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Table 1. Summary of the shelterbelt structures used in this study.
Field site A B C D1 D2 D3
Location Chitose Hayakita Tomakomai Toubetsu
Width, W(m) 49 42 15 2.2(1 row) 3.9(2 rows) 6.3(3 rows)
Length(m) >1000 200 100 35
Height, H(m) 8.2 8.1 4.9 4.0
Number of stands per 3100 2100 1800 2600

unit areatha™)

Species Abies sachalinensis Betula platyphylla var.
Masters Jjaponica Hara

Stem diameter at 21 1
breast height(cm)
Depth of canopy
layer, Dc(m) 4.9 4.7

vth i . ..
ge?gii(gnz(;“ and its not exist Solidago altissima

1.5

Quercus dentata Thunb., Abies sachalinensis Masters
Quercus servata Thunb.,
Acer mono Maxim.,

Larix leptolepis Gordon

12 5.0*
3.9 3.5

Sasa nipponica not exist
1.0

*measured at 0.25 m above ground surface.
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Table 2. Data of PAI (plant area index) and PADc
(averaged plant area density in the can-
opy layer) observed in the shelterbelts.

Field site PAI(m*m~?) PADc(m*m™?)
A 5.74 1.17
B 1.94 0.41
D1, D2, D3 3.36 0.96
C (leafless period)
March 0.28 0.07
(transition period)
1st decade of June 0.74 0.19
2nd 1.65 0.42
3rd 2.56 0.66
(fully-leafed period)
July-September 3.01 0.77

1/3 Thoteo F i CTIEER I RO
1/10 LR Ch otz 8B, #15B, CKBUBT
HEREO PAL 3 FHFh, 5.96 m?m=2 4.05 m2m2
THo72,

b. EEZ#

Fig. 1~Fig. 3 i%, BAEMR O E i o B = —10
H@#iAD1, D2, D3W—7.5H) »E# L
Te R Ur OXFESHTH S, B E
o OME GRS T, <4 F X FELEA, 75 R

BETRTCH S, £z, BE—10H, H&z=1
H 2E¥ 0 UHETERE Uv OSESHDRL
72. Fig. 1285 A, B, Fig. 2 28#i&C, Fig. 3
BHIED 1,D 2, D 3DHEETH S, &¥B, Fig. 1

(#15A, B), Fig.2 (1 C) D), (0, B&
U Fig. 35D 1, D2, D3) ZREEHAORE
RBTh 5,

HisS A, BORHEAFESM (Fig. 1@) 2R3 &,
BiEMABR T BLTHISADIZS BB X b EES
N& L, ZoMEMIEER BT EMAR TRIO 1 H TH
ETHD, ZOERE, BHEAOIEMZIZRRE
THLI LS, HMEA L BT PADc 88k 57z
HEEFEZO N, DI LZ, ROHECOHER
TEVEHIzZ 2, #EA, BRREIBRELD S
DT, HED3IDLIKFES0.25H X0.5H &
N LEEICE S Z L (Fig. 3@ #SEzZ 615, L
ML, $HES (Fig. 1), ©) 2 R5[ED, 20D
I3 BBREIASRZ Y, IHEHRHFT L IIETE
W7 BERSADS LB DT, REORIEEE T
SEMIZT B,

Fig. 2 i35 C DERTH 5, (QDAFESH T,

150

[ (2) 1 == Site-A (/H=0.63)
[ 1 —s— Site-B (2/H=0.50)
~100 [--ot=—Rmgor----- bmmmmmmmmm e m S e
S -
- i
SEP
1
0 -l ] 1 ] i L Ll 1 L
20 <15 10 -5 0 5 10 15 20 25
Distance from Leeward Edge, H
- (b)Site-A r (c)Site-B —%— x/H=-10.0
. 1.0 [ —+—x/H=1.0
= [ [ ——o—x/H=5.0
&0 - L F - - - =
g 0s b . [ x/H=10.0
A - A
[ ’
| »
0.0 I W T TN (A VRN VA DR SO W Y |
0 50 100 0 50 100
Urv (%) Urv (%)

