to exceed the wind speed in 2001. Over the
coastal and mountainous regions, the wind speed at 30 m AGL
increases from 8 m/s in 2001 to 10 m/s in 2099. The areas with
a wind speed of over 7 m/s are larger in 2046 and 2099 than
those in 2001 at both 30 m and 100 m AGL. Therefore, if global
warming advances following the IPCC A1B scenario, then the
wind speed in Central Japan is expected to increase.
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