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Abstract

Spatial-temporal meteorological features of the Ulsan metropolitan region (UMR) were analyzed using
observations and high-resolution numerical modeling. Long-term trend analysis (1970 ~2013) showed a significant

1

increase of 0.033°Cyr™' in the 5-year moving average temperature, although detailed short-term features varied,

!and

whereas wind speed and relative humidity over the same period displayed clear decreases of —0.007 ms~
—0.29%yr !, respectively. These trends indicate the effects of regional climate change and urbanization in the
UMR. Seasonal variations averaged for the most recent three years, 2011 ~2013, showed that temperatures in three
different regions (urban/industrial, suburban, coastal areas) of the UMR had similar seasonality, but significant
differences among them were observed for a certain season. Urban and industrial complex regions were charac-
terized by relatively higher temperatures with large differences (max.: 3.6°C) from that in the coastal area in
summer. For wind speed, strong values in the range from 3.3 to 3.9 ms™' occurred in the coastal areas, with large
differences clearly shown between the three regions in September and October. Diurnal variations of temperature
were characterized by pronounced differences during the daytime (in summer) or nighttime (in winter) between the
three regions. Results from the WRF modeling performed for four months of 2012 showed large variations in grid-
average temperature and winds in the UMR, which displayed significant changes by season. Especially, a clear
temperature rise in the urban center was identified in July (0.6°C higher than nearby urban areas), and overall,

relatively weak winds were simulated over urban and inland suburban regions in all seasons.
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Winds
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Fig. 1. (a) Five domains for the WRF modeling. (b) Terrain in the Ulsan metropolitan region (UMR) and its surroundings.
The thick black line is the boundary of the UMR. (c) Meteorological sites in the UMR (US: Ulsan KMA station,
GD: Gongdan, SD: Samdong, SB: Sangbuk, UG: Ulgi, GJG: Ganjeolgot, JJ: Jeongja, and OS: Onsan). The light
red shaded regions and gray lines indicate industrial areas and main roads, respectively. (d) Urban built-up
areas (gray shaded rectangles) for the 1-km grid inner-most WRF domain. The red line rectangle indicates the

urban center area for comparison study.
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Table 1. The configuration of the WRF modeling.

Domain D1 D3 D4 D5
Horizontal grid 48 x43 88 X 73 76X 73 73 %173 55 %61
Horizontal resolution (km) 81 9 3 1

Vertical layer

43 layers (12 layers below 2 km AGL)

Initial/Boundary condition NCEP FNL" data

Terrain/Land use

SRTM?/EGIS® data

Physics options® Microphysics WSM3 (D1 and D2), WDM6 (D3, D4 and D5)
Cumulus Kain-Fritsch (only D1 and D2)
Radiation RRTMG (long & short wave)
PBL YSU

Surface layer Revised MM5

Land Surface

Noah Land Surface Model

DStunder (1997), ?Farr and kobrick (2007), *Environmental Geographic Information Services (2014), ¥NIER (2013)
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Fig. 2. The long-term variation of the annual average and 5-year moving average of (a) temperature, (b) wind speed,

and (c) relative humidity for the years 1970~ 2013.
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Fig. 3. Time series of daily mean and its difference between regions for (a and b) temperature and (c and d) wind
speed, 2011~ 2013 (urban: US and GD sites, suburban: SB and SD, coastal: JJ, UG, OS and GJG sites).
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Table 2. Annual mean temperature and wind speed at three regions (8 sites), 2011 ~2013.

Temperature (°C)

Wins speed (m s™")

. . Dominant
Region Site ind directi
Region Site Region Site wind direction
Urban center/Industrial UsS 149+94 14.1£94 2.8+1.0 2.2+09 NW/NE
GD 15.6+9.4 3.5+0.6 NNW/N
Suburban SD 12.949.7 12.44+9.7 1.6+1.0 1.2+0.6 E/SW
SB 13.3£9.6 19+£1.2 N/NW
Coastal UG 13.7£8.5 13.5+8.3 35+14 33+1.3 ENE/N
GJG 13.7+8.0 39+1.6 N/NNE
IG 13.7£8.9 3.1%1.1 WSW/W
oS 14.0£8.7 37+1.3 NE/N
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Table 3. Statistics summary results for meteorological variables.

