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Forest microclimates have unique characteristics, which depend on various factors, such as
slope, direction, altitude, and vegetation type. We analyzed the characteristics of the
microclimate in a forest using temperature, relative humidity (RH), and light intensity at sites
10, 25, and 50 m from the forest edge in four directions (north, 0°; southeast, 135°; south, 180°;
and west, 270°) from July 2018 to June 2019. The results indicated statistically significant
differences in the daily mean light intensity among the four directions. The sites 10 m from the
forest edge displayed significantly different daily mean maximum temperatures, light intensities,
and RH in different directions. The 25 and 50 m plots showed significantly different daily mean
light intensities and RH in different directions. The primary factor affecting daily mean
maximum temperature was direction, whereas RH was driven by altitude, crown density, and
direction, and light intensity was controlled by altitude, slope, and direction. The meteorological
factors that showed a significant correlation with at least one environmental factor (altitude,
slope, direction, tree crown density, and distance from forest edge) were daily mean maximum
temperature, RH, and light intensity.

1. Introduction

Forest microclimates [temperature, relative humidity (RH), illumination, soil temperature]
have unique characteristics() that depend on factors including slope, direction, altitude, and
vegetation type. Since the presence and interactions of all organic matter are closely related to
forest climate, researching and analyzing forest microclimates are of fundamental importance.
The Republic of Korea is mountainous, with 63% of its area covered in forests, often at the
urban—rural interface,?) and thus experiences various phenomena associated with natural
disasters and biodiversity. Recently, interest in the relationship between forests and
microclimates has been growing, partly due to an increase in the recreational use of forests.

Natural disasters, such as forest fires and landslides, are dependent upon local meteorological
conditions. The frequency and strength of forest fires are affected by the flammability of fuel
that has accumulated in the understory, a factor closely associated with moisture content, which
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is in turn affected by external environmental factors such as climate and weather.3—>) Using the
Automatic Weather Stations of the Meteorological Administration and Korea Forest Service, we
analyzed the generated wind fields that affect the occurrence of forest fires, and the distribution
was found to be highly correlated with mountain characteristics.® Forest disasters are driven by
weather conditions such as temperature, RH, wind speed, and geographic conditions such as
topography, forest type, and structure.(”) Thus, forest disasters in mountainous terrain are closely
related to microclimate, and a detailed analysis of the local meteorological conditions of these
forests is required to predict and prevent forest disasters.

Forests are affected by local meteorological phenomena, which are partly determined by the
forest structure and characteristics, and these localized systems affect the entire forest
ecosystem.®) For example, microclimate analyses conducted two years after a restoration project
was completed revealed higher mean temperatures and lower RH than in the surrounding
forests.(”) Because the forest microclimate affects tree growth, forest restoration should only be
performed after ensuring appropriate microclimatic conditions for the area and tree species.(!?
Furthermore, the range of microclimates at forest edges varies more than that in the forest center,
and it has been shown that forests must maintain a width of >40 m to adapt to rapid weather
changes.(!D

Since the tree canopy layer varies in growth areas, the localized summer microclimate in
these regions will vary.(!? The microclimate under forest canopies is affected by the forest type,
altitude, and season, and it has been shown that the regeneration of pine trees in high-altitude
forests is highly sensitive to microclimatic conditions.!? The relationship between ambient and
soil temperatures was analyzed through the effect of reduced solar radiation in the canopy of
medium- and high-altitude coniferous forests from early spring.(!) Furthermore, the
relationships between microclimate data and topographic factors at each point were analyzed to
construct a predictive model for irregular terrain.(!>) As one enters the forest from the exposed
edges, microclimatic characteristics change with the environmental factors.(!"1®) Thus,
microclimatic changes within a forest are related to the distance from the forest edge and
direction, and the tree crown area is also significantly correlated with the distance from the
forest edge in all directions.(1”)

Among the geographical factors of forests in mountainous areas, altitude exhibits the highest
correlation with meteorological factors, whereas slope and crown density show relatively low
correlations.(!®) The temporal variation of forest temperature decreases with increasing altitude,
and the microclimate distribution of the forest tends to display a temperature—RH difference
gradient between daytime, early morning, and afternoon, depending on the spatial distribution
of the forest characteristics.(!2! Since the influence of the forest microclimate in mountain
areas depends on the forest structure, type, and external environmental factors,?? it is necessary
to accumulate data from the field across an array of conditions. Therefore, our study was
conducted to understand the effects of the topographical and structural characteristics of a forest
on the localized microclimate by analyzing the meteorological changes according to the
direction and distance from the forest edge.
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2. Materials and Methods
2.1 Study area

