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This study evaluates whether wind data at local meteorological
stations can be used for studying wind damage in forested areas.
Data from four Automated Meteorological Data Acquisition System
(AMeDAS) stations and one weather station, located in the northern
and southern portions of Hokkaido Island, was compared with wind
data collected at flux towers located in the Teshio and Tomakomai
regional forests. Anemometers were affixed to the flux towers at a
height of 32 m in Teshio and 40 m in Tomakomai; thus, the data
was assumed to adequately represent wind conditions in a forested
area without vegetation effects. Mean wind speed at the AMeDAS
stations and weather station sites was converted to extreme wind
speed using roughness length on eight directions. This comparison
was based on the storm (October to May) and typhoon (August and
September) seasons. Subsequently, a distance-limited topographic
exposure index (TOPEX) was calculated for all anemometer
positions using 1, 2, 5, and 10 km distances from the position.
We found that wind at sites with low TOPEX scores and small
roughness length could significantly represent wind conditions in
nearby forested areas. Wind speeds with high TOPEX scores
but small roughness length occasionally showed correlation with
conditions at the flux tower. Although additional study is required,
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using TOPEX with roughness length could be beneficial for deriving
suitable wind data sets that correlate with wind conditions in
nearby forested areas.

1. Introduction

Wind damage is critical for sustainable forest management due to
an increasing number of mature forests and climate condition change
(Kuboyama and Oka, 2000, Kamimura et al., 2008). There are on-
going efforts to reduce wind damage risk using statistical, empirical,
or mechanistic procedures including terrain and/or wind information
(Gardiner et al., 2000, Mitchell et al., 2001). However, it is difficult
to obtain accurate wind climate data in forests because there are few
meteorological stations or weather towers in forested area. Thus, es-
timation of wind would be required for improving wind damage risk
studies.

To estimate wind conditions in forested area, there are several ap-
proaches developed using not only geographic but also airflow and
boundary-layer knowledge. For instance, Wind Atlas Analysis and Ap-
plication Program (WAsP) is a common commercial airflow model in
Europe. Uchida and Ohya (2002) developed an airflow model, RIAM-
COMPACT for complex terrains using large eddy simulation (LES)
technique. The Detailed Aspect Method of Scoring (DAMS) yields
better wind estimation in valley and moderate slopes mainly based on
topographic exposure index (TOPEX) (Sudrez et al., 1999). TOPEX
is a simple indicator to show how much the target point is exposed by
wind, which is the most critical factor to influence windthrow (Ruel et
al., 2002). These models are useful for estimating the average wind cli-
mate on flat or complex terrain, but not for particular wind conditions
such as typhoons and subtropical cyclones.

Wind data in Japan is generally available at local meteorological
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stations including Automated Meteorological Data Acquisition System
(AMeDAS) and weather stations managed by the Japan Meteorologi-
cal Agency. Specifically, AMeDAS is located approximately every 17
km on Japanese land (Kondo et al, 1991) in or near urban areas.
There are several advantages to use these data including easily acces-
sible though internet. In addition, the data at local meteorological
stations located near forests are often used in wind damage studies to
find out the wind condition at occurring wind damage. However, it
remains unclear whether this data accurately represents wind climate
in nearby forests. It is also difficult to certify whether it is certainly
representing wind climate in the forests. This is because wind varies
depending on several factors including terrain, neighbouring conditions,
and anemometer height. Therefore, this study aims to find a simple
index or procedure to identify whether wind data at local meteorologi-
cal stations suitably represents the wind conditions in nearby forested

areas.

2. Methods

Two study sites were selected, one in the Teshio region located in
Northern Hokkaido and another in the Tomakomai region in Southern
Hokkaido (Fig. 1). Both regions receive strong wind caused by ty-
phoons and subtropical cyclones. Forests in the Tomakomai region suf-
fered from catastrophic wind damage in 2004. We selected the following
AMeDAS and meteorological stations located within 25 km from the
towers: Nakagawa and Nakatonbetsu AMeDAS stations in the north
and Morino and Shikotsukohan AMeDAS stations and Tomakomai me-
teorological station in the south of Hokkaido.

Wind speed and direction data were obtained from the websites of

the Carbon Balance Monitoring on Terrestrial Ecosystem, National
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Figure 1. Locations of the AMeDAS, weather station,
and flux towers in the Hokkaido Island

Institute for Environmental Studies*! and of Japan Meteorological
Agency*2. Table 1 shows the description of the towers, AMeDAS, and
weather station.

