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Abstract This study examined the impact of change of land-use and meteorological condi-
tion due to urbanization on heat environment in Seoul metropolitan area over a decade (2000
and 2009) using Weather Research and Forecasting (WRF)-Urban Canopy Model (UCM). The
numerical simulations consist of three sets: meteorological conditions of (1) October 2000 with
land-use data in 2000 (base simulation), (2) October 2009 with land-use data in 2000 (meteoro-
logical condition change effect) and (3) October 2009 with land-use data in 2009 (both the
effects of land-use and meteorological condition change). According to the experiment results,
the change of land-use and meteorological condition by urbanization over a decade showed dif-
ferent contribution to the change of heat environment in Seoul metropolitan area. There was
about 1°C increase in near-surface (2 m) temperature over all of the analyzed stations due to
meteorological condition change. In stations where the land-use type changed into urban, large
temperature increase at nighttime was observed by combined effects of meteorological condi-
tion and land-use changes (maximum 4.23°C). Urban heat island (UHI) over 3°C (temperature
difference between Seoul and Okcheon) increased 5.24% due to the meteorological condition
change and 26.61% due to the land-use change. That is, land-use change turned out to be con-
tributing to the strengthening of UHI more than the meteorological condition change. More-
over, the land-use change plays a major role in the increase of sensible heat flux and decrease
of latent heat flux.
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Fig. 1. (a) Schematic of the single-layer urban canopy model: 7, is the air temperature at reference height Z,, T is the building
roof temperature, 7Ty is the building wall temperature, 7 is the road temperature, and T is the temperature defined at Zy + d. H
is the sensible heat exchange at the reference height. H,, is the sensible heat flux from the canyon space to the atmosphere. Hy is
that from wall to the canyon space. H; is that from road to the canyon space and Hy is that from roof to the atmosphere. (b)
The direct solar radiation (Sp) incident on a horizontal surface. w is the normalized road width, / is the normalized building
height (w + r=1). Here r is the normalized roof width. /.4, is the normalized shadow length on the road €. is solar zenith

angle (From Kusaka and Kimura, 2004).

| 2t AZE Aoz H = R XY
TASE wbgskA] Easkal vk mEb 2 ATe
USGS?] =4 AGAg, A, 471 A9) A x0]
S5 34 37 37Hg HAIY]| 2 (http://egsi.me.go.kr)
N AFste U EXIEAR T FEF AERE
A st SEFE =7 Smolal 23719]
o2 BEFHEY o] 24712 EFE USGSSH 549
AREE] AjEeith e A g EXVEATE T
A7)0 Wt Al 7R 2 B7E 5 e 200089 7
20070 =9 &9k 200970 AAH Aew F
et EXgEwsiel 7133 ste] o3 ofr| s
= TAe] g3 Hels Wus] A Er] 98] 2000
W3tk 200990 EXFEAEE dgste] FAAF
283 th B EXYEXEE USGSe] EX|9E &
ol H3telA AEFEHAL g UCM 28-S 9
3 EXEAE o] T A GRS AU=F7X]
o, IUEFAAY, FHFAE/aEA ] A 7] =
Al sl E o2 AlEslslth S EX ]8R] =
o] FAXY EF= BAH TARA A EAE] 2 (http/
sgis.kostat.go kr)oll A AFE= T2 A9 20001
20099 QITFUE AFEE ARESIY] FESIATH

222 A&A 8

200004 20099 10€2] 73S AuE] €
3 2 A= A Al 1A% 3070 A5 9
o 7}4=F 259} National Centers for Environmental

Prediction and National Center for Atmospheric
Research (NCEP/NCAR) A& zF5.29] 1000 hPa #|
uwe} 7leARe Agadr. B3 vy Bre
el sLst 717kl slFEte A12(108), AX(112),
FA119)9] A 7| EAEE ARSI

2.3 AEAMA

AE 717k & AT HAEE EXIEAEe}
FU3 el 200092 200992 10¥€ 1YHE 31Y
2 243t} Figure 2= 200002 20099 104 9]
HaAd 7)ot F o8 2F e tE 1
719ke] FFE WA AL 20099 KT}k 20009 HE
a7gfel e Zo = © Fol| gAsiitt. 7127
2 F o BF AR gEHE BYoy shitRE A
U 15°Ce] 7]2410] 20000 Ht} 20090 2=
of 9IRI3te] 2009 0] FHHLRE L 7|8 HS

