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Abstract

Little is known about how the increased porosity of a deciduous windbreak, which results from loss of leaves, influences
wind speed reduction. We hypothesized that, with loss of foliage, the wind speed reduction effectiveness of a deciduous
windbreak decreases on near leeward side but not on further leeward side and that wind speed recovers faster in the
full foliage season than in other seasons. During summer, autumn, and winter (full, medium, and non- foliage season,
respectively), we observed wind speed and direction around a deciduous windbreak in a traditional Korean village on
windward and near and further leeward sides (at—8H, 2H, and 6H; H = 20 m, a windbreak height). We used a linear mixed
effects model to determine that the relative wind speed reduction at 2H significantly decreased from 83% to 48% (F, ,,, o,
=73.6, P < 0.0001) with the loss of foliage. However, the relative wind speed reduction at 6H significantly increased from
26% t0 43% (F,g55, = 18.5, P < 0.0001). Consequently, wind speed recovery rate between 2H and 6H in summer was two
times higher than in autumn and ten times higher than in winter (F, ,4; = 223.1, P < 0.0001). These results indicate that
deciduous windbreaks with full foliage seem to induce large turbulence and increase wind speed recovery rate on leeward
side. Our study suggests that further research is needed to find the optimal foliage density of a deciduous windbreak for
maximizing windbreak effectiveness regardless of seasonal foliage changes.

Key words: bibosoop, Korean traditional village grove, phenology stage, porosity, relative wind speed reduction, wind
speed recovery rate

INTRODUCTION

Windbreaks or shelterbelts are used to reduce wind
speed and alter microclimatic and soil conditions in ag-
ricultural landscapes throughout the world (Brandle et
al. 2004). The primary effect of windbreaks is reduction of
wind speed, which leads to secondary effects such as en-
hancement of the microclimate for crop yield and protec-
tion of livestock, homes and soils from strong winds. The
effectiveness of a windbreak depends not only on exter-
nal structural characteristics such as height, width, length

and orientation, but also on internal characteristics such
as density (the amount of solid material) and porosity (the
amount of open space). Of these characteristics, wind-
break height and porosity are the two primary factors that
determine a windbreak’s effectiveness in reducing wind
speed (McNaughton 1988, Brandle et al. 2004).

Several studies have tried to examine the relationship
between the height and porosity of windbreaks and their
effectiveness on wind speed reduction (Heisler and De-
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walle 1988, McNaughton 1988, Zhang et al. 1995a). The
windbreak height (H) is important to wind speed reduc-
tion because it determines horizontal sheltered area.
This sheltered area extends for a distance of 5H in the
up-wind of the windbreak (windward) and a distance of
30H in the down-wind (leeward) (Brandle et al. 2004).
Within this range, there exist two distinct zones called
‘quiet’ and ‘wake’ (McNaughton 1988). In the quiet zone,
which is immediately behind a windbreak regardless of
internal structures, turbulence is reduced and eddy size
is small. Beyond that, in the wake zone, turbulence in-
creases with eddy size and wind speed returns to upwind
scale (McNaughton 1988). The windbreak porosity, which
is defined as the ratio or percentage of pore space to the
space occupied by tree stems, braches, twigs, and leaves
(Loeftler et al. 1992, Zhu et al. 2003), mediates the effec-
tiveness of wind speed reduction and the extent of the two
different zones by influencing the rate of airflow passing
through the windbreak pores (McNaughton 1988, Brandle
et al. 2004). Therefore, although height is important, po-
rosity is considered the most important factor in deter-
mining horizontal patterns of wind speed reduction such
as the position of minimum wind speed and the recov-
ery rate of wind speed (Heisler and Dewalle 1988, Cleugh
1998, Brandle et al. 2004).

