
 

 

 Abstract—Ozone formation potential (OFP) of 43 VOCs species 

were analyzed usingthe ambient concentrations data from 2008 to 
2013 and the Photochemical ozone creation potential indices, the 
indicator of a VOCs’ capacity to contribute to the photochemical 
ozone formation).The ozone production potential contribution (OPC) 
can then be calculated as the percentage of individual OFP to the 
summation of all VOCs’ OFPs. The predicted ozone formation 

potential species were verified by Generalized Additive Model 
(GAM). The impacts of the photochemical ozone creation potential to 
surface ozone level were analyzed. Halogenated hydrocarbons were 
found to be the main group that affected to the ozone production 
40.2% with the overall mean of response and r2 changes (9.4%). 
Althoughfrom the calculation, the OFP level of Hydrocarbons 
(59.5%) and oxygenated hydrocarbons (39.4%) were high but from 
GAM results, their effects to ozone production (6.0% and 1.6%) were 

lower than those of halogenated hydrocarbons. 
 

 Keywords—generalized additive model, ozone formation 

potential, photochemical ozone creation potential, volatile organic 
compound 

I. INTRODUCTION 

ANGKOK’Sair quality was affected by rapid 

urbanization, economic development, and increases in 

number of transport vehicles. On-road vehicles and industrial 

sources are typically the major sources of common urban air 

pollutants e.g. ozone and VOCs, [1]. The trace gas ozone and 

halogenated VOCs in the troposphere are interchange media 

for air pollution and climate change [2]. In Thailand, the 
surface levels of 1-hour and 8-hour average of ozone 

recording 1996-2013 have been exceeded the standard (100 

ppb) over many areas, especially in Bangkok and its vicinity 

[3]. Furthermorefrom other reports, Zhang and Kim 

Oanh[4],[5] revealed that the ratios of NOx to Non-methane 

Hydrocarbons(NMHCs) toward tropospheric ozone formation 

were VOC-sensitive reactions occurred in inner Bangkok, 

whereas outer Bangkok sites were NOxsensitive condition 

with higher concentrations, at downwind. On the other hand, 

the increasing of oxygenated hydrocarbons could be resulted 

from the National promotion program for phasing out of 

methyl tertiary butyl ether (MTBE) in gasoline and phasing in 
of ethanol-gasoline blended since 2004.  
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These have possibly been the additional emission sources for 

urban ozone precursors because the levels of oxygenated 

hydrocarbons emitted from gasohol are higher than gasoline 

fuels [6]. 

The objective of this research is to quantify the extent in 
which regional photochemical creation potential of volatile 

organic compounds, as ozone precursors, respond to 

atmospheric ozone in Bangkok and vicinity, Thailand. This 

was achieved by the application of generalized additive model 

(GAM) to estimate the response of ozone (O3) affected from 

VOCs’ reactivity associated with other ozone precursors, 

namely nitrogen oxides (NOx), carbon monoxide (CO) and 

local meteorological variables.  

II. METHOD  

A.  Study Area 

 The study sites for evaluating the potential of surface ozone 

formation were consisted of three inner districts and one outer 

district of Bangkok comparable to its suburban area in 

PathumThani province, located at the north-east of Bangkok, 

showed in Figure 1. The monitoring stations, with roughly 50 

kilometer-long, were selected based on a year-round wind 

direction at upwind and downwind, which mainly impacted by 
SW and NE monsoon of the center of Bangkok. 
 

 
Fig. 1 Map of Bangkok with the monitoring sites in this study 

 

B. Data Information 

All monitoring data, including43VOCs, O3, NOx and CO, 
together with surface meteorological parameters during 2008 

to 2013, were obtained from Pollution Control Department, 

Thailand. VOCs samples were quantified by the standard 

operating procedures equivalent to US EPA method TO-11A 

and TO-15A. In addition, NOx and O3 were determined by 

continuous chemiluminescence detections along with CO that 

analyzed by online non-dispersive infrared analyzers 

equivalent to U.S EPA ambient standard methods [7]-[9]. All 
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data were extracted correspondingly to monthly VOCs 

samples data. The input data were air pollutants concentrations 

(µg.m-3), temperature (K), pressure (mmHg), relative 

humidity(%), wind speed (m.s-1), wind direction () and global 
radiation (W.m-2) respectively. 

C. Ozone formation potential (OFP)  

VOCs have been concerned as the reactive species in 

photochemical oxidations of O3. .Individual VOC participates 

in the complex reactions of ozone formation differently 

because of its reactivity, its mechanism and the ratio of VOC 

to other precursors and meteorological parameters [10]-[12]. 

Several methods were used to study the competency of ozone 

formation throughout VOCs’ reactivity such as the maximum 
increment reactivity (MIR) scale, which is relevant to the 

change of ozone creation to unit amount of added chemical in 

the system [12] and the photochemical ozone creation 

potential (POCP) scale that quantified the formation of ozone 

relatively to the capacity of ethylene using  photochemical 

trajectory model allowing for long range transport, as 

expressed in  (1) and  (2) indicated the calculation for the 

VOCs’ OFP using POCP indices [13]. 
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whereO3basecase refers to the ozone mixing ratio along the 

trajectory in the base case, O3i with an additional of the ith 

VOC species, O3ethylene refers to that with the same mass of 

ethylene, OFPi ,CVOCi and POCPi are the ozone formation 

potential, the concentration and the photochemical ozone 

creation potential coefficient of ith VOC respectively. The 

ozone production potential contribution (OPC) can then be 

calculated as the percentage of individual OFP to the 

summation of all VOCs’ OFPs. 
 

D. Statistical model 

 Generalized Additive Model (GAM): As an alternative 

model of non-parametric regression, GAM has become a 

prevalent tool for prediction of air pollution levels because it 

can be applied with various flexible frameworks and input 

data [14]. GAM illustrates non-linear relationships by 

estimating non-parametric functions of covariate variables 

using loess or splines smoother performed with respect to the 

partial residuals [15]. The relationships between the response 

and explanatory variables in generalized additive model are 

described by ( )g  , where  is the linear predictor and 

g(µ) denotes a link function. The fundamental of generalized 

linear model is expressed as: yij = µ+i+ij, where  is an 

overall mean, I denotes ithtreatment effects and ij indicates 
the experimental residual. Then the simple additive model can 

be defined in (3). 
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 where yi is the ith ozone concentration, 0is the overall mean 
of the response or an intercept of the scatter plot and Sj(xij) is 

the smooth function of ith value of covariate j (ie. temperature, 

pressure,..., global radiation, NOx, CO, VOC1, 

VOC2,...,VOC38, excluding VOCs with POCP indices equal to 

zero) and n is the total number of covariates, and εi is the 

itresidual. 

The Poisson regression model using smoothing splines 
smoother, with the categorized predictors of the study sites 

and the sampling months, were used to investigate the 
interactive effects between atmospheric ozone level and its 

precursors, in terms of VOCs OFP levels and concentrations 

of NOx and CO, associated with local meteorological 

conditions. The quantile (Q-Q) plots were accomplished by 

auto-regression GAM at 95% confident level. The impacts of 

all predictors to ozone formation were tested from six distinct 

models as follows: (a) average ozone against meteorological 

predictors, (b) average ozone against meteorological 

predictors + inorganic ozone precursors, (b) average ozone 

against meteorological predictors + inorganic ozone 

precursors + oxygenated hydrocarbons, (d) average ozone 
against meteorological predictors + inorganic ozone 

precursors + oxygenated hydrocarbons + acrylonitrile, (e) 

average ozone against meteorological predictors + inorganic 

ozone precursors + oxygenated hydrocarbons + acrylonitrile + 

hydrocarbons, (f) average ozone against meteorological 

predictors + inorganic ozone precursors + oxygenated 

hydrocarbons + acrylonitrile + hydrocarbons + halogenated 

hydrocarbons. In addition, the goodness of fit was evaluated 

similarly to a generalized linear model, defined by Deviance 

(D) statistic: D = -2 * (Lm - Ls), where Lm represented the 

maximized log-likelihood value for the model of interest, and 

Ls is the log-likelihood for the saturated model [16] along 
with the root mean square error (RMSE), where Xobs was 

observed values and Xmodel was from the model values at 

time/place i, expressed in (4).   
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III. RESULTS AND DISCUSSION  