Fig. 1 Wind speed distributions at sites A and B when the wind direction is nearly normal to the shelter-
betls. (a): Horizontal distributions of relative wind speed (Ur) at a height of 0.63 H (site A) and 0.50
H (site B). The reference is wind speed at the same height and at —10 H from the windward edge.
(b): Vertical profiles of relative wind speed (Urv) around site A. The reference is wind speed at 1.0
H in height and at —10 H from the windward edge. {c): Same as (b) but at site B.
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Fig.2 Same as Fig. 1 but at site C. (a): Horizontal distributions of Ur at a height of 0.30 H over various
periods. (b): Vertical profiles of Urv over the fully-leafed period. (c): Same as (b) but over the leafless

period.
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Fig.3 Same as Fig. 1 but at sites D1, D2 and D3. (a): Horizontal distributions of Ur at a height of 0.50 H.
The reference is wind speed at the same height and at —7.5 H from the windward edge. (b): Vertical
profiles of Urv around site D1. The reference is wind speed at 1.0 H in height and at —7.5 H from
the windward edge. (c): Same as (b) but at site D2. (d): Same as (b) but at site D3.
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Fig. 4 Horizontal distributions of air temperature

difference (47T) at sites A and C in the
daytime (squares) and at nighttime (circles).
The reference is air temperature at 1 m in
height and at —10 H from the windward
edge. 4T was obtained by averaging hourly
air temperature in the daytime or at night-
time when wind direction is nearly normal
to the shelterbelt and the wind speed is over
2.5ms™! (site A) and 1.3 ms™! (site C) at the
reference point. The hatched area indicates
the shelterbelt.
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Fig. 5 Horizontal distributions of air temperature difference (47T) at sites A and C in clear (squares),
cloudy (triangles) and rainy (circles) weather. (a): Site A in the daytime. (b): Site A at nighttime. (c):
Site C in the daytime. (d): Site C at nighttime. The reference is the same as that in Fig. 4. 47 was
obtained by averaging hourly air temperature in clear, cloudy or rainy weather in the daytime or at
nighttime when wind direction is nearly normal to the shelterbelt and the wind speed is over 2.5 ms™

(site A) and 1.3 ms™ (site C) at the reference point. The hatched area indicates the shelterbelt.
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Fig. 7 Relationships of minimum wind speed (Ur,,,) to width (W) and averaged plant area density in the

canopy layer (PADc) of the shelterbelt. Sites A and B have trunk space, but sites C, D1, D2 and D3

have no trunk space.
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Fig. 8 Schematic aspect of plant area density (PAD), plant area index (PAI) and horizontal plant area index

(HPAD).
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Fig. 10 Relationships between maximum rise in
ground surface temperature (47s,..) and
U#min. The curves were calculated using
eq. (I1-9) with various effective energies at
the standard point (&).
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Fig. 11 Relationships between maximum rise in
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ved data. The curve is an average of
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Fig. 15 Vertical distributions of PAD in shelterbelts used for verification of the numerical model. (a): Site
A. (b): Site B. (c): Site C in the fully-leafed period. (d): Site C in the leafless period. (e): Sites D1 and

D3.

Table 3. Comparison of drag coefficients (C,) obtained in this study and those measured in other studies.

Layer Present study Other studies References
Canopy(coniferous) 0.25(Site A, D1, D3) 0.10~0.25 Amiro(1990)*
0.05~0.40 Grant(1983)+9
(deciduous) 0.13(Site B) 0.15 Lee et al.(1994)*V

0.20(Site C*) 0.02~0.20 Amiro(1990)%

Trunk space 0.50(Site B, C**, D1, D3) 0.50~0.60(single cylinder) Moritani et al.(1983)4»
0.20(Site A) 0.10~0.20(2 cylinders)

Under growth 0.10(Site B, C*) 0.10~0.14(Soybeans) Meyers and Paw U(1987)+®

0.07(Bean)

Thom(1971)*

*Fully-leafed period.
**Leafless period.

