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ABSTRACT

This study analyzed a change trend of ambient tem-
perature over the last sixty years in the largest in-
dustrial city in Korea, Ulsan. Linear warming rates in
Ulsan over the last 25 (1985 to 2009), 40 (1970 to
2009), and 60 (1950 to 2009) years were 0.0507,
0.0416, and 0.0277°C/yr, respectively. The annual
average temperature (AAT) and the annual average
of the daily lowest temperature (AADLT) in Ulsan in-
creased 1.3 and 2.9°C, respectively, over the last
fifty years (1960 to 2009). The increasing slopes of
the AAT and AADLT over the fifty years in Ulsan were
higher or much higher than those in neighboring cit-
ies and on a global scale. In the comparison analy-
sis of daily average temperature over the most re-
cent ten years, the highest (15.9°C) was observed in
the industrial area followed by the downtown, coas-
tal, suburban, and rural areas with 14.6, 14.5, 14.0,
and 12.8°C, respectively. The number of cold days
less than 5.0°C decreased, while the number of hot
days higher than 20.0°C increased. The decreasing
slopes in the cold days in lower latitude cities were
steeper than those in higher latitude cities in Korea.
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1. INTRODUCTION

Recently, there have been many reports on the occur-
rence of extreme or uncommon weather phenomena in
hot or cold temperatures, rain or snow precipitation,
hurricane or dust storm frequency, etc. For example,
the global land and ocean temperatures in 2010 tied
with those in 2005, which was the warmest year among
the last 131-year historical records (NOAA, 2011).
Temperature rise in the climate system resulted in in-
creases in the global averages of air and the ocean tem-
peratures, widespread melting of snow and ice, and
rising global average sea levels. Thus climate change
has become one of the most important global issues in

the 21% century. Recently, according to the Fifth As-
sessment Report (ARS) prepared by the Intergovern-
mental Panel on Climate Change (IPCC) (IPCC, 2014;
Hartmann et al., 2013), the globally average combined
land and ocean surface temperature, i.e., average glob-
al temperature (AGT), over the world has increased
0.85(0.65 to 1.06)°C in the last 133 years (1880-2012)
and 0.72 (0.49 to 0.89)°C over the last 62 years (1951-
2012). According to the summary of the IPCC ARS,
the warming trends or the regional average tempera-
ture observed in the second half of 20™ century in the
northern Asian sector was above 2°C (> 2°C per 50
years) (Hijioka et al., 2014; IPCC, 2014; Christensen
et al., 2013). In particular, over the last 25 years, the
rate of global warming has accelerated at over 0.18°C
per decade, which is 2.4 times as high as the increase
rate in the last 100 years (WHO, 2013). Climate anom-
alies accompanied by global climate change are being
witnessed in many areas over the world (Smith et al.,
2008; Smith and Reynolds, 2005; Quayle et al., 1999;
Peterson and Vase, 1997). For example, the lowest air
temperature and heaviest snowfall were observed in the
United Kingdom and in the United States of America
in the winter of 2010-2011 (NOAA, 2011), respective-
ly. Also, summer heat waves were observed over Rus-
so-European-Asian countries in 2010 (NOAA, 2011).
In particular, high summer temperatures dominated the
western parts of Russia during June and July of 2010.
Climate change or global warming can also affect
human health (Khasnis and Nettleman, 2005). Human
health effects of global warming can be divided into
direct and indirect categories (Kurane, 2010; Confloni-
eri et al., 2008). The direct category represents adverse
health effects from natural disasters generated due to
climate anomalies. Direct adverse health effects can
include short-term increases in mortality due to heat
waves and accidental death by storms and floods. The
indirect category represents adverse health effects from
infectious diseases by increased mosquitoes or ticks
(Kurane, 2010). Temperature increases in air and water
systems can increase the number of mosquitoes or ticks
per unit area, resulting in the expansion of infested
areas. When ambient temperature increases from 15 to
20°C, the time required for growth of mosquitoes short-



ens from 15.5 to 9.5 days. Thus the increase in ambi-
ent temperature could be a cause of the prevalence of
mosquito-borne pathogens to humans (Reiter, 2001). It
can lead to increases in water and food contamination
by bacteria resulting in an increase in infectious dis-
eases (Kurane, 2010; McMichael et al., 2006; Patz et
al., 2005; Russell, 1998). Global warming also affect-
ed rose sea level. For example, global mean sea level
rose by 0.19 (0.17 to 0.21) m over the last 111 yeras
(1901-2010) (IPCC, 2014).

