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ABSTRACT

Influences of seasonal warming and cooling rates on the annual temperature 

patterns were analyzed based on the meteorological data from 13 weather stations 

in Busan Metropolitan Area(BMA), Korea during 1997~2014. BMA daily temperature 

time-series was generalized by Fourier analysis, which mathematically summarizes 

complex, regularly sampled periodic records, such as air temperature, into a limited 

number of major wave components. Local monthly warming and cooling rates of 

BMA were strongly governed by the ocean effect within the city. March(1.121℃

/month) and November(-1.564℃/month) were the two months, when the most rapid 

warming and cooling rates were observed, respectively during the study period. 

Geographically, spring warming rates of inland increased more rapidly compared to 

coastal areas due to weaker ocean effect. As a result, the annual maximum 

temperature was reached earlier in a location, where  the annual temperature range 

was larger, and therefore its July mean temperature and continentality were higher. 

Interannual analyses based on average temperature data of all weather stations also 

showed that the annual maximum temperature tended to occur earlier as the city’s 

July mean temperature increased. Percent area of impervious surfaces, an indicator 

of urbanization, was another contributor to temperature change rates of the city. 

Annual mean temperature was positively correlated with percent area of impervious 

surfaces, and the variations of monthly warming and cooling rates also increased 

with percent area of impervious surfaces.
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요    약

본 연구는 부산광역시 13개 기상관측지점을 대상으로 1997~2014년 동안의 기온상승율과 하강

율의 계절적 특성이 연간 기온변화 특징에 미치는 영향을 분석하였다. 일별 기온 자료를 시계열적

으로 단순화하기 위해 푸리에분석법을 적용하였는데, 이는 기상 자료와 같이 연속적으로 수집되는 

시계열자료를 몇 개의 한정된 주요 파형으로 환원하여 자료를 단순화하는 수학적 기법이다. 부산

광역시의 국지적 기온변화율은 대륙도에 의해 공간적으로 큰 영향을 받는 것으로 조사되었다. 계

절적으로는 3월에 가장 높은 기온상승율(평균 1.121℃/month)을 보였고, 11월에 가장 가파른 기

온하강율(평균 -1.564℃/month)을 나타냈다. 지역적으로 최난월인 8월 평균기온에 지배적인 영

향을 주는 7월 평균기온상승율과 대륙도가 높은 지역일수록 최난일이 일찍 출현한 것으로 보아, 

해양의 영향이 적은 지역일수록 기온상승률이 높고 해양 인접 지역에 비해 연중최고기온에 도달하

는 시기가 앞당겨지는 것으로 분석되었다. 연구 지역 관측 지점 전체를 평균한 연도별 분석 결과

도 7월 평균기온이 높은 해일수록 최난일 출현은 시기적으로 앞당겨지는 경향을 나타냈다. 도시화 

정도를 나타내는 불투수면의 면적 비율 역시 기온의 연 변화와 통계적으로 상관관계를 갖는 것으

로 나타났다. 관측지점의 불투수면 면적비율이 증가할수록 연평균기온이 높게 나타났고, 연평균 기

온상승율과 하강율의 장기적 변동 폭도 크게 나타났다. 

주요어 : 푸리에분석, 기온상승율, 기온하강율, 대륙도, 불투수면

INTRODUCTION 

Signals of climate change are substantially

strong in Northeast Asia. Temperature 

increases in the region has been reported 

above the global average, and the

temperature difference between winter and 

summer seasons has decreased significantly 

(NIMS, 2010; IPCC, 2013). Spatiotemporal 

changes of seasonal patterns and extreme 

phenomena such as annual maximum and 

minimum temperatures are important

consequences of the climate change(Jung 

et al., 2002; Choi, 2004; Choi et al., 2006; 

Choi et al., 2008; Cheng et al., 2012). 

Research results indicated that peaks of 

annual temperature curves have moved 

forward in mid- and high-latitude regions 

(Thomson, 1995; Stine et al., 2009).

Seasonal analyses of long-term data also 

showed a clear warming trend in Korea. 