In this study, wind data at the flux tower was assumed to correctly
observe wind climate in the forests. To avoid vegetation and canopy ef-
fects, wind speed and direction measured at 32 m height on the Teshio
tower and those at 42 m height on the Tomakomai tower were used.
Since height and periods of data collection varied among the anemome-
ters, wind data were calibrated using the following steps. First, the data

were divided to two seasons. In Japan, strong wind is generally caused

*Ihttp://db.cger.nies.go.jp/gem /warm/flux/1forest /index.html
*2http:/ /www.data.jma.go.jp/obd/stats/etrn/index.php
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by typhoons or extratropical storms. The highest frequency of strong
wind is often observed in winter or in spring, while catastrophic damage
is mainly due to typhoon although the frequency is low (Hatakeyama,
1966). Therefore, the data were classified into two seasonal groups;
storm (October to May) and typhoon (August to September). All
wind data were calculated as the hourly mean speed and degree az-
imuth, which were then classified to eight directions (N, NE, E, SE,
S, SW, W, NW). Subsequently, standard deviation (s.d.) of the mean
wind speed was calculated for each season and direction. Using s.d.

extreme wind speed (Uegtreme; m/s) was converted as:

[1] Ueztreme = Umean + 3 x s.d.

where Uyyean is the mean wind speed (m/s) and “3” is a constant, which
can be determined on average due to empirical studies (Kondo, 2000).
Wind speed data at the AMeDAS and the meteorological station were
calibrated to compare the data at the towers because the anemometer
height of the meteorological station and the AMeDAS varies depending
on terrain conditions and/ building height located near stations (Kondo
et al., 1991). The speed data were calculated to be the wind speed at
the same height as the anemometer heights of the flux tower (32 and
42 m) using the following equation (Kondo, 2000).
2] Uy = U, x L08(=/20)
log(za/z0)
where Uy is the wind speed at the anemometer height on the tower
(m/s), U, is the wind speed at the anemometer of AMeDAS or the
weather station (m/s), z; is the anemometer height of the tower (m),
zq 1s the anemometer height of AMeDAS or weather station (m), and
2o is the roughness length (m). Unique values of zg in eight directions
provided by Kondo et al. (1991) were applied for this calculation (Tab.
2).
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Table 1. Description of the flux towers, AMeDAS,

and metrological station used in the analysis

North
Location Teshio Nakagawa Nakatonvetsu
Category Flux tower AMeDAS AMeDAS
Longitude 142°06’E 142°4.6’E 142°16.8'E
Latitude 45°03' N 44°49.7'N 44°57.9°’N
Elevation 70 22 25
(m)
Anemometer | 32, 25, 21 8 10.2
height (m)
Measured 30 10 10
period
(minutes)
Vegetation 18-25 (2001- Unknown Unknown
2003)
height (m) 2.5-3.0 (af-
ter 2003)
Available 2000-2005
data
Distance 0 25 17
from
tower?® (km)
South
Location Tomakomai Shikotsukohan Morino Tomakomai
Category Flux tower AMeDAS AMeDAS Metrological
station
Longitude 141°31'E 141°24.4E 141°14.7E 141°32.8’E
Latitude 42°44°'N 42°46.3’'N 42°37.9°'N 42°37.3’'N
Elevation 115-140 290 170 6
(m)
Anemometer | 42, 27, 22, 8,4 10 20.1
18,
height (m) 14, 8, 5,0
Measured 30 10 10 1
period
(minutes)
Vegetation 18-20 Unknown Unknown Unknown®
height (m)
Available 2000-2004,
data 2005°
Distance 0 10 25 12
from
tower?® (km)

Note) @: this is approximately horizontal distance measured using GIS, b: the tower

was destroyed caused by typhoon in 2004, ©: the sea side is spread from SE to SW.
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Table 2. Roughness length (cm) of eight directions at local meteorolog-
ical stations partly calibrated from Kondo et al. (1991, pp. 184-185) In
this study, the directions were moved to 22.5 degrees in anticlockwise

to correspond with the wind data

Location N NE E SE S SW W NW
Nakagawa 15 52 68 15 5 5 18 5
Nakatonbetsu | 95 95 43 29 53 95 91 95
Shikotsukohan | 92 92 92 77 35 18 47 92
Morino 22 54 43 46 83 84 87 30
Tomakomai 39 99 20 01 01 39 51 74

Next, distance-limited TOPEX of eight directions was calculated for
1, 2, 5, and 10 km from the anemometer position using 50 m x 50 m of
digital elevation map. The TOPEX score is a parameter representing
exposure from wind by measuring the angle from the skyline including
the target point to the point on the highest elevation in the eight di-
rections within the limited distance (Wilson, 1984, Quine and White,
1994, Mitchell et al., 2008). The negative scores are counted as zero.
The calculation was mainly based on ArcGIS ver. 9.2 (ESRI Co.).

