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Abstract

Ground-level ozone is one of the dominant criteria pollutants that contribute to unhealthy days in
ambient air measurements throughout Malaysia. In addition to VOCs and NOx, meteorological factors
such as insolation and temperature influence the formation of ground-level ozone. For this reason,
the relationship between daily maximum temperature and variation of ground-level ozone concen-
trations using 10 years of data (2000-10, excluding 2008) was scrutinized statistically at two stations
representing urban and industrial areas in Terengganu State, Malaysia. We found that there is a positive
linear correlation between maximum daily temperature and maximum daily ozone concentration with
correlation coefficients of 0.684 and 0.605 for urban and industrial areas, respectively. Nevertheless, the
long-term variation of daily maximum temperature and daily maximum ozone concentration for these two
stations shows that the levels were higher in the industrial rather than the urban area. The results indicate
that surrounding activities and temperature play vital roles in influencing ground-level ozone concentrations
in Terengganu. Furthermore, ozone concentrations are highest for air masses characterized by dry, warm
conditions during the southwest monsoon and are usually associated with the generation of haze episodes
in the Malaysian Peninsula.
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Introduction contribute to unhealthy days in ambient air measurements

throughout Malaysia. Motor vehicles and industrial activi-

Ground-level ozone and particulate matter are the ties are the main sources of O, precursors such as NOx and
two overwhelmingly dominant criteria pollutants that CO. Thus the concentration of surface O, is expected to be

influenced by the amount of NOx, particularly from motor
vehicles and the petrochemical industry [1-2]. In spite of
the influence of motor vehicles and industrial emissions,
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the sea breeze appears to play an important role in the dis-
tribution of the precursors of O, [3]. The combination of
anthropogenic and biogenic O, precursor species usually
leads to high concentrations of O, in the areas between
highly populated urban centres and more forested or ru-
ral areas [2, 4-5]. Every day, millions of people around
the world suffer from the harmful effects of ground-lev-
el ozone pollution, which worsens lung diseases such as
asthma and can cause breathing difficulties even in healthy
individuals [6-7]. Furthermore, it has also been identified
as a harmful gas that affects crop yield and quality [8-9].

Ground-level ozone is a secondary pollutant formed
in the air by the photochemical reaction of sunlight and
nitrogen oxides (NOx), aided by a variety of volatile
organic compounds (VOCs) that are photochemically
reactive hydrocarbons. Power plants and motor vehicles
are among the main source of ozone-forming pollutants
and the ozone formation is also dependent on factors such
as temperature and solar intensity [10-11]. Other than
irradiation and windspeed, temperature is also found to
play a significant role in influencing O, concentrations.
The effects of temperature were expressed as the total
derivative (d[O,]/dT) portrayed by no fewer than three
components [12]:

(d[O,)/dT) = (1
0[O,]/0[stagnation]*d[stagnation]/dT +

0[O,)/d[PAN]*[PAN]/0T + )
d[O,]/d[isoprene]*d[isoprene]/dT + (3)

...where (1) interaction of warm temperature with
stagnant air masses can accumulate the local chemical
precursors that form O, in the planetary boundary layer
[13]; (2) the high temperature condition increases the
thermal decomposition of peroxyacetyl nitrate (PAN),
a reservoir species of NO_and HO_, thus decreasing
the sequestration of these chemicals [14]; and (3) the
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temperature dependence of biogenic emission of isoprene,
an abundant and highly reactive VOC precursor for O,
formation under high NO_ conditions [15-16].

As Malaysia continues to develop vigorously, its
advancements in the industrial and transportation sectors
have increases emissions of NO_and VOC, which in turn
increase ozone concentrations. Thus, this study is critical
as most available studies are on the effect of wind speed
and solar insulation toward ground-level ozone and only a
few have looked at the relationship between temperature
and ground-level ozone. This study attempts to correlate
daily maximum temperature and daily maximum ozone
concentration in two areas with different surrounding
activities in Terengganu State, Malaysia. A positive
correlation between temperature and ground-level ozone
has been well established by previous studies [11, 17].
Furthermore, backward trajectories will also be performed
to trace the preceding path of the air parcel before arriving
at the study areas.