The research site was at the university forest of Kangwon National University, which is
composed of forests typical for the mountainous terrain of central Korea (Fig. 1). Microclimate
data in the forest were collected at distances of 10, 25, and 50 m from the forest edge in the north
(0°), southeast (135°, selected because investigation to the east (90°) was not possible due to the
steep terrain), south (180°), and west (270°) directions around the Mountain Meteorology
Observation System of the Korean Forest Service, installed at Yeonyup Mountain, Chuncheon-si,
Gangwon-do, Korea (Fig. 1). Study plots (10 m x 10 m) were established in the 12 study sites,
where tree height (m), diameter at breast height (DBH, cm), crown width of individual trees with
height >1.2 m, altitude (m), and slope (°) were determined. In the present study, crown density
(m?) was calculated by measuring the crown widths and lengths of trees with height >1.2 m in
each of the cardinal directions for all 12 study plots and were used to analyze microclimatic
characteristics (Table 1).

Along the north slope on the study site, the top of the HOBO data logger at the 10 m location
was exposed to and directly affected by sunlight, as there were no trees with height >1 m. The
vegetation in this study plot mainly consisted of Stephanandra incisa (Thunb.) Zabel var. incisa,
Lespedeza Michx. var. japonica Mak, and Osmunda japonica (Thunb.). In the 25 m plot, the
dominant species was Lindera obtusiloba Blume, with lesser abundances of Quercus aliena
Blume, Acer pictum subsp. mono (Maxim.) Ohashi, and Acer pseudo-sieboldianum (Paxton)
Komarov. In the 50 m plot, the dominant species was Acer pictum subsp. mono (Maxim.) Ohashi,
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Fig. 1. (Color online) Locations of the 12 study plots surrounding the Mountain Meteorology Observation System
of the Korean Forest Service installed at Yeonyup Mountain, Chuncheon-si, Gangwon-do, Korea.
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Table 1
Characteristics of selected study plots.
Direction f]r)oiza:dcgee Altitude Slope Me.:an tree DBH Cr.own , Domir'lant Coordinates
) (m) (©) height (m) (cm) density (m~) species
8 17 37°47° 37.1"N
10 580 27 /63-104 /12,0195 130 — 127°49° 50.8"E
12.0 21.8 Lind, 37°47° 37.6”N
N(©°) » 364 28 /10.4-13.2 /17.0-33.0 907 ob;:siZZa 127°49° 50.7°E
18. °47’ 38.3”N
30 >4 30 /115—25.8 /32.020.0 991 Acerpictum 13277°479’3§o%4”1§
0w n e e T i T
wam  m e w ek
a T e e o
I T N e
S (180°) 25 601 2 /8.;(1'152.9 /7.33;0.0 677 cofz(;ZZim 13 27;f:9’355 foj\lla
N B oian a0 tommens e sL0E
0 2 pens s % iowes  iewsr:
W (240°) 25 385 2 /i 1737523 /73?6.0 621 kof;:l::sis 13 2770319’35;3}115
0 378 25 /11 2:3(1243 /21.3;:&4614‘3 94.3 kofti?::sis 1;77‘:179 ’32.82.31’\}]5

