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Seasonal Patterns and Trends of Air Pollution in the Upper Northern 27 

Thailand from 2004 to 2018 28 

Abstract 29 

The objective of this study was to investigate the seasonal patterns and trends of air pollutants in upper 30 

northern Thailand (UNT) from 2004 to 2018. The hourly air pollutant concentration data recorded from 31 

6 monitoring stations in the UNT were obtained from the Pollution Control Department, Ministry of 32 

Natural Resources and Environment of Thailand. Cubic splines were used to assess seasonal patterns 33 

and trends of air pollutants. Linear regression was used to estimate the average increase in concentrations 34 

of air pollutants at each monitoring station. The results exhibited seasonal patterns for CO, NOX, NO2, 35 

O3, and PM10, in all stations while SO2 only in one station in Lampang and all stations in Chiangmai. 36 

The concentrations of these pollutants rose during August and September and reached peak levels 37 

between March and April. In the past 15 years, the levels of overall CO, O3, and SO2 in the UNT had 38 

significantly increased, on average of 0.032 ppm, 0.012 ppb, and 0.017 ppb, respectively. In contrast, 39 

NO2, NOX, and PM10 had significantly decreased on average of 0.012 ppb, 0.011 ppb, and 0.016 mg/m3, 40 

respectively.  In conclusion, it should be of concern for such activities that related to air pollutants 41 

variation accordingly.   42 

Keywords: Air pollutants, air quality, patterns and trends, particulate matter, sulfur 43 

dioxide, nitrogen oxide, upper Northern Thailand  44 



 

3 

 

Introduction 45 

The ambient air pollution level has received considerable attention in many countries, since air 46 

quality is a critical factor in climate change and also causes environmental and public health 47 

problems (Orru et al. 2017). Air pollution is caused by various events or activities, including 48 

human activities, volcanic eruptions, forest fires, crop burning, fossil fuel combustion for 49 

transportation, and various factories and power plants (Li et al. 2016). Carbon monoxide (CO) 50 

is a gas emitted by incomplete combustion of a fuel, mainly from transportation and industrial 51 

production activities (Zhong et al. 2017). NOX and NO2 are pollutants mainly attributed to 52 

vehicles, industrial combustors, and electric utility power plants (Liard et al. 1999; Gilbert et 53 

al. 2003). SO2 is generally emitted from burning of a fossil fuel, especially coal (Zhang et al. 54 

2017). PM10 is mainly from the open burning of agricultural biomass and from forest fires 55 

(Tsai et al. 2013). These events and activities produce different kinds of air pollutants and there 56 

are changes in the air pollutant levels over time.  57 

Most air pollutants vary by season. In countries near the Arctic, the concentrations of PM2.5, 58 

PM10, NO2, O3, SO2 and CO peak in the winter, whereas O3 is higher in the summer; in China, 59 

Romania, and Poland among others (Chen et al. 2015; Bodor et al. 2020; Cichowicz et al. 2017). 60 

However, in tropical countries such as Malaysia and Thailand, CO, NO2, SO2, PM10, O3
 are 61 

comparatively high from January to March (Mohtar et al. 2018). A decreasing trend of air 62 

pollution is commonly documented for the developed countries. For example, decreasing trends 63 

of PM10 and NO2 in Europe in 1998-2008 were found (Colette et al. 2011), while increasing 64 

trends of air pollutants such as CO, NO2 and SO2 were reported in most developing countries 65 

(Jaiswal et al. 2018). Thailand is one of the Southeast Asian countries currently facing air 66 

pollution problems. Increasing trends of CO, O3 and NO2 have been reported (Aziz et al. 2016; 67 

Lalitaporn 2018). Seasonal patterns have also been found for PM10, CO, SO2, NO2 and O3 that 68 

are higher in the dry season and lower in the rainy season (Matsuda et al. 2006; Kliengchuay et 69 

al. 2018, Lalitaporn 2018; Outapa and Ivanovitch 2019; Lalitaporn and Boonmee 2019). The 70 

northern region of Thailand faces major smog problems yearly due to crop burns during the dry 71 

season. The burning causes various pollutants, including particulate matter, gases and 72 

biological molecules, whose levels tend to exceed the air quality standards (Wiwatanadate et 73 

al. 2011).  74 

The upper northern Thailand (UNT) has vast mountains reaching high altitudes, causing 75 

variable seasonal temperatures. The weather in the North is hot and humid, alternating with the 76 
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dry season. There are three predominant seasons: the rainy season (May - October), the cold 77 

season (October - February), and the hot season (February - May) (Chantara et al. 2012). Every 78 

year between December and April, drought and forest fires occur together with crop residue 79 

burning by farmers to prepare for the next planting season at the onset of the rainy season. 80 