VB X UHOSHESEHNE £ —3 L, BEMET O
RANRFERZ OBOBEAEEEL R BRI LT
%, $ES (Fig. 17 (), (o) bEHEE - HHlE
DBRFNY — > IB—FL T 5,

Fig. 18 3#15D 1, D 3 B 3 TH 5,
WSO PAD BE L Wwa, ENRE 3, Ur DK
FEordm (Fig. 18 (@) ® 4 5 &, BHEMET BT
2 R/NEEE IS D 3 TR 1I0%DERH 5 H D
DG = F—H LT w3, $ES (Fig.
18(b), ()i, HuSD 3 D x/H=1.0 TEHEMKE
BERBTMLHhETRE CFlizn T3,
THERLZ2TEBOMELFRENTED, 2%
H2BEIE—8 L Tnwb, £/, #ED 1 Tk
Eadn, SRESHEBIZRL—HLTWw3,

Fig. 19 &, STETHE s LS A ICB T3 EAD

W7 P VTRLTZ, TRE2AS &, BEMK
DI TIENZ PV THEEESBES R, B
FEAROBIER ALK BPOR L Tw 3 Fby»
%, E7:BIEAMORTRIERTIE, 7 Mol
M XA SN, BRREEEEL I ESFEEL
TWw3 Zebd b, —F, FERTIE RS
B L CHATRERS, B TFETRTESRS
N5, BARJIE (1983)9 12 & % &, BiEAERTE
DFRBE AL, BIEMOER TR ERE &2 0 x/
H=1~2 THATERKEERY, x/H=8 1T
BNORTRE % EHREL TS, RFITTIRE
BE o TREREME R RICL TWw B, BEMADR
B 2R R LRSS ¥ 5 & B CEBL TW»
%,

PlEE Y, BEMOEE SRS RIET



R | BiEM OEN TRUBRHR I RIZT BT 2 0% 135

(a)
100 D et !
= [ Site-A
~ [ x,/H=0.38 H=0.50
IS S0 T 2/— model o model
[ e obs. O obs.
0 PN N S NN UPUU G N N N TR TN SN RO T T T S T S 1
-20 -10 0 10 20 30
Distance from Leeward Edge, x /H
(b)Site-A (c)Site-B
A model He10
i P =1,
1 4 —"""50
R * SR 10.0
E" < ,5< obs.
T % o o x/H=10
0 5.0
x 10.0

0 100 0 100

Fig. 16 Comparison of calculated (lines) and mea-

sured (circles and crosses) wind speed
distributions at sites A and B. (a): Horizon-
tal distributions of relative wind speed
(Ur) at heights of x2/H =0.38 (site A) and
x2/H=0.50 (site B). The reference is wind
speed at the same height and at x://H =
—10— W/H. (b): Vertical profiles of rela-
tive wind speed (Urv) at site A. The refer-
ence is wind speed at x,/ H=—10—W/H
and at x2/H =1.0. (c): Same as (b) but at
site B.
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Fig. 17 Same as Fig. 16 but at site C in fully-leafed
and leafless periods. (a): Same as Fig. 16(a)
but at site C at a height of x/H =0.40. (b):
Same as Fig. 16(b) but around site C in the
fully-leafed period. (c): Same as (b) but in
the leafless period.
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Fig. 18 Same as Fig. 16 but at sites D1 and D3. (a):
Same as Fig. 16(a) but at sites D1 and D3
at a height of x2/ H =0.50. The reference is
wind speed at the same height and at x/
H=—175—W/H. (b): Same as Fig. 16(b)
but at site D3. (c): Same as (b) but at site
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Fig. 19 Calculated wind vector at site A. The hatched area indicates the shelterbelt.
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Table 4. Shelterbelt structures used in the numerical experiments.

