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ABSTRACT 
 

Oxides of nitrogen (NOx), a group of significant pollutants, are generally in 
form of nitric oxide (NO) and nitrogen dioxide (NO2). They affect directly and 
having an indirectly human health and environment as well as important role as a 
precursor of ozone formation in the troposphere which consequently enhances air 
pollution. Therefore this study aimed to identify the characteristic of NOx and NO2 
in temporal variations such as diurnal, monthly and annual distribution including 
their relationships between the NOx and NO2 using an empirical model. Hourly data 
of NOx and NO2 from 13 air quality monitoring stations collected by the Pollution 
Control Department during 1999 to 2003 were used as representative of roadside 
and urban background areas in Bangkok and regional areas of Thailand.       
 The characteristics of NOx and NO2 for roadside areas at Dindaeng Housing 
Authority in Bangkok and Yupparaj Wittayalai School in Chiang Mai and for 
general areas at National Housing Authority in Bangkok, City Hall in Samutprakan 
and Public Service Centre in Chiang Mai found the bimodal distribution of diurnal 
variation which most-likely affected by the local activities and meteorological 
conditions.  Monthly variations were curved like a parabola at all station; the 
minimum level was in the rainy season and the maximum level was in the winter. 
The annual variations significantly increased at the Yupparaj Wittayalai School, the 
National Housing Authority and the City Hall. However they decreased at 
Dindaeng Housing Authority and the Public Service Centre. 
 Relationships between annual averaged NOx and NO2 were found as a 
logarithm both roadside area and urban background area of all areas. For the 
relationships of hourly averaged NOx and NO2 by the method of Darwent and 
Middleton, a polynomial model was found as for the roadside areas in Bangkok and 
regional parts of the country and a logarithm model was found for the urban 
background areas in Bangkok. However, there was no such relationship for urban 
background areas in regional areas. The study also found that P95-NO2 was around 
3 times the annual mean NO2. 
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บทคัดยอ 
 

 ออกไซดของไนโตรเจน (NOx) ประกอบดวยไนโตรเจนและออกซิเจนในสัดสวนตางๆ ที่สําคัญไดแก  
ไนตริกออกไซด (NO)  และไนโตรเจนไดออกไซด (NO2) เปนมลพิษทางอากาศที่มีความสําคัญ  กอใหเกิด
อันตรายตอสุขภาพมนุษยและสิ่งแวดลอมโดยทางตรงและทางออม  อีกทั้งยังเปนสารตั้งตนในการเกิดกาซโอโซนใน
บรรยากาศชั้นโทรโพสเฟยรซ่ึงสงผลใหระดับความรุนแรงของผลกระทบจากมลภาวะทางอากาศเพิ่มสูงขึ้น  การวิจัย
ครั้งนี้มีจุดมุงหมายเพื่อศึกษาคุณลักษณะของ  NOx และ NO2 ในรูปการผันแปรตามเวลา ไดแก การเปลี่ยนแปลง
ระหวางวัน เดือน และป  ตลอดจนการศึกษาความสัมพันธของ  NOx และ NO2 ในรูปแบบของ empirical 
model ทั้งนี้ขอมูลรายชั่วโมงจากสถานีตรวจวัดคุณภาพอากาศ กรมควบคุมมลพิษจาก 13 สถานีระหวางป พ.ศ. 
2542 - 2546 ไดถูกนํามาใชศึกษาแทนพื้นที่ริมถนน และพื้นที่ทั่วไปทั้งในกรุงเทพฯและในภูมิภาคตางๆใน
ประเทศไทย 
 คุณลักษณะของ  NOx และ NO2 จากการศึกษาบริเวณพื้นที่ริมถนน  ณ เคหะชุมชนดินแดงในพื้นที่
กรุงเทพมหานคร และโรงเรียนยุพราช จังหวัดเชียงใหม  และสถานีพื้นที่ทั่วไป ณ สถานีเคหะชุมชนคลองจั่นในพื้นที่
กรุงเทพมหานคร สถานีศาลากลางจังหวัดสมุทรปราการ และสถานีศูนยราชการรวมจังหวัดเชียงใหม   ในกรณีการผัน
แปรระหวางวัน พบวา ความเขมขนของ NOx และ NO2 มีการกระจายแบบสองโหมด โดยปจจัยหลักที่มีผลตอ
ความสูงของความเขมขนคือกิจกรรมของมนุษยประกอบกับความสภาวะทางอุตุนิยมวิทยา  กรณีการผันแปรระหวาง
เดือนพบวามีการกระจายแบบ พาราโบลาโดยมีคาต่ําในฤดูฝนและมีคาสูงในฤดูหนาว  กรณีการผันแปรระหวางปพบวา
มีแนวโนมการเปลี่ยนแปลงเพิ่มขึ้น โดยเฉพาะ สถานี โรงเรียนยุพราช สถานีการเคหะชุมชนคลองจั่นและสถานีศาลา
กลางฯ  อยางไรก็ตามพบวามีแนวโนมลดลง ณ สถานีการเคหะชุมชนดินแดงและสถานีศูนยราชการรวม   