Variable (refer. height) Statistical measures Hourly data (January/April/July/October) Benchmarks"
Temperature (2 m) R 0.96/0.95/0.96/0.94 -
MBE —0.39/-0.07/—0.08/0.25 <=+0.5°C
MAGE 0.78/0.78/0.68/0.86 <2°C
RMSE 1.25/1.28/1.09/1.49 -
I0A 0.98/0.98/0.98/0.97 >0.8
Wind speed (10 m) R 0.75/0.87/0.86/0.84 -
MBE 0.78/0.41/0.28/0.49 <+0.5ms™’
MAGE 0.95/0.64/0.52/0.63 -
RMSE 1.68/1.21/0.96/1.14 <2ms™!
I0A 0.83/0.93/0.92/0.90 >0.6
Wind direction (10 m) R 0.96/0.95/0.96/0.94 -
MBE 5.2/1.9/-8.4/3.09 <+10°
MAGE 27.8/26.7/30.4/34.9 < +30°

YU.S. EPA (2007)
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Fig. 6. Comparison between the simulated and observed temperature and wind speed in four seasons of 2012.
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Fig. 7. Horizontal distributions of the simulated monthly mean temperature and wind vectors at 10 m AGL for (a)
January, (b) April, (c) July, and (d) October. The wind vectors are displayed every three grid points and their
lengths are proportional to the wind speeds.

o gk 24k AA Wl =AY QY 1B L o 71 g A4l 2 @Ak oleh 53] 3
@e W 3 A% mE AN 44 2 W4T ot AdA n2AR) me) =
Pleel £AF WA =Ae B weh 2 JeRde 7)ee) 204 pxel A3e felshl mA Hes

d 1,4,7,1089 =AAY HH7)|22 742 14°C, d
14.8°C, 26.9°C, 17.4°C=, &AF A el =A19 A .

£ 1.3°C, 14.5°C, 26.3°C, 17.3°C=2 AAEH I & oAbt e mHE AFoM AF =AY (53]

3] 79 vERd 0.6°Co FEE 72 Aol UM =A A AHA Bz gt F#A<l

AAIEE A FEAE EAATGG(ALFH BA -3 2 Aolg AXA WIE B 5 ek Hi v
[e]

SR gte] vehd 749 B8] 2 Ahe), 1 3b
Fm) AN BE 2 vl Az} 3
= % AHEE TRl Zab) wel] =44

= 19/10 o] frAlslA R 44/79 2] Xpol7}
3l 53] 49/792] A A =AY nighe] oF
slu ohekst EA 7} Jepdoh =3 wdd] Azle

J. Korean Soc. Atmos. Environ., Vol. 31, No. 2, 2015



192 %9ln . ukxl3] - 73

A3k Az A} 7o) g pEel 2
e Fo) ohgel wigtel oge] 7lerxre] A4

o
=
I AP ARHE B FAoh

4 Ageh =A - 3RAG) TR (WA SR

D7k BTl F4e wIAGE Adlehus F
Qg Adwsie ¥ 4 e A
Wgom Zsheh uhgge] £AelN R~ A Fo]
Sl AF GUT v
AR 2AAEGR S Ao 2 uhEE Aol
AR Y F A e W

2
(<]
b
S
>

FE FAELAE B 7L vl g
Pre BT A% FA A4 Aelsl AR
Mle gHHow AT 4 ol 71ee AdA
Aol QAT AF AL A ekt 7
9] A4 =AY e Aol Feskn T4}
Aozt A =2 dehaeh 2o)8 i R

>
2

A% e 2AUmSIAG vigre] T Akt 4
793} wlms) s vhehgn 53] 493 79
chergt Fare] ok uhere] gteaolch

Vgt o] WEARSE FARAY AT} $HE
Fol A 2] FHele] HEy e et v
Fol A B FE 5AL AT 5 ek 9
W A% £ Y A7 Aol g nek 48 ol

k=) 71848k 3% A 314 A 235

oJaish Blue] G5 mAGH, Aot F2) 54 7]
Az7E BAS T ARdHA/=ACA wiEEE o
71293

2 A7 B BRRAAE Lol e o

References

Borge, R., V. Alexandrov, J.J. Del Vas, J. Lumbreras, and E.
Rodriguez (2008) A comprehensive sensitivity an-
alysis of the WRF model for air quality applications
over the Iberian Peninsula, Atmos. Environ., 42,
8560-8574.