Height, H(m) 10
Width, W/H 0.2,0.5,1,2,5,10
Height of trunk space, Ht/H 0,0.2,0.5

Plant area density (PAD),
A(m*m~%)
Drag coefficient, C,

0.2,0.5,0.75,1.0,2.0, 3.0(canopy layer)
0.01,0.025,0.038,0.05,0.1, 0.15(trunk space layer)
0.2(canopy layer)

0.5(trunk space layer)

Inflow wind speed at a height 5.0
of x2/H=1.0(ms™")
Roughness length, zo(m) 1X10-?

W/H=1, Ht/H=0

100
g : PAD(m?m?)
5 50 50 o0 020 o100
i >?fg.;ooooo R>a ----0.50 200
[ 229400%X" ——0.75 x 3.00
O 1 I 1 ] M I ><| 1 [ N | g 1 L 1 P 1 1 3
-10 0 10 20 30

Distance from Leeward Edge, x,/H

Fig. 20 Horizontal distributions of Ur at a height of x2/ H =0.5 with various PADs and with W/H =1 and
Ht/H =0. The reference is wind speed at the same height and at x:/H=—10— W /H.
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Distance from Leeward Edge, x,/H

Fig. 21 Horizontal distributions of Ur at a height of x/H =05 with various widths (W/H) and with
PAD=0.75m?>m™* and H¢/H =0. The reference is the same as that in Fig. 20.
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(b) H/H=02],

Distance from Leeward Edge, x;/H

Fig. 22 Isopleths of relative wind speed at various values of Ht/H in PAD=2m?m™® and W /H =2. (a): Ht/
H=0. (b): Ht/H=0.2. (c): Ht/H=0.5. The reference is wind speed at x/H=—10— W /H and at
x2/ H =1.0. The hatched areas indicate the shelterbelt.
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Fig. 23 Isopleth of relative wind speed at Ht/H =05, PAD=2m’m* and W /H =10. The reference is the

same as that in Fig. 22.
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Fig. 24 Horizontal distributions of Ur at a height of x2/H = 0.5 with HPAI=10 (a) and HPAI=40-60 (b).
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The reference is the same as that in Fig. 20.
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Fig. 25 Relationships between minimum wind speed (Urpn:,) and HPAI at various values of Ht/H with
heights of x2/H =0.5 and 0.25. The circles indicate the results of numerical experiments, and the

triangles show the observed data. The curves represent eq. (II-17) with the coefficients shown in
Table 5.
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Table 5. Best fit coefficients in eq.(1ll-17) and stan-
dard error.
Ht/H x/H a a: Standard error

0 0.5 102.7 0.0914 3.4%
0.25 113.6  0.0912 5.0%

0.2 0.5 97.7 0.0811 3.6%
0.25 107.6  0.0589 5.0%

0.5 0.5 92.7 0.0434 4.09%
0.25 104.4  0.0323 5.4%
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Fig. 26 Relationships between shelter distance (DLuv,s/H) and HPAI at various values of Ht/H with
heights of xz/H =0.5 and 0.25. DLu,s/H is the distance over which wind speed is reduced below
809% at the leeward. The circles indicate the results of numerical experiments, and the curves
represent eq. (II-18) with the coefficients shown in Table 6.
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Table 6. Same as Table II-6-1 but in eq.(1I-18).

Ht/H xe/ H b b2 bs bs Standard error
0 0.5 71.9 0.351 0.0340 28.7 1.9
0.25 89.9 0.397 0.0302 26.0 2.1
0.2 0.5 98.7 0.346 0.0323 29.9 2.2
0.25 90.6 0.334 0.0300 27.2 2.3
0.5 0.5 258.5 0.360 0.0241 30.3 2.1
0.25 343.7 0.381 0.0210 27.3 2.5
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Table 7. Parameters used for verification of the numerical model.