with lesser abundances of Cornus controversa Hemsl. ex Prain and Quercus mongolica Fisch.
ex Ledeb. This plot had the highest crown density (99.1 m?) of all plots. To the southeast, the
10 m study plot comprised Quercus mongolica Fisch. ex Ledeb, Juglans Mandshurica (Maxim.),
and Acer pictum subsp. mono (Maxim.) Ohashi. In the 25 m plot, the dominant species was
Lindera obtusiloba Blume, with lesser abundances of Quercus mongolica Fisch. ex Ledeb and
Tilia amurensis Rupr. In the 50 m plot, Lindera obtusiloba Blume was dominant, with lesser
abundances of Quercus mongolica Fisch. ex Ledeb and Stephanandra incisa (Thunb.) Zabel var.
incisa. To the south, tall tree species were dominant and the tree crown layer was relatively high,
so the forest interior was relatively open compared with the other plots. The 10 m plot primarily
contained Cornus controversa Hemsl. ex Prain. In the 25 and 50 m plots, Cornus controversa
Hemsl. ex Prain, Tilia amurensis Rupr, and Pinus koraiensis Siebold & Zucc were present. To
the west of the forest edge, understory vegetation was sparse because Pinus koraiensis Siebold &
Zucc was dominant. The 10 m plot was dominated by Cornus controversa Hemsl. ex Prain, Acer
pictum subsp. mono (Maxim.) Ohashi, and Styrax obassia Siebold & Zucc. At the 25 and 50 m
plots, Cornus controversa Hemsl. ex Prain and Eleutherococcus sessiliflorus (Rupr. & Maxim.)
S. Y. Hu were also present.
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2.2 Microclimate measurements and statistical analysis

A small weather observation device with a HOBO data logger (Onset; MA, USA) was
installed at each study site to analyze forest microclimate characteristics by attaching it to a
specially manufactured small cradle (15 cm X 15 cm x 10 cm) to ensure that direct sunlight did
not directly impact the device.?? Temperature (7, °C), relative humidity (RH, %), and light
intensity (L/, 1x) were measured hourly from July 2018 to June 2019. The measured
meteorological data were directly downloaded from each logger each month, and monthly mean
values from each of the 12 study plots were analyzed. The data logger had internal T, LI, and RH
sensors on a 4 inch wire mounted on the circuit board inside the snap lid case, where the T
sensor can measure temperatures from —40 to +120 °C with an accuracy of £0.7 °C at 21 °C, the
RH sensor can measure RH from 25 to 95% with an accuracy of +5%, and the nominal range of
the LI sensor was from 22 to 3229 lux, although the maximum value could vary from 6458 to
9688 1x. During the study period, microclimate logger data from the sites 25 and 50 m to the
south and 10 m to the west were lost, and these sites were thus excluded from analysis.

Analyses of meteorological data were performed using the IBM SPSS Statistics v.24 program.
As the meteorological data collected in this study did not satisfy normality, a nonparametric
statistical analysis method was used. When the significance level was <0.05, a detailed analysis
was performed using the Mann—Whitney U test, assuming a significant difference between
groups. Nonparametric Spearman’s correlation analysis was used to analyze the effects of four
factors (altitude, slope, direction, crown density) on the forest microclimate, and multiple linear
regression was performed.(®)

3. Results and Discussion
3.1 Analysis of microclimate and direction

The differences in meteorological factors according to slope direction can be seen in Table 2.
Annual mean temperature (7)) was highest to the south (9.8 °C) and lowest to the southeast
(9.2 °C); annual mean maximum temperature (7;,4y) was highest to the north (15.5 °C) and
lowest to the west (13.7 °C); annual mean minimum temperature (73,7y) was highest to the west
(6.4 °C) and lowest to the north (5.4 °C); annual mean RH was highest to the southeast (71.1%)
and lowest to the west (67%); and annual mean L/ was highest to the south (20.7 1x) and lowest to
the west (3.8 1x). Regarding the monthly mean RH, the June value was lowest to the west because
the relatively tall trees allowed wind to pass through the open mid- to understory.

The Mann—Whitney U test was conducted to analyze the significance differences among the
weather factors (daily mean 7, T4y, Tamgy, RH, LI) according to the direction (Table 3). T, x
was found to have significant differences between the north and west (Mann—Whitney U test:
Z =-2.032, P=0.042) and between the south and west (Z = —2.202, P = 0.028). The daily mean
RH had significant differences between the north and west (Z = —2.142, P = 0.032), between the
southeast and south (Z = —1.985, P = 0.047), and between the southeast and west (Z = —3.134,
P =0.002). The daily mean L/ had significant differences among all directions.
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Table 2
Comparison of meteorological factors by direction for the study plots surrounding the Mountain Meteorology
Observation System.