Finally, Pearson’s correlation coeflicient was obtained for the wind
speed at the tower and for the calibrated wind speed at the AMeDAS
and the metrological station depending on eight directions. As consid-
ering the sensitivity of wind direction at the anemometers, the wind
directions of the AMeDAS were assumed to be in the same direction of
the tower if the difference of the direction of the AMeDAS was within
+ 45 degrees. For instance, if the wind direction of the AMeDAS is
NW and that of the tower is N, then the direction of the AMeDAS

would be counted as N. After the calibration, the data would be ex-
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tracted if the directions between the tower and AMeDAS were corre-
sponded. The average ratios of the accepted data to the total data
were : Morino AMeDAS (66%), Nakatonbetu AMeDAS (70%), Naka-
tonbetsu AMeDAS (71%), Shikotsu AMeDAS (50%), and Tomakomai
meteorological station (73%). Consequently, the results and TOPEX
scores were compared to find relationship between wind speed measure-

ments and terrain exposure by wind.

3. Results
3.1. North region

Table 3 shows the correlation of the extreme wind speed between the
flux towers and the AMeDAS and weather station. In storm season,
Uecstreme at Nakagawa AMeDAS, in particular from the SW, was sig-
nificantly correlated to that at the flux Tower (Teshio). Ueztreme from
the E and NW showed a relatively significant relationship. In typhoon
season Uegtreme from the SW and W at Nakagawa AMeDAS seemed to
be correlated to that at the tower. In terms of Nakatonbetsu AMeDAS,
Ueztreme from the N was most significant during storm season, while
Uestreme from the SE showed the best correlation during typhoon sea-
son. At both AMeDAS, U.ztreme from the SW was often observed.

Total TOPEX scores at all anemometer positions increased more
than twice between 1 and 10 km distance (Tab. 4).

More specifically, the TOPEX scores of the Nakagawa AMeDAS were
approximately twice and those of the Nakatonbetsu AMeDAS two to
four times greater than those of the flux tower. For the Nakagawa
AMeDAS, there were no shelters in the southern side (E to W) within
2 km from the anemometer (Fig. 2). In addition, strong wind was
observed particularly from the SW partly due to low shelter effects. At
the Nakatonbetsu AMeDAS, almost all directions were sheltered within

1 to 2 km except for the NE, although poor correlation was found in
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TOPEX 2km
TOPEX 10km

TOPEX 1km
TOPEX 5km
Figure 2. TOPEX scores of eight directions depending on the distances in the Teshio region
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Table 4. Total TOPEX scores of 8 directions depending on 4 distances:
1, 2, 5, and 10 km from the tower, AMeDAS and meteorological station

TOPEX 1km 2km 5km 10km
Teshio (tower) 3.59 6.37 12.32 14.66
Nakagawa 8.46 9.30 18.27 19.83
Nakatonbetsu 13.48 2191 24.67 28.97
Tomakomai (tower) 2.58 2.97 3.38 4.58
Shikotsukohan 69.11 70.62 70.61 71.28
Morino 62.95 65.68 66.66 66.97
Tomakomai 0.45 1.82 5.71 4.66

wind speed from NE (see Fig. 2 and Tab. 3). Wind from the N shows the
best correlation in storm season despite of a shelter within 1 km from
the AMeDAS. At the Teshio tower, the TOPEX scores also increasing,
and they were close to those of the Nakatonbetsu AMeDAS within
5km. Wind from the SE also showed better correlation than the wind
from oth er directions. Although the TOPEX score of the SE was
always high, the roughness length was the smallest among those in other
directions. This intended that wind turbulence was stable compared to
the wind from other direction (Kondo et al., 1991).

