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Analysis of the Human Thermal Environment to the Altitude Changes in Jeju Island®
- A Case Study in Hallasan National Park, Jeju Special Self-Governing Province -
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ABSTRACT

This study analyzed the impact of mountainous terrain on the human thermal environment by integrating
measured microclimatic data and automatic weather station data from the Korea Meteorological
Administration at various altitudes within Hallasan National Park. The comprehensive thermal environment in
mountainous regions was largely governed not only by simple air temperature (7,) decreases but also by
specific topographical locations and local meteorological elements. A topographical 7, inversion, where the
Samgakbong site located on a lower—altitude north—facing slope recorded lower 7; than higher—altitude
south—facing slope sites, suggests that slope aspect and topographical shading play a decisive role impacting
the thermal environment of mountainous terrains. Furthermore, it was demonstrated that when strong winds
are coupled with the low 7, environment of alpine regions, human convective heat loss increases sharply,
inducing severe cold stress—which outweighs the physical cooling effect of elevation—at lower—altitude sites
with stronger winds rather than at the higher—altitude. The decreasing trend of absolute humidity with the
increase of altitude was influenced by wind direction, clearly manifesting at sites sharing the same prevailing
wind direction. In conclusion, for a precise assessment of thermal environments in complex mountainous
terrains, the radiation amount dependent on slope aspect, local wind speeds, and humidity changes according
to the prevailing wind direction must be considered as essential variables alongside elevation—induced 7,
changes. These results offer foundational insights for developing a climatic index to support comfortable

human activities, including hiking and mountain trekking,

Keywords: Human Thermal Sensation, Thermal Comfort, PET, UTCI, Mountain
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BAEARR T (mean radiant temperature)= A9t EHOk 2 27 BAJUIAE Park and Tuller(2011)9} Lee et
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Samgakbong

altitude (m): 1480

Jeju national univ.
altitude (m): 300

Eorimok Baeknokdam
altitude (m): 970 altitude (m): 1907

Sajebi Seongpanak
altitude (m): 1390 altitude (m): 750

Yeongsil Jindallaebat
altitude (m): 1390 altitude (m): 1490

Hallasannambyeok
altitude (m): 1580

Witseoreum
altitude (m): 1670

Figure 1. Study sites

Table 1. Instruments for collecting micrometeorological data

Instruments
Data Name Accuracy Resolution Manufacture
CNR4 Net Radiometer < 1% (-40 to 807) 0.1 Wm™
Radiation 0.1° ive tracki 0.02° active tracki Kipp & Zonen Inc.
SOLYS2 Sun Tracker ¢ passwe. rac |'ng A active fracng 0.01 Wm™
(with optional sun sensor)
Air temperature and HVP1S5A Air temp. (C): 0.3 (-80 to 60); 0.01C;
relative humidity Relative humidity (%): 2 (0-90), 3 (90-100) 0.01%
Wind L 201 msT (2101 msTY), £1.1% (= 10.1 ms™'); Campbell Scientific Inc.
Wind speed and direction | Met one 034B-L Windset ind speed ms” ( ) .ms ) . 6 ( ms™) 0.001 ms™ P cientiic fnc
Wind direction: +4
Data logger CR1000 +0.06% (0-40C) -

S22 ZASE[R| A 543 55(EH 2375) 1177



AHFe = Halol| mE I7h S8 =4

Table 2. Input parameters for calculating the mean radiant temperature

[pX By Xap+05(K;+ K )a,+05x¢,(L| +L,)

T = e —273.15 (C)
Parameter Description
Tort Mean radiant temperature (C),
€ Earth radiant emissivity
o Stefan-Boltzmann constant: 5.67 X 10~ * Wn 2K *
Projected area factor, f, =3.34x107 " X3 —6.6 X107 ° x #* +8.42x 10" * X 3+0.297 (Park and Tuller, 2011):
Ip an empirical formula combining standing and walking postures, representing the surface area ratio of the human body
exposed to direct beam solar (shortwave) radiation depending on the solar position
K Direct beam solar radiation perpendicularly entering the body surface: £ /sin (solar elevation, /3)
K, Direct beam solar radiation incident on the horizontal ground surface
) Solar altitude (elevation) angle (*)

0.5  |Area ratio of radiant energy incident on the human body considering radiation directionality (assuming the total human body surface area is 1.0)
Diffuse beam solar radiation: solar radiation incident on the human body from the sky unobstructed by buildings or vegetation, measured by manually
K;  |shading the upward-facing pyranometer of the CNR4 net-radiometer sensor with a fist for 1 min at 30 min intervals from the start of the observation
to block direct beam solar radiation (Lee et al., 2022; 2023)

K. Reflected beam solar radiation

ay, Solar radiation energy absorption rate on the human body (0.7)