Many simulation and experimental studies have shown
that a medium dense (i.e., medium porosity) windbreak
generally shows better windbreak effectiveness than a
high dense (i.e., low porosity) windbreak (Brandle et al.
2004). Such studies have suggested that although the low
porosity windbreaks reduce wind speed near leeward
side more than medium porosity windbreaks, low po-
rosity windbreaks also induce more turbulence leeward
side, slightly faster recovery rate of wind speed, and nar-
rower quiet zone when compared to medium porosity
windbreaks with the largest sheltered distances (Wang
and Takle 1996, Vigiak et al. 2003). Most of these results
are based on the studies of coniferous windbreaks that
maintain a similar foliage density regardless of season.
Consequently, to maximize windbreak effectiveness,
windbreak design for coniferous trees has focused on
the spatial arrangement of tree plantation (Skidmore and
Hagen 1970, Hagen et al. 1981, Heisler and Dewalle 1988,
Zhang et al. 1995b, Wu et al. 2013). Although fewer stud-
ies have focused on deciduous windbreaks, researchers
have recognized that the amount of foliage, which deter-
mines deciduous windbreak density, varies with seasonal
phonological stages (Finch 1988, Loeffler et al. 1992). Un-
derstanding the effects of the phenology stages of decidu-
ous windbreaks on wind speed reduction and sheltered
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distances is important knowledge that can contribute to
designing and managing windbreaks for optimal effec-
tiveness (Finch 1988, Zhou et al. 2004) by minimizing the
seasonal variability.

There is, however, a knowledge gap on how the sea-
sonal phenology stages of deciduous windbreaks influ-
ence wind speed reduction. Generally, the loss of foli-
age of a deciduous windbreak results in the decrease of
windbreak effectiveness. For example, a recent study of a
deciduous windbreak showed that wind speed reduction
on a further leeward side as well as a near leeward side
simply decreased with decreasing foliage (Stredova et al.
2012). However, it is also possible that, when compared to
medium or non-foliage windbreaks, a full foliage decidu-
ous windbreak would induce more turbulance, thus fur-
ther increasing wind speed recovery rate on leeward side,
much like very dense coniferous windbreaks. With such
effects, the deciduous windbreak with full folage is not
likely to show similar windbreak effectiveness on a further
leeward side and a near leeward side. Therefore, further
research is needed to clarify whether medium or non-
foliage of deciduous windbreaks has more influence in
reducing turbulence than a full foliage one. In this paper,
we hypothesized that the wind speed reduction effective-
ness of a deciduous windbreak decreases near leeward
side but not on further leeward side with loss of foliage.
To highlight the increase of turbulence on leeward side by
high dense deciduous windbreaks, we also hypothesized
that wind speed recovers faster in the full foliage season
than in other seasons.

MATERIALS AND METHODS
Study site and field measurements

To test our hypotheses, we selected a deciduous wind-
break in the middle of an apple orchard in Sachon-ri,
Uiseong-gun, Korea. This orchard was established by
villagers about 600 years ago to protect the village from
the western winds (Fig. 1). The windbreak is one type of
Korean traditional village grove called a bibosoop from
the perspective of fengshui (literally meaning: wind and
water, which is translated as geomancy in English) (Park
et al. 2006, Lee et al. 2007, Koh et al. 2010). Because the
windbreak has been preserved as a natural monument in
Korea, it has been strictly excluded from artificial man-
agements; thus, its foliage becomes highly dense in sum-
mer, medium dense in fall, and non-foliage in winter. Its
structure is as follows: 800 m long in North and South ori-
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Fig. 1. Study site description. (a) The location of study site (white box) in Sachon-ri, Uiseong-gun, Korea, (b) an aerial photograph of the three
measurement locations of wind speed and direction in windward side (-8H, H = 20 m) and in leeward side (2H and 6H) of the deciduous windbreak
on (captured 2010 from Daum map, http://map.daum.net), and (c) a photo of the automatic weather station installation at 2H (captured on 02 June 2007

by D. Lee).

entation, 40 m wide on average, and 20 m high (hereafter,
H =20 m). The total tree density of DBH (diameter breast
height) in the maeulsoop area is 46 m/ha: which is com-
posed of Quercus aliena (17.9 m/ha), Q. acutissima (9.4
m/ha), Sophora japonica (6.9 m/ha), Cornus walteri (4.6
m/ha), Celtis sinensis (2.9 m/ha), Zelkova serrata (2.8 m/
ha), and Hemiptelea davidii (1.4 m/ha) (Choi et al. 2011).
Wind speed and direction sensors (HOBO S-WCA-
MO003; Onset computer, Bourne, MA, USA) were installed
at three different locations at a height of 4.5 m, which is
approximately 1.5 m above the orchard of 3 m high apple
trees. At —-8H in windward side, wind speed and direc-
tion were measured from June 2007 to April 2008. At 2H
and 6H on leeward side, wind speed and direction were
measured from August 2007 to April 2008 (Fig. 1). The
data were collected every 3 seconds and logged by HOBO
H21-002 Micro Station (Onset computer) in hourly aver-
aged values. The hourly averaged data were categorized
into three seasons each with two months period to keep
similar foliage density across each season, which was high
foliage (summer: between August and September 2007),
medium foliage (autumn: between October and Novem-
ber 2007), and non-foliage (winter: between January and
February 2008). This hourly averaged data was used to
analyze the wind speed reduction by the windbreak.