Site-A Site-C

Daytime Daytime
Condition Clear Cloudy Clear Cloudy
Date 95 Sep.13 ’95 Jul.14 ’96 Jun.27 96 Jul.17
Initial air temperature("C) 10.5 19 .4 13.3 19.5
Initial ground temperature("C) 15.9 18.9 14.8 19.1
Initial relative humidity(%) 81 90 87 95
Atmospheric radiation, L | (Wm™2) 301 386 297 394
Albedo at ground surface, ag 0.2 0.2
Roughness length at ground surface, z,(m) 0.065 0.013
Ground surface moisture availability, 8 0.4 0.4
Heat capacity of ground, C{JK-'m~3%) 2.6x10¢ 2.6x108
Thermal conductivity of ground, A,(Wm~'K™1) 1.56 1.56
Albedo at leaves, ac 0.2 0.2
Extinction coefficient in canopy, F¢ 0.5 0.5
Scale of leaf, /c(m) 0.001 0.05
Minimum stomatal resistance, 7 sp.(sm™!) 380 380

(a)Site-A, 1995 Sep.13 (daytime, clear) (c)Site-C, 1996 Jun.27 (daytime, clear)
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Distance from Leeward Edge, x,/H

Fig. 28 Comparisons of calculated (lines) and observed (circles) air temperature difference (47°) at a height
of xz/ H=0.19 (site A) and at a height of x2/ H =0.20 (site C). The observed and calculated data were
obtained by averaging from 1000 to 1500. The reference is air temperature at the same height and
at x;/H=—10— W /H. The hatched areas indicate shelterbelts.

FAvs 721995 9 H 13 A& S 7 — ¥ (Table 7) D. # R
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Fig. 29 Horizontal distributions of 4T at a height
of x2/ H=0.1 with various PADs and with
W/H=1 and Ht/H =0. The reference is
air temperature at the same height and at
u/H=—10—W/H.
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Fig. 31 Horizontal distributions of 47 at a height
of x2/ H=0.1 with various values of Ht/H
and with PAD=0.75m*m™*. (a); W/H=1.
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Fig.32

Height, x,,/ H

Height, x,/ H

Height, x,/ H

Height, x,,/ H

Distance from Leeward Edge, x;,/ H
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Isopleths of relative wind speed and distributions of air temperature difference at various widths
(W/H) and PADs with Ht/H =0. The reference wind speed is that at x/H =—10— W /H and at
x2/ H=1. The reference temperature is that at x/H =—10— W /H and at the same height. The
dashed lines enclose the shelterbelt.



152 EERERFRBYHARNEICE EUE F25

10 P
® No Vortex L, -~
8 r Vort ”
L A Vortex P “e
mw 6T
3 [ A" aAA
& 4 r e
o) i e’ AAA
2 | P AS
0 74 /lg % A
_2 L - | 1 - 1 i 1
0 2 4 6 8 10
XUrmin/H
Fig. 33 Relationship between location of mini-

mum wind speed (Xvymin/ H) and location
of maximum difference in air temperature
(Xarmax/ H) at a height of x/H =0.1. The
triangles represent the data with a vortex
in the leeward of the shelterbelt. The
circles represent the data with no vortex.
The dashed line represents a function of 1:
1.
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Fig. 34 Relationships between minimum wind speed (U7y;,) and maximum difference in air temperature (4
Trax) at a height of x2/ H =0.1. (a): Calculated by model-A. (b): Calculated by model-B. The circles
represent the data for widths of W/H =0.2~2. The triangles represent the data for widths of W/

H =5~10.
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Fig. 35 Relationships between shelter distance (DLu,s/ H) and warming distance (DLaz.2/ H) at a height of
%2/ H =0.1. (a): Calculated by model-A. (b): Calculated by model-B. The circles represent the data
for widths of W/H =0.2~2. The triangles represent the data for widths of W /H =5~10. DLuvs0/
H is the distance over which wind speed is reduced below 809% at the leeward. DLsr.2/ H is the
distance over which air temperature rises above 0.2°C at the leeward.
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Fig. 36 Relationships between maximum difference in air temperature (A T,q,) and HPAI at various values
of Ht/H and at a height of x»/H =0.1. The circles indicate the data of W/H =0.2~2, and the
triangles show the data of W/H =5~10. The curves are averages of visual estimations.
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Fig. 37