For example, winter temperature increased 

much faster than summer temperature, and 

it reduced annual temperature ranges 

significantly. Annual mean temperature 

continued to increased over the past 

several decades, and the warming trend 

was observed in all major cities of the 

nation(Choi, 2004; Choi et al., 2008; Jin 

and Park, 2015). 

Rapid urban sprawl of Busan Metropolitan 

Area(BMA) has been widespread and

intensive since 1980s(Park and Baek, 2009;

Jin and Park, 2015). Urbanization inevitably 

leads to substantial transformation of land 

uses, and it is tightly associated with 

deforestation and removal of agricultural 

land, resulting in the landscape structure 

changes of built-up area, agricultural area, 
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and forests. From ecological and climatic 

perspectives, large-scale urbanization not 

only changed the landscape structure of a 

city but also caused changes in surface 

energy balances of the urban ecosystem, 

degrading various environmental functions 

in terms of energy exchanges, water 

budget, and regulation of air temperature 

and humidity(Hong and Lee, 1997; Pielke 

et al., 2002; Feddema et al., 2005; Jung 

et al., 2005; Coutts et al., 2007; Deng et 

al., 2013). 

Increases in annual or seasonal mean 

temperatures are an obvious indication of 

climatic warming in urban environments. 

However, the magnitude of warming or 

cooling varies geographically, and the 

slope of temperature changes also varies 

seasonally. Particularly, seasonal warming 

and cooling rates in a coastal region can 

be intimately influenced by the ocean 

effect on a local scale(Jin and Park, 2015). 

Therefore, the slope of temperature 

changes in a given season may change 

spatially, and it strongly relates to 

seasonal climatic characteristics including 

annual extreme temperatures and the day 

of maximum temperature(Choi, 2004; Choi 

et al., 2008; Qian et al., 2012). Since 

BMA’s urbanization was uncomparably 

broader and faster than surrounding regions, 

the climatic influence of impervious 

surfaces as a characteristic feature of 

urbanization is locally expected in the city 

(Seto and Fragkias, 2005; Ahn et al., 

2012; Park and Tak, 2013). Urban sprawl 

and its relationship with climatic warming 

has been recently reported in the study 

area(Park and Tak, 2013; Kim et al., 

2014). However, local-level, intracity 

analyses of warming or cooling patterns 

still remain unclear. Located in the 

southernmost coast, BMA is subject to an 

environmental transition to subtropical 

climate, and the city’s preparedness for 

summer heat waves, energy management, 

temperature-related health and environmental

hazards is urgent(Kwon et al., 2007; Kim 

et al., 2014; Lee et al., 2014; Lee and 

Lee, 2016). Considering the heterogeneous 

characteristics of the city’s landscape 

structure, detailed investigation of the 

uneven patterns of annual temperature 

changes within the city is needed. This 

study was conducted to determine the 

influence of monthly warming and cooling 

rates on the annual temperature patterns, 

including the days of maximum and 

minimum temperatures in relation to 

impervious surface in BMA using daily air 

temperature records during 1997~2014.  

MATERIALS AND METHODOLOGY

1. Study Area

Busan Metropolitan Area(BMA) was selected

as a study area. The city is located at the 

southeastern edge of the Korean peninsula 

and it is the second largest city in the 

nation with its population of 3.5million 

(FIGURE 1). The climate of the city is 

classified as humid subtropical winter-dry 

climate, and the city is hot and wet in 

summer and cold and dry in winter. The 

city’s annual mean temperature and total 

precipitation are 14.7℃ and 1,519㎜, 

respectively. While 51% of annual total 

precipitation is concentrated from June to 

August, winter precipitation is only 7% of 

the total precipitation. As the largest port 

city of the nation, BMA is the economic, 
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FIGURE 1. Study area. A shaded-relief map is draped over the area

educational, and cultural center in the 

southeastern region of the country. The 

city’s population is primarily distributed in 

the central part of the city along a narrow 

valley surrounded by numerous mountains 

with the highest peak of 801meters above 

the sea level. The western part of BMA is 

agricultural plains and industrialized districts, 

and the eastern area is largely covered by 

forests. About 43% of BMA’s total area is 

covered by forests, and agricultural fields 

are the second largest(14.3%) land use 

type of the city.  

2. Datasets 

Daily air temperature data from 1997 to 

2014 were acquired from 12 automatic 

weather systems(AWS) and 1 automatic 

synoptic observing system(ASOS) managed

by the Korea Meteorological Administration

(KMA). Gapless, 18-year long data were 

available for ten locations, but temperature 

data were available for a limited number 

of years ranging from 13 years to 17 

years for three locations(TABLE 1). From 

each weather station, minimum, maximum, 

and mean temperatures were collected and 

analyzed. Land use and land cover data 

were extracted from the city’s biotope 

map produced by Busan Development 
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Location Period Latitude (°N) Longitude (°E) System Elevation (m)

Jung-gu 1997~2014 35.10 129.02 ASOS 70

Seo-gu 1997~2014 35.12 128.98 AWS 517

Sasang 1997~2009 35.14 128.97 AWS 4

Youngdo 1997~2014 35.05 129.07 AWS 137

Gadeokdo 1998~2014 34.98 128.82 AWS 73

Gijang 1997~2014 35.27 129.25 AWS 65

Haewundae 1997~2014 35.17 129.15 AWS 62

Busanjin 1997~2014 35.15 129.02 AWS 108

Geumjeong 1997~2014 35.23 129.07 AWS 75

Dongrae 1997~2014 35.20 129.08 AWS 71

Buk-gu 1997~2014 35.20 128.98 AWS 34

Daeyeon 1997~2014 35.13 129.10 AWS 14

Saha 2002~2014 35.08 128.98 AWS 138

TABLE 1.  Data collection periods and site information for each weather station

Institute(BDI). Biotope is a synonymous 

term with habitat, and it is defined as an 

area of environmental conditions suitable 

for a specific assemblage of plants and 

animals. Based on the map’s classification 

scheme, impervious surfaces were precisely 

defined as terrestrial, man-made, and 

non-vegetated impervious surfaces(BDI, 

2010). Impervious surfaces are areas covered

by materials that impede the infiltration of 

water into the soil. Buildings, pavement, 

concrete, and parking lots are typical 

examples of impervious surfaces. Amounts 

of impervious surfaces in urban areas 

have significant impacts on water quality, 

biological activities, flood management, and 

urban climate(Stone and Rodgers, 2001; 

Brabec et al., 2002; Jennings and Jarnagin, 

2002; Coutts et al., 2007).   

3. Time-Series Analysis: Fourier Analysis 

Fourier analysis, or harmonic analysis, 

is a useful method for researchers to 

determine representative periodicity 

embedded in time-series data that follow 

a repetitive, cyclic pattern, such as air 

temperature.  Fourier analysis effectively 

simplifies the input data by extracting a 

limited number of major wave forms from 

regularly-sampled data or signals(Andres 

et al., 1994; Olsson and Eklundh, 1994; 

Azzali and Menenti, 2000; Jakubauskas et 

al., 2001; Davis, 2002; Park, 2003; Park, 

2009; Park, 2011; Wilks, 2011). More 

technically, the method mathematically 

decomposes a complex time series into its 

constituent parts and transforms the time 

series to a sum of numerous wave 

functions, or harmonic terms. Each of these

harmonic terms represents a periodic, 

repeating pattern of a phenomenon with a 

unique set of amplitude, wavelength, and 

phase angle. Since the original raw curve 

is the sum of all successive harmonic 

terms and the mean, the more harmonic 

terms are added, the closer the resulting 

curve becomes to the original time-series. 

A basic equation of these trigonometric 

relationships is summarized below(Olsson 

and Eklundh, 1994; Jakubauskas et al., 

2001):
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FIGURE 2. Percent variances of the successive harmonics 
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The harmonic equation states that any 

complex time-series can be expressed as 

the sum of a series of cosine curves. The 

total variance of the input time series 

equals to the sum of the variances of all 

harmonics produced by Fourier analysis. 