North Southeast

Year Month T TMAX TM[N RH LI T TMAX TMIN RH LI
49 Y O (%0) (1x) Y 9 49 (%0) (Ix)

Jul. 26.6 33.1 23.0 76.7 9.4 26.1 31.3 23.0 78.4 4.2

Aug. 23.8 29.1 20.6 84.0 59 233 272 20.5 86.1 2.9

2018 Sep. 16.4 20.7 13.6 83.8 33 46.0 19.6 13.6 86.4 2.5
Oct. 8.8 13.4 5.4 78.0 4.6 8.6 12.6 5.5 79.6 3.7

Now. 4.0 8.5 0.9 72.4 11.4 39 8.2 1.1 72.6 9.2

Dec. —5.2 -1.1 -89 65.4 15.8 —5.2 -1.1 —8.7 65.5 13.0

Jan. -5.7 -1.0 -9.5 60.5 9.3 —5.8 -12 -9.4 60.7 7.4

Feb. 2.7 3.6 —7.2 62.7 50.3 -3.0 2.8 —7.1 64.4 37.5

2019 Mar. 34 10.8 -1.8 64.0 40.2 3.1 10.1 -1.7 65.0 29.5
Apr. 9.0 17.6 32 58.9 27.1 8.9 17.9 34 59.2 23.6

May 16.9 254 11.0 53.9 13.2 16.7 253 11.3 55.1 8.1

Jun. 18.8 25.8 14.4 717.0 6.2 18.1 233 14.4 79.8 3.2

Mean 9.5 15.5 5.4 69.8 16.4 9.2 14.7 5.5 71.1 12.1

South West

Year Month T TMAX TM[N RH LI T TMAX TM]N RH LI
49 (Y Y (o) (1x) O Y 49 (%%0) (x)

Jul. 26.1 29.6 23.1 773 3.1 26.1 29.4 234 77.7 2.0

Aug. 235 269 20.7 84.9 14.0 234 26.6 20.8 85.3 1.2

2018 Sep. 16.5 20.4 13.5 83.0 32 16.4 19.5 14.0 83.0 1.0
Oct. 9.3 14.3 5.7 75.3 11.8 9.3 12.9 6.3 74.6 2.1

Nov. 4.8 11.4 1.0 69.3 25.0 4.9 8.4 2.2 68.4 37

Dec. -39 2.3 —8.2 60.5 23.5 -39 —-0.1 —7.2 59.9 3.8

Jan. -3.0 1.7 -89 554 22.0 —4.3 0.3 -7.8 55.0 2.6

Feb. —2.0 4.6 —6.6 60.0 40.3 -1.0 2.0 =57 59.9 9.0

2019 Mar. 35 10.0 -1.2 63.9 38.1 34 7.7 -0.3 63.9 7.4
Apr. 9.0 16.7 3.5 59.8 394 8.6 13.9 4.4 60.4 6.5

May 16.7 23.0 114 52.5 24.0 16.4 21.8 11.9 53.9 4.8

Jun. 18.5 229 15.1 80.2 3.6 18.2 22.3 15.0 61.4 1.5

Mean 9.8 15.3 5.8 68.5 20.7 9.7 13.7 6.4 67.0 3.8

T, Mean temperature; 774y, Mean maximum temperature; Ty;y, Mean minimum temperature; RH, Mean relative
humidity; L/, Mean light intensity.

Table 3
Differences in daily mean 7, Ta4x, Tain, RH, and LI according to the Mann—Whitney U test.

Meteorological factors

Soee T(C) Ty (°C) Ty (°C) RH (%) LI (1x)
7 P 7 P 7 P 7 P 7 P

N x SE -0.374 0.708 -0.870 0.384 -0.138 0.890 -1.123 0.261 -5.422 0.000
N xS -0.364 0.716 -0.038 0.970 -0.478 0.632 -0.948  0.343 -1.992 0.046
N xW -0.207 0.836 -2.032 0.042 -1.251 0.211 -2.142  0.032 -16.283 0.000
SE x S -0.724 0.469 -0.806 0.421 -0.348 0.728 -1.985 0.047 -5.596 0.000
SE x W -0.542 0.588 -1.214 0.225 -1.135 0.257 -3.134  0.002 -12.775 0.000
S x W -0.177 0.859 -2.202  0.028 -0.825 0.409 -1.158 0.247 -15.095 0.000

7, Daily mean temperature; 774y, Daily maximum temperature, 7)sy, Daily minimum temperature; RH, Daily mean
relative humidity (%); LI, Daily mean light intensity
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3.2 Analysis of microclimate by direction and distance from forest edge
3.2.1 Microclimate by distance from forest edge