ผลการศึกษาความสัมพันธระหวางคาเฉลี่ยรายป NOx และ NO2 สําหรับพื้นที่ริมถนนและพื้นที่ทั่วไป
ของทุกพื้นที่รวมกัน พบวามีแบบจําลองเปนล็อกการิทึม   สวนรูปแบบความสัมพันธระหวางคาเฉลี่ยรายชั่วโมง 
NOx และ NO2 โดยวิธีของ ดารเวนและมิดเดิลสําหรับสถานีริมถนนในบริเวณพื้นที่กรุงเทพมหานครและเขต
ภูมิภาค พบวามีรูปแบบเปนโพลิโนเมียล และสําหรับบริเวณพื้นที่ทั่วไปพื้นที่กรุงเทพมหานครมีรูปแบบสมการเปน
แบบลอกการิทึม  ในสวนของเขตภูมิภาคไมพบสมการที่เหมาะสม  นอกจากนี้ยังพบวาคา P95-NO2 มคีาเปน 3 เทา
ของคาเฉลี่ยรายปของ NO2
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CHAPTER I 

INTRODUCTION 
 

 

1.1 State of Problem 

 

        Thailand is a developing country that tries to grow its economic and social 

development. These changes also create several environmental problems such as the 

decline of natural resources, water pollution, air pollution, etc. Air pollution is 

regarded as one of the main environmental problem in urban and suburban areas. It 

contributed 26% of petition in 2004 [1]. Increasing of human activity such as 

industrial estate and transportation leads to the much emission of air pollutants. The 

government has attempted to solve it for years due to its impact on human health and 

the environment. The major sources of air pollution in urban area are transportation, 

facility building and non-regulated control operation [2]. Especially, vehicles emit 

many toxic gases affecting human health, for example, NOx, the mixture of NO and 

NO2. 

There are seven types of oxides of nitrogen presenting in the ambient air. These 

include nitric oxide (NO), nitrogen dioxide (NO2), nitrous oxide (N2O), NO3, N2O3, 

N2O4 and N2O5. However, NO and NO2 are concern in air pollution due to a large 

number of emissions produced from human activities. 

NO is colorless gas. It is mainly produced by fuel combustion process. At high 

temperature nitrogen and oxygen molecule can combine to form NO. Major natural 

source is lightening [3]. NO in the air may later convert to nitric acid which has been 

implicated in acid rain. Furthermore, NO is precursor to the formation of NO2 and is 

an active compound in photochemical smog formation as well [4]. When body uptake 

NO, it causes eye irritation, skin irritation and may be fatal [4].   

Very little NO2 is directly emitted into the atmosphere as a result of high 

temperature combustion processes; the bulk of NOx emissions are in form of NO, with  
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subsequent chemical reactions to form NO2. The dominant mechanism is the 

oxidation by O3 [5] as the following equation: 

 

       NO + O3                  NO2 + O2                    (1.1) 

 

Where there is a large source of NO, such as the emissions from traffic on a road, 

the limiting factor on the production of NO2 is the availability of O3 with which the 

NO can react. At low concentrations of NO, there is sufficient O3 in the air for its 

conversion to NO2 to occur rapidly, but as the NO concentration increases, the O3 is 

depleted by the reaction until a stage is reached when none remains. After this stage, 

there is little effect on the concentrations of NO2, even at much higher NO 

concentrations. This means that the relationship between the annual mean 

concentrations of total oxides of nitrogen and NO2 is non linear [6]. 

The implication of this is that changes to roads and traffic, unless they are very 

substantial, are likely to have a relatively minor effect on concentrations of NO2. Near 

to a busy road, there is nearly always a large excess of NO compared with O3, and 

production of NO2 is therefore limited by the O3 concentration rather than by the 

amount of emissions produced by the traffic. However, a second reaction mechanism 

has become to be important during episodes of extremely high pollution. The 

meteorological conditions that produce such episode are when the atmosphere is very 

stable, with very light, or no wind, and with a restricted mixing height so that 

pollutants cannot disperse into the upper layers of the air. Under those circumstances, 

the elevated concentrations of pollutants and their long residence in the local region 

can permit the formation of NO2 by the reaction between NO and oxygen. Clearly 

there is no effective limit on the availability of oxygen to take part in that reaction, 

and the limiting factors then become the concentration of NO and the kinetic reaction.   

The detail of this secondary mechanism is the following equation: 

 

     2NO (g) + O2 (g)                      2NO2 (g)                                        (1.2) 

 

On the other hand, because NO2 is precursor of O3 formation which it leads to 

photochemical smog, if the NO2 that is formed when volatile organic compounds are 
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involved in the reaction process can be reused for further O3 formation in accordance 

with equation 1.3 and 1.4. High levels of O3 can therefore build up when volatile 

organic compounds, NO2 and sunlight are all present at the same time. 

 

                 NO2 (g) + sunlight             NO (g) + O (g)           (1.3) 

                      O (g) + O2 (g)                          O3 (g)                      (1.4) 

 

From equation 1.3, it is a prerequisite for O3 formation in the troposphere that 

sunlight breaks down NO2. This results in the formation of nitrogen oxide and a 

highly reactive oxygen atom. Subsequence in equation 1.4, the free oxygen atom, 

which is from NO2 and volatile organic compounds are broken down by sunlight, can 

then react with oxygen gas to form O3. If there are no volatile organic compounds in 

the air, the O3 reacts again with the nitrogen oxide to reform NO2 which this process 

does not lead to the formation of high levels of O3. It is formed and used up at roughly 

the same rates. 