Relationships between warming distance (DLaro.2/ H) and HPAI at various value of Ht/H and at

a height of %2/ H =0.1. DLar.2/ H is the distance over which air temperature rises above 0.2°C at the
leeward. The circles indicate the data of W /H =0.2~2, and the triangles show the data of W/H =
5~10. The curves are averages of visual estimations.
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Summary

Shelterbelts have various effects, including
a wind reduction effect, temperature improve-
ment effect and soil conservation effect, and
play important roles in cultivation of crops in
regions with strong wind and in maintenance of
cultivated fields.
quantitative guidelines for the planning and

However, since there are no

design of shelterbelts, we have simply planned
and designed structural factors of shelterbelts,
such as width and planting density, on the basis
of empirical data. The relationships between
shelterbelt structure and effects on climatic
improvements have not been elucidated because
of the difficulty in determining such relation-
ships from field observations. A numerical
model and numerical experiments are often
used when it is difficult to understand a phe-
nomenon by field observations. The relation-
ship between wind reduction effect and porosity
of fences has been clarified by numerical exper-
iments. However, an accurate numerical
model for a shelterbelt has not been developed

because it is difficult to determine the parame-

ter of porosity and because wind flow inside a

shelterbelt is complex. The aims of this study
were therefore to develop an accurate numeri-
cal model of wind flow and thermal phenomena
around a shelterbelt and to determine the quan-
titative relationships of shelterbelt structure
with wind reduction effect and warming effect
by numerical experiments. The optimum
shelterbelt structure for maximum effect on
climatic improvements is discussed in this
paper on the basis of the results of the numeri-
cal experiments.

The results obtained in this study are sum-

marized as follows.

1. Field observations of the effects of various
structures of shelterbelts on wind speed and
temperature distribution

Field observations of wind speed and tem-
perature distribution were carried out around
shelterbelts of different structures in 6 sites to

obtain basic data for the development of a

numerical model of the effect of a shelterbelt

on climate and to examine the correlation of a

new structural factor with climatic improve-

ment. It was found that width and plant area
density of a shelterbelt are structural factors
that have the greatest wind-reducing and warm-
ing effects. It was also found that the degree
of warming effect is also greatly affected by
the climatic environment, particularly the radi-
ation environment. There were no obvious
relationships between minimum wind speed and
width of the shelterbelt or between minimum
wind speed and plant area density of shelter-
belt. However, a strong correlation was found
between minimum wind speed and horizontal
plant area index (HPAI), determined as the
total surface area of plants (one side only)
within a horizontal cylinder of unit cross-

Consequently, HPAI is a valid factor

with which to evaluate the effects of shelterbelt

section.

structure on wind speed.
2. A numerical experiment on the effects of
shelterbelt structures on wind reduction

A numerical model for calculating the wind
flow around a shelterbelt was developed to
clarify the relationship between shelterbelt
structure and wind reduction effect by a numer-
This
dimensional and consists of a continuity equa-

ical experiment. model is two-

tion, Reynolds equation, and a k-e turbulence
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model under the condition of neutral stratifica-
tion. A model of change in a turbulent eddy
inside the shelterbelt was used for the first time
in this study. The calculated flow patterns and
wind speeds for two or more shelterbelts agreed
with the observed data, indicating that this
model has a high level of accuracy.