The microclimate data measured across the 12 study plots were compared to analyze the
differences according to the distance from the forest edge (n = 4 for 10, 25, and 50 m; Table 4).
The annual mean 7" was higher at 10 m distance (9.7 °C) than at 25 and 50 m (9.4 °C); the annual
mean 7, was also highest at 10 m (16.5 °C), with values of 14.0 and 13.9 °C observed at 25 and
50 m, respectively; the annual mean 7,y was greatest at 50 m (5.9 °C), and was 5.4 and 5.8 °C at
10 and 25 m, respectively; the annual mean RH was highest at 50 m (70.4%), and was 69.4% and
68.6% at 10 and 25 m, respectively; and the annual mean L/ was highest at 10 m (19.9 Ix), and
was 9.3 and 8.7 Ix at 25 and 50 m, respectively. Analysis of the meteorological data measured
during the study period revealed that the annual mean 7, 7y, and L/ tended to be higher closer
to the forest edge, whereas the annual mean 7, and RH tended to be higher further from the
forest edge. These results were attributed to differences in the forest structure characteristics
along the forest edge compared with those in the interior. Specifically in the case of L1, as light
enters the forest from the forest edge, the intensity decreases with the increasing density of
vegetation in the forest interior.2?)

During the study period, the monthly mean 7" and 7} did not significantly differ with the
distance from the forest edge, although T,y was highest at the 10 m plots. When comparing the
monthly mean L/, the highest values were observed at 10 m, whereas the monthly mean RH was
slightly lower at this distance. In June, the mean monthly RH and L/ at the 25 m plots were lower
than those at the other distances. This is likely to be a result of a closed forest canopy but an open
understory, as indicated by the lower vegetation density. Thus, this pattern suggests that the
microclimate of a forest is closely related to its structural characteristics.

Table 4
Comparison of meteorological factors by distance from the forest edge for the study plots surrounding the Mountain
Meteorology Observation System.
10 m 25m 50 m
Year Month T TMAX TMIN RH LI T TMAX TM]N RH LI T TMAX TMIN RH LI
(C) (O (O () (dx) (O () (C) (B (x) (°C) (C) (O (%) (1)
Jul. 26.8 345 229 760 107 260 294 232 782 20 261 301 232 784 33
Aug. 238 297 205 842 105 233 265 207 854 17 234 267 207 856 20
Sep. 16.5 21.5 134 840 44 162 193 138 840 17 16.2 193 139 851 1.5
Oct. 9.0 144 53 773 82 89 12.5 59 769 27 88 124 59 783 27
Now. 43 99 08 71.5 169 43 82 1.5 707 7.6 43 80 1.5 715 69
Dec. —47 03 —88 638 194 —-48 -08 —-82 631 107 —-47 -10 81 641 0Ol
Jan. =53 03 -95 590 146 -53 -09 -88 583 58 53 -12 87 591 54
Feb. 24 46 -71 619 506 27 27 —-6.6 619 300 27 21 -6.6 631 26.6
2019 Mar. 35 11.0 -1.8 642 413 32 93 -12 641 235 32 90 -11 646 225
Apr. 9.1 183 32 592 342 87 163 37 594 178 87 158 3.8 59.8 1l6.1
May 171 272 11.0 532 206 164 228 11.5 540 6.0 165 229 115 553 59
Jun. 189 265 146 78.0 76 182 224 147 669 16 182 227 146 796 24
Mean 9.7 16.5 54 694 199 94 14.0 58 686 93 94 139 59 704 87
7, monthly mean temperature; 7)z4x, monthly mean maximum temperature; 7)sy, monthly mean minimum temperature;
RH, monthly mean relative humidity; L, monthly mean light intensity