The major cause of global warming has been linked
to increased emissions of greenhouse gases (GHGs),
including carbon dioxide, methane, nitrous oxide, chlo-
rofluorocarbons, etc. into the atmosphere from human
activities (Pan et al., 2012). The main emission sources
of greenhouse gases are human activities, such as fos-
sil fuel combustion, biomass burning, and waste incin-
eration and disposal, mainly as energy supplies for
heating, electricity, industrial production and transpor-
tation, and also for agricultural purposes, waste dispo-
sal, etc (Lee et al., 2013). Increased air emissions of
anthropogenic carbon dioxide (CO,) have been identi-
fied as a major cause of global warming (Yu et al.,
2012). According to the US EPA and IPCC, 57% of
global GHGs emissions by gas are attributed to CO,
emitted from use or combustion of fossil fuels (US
EPA, 2015a; GWS, 2015; IPCC, 2007a). Global emis-
sions of CO, from fossil fuel combustion were 2 Gt in
1900 and reached 38 Gt (49 Gt CO, equivalent/yr) in
2004 due to a rapid increase since the 1950s (IPCC,
2007b; Bartsch et al., 2000). In particular, the increase
rate in CO, emissions from developing countries was
much higher than that from developed countries. Major
sources of CO, emissions in many countries are indus-
trial combustion and processes (Ghosh et al., 2010).
There have been many studies on environmental im-
pacts associated with CO, emissions from industrial
cities or industrial sectors (Lin et al., 2012).

Busan (a typical portal city) and Ulsan (a typical in-
dustrial city) are neighboring metropolitan cities locat-
ed in a short distance around 45 km (based on both city
center locations). They have a similar latitude, costal
situations, and weather patterns, but their major busi-
ness types are very different from each other. The city
average temperature (decade average) over the last 60
years (1950-2007) was increased from 14.0 to 15.3°C
in Busan and from 13.2 to 15.0°C Ulsan (KNSO, 2008).
The average temperature change in Ulsan (1.8°C) over
the period was much larger than that in Busan (1.3°C).
As the city of Ulsan is the largest industrial city in
Korea, the general public have concerned that the in-
creased industrial emissions, including carbon dioxide
and air pollutants, in Ulsan would result in more envi-
ronmental impacts including air pollution level and
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local warming. Air pollution situations in Ulsan have
been reported (Lee and Hieu, 2013; Mutlu et al., 2012;
Vu et al., 2011; Lee and Dong, 2010; Lee and Park,
2010). However, it has not been reported that how
much local warming or temperature change in Ulsan
has been occurred since industrial complex business in
Ulsan was started in mid-1960s. Thus the purpose of
this study is to analyze a warming trend in a typical
Korean industrial city with a large amount of anthro-
pogenic emissions of GHGs from industrial activities.
This study also investigated a temperature change trend
in Ulsan using the ambient temperature data observed
over the past 50 years with a comparison of tempera-
ture change trends in other cities in Korea and with
some limitations.

2. METHODS

2.1 Site Description

The metropolitan city of Ulsan is the largest indus-
trial city with a population of over 1.1 million in Korea.
There are two national scale industrial complexes (ICs)
including a large petrochemical and oil refining IC, a
mechanics and automobile manufacturing IC, shipbuil-
ding areas, a non-ferrous metal IC, and four regional
scale ICs. The city of Ulsan has become the top-ranked
city in terms of growth domestic production per capita,
total amount of exports, and personal income among
all Korean cities. About 12.5% of the total energy con-
sumption in Korea is used in Ulsan (mostly for indus-
trial sectors). This large amount of energy consump-
tion leads to emissions of significant amounts of air
pollutants, particularly, from industrial activities and
traffic.