3.2. South region

At the Shikotsukohan AMeDAS, a significant relationship with the
tower was found in the N during two seasons. On the other hand,
Uecptreme from the N and SE at the Tomakomai weather station was
significantly correlated to Uegtreme at the Tomakomai tower. The
wind blew most often from the S for both seasons at the Tomakomai
AMeDAS (Tab. 3) because of effects from the ocean. The reason for
the poor correlation at the Shikotsukohan and Morino AMeDAS stati-
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ons is the strong shelter effects caused by hill located near the anemome-
ters. Total TOPEX scores of the Shikotsukohan and Morino AMeDAS
stations were approximately 14 to 27 times greater than those of the
tower, while the scores of the Tomakomai meteorological station were
not considerably different from those of the flux tower (Tab. 4). In
addition, the total scores of the Shikotsukohan and Morino AMeDAS
stations were high within 1 km and did not change within 10 km. This
indicates that there are very close and high shelters to the AMeDAS
stations. Figure 3 shows more detailed terrain condition using the
TOPEX scores of eight directions. Few differences were found between
the Tomakomai weather station and the tower in all directions. There
is also a lake in the NW of the Shikotsukohan AMeDAS. This exposed
area could lead to better correlation of wind from the W, NW, and N
in both seasons except wind from the NW during typhoon season.

To sum up, wind with low TOPEX scores and low roughness length
tended to suitably represent Uep¢reme in forested areas located within
25 km from the local meteorological sites. Wind with high TOPEX
scores but low roughness length also showed better correlation to the
wind in the forests, but only if there were no high shelters located
near anemometer positions, i.e. low TOPEX scores within 1 to 2 km

distance were required (See Tab. 2, Fig. 2 and 3).

4. Discussion and Conclusion

Wind data at the local meteorological stations were compared with
that at the flux towers located in the forested areas to determine
whether the data were statistically related to the wind condition in
the nearby forests. We found that wind data at the sites with low
TOPEX scores and small roughness length correlated to the wind in
the nearby forested areas. This finding allows wind speed data at differ-

ent anemometers to be integrated in order to obtain better data-sets of
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wind conditions in forested areas. In addition, our study clarifies that
distance from forested areas is not always the key to finding anemome-
ters associated with wind conditions in forested areas. However, several
disagreements were also found using the relationship between TOPEX
and wind climate, perhaps caused by the neighbouring environment of
the anemometer and limitations of TOPEX.

There are several problems with measuring wind, especially at
AMeDAS. For instance, the AMeDAS location or anemometer height
occasionally changes due to changes in neighbouring environment. For
instance, AMeDAS tends to be moved to the other place if it suffers
from any interruption due to construction of new buildings or change
of tree height. In addition, since most weather stations and AMeDAS
were generally located in the centre of town with various anemometer
heights, it is difficult to observe surface wind flow (Mitsuda, 1997).
In this study, we calculated wind speed at the same height of the
tower anemometer using roughness length provided by Kondo et al.
(1991). However, roughness length might change due to new buildings
constructed around the anemometers. Some of the anemometer heights
have been also changed. Thus, it is necessary to find information on
neighbouring environments before using wind climate data for nearby
forests.

Distance-limited TOPEX provides a useful overview of wind expo-
sure for site terrain conditions, which one of the keys of wind condition.
TOPEX is also easily calculated using GIS. With these advantages,
TOPEX can be applied to predict local wind estimation by using air-
flow models such as the mesoscale numerical weather prediction model
(Mitchell et al., 2008). However, our study shows that TOPEX cannot
be the only indicator to select wind data for nearby forested area. This
is because TOPEX itself does not account for environmental conditions

such as roughness length. Sites with less exposure are more likely to
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receive less extreme wind. On the other hand, if the site has large
roughness length but low mean wind speed, then extreme wind speed
tends to be accelerated caused by strong turbulence during unstable air-
flow condition (Kondo and Kuwagata, 1984). In addition, Turnipseed
et al. (2003) points out that forest canopy is more critical than terrain
complexity. Airflow above canopy is also strongly associated with stem
density (Kondo and Yamazawa, 1983). Therefore, additional informa-
tion, in particular, roughness length is required to improve wind data
selection using TOPEX.

It is challenging to find appropriate wind data for estimating wind
conditions in forested area. Nevertheless, using a simple procedure
or index would be beneficial. Further studies are required to develop
procedures for finding suitable wind data sets at local meteorological

stations associated with wind climate in forested areas.
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