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ABSTRACT

In order to investigate the effects of local and synop-
tic meteorological conditions on urban scale particu-
late air pollutants observed over the Busan coastal
area, power spectrum analysis was applied to observ-
ed particulate matter with an aerodynamic diameter
<10 um (PMy,) for the period from 1 October, 1993
to 31 December, 2004. Fast Fourier Transform (FFT)
analysis was used to obtain the hourly mean observ-
ed PM;q concentrations to identify different periodici-
ty scales of PM;, concentrations. The results showed
that, aside from the typical and well-known periodi-
cities such as diurnal and annual variations caused
by anthropogenic influences, three other significant
power spectral density peaks were identified: 7-day,
21-day and 2.25-year periodicities. Cospectrum
analysis indicated that the seven-day variations were
closely related to the synoptic meteorological condi-
tions such as weak wind speed, which are relevant
to the stagnant high pressure system slowly passing
through the Korean Peninsula. The intra-seasonal
21-day variation was negatively correlated with wind
speed but was consistently positively correlated with
relative humidity, which is related to aerosol forma-
tion that can be achieved as a result of the hygroscop-
ic characteristics of aerosols. However, the quasi-
biennial 2.25-year variation was correlated with the
frequency of Asian dust occurrence, the periodicities
of which have been recorded inter-annually over the
Korean Peninsula.
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1. INTRODUCTION

Particulate matter has recently been recognized to
influence climate forcing to offset warming caused

by greenhouse gases such as carbon dioxide (Rosen-
feld et al., 2008; Kiehl and Briegle, 1993), and many
global studies of direct forcing by diverse aerosol
types have been carried out. Particulate matter is a
major pollutant causing visibility reduction in many
cities. Particulate matter with an aerodynamic diame-
ter <10 wm, called PMy,, is a potential carrier of its
compounds into human and animal respiratory systems
causing respiratory diseases (Gurjar et al., 2010; Shima
and Yoda, 2009; Harrison et al., 1997).

So far, some studies of meteorological influences
associated with urban PM,, concentrations have been
conducted based on observed PM;, concentrations in
many cities (Tai et al., 2010; Janssen et al., 1997).
However, most documented urban scale air pollutants
including PM,, concentration analysis in association
with meteorological variables have used simple statis-
tical methods such as means and variance analysis
(Kim et al., 2007; Milionis and Davies, 1994; Lewis
and Einfeld, 1985; Shah et al., 1985).

Spectral analysis has been used as a standard method
in meteorology to detect periodicities of meteorologi-
cal variables (Rotach, 1995). Recently, some previous
air pollution studies used spectral analysis to explain
the influence of different air pollution sources (Tche-
pel et al., 2010; Hies et al., 2000; Sebald et al., 2000).
Previous researchers reported that the urban-scale
PM,, time series are mainly determined by two fac-
tors: the emission process (due to the influence of
anthropogenic processes) and the dilution process
(due to the influence of turbulent meteorological pro-
cesses) (Hies et al., 2000). However, as both the emis-
sion process and dilution process have cyclic patterns,
spectral analysis is one of the most promising ways to
detect concentration peaks and analyze the observed
urban scale PM;, concentrations.

In the Busan metropolitan area (BMA) in Korea, a
large database of hourly PM;, concentrations measured
at several sites in the urban area since early 1990 are
available. However, the characteristic features of time
variation of observed PM,, concentrations have not
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been fully explored yet. The purpose of this study
was to characterize variation in the BMA by examining
periodicities of the measured PM, concentrations for
the period from 1 October, 1993 to 31 December, 2004
using the power spectrum analysis.

2. MATERIALS AND METHODS

2.1 Study Area

Busan, the second largest city in Korea, is located
in the southeastern tip of the Korean Peninsula (Fig.
1) and has an area of 760 km? and a population of
approximately four million. Busan has a complex ter-
rain including an irregular coastline and moderately
high (i.e., <1km above sea level) mountains. Fig. 1
shows the locations of the BMA and PM |, monitoring
sites. The BMA has rapidly urbanized and industrial-
ized such that the city has experienced a substantial
increase in urban scale air pollutants including PM.
Note that the urban center (BC in Fig. 1) is situated
approximately 4 km away from the coastline in a val-
ley, which is covered with tall buildings and roads.
Prevailing synoptic winds over the BMA are general-
ly northwesterlies in winter and southwesterlies in
summer. During the warm season (i.e., from April to
September), a stagnant or slowly moving high pres-
sure system with weak surface wind speed frequently
occurs. These meteorological conditions could affect
the high PM,, concentration levels observed in this
region.