2. 2 Data Collection and Analysis

This study analyzed the total energy consumption
and the types of fossil fuel and energy in Ulsan, Korea.
Total emissions of carbon dioxide, as a representative
greenhouse gas, were estimated depending upon the
energy consumption sectors in Ulsan. Meteorological
data observed in Ulsan (Table 1) for the last 60 years
was analyzed to identify changes in the trend of the
atmospheric temperature in a typical industrial city in
Korea. To compare warming trends among cities with
different latitudes, this study also analyzed total ener-
gy consumption, types of fossil fuel and energy, and
meteorological data observed for the last 50 years in
major metropolitan cities in Korea, including Chun-
cheon, Seoul, Daegu, and Jeju. In addition, the warm-
ing trend in Ulsan was compared to that of a neighbor-
ing city, Miryang, which has similar latitude but dif-
ferent environmental and city characteristics. This
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Table 1. CO, emissions of industrial and non-industrial sec-
tors in Ulsan.

Industrial sector MT/yr %
- Energy generation 39.2 62.5
- Industrial process 17.1 27.2

Sub total 56.3 89.7
Non-industrial sector MT/yr %
- Transportation 4.2 59
- Public/commercial & 3.8 54

domestic heating/cooling
Sub total 8.0 11.3

study analyzed the annual average, the coldest and the
warmest temperature, based on hourly, daily, monthly,
and annual temperature data in the atmosphere observed
from all the compared cities for the last 50 years. This
study also analyzed the number of days in the winter
and summer periods, which are usually defined in
Korea as the days lower than 5°C and higher than 20
°C in daily average temperature, respectively, in all the
study cities for the last 50 years. Then this study ana-
lyzed changes in the annual average wind speed based
on daily average data and rainfall precipitation pat-
terns in Ulsan for the last 50 years. This study also
investigated average air temperature observed from
the 7 weather monitoring sites with different environ-
mental or areal characteristics in Ulsan for the last 10
years.

3. RESULTS AND DISCUSSION

3.1 Average Temperature Change

Feeling different air temperature is a major human
response easily influenced by global warming. Thus it
is concluded that there is a certain relationship between
human activity and climate change. This study attemp-
ted to assess the extent of warming effects by analyz-
ing the variation of annual average temperature in the
atmosphere over the last 60 years in Ulsan (Fig. 1 was
based on 5-year moving average data). There has been
an increase of 0.85 [0.65 to 1.06]°C in global average
temperature over the last 133 years (1880 to 2012).
The linear global waming trend over the last 63 years
(1951 to 2012) was 0.12 [0.08 to 0.14]°C per decade,
which was almost 1.9 times that for the 133 years from
1880 to 2012 (IPCC, 2014).

There has been an increase of 1.49+0.17°C in the
annual average temperature in Ulsan over the last 60
years (1950 to 2009). There was a large fluctuation
from 1950 to 1970; however, an almost constant in-
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Fig. 1. Average temperature changes for the last 60 years in
Ulsan, Korea.

crease (0.0416°C/year) with a very strong correlation
coefficient (R*=0.9075) was observed over the last 40
years (1970-2009) since main industrial activities were
statred in Ulsan. A substantial increase (0.416°C per
decade) in annual ambient temperature was observed
over the last 40 (1970 to 2009) of the last 60 years (1950
to 2009). Linear increase rates in the annual average
temperature in Ulsan over the last 25 years (1985 to
2009) and 40 years (1970 to 2009) were 0.0507°C/year
(R*=0.8704) and 0.0416°C/year (R*=0.9075), respec-
tively (Table 2). These warming trends were 1.8 and
1.5 times, respectively, higher than the corresponding
trend, 0.0277°C/year (R>=0.8114), over the last 60
years (1950-2009) in Ulsan. Compared to the global
warming trend, the 25-year linear increase rate (0.0507
°C/year, R*=0.8704) in the annual average tempera-
ture over the last 25 years from 1985 to 2009 in Ulsan
was 2.8 times higher than the corresponding rate of
0.018°C/yr (R*=0.7233) in the global annual tempera-
ture. Also, the 50-year linear warming trend (0.025°C
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Table 2. Warming trends based on 5-yr moving average data of annual ambient temperatures in Ulsan.