Therefore, the percent variance of an 

individual harmonic term indicates the 

proportion of the total variance of the time 

series. The percent variance of each 

harmonic term decreased dramatically as 

the rank of a harmonic term declined 

(FIGURE 2). Typically, the most important 

harmonic terms of a time-series are the 

first few ones that explain most of 

variance of the input data. For instance, 

the first harmonic term of temperature 

data represents a wave form that 

completes one single cycle during a year, 

and it is the dominant periodic component 

of annual temperature changes(Park, 

2010). The first four harmonic terms, 

which were used in the analysis, explained 

more than 95% of the input data with the 

range of 95.7%~97.2%. FIGURE 3 shows 

an example of the four major harmonic 

terms combined for Haewundae using its 

time-series data for four selected years.
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FIGURE 3. Results of Fourier analysis at Haewundae

(data in 2000, 2005, 2010, and 2014 were shown as an example). 

Raw temperature data were smoothed out and simplified by Fourier transformation (FT)

4. Slope of Temperature Change

   : The First Derivative

Differentiation is a mathematical process 

that computes a derivative of a function of 

a real variable. By definition, a first derivative 

of a function at a chosen independent value, 

�, is a slope of the tangent line to the 

function at the point �. Since the tangent 

line to the function is the best linear 

approximation at the given point in terms 

of its slope, the first derivative often 

represents the instantaneous rate of change, 

describing how much the function is 

increasing or decreasing at the given 

point. For example, the derivative of a 

function y=f(�) of a independent variable 

� is a measure of the rate at which the 

dependent value y of the function changes 

with the change of the independent variable 

�. Therefore, differentiation, a process of 

finding a derivative, can be used to 

determine how rapidly an independent 

variable increases or decreases at a specific 

point of a function. A positive derivative 

indicates that the function f(�) increases 

with the increases of the independent 

variable �. A negative derivative indicates 

that the function f(�) decreases with the 

increases of the independent variable x. In 

notation, the derivative of y with respect to 

� is expressed as 


or f’(�) indicating 
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Location Tmean(℃) warming_max(℃/month) cooling_max (℃/month) continentality

Jung-gu 14.9 1.039 -1.554 40.2

Seo-gu 11.6 1.199 -1.646 43.8

Sasang 14.5 1.364 -1.560 47.1

Youngdo 14.4 0.934 -1.499 37.8

Gadeokdo 14.7 1.022 -1.520 39.2

Gijang 14.3 1.128 -1.509 41.0

Haewundae 15.1 1.016 -1.516 39.1

Busanjin 15.0 1.156 -1.628 43.9

Geumjeong 14.6 1.191 -1.555 44.1

Dongrae 15.1 1.162 -1.572 42.7

Buk-gu 14.4 1.221 -1.588 43.9

Daeyeon 15.3 1.101 -1.601 42.5

Saha 15.0 1.043 -1.586 41.3

TABLE 2.  Mean temperature (Tmean), maximum warming rate (warming_max), maximum 

cooling rate (cooling_max), and continentality of each location (1997~2014)

the ratio between the two infinitesimal 

quantities. The raw air temperature 

time-series was simplified by Fourier 

analysis, and then the temperature curve 

was used as a function and differentiated 

to compute the first derivative for each 

day. Daily temperature increasing or 

decreasing rates were finally averaged and 

integrated into monthly values. When the 

derivative reaches 0 at a given day, it 

becomes the local maximum or a local 

minimum at that point during the year 

because the slope is not positive or 

negative.  

RESULTS AND DISCUSSION

1. Seasonal Warming and Cooling Rates

Seasonal analysis results showed that 

the highest warming rate was observed in 

spring followed by summer and winter 

while a continuous cooling mode was 

found in the fall season ranging from 

September to November(FIGURE 4a and 

TABLE 2). The highest warming rate was 

observed in March(1.121℃/month) regardless

of observation points. After the annual 

maximum temperature, the cooling rate 

continued to decrease and reached the 

most rapid cooling in November(-1.564℃

/month). A seasonal climatic pattern was 

typically represented and characterized by 

a rapid spring warming and a fall cooling 

across the city. However, inter-annual 

trends or patterns were not found during 

the study period. 

The city’s warmest and coldest months 

are August and January, and monthly 

mean temperatures of these two months 

were significantly influenced by the 

warming and cooling rates of July and 

September, respectively(FIGURE 4b). 