2018




-
S
=3

Tempeprature(°C)

g

£

£ 100

3768 Sensors and Materials, Vol. 33, No. 11 (2021)

3.2.2 Microclimate by direction at equal distances from forest edge

The overall results of the microclimate data measured according to the direction (N, SE, S,
W) and the distance from the forest edge (10, 25, and 50 m) are shown in Fig. 2 and Table 5. The
meteorological data for the 10 m plot were analyzed excluding the plots to the west because of
the loss of data that occurred several times throughout the study period (Fig. 2). The annual
mean 7 was the highest for the north (10.0 °C), compared with 9.8 and 9.3 °C for the south and
southeast, respectively; the annual mean 7),,, was also the highest for the north (18.9 °C),
compared with 15.3 °C for both the south and southeast; the annual mean 7),;y was the highest
for the south (5.8 °C), compared with 5.5 and 4.9 °C for the southeast and north, respectively; the
annual mean RH was greatest for the southeast (71.2%), compared with 68.5% and 68.4%, for
the south and north, respectively. For the north, the annual mean 7 and 7, were high, whereas
annual mean T, was low because there were no insulating canopy trees in these plots (Table 1)
and the meteorological recording devices had greater exposure to direct sunlight. For the
southeast, the number of shrubs in the study plot was relatively large and the density of tree
crowns was high, thus decreasing L/. The annual mean L/ was highest for the south (23.5 Ix),
compared with 20.7 and 15.6 Ix for the south and southeast, respectively.
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Fig. 2. Comparison of microclimatic factors for each direction at distances of 10, 25, and 50 m from the forest
edge. (a) Tat 10 m, (b) RH at 10 m, (c) L/ at 10 m, (d) 7 at 25 m, (¢) RH at 25 m, (f) L at 25 m, (g) 7 at 50 m, (h) RH
at 50 m, and (i) L/ at 50 m.
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Table 5
Mann-Whitney U test results for the analysis of meteorological factors by the direction at various distances from
the forest edge.

Distance from forest edge

Meteorological

10 m 25m 50 m
factors - - :
Location Z P Location V4 P Location Z P

. NxSE -0752 0452  NxSE -0059 0953 NxSE -0232 0817
Daily mean

r SExS 0585  0.559 SxW —0671 0503 SExW -057  0.569

NxS —0154 0877 NxW —0602 0547 NxW -0349 0727

. NxSE -3.120 0002 NxSE -0850 0395 NxSE -0621  0.535
Daily mean

’ SExS -0262 0794 SExW -0820 0412 SExW -1050 0294

MAX NxS 2844 0004 NxW —0020 098 NxW —0458  0.647

Dal NxS —0701 0484 NxSE -0047 0962 NxSE -0397  0.691

Tal y mean SExS -0377 0707 SExW —0950 0342 SExW -1255 0210

MIN NxS -1.068 0286 NxW -0982 0326 NxW -0894 0371

Dail NxSE 2269 0023 NxSE -0123 0902 NxSE -0898  0.369

RZ‘ y mean SExS 2118 0034 SExW -2949 0003 SExW -2201  0.028

NxS —0041 0967 NxW -284 0004 NxW -141 0.159

Dail NxSE -8952 0000 NxSE —4785 0000 NxSE -4047  0.00

. ;“ y mean SExS 2862 0004 SExW -11.123 0000 SExW -9516  0.000

NxS  —2.895 0.004 NxW  —4.980 0.000 NxW -13.904 0.000

To analyze the significance differences in each direction across the 10 m plots, the daily
mean values of the meteorological factors were used and a Mann—Whitney U test was performed
(Table 5). As a result of the analyses, significant differences were observed between the north
and southeast for the daily mean 7 (Z = —3.120, P = 0.002) and the daily mean L/ (Z = —8.952,
P =0.000).

The results indicated a significant difference between the south and southeast for the daily
mean RH (Z=-2.118, P =0.034) and the daily mean L/ (Z=-2.862, P = 0.004), and a significant
difference between the south and north for the daily mean 7,4y (Z = —2.844, P = 0.004) and the
daily mean LI (Z=-2.895, P =0.004).