Compared period 60 years 40 years 25 years
Year 1950-2009 1970-2009 1980-2005 1985-2009
Compared place or scale Global* Ulsan Global* Ulsan Global* Ulsan Global* Ulsan
Temp increase slope (°C/yr) 0.0120 0.0277 0.0166 0.0416 0.018 0.0494  0.0305%*  0.0507
Net Temp increase slope (°C/yr) - 0.0157 0.0250 0.0314 - 0.0202
R? (temperature vs year) 0.8041 0.8114 0.8301 0.9075 0.6875 0.8587  0.7238 0.8704
Ratio to global (same period) 1.0 2.3 1.0 2.5 1.0 2.7 1.0 2.8

*Source: NASA-GISS, 2015; IPCC, 2014, **period year: 1986-2005.

Table 3. Seasonal increasing trends based on 5-yr moving average data of annual ambient temperatures in Ulsan.

Average Year Summer Winter
Compared period 40 years 25 years 40 years 25 years 40 years 25 years
Year 1970-2009 1985-2009 1970-2009 1985-2009 1970-2009 1985-2009
Temp increase slope (°C/yr) 0.0416 0.0507 0.0162 0.0136 0.0576 0.0774
R? (temperature vs year) 0.9075 0.8704 0.5039 0.1928 0.6870 0.6319
Slope ratio (40-yr to 25-yr) - 1.22 - 0.84 - 1.34

per decade) from 1960 to 2009 in Ulsan was twice as
high as that (0.13°C per decade) in the global scale over
the 50 years from 1946 to 2005.

Temperature change characteristics observed over
the last 64 years (1946 to 2009) in Ulsan can be catego-
rized into two distinct periods: a non-industrial period
(before 1970) and an industrial period (after 1970).
Warming trends during the non-industrial and industri-
al periods were very different (Fig. 1(a) and (b)). Dur-
ing the non-industrial period from 1950 to 1970, the
annual temperature, based on 5-yr moving average data,
slightly decreased with very high fluctuations. The peri-
od from 1950 to 1960 and the period from 1960 to 1970
showed different features. In particular, summer and
winter trends during the decade from 1960 to 1970
seemed opposite each other. During the industrial pe-
riod over the 40 years from 1970 to 2009, there were
substantial increases in the annual, winter, and sum-
mer average temperatures. Table 3 shows the increas-
ing trends in the annual, winter and summer average
temperatures over the last 40 years (1970 to 2009) and
the last 25 years (1985 to 2009) in Ulsan. Linear warm-
ing trends during winter over the last 40 and 25 years
(0.0576 and 0.0774°C/yr, respectively) were much
higher than those in the summer (0.0162 and 0.0136°C/
yr, respectively). In particular, the winter linear warm-
ing trend showed a strong correlation versus year ch-
ange (R*=0.6319 to 0.6879). During the industrial pe-
riod, the increase rate, based on the linear warming
slope, in the winter average temeprature was almost
3.6 times higher than the summer increase rate. The