These activities cause haze over the whole UNT region (Chuang et al. 2016). Additionally, the 81 

government had formed the policies and measures to prevent and tackle northern haze and forest 82 

fires. The reducing burning in agricultural areas, especially during dust accumulation over 7-83 

14 days or 1-2 months, was dependent on each provincial policy measure, which adheres to 84 

operate as guidelines under existing legal mechanisms such as the Public Health Act 1992 and 85 

the National Disaster Prevention and Mitigation Act 2007, to control areas or the sources that 86 

cause PM10 (Department of Disaster Prevention And Mitigation 2015). The Thai Pollution 87 

Control Department, Ministry of Natural Resources and Environment, has continuously 88 

collected hourly air quality data in UNT from six air monitoring stations since 1996 until 89 

present (Thai Pollution Control Department 2020). However, the utilization of these 90 

longitudinal air pollution data to assess the air pollution situation in this area has not been 91 

vigorous. Moreover, there are limited studies on air pollutants situation in this area using 92 

rigorous statistical methods. Therefore, this study aimed to investigate seasonal patterns and 93 

trends of air pollutants in the UNT.  94 

Materials and method 95 

Data source 96 

The air quality data collected from 2004 to 2018 were obtained from the Pollution Control 97 

Department, Ministry of Natural Resources and Environment. The hourly air pollutant 98 

concentration data of CO, O3, NO2, NOX, SO2 and PM10 were assessed from 6 air quality 99 

monitoring stations in UNT (3 stations in Lampang, two stations in Chiang Mai, and one station 100 

in Nan provinces) as shown in Table 1. The locations of the monitoring stations are shown in 101 

Fig. 1.  102 

[Table 1 is about here.] 103 

[Fig. 1 is about here.] 104 

The national ambient air quality standards in Thailand and the ambient air concentration 105 

measurement methods for each pollutant were listed in Table 2. The average values of the 106 
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measurements were transmitted hourly to a central computer in each station by data logger and 107 

modem. 108 

[Table 2 is about here.] 109 

The outcomes of this study are air pollutant concentrations of CO, O3, NO2, NOX, SO2 and 110 

PM10. The hourly observations of these pollutants were aggregated into weekly averages, thus 111 

obtaining 52 observations per year. The determinant is time (52 weeks from 15 years each). 112 

There are 780 records for each station. Data transformation was performed by taking the natural 113 

logarithm adding one with diving or multiplying constant value for all air quality pollutants. 114 

Statistical analysis 115 

Descriptive analysis was carried out to summarize the data using measures of central tendency 116 

and dispersion. Boxplots and quantile-quantile (Q-Q) plots were used to assess the distribution 117 

of each pollutant. The trends and seasonal patterns of air pollutants were assessed from weekly 118 

average data. The seasonal patterns were presented by plotting the average weekly air pollutant 119 

concentration against 52 weeks of 15 years by station. The trends of an air pollutant were shown 120 

by plotting the average weekly air pollutant concentrations against 15 years by station. The 121 

spline function was used to display the trends and seasonal patterns of each air pollutant at each 122 

station. Time series plots were created for each air pollutant and station with an adequate 123 

number of knots, and their positions were fixed to smoothen the spline curve. The formula for 124 

a cubic spline function is as follows 125 �̂�𝑖 = 𝑎 + 𝑏𝑡𝑖 + Σ𝑘=1𝑝 𝑐𝑘(𝑡𝑖 − 𝑡𝑘)+3     (1) 126 

where �̂�𝑖 is the spline function, 𝑎, 𝑏 and 𝑐𝑘 are parameters in the model, 𝑘 is the location of 127 

knots, 𝑡𝑖 denotes time in weeks, that is specified from 15 years and 𝑡1  <  𝑡2  <  …  <  𝑡𝑝 are 128 

specified knots and (𝑡𝑖 − 𝑡𝑘)+ means the positive part of (𝑡𝑖 − 𝑡𝑘) (i.e. set to zero if negative).  129 