Using this model, a numerical experiment
on change in wind flow around a shelterbelt
was carried out to determine the effects of
various widths, plant area densities and heights
of trunk space layer of the shelterbelt. It was
found that as the plant area density increased,
minimum wind speed decreased and protected
distance (distance of 809 or less in relative
wind speed leeward of the shelterbelt) increased
when width of the shelterbelt was kept con-
stant. Moreover, when the plant area density
was kept constant, minimum wind speed contin-
uously decreased and protected distance in-
creased and then leveled off as the width in-
creased. When there was a trunk space layer
in the lower part of the shelterbelt, minimum
wind speed increased and protected distance
increased because the wind blew through the
trunk space layer.

Based on the abovementioned results, the
relationships of HPAI with minimum wind
speed and protected distance as indices of wind
reduction effect were examined. As HPAI
increased, minimum wind speed decreased rap-
idly and then leveled off when HPAI increased
beyond 20 when there was no trunk space layer.
On the other hand, protected distance showed
an initial rapid increase as HPAI increased and
then showed a very slight decrease when HPAI
exceed 15. Moreover, minimum wind speed
around a shelterbelt with a trunk space layer
was higher than that around a shelterbelt with-
out a trunk space layer when HPAI was kept
constant. Thus, it was clarified that the opti-
mum structure of a shelterbelt for wind reduc-

tion was one with an HPAI value of 15~20 and
with no trunk space layer.
3. A numerical experiment on the effects of
shelterbelt structures on warming

A numerical model for calculating the air
temperature distribution around a shelterbelt
was developed to clarify the relationship
between shelterbelt structure and warming
This model
is two-dimensional and consists of equations

effect by a numerical experiment.

such as an advection-diffusion equation and
heat balance equations at the ground surface
and at the plant surface. The present study
was the first study to use a model that includes
the process by which air temperature distribu-
tion is formed around a shelterbelt. The calcu-
lated air temperature distribution for two
shelterbelts agreed with the observed data, in-
dicating that this model was sufficiently accu-
rate to be used.

Using this model, a numerical experiment
on air btemperature distribution around a
shelterbelt was carried out to determine the
effects of various widths, plant area densities
and heights of trunk space layer of a shelter-
belt. When the width of shelterbelt was kept
constant, it was found that maximum rise in air
temperature and warming distance (area lee-
ward of shelterbelt in which the air tempera-
ture increased by at least 0.2°C) initially in-
creased and the leveled off as plant area density
increased. When the plant area density was
kept constant, maximum rise in air tempera-
ture and warming distance initially increased
and then decreased slightly as width increased.
The relationship between wind reduction effect
and warming effect was investigated. Strong
correlations were found bhetween minimum
wind speed and maximum rise of air tempera-
ture and between protected distance and warm-
ing distance.

Based on the abovementioned results, the
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relationships of HPAI with maximum rise in
air temperature and warming distance as in-
dices of warming effect were examined.
Strong correlations were found between HPAI
and maximum rise in air temperature and
When
HPAI was kept constant, maximum rise in air

between HPAI and warming distance.

temperature and warming distance around a
narrow shelterbelt (width of less than 2H,
where H the height of the shelterbelt) were
larger than those around a wide shelterbelt (5H
~10H).
with no trunk space layer, maximum rise in air

In the case of a narrow shelterbelt

temperature initially increased rapidly as
HPALI increased, peaked at HPAI of 15~20,
and then leveled off, while warming distance
also initially increased rapidly as HPAI in-
creased, peaked at HPAI of 15~20, and the

decreased slightly. Moreover, maximum rise

in air temperature around a shelterbelt without
a trunk space layer was higher than that
around a shelterbelt with a trunk space layer
when HPAI was kept constant. Thus, it was
clarified that the optimum structure of a
shelterbelt for warming is a narrow one (less
than 2H) with an HPAI value of 15~20 and no

trunk space layer.

HPAT has been proposed as a new struc-
tural factor of a shelterbelt in this paper.
Quantitative relationships between shelterbelt
structure and wind reduction effect and
between shelterbelt structure and warming
effect were determined by numerical experi-
ments using a new numerical model developed
in this study. In addition, the optimum struc-
tures of a shelterbelt for wind reduction and for

warming were described.