A. Ozone formation potential  

Toluene, as a backbone hydrocarbon in urban atmosphere, 

which emitted from vehicular petroleum combustion and coke 

oven industry [17],  the average OFP level of toluene were the 

highest rank, about 916.39 g.m-3, found in Bangkok. The 
OFPs of aromatic hydrocarbons, benzene, xylene and 

ethylbenzene were ranged from 22.40 to225.52 g.m-3. In the 
cases of oxygenated hydrocarbons with high POCP indices 

[13], formaldehyde and acetaldehyde, their OFPs were 487.69 

and 299.37 g.m-3 which were higherthan the OFPs of 
aromatic HCs. These compounds were the principal species 
released from biomass and bio-fuels oxidation which found 

from automobile exhaust pipes[18],[19]. The OFP levels of 

halogenated HCs, which normally come from industrial sector 

[20] were lower than other VOCs groups. The two compounds 

with lowest average OFPs were 1,2-dichloroethane and 1,1,1-
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trichloroethane, data summarized in Figure 2. In addition, the 

OFP trends, after excluding halogenated HCs, toluene was the 

most was most abundant VOCs species. This finding is similar 

to a report by Tsai et al., 2007 in the central Taiwan [21]. 

However, the ratio of toluene OFP to benzene OFP of these 

two countries was different which implied that the amounts of 
VOCs in the two areas were not in the same scale. The 

emission sources and locally meteorological conditions in both 

countries were different. Whereas, VOCs with the 

highmaximum increment reactivity, another scale of ozone 

formation, created in Shanghai, China werecis& trans-2-

butene, propene and isoprene [22]. These emphasized that 

emission sources and local meteorology were significant to 

ozone formation [23].  

The ozone production contributions of all VOCs were 

similarly to the OFPs’ trend depended on their molecular 

weights and POCP indices [24] and common HCs group was 

the largest significant group with 59.51% contribution, came 
after by oxygenated HCs, halogenated HCs and acrylonitrile 

with 39.39%, 1.05% and 0.05%, respectively.  
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Fig. 2 Six years average of Ozone Formation Production for each 

VOC in Bangkok ambient air. 

B. Generalized Additive Model (GAM) 

The impacts of locally meteorological parameters, inorganic 

ozone precursors and the OFPs of each VOC group on surface 

ozone levels were analyzed by the different r2 of the model (a) 

to (f). Following GAM analysis in (3), data inTable 1 

specified that meteorological predictors played a major role, 

with 60.75%, in the ozone formation, whereas halogenated 
HCs were participated in the process of ozone production over 

than typical HCs and oxygenated HCs, 9.39%, 6.01% and 

1.57% consequently. In addition, the overall mean of the 

response was highly affected by halogenated HCs around 

40.21% contradict to their contributions to ozone formation. 

This suggested that the association of the tropical climate with 

high temperature, humidity and solar radiation inclined the 

ozone production from halogenated HCs [25], [26]. 

 

 

 
TABLE I 

 GAM STATISTICAL ANALYSIS FOR MODEL (A) TO (F) AT SCALE ESTIMATE 1 

AND NUMBER OF OBSERVATION 360 

Model Final 

deviance 

(Dm) 

Residual 

df 

Dm/df  µ  

change  

(%) 

r
2 

*100

%
 

r
2
 

change  

(%) 

a 780.35 319.94 2.44 38.00 0.00 60.75 0.00 

b 726.83 311.98 2.33 38.06 0.16 63.44 2.69 

c 695.64 295.93 2.35 37.29 -2.02 65.01 1.57 

d 679.13 291.91 2.33 36.91 -1.02 65.84 0.83 

e 559.59 247.90 2.26 35.94 -2.63 71.85 6.01 

f
*
 373.01 159.94 2.33 50.39 40.21 81.24 9.39 

* Data in Figure 2 

 

 However, acrylonitrile, as other HCs affected to r2 change 

about 0.83%. In addition, CO and NOx, as inorganic ozone 

precursors, caused to r2 change around 2.69%. In 

consideration of numbers of compounds in each group to % 

change of r2, inorganic ozone precursors were rank at the top 
of all groups followed by acrylonitrile, HCs, halogenated HCs 

and oxygenated HCs orderly. While the ratio of deviance to 

degree of freedom for individual model was fairly steady from 

model (a) to (f). The final scatter plot coupled with spline lines 

of selected predictors, imaged in Figure 3a-c, of model (f) 

reached out the r2 approximately 81.24% at 95%CI with 

deviance 373.01, residual degree of freedom 159.94 and 

RMSE 5.13g.m-3 (=10.26 ppb). In comparison to a previous 
studied by Davis and Speckaman (1999), predicted 8-hr-

average ozone, r2ranged from 66% to 73% and RMSE ranged 

from 13.2 to 16.3 ppb [27], our results indicated the 

improvement of the predicted values.Additionally, the fitted 

model carried out the overall r2 around 58% through the 
estimation of spatial and temporal ambient ozone patterns 

related with elevation, maximum daily temperature and 

precipitation based on the log-likelihood [28]. 

  The quantile (Q-Q) plot accomplished by auto-regression 

GAM at 95% confident level was illustrated in Fig. 3a. The 

examples of Poisson regression model using smoothing spline 

smoother were shown in Figure 3b and 3c. Two VOCs, 

formaldehyde and m-xylene were chosen as their different 

outcomes. Fig. 4 displayed the plots of ozone response against 

OFP levels of formaldehyde and global radiation, over time 

which displayed the lift of OFP levels and ozone in recent 
years straightly coupled with association of global radiation. 

3D plot clearly illustrated the association between 

formaldehyde OFP and Ozone formation. In Fig. 5, the 

predicted and response ozone levels by GAM of 360 monthly 

samples from 5 monitoring sites between January 2008 and 

December 2013duration. The predicted and observed values 

were found significantly correlation in the same trend. 
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Fig. 3(a) Q-Q plot of residual and regression ozone 

 

 

 
 

Fig. 3(b) Spline lines and 95% CI of formaldehyde OFP 

 

 

 
Fig. 3(c) Spline lines and 95% CI of m-xylene OFP 
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Fig. 5 Comparison plots of observed and predicted ozone 

concentration by GAM analysis 

IV. CONCLUSION  

The cumulative impacts of VOCs through ozone formation 

in Bangkok, Thailand was  the highest level, directly impacted 

by halogenated HCs indicated by the overall mean of response 
(40.21%) and r2 change 9.39% of GAM. Even though their 

ozone production contribution was lower than other HCs 

found in Bangkok. Meanwhile HCs, as the group with greatest 

OPC (59.51%), had a moderate effect (6.01%) to ozone 

production with dropped the change of R2, which suggested 

the VOCs limiting conditions of Bangkok area. Similarly, in 

the cases of oxygenated HCs and others HCs. Toluene was the 

key specie that had the highest OFP level and contribution to 

ozone (607.28 g.m-3, 0.30%); however it did not significantly 
impact to ozone formation validated from GAM analysis 

(p<0.05). Additionally, these results can be employed to 

provide a frame for modeling the impacts of VOCs to ozone 

production and selecting the appropriate tool to control VOCs 
species which significantly incline ozone levels in urban 

atmosphere and affect to environmental air quality. 
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