Material and Methods

Terengganu is located on the east coast of peninsular
Malaysia with a total area of 13,035 km?. The total popu-
lation of the state in 2010 was 1,015,776. Two out of three
air quality stations in Terengganu were selected for this
study, i.e., SK ChabangTiga, Kuala Terengganu (S1), and
SK Bukit Kuang, Kemaman (S2). These two stations are
highly populated with total population for SK ChabangTi-
ga, Kuala Terengganu, and SK Bukit Kuang, Kemaman
of 337,553 and 166,750, respectively, for 2010. Total
traffic volume for this area is around 22,062 vehicle/day.
SK Bukit Kuang, Kemaman is a developing Malaysian
town located between the industrialized Kerti Petrochemi-
cal Industrial Area in the north and the industrial and ur-
ban Gabeng Industrial Area in the South. This area hosts
dominant sources of ozone precursors related to industrial
activities and road traffic. The locations of these stations
are shown in Fig. 1.
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Fig. 1. Location of study area.
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Table 1. Location of air quality station, period of data collection and percentage of missing data.
Station Latitude Longitude Altitude (m)* | Background Sampling Duration | Missing Data
SKChabangTiga(S1) | N05°18.487" | E103°07.226" 4.8+ Urban Jan 2000-Dec 2010 2%
SK Bukit Kuang(S2) | N04°15.938" | E103°25.941" 10.0+ Industrial Jan 2000-Dec 2010 6%

a Altitude base on above sea level (ASL).
¢ Missing value based on data collection.

The details of the air quality stations are found in Table
1. S1 is located in an urban area whereas S2 is located
in an industrial area. Both sampling stations were located
inside the school compound.

Data used for analysis were obtained from the air qual-
ity monitoring stations in Terengganu State, which are
managed by a private company, Alam Sekitar Sdn. Bhd.
(ASMA) under commission by the Department of the En-
vironment (DOE). The data used were the maximum daily
temperatures and maximum daily surface ozone concen-
trations for the duration of 10 years, from January 2000
to December 2010 (excluding 2008 as the data for this
year were incomplete). The data for daily maximum solar
radiation of 2009 were also used in the analysis. The sur-
face O, concentrations at the ASMA air monitoring sta-
tions were measured using a Teledyne O, Model 400A
UV analyzer based on the Beer-Lambert law for measur-
ing low ranges of O, in ambient air. A 254 nm UV light
signal was passed through the sample cell, where it was
absorbed in proportion to the amount of ozone present.
Every three seconds, a switching valve alternates mea-
surements between the sample stream and a sample that
has been scrubbed of ozone.

The daily maximum temperature and the daily max-
imum ozone concentration were determined from
the hourly temperature and ozone data for the period
2000-10 (excluding 2008). The diurnal and annual cycles
of the daily maximum temperature and the daily maxi-
mum ozone concentration variations studied boxplots of
the assembled data. Statistical correlation was performed
on the assembled data to obtain the correlation coefficients
of daily maximum temperature and the daily maximum
ozone concentration on the two stations. The missing val-
ues from the study period were omitted in the statistical
computations.

The backward trajectories were calculated by using
the Hybrid Single Particle Lagrangian Integrated Tra-

b Duration of data used for analysis, excluding year 2008.

jectory (HYSPLIT) Model. Back trajectory analysis is a
commonly-used tool for understanding how short-term
variability in surface ozone depends on transport to a
given location [18]. This model has been introduced by
the National Oceanographic and Atmospheric Admin-
istration (NOAA) at www.arl.noaa.gov/ready.html. The
backward trajectories track the parcel of air reverse in
time in hourly sequence for a specified period to deter-
mine the path where the air parcel passed by [19]. The
trajectories for the two stations were developed for
120 hours and the model calculations were set at a height
of 100 m above ground level on 1 January 2010 and
1 August 2010 to signify the northeastern and southwest-
ern monsoons, respectively.

Results and Discussion

The summary of the data from the two sampling
stations in Terengganu (SK ChabangTiga and SK
Bukit Kuang) are shown in Table 2. The average daily
maximum temperature recorded at S1 and S2 are 32.3°C
(23.3-39.5°C) and 32.8°C (22.0-39.7°C), respectively.
These two values were found to have statistically
significant difference as their p-values were less than
0.05. The average daily maximum ozone concentrations
for S1 and S2 are 31.4 ppb (10.0-80.0 ppb) and 40.4 ppb
(12.0-89.0 ppb). The concentrations of daily maximum
ozone at these two stations were also found to differ
significantly (p<0.05).

Surrounding activities play an important role in
affecting ambient air quality [19]. The concentration of
the average daily maximum temperature and the daily
maximum ozone concentration were higher in S2, which
is the industrial area compared with S1, which is the urban
area due to the fact that the precursors of ozone sources
of ozone precursors — namely nitrogen oxides (NOx) and

Table 2. Overall summary on daily maximum temperature and the daily maximum ozone concentration.

Parameters Station | Avg.Time Mean Median Std. Dev. Min Max RMAQG*
S1 1h 323 325 2.5 232 39.5
Temperature(°C) -
S2 1h 32.8 32.7 3.1 22.0 39.7
S1 1h 314 30.0 10.7 10.0 80.0
Ozone (ppb) 100
S2 1h 40.4 39.0 14.0 1.02 89.0

*RMAQG: Recommended Malaysian Air Quality Guidelines
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volatile organic compounds (VOC) — are produced from
emissions of motor vehicles and industries. Additionally,
these results concur with the research done locally in
Malaysia [20-22] and globally [23], where the ozone
concentration in a non-urban area was higher than an
urban area due to ozone precursors that were gradually
accumulated and transported to the downwind location.
As it happens, S2 is downwind of S1. The average daily
maximum ozone concentration for both stations is below
the RMAQG.

Variations of the daily maximum temperature and
the daily maximum ozone concentration are depicted in
Fig. 2. The highest recorded daily maximum temperature
for S1 and S2 happened in 2005 with values of 39.5°C and
39.7°C. According to the [25], the 10 warmest years in the
134-year record have all occurred since 2000, with 2005
ranking as one of the warmest years on record. Addition-
ally, like almost all the other countries of the world, Ma-
laysia is also exposed to the risks of climate change and
global warming. Over the last 40 years Malaysia has faced
a rise in temperature of around 0.18°C [24-25]. Overall,
the average daily maximum temperatures for both stations
show increments, including S1 from 29.3°C in 2000 to

32.5°C in 2010, and S2 from 31.7°C in 2000 to 35.7°C in
2010.

The highest recorded daily maximum ozone
concentration for S1 is 80.0 ppb/year in 2004 and 2005,
while for S2 it is 89.0 ppb in 2003, 2007, and 2009. As for
the lowest recorded daily maximum ozone concentration,
S1 has a value of 2.0 ppb in 2010, while S2 is 4.0 ppb in
2000. The average daily maximum ozone concentration for
S1 shows some fluctuations, but overall the concentration
shows a decrease of from 32.7 ppb in 2000 to 26.0 ppb in
2010. As for S2, the average daily maximum ozone shows
inconstancy as the concentration increases from 37.8 ppm
in 2000 to a peak of 44 ppb in 2007 descending to 39.8 ppb
in 2010. The decreasing concentrations of daily maximum
ozone are the result of the reduction of usage of ozone-
depleting substances [20], but the values were balanced
by the increasing number of vehicles, thus creating the
fluctuations of the trend.

The diurnal variations of daily maximum temperature
and daily maximum ozone concentration for S1 and S2 are
illustrated in Fig. 3. Overall, the highest daily maximum
temperature and daily maximum ozone concentration for
both stations was recorded in the hours between 1400h and
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Fig. 2. The boxplot of daily maximum temperature and daily maximum ozone concentration trends for the period of 2000-2010*,*ex-

cluding year 2008.
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Table 3. Correlation of the daily maximum temperature, daily
maximum ozone concentration and daily maximum solar radia-
tion of year 2009 of S2.