CTFEAAY Y 108 F AT w2 E Bal(Fig 3),
2000%1(10.5~26.5 mm)ell HI3] 2009 (53.0~96.5 mm)
10€0] th5st 29 & 5 AATh

2 ATE FEA A9 109 § 3 dHels
EX v 5dsl gyt 7)1deguist gz s
A8 F= Al e dEe TSI TK(Table 1). A WA
A AP 7|2 dYPozmn 20008 EXIEAEES
o]-§-3tod 2000 1099 71738 S H O gTH(LU00).
T HA AE-L 20008 EXFEAEE 0|83t 2009
| 1099] 717338 Bolgh(Meteorological condition

Atmosphere, Vol. 25, No. 3. (2015)



486

WRF-UCMS- &3}

(@)

110°E

120°E 130°E 140°E

45°N -
40°N
35°N -

30°N 4

25°N |
115°E 120°E 125°E 130°E 135°E

0 3 6 9 12 15 18 21 24 27 30

45°N

40°N

35°N

30°N

25°N

ATt 200083 200913 9] Bl

120°E 130°E 140°E

45°N

40°N

35°N

30°N

25°N

115°E 120°E 125°E 130°E 135°E
O[] LT T — AT [ [ 11 T —

0 3 6 9 12 15 18 21 24 27 30

Fig. 2. Synoptic distributions averaged over October in (a) 2000 and (b) 2009 showing geopotential height (solid blue line) and

air temperature (shaded) at 1000 hPa.
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Fig. 3. Distribution of monthly total precipitation (unit: mm) at 30 stations over Seoul metropolitan area during October in (a)

2000 and (b) 2009.

Table 1. List of simulations.

Simulation Simulation period Land use

LU00 October 2000 KME in 2000
MC09 October 2009 KME in 2000
MC-LU09 October 2009 KME in 2009

* KME (Korean Ministry of Environment).
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Fig. 4. (a) Configuration of nested model domains. (b) The finest domain. Topography is shaded with intervals of 50 m. The
location of weather stations for validation (dots) and analysis (star) are shown.

Table 2. Experimental setup for the simulations.

Domainl Domain2 Domain3 Domain4
Horizontal grid dimension 108 x 108 82 %82 70 x 70 103 x 91
Vertical layers 27
Horizontal grid size (km) 27 9 3 1

Cumulus parameterization

Kain-Fritsch scheme

No cumulus

Microphysics scheme

WRF double-moment 6-class graupel scheme

Longwave radiation

Rapid radiative transfer Model scheme

Shortwave radiation

Dudhia scheme

PBL

YSU scheme

Initial/boundary conditions

NCERP final analysis (FNL) data (6-h intervals, 1° x 1° resolution)

Topography data

GTOPO 30" and SRTM 3"

* GTOPO (Global 30 arc-second elevation)/SRTM (Shuttle Radar Topography Mission).
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Table 3. Urban parameters used in the UCM simulation.

Specific values for

Parameter Industrial, High-intensity Low-intensity
commercial residential residential
A (building height) 10.0 7.0 5.0
Loor (roof width) 15.0 15.0 17.0
loaa (road width) 8.0 6.0 5.0
F» (urban fraction) 0.95 0.8 0.6
Cy (heat capacity of roof) 1.32E6 1.0E6 1.0E6
Cy (heat capacity of building wall) 1.32E6 1.0E6 1.0E6
Cg (heat capacity of road) 1.4E6 1.4E6 1.4E6
Az (thermal conductivity of roof) 0.695 0.67 0.67
A (thermal conductivity of building wall) 0.695 0.67 0.67
Ag (thermal conductivity of road) 0.4004 0.4004 0.4004
o (surface albedo of roof) 0.20 0.20 0.20
oy (surface albedo of building wall) 0.20 0.20 0.20
o (surface albedo of road) 0.15 0.20 0.20
€z (surface emissivity of roof) 0.95 0.90 0.90
gy (surface emissivity of building wall) 0.95 0.90 0.90
€¢ (surface emissivity of road) 0.95 0.95 0.95
Zog (roughness length for momentum over roof) 0.6 0.6 0.6
Zyw (roughness length for momentum over building wall) 0.0001 0.0001 0.0001
Zyi (roughness length for momentum over road) 0.6 0.6 0.6
AH (anthropogenic heat) 90 50 20
30