Relative wind speed reduction and wind speed
recovery rate

We used relative wind speed of the approaching wind
speed at—8H (U, / U_,) to measure a relative wind speed
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reduction at two leeward locations (Zhang et al. 1995b).
Therefore, the relative wind speed reduction was deter-
mined by (U_g; — Uy, / Uy (here, xH means 2H and 6H).
The wind speed recovery rate between 2H and 6H was
determined by the difference between the relative wind
speeds at 2H and 6H (i.e., Uy, / U_g; — Uy, / Ugy).

The relative wind speed reduction and wind speed
recovery rates for each season (summer, autumn, and
winter) were calculated using the hourly averaged wind
speed data. To reduce the variability of approaching wind
direction and speed, we identified the times when the ap-
proaching wind at —-8H was blowing from the west (i.e.,
between 247.5 and 292.5 longitudinal degrees) and the
wind speed was over 1 m/s. For the identified times when
the hourly averaged western wind speed data at —-8H was
over 1.0 m/s, hourly averaged wind speed data at 2H and
6H were used for further analysis of wind speed reduction.

Statistical analysis

A linear mixed effects model was used to test our hy-
pothesis on the effects of seasonal foliage changes on
relative wind speed reduction and wind speed recovery
rate between 2H and 6H on the leeward side. In the mixed
effects model, we determined season to be a fixed effect.
To reduce the pseudo replication of hourly averaged wind
data collected on the same date that may be potentially
correlated, we determined date of wind measurements as
arandom effect. Pair-wise comparisons of significant dif-
ferences of least squared means among seasons (i.e., the
level of foliage) were investigated using Student’s ¢ test. In

http://www.jecoenv.org



J. Ecol. Environ. 37(2): 91-97, 2014

0520 2030 3040 4050 5060 6070 7.0~m/s)

Fig. 2. Wind speed and direction at ~8H (H = 20 m) in the windward
side during June 2007 to April 2008. Each circle indicates the frequency
of wind direction during the observed period. Asterisk mark (*) indicates
the wind frequency of the wind speed below 0.5 m/s (calms) during the
observation period.

all cases, the degree of freedom of the models was esti-
mated by Satterthwaite’s approximation method in order
to account for the unequal number wind speed sampling
data sets from the three seasons (Littell et al. 1996). The
linear mixed effects model and the pair-wise compari-
sons were performed using the functions of ‘lmer’ in the R
package ‘lme4’ (http://cran.r-project.org/web/packages/
Ime4) and the function of ‘difflsmeans’ in the R package
‘ImeTest’ (http://www.cran.r-project.org/web/packages/
ImerTest), respectively, which produce the same data
frame as SAS software gives in PROC MIXED statement.

RESULTS

The prevailing wind was blowing from the west in the
study site during the observation period (Fig. 2). For ex-
ample, between 10:00 and 18:00 at -8H, western winds
occupied 30% (mean + SD: 1.06 + 0.52 m/s, maximum
2.60 m/s) in the summer, 60% (1.40 + 0.95 m/s, maximum
4.08 m/s) in the autumn, and 67.5% (2.75 + 1.55 m/s, max-
imum 6.12 m/s) in the winter. For western wind at —-8H,
the number of times that the collected hourly averaged
wind speed data had a speed beyond 1.0 m/s was 25 (in 10
days) in the summer, 180 (in 28 days) in the autumn, and
431 (in 31 days) in the winter.

The relative wind speed reduction on the near leeward
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side (2H) significantly decreased with the loss of foliage
(F, 11197 = 73.6, P < 0.0001). The mean values of the mea-
sured relative wind speed reduction at 2H in the summer,
autumn, and winter were 82.75%, 67.29%, and 47.83%, re-
spectively (all-paired Student’s t test, P < 0.0001; see Fig.
3a). However, the relative wind speed reduction on further
leeward side (6H) significantly increased with the loss of
foliage (F, o5, = 18.5, P < 0.0001). The mean values of the
measured relative wind speed reduction at 6h in the same
three seasons were 24.63%, 36.24%, and 43.30%, respec-
tively (Fig. 3b). Consequently, the estimated least squared
mean of the wind speed recovery rate between 2H and 6H
in summer was significantly high (60.01%), but the wind
speed recovery rate was decreased in autumn (32.13%)
and winter (5.97%) (F, 14,03 = 223.1, P < 0.0001; all-paired
Student’s t test, P < 0.0001; see Fig. 3c).

DISCUSSION

Our study found that the seasonal foliage changes of
a deciduous windbreak influenced the spatial pattern of
wind speed reduction. The deciduous windbreak with full
foliage showed more effect on wind speed reduction than
one with medium or non- foliage on the near leeward
side (2H). However, the effect of the full foliage windbreak
on the wind sped reduction was less than a medium or
non- foliage one on the further leeward side (6H) because
the full foliage windbreak showed a much greater wind
speed recovery rate. Our results indicate that the decidu-
ous windbreak with full foliage seems to induce large tur-
bulence and the deciduous windbreak with non-foliage
seems to induce small turbulence on leeward side. This
suggests that the amount of tree trunk and branches of
the deciduous windbreak in winter had windbreak poros-
ity more appropriate to maintaining the wind speed re-
duction effect on a further leeward side.

Although further research is need to examine the re-
lationship between foliage density and porosity and the
spatial pattern of wind speed reduction in further areas
(OH to 30H), the wind speed reduction pattern can be
conceptually derived from the current results (Fig. 4). If
these wind speed reduction patterns occur, overall shel-
tered distance can increase in winter more than in sum-
mer. Therefore, it is essential to find an optimal porosity
that maximizes the windbreak effectiveness of deciduous
trees which vary seasonally. Finding an optimal porosity
will help villagers to get the most substantial benefit from
the windbreak.

These results suggest that foliage density management
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Fig, 3. Relative wind speed reduction and wind speed recovery rate in the leeward side of the maeulsoop. (a) Relative wind speed reduction at 2H, (b)
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Fig. 4, The conceptual spatial patterns of relative wind speed between
-5H and 30H (H = 20 m) according to seasons. The observed relative wind
speed at 2H and 6H in each season is illustrated as box plots. Village with
a line indicates the spatial location of village in the leeward side of the
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may be especially important for deciduous windbreaks.
In many guidelines for designing windbreaks, the ar-
rangement and the width of tree planting have received
considerable attention for both coniferous and deciduous
tree types (Fewin and Helwig 1988, Finch 1988, Bitog et
al. 2012), and our study suggests that maintaining prop-
er porosity by pruning (or less likely thinning) may be
needed for deciduous windbreaks, which may be the only
acceptable trees in certain soil types and are sometimes
preferred by farmers in agricultural landscapes (Tuskan
and Laughlin 1991). A wind tunnel experiment also sup-
ported pruning treatment, showing that the maximum
windbreak effectiveness in an optimal degree of porosity
was enhanced by a trimming treatment (Vollsinger et al.
2005).

Pruning can be introduced as one of the methods to
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maintain proper porosity for enhancing the effect of a
deciduous windbreak on wind speed reduction. In ad-
dition to enhancing the main effect, maintaining proper
porosity is also important for enhancing secondary wind-
break effects that mitigate microclimates such as increas-
ing temperature and humidity (Cleugh 1998) , reducing
evaporation in paddy field, increasing crop production
(Foereid et al. 2002), and enhancing odor dispersion (Lin
etal. 2006). Along with these effects, pruning helps to pro-
tect trees from possible disease by removing unhealthy
branches (Mika 1986, Canellas and Montero 2002). In
addition, it may enhance crop yield by reducing the area
under the shade near windbreaks (Sudmeyer and Speijers
2007). It is difficult, however, to find the best aerodynamic
porosity related to windbreak effectiveness. Recently de-
veloped optical stratification porosity methods for esti-
mating aerodynamic porosity may help determine the
appropriate amount of pruning for the dense deciduous
windbreak (Zhu et al. 2003). Pruning should also be ap-
proached carefully in the aspect of period and the quan-
tity because of potential damage on habitats for diverse
wildlife (Leal et al. 2013).

In conclusion, this study found that the reduced foliage
density of an old and dense deciduous grove enhanced
windbreak effectiveness. Based on this result, we suggest
that the management of foliage density through pruning
is needed for windbreaks that have characteristics similar
to our study windbreak. We also suggest further research
on the relationship between characteristics of broad-
leaves and aerodynamic porosity in order to determine
the appropriate amount of pruning for the old, dense de-
ciduous windbreaks.
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