The analyses of the meteorological data across the 25 m locations excluded the southern plots
due to data loss. The annual mean 7 was highest for the west (9.7 °C), compared with 9.2 °C
observed for both the north and southeast; the annual mean 7, was highest for the southeast
(14.4 °C), compared with 13.8 and 13.7 °C for the west and north, respectively; the annual mean
T)n was highest for the west (6.4 °C), with a value of 5.6 °C for the southeast and north; the
annual mean RH was highest for the southeast (70.4%), with values of 70.2% and 65.2% for the
north and west, respectively; and the annual mean L/ was highest for the north (11.6 1x),
compared with 4.7 and 1.4 1x for the west and southeast, respectively. The annual mean RH and
LI tended to be lower for the west than for the other directions due to the shading effect by
shrubs and vines above the measurement equipment. Similarly, a Mann—Whitney U test was
used to analyze the significant differences between the daily means of each direction for the 25
m plots (Table 5). The results indicated significant differences between the north and southeast
for the daily mean T (Z = —4.785, P = 0.000), between the southeast and west for the daily mean
RH (Z=-2.949, P =0.003) and LZ (Z =—11.123, P = 0.000), and between the north and west for
the daily mean RH (Z =-2.949, P = 0.003) and LI (Z=—4.980, P = 0.000).
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The analyses of the meteorological data across the 50 m study plots also excluded the
southern plots due to data loss (Fig. 2). The annual mean 7 was highest for the west (9.7 °C),
compared with 9.3 and 9.2 °C for the north and southeast, respectively; the annual mean T),, y
was highest for the southeast (14.3 °C), compared with 13.8 °C for the north and 13.5 °C for the
west; the annual mean 7,y was highest for the west (6.5 °C), compared with 5.7 and 5.4 °C for
the north and southeast, respectively; the annual mean RH was highest for the southeast (71.7%),
compared with 70.7% for the north and 68.8% for the west; and the annual mean L/ was highest
for the north (14.01 Ix) and lowest for the west (2.9 1x). Similarly, a Mann—Whitney U test was
used to analyze the significance differences between each direction across the 50 m plots
(Table 5). The results indicated significant differences between the north and southeast for the
daily mean LI (Z = —4.047, P = 0.000), between the southeast and west for the daily mean RH
(Z=-2.201, P=0.028) and the daily mean LI (Z=—9.516, P = 0.000), and between the north and
west for the daily mean L/ (Z=—4.980, P = 0.000).

3.2.3 Factors affecting forest microclimates

To assess the forest environmental factors affecting the meteorological data, a Spearman’s
correlation test was conducted between the forest microclimate factors (daily mean 7, daily
mean Ty, y, daily mean Ty, RH, and LI) and environmental factors (altitude, slope, direction,
tree crown density, and distance from forest edge) across all 12 plots (Table 6). The
meteorological factors that showed a significant correlation with at least one environmental
factor were daily mean T4y, RH, and LI. Daily mean T, was significantly correlated with
direction, tree crown density, and distance from the forest edge; daily mean RH was significantly
correlated with slope, tree crown density, and direction; and daily mean L/ was significantly
correlated with all the environmental factors analyzed.

Multiple linear regression analysis was performed to analyze the environmental factors
(P = 0.05) affecting the microclimate.('>) The daily mean T, y was affected by the distance of 10
m from the forest edge (standardization coefficient (SC) = 0.166), the south direction

Table 6

Spearman’s correlation test results between meteorological and geographic environmental factors across all plots.
Meteorological Correlation Environmental factors

factors analysis DT AL SL CD SD
Daily mean Coefficient —0.012 —0.007 —0.015 —0.018 0.008
T P 0.516 0.715 0.401 0.325 0.673
Daily mean Coefficient —0.078" 0.020 0.035 -0.070"" —0.038"
Trvax P 0.000 0.262 0.054 0.000 0.032
Daily mean Coefficient 0.019 —-0.009 —-0.031 0.010 0.033
Tyn P 0.283 0.634 0.086 0.568 0.068
Daily mean Coefficient 0.023 0.022 0.067" 0.500" —0.045"
RH P 0.208 0.221 0.000 0.006 0.013
Daily mean Coefficient -0.353" 0.100" 0.260"" —0.165" -0.287"
LI P 0.000 0.000 0.000 0.000 0.000

DT, Distance from forest edge; AL, Altitude; SL, Slope; CD, Crown density; SD, Slope direction (direction)
*Significant at p = 0.05, **Significant at p = 0.01.
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Table 7
Results of multiple linear regression analysis between meteorological factors (7, Taax, Tamin, RH, and LI) and
environmental factors (altitude, AL; slope, SL; crown density, CD; distance from forest edge, DT} and direction, SD).

Meteorological factors

Environmental factors

Torax RH LI
AL — 0.140" —0.189
SL — — 0.342"
CD — 0.101 —
. DT 1 0.166" — 0.309"
Coefficient DT 2 = ~0.059 0.054
SD 1 -0.072 0.148" —
SD 2 — — —
SD 3 -0.087 — 0.096
R? 0.018 0.011 0.099
P 0.000 0.000 0.000

Environmental factors with significant impact on meteorological factors
DT 1,2: Dummy variables of distance from forest edge

SD_1,2,3: Dummy variables of direction.