Ozone UVB Temperature
Ozone 1
UVB 0.586489 1
Temperature 0.659047 0.888252 1
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Fig. 3. Boxplot of the diurnal variations of daily maximum tem-
perature and daily maximum ozone concentration for the period
0f 2000-2010%*, *excluding year 2008.
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Fig. 4. Scatter plots of daily maximum temperature and daily
maximum ozone concentration for the period of 2000-2010%*,
*excluding year 2008.

1600h. The values for both daily maximum temperature
and daily maximum ozone concentration rise steadily
from 0900h to the peak at 1400-1600h, and then decrease
gradually.

The daily maximum temperature increases steadily
from 0900 due to the increase of solar intensity during the
peak sun hours, where the solar insulation that a particular
location would receive if the sun were shining at its
maximum value. The daily maximum temperature and the
daily maximum ozone concentration tended to follow the
intensity of solar radiation, causing higher levels during
daytime and lower levels at night. The increase of solar in-
tensity will cause the increase of temperature, which in
turn escalates the ozone concentration.

The correlation of the daily maximum temperature,
daily maximum ozone concentration, and daily maximum
solar radiation of 2009 of S2 are shown in Table 3. Year
2009 of S2 was chosen due to the fact that it recorded
the highest daily maximum ozone concentrations. The
correlation between daily maximum temperature and
daily maximum solar radiation is 0.888. This shows that
these two parameters are strongly correlated.

Linear correlations were established between ozone
concentration values and the ambient air temperature
[17, 26]. The scatter plot for both stations (Fig. 4)
shows that the results fit a linear model to describe the
relationship between the daily maximum temperature and
daily maximum ozone concentration for the period of
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2000-10 (excluding 2008). The correlation coefficient
for S1 and S2 is 0.684 and 0.605, respectively. The
coefficient indicates that the relationship is moderately
strong.

Ozone concentrations vary significantly across both air
masses and trajectory clusters at both monitoring stations.
Concentrations are highest for air masses characterized
by dry, warm conditions between June and September
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Fig. 5. Back trajectory analysis using HYSPLIT Model for
north-east monsoon and southwest monsoon.

each year, i.c., during the southwest monsoon and for
air originating from Sumatra, Indonesia. Back trajecto-
ry analysis (Fig. 5) showed that the southwest monsoon
wind from Sumatra can arrive at both monitoring stations
within 84 hours and is frequently associated with the in-
cidence of haze episodes in the Malaysian Peninsula as
a result of biomass burning, which is the burning of peat
soil and plant residue in Sumatra, Indonesia, and Indo-
china that releases vast quantities of smoke, consisting of
a high quantity of pollutants into the atmosphere, which
affects visibility and absorbs incident radiation [27-28].
Meanwhile, ozone concentrations are at the lowest during
the northeastern monsoon, which occurs annually between
November and March and is usually associated with the
wet season. Back trajectory analysis showed that during
this northeastern monsoon the air masses initiated from
the South China Sea and the Philippines.

Conclusion

The results of the study showed that there is a positive
linear relationship between daily maximum temperature
and daily maximum ozone concentration in Terengganu.
It proved that succeeding after factors such as wind speed
and solar insulation, maximum temperature influences
the ozone concentration. The study on long-term and di-
urnal variations of daily maximum temperature and daily
maximum ozone concentration showed that significantly
(p<0.05), these two parameters are higher in the indus-
trial area compared to the urban area. Thus it can be con-
cluded that surrounding activities affect the temperature
that plays an important role in influencing the ground-lev-
el ozone of the area. In addition, back trajectory analysis
showed that ozone concentrations are highest during the
southwest monsoon and are frequently associated with the
prevalence of haze episodes in the Malaysian Peninsula.
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