Ll Downward longwave radiation emitted from the sky, buildings, and vegetation incident on the human body
Lt Upward longwave radiation emitted from the ground surface incident on the human body
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Figure 2. Polynomial regression analysis of mean radiant temperature differences between Jeju national
university and Jindallaebat sites on June 6, 2025"
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(Eq. 2)

A M A FEE SR 7 A, me $5& AESIA she Fi =S Rith 4= AW
37195+ A27] Zo|(aerodynamic roughness length)S LFehfH, 1 2k 0.012 A5

249 07|13 A=Eg 59 Q7 EEEASE o] $fslod, RayMan Pro. Ver. 2.2(Matzarakis et al., 2010;
http://www.urbanclimate.net/rayman)E ¢85t PET(Hoppe, 1999)¢F UTCl(universal thermal climate index;
Brode et al., 2012)5 AFE&E5IAtE £42 Kong et al. 20212 249H2024)9] 1= o7t G3baAls 55 ol
Slo] B4t Table 3 &%), 107]) A1de] 48k v|wHEAS 15 Microsoft office excel 3655 o833tk

3. Zut

3.1 6iE4

o] wE deby HRlE BAsl] floted, gttt 97 AlFTictn Aol At Alolgke Hlaskeirt.
o= 60| B4 AT} 1% V_C;o]] e deky AZan}t Fe2ish| UeRgthTable 4, Figure 3 %), sidz
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Table 3. The indexes of physiological equivalent temperature (PET) and universal thermal climate index (UTCI)

. PET (C) uta () L
Thermal perception - 5 - r Grade of physiological stress
Mid/west Europe® Korea Mid/west Europe® Korea
Very cold (4 (-6 ( -40 (-9 Extreme cold stress
-40 to -27 -9to -3 Very strong cold stress
Cold 4-8 -6to -1
-27 to -13 -31t03 Strong cold stress
Cool 8-13 1-9 -13t0 0 3-9 Moderate cold stress
Slightly cool 13-18 9-16 0-9 9-15 Slight cold stress
Neutral 18-23 16-24 9-26 15-21 No thermal stress
Slightly warm 23-29 24-31 - 21-26 Slight heat stress
Warm 29-35 31-38 26-32 26-32 Moderate heat stress
32-38 32-38 Strong heat stress
Hot 35-41 38-45
38-46 38-44 Very strong heat stress
Very hot 4 < ) 45 46 ) 44 Extreme heat stress

Matzarakis and Mayer(1996); ®Kong et al.(2021);

Brode et al.(2012); ‘ZARK2024)
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Table 4. Mean + standard deviation of microdimate aspects, PET and UTCl values on June 6, 2025

Air temperature|  Relative Absolute humidi Wind s Mean radiant temperature (C)
Site (altitude, m) e come amty peed PET (C) | UTa (C)
(0 humidity (%) (gm™) (ms™) Measured Predicted
Jeju national univ. (300) | 25.8 + 0.6 353 t 6.8 85+ 15 1.3 £ 03 58.6 + 4.9 661 £ 41 | 410 £+ 24| 352 % 1.1
Seongpanak (750) 223 £ 05 486 + 3.0 96 = 0.7 + 05 318 £ 26 | 30.1 + 1.1
Eorimok (970) 21.8 £ 05 50.7 + 49 115 £ 09 0.7 + 0.2 346 £ 16| 31.1 + 04
Yeongsil (1390) 194 * 0.6 55.8 + 45 93 £ 07 08 £ 0.2 325+ 16296 + 06
Sajebi (1390) 193 +05 | 653 %56 | 108 %07 08+ 03 | 454446 | 535¢ 325 + 24| 298 £ 06
Samgakbong (1480) 186 + 0.4 69.3 £ 2.1 11.0 + 0.3 07 £02 measured at | predicted at | 324 + 2.1 | 29.7 + 0.5
Jindallaebat (1490) 185 05 | 566 * 55 89 * 07 15+ 02 | Jindallaebat | Jindallaebat | 275 4 14 281 + 06
Hallasannambyeok (1580) | 17.5 + 0.5 55.6 + 4.0 83+ 05 1.3 +03 277 £ 141279 £ 06
Witseoreum (1670) 17.2 £ 05 529 t+ 48 7.7 £ 06 14 £ 03 269 £ 151|274 £ 0.7
Baeknokdam (1907) 16.0 = 0.5 59.6 + 4.7 8.1t 06 1.3 +03 265 + 1.8 272 £ 0.7
g2 /\—/\——/_\/ B é 1;2
fe M‘—‘ : 40 S
18 ;=:::;;5£’§’::;:€ N 80
’ & P \Q‘s“ K \\§ 0@ 2 \%QQ \Q\v \b@ \\;9 \%@ N & ®Q° Ky \,\QQ \\“ @@ \”v’eQ \,_)QQ \,;7“ R 60 S & \Q@ \Qs“ \\QQ \\"»,Q @@ @Q O@“ o208 \;@ &
a: Air temperature b: Relative humidity ¢ Absolute humidity
b S PSP E DSBS SLPLF LSS DS
d: Wind speed €. Mean radiant temperature
Figure 3. Diurnal variations of microdimate aspects on June 6, 2025
Legend: === Jeju national univ. Seongpanak === Eorimok — Yeingsil — Sajebi s |\leasured Jeju national univ.
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Figure 4. Diurnal variations of PET and UTCI on June 6, 2025
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Table 5. Mean * standard deviation of microdlimate aspects, PET, and UTCI values on September 21, 2025
Air t t Relati Absolute humidi Wind Mean radiant temperature (C)
Stte (altitude, m) | o] OV  humidity |- Wind speed PET () | UTQ (©)
Q) humidity (%) gm™) (ms™) Measured Predicted
Jeju national univ. (300) | 23.0 = 0.6 713 + 44 146 + 0.5 20 + 04 46.7 + 6.4 59.1 £ 21 [332+17|323+08
Seongpanak (750) 19.0 £ 0.5 778 + 35 127 £ 04 25+ 04 222 + 15| 253 £ 11
Eorimok (970) 183 £ 1.0 872 £ 50 137 £ 04 1.2 £ 02 257 + 181276 £ 1.0
Yeongsil (1390) 169 + 0.5 872 + 29 125 £ 0.5 09 £ 02 26.1 £+ 291270 £ 13
Sajebi (1390) 150411 | 07+22 | M7+08 | 23+11 | P1E8Z P BOEAT Hug,y 30] 535 4 29
measured at | predicted at
Samgakbong (1480) 14.7 + 0.7 90.5 + 6.2 1.4 £ 08 0.5t 02 Jindallaebat Jindallaebat 269 + 21|24 £10
Jindallaebat (1490) 152 + 0.8 81.8 + 4.7 10.6 + 0.7 1.5 £ 04 213+ 11| 247 £ 0.7
Hallasannambyeok (1580)| 15.7 + 0.7 874 £ 93 M7 £1.1 09 +03 251 +23]263 1.1
Witseoreum (1670) 168 £ 1.1 66.1 = 16.5 95+ 26 1.2 £ 0.5 242 £+ 16| 257 £ 08
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Figure 5. Diurnal variations of microclimate aspects on September 21, 2025
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Figure 6. Diurnal variations of PET and UTCl on September 21, 2025
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Site (altitude, m) e come umidty peed PET (0) | UTa (0)
© humidity (%) (gm™) (ms™) Measured Predicted
Jeju national univ. (300) | 19.0 £ 0.5 65.9 + 3.3 10.7 £+ 0.3 21 £ 05 379 £ 80 454 £+53 | 231 +18|254 +13
Seongpanak (750) 149 + 0.7 740 + 57 94 + 04 26 + 05 141 £ 09 | 175 £ 1.2
Eorimok (970) 140 £ 1.4 84.8 + 83 10.2 £ 0.2 14 + 03 158 + 1.3 | 20.1 + 0.8
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Sajebi (1390) 104 + 13 | 865 + 44 83t 03 28 £09 | 01%37 | 32007 1455425101471 £ 29
measured at | predicted at
Samgakbong (1480) 9.1+ 1.3 948 £ 59 84 £ 0.3 1.0 £ 0.3 Jindallaebat Jindallaebat 134 + 20| 180 = 1.1
Jindallaebat (1490) 94 + 1.2 89.9 + 9.8 8104 14 £ 03 121 £ 13| 172 £ 0.8
Hallasannambyeok (1580)| 11.3 + 0.7 708 + 7.7 7.2 + 0.8 16 £ 04 132 £ 1.3 | 174 £ 0.9
Witseoreum (1670) 9.1 + 1.6 855 + 7.6 75 + 04 22 + 0.7 102 + 25| 147 + 2.7
: E O
%0 B e NG
iié ey
65 = =
60 L =3
N Q@ qﬁ;“ \@“ '\Q"é\' \,\é" \,39 \,‘/@ \,L%“ O@“ Q;é‘ \,)p“ b %DQ ‘;9 \QQ“ \Q%Q \\QQ \\“»9 \,‘/é\ .:f"k\ Oe“ \,;:“ Qé‘
b: Relative humidity ¢ Absolute humidity
d: Wind speed e Mean radiant temperature
Figure 7. Diurnal variations of microclimate aspects on October 24, 2025
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Figure 9. Polynomial regression analysis of absolute humidity as a function of altitude across sites?
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Figure 10. Wind rose diagrams on June 6, 2025: The radial length of each spoke denotes the occurrence frequency of winds from a
specific direction, with concentric dashed cirdes indicating 10% increments, extending to a maximum outward limit of 50%
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