*Significant at p = 0.05.

(SC = —0.087), and the north direction (SC = —0.072). The daily mean RH was affected by the
north direction (SC = 0.148), altitude (SC = 0.140), tree crown density (SC = 0.101), and the
distance of 25 m from the forest edge (SC = 0.101). The daily mean L/ was affected by the slope
(SC = 0.342), 10 m distance from the forest edge (SC = 0.309), altitude (standardization factor
beta = —0.189), the south direction (SC = 0.096), and the distance of 25 m from the forest edge
(SC =0.054) (Table 7).

The environmental factors of the study site affecting the daily mean 7, RH, and LI were
analyzed by site direction. The forest microclimate was greatly affected by environmental
factors, such as aspects, tree crown density, and forest type. However, because there are many
complex environmental factors in montane forests that can potentially affect the microclimate
(e.g., topographic features, forest cover, forest structure, etc.), further long-term research at
various locations will be necessary for a more accurate understanding of the changes in forest
microclimates caused by topographic and structural factors of the forest.

4. Conclusions

This study was conducted to elucidate the microclimatic characteristics of montane forests in
South Korea by analyzing temperature (7, °C), relative humidity (RH, %), and light intensity (L1,
1x) using a meteorological observation device (HOBO data logger) installed 10, 25, and 50 m
from the forest edge in various directions (north, 0°; southeast, 135°; south, 180°; and west, 270°)
from July 2018 to June 2019.

Results indicated that microclimatic factors in the forest were significantly correlated with
direction; in particular, daily mean L/ varied across all directions, and daily mean maximum
temperature (7,4 y) showed significant differences between the north and west and between the
south and west. The daily mean RH showed significant differences between north and west,
southeast and south, and southeast and west. The study plots located 10 m from the forest edge
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showed statistically significant variability in the daily mean 7,4y, LI, and RH between the
directions of the study sites. The study plots located 25 and 50 m from the forest edge showed
significant differences in the daily mean RH and the L/.

To analyze the effects of the environmental factors (altitude, slope, direction, and crown
density) of each site by their measured microclimatic factors (7, Ty x, Thyn. RH, and LI),
multiple linear regression analyses were conducted. There was a significant correlation among
factors, and the most influential environmental factor affecting the daily mean 7,y was the
direction; those affecting daily mean RH were altitude, crown density, and direction; and those
affecting daily mean L/ were altitude, slope, and direction. Although crown density was
expected to have a significant effect on the daily mean L7, '® the multiple regression analyses
indicated otherwise.

The structural complexity of forests in mountainous areas creates heterogeneous
microclimates at a fine spatiotemporal scale,?® and the minimum temperatures under the
canopy in a forest are on average 1 °C warmer owing to shielding of the outgoing long-wave
radiation by the canopy.*> The microclimate in the forest in this study was affected by
environmental factors such as the slope, altitude, and direction of the sites. Although altitude,
forest stand area, and distance from the forest edge have been shown to have a strong influence
on temperature,(!>) in the present study, the direction was shown to have a large effect on local
microclimatic conditions within the mountain forests of Korea. The difference in altitude
between each of the 12 study plots in the present study was negligible compared with other
environmental factors, and no clear correlation was revealed here except for the daily mean LI
(Table 6). Furthermore, the regression equation derived in the present study was found to have
very low explanatory power, which may be related to the insufficient weighting of the various
environmental factors.(10)

In conclusion, the microclimate of the montane forests of South Korea appears to be
influenced by a variety of factors. Even when measurement sites were geographically close,
significant variability among meteorological factors was revealed, which often correlated
strongly with the environmental characteristics of sites. Despite the importance of research on
wind direction and research on the conservation of healthy forest ecosystems through forest
ecology and ecological management, and the detailed impact of wind on tree growth and forest
management by the management of forest risk,?®) in the present study, wind direction and speed
were not considered, which may have yielded more informative results. Therefore, in the future,
accurate and detailed long-term microclimate studies of forests are needed by assessing
additional environmental factors that reflect regional characteristics.
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