Chen, F., H. Kusaka, R. Bornstein, J. Ching, C.S.B. Grimmond,
S. Crossman-Clarke, T. Loridan, K.W. Manning, A.
Martilli, S. Miao, D. Sailor, F.P. Salamanca, H. Taha,
M. Tewari, X. Wang, A.A. Wyszogrodzki, and C.
Zhang (2011) The integrated WRF/urban modelling
system: development, evaluation, and applications
to urban environmental problems, Int. J. Climatol.,
31, 273-288.

Choi, B.-W., J.-H. Jung, W.-J. Choi, B.-H. Shon, and K.-J. Oh
(2006) Characteristics of the Distribution of High
Ambient Air Pollutants with Sources and Weather
Condition in Ulsan, J. Environ. Health Sci., 32(4),
324-335. (in Korean with English abstract)

Denby, B., E. Georgieva, S. Larssen, C. Guerreiro, L. Li, J.
Douros, N. Moussiopoulos, L. Fragkou, M. Gauss,
H. Olesen, A.I. Miranda, P. Dilara, P. Thunis, S.
Lappi, L. Rouil, A. Lukewille, X. Querol, F. Martin,
M. Schaap, D. van den Hout, A. Kobe, C. Silibello,
K. Vincent, J. Stedman, M. Goncalves, G. Pirovano,
L. Volta, A. van Pul, A.G. Ortiz, P. Roberts, and D.
Oettl (2010) Guidance on the use of models for the
European air quality directive. In: Denby, B. (Ed.),



A Working Document of the Forum for Air Quality
Modelling in Europe. FAIRMODE Technical Report
Version 4.2ETC/ACC.

Environmental Geographic Information Services (2014) http:
//egis.me.go.kr/main.do

Farr, T.G. and M. Kobrick (2007) The Shuttle Radar Topogra-
phy Mission, Rev. Geophys., 45(2).

Hogrefe, C., S.T. Rao, P. Kasibhatla, G. Kallos, C. Tremback,
W. Hao, D. Olerud, A. Xiu, J. McHenry, and K. Al-
apaty (2001) Evaluating the performance of regional-
scale photochemical modeling systems: Part I-Me-
teorological predictions, Atmos. Environ., 35, 4159-
4174.

Hua, L.J., Z.G. Ma, and W.D. Guo (2008) The impact of urban-
ization on air temperature across China, Theor. Appl.
Climatol., 93, 179-194.

Hwang, M.-K., I.-B. Oh, and Y.-K. Kim (2012) Numerical
Modling for the Effect of High-rise Buildings on
Meteorological Fields over the Coastal Area Using
Urbanized MMS5, J. Korean Soc. Atmos. Environ.,
28(5), 495-505. (in Korean with English abstract)

IPCC (2007) Climate Change 2007: The Physical Science Ba-
sis. Cambridge University Press.

Jeong, J.-H., I.-B. Oh, D.K. Ko, and Y.-K. Kim (2011) The
Characteristics of Seasonal Wind Fields around the
Pohang Using Cluster Analysis and Detailed Mete-
orological Model, J. Korean Soc. Atmos. Environ.,
20(6), 737-753. (in Korean with English abstract)

Kang, I.-S., Y.-M. Lee, and S.-I. An (1995) Interannual vari-
ability of Typhoon activity over the Western Pacific
and El-Nino, J. Korean Meteor. Soc., 31(1), 390-396.
(in Korean with English abstract)

Kang, I.-S. (1998) Relationship between El-Nino and Korean
Climate Variability, J. Korean Meteor. Soc., 34(3),
390-396. (in Korean with English abstract)

Kim, Y.-K., Y.-K. Lim, and Y.M. Cho (2003a) Heat island ef-
fects by climate change in Ulsan area, Proceedings
of the Korean Environmental Sciences Society Con-
ference, 12(1), 323-324.

Kim, Y.-K., Y.-M. Lee, and P.-K. Lee (2003b) Meteorological
chatacteristics associated with odor episode in Ulsan
metropolitan city, Proceeding of the 35th Meeting
of Korean Society for Atmospheric Environment,
308-309.

Kim, D.S., M.G. Huh, and D.H. Lee (2008) Analysis of City
Size Distribution and Spatial Structure-with Korean
Metropolitan Statistical Areas (MSA)-, J. Econ. Geo-
gr. Soc. Korea, 11(4), 549-563. (in Korean with Eng-

AR g2 71 B4 71 e FAeE 193

lish abstract)

Kim, H.-B. and D.-H. Park (2011) A Comparative Study on
Industrial Structure Characteristics and Change for
Specialized Industry Strategy: The Case of Busan,
Ulsan and Kyungnam, GRI Review, 13(2). (in Kor-
ean with English abstract)

KMA (1998) Characteristics of 1997/98 El Nino and weather
in Korea, Korea Meteorological Administration.