The BMA has various pollutant emission sources
such as vehicles, industrial facilities, ships and urban
activity. The highest emissions occur over the down-
town area, located about 4 km from the coastline, as
well as over the industrialized area in the southwestern
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part of the BMA. Annual total PM,y emissions in the
BMA from point, line and area sources have been
reported in the MOE (Ministry of Environment, 2003).
There are approximately 862,000 registered vehicles
in the BMA and the heavy traffic contributes a large
part of these emissions.

2.2 Data

Hourly PM,, concentration data were obtained from
nine monitoring sites (Fig. 1) operated by MOE for
the period from 1993 to 2004. PM,, concentrations in
the BMA were measured at traffic stations, and in
residential and industrial areas. During the same period,
meteorological variables obtained at the Korean mete-
orological observation station located in the BMA
(Fig. 1) were used. Meteorological variables including
hourly measurements of wind speed, temperature, and
surface pressure were selected as input data for the
cross-spectral analysis to examine the correlation bet-
ween PM |y concentrations and meteorological vari-
ables.

2.3 Methods

PM,, time series were converted to spectral power
densities over the frequency domain using the FFT
algorithm. The power density spectrum (PDS) produc-
ed from the FFT analysis allowed the detection of
periodic components in the PM;, time series by splitt-
ing up the variance to the underlying periodicities.
We analyzed the cyclic measurement behaviors to
explore the characteristics of time variation. Further,
the cospectra and phase spectra between PM,, and
the meteorological data including temperature, wind
speed, and surface pressure observed in the BMA
were computed to determine their association with
each periodicity.
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Fig. 1. Busan metropolitan area in southeastern Korea with the locations of PM;q concentration monitoring sites.



2.3.1 Fast Fourier Transform (FFT)

FFT is a simple algorithm used to perform a series
of computations to determine the discrete Fourier trans-
form much more rapidly than other available algori-
thms because it has been factored and restructured to
take advantage of the rapid binary computation pro-
cesses of the digital computer. FFT is restricted to
data sets with N=2", where m is any integer. FFT has
been used widely as a standard method in meteorology
(Hies et al., 2000), analysis of turbulence (Sebald et
al., 2000) and air pollution studies (Rotach, 1995).

2. 3.2 Detrending, KZ Filter, and Cospectrum

Observed PM, concentrations and meteorological
variables were transformed logarithmically and linear
trends were removed prior to all further analysis to
eliminate red noise. Even after the detrending process,
sharp edges of the data window caused what is known
as leakage (end effect), where spectral estimates from
any one frequency are contaminated with some spectral
amplitude leaking in from neighboring frequencies
(Stull, 1988). A variety of smoother edges have been
used to reduce the leakage, and in this study, we used
the Kolmogorov-Zurbenko (KZ) filter (Lee et al., 2008;
Eskridge et al., 1997; Rao and Zurbenko, 1994). The
KZ filter is a low-pass filter implemented via iteration
of a simple moving average. The length of the simple
moving average, m, and the number of iterations, k,
determine the shape of the energy transfer function.
The KZ (m,k) filter is defined as k applications of a
simple moving average of m points. The moving aver-
age can be expressed as

1 m=be

Y, o Sz_(%_%%Hs),
where X is the original time series and t is time. The
series Y, becomes the input for the second pass, and
so on. By taking the difference between two KZ filters
with different parameters, m and k (and thus different
transmission characteristics), a band-pass filter is creat-
ed. The time series produced by k iterations of the filter
described by this equation is denoted Y{. The purpose
of the filtering is to remove all fluctuations from the
original data within the intended time period. In this
study, we applied m=3 and k=3 to the time series of
PM,, concentrations. This filtered out fluctuations
with a period less than 12 hours and maintained all
other fluctuations without as described in Tchepel et
al. (2010). Additional details on the KZ filter can be
found in Hogrefe et al. (2000), Rao and Zurbenko
(1994), and Porter et al. (2001).