winter average temperature increased approximately
2.3°C over 40 years (1970 to 2009), resulting in an in-
creased annual average temperature of approximately
1.7°C. In particular, the warming trend or temperature
change in the winter season in Ulsan over the short pe-
riod 1970-2009 (40 years) was even close to the tem-
perature chage (2.4°C) in the cold season between No-
vember and March in the midlatitude semiarid area of
Asia over the relatively long period 1901-2009 (110
years) (Hijioka et al., 2014). Air emissions of green-
house gases (mostly CO,) substantially increased dur-
ing the industrial periods compared to the non-indus-
trial period in Ulsan. There were also global warming
trends during the industrial period (1970 to 2009) in
Ulsan. However, the linear warming trend on the glob-
al scale was much smaller than that in Ulsan. This may
indicate that the winter tempearture increase trend dur-
ing the industrial period in Ulsan seems to be more
likely affected by local warming or local emissions of
greenhouse gases rather than the global warming trend.
Table 2 analyzes temperature increase rates over the
last 60 (1950-2009), 40 (1970-2009), and 25 (1985-
2009) years in Ulsan with comparing the global rates
during the same period as those in Ulsan. Also, the de-
cadal average of asphalt pavement rate of the roads in
Ulsan gradually increased over the period 1960-2009,
however, the average number of winter days in Ulsan
decrased over the same period. The number of wineter
days over the period 1960-2009 are inversely propor-
tional to the pavement rate increase in Ulsan (R*=
0.7924) (Table 5). The pavement area or rate increase



198  Asian Journal of Atmospheric Environment, Vol. 9(3), 194-204, 2015

means more operations of vehicles on the roads and
more CO, emissions from traffic souces, which can
somehow contribute to local warming particularly in
winter period in Ulsan.

3. 2 Diurnal Temperature Range (DTR)

Diurnal temperature range (DTR) is the interval bet-
ween the daily maximum temperature (DMxT) and
daily minimum temperature (DMnT). A rise in surface
temperature is commonly caused by an increase in
daily minimum temperature (Houghton et al., 2001).
There was a decrease of 0.84+£0.53°C in the annual
average DTR value in Ulsan over the last 60 years (Fig.
2(a)). However, there were annual increases in both
the DMxT and the DMnT in Ulsan over the last 60
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Fig. 2. Changes in the diurnal temperature range (DTR) and
the daily minimum and maximum temperatures for the last
60 years in Ulsan, Korea.

years. In particular, the degree of increase in the DMnT
was larger than that in the DMxT (Figs. 2(b) and 2(c)).
Heat island effects in modernized urban areas are com-
mon, leading to increasing urban background tempera-
tures. Local heat island effects or urban background
temperature increases more easily affect DMnT than
DMxT. Thus, DTRs in urban areas can be smaller than
those in the surrounding rural areas. Also, industrial
areas or downtown city areas which have relatively
large amounts of heat release per unit surface area or
space volume into the atmosphere could significantly
decrease their DTRs compared to rural areas. The great-
er increase in the DMnT (or the decrease in the DTR)
observed in Ulsan can be evidence to support an in-
creasing or warming trend in the ambient temperature
observed in Ulsan (Kim et al., 2007; Hyun et al., 2003;
Easterling et al., 1997).

This study also compared change patterns of annual
average temperature in major Korean cities with dif-
ferent latitudes and city characteristics (Table 4). Miry-
ang, located about 45 km away, has a similar latitude
but quite different environmental characteristics from
Ulsan. Table 4 clearly shows the difference in winter
temperature changes in Ulsan and Miryang. Ulsan, an
industrial city, showed a relatively large increase in
winter average temperature (+2.2°C) over the last 50
years compared to that (+0.7°C) in Miryang, a neigh-
bored-rural city. DTR in Ulsan decreased (—0.6°C)
over the last 50 years, but DTR in Miryang increased
(+0.9°C). Jeju is an island located near the south end
of Korea with the lowest latitude. Daegu is a city with
a basin area at a higher latitude than Ulsan. Seoul is the
capital city and Chuncheon is a city with a big lake.
Both cities are at similar latitudes located in the north-
ern part of South Korea. The largest increase in the
annual temperature change over the last 50 years was
in Daegu, a basin city, while the lowest increase was
observed in Jeju, an island area among the major cit-
ies. Among land cities, changes of the annual average
temperature in Daegu (+ 1.4°C) and Ulsan (+ 1.3°C),
located in the southern regions, were higher than those
in Seoul (+ 1.2°C) and Chuncheon (+ 1.0°C), located
in the northern regions in South Korea (Table 5). How-
ever, this study has limited information on the differ-
ence in DTR between 2000s and 1960s and thus there
would be a key uncertainty to explain properly the sim-

Table 4. Decadal change of asphalt pavement rate of the roads and average number of winter days in Ulsan over the period

1960-20009.

Decade 1960s 1970s 1980s 1990s 2000s
Average temperature (°t/decade) 244 45.5 70.5 87.4 96.7
Standard deviation (°t) 12.8 11.5 6.2 2.9 3.7
Average number of winter days (per year) 89.6 81.1 79.2 67.7 62.0




Temperature Change in Ulsan 199

Table 5. Change patterns of annual average temperatures and diurnal temperature ranges (DTR) in major Korean cities at differ-

ent latitudes.

Average + Standard Deviation (°C)

Daily Average + Standard Deviation (°C)

City
Summer Winter Annual Low High DTR (AT)
Name Latitude 1960s 2000s 1960s 2000s 1960s 2000s 1960s 2000s 1960s 2000s 1960s 2000s
Chuncheon N37°88" 23.3 23.8 -3.6 =23 10.5 11.4 5.5 6.2 16.4 17.6 11.0 11.3
+.6 +.5 +12 +12 +.5 +.3 +.5 +.5 +.5 +3 +.4 +.5
Seoul N37°56" 239 244 -23 -=0.1 11.7 12.9 7.6 9.2 16.5 17.3 8.9 8.1
+.6 +.7 +10 +1.5 +.5 +.3 +.5 +.4 +.5 +.4 +.4 +.2
Daegu N35°87" 25.0 25.2 0.1 27 131 14.5 8.4 10.2 18.7 19.7 10.3 9.5
+.7 +.8 +.9 +1.1 +.5 +.4 +.5 +4 +.5 +.6 +.4 +.4
Ulsan N35°53" 240 242 1.8 40 133 14.6 8.9 10.4 18.7 19.5 9.8 9.2
+.7 +.7 +.8 +1.1 +.5 +.4 +.3 +.1 +.4 +.4 +.5 +4
Miryang N35°50" 24.3 24.4 1.2 1.9 13.1 13.6 7.4 7.8 19.3 20.5 11.9 12.8
+.9 +.7 +.8 +.9 +.6 +.5 +.5 +4 +.6 +.7 +.5 +.6
Jeju N33°50" 24.7 24.9 5.9 7.1 15.1 16.1 11.9 13.3 18.9 19.3 7.0 6.0
+.7 +.6 +.6 +.9 +.5 +.3 +.5 +.3 +.5 +.4 +.2 +.3
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Fig. 3. Change trends of (a) the number of winter days (< 5°C) and (b) the number of summer days (>20°C).

ilarity or difference among different areas (Hartmann
etal., 2015).

3.3 Change of Winter and Summer Periods
Figs. 3(a) and (b) show the calculated number of
summer and winter days, defined as the days under
5°C and over 20°C, respectively, in the daily average
temperature over the last 50 years with every 10-year
interval. All the investigated cities showed a decrease

in the number of winter days and an increase in the
number of summer days. Among land cities, the largest
decrease in the number of winter days was observed in
Ulsan (—29.6 days), followed by Daegu (—24.6 days).
The largest increase in the number of summer days was
observed in Daegu (+ 19.1 days), followed by Ulsan
(+15.6 days). Among land cities, larger decreases in
winter days and larger increases in summer days were
observed in cities located in the southern regions than
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Table 6. 10-year average temperatures in areas with different environmental characteristics in Ulsan.

Area Coastal Downtown Industrial Suburban Rural
Avg+SD*, °C 14.5+0.46 14.6+0.36 15.9+0.38 14.0+0.39 12.8+0.41
Difference (Area-Rural), AT°C +1.7 +1.8 +3.1 +1.2 0

* Avg £ SD stand for average temperature + standard deviation.

in the northern regions. Across the five cities, the aver-
age decrease in winter days was 18.5+£9.7 days, while
the average increase in summer days was 15.3£2.8
days. This indicates that the decrease in the winter days
seems to be more easily affected by global or local
warming than the increase in the summer days. Over
the last 50 years, the difference (—A24.9 days) bet-
ween the longest and shortest decreases in the number
of winter days was much higher than (+ A7.9 days)
the increases in the number of summer days. This fact
also indicates that the decrease in winter days is more
likely affected than the increase in the summer days by
differences in regional or environmental characteristics
of each city. Increases in average temperatures of the
cold and hot seasons in Ulsan were also much higher
than the increase in the global average temperature. In
particular, the number of days of scorching heat in Ul-
san during the summer seasons increased from 9.2 days
in the 1950s to 14.8 days in the 2000s. The increase in
scorching days resulted in increased operation of air
conditioners during summer.

3.4 Temperature Change in Different
Environments

Table 6 shows the analysis results of the ten-year av-
erage temperatures, based on daily average tempera-
ture data monitored for the recent ten years from 2000
to 2009, from weather measurement sites with different
environmental characteristics including coastal, down-
town, industrial, suburban, and rural areas in Ulsan.
The highest average of 15.91+0.4°C was observed in
the industrial area, followed by the downtown area of
14.6 £0.4°C, the coastal area of 14.5+0.5°C, and the
suburban area of 14.0+0.4°C. The rural area enclosed
by mountains showed the lowest average of 12.8
0.4°C. The difference in decadal average temperature
between the industrial area and the rural area, located
around 15 km away, was 3.1°C, which would be large
in between two areas located in a short distance. Com-
panies in the industrial areas consumed about 85% of
the total energy uses in Ulsan. A large amount of air
pollutants and carbon dioxide were emitted from in-
dustrial activities or facilities near or in the industrial
complexes. For example, CO, and N,O gases contri-
bute to 90.9 and 2.1%, 82 and 5%, and 77 and 8% of
the total GHGs emissions in Korea, USA, and Global
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Fig. 4. Monthly average rainfall over the last 50 years.

data, respectively (GIR, 2015; US EPA, 2015a, b). 87.2,
7.4 and 2.4% of the total GHGs emissions of Korea
are attributed to energy production, industrial process-
es, and waste disposal sectors, respectively. In particu-
lar, major activities for energy production, industrial
processes, and waste disposal businesses are mainly
performed in the industrial complex areas in the met-
ropolitan city of Ulsan with a population of 1.2 million
and the registered number of vehicles of 510,573 in
2015 (UVRO, 2015). Thus, the highest average tem-
perature observed in the industrial area in Ulsan over
the 10 years (2000-2009) could be evidence for local
warming phenomena affected by increased energy pro-
duction, industrial and traffic emissions of mainly car-
bon dioxide and nitrogen oxides.

3. 5 Rainfall Pattern Change

Global warming can lead to changes in local or re-
gional or even global-scale climate or precipitation pat-
terns including intensity, period, and frequency of rain-
falls or snowfalls over the world (Kunkel et al., 1999).
Heavy rainfall in short periods of time has resulted in
serious natural disasters including flooding, human ca-
sualties, and property damage. In Korea, heavy rain-
falls have been observed during the summer seasons
(Han et al., 2009; Kim et al., 2008). For example, over
40% of the annual precipitation has been commonly
concentrated in three months (June to August) includ-
ing the monsoon or rainy seasons. Fig. 4 shows the ave-
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rage monthly precipitation (mostly rainfall) in Ulsan
over the last 50 years (1960 to 2009) with two catego-
ries of periods (periods 1 and 2). Over period 1 (1960s-
1980s) which had lower average temperatures or less
warming phenomena, the largest amount of rainfall in
Ulsan had been observed in July, followed in order by
August, September, and June. Over period 2 (1990s to
2000s) which had higher average temperatures and
more warming phenomena, the largest amount of rain-
fall in Ulsan had been observed in August, followed in
order by July, June and September. The total amount
of precipitation during period 2 was much higher than
in period 1. In particular, rainfall precipitation in Au-
gust and July during period 2 was much higher than
during period 1. However, rainfall precipitation in Sep-
tember in period 2 was much lower than in period 1.
This study has some limitations to explain clearly the
difference in rainfall precipitation between period 1
and period 2. According to the IPCC AR-5 (Hijioka et
al., 2015), in the northern Asia thre are some increas-
ing trends of heavy precipitation events. However, the
trends in annual precipitation observed in most areas
of the Asian region also did not draw solid conclusions
because of strong variability and insufficient observa-
tional records (Hijioka et al., 2015).