KMA (2004 ~2013) Annual Climatological Report, Korea Me-
teorological Administration.

KMA (2011a) Climatological Normals of Korea (1981 ~2010),
Korea Meteorological Administration.

KMA (2011b) Report of Regional Climate Change (Seoul),
Korea Meteorological Administration.

Kwon, S.I., J.S. Kim, J.-H. Park, K.Y. Oh, and C.M. Song
(2008) Characteristics of Temperature Variation in
Urban and Suburban Areas During Winter, J. Korean
Soc. Agric. Eng., 50(2), 15-26. (in Korean with Eng-
lish abstract)

Lee, S.T. and B.K. Lee (2010) Analysis of a Climate Change
Pattern using Meteorological Factors in Ulsan, Pro-
ceeding of the 51th Meeting of Korean Society for
Atmospheric Environment, 428-428.

Min, Y.-K. and J.S. Yang (1998) A Study on Correlation bet-
ween El-Nifo and Winter Temperature and Precipi-
tation in Korea, J. Korean Assoc. Reg. Geogr., 4(2),
151-164. (in Korean with English abstract)

National Institute of Environmental Research, NIER (2013)
Studies on the optimization method for improving
the accuracy of air quality modeling, Report No. 11-
1480523-001619-01.

Ongoma, V., N.J. Muthama, and W. Gitau (2013) Evaluation of
Urbanization influences on Urban Winds of Kenya
cities, Ethiopian J. Environ. Stu. Manag., 6(3), 223-
231.

Seo, M.S., S.K. Hong, and J.H. Kang (2009) Characteristics of
Seasonal Mean Diurnal Temerature Range and Their
Causes over South Korea, J. Korean Meteor. Soc.,
19(2), 155-168. (in Korean with English abstract)

Skamarock, W.C., J. Klemp, J. Dudhia, D.O. Gill, D.M. Barker,
W. Wang, and J.G. Powers (2008) A description of
the Advanced Research WRF version 3. NCAR Tec-
hnical Note, NCAR/TN-468+STR. Mesoscale and
Micro scale Meteorology Division, National Center
for Atmospheric Research, Boulder, Colorado, USA.

Stunder, B. (1997) NCEP model output-FNL archive data, Tech.
Rep. TD-6141, NOAA Air Resources Laboratory,
Silver Spring, MD (Available athttp://www.arl.noaa.

J. Korean Soc. Atmos. Environ., Vol. 31, No. 2, 2015



gov/ready-bin/fnl.pl.)

Taha, H. (1997) Urban climates and heat islands: albedo, eva-
potranspiration, and anthrpogenic heat, Energy Build.,
25,99-103.

Ulsan metropolitan city (2013a) 2013 Ulsan Metropolitan City
White Paper.

Ulsan metropolitan city (2013b) The Statistical yearbook of
Ulsan.

Um, H.H., K.J. Ha, and S.S. Lee (2007) Evaluation of the urban
effect of long-term relative humidity and the separa-
tion of temperature and water vapor effects, Int. J.
Climatol., 27, 1531-1542. (in Korean with English
abstract)

Unger, J. (1999) Urban-Rural Air Humidity Differences in
SZEGED, HUNGARY, Int. J. Climatol., 19, 1509-
1515.

st 71848k 3% A 314 A 235

U.S. EPA (2007) Guidance on the use of models and other an-

alyses for demonstrating attainment of air quality
goals for ozone, PM2.5, and regional haze. Techni-
cal Representative, EPA-454/B-07-002, Research
Triangle Park, NC.

Wang, W., C. Bruyere, M. Duda, J. Dudhia, D. Gill, H.-C. Lin,

J. Michalakes, S. Rizvi, and X. Zhang (2009) ARW
Version 3 modeling system user’s guide Mesoscale
and Microscale Division, NCAR: Boulder, USA.

Yi, C.-Y., K.-R. Kim, S.-M. An, and Y.-J. Choi (2014) Impact

of the Local Surface Characteristics and the Distance
from the Center of Heat Island to Suburban Areas on
the Night Temperature Distribution over the Seoul
Metropolitan Area, J. Korean Assoc. Geogr. Inf.
Stud., 17(1), 35-49. (in Korean with English abstract)