Like the spectrum analysis for a single variable, cross
spectrum analysis relates the spectra of two variables.
When we define Gy=|Fa(n) |%, and Gg=| Fg(n) |* as
the spectral energy of frequency, n, for variables, A
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and B, we can rewrite it as Gy=F,* - Fa, and G,=
Fg* - Fg, for variables A and B respectively, where
F,* and Fg* are the complex conjugates of F5 and Fy,
respectively. Let Fy=F,+iF,;, and Fg=Fp,+iFg,,
where r and i denote real and imaginary parts, respec-
tively. The cross spectrum between variable A and B
is then defined as
Gap=F,* - Fg=Co—i - Q,

where Co (=Fj, - Fp,+Fa; - Fgy) is called the cospec-
trum, and Q (=F,; - Fg,—Fa; - Fg;), the quadrature
spectrum. The cospectrum is frequently used in micro-
meteorology because the sum over frequency of all

cospectral amplitudes, Co, equals the covariance bet-
ween A and B (Stull, 1988).

3. RESULTS AND DISCUSSION

3.1 Overall Characteristics of the Spectral
Power Density of PMy,

The monthly variations in PM;, concentrations were
averaged for all 13 monitoring sites in the BMA for
the recent four years (Fig. 2). PMj, concentrations
were relatively high in the spring season and lower
during the summer compared to other seasons. The
low concentrations in summer are partly attributed to
the wash-out effect due to large amounts of precipita-
tion during the rainy season. Nevertheless, an intermit-
tent cloudless day might also generate a secondary
aerosol due to strong solar radiation. Dominant preci-
pitation effects during the summer were also found in
other cities in Korea (Ko et al., 2010; Lim et al., 2010;
Lee et al., 2002). In 2002, several severe Asian dusts
were observed in Korea in both March and April, and
thus the hourly mean PM,, concentration exceeded
1,000 ug/m? in several cities, resulting in high PM,,
concentrations for the year of 2002. Except for the re-
cent spring seasons, PM, concentrations were detected
near 80 ug/m>.
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Fig. 2. Annual variations of observed PM;, concentrations
for recent years in Busan.
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Fig. 3. Power density spectra of PM,, time series. The frequency dimension is time™! (year”

of periodicity is time (year or day).

Fig. 3 shows the distribution of spectral power den-
sity of PM,o concentrations. Fig. 3(a) illustrates the
distribution of PDS for the low frequency (a period of
more than one year), and shows two significant peaks:
2.25 years (corresponding to a frequency of 1.2x 1072
day!) and 1 year. However, in the period from one
month to one year as in Fig. 3(b), the PDSs at 73-79
days, 64 days, and 35 days were relatively higher,
although the peak signals were rather insignificant
compared with the lower frequency (Fig. 3(a)). For
the relatively high frequency illustrated in Fig. 3(c),
two more significant PDSs were detected at periods
of 21 days and 7 days. The highest frequencies with a

!, month™! or day!) and the dimension

period less than 24 hours indicated in Fig. 3(d) showed
no significance trends except for strong diurnal and
12-hour periodicities.

Hies et al. (2000) presented different air pollution
sources in an elementary carbon time series in Berlin,
Germany, and identified typical periodicities caused
by anthropogenic influences using coherence and phase
spectra. They concluded that domestic heating by coal
combustion has a period of 365 days, and traffic volume
contributed to the 7-day peak in their spectrum (Hies
et al., 2000). They confirmed the source of 365-day
peak by creating a new time series without the cycles
of weekly traffic flow and the heating period, and
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Fig. 4. Cospectrum between PM;, time series and meteorological parameters (wind speed, temperature, and surface pressure in

the Busan metropolitan area).

they also confirmed the correlation of the 7-day peak
of air pollutant with anthropogenic influences using
statistics from a traffic station where the weekly perio-
dicity of the traffic influence was of great importance
(Hies et al., 2000). In this study, we also calculated
the cospectrum using four time series of observed wind
speed, temperature, surface pressure, and relative
humidity, and tried to interpret in more detail the cor-

relation between the periodicity of PM,y concentrations
and meteorological variables in order to examine the
time variations of PM,q concentrations observed in
the Busan coastal area in Korea.

3.2 Inter-annual Power Densities of
the Cospectrum
Fig. 4 shows the PDS of the cospectrum between
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PM,, and each meteorological variable. All four mete-
orological variables were well correlated with PM,
concentrations at the 365-day period: positive correla-
tions with temperature, wind speed and surface pres-
sure, and negative correlations with relative humidity
(Fig. 4(a)). These correlations support the role of
meteorological annual variations in the annual time
series of PM;, concentrations along with anthropoge-
nic emissions described by Hies et al. (2000). The
meteorological influence could be a factor affecting
pollutant transport into or out of the BMA, although
anthropogenic emissions from domestic heating and
other sources are still the major factors.