Comparative analyses of monthly warming 

and cooling rate curves clearly showed 

that temporal patterns of seasonal 

warming and cooling rates varied spatially. 

In other words, temporal progressions of 

local warming and cooling differed from 

place to place. The city’s annual maximum 

temperatures were observed between July 

26 and August 19 during 1997~2014. The 

mean temperature of August, the warmest 
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FIGURE 4. Monthly temperature change rates 

(a) and mean temperature (b). Two locations with the 

highest (Sasang) and lowest (Youngdo) continentality 

are provided as an example

month, increased as the warming rate of 

July increased(FIGURE 5). From the 

temporal perspective, interannual analyses 

based on average temperature data of all 

weather stations also revealed that the 

higher the city’s average temperature in 

July, the earlier the phase value, the 

equivalent to the day of maximum 

temperature, appeared during the year 

(r=-0.662). Annual minimum temperature 

was observed as early as October 20 and 

May 10 at the latest during the study 

period. The impact of monthly cooling on 

the coldest month(January) was found 

greatest in September. The more rapid 

(more negative) the cooling rate of 

September, the lower the mean January 

temperature with the correlation coefficient 

of r=0.543. Unlike the warming rate in 

summer, the cooling rate of September did 

not have a meaningful correlation with the 

day of minimum temperature. In addition, 

the annual maximum and minimum 

temperatures only had a weak correlation 

with June(r=0.379) and September(r=0.316)

mean temperatures, respectively.

2. Ocean Effect on Temperature Changes

Local variations of warming and cooling 
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FIGURE 5. Correlation between July warming rate and 

August mean temperature 

rates in BMA were intimately associated 

with annual temperature ranges. The speed 

of warming varied geographically, and it 

was strongly influenced by the ocean effect. 

Temperature typically increased more 

rapidly, and a warming-to-cooling phase 

transition took place earlier in the interior 

compared to coastal locations. Therefore, 

the annual maximum temperature appeared 

earlier in a place, where the ocean effect 

was weaker including Sasang, Bukgu, and 

Geumjeong. Once the annual peak temperature

was reached, temperature of the interior 

locations started to decrease earlier than 

that of coastal areas. As a result, warming 

rates of the interior and coastal areas were 

reversed in July, and interior locations 

cooled more rapidly than coastal locations 

beginning in August. Phase and amplitude 

values of the first harmonic terms computed 

by Fourier analysis accurately demonstrated 

the relationship between annual temperature 

fluctuations (amplitude) and the day of 

annual maximum temperature(phase). In 

fact, annual temperature ranges and the 

day of annual peak temperature were well 

represented by mean amplitude and phase 

values during the study period. As shown 

in FIGURE 6, phase values typically 

belonged to mid- to late-July, and they 

were negatively correlated with mean July 

temperature. As a result, the julian day of 

the annual maximum temperature decreased

as July mean temperature increased.

The influence of the ocean can be 

quantified by continentality(K), and 

continentality of a location is a function of 

the latitude and annual temperature range of

that location. Continentality was computed 

using the well-known Gorzynsky’s 

method(Hidore et al., 2010):

K = 1.7(A/sinø) - 14 

(A= annual temperature range, ø=latitude)

Although BMA is a typical coastal city 
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FIGURE 6. Mean values of phase(julian day) and amplitude(℃) of the first 

harmonic term from Fourier analysis for each location. 

July mean temperature is represented by the square size and 

it is compared with phase and amplitude for each location

in the southeast, the city’s continentality 

varied locally from 37.8 to 47.1. The 

warming phase began in January for all 

locations, and the highest warming rate 

was found in March. Geographically, inland 

areas with higher continentality had more 

rapid warming rates in spring than coastal 

areas. Due to the geographical difference 

in warming rates, occurrence of annual 

maximum temperatures varied spatially. In 

locations, where continentality is high, 

spring warming rates were higher and the 

maximum temperature appeared earlier 

than those with low continentality. In 

short, the annual temperature range 

increased as the spring warming rate 

became steeper and the annual maximum 

temperature was reached earlier during 

the year. Local cooling rates were also 

influenced by continentality. Since rapid 

warming and cooling were intimately 

associated with large annual temperature 

ranges, monthly warming and cooling rates 

were strongly correlated with each other 

(FIGURE 7a). Although the cooling rates 

of fall were steeper in locations with high 

continentality, a statistically meaningful 

correlation was not found between the 

cooling rates and the day of annual 

minimum temperature(FIGURE 7b). On a 

regional scale, it was reported that 

seasonal air temperature variations were 

influenced by sea surface temperatures 

(SST) over the Korean peninsula(Kang 

and Suh, 1986). Since the relationship 

between air temperature and SST are 

dependent upon time and space, the impact 

of SST on the local-scale variations of air 

temperature across the study area remains 

uncertain and should be further assessed.

3. Impacts of Impervious Surfaces

Urban area, forest, and agricultural land 

are three primary land uses, and they 
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a b

FIGURE 7. Correlation(r=-0.926, p<0.01) between spring warming rates and fall cooling rates in 

the Busan Metropolitan Area (a). Julian days of annual maximum(Tmax) and minimum(Tmin) 

temperatures recorded in each weather station were compared to their continentality (b)

amount to 89% of the total area of the 

city as of 2010(BDI, 2010). The landscape

structure of BMA was significantly 

changed for the past three decades. Urban 

area of BMA has greatly increased by 

280.9% since 1980. While urban area 

increased dramatically, agricultural and 

forest area has been diminished to 48.2% 

and 85.1% of that in 1980. During the 

1980~2010 period, 14.3%(6,246ha) of the 

entire forest area of BMA was transformed

to urban area or agricultural land. In 

addition, 50.3%(10,720.4ha) of the city’s 

agricultural land was changed to urban 

area or forest. In summary, 45.5% 

(9,697.4ha) of forest and 58.2%(7,373ha) 

of agricultural land were transformed to 

urban area. From the viewpoint of 

landscape structure, the rapid urban 

sprawl has resulted in significant growth 

of urban area patches, which typically 

consists of impervious surfaces. Increases 

of large urban patches were due to 

merging and connection of existing patches 

caused by rapid urbanization(Park and 

Tak, 2013).    

Percent area of impervious surface can 

be regarded as an indirect measure of 

urbanization, and impervious surfaces are 

estimated 25.4% of the entire city area as 

of 2010(BDI, 2010). The spatial structure 

of impervious surfaces varied across the 

study locations, and its percent area 

ranged from 0% to 85%(FIGURE 8). 

Highly urbanized areas, such as Busanjin, 

Jung-gu, and Dongrae, were covered 

mostly by impervious surfaces(75%~85%). 

By contrast, percent area of impervious 

surfaces of central mountainous areas 

(Geumjeong and Seo-gu) and eastern 

coastal areas(Gijang, Haewundae, and 

Youngdo) was significantly lower ranging 

from 7% to 31%. Percent impervious 

surface area had significant correlations 

with the city’s mean air temperature and 

monthly variations of air temperature. 

Annual mean temperatures had a 

significant positive correlation with the 

percent area of impervious surfaces 

(r=0.600). This temperature-impervious 

surface relationship increased as the buffer 

distance from each location increased from 
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FIGURE 8. Impervious surfaces (shaded area) are mapped within a 1 km-radius circle 

around each weather station except Gadeokdo, where no impervious surface was mapped

100 meters to 1 kilometer with an 

increment of 100 meters. The effective 

radius from a weather station seems to 

influence the annual mean temperature of 

that location, but further investigation is 

needed to better understand the impact of 

the spatial domain on air temperature. 

Standard deviations(1997~2014) of warming 

(February ~June, r=0.533) and cooling 

(September~December, r=0.560) rates also 

had positive correlations with percent 

impervious surface area(FIGURE 9). This 

result showed that thermal properties of 

impervious surfaces as a characteristic 

variable contributed to intra-city variations

of mean temperature and interannual 

fluctuations of warming and cooling rates.