Then, the air pollutant concentration data were seasonally adjusted by subtracting the fitted 130 

values from observed air pollutants. The formula took the form,  131 𝑧𝑖 = 𝑦𝑖 − �̂�𝑖 + �̅�       (2) 132 

where, 𝑧𝑖 is the seasonally adjusted air pollutant concentration at observation 𝑖, 𝑦𝑖 is the 133 

observed air pollution concentration, �̂�𝑖 is the fitted values from the spline model and �̅� is the 134 

overall mean of observed air pollutants.  135 
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Time series models are based on stationarity with observed values having constant mean and 136 

variance over time. In this study, the autoregressive integrated moving average (ARIMA) 137 

model was used to analyze annual trends of each pollutant at each station. The parameters in 138 

this model are p, d, and q, where p is the number of autoregressive terms, d is the number of 139 

non-seasonal differences, and q is the number of lagged forecast errors in the prediction 140 

equation (Brockwell 2010). The performance evaluations of the adopted models are carried out 141 

on the basis of correlation coefficient (r2). The formula for an ARIMA model (∆𝑑𝑔𝑖) is as 142 

follows 143 ∆𝑑𝑔𝑖 = 𝛿 + ∅∆𝑑𝑧𝑖−1 + ∅∆𝑑𝑧𝑖−2+. . . +∅∆𝑑𝑧𝑖−𝑝 + 𝜀𝑖 − 𝜃1𝜀𝑖−1−. . . −𝜃𝑞𝜀𝑖−𝑝 (3) 144 

where 𝑑 is the number of differences for stationarity, 𝑝 is autoregressive order, 𝑞 is moving 145 

average order, 𝛿 is a constant, ∆𝑑 is the differencing operator of order 𝑑, ∅, . . , ∅𝑝 are 146 

autoregressive parameters, ∅, . . , ∅𝑞 moving average parameters, and 𝜀𝑖 or error is white noise 147 

as the error value at time i. In these studies, we use ARIMA (1, 0, 0), as the air pollutant 148 

concentration data were already seasonally adjusted. Therefore, differencing parameter (d = 0) 149 

was equal to zero and the parameter of moving average was also equal to zero. Therefore, an 150 

autoregressive (AR) model using cubic spline function (Equation 4) was used for fitting the 151 

annual trend of each pollutant at each station. 152 𝑔𝑖 = 𝛿 + ∅1𝑧𝑖−1+Σ𝑘=1𝑝 𝑐𝑘(𝑡𝑖 − 𝑡𝑘)+3 + 𝜀𝑖    (4) 153 

The filtered autocorrelation in seasonally adjusted air pollutant concentration (𝑣𝑖) can be 154 

calculated using the following equation. Hence, 155 

   𝑣𝑖 = [𝑠(𝑧𝑖)/𝑠(𝑒) × 𝑒] + 𝜇𝑧𝑖                                 (5) 156 

where, 𝑒 is the fitted residual from AR model, 𝑠 is the standard deviation of each air pollutant 157 

and 𝜇𝑧𝑖 is constant term, which is the mean of the seasonally adjusted air pollutants. 158 

A linear regression model incorporating the filtered autocorrelation in seasonally adjusted 159 

weekly average air pollutant concentrations was used to examine the average changes of air 160 

pollutants concentration over 15 years at six stations as follows.  161 𝑓𝑖 =  + 𝛽𝑖𝑣𝑖 + 𝜀𝑖       (6) 162 

Here, 𝑓𝑖 is the average increase of air pollution concentration,  is the intercept, 𝛽 is the 163 

regression coefficient, 𝑣𝑖 is the filtered autocorrelation in seasonally adjusted air pollutant 164 

concentration at observation 𝑖, and 𝜀𝑖 is the error term. After fitting the linear regression model, 165 
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the normality assumption of residuals was evaluated for determining whether this model is 166 

appropriate. Confidence interval plots were created to illustrate the overall increase of air 167 

pollutant concentration at each station. All statistical analyses and graphical plots were done 168 

using the R statistical program (R Core Team 2020). 169 

Results 170 

The weekly average concentration of CO ranged between 0 and 2.92 ppm, with an average of 171 

0.54 ppm. There were 18.40% missing values and 0.10% zero values. For O3, NO2, NOX, SO2 172 

and PM10, the weekly average concentrations were in the ranges 0 to 73.55 ppb, 0 to 66.12 ppb, 173 

0 to 70.29 ppb, 0 to 16.60 ppb and 8.31 to 248.80 μg/m3, respectively. Figure 2 presents the 174 

distributions of the weekly average concentration of each pollutant (CO, O3, NO2, NOX, SO2 175 

and PM10) after applying logarithm transformation plus one and multiplying or dividing 176 

pollutants by different constant values. 177 

[Fig. 2 is about here.] 178 

The median values of the weekly average concentrations of CO, NO2 and NOX were highest in 179 

CM2 station. The median values of these pollutants were 0.77 ppm, 14.18 ppb and 22.77 ppb, 180 

respectively. The Lampang station, LP3 had the lowest medians for CO, NO2 and NOX (0.28 181 

ppm, 2.68 ppb and 4.59 ppb, respectively). On the other hand, the O3 in CM2 station had the 182 

lowest median of 15.79 ppb, while the median concentration of SO2 in CM2 station was the 183 

highest (1.05 ppb). In addition, the weekly average concentration of PM10 in CM2 station had 184 

the highest median of 38.45 μg/m3 while at the NN1 station it had the lowest median of 29.87 185 

μg/m3, as shown in Fig. 3. Overall, the highest concentrations of CO, NO2, NOX, SO2 and PM10 186 

were found at a station in Chiang Mai province (CM2). 187 

[Fig.3 is about here.] 188 

Seasonal patterns of air pollutants 189 

Fig. 4 and 5 show seasonal patterns of weekly average air pollutant concentrations over 15 years 190 

at each station. Week of year is on the x-axis while air pollutant concentration at each station is 191 

on y-axis. The cubic spline was fitted to the seasonal pattern of an air pollutant and plotted 192 

against the 52 weeks of year for each station. The cubic splines are shown as red lines. Medians 193 

were fitted to assess the seasonal patterns of each air pollutant concentration and these are 194 

shown as blue lines. Besides, six knots placed at 1, 9, 19, 34, 44, 52 were selected to fitted to 195 

smoothen the spline curve. The positions of the knots are shown with plus (+) symbols. The 196 
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results showed that, overall, the air pollutant concentrations had seasonal patterns. The 197 

concentration gradually increased during the first week in December (cold) and peaked between 198 

March and April (summer season). Then it gradually decreased from May to September (rainy 199 

season), except for SO2 which had no seasonal patterns in LP2, LP3 and NN1 stations. 200 

[Fig.4 is about here.] 201 

[Fig.5 is about here.] 202 

Trends of air pollutants 203 

Fig. 6 and 7 show plots of annual trends, or show the season-adjusted time series of weekly 204 

average air pollutant concentrations for 15 years at each station, with time (years) on x-axis and 205 

pollutant concentration on y-axis. The red lines represent the trends from the cubic spline 206 

functions. The coefficients of autocorrelation and r-squared are shown on top of each plot. Four 207 

knots placed in 2004, 2009, 2014 and 2019 were selected to smoothen the spline curve, which 208 

divided the data equally into 5-year intervals. The positions of the knots are shown with plus 209 

(+) symbols. Annual trends of weekly average air pollutant concentrations for 15 years at 6 210 

stations in the UNT revealed that overall, the air pollutant concentration of NO2, NOX and PM10 211 

in UNT had a decreasing trend. In contrast, most CO, O3, and SO2 concentrations had an 212 

increasing trend. Also, trends at some stations had a fluctuating pattern, with some fluctuations 213 

increasing or decreasing with the average level of the time series. As an example, the CO 214 

concentration level at LP1 and LP2 stations had decreasing trend from 2004 to 2008 and then 215 

the gradually increasing trend occurred from 2009 to 2013, with decrease again from 2014 to 216 

2018.   217 

[Fig.7 is about here.] 218 

[Fig.8 is about here.] 219 

Fig. 8 shows the increases in weekly average air pollutant concentrations with 95% confidence 220 

intervals for each station in UNT, from 2004 to 2018, using the linear model. The results show 221 

that overall trends of weekly average CO concentration levels at LP1, LP2 and NN1 stations 222 

had a significantly increased means of 0.009 ppm (95% CI, 0.005 to 0.012 ppm), 0.010 ppm 223 

(95% CI, 0.007 to 0.014 ppm) and 0.008 ppm (95% CI, 0.002 to 0.014 ppm), respectively. 224 

While the station in LP3 had a significantly decreased mean of -0.012 ppm (95% CI, -0.022 to 225 

-0.001 ppm). Besides, the weekly average O3 concentrations had a significantly increased mean 226 

at all stations, except at NN1 station had a very slightly decreased trend. The overall trends of 227 
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weekly average NO2 concentrations at LP1 station had a significantly decreased mean of -0.004 228 

ppb (95% CI, -0.006 to -0.001 ppb). Furthermore, at LP2, CM1, CM2 and NN1 stations the 229 

means very slightly decreased trends. Additionally, the weekly average of the NOX 230 

concentration at LP1 station had significantly decreased mean of -0.005 ppb (95% CI, -0.008 231 

to -0.002 ppb). However, LP2 had significantly increased mean of 0.008 ppb (95% CI, 0.003 232 

to 0.012 ppb). Besides, the weekly average of SO2 concentration at stations in Lampang LP1 233 

and LP2 had significantly increased means of 0.004 ppb (95% CI, 0.002 to 0.007 ppb) and 234 

0.008 ppb (95% CI, 0.005 to 0.011 ppb), respectively. Furthermore, at LP3, CM1 and NN1 235 

stations the means very slightly increased trends. Moreover, the average weekly PM10 236 

concentration level had significantly decreased in almost all stations, except at LP3 and NN1 237 

stations had a very slightly decreased trend. 238 

[Fig.8 is about here.] 239 

Discussions 240 

This study applied robust statistical techniques to investigate seasonal patterns and trends of air 241 

pollutant concentrations in the UNT during the year 2004 to 2018. Seasonal patterns of CO, O3, 242 

NO2, NOX and PM10, SO2 in LP1, LP2 and NN1 stations were found, with peak concentrations 243 

observed between March and April. Most the CO, O3 and SO2 had been significantly increasing 244 

in some stations whereas most the NO2, NOX and PM10 had been significantly decreasing in 245 

some stations over time since 2004. 246 

In our study, most air pollutants peaked in March to April. This finding is consistent with a 247 

study conducted by Lalitaporn (2018) which reported that seasonal emissions in UNT caused 248 

high levels of CO during dry season from anthropogenic and biomass burning activities, while 249 

the levels were lower during rainy season. Matsuda et al. (2006) also reported that SO2 and O3 250 

concentrations increased in the dry (Jan-Apr) season and decreased in the wet (May-Aug) 251 

season. Such trends are caused by the dry deposition above a forest in a tropical savanna climate 252 

in Mae Moh, Lampang Province. In addition, the O3 formation caused by secondary reactions 253 

between VOCs and NOX, catalyzed by ultraviolet were also higher in summer compare to 254 

winter. Therefore, a higher concentration of NOX resulted in a higher concentration of O3 255 

(Fakkaew et al. 2019).  NO2 and PM10 in northern Thailand were higher during the dry season 256 

between January and April (Wiriya et al. 2013; Kliengchuay et al. 2018; Outapa and Ivanovitch 257 
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2019; Lalitaporn and Boonmee 2019). An increase in PM10 is common in summers due to low 258 

precipitation and open burning in agricultural areas during harvesting season.  259 

CO concentration was found to have significantly increased overall in LP1, LP2 and NN1 260 

stations. This finding supports a study conducted by Lalitaporn (2018), who found a significant 261 

increase of CO concentration in the upper part of Thailand from 2001-2015. This might be due 262 

to the intensive biomass burning and gasoline-powered vehicles. A significant increase in the 263 

overall concentration of O3 was also found in our study. This result is consistent with findings 264 

of Sonkaew and Macatangay (2015), which showed that the O3 in the troposphere of northern 265 

regions in Thailand had a slightly increasing 8-year trend from 2005 to 2012, especially during 266 

the forest-clearing and agricultural burning season that usually occurs during February to April. 267 

In addition, sunlight splits NO2 into NO and an oxygen atom (O). A single oxygen atom then 268 

combines with an oxygen molecule to produce O3 (Finlayson-Pitts and Pitts 1999). NO2 and 269 

NOx in our study had been significantly declining in some station over time since 2004. Our 270 

finding is in line with a study conducted by Lalitaporn and Boonmee (2019), which found a 271 

slight increase over 6 years of NO2 concentration levels from satellite and ground measurements 272 

over northern Thailand for 2010 to 2016. NOX and NO2 concentrations both have the same 273 

sources from biomass combustion and fossil fuels (Dell’Antonia et al. 2012). The significant 274 

increase in overall SO2 concentration was observed in our study especially at LP1 and LP2 275 

stations, consistently with a study conducted by Thepanondh et al. (2002). This might be due 276 

to the emissions of SO2 and sulphate from coal-fired power plants operated in Lampang 277 

province, Thailand (Thepanondh et al. 2002). Moreover, this study found that PM10 had 278 

significantly decreased over 15 years. The result supports the finding of Yabueng (2020) who 279 

found that the implementation of the zero-burning policy on open burning, for about a 3-month-280 

long period (mid- February to mid-May) in the dry season of northern Thailand during 2017 to 281 

2018, has an impact on the patterns of ambient air pollutants. This might lead to the reduction 282 

of air pollutants, compared to 15 years ago.  283 

Future studies should focus on the effects of climate factors such as wind speed, wind direction, 284 

mixing height, rainfalls, humidity and temperature on the air pollutant concentrations. 285 

5. Conclusion 286 

This study concludes that the seasonal patterns of most pollutant concentrations in the UNT had 287 

similar seasonal patterns with highest levels during summer (Mar-Apr). The overall trends in 288 

most stations of CO, O3 and SO2 concentrations has been steadily increasing, whereas PM10 289 



 

11 

 

concentration had been declining over 15 years of the study. Furthermore, NO2 and NOX 290 

concentrations had been very slightly decreased trends. Despite regulations to controls open 291 

crop burning, the air pollution in the UNT during March to April remains high every year. 292 

These indicated that the current burning control policies were not adequate, governments should 293 

implement more effective burning control policies to reduce the air pollution levels. 294 

Acknowledgements 295 

This research was supported by National Science, Research and Innovation Fund (NSRF) and 296 

Prince of Songkla University (Grant No SAT64050885), the Air Pollution and Health Effect 297 

Research Center, Faculty of Engineering and the Graduate School, Prince of Songkla 298 

University. This research is also partially supported by the Centre of Excellence in 299 

Mathematics, Commission on Higher Education (CHE), Ministry of Education, Ratchathewi, 300 

Bangkok, 10400 Thailand. The authors extend our profound appreciation to the Pollution 301 

Control Department, Ministry of Natural Resources and Environment of Thailand, for 302 

providing the data for this study. We are gratitude to Emeritus Prof. Don McNeil for his 303 

comments and suggestions throughout this research. 304 

Author contributions 305 

Sarawut Sukkhum: investigation, methodology, validation, data curation, formal analysis, 306 

writing – original draft, visualization 307 

Apiradee Lim: conceptualization, project administration, funding acquisition, supervision, 308 

writing – review & editing 309 

Rattikan Saelim: supervision, writing – review & editing 310 

Thammasin Ingviya: supervision, writing – review & editing 311 

Competing interests 312 

The authors declare that they have no competing interests. 313 

Data availability 314 

The datasets used and/or analyzed during the current study are available from the corresponding 315 

author on reasonable request. 316 

Ethics declarations 317 

Not applicable 318 

Consent for publication 319 



 

12 

 

Not applicable 320 

References 321 

Aziz, T.A. et al. Analysis of spatial and temporal variation of criteria air pollutants in Bangkok 322 

Metropolitan Region (BMR) during 2000-2015. 1st International Electronic Conference 323 

on Atmospheric Sciences. Paris. France July 16-31 (Vol. 6) (2016). 324 

Bodor, Z., Bodor, K., Keresztesi, Á. & Szép, R. Major air pollutants seasonal variation analysis 325 

and long-range transport of PM10 in an urban environment with specific climate 326 

condition in Transylvania (Romania). Environ Sci. Pollut. Res. 27, 38181-38199 (2020). 327 

Brockwell, P.J. Time series analysis. in International Encyclopedia of Education (ed. Peterson, 328 

P., Baker, E., McGaw, B.) 3rd ed. 474-481  (Elsevier, 2010). 329 

Chantara, S., Sillapapiromsuk, S. & Wiriya, W. Atmospheric pollutants in Chiang Mai 330 

(Thailand) over a five-year period (2005–2009), their possible sources and relation to 331 

air mass movement. Atmos. Environ. 60, 88-98 (2012). 332 

Chen, W., Yan, L. & Zhao, H. Seasonal variations of atmospheric pollution and air quality in 333 

Beijing. Atmosphere.  6, 1753-1770 (2015). 334 

Chuang, H.C., Hsiao, T.C., Wang, S.H., Tsay, S.C. & Lin, N.H. Characterization of particulate 335 

matter profiling and alveolar deposition from biomass burning in Northern Thailand: 336 

The 7-SEAS study. Aerosol Air Qual. Res. 16, 2897-2906 (2016). 337 

Cichowicz, R., Wielgosiński, G. & Fetter, W. Dispersion of atmospheric air pollution in 338 

summer and winter season. Environ. Monit. Assess. 189, 1-10 (2017) 339 

Colette, A. et al. Air quality trends in Europe over the past decade: a first multi-model 340 

assessment. Atmos. Chem. Phys. 11, 11657-11678 (2011). 341 

Dell’Antonia, D., Gubiani, R., Maroncelli, D. & Pergher, D. Gaseous emissions from fossil 342 

fuels and biomass combustion in small heating appliances. J. Agri. Eng. 4, 37-46 (2012). 343 

Department of Disaster Prevention and Mitigation National disaster Risk Management Plan. 344 

Department of Disaster Prevention and Mitigation, Ministry of Interior.  345 

https://www.disaster.go.th/upload/download/file_attach/584115d64fcee.pdf (2015).  346 

Fakkaew, N. et al. Generation of Volatile Organic Compounds (VOCs), Oxides of Nitrogen 347 

(NOx), and Ozone (O3) during Smog Case Study: Chiang Rai Province. J. Assoc. Res. 348 

24, 31-40 (2019). 349 



 

13 

 

Finlayson-Pitts, B.J. & Pitts, J.N. Chemistry of the upper and lower atmosphere: theory, 350 

experiments, and applications (Elsevier, 1999). 351 

Gilbert, N.L., Woodhouse, S., Stieb, D.M. & Brook, J.R. Ambient nitrogen dioxide and distance 352 

from a major highway. Sci. Total Environ. 312, 43-46 (2003). 353 

Jaiswal, A., Samuel, C. & Kadabgaon, V.M. Statistical trend analysis and forecast modeling of 354 

air pollutants. Glob. J. Environ. Sci. Manag. 4, 427-438 (2018). 355 

Kliengchuay, W., Cooper Meeyai, A., Worakhunpiset, S. & Tantrakarnapa, K. Relationships 356 

between meteorological parameters and particulate matter in Mae Hong Son province, 357 

Thailand. Int. J. Environ. Res. Public Health. 15, 2801; 10.3390/ijerph15122801 (2018). 358 

Lalitaporn, P. Long-term assessment of carbon monoxide using MOPITT satellite and surface 359 

data over Thailand. Engin. Appl. Sci. Res. 45, 132-139 (2018). 360 

Lalitaporn, P. & Boonmee, T. Analysis of tropospheric nitrogen dioxide using satellite and 361 

ground based data over northern Thailand. Engin. J. 23, 19-35 (2019). 362 

Li, X., Yang, Y., Xu, X., Xu, C. & Hong, J. Air pollution from polycyclic aromatic 363 

hydrocarbons generated by human activities and their health effects in China. J. Clean 364 

Prod. 112, 360-1367 (2016). 365 

Liard, R. et al. Use of personal passive samplers for measurement of NO2, NO, and O3 levels 366 

in panel studies. Environ. Res. 81, 339-348 (1999). 367 

Matsuda, K., Watanabe, I., Wingpud, V., Theramongkol, P. & Ohizumi, T. Deposition velocity 368 

of O3 and SO2 in the dry and wet season above a tropical forest in northern Thailand. 369 

Atmos. Environ. 40, 7557-7564 (2006). 370 

Mohtar, A.A.A. et al. Variation of major air pollutants in different seasonal conditions in an 371 

urban environment in Malaysia. Geosci. Lett. 5, 21; 10.1186/s40562-018-0122-y  372 

(2018). 373 

Orru, H., Ebi, K.L. & Forsberg, B. The interplay of climate change and air pollution on health. 374 

Curr. Environ. Health Rep. 4, 504-513 (2017). 375 

Outapa, P. & Ivanovitch, K. The effect of seasonal variation and meteorological data on PM10 376 

concentrations in Northern Thailand. Int. J. GEOMATE 16, 46-53 (2019). 377 



 

14 

 

Pollution Control Department. National Ambient Air Quality Standard of Thailand. Pollution 378 

Control Department, Ministry of Natural Resources and Environment. 379 

http://pcd.go.th/info_serv/reg_std_airsnd01.html (2021). 380 

R Core Team. R: A language and environment for statistical computing. R Foundation for 381 

Statistical Computing. https://www.R-project.org/ (2020) 382 

Sonkaew, T. & Macatangay, R. Determining relationships and mechanisms between 383 

tropospheric ozone column concentrations and tropical biomass burning in Thailand and 384 

its surrounding regions. Environ. Res. Lett. 10, 065009; 10.1088/1748-385 

9326/10/6/065009 (2015). 386 

Thai Pollution Control Department. Situation and air quality report in Thailand. Thai 387 

Pollution Control Department web. 388 

http://air4thai.pcd.go.th/webV2/download.php?grpIndex=4 (2020). 389 

Thepanondh, S., Hooper, M. & Ayers, G. Dry deposition of atmospheric sulphur species in 390 

northern Thailand: a report on methods and early results. The 16th International Clean 391 

Air and Environment Conference, 19-22 August, Christchurch, New Zealand (2002). 392 

Tsai, Y.I., Sopajaree, K., Chotruksa, A., Wu, H.C. & Kuo, S.C. Source indicators of biomass 393 

burning associated with inorganic salts and carboxylates in dry season ambient aerosol 394 

in Chiang Mai Basin, Thailand. Atmos. Environ. 78, 93-104 (2013). 395 

Wiriya, W., Prapamontol, T. & Chantara, S. PM10-bound polycyclic aromatic hydrocarbons in 396 

Chiang Mai (Thailand): seasonal variations, source identification, health risk 397 

assessment and their relationship to air-mass movement. Atmos. Res. 124, 109-122 398 

(2013). 399 

Wiwatanadate, P. & Liwsrisakun, C. Acute effects of air pollution on peak expiratory flow rates 400 

and symptoms among asthmatic patients in Chiang Mai, Thailand. Int. J. Hyg. Environ. 401 

Health. 214, 251-257 (2011). 402 

Yabueng, N., Wiriya, W. & Chantara, S. Influence of zero-burning policy and climate 403 

phenomena on ambient PM2.5 patterns and PAHs inhalation cancer risk during 404 

episodes of smoke haze in Northern Thailand. Atmos. Environ. 232, 117485; 405 

10.1016/j.atmosenv.2020.117485 (2020). 406 

https://www.r-project.org/


 

15 

 

Zhang, K., Ren, S., Hou, Y. & Wu, W. Efficient absorption of SO2 with low-partial pressures 407 

by environmentally benign functional deep eutectic solvents. J. Hazard Mater. 324, 457-408 

463 (2017). 409 

Zhong, Q. et al. Global estimates of carbon monoxide emissions from 1960 to 2013. Environ. 410 

Sci. Pollut. Res. Int. 24, 864-873 (2017). 411 

 412 



Figures

Figure 1

Map of the study area in the UNT

Figure 2



Quantile-quantile (Q-Q) plots of weekly average air pollutant concentrations in UNT from 2004 to 2018

Figure 3

Distribution of weekly average air pollutant concentrations of 6 stations in the UNT between 2004 and
2018



Figure 4

Seasonal patterns of weekly average air pollutant concentrations at LP1, LP2 and LP3 stations



Figure 5

Seasonal patterns of weekly average air pollutant concentrations at CM1, CM2 and NN1 stations



Figure 6

Annual trends of weekly average air pollutant concentrations at LP1, LP2 and LP3 stations



Figure 7

Annual trends of weekly average air pollutant concentrations at CM1, CM2 and NN1 stations



Figure 8

Average weekly air pollutant concentrations increase from 2004 to 2018 with con�dence intervals of each
station in the UNT