In contrast, the cospectrum at the period of 2.25 yrs
had a positive correlation with wind speed with small
phase shifts, a slight negative correlation with temper-
ature (phase shift of 120° out of phase), and little cor-
relation with surface pressure, indicating no significant
correlations with local meteorological variables in the
underlying PM,, concentration variation. Therefore,
this quasi-biennial oscillation requires further study
with longer records of PM;q measurement data (usual-
ly the length of the record should be ten times as long
as the longest significant period (Wolff ez al., 1985)).
The 2.25 yr periodicity is of particular interest because
the observed number of Asian dust occurrences shows
a close periodicity of 2.25 yr (Fig. 5), implying the
importance of quasi-biennial frequencies of trans-
boundary processes of observed particulate matter that
partially originates from Asian dusts.

3.3 Intra-seasonal/lntra-monthly Power
Densities of Cospectrum

Figs. 4(b)-(d) show variations in seasonal or intra-
seasonal frequencies that were higher than inter-annual
frequencies with less than a one-year period. No appre-
ciable correlations with meteorological variables for
intra-seasonal variations were found (Fig. 4(b)). For
example, the calculated cospectrum of PM;, with
wind speed was positive at a period of 79 days but
negative at a period of 73 days, implying no significant
periodical correlation with meteorological variables.

However, for relatively higher frequencies (Fig. 4(c)
and 4(d)), significant values in the cospectra occurred
between PMy and wind speed at periods of 21 days
and 7 days. Looking at the period of 21 days in Fig.
4(c), we can clearly see that the observed PM,, con-
centration was negatively correlated with wind speed,
but consistently correlated positively with relative
humidity. This relation might be due to the hygrosco-
pic characteristics of aerosols leading to secondary
aerosol formation under weak wind speed through
condensation, coagulation, hygroscopic growth and
heterogeneous chemistry.
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Fig. 5. Annual variations in the occurrence of Asian dust
events observed in Seoul and the Busan metropolitan area.

Conversely, the seven-day period (Fig. 4(d)), had a
negative correlation with wind speed and a positive
correlation with pressure. These relationships indicate
that PM,, concentrations tend to be high when wind
speed is weak and pressure is high, implying that the
stagnant high pressure of synoptic conditions resulting
in high PM,, concentrations caused by weak ventila-
tion was due to weak wind speed. The phase angle
between PM |, concentrations and wind speed was
approximately 186° out of phase. This implies stronger
dilution of PM;, concentrations by higher wind veloc-
ities inside the BMA and vice versa.

The highest frequencies with a period less than
24 hours showed no significant trends except for strong
diurnal and 12-hour periodicities (Fig. 4(d)), which
were mostly associated with diurnal emission variation
together with meteorological phenomena such as on-
and/or off-shore wind fields derived by local land-sea
breeze circulations over the Busan coastal area.

4. CONCLUSIONS

Fast Fourier Transform (FFT) analysis was applied
to PM,, concentrations observed in the Busan Metro-
politan area for the period from 1 October, 1993 to 31
December, 2004. First, we split up the variance of a
time series to its base periodicities using the FFT algo-
rithm. We then applied cross spectral analysis to the
correlation in the frequency (or spectral) domain bet-
ween two different time series at a certain frequency
range to examine the relationship between periodici-
ties and meteorological variables including wind speed,
temperature and surface pressure.

The results revealed several significant peaks in the



density of power spectrum at periods of 2.25 yrs, 365
days, 73-79 days, 65 days, 34 days, 21 days, and 7
days. Among them, 2.25 yrs, 21 days and 7 days had
higher correlations with meteorological variables.
The cospectrum analysis showed that the period of 21
days was closely related to weak wind speed and high
relative humidity, implying the role of hygroscopic
growth of secondary aerosols including condensation
and coagulation processes. The seven-day period was
related to weak wind speed, indicating that low PM,q
concentrations were attributed to dilution influenced
by wind velocity, and high PM|, concentrations were
related to the stagnant or slow-moving high pressure
synoptic system passing through the Korean peninsula.

However, the 2.25-yr oscillation was not clearly
correlated with urban meteorological quantities in the
BMA. However it appeared to be associated with the
frequency of Asian dust occurrence, the periodicities
of which are also observed as inter-annual frequencies
over the Korean Peninsula. However, this quasi-bien-
nial oscillation of the observed PM,, could not be
completed due to a lack of data; long-term monitoring
data and other information related to the surface con-
ditions over the Asian dust source regions are required.
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