On a regional scale, it was reported that 

long-term temperature increases were 

faster in inland regions compared to 

coastal regions(Park and Tak, 2013). The 

present study showed that annual mean 

temperatures and temperature change rates 

were strongly responsive to the degree of 

urbanization represented by impervious 

surface area across the city. Considering 

the importance of thermal characteristics 

of urban landscape, information on land 

cover changes should be carefully evaluated 

in the future climatic impact assessment 
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FIGURE 9. Percent area of impervious surface within 1 km radius of each location and its 

corelation with mean temperature(upper panel) and standard deviations(STD) of warming and 

cooling rates(lower panel) at 12 weather stations. Significantly low outlier temperature 

at Seo-gu(mountain-top location of 517 m above the sea level) was excluded

(Bierwagen et al., 2010). For example, the 

urbanization has contributed to 50% of the 

increase of land surface temperature in the 

USA since 1950(Stone Jr., 2009). Urbanization 

quickly triggers landscape transformation 

from vegetated area to impervious surfaces

and reduces urban green area. Vegetation 

greenness has been known for its 

contribution to weaker spring warming due 

to the evaporative cooling effect on a 

regional scale in East Asia(Jeong et al., 2009).

Therefore, urbanization may accelerate the 

spring warming rate and enhance the 

intensity of heat waves, reducing 

evapotranspiration from land surfaces 

(Owen et al., 1998; Kondoh and Nishiyama, 

2000). BMA’s persistent urban sprawl 

may contribute to the local expansion of 

impervious surface and the city’s climate 

change in the long run.

CONCLUDING REMARKS

Generalization of regularly-sampled time 

-series by Fourier analysis was an 

effectively way to summarize complex, 

long -term temperature records. Based on 

the smoothed temperature curves, the 

instantaneous rate of temperature change 

was successfully computed. Although 

impacts of urbanization on climate have 

been commonly reported on a city, 

regional, or broader level, more detailed, 

intracity-scale climate studies are still 

rare. Urban development and natural 

environment of BMA has been substantially 
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dynamic for decades, but the intracity 

-level investigation of local climate change 

was limited partly due to the lack of 

meteorological and land use data. Analyses 

of recent 18-year long temperature data 

of BMA showed that the most rapid 

warming and cooling rates were observed 

in March and November, respectively at all 

locations during the study period. However,

the slope of monthly warming and cooling 

differed from place to place within the 

city. Intracity-level temperature change 

rates of BMA varied geographically and 

were strongly governed by the ocean 

effect at a location considered in the city. 

The ocean effect is inversely correlated 

with the annual temperature range, which 

was quantitatively expressed by continentality. 

Spring warming rates increased more rapidly 

at a location, where continentality was

higher, and the annual maximum temperature 

was reached earlier at that location. That is, 

a large annual temperature range was 

associated with high continentality and an 

early annual maximum temperature. July 

warming rate had a strong positive 

correlation with August mean temperature, 

the warmest month of the year, and July 

mean temperature was negatively 

correlated with the julian day of the 

annual maximum temperature. Geographically, 

local continentality had an almost linear 

relationship(r=-0.917) with the julian day of 

the annual maximum temperature. Impervious

surface area, an indicator of urbanization, 

was another contributor to temperature 

change rates of the city. The positive 

relationship between percent area of 

impervious surfaces and annual mean 

temperature within the city indicated that 

urbanization-induced warming was linked 

with weakening of the evaporative cooling 

effect of vegetation as well as the urban 

heat island effect. In summary, this study 

provides two main implications for future 

climate change on a local scale. Firstly, 

monthly warming and cooling rates varied 

spatially even on the intracity scale, and 

the time of annual maximum temperatures 

were correlated with the spatial warming 

patterns. Secondly, variations of monthly 

warming and cooling rates were attributed 

to the urbanization-derived increase of 

impervious surfaces. Since urban sprawl 

reduces an evaporative cooling effect in a 

city, urbanization plays an important role 

in seasonal temperature change patterns in 

both temporal and spatial dimensions in 

BMA. In addition, direct linkage between 

ground observations and sea surface 

temperature around the city should be 

further investigated in the future because 

the ocean effect is clearly influential in 

local climate as a governing factor in the 

city. 
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