3.6 Wind Speed

Surface winds are commonly affected by their local
environmental conditions such as surface geography
and topography. This study analyzed the average speed
of surface winds in Ulsan for the last 50 years (1960 to
2009) [Figs. 5(a) and (b)]. The average wind speed ob-
served in a downtown area slightly decreased over the
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period from the 1960s to 1990s, but there was no sig-
nificant change in the average wind speed between the
1990s and 2000s. According to the IPCC AR-5, sur-
face wind speeds over land in China seems to be weak-
ening (with low confidence) of seasonal and annual
mean winds from around 1960s or 1970s to the early
2000s (Hijioka et al., 2015). This wind speed weaken-
ing phenomenon may be associated with the urbaniza-
tion of the city. During city development periods, 1960
to 1990s, the number of tall buildings in the downtown
areas greatly increased. Thus the decrease in wind speed
may be attributed to increased wind-blocking or fric-
tion effects from frequent construction of tall buildings
or structures such as large high-rise apartment com-
plexes and commercial buildings over the city areas.
The presence of tall buildings or structures can also
disturb wind-flow patterns. However, construction ac-
tivities of tall buildings or structures in the city of Ulsan
have slowed since the 1990s, thus not greatly affecting
average wind speed over the period of the 1990s-2000s
(Blocken and Carmeliet, 2006).

The decrease in average wind speeds over the winter
periods in Ulsan for the last 50 years from 1960 to 2009
was larger than in the summer periods (Fig. 5). The
winter decrease in average wind speed was from 3.4
m/s to 2.2 m/s and the summer decrease was from 2.4
m/s to 1.9 m/s. This may be associated with less devel-
opment of Siberian high pressure cells during winter
periods due to gradually increased global warming ef-
fects since the 1960s (Heo and Lee, 2006; Im and Ahn,
2004; Gong et al., 2002, 2000).

4. CONCLUSIONS

Through the analysis of warming trends in Ulsan, the
largest industrial city of Korea, over the last 60 years
(1950 to 2009), this study reached the following con-
clusions:

1) The total energy consumption in Ulsan with 2.2%
of the population (1.1 million) of Korea was
182,847,000 TOE/yr, which accounts for 11.4% of
the total energy consumption in Korea in 2009.
Thus the converted energy consumption rate per
capita, 18.5 TOE/capita-yr, in Ulsan was 5.1 times
as high as the average value (3.6 TOE/capita-yr) in
Korea. Industrial sectors (activities) were responsi-
ble for 87.6% of the total emissions of carbon diox-
ide in Ulsan.

2) The linear increase rates in the annual average tem-
perature in Ulsan over the last 25 (1985 to 2009), 40
(1970 to 2009), and 60 (1950 to 2009) years were
0.0507, 0.0416, and 0.0277°C/yr, respectively. The
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25- and 40-year linear warming trends in Ulsan were
2.5 and 2.8 times, respectively, higher than those for
the corresponding trends of 0.0166 and 0.0180°C/
yr, respectively, in the global scale.

3) The industrial area showed the highest annual ave-
rage temperature over the last 10 years among areas
with different environmental characteristics in Ulsan.
There was a much higher increase (2.9°C) in annual
minimum temperature in Ulsan over the last 50
years compared to a neighboring city.

4) The winter period shortened by 17.6 days over the
last 50 years from 1960 to 2009, while summer
lengthened by 15.6 days. Days of scorching heat
during the summer increased from 9.2 days in the
1950s to 14.8 days in the 2000s.

5) There was a larger decrease in average wind speed in
winter (from 3.4 to 2.2 m/s) than in summer (from 2.4
to 1.9 m/s) in Ulsan over the last 50 years.
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