WRF-UCM

Temperature( C)

0 L 1 L 1 1 L L 1 1 1 L L 1 1 L L 1 1 1 1 L L 1 1 L L 1 1 1 L

1234567 8 910111213141516171819202122232425262728293031
30

(b) Oct 2009

o £

WRF-UCM
25

20}

Temperature(C)

1234567289 10111213141516171819202122232425262728293031
Day

Fig. 5. Time series of hourly 2 m temperature averaged for three weather stations from 1 to 31 October, (a) 2000 and (b) 2009.
The solid lines and white dots denote observed and simulated values, respectively.
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Fig. 6. Box plots of bias calculated with the instantaneous 2 m temperature of WRF-UCM and observation data over Seoul,
Incheon, and Suwon in (a) 2000 and (b) 2009. The plots show 5th, 10th, 25th, median, 75th, 90th, and 95th percentiles.

Table 4. Model performance statistics for 2 m temperature at three weather stations.

Statistics Mean OBS Mean SIM MBE RMSE I0A

Seoul 14.76 14.45 -0.51 2.03 0.95

2000 Incheon 15.61 14.48 -1.24 2.31 0.93
Suwon 14.08 15.32 1.26 2.60 0.91

Seoul 15.97 16.42 0.45 1.72 0.92

2009 Incheon 16.37 16.72 0.36 1.65 0.91
Suwon 15.68 16.24 0.56 2.25 0.90

* MBE (Mean bias error)) RMSE (Root mean square error)/IOA (Index of agreement).

Table 5. Percentage of the land-use categories of the domain 4.

Land use category 2000 2009 Difference (2009 minus 2000)
1 Urban and Built-up Land 12.52 14.70 2.18
31 Low intensity residential 3.93 3.51 —-0.42
32 High intensity residential 3.52 2.68 —-0.84
33 Commercial/Industrial/Transportation 5.07 8.51 3.44
2 Dryland Cropland and Pasture 5.25 4.04 -1.21
3 Irrigated Cropland and Pasture 19.84 17.07 -2.77
4 Mixed Dryland/Irrigated Cropland and Pasture 0.10 0.72 0.62
5 Cropland/Grassland Mosaic 0.02 0.02 0
6 Cropland/Woodland Mosaic 0.16 0.05 -0.11
7 Grassland 1.06 1.49 0.44
11 Deciduous Broadleaf Forest 18.33 21.27 2.94
14 Evergreen Needleleaf 15.27 12.71 -2.56
15 Mixed Forest 10.63 10.82 0.19
16 Water Bodies 11.24 10.22 -1.02
17 Herbaceous Wetland 4.14 4.27 0.13
18 Wooden Wetland 0.20 0.37 0.17
23 Bare Ground Tundra 1.24 2.24 1

3. 23} 2 E9 2009'd2] A9 E=rRlol =AFEoR ERE AAt

o] H&-E 77} 12.52%, 14.70%= 106 Ale] &=
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Fig. 7. The spatial distributions of urban land-use categories in (a) 2000 and (b) 2009. The blue, gray and red colors denote the
low residential, the high residential and the commercial/industrial/transportation, respectively. The core urban area (box) and the
location of weather stations for analysis (dots) are shown.
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Fig. 11. The diurnal variations of 2 m temperature over (a) Namyangju-si, (b) Uijeongbu-si, (c) Jongno-gu, (d) Dongjak-gu, (e)
Gangseo-gu, (f) Gwacheon-si, (g) Gangnam-gu, and (h) Yangcheon-gu during October for LU0OO (black dots and solid line) and
MC-LUOQ9 (white dots and dotted line). The brown and yellow bars denote the temperature increase by land-use change and
meteorological condition change, respectively. The land-use code that was changed during 10 years is shown at the bottom right
corner of each graph.
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