NO2 is a reddish-orange-brown gas, NO2 exposure can bring about reversibility 

effects on lung function and airway responsiveness and increase reactivity to natural 

allergens. NO2 exposure may also put children at an increased risk of respiratory 

infection and may lead to poorer lung function in later life. At relatively high 

concentrations NO2 causes acute inflammation of the airways. Short term exposure 

can affect the immune cells of the airways in a manner that might predispose people 

to an increased risk of respiratory infection. Table 1-1 contains a summary of NO2 

health effects experienced at various exposure levels  

  

Table 1-1 Summary of NO2 health effects experienced at various exposure levels   

 
Level 

(ppm) 
Exposure Human  symptoms 

300 

150 

 

50 

- 

- 

 

- 

Rapid  death 

Death  after  2  of  3  weeks  by  bronchiolitis  fibrosa  

obliterans 

Reversible,  non-fatal  bronchiolitis 
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Table 1-1 Summary of NO2 health effects experienced at various exposure levels 

(cont.) 

 

Level 

(ppm) 

Exposure Human  symptoms 

10 

5 

 

2.5 

0.12 

- 

15  min 

 

2  hr 

- 

Impairment  of  ability  to  detect  odour  of  NO2

Impairment  of  normal  transport  of  gases  between  the  

blood  and  lungs  in  healthy  adults 

Increased  airway  resistance  in  healthy  adults 

Odour  perception  threshold  of  NO2

 

Source:  Utah State Department for the environment [7] 

 

        Presently, oxides of nitrogen have been monitored at ambient air quality 

monitoring stations operated by Air Quality and Noise Management Bureau, Pollution 

Control Department (PCD) in form of NO, NO2 and NOx. Levels of nitrogen oxides 

were measured at the roadside area and general area in Bangkok metropolis, suburban 

areas and rural areas. The monitoring aspect was regulated under the 10th 

Announcement of National Environmental Committee [8] in the section of ambient 

air quality standard as shown in Table 1-2.  

 

Table 1-2 Ambient air quality standard of NO2 in Thailand, Netherlands, United 

States of American (USA) and WHO 

 
Countries/Organization Average (1hr.) Annual 

Thailand(a) 0.32  mg/m3

(170 ppb) 
- 

Netherlands(a) 0.18 mg/m3 - 

USA(a) - 
0.10  mg/m3

(53 ppb) 

WHO(b) 0.2 mg/m3

(105 ppb) 

0.04 mg/m3

(21 ppb) 

 

Source: (a) Pollution Control Department [8] 

          (b) Air Quality Guidelines for Europe, 2nd edition [9] 
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          From exploring of World Health Organization (WHO), it found that the levels 

of NO2 vary widely because a continuous baseline level is frequently present, with 

peaks of higher levels superimposed. Natural background annual mean concentrations 

are in the range of 0.0004–0.0094 mg/m3. Outdoor urban levels have an annual mean 

in the range of 0.02–0.09 mg/m3 and hourly maxima in the range of 0.075–1.015 

mg/m3. Levels indoors where there are unvented gas combustion appliances may 

average more than 0.2 mg/m3 over a period of several days. Maximum 1-hour peak 

may reach 2 mg/m3. For briefer periods, even higher concentrations have been 

measured. On the basis of these human clinical data, a 1-hour guideline of 0.2 mg/m3 

is proposed. At double this recommended guideline (0.4 mg/m3) there is evidence to 

suggest possible small effects in the pulmonary function of asthmatics [9]. 

Thailand air’s quality standard of NO2 is the highest. It has risk to be asthmatics 

in sensitive populations more than others.  

Air  quality  monitoring  stations  located   in  Bangkok metropolis  and  

regional  parts  can  be  divided  into five types,  that  are  automatically continuous  

air  quality  monitoring  station,  mobile  air  quality  monitoring  unit,  acid  

deposition  monitoring  station, meteorological  monitoring  station and air toxic 

monitoring station. To date oxides of nitrogen have been monitored in all regions of 

Thailand. These air pollutants were observed in Bangkok (17 urban background 

stations and seven roadside stations), suburban areas (10 urban background stations) 

and Regional areas (24 urban background stations) [10] measured by 

Chemiluminescence method (API 200 analyzer). 

From the NO2 measurement at air quality monitoring stations in 2004 [11], the 

averaged hourly of NO2 were about 0 – 170 ppb at general stations in Bangkok, 0 – 

172 ppb at roadside stations in Bangkok. The values were occasionally higher their 

standard value (170 ppb). Considering that air quality standards is higher than others  

especially WHO’s value as shown in Table 1-2, it is necessary to study about NO2 

concentration. Moreover, NOx is directly measured and reported in public while NO2 

is converted by analyzer then NO2 data is more limit than NOx. 

In general, the assessment of air quality had two approaches, namely 

measurement, and modeling based on prediction. The measurements were conducted 

by physical and chemical method. However, they have several limitations such as 
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time-consuming, meteorological condition, geological characteristic etc.  These 

limitations are fulfilled by air quality modeling [12]. Computer models to assess 

concentrations in places without monitoring sites and to predict future concentrations. 

These models are of two types:  

(1) Empirical models that are mainly based on analyzing the concentrations of 

different air pollutants measured at monitoring sites. They can be used to estimate 

concentrations in a range of locations and link these concentrations to emissions 

sources. The models are then used to predict future concentrations on the basis of 

estimates of future emissions.  

(2) Deterministic models that rely on mathematical descriptions of the physical 

and chemical processes that take place in the atmosphere [13].    

However, although the deterministic model is interesting but it can be difficult 

to develop thus an alternative approach is chosen which empirical model is. Even 

though the utility value of this approach is limited to predictions, it has proven useful 

in the case of complex systems where the underlying sciences are not well understood. 

Furthermore, this approach is potentially very attractive, being both simple and easy 

to apply. Empirical models also make use of monitoring data, which are often only 

used in retrospective sense through comparisons with air quality guidelines and 

standards [14].   

In public researches, many modeling approaches are currently used to predict  

NO2 concentrations such as Gaussian, Lagrangian and Eulerian model, these models 

are classified as the mathematical model requiring sophisticate input data and 

resources. In Thailand, the application of air quality modeling was based on the model 

developed in the other countries such as USA, EU countries. These models are, for 

example, ISC model, CALINE4 model, Indic Airviro System, HIWAY model, etc. 

Most of air quality models used in Thailand at present was from USA.     

Kusuvimol [15] compared the predictions of cabon monoxide (CO) and NO 

concentration from express way by the CALINE4 and HIWAY2 models. The results 

indicated that the CALINE4 model gave a better prediction of NO2 than that of the 

HIWAY2 model; however, the performance of the two models at Yothinpattana Road 

shows a large difference between predictions and measurements. The study suggested 

that the application of air quality models developed under environmental conditions 
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elsewhere may not fit to the conditions of Thailand. To improve the performance of 

the prediction of air quality, a model developed under Thailand conditions is worth 

studying.    

At present a large number of the monitoring data in Thailand can be obtained. 

Hence, it is possible to make use of these data for developing a model based on 

empirical approach. In this research, we are interesting in the development of a model 

for NO2 prediction. The predictions of NO2 based on this approach have been 

developed in several previous studies.   

For example, Carslaw et al.[16] predicted the annual mean NO2 concentration in 

London, utilizing ambient data. Hourly average NOx and NO2 concentrations are used 

to calculate NOx frequency distributions. By defining relationships between the 

annual mean NOx and NO2 at different sites, it is refer to Darwent and Middelton [17] 

who found that the relationship between NOx and NO2 could be usefully summarized 

by plotting NO2 against NOx in different NOx ‘bin’. The advantages of this method 

are easy to apply and reflects complex chemical reactions that occur over meters and 

seconds which other complex models (i.e. trajectory model and dispersion model) 

have limited owing to large scale and specific condition i.e. the accumulation and re-

circulation of pollution as a result of a stagnate air mass and the avoidance of the 

cumbersome process of curve-fitting large data sets. 

In this research, the characteristic and the relationships between NOx and NO2 

concentrations in Thailand are of interest due to atmosphere chemistry of NOx and 

NO2 which NOx is readily related to change in emission.   

 

1.2 Objectives 

 

The objectives of this research are to: 

 

1.2.1 Study the characteristic of observed NOx and NO2 levels  

1.2.2 Study the relationships between: 

  - annual mean NO2 and annual mean NOx  

  - 95- percentile NO2 and annual mean NO2

  - averaged hourly NO2 and average hourly NOx
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1.2.3 Study the performance of the relationship mentioned in 1.2.2 

 

1.3 Scope  of  researches 

 

1.3.1 This research covers NOx and NO2 in ambient air that were measured at 

the air quality monitoring stations operated by Pollution Control Department (PCD) 

during the period of 1999 – 2003 

1.3.2 Data used in this study were from air quality monitoring stations located in 

Bangkok, suburban and regional areas.                                                                                                     

 

1.4 Expected results                     

 

The empirical relationships between NOx and NO2 concentrations can be used to 

estimate the annual mean concentration of NO2 from NOx, 95-percentile NO2 from 

annual mean NO2 and the averaged hourly NO2 from the averaged hourly NOx. 
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Relationships of annual mean 
NOx and annual mean NO2 

concentrations 

 Relationships of 95-percentile    
  NO2 and annual mean NO2 

concentrations 

1.5  Conceptual  framework 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Particle Gas 

Air pollution 

TSP PM10 SO2 CO O3 Oxides of nitrogen 

  

Characteristic of observed 
NOx and NO2 levels 

Observed data of NOx and NO2
at Air Quality Monitoring Stations 

Model 
validation  

 
 
 Relationships of averaged 

hourly NOx and averaged 
hourly NO2

 
 
 
 

Figure 1-1 Conceptual framework of this research 
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CHAPTER II 

LITERATURE REVIEW 
 

 

This chapter is divided into five sections as the following; 

2.1  Oxides of nitrogen 

2.2  Atmospheric transformation of nitrogen oxides 

2.3  Assessment method for NO and NO2 concentrations 
2.4  Ambient air quality standard of NO2

2.5  Related researches  

 

2.1  Oxides of nitrogen 

  

 The primary constituents of the atmosphere are nitrogen (N2) and oxygen (O2) 

about 79 and 20 percent respectively. At normal atmospheric temperatures these 

molecules are stable and coexist without interacting. In combustion engines, air is 

heated to temperatures that can be several thousand degrees Celsius. At these 

temperatures decomposition of air begins to take place and nitrogen oxides are formed. 

The primary nitrogen oxide formed is NO. This can be converted to NO2 by reaction 

with O3. NO2 is a brick-red or brown gas which is often observed in cities during 

pollution events (the "brown cloud") [18]. 

 N2 is a constituent of both the natural atmosphere and of the biosphere.  When 

industrial process releases nitrogen to atmosphere it is considered a pollutant because 

of its chemical form (NO, NO2 and N2O).  Nitrogenous species are removed from the 

air to the ground by wet and dry deposition processes. These NOx can be toxic to 

humans, to biota, and they also affect the chemistry of the global atmosphere, and are 

important to the formation of photochemical smog and tropospheric O3. In addition 

these can be presented as NO, NO2 and NOx. 
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 2.1.1  Nitric oxide (NO) 

 

 NO is a colorless, odorless gas that is only slightly soluble in water. A major 

natural source is lightning. Human activity has drastically increased the production of 

NO in combustion chambers, arising from [19] 

i) High temperature oxidation of molecular N2 and O2 from the air  

ii) From oxidation process of N2 which is present in certain fuels such as coal 

and heavy oil. 

 NO is a free radical, which makes it to be very reactive and unstable. In the air, it 

may later convert to nitric acid (HNO3), which has been implicated in acid rain and it 

quickly reacts with O2 to form the poisonous NO2. The mechanism of action of NO is 

less clear due to NO is readily oxidized to NO2 and peroxidation. Because of the  

concurrent exposure to some NO2 in NO exposures, it is difficult to discriminate NO 

effects from NO2 [20].   

 

 2.1.2  Nitrogen dioxide (NO2) 

 

 NO2 is a reddish-orange-brown gas with a characteristic pungent odor. The 

boiling point is 21.1°C, but the low partial pressure of NO2 in the atmosphere 

prevents condensation. NO2 is corrosive and highly oxidizing. About 5 to 10% by 

volume of the total emissions of NOx from combustion sources is usually in the form 

of NO2 [20]. 

 The rise in NO2 emissions has led to concern about its health effects.  NO2 acts 

as an acute irritant and in equal concentrations is more injurious than NO. However, 

at concentrations found in the atmosphere NO2 is only potentially irritating and 

potentially related to chronic obstructive pulmonary disease (COPD). Table 2-1 

summarizes the key health effects of exposure to NO2 based on clinical and 

epidemiological studies.  

 

 

 

 

http://en.wikipedia.org/wiki/Free_radical
http://en.wikipedia.org/wiki/Nitric_acid
http://en.wikipedia.org/wiki/Acid_rain
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Table 2-1 Key Human Health Effects of Exposure to NO2 based on clinical studies 

 
NO2 in ppm 

(Exposure Duration) 

Observed  effects based on clinical  studies 

0.2 – 0.3  (0.5 – 2.0  h) 

 

0.3 (3.75  h) 

 

1.5 – 2.0   (2 - 3  h) 

>  2.0  (1 – 3  h) 

Trend toward increased airway responsiveness to challenges in 

asthmatics. Small (4 - 6%) decreases in FEV1 or FVC in adult or adoles. 

Small decrease (5 - 9%) in FEV1 or FVC in COPD patients with mild 

exercise.  

Increased airway responsiveness to bronchoconstrictor in healthy adults.   

Lung function changes (e.g., increased airway resistance) in healthy 

adults. 

 
FEV1 = Forced expiratory volume in 1 s. 

FVC = Forced vital capacity 

COPD = Chromic obstructive pulmonary disease 

Adapted from Air quality criteria for Oxides of nitrogen, Vol. 1 U.S. EPA, Environmental criteria and 

assessment office, EPA600/8-91/049aF, August 1993   

Source: WARK et al [21]  

 

Table 2-2 Key Human Health Effects of Exposure to NO2 based on epidemiological 

studies 

 
NO2 in ppm 

(Exposure Duration) 

Observed  effects based on epidemiological  

studies 

0.015 ppm increase, where mean weekly 

concentrations in bedroom in studies reporting 

levels were predominately between 0.008 and 

0.065 ppm NO2 (in 1- and 2- week integrated 

average NO2 (concentration estimating an 

unspecified long-term average. 

 

0.015 ppm increase in annual average of  2 – 

week NO2 levels,  where mean weekly 

concentrations  in bedrooms were predominately 

between 0.005 and 0.050 ppm NO2   

A meta – analysis shows an increased risk of 

lower respiratory symptoms/disease in children 

five to twelve years old associated with exposure 

estimates of NO2 levels. Predominant source of 

exposure contrast in homes with gas stoves, 

electric stoves. 

 

In individual indoor studies of infants two years 

of age and younger, no consistent relationship 

was found between estimates of NO2 exposure 

and the prevalence of respiratory symptoms and 

disease.   
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Table 2-2 Key Human Health Effects of Exposure to NO2 based on epidemiological 

studies (cont.) 
 

NO2 in ppm 

(Exposure Duration) 

Observed  effects based on epidemiological  

studies 

>  0.03 ppm (average exposure during  work shift)  

 

 

Episodic exposure  during hockey game to NO2 

levels of 1.5 ppm or higher 

 

25 to 100 ppm (episodic occupational  exposure) 

 

 

 

>200  ppm  (extreme episodic  exposures) 

 

Elevated prevalence of acute respiratory  

symptoms 

 

Occurrence of acute respiratory  symptoms 

(cough, chest, pain,  dyspnea) 

 

Bronchial pneumonia, bronchitis, and  

bronchiolitis induced by  exceptionally high NO2   

exposure 

 

Extreme exposure health outcomes range  from 

hypoxemia/transient airway  obstruction to death  

 
Adapted from Air quality criteria for Oxides of nitrogen, Vol. 1 U.S. EPA, Environmental criteria and 

assessment office, EPA600/8-91/049aF, August 1993   

 

 Source:  WARK et al [21] 

 

 2.1.3  Nitrogen oxides (NOx) 

  

 NOx is a generic term of NOx, whereas NOx = NO + NO2. They are believed to 

aggravate asthmatic conditions, react with the oxygen in the air to produce O3, which 

is also an irritant and eventually form nitric acid when dissolved in water. When 

dissolved in atmospheric moisture the result can be acid rain which can damage both 

trees and entire forest ecosystems  [20]. 

 NOx affects dyes and fabrics resulting in fading, and discoloration of archival 

and artistic materials and textile fibers, and loss of strength of textile fibers. As a 

result, NOx damage is a greater concern in the indoor environment than in the outdoor 

environment due to the presence of unvented combustion systems (gas stoves, etc.) 

that emit small concentrations of NOx [4]. 

http://en.wikipedia.org/wiki/Asthma
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Ozone
http://en.wikipedia.org/wiki/Nitric_acid
http://en.wikipedia.org/wiki/Acid_rain
http://en.wikipedia.org/wiki/Ecosystems
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 NOx is arisen from two characteristic, which are man-made source and natural 

source.  Suktavee [3] described that NOx arisen from man – made is from the high 

temperature combination of atmospheric nitrogen and oxygen in combustion 

processes, there being also a lesser contribution from combustion of nitrogen 

contained in fuel. For the natural source, the major sources are lightning, a 

thunderbolt and soil comprising of emission from agriculture. Although a forest fire is 

important in regional scale but it was considered as a minor source. However, NOx 

production can be occurred in two main groups [18] 

 1)  NOx Production by Ground Level Sources  

 NOx is produced at the ground in both fixed sources (e.g. power plants) and 

mobile sources (e.g. automobiles). This NOx is converted to soluble nitric acid (HNO3) 

and rained out of the atmosphere. However, thunderstorms which pass over polluted 

areas will pull in air with high amounts of NOx and will loft that air rapidly to 

altitudes of 8 km or more. This represents a potentially large source of NOx to the 

upper troposphere but contributes a negligible amount to the stratosphere. Lightning 

generated in these thunderstorms can also be a significant local source of NOx in the 

troposphere. 

 2) NOx Production by Aircraft  

 The world now has a fleet of about 10,000 commercial aircraft flying several 

billion miles per year. These aircraft are powered by engines burning more than 100 

billion kg of fuel per year at high temperatures. They inject NOx from this 

combustion at their cruise altitudes in the upper troposphere and lower stratosphere. 

Although the amount of NOx generated by aircraft is small compared to that 

generated at the ground by fossil fuel combustion, it may still be significant to the 

upper troposphere because only a small fraction of the ground-level NOx get 

transported upward in convective storms.  

 The division of NO2 emission in Thailand based on sources during 1993 to 2002 

is in Figure 2-1. The figure shows increasing in total NO2 concentrations.  
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Source:  Pollution Control Department,  2005 
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Figure 2-1  NO2  emission  prediction  by  sources  during   1993  to  2002 [2] 

       

2.2  Atmospheric transformation of nitrogen oxides 

 

 The atmospheric chemistry of oxidized nitrogen compounds is complicated, 

since they take part in a large number of chemical reactions and may be converted 

into a number of different chemical compounds. NO emissions are oxidized in the 

atmosphere to NO2 and further to HNO3 /NO3
-. NO2 is presented in urban air at 

concentrations between a few tenths to several hundreds of Tg/m3; Concentrations in 

rural areas are generally much lower and vary with distance from source. The 

concentration of NO2 is a complex function of the meteorological situation, the 

emission rate of NOy, the oxidation of NO to NO2 and the oxidation rate of NO2 to 

other species. Dispersion, deposition and chemical transformation cause the 

concentration of NOx to decrease with distance from an emission source. The cycle of 

nitrogen compounds is shown in Figure 2-2 
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Figure 2-2 Simplified cycle of nitrogen compounds in an urban environment [22]   

 

 When released into the atmosphere, NO is rapidly oxidized to NO2 through 

processes involving O3 and, in highly polluted areas radicals, such as organic peroxy 

radicals (RO2
-) and the hydroperoxy radical (HO2

-) according to the following 

reactions:  

NO + O3    → NO2 + O2                        (2.1) 

   NO + HO2
- → NO2 + OH                 (2.2) 

 Oxidation by radicals is very fast and may cause high concentrations of NO2 at 

roadsides, especially if high concentrations of HNO2
- provide OH radicals to trigger 

the oxidation process. In the presence of sunlight, NO2 is photolytically decomposed 

back to NO with the subsequent formation of O3: 

   NO2 + hν   → NO + O(3P) (λ≤ 420 nm)  (2.3) 

   O(3P) + O2 → O3                   (2.4) 

 This leads to the photo-stationary state where the rate of oxidation of NO is 

balanced by its reformation by the photolytic dissociation of NO2. This balance is 

disturbed by the presence of VOC and other compounds which may be oxidized to 

Reactive peroxy radicals, and net O3 production may occur. At night the oxidation of 

NO by O3 proceeds to completion, i.e. until either NO or O3 is totally depleted. NO 

can also be oxidized by O2: 
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    2NO + O2   → 2NO2     (2.5) 

 but this reaction is normally too slow to make significant contributions to 

ambient NO2 level. However, the reaction has a negative temperature coefficient and 

during persistent winter-time episodes at low temperature, when NO2 levels may rise 

to > 650 ug/m3 or 300 ppb over several days, this process may lead to considerable 

contributions. NO2 is removed from the atmosphere by several processes, mainly dry 

deposition and the oxidation to HNO3 by OH radicals: 

   NO2 + OH-  +  M   →   HNO3  +  M   (2.6) 

 HNO3 deposits rapidly on surfaces and also reacts easily with NH3 giving 

ammonium nitrate (NH4NO3) in the particular phase. HNO3 is removed through dry 

and wet deposition processes. NO2 is also removed by heterogeneous reaction with 

water occurring on surfaces, generating HNO2 and HNO3. 

   2NO2 + H2O  →   HNO3  +  HNO2  (2.7) 

 Photolysis only occurs during day. At night heterogeneous reaction between 

water and N2O5 produced via the NO3 radical, is more important: 

   NO2 + O3 (or H2O3)   → NO3
- + O2 (+H2O)  (2.8) 

   NO3
- + NO2   → N2O5      (2.9) 

   N2O5 + H2O2   → 2HNO3     (2.10) 

   

 The maximum NO2 concentration in the lower atmosphere is limited by the 

presence of oxidizing agent, mainly O3 to no more than about 50 ppb for most of the 

year although summer-time “O3 episodes” can lead to higher concentrations if they 

coincide with high NOx concentrations. Direct emission of NO2, e.g. from tailpipe, 

can also lead to higher NO2 concentration. 

 O3 episodes occur when sunlight initiates a complicated photochemically driven 

chain of reactions in air polluted with VOCs and nitrogen oxides. The hydrocarbons 

are attacked by hydroxyl free radicals (OH) to form organic peroxy (RO2
-) radicals 

which oxidize NO to NO2; this, in turn, is photochemical smog which can build up, 

often some distance downwind of the source area, may also contain increased 

concentrations of hydrogen peroxide (H2O2), peroxy-acetylnitrate (PAN), other 

hydrocarbon reaction products and particulates. 
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 The important factors, which are determining atmospheric concentrations are 

emission rates, climate and, in particular, ventilation (air flow and mixing height). 

Thus the characteristic of the structure of the wind fields and dynamic evolution of the 

boundary layer are key elements in the understanding of urban atmospheric pollution. 

 In urban areas the ventilation processes cannot be described because complex 

terrain and thermal disturbance modify them. For example it can result in the 

formation of heat islands, which often form around urban areas, and can hinder an 

efficient exchange of air with the surroundings. In such conditions, air pollutants are 

recirculated in the boundary layer and concentrations can become high. In the 

recirculated air masses, photochemical reactions may occur and worsen the situation.  

 When the atmosphere is unstable, most NO2 is formed through the titration of 

NO with O3. In that case, the maximum expected concentration of NO2 is given by the 

O3 concentration in the free troposphere, the layer above the boundary layer. From 

these detail, effects will also differ with differing climate. There is no linear 

relationship between emission of NOx and concentrations of NO2 [22].    

  

2.3  Assessment method for NO and NO2 concentrations 

 

 The photochemistry of nitrogen species in the troposphere is quite complex. The 

combination of laboratory, field, and modeling studies is essential to know and 

improve the knowledge of the photochemical processes. In particular, accurate and 

precise data obtained in the field are most important in order to test the models that 

are based on the results of laboratory studies. 

 

 2.3.1  Monitoring 

 

        There are a variety of monitoring methods available for the measurement of 

ambient NO2 concentrations such as Chemiluminescent analyzer, Diffusive sampler, 

Electrochemical sensor, Thick film sensors and Differential optical absorption 

spectroscopy (DOAS). However, Pollution Control Department has selected 

Chemiluminescent analyzer method to measure NO and NO2 concentrations [23]. 
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 Chemiluminescence describes the process of fluorescence resulting from a 

chemical reaction. The chemiluminescent sampler for the measurement of NO2 relies 

on the reaction of NO with O3 to produce an ‘excited’ form of NO2. As the excited 

molecule returns to its ground state, fluorescent radiation is emitted, the intensity of 

which is proportional to the concentration of NO. This is expressed by the following 

reactions: 

NO + O3 ➝ NO2* + O2

NO2* ➝ NO2 + hv 

 where hv represents the emitted radiation. It is important to note that 

chemiluminescent analyzer do not directly measure concentrations of NO2. This is 

achieved by reducing the NO2 component of the ambient air sample to NO (in a 

NO2-to-NO converter1), which gives the concentration of total NOx and then 

subtracting NO: 

NO2 = NOx – NO 

 It is therefore necessary for the analyzer to make two independent measurements, 

of NO and NOx (NO+NO2). Within some analyzer types, this is achieved by having a 

dual-chamber configuration that measures NOx and NO simultaneously in individual 

reaction chambers. A typical dual-chamber configuration is shown in Figure 2-3. 

Some dual-chamber instruments have dual detectors and some have only a single 

detector. Limitation of chemiluminescent analyzer is NO2 measurement because some 

species of nitrogen oxides can be converted in line with NO2 which calculated NO2 

may come from NO2 and some species of nitrogen oxides; however, it is unusual at 

less than 10 ppb NO2.  
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Figure 2-3 Schematic diagram of a dual-chamber NOx analyzer [23] 

 

 In recent years, many manufacturers have moved to the production of single-

chamber instruments, mainly to save on the costs of plumbing and electronics. In this 

case, the measurements of NOx and NO2 must be made sequentially, by switching the 

air sample either directly to the reaction chamber or via the NO2-to-NO converter. A 

typical single-chamber configuration is shown in Figure 2-4 

 

 
Figure 2-4 Schematic diagram of a singer-chamber NOx analyzer [23] 

 

For the other technique, the various advantages and disadvantages of each of 

these methods are summarized in Table 2-3 
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Table 2-3 Summary of advantages and disadvantages of NO2 measurement methods 

 
Technique Advantages Disadvantages 

Chemiluminescent analysers The reference method specified in 
the EU First Daughter Directive. 
Lower detection limit of ~1 µg m-3. 
Provides real-time data with short 
time resolution (<1hr) that can be 
used for public information. 

Relatively high capital cost. 
High operating costs. 
 

Diffusive samplers Low capital and operating costs. 
Possible to carry out surveys over 
wide geographical areas to provide 
information of the spatial distribution 

Only provide concentrations 
averaged over the exposure 
period (typically 4 weeks). 
Accuracy of the method, and  

. Diffusive samplers of NO2 concentrations. Require no 
power supply, and minimal training 
of site staff. Site calibrations are not 
required. Lower detection limit of 
~2-3 µg m-3 for a 4 week exposure 
period. 

bias relative to the reference 
sampler, is dependent upon 
the method of tube 
preparation and the laboratory 
completing the analysis. 
Results need to be ‘bias-
corrected’ before comparison 
with limit values and 
objectives. 

Electrochemical sensors Portable samplers that can be easily 
deployed in the field. 
 

Lower detection limit of some 
samplers (~200 µg m-3) makes 
then unsuitable for ambient 
monitoring. 

Thick film sensors Portable samplers that can be easily 
deployed in the field. Potential to 
measure a number of pollutants 
simultaneously. Provides real-time 
data with short time resolution (<1 
hr) that can be used for public 
information. Lower detection limit of 
~4 µg m3. 

At this time, the sensor for 
NO2 has not been 
commercially released. Only 
measurements of NOx may 
currently be carried out. 
 

Differential optical 
absorption spectroscopy 

Concentration integrated over the 
length of the light path. Gives an 
‘average’ concentration that can be 
useful to assess public exposure. 
Potential to measure a number of 
pollutants simultaneously. No inlet 
manifold required. Provides real-time 
data with short time resolution (<1 
hr) that can be used for public 
information. Lower detection limit of 
~ 1 µg m-3. 

The integrated easurement 
cannot be directly compared 
with the EU limit values or 
the air quality objectives 
(which are set for a single 
point measurement). 
Relatively high capital cost. 
Unfavourable weather 
conditions, such as fog or 
snow, can affect the 
instrument performance. 

 

 Source: Air quality expert group [23]  
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 2.3.2 Modeling   

 

 While the monitoring sites have a wide spatial coverage, they can clearly provide 

only a scattered representation of pollutant concentrations. In addition, they cannot be 

used in a simple way to project future concentrations and to assess future exceedences, 

because of the complex nature of both the likely future emissions and the relationship 

between NOx and NO2. As a result, modeling is essential to assess the linkage 

between estimates emissions and of atmospheric concentrations, to interpolate 

between monitoring sites to estimate future concentrations and exceedences. 

 Modeling can be defined as the process of application of fundamental knowledge 

or experience to simulate or described the performance of a real system to achieve 

certain goals. Model can be cost-effective and efficient tools whenever it is more 

feasible to work with a substitute than with the real, often complex systems.  

Modeling has long been an integral component in organizing, synthesizing, and 

rationalizing observations of and measurements from real systems and in 

understanding their causes and effects.  

 Most common modeling approaches in the environmental area can be classified 

into three basic types [13]. 

 Physical modeling involves representing the real system by a geometrically and 

dynamically similar, scaled model and conducting experiments on it to make 

observations and measurements. The results from these experiments are then 

extrapolated to the real system. Dimensional analysis and similitude theories are used 

in the process to ensure that model results can be extrapolated to the real system with 

confidence. 

 Historically, Physical modeling had been the primary approach followed by 

scientists in developing the fundamental theories of natural sciences. These included 

laboratory experimentation, bench – scale studies, and pilot-scale tests. While this 

approach allowed studies to be conducted under controlled condition, its application 

to complex systems has been limited. Some of these limitations include the need for  

dimensional scale-up of “small” systems (e.g., colloidal particles) or scale-down of  

“large” ones (e.g., acid rain), and limited accessibility (e.g., growth rates), safety (e.g., 

nuclear reaction).  



Fac. of Grad. Studies, Mahidol Univ.                       M.Sc. (Appro. Techn. for Resou. and Env. Dev.) / 23 
 

 Empirical modeling (or black box modeling) is based on an inductive or data-

based approach, in which past observed data are used to develop relationships 

between variables believed to be significant in the system being studied. Statistical 

tools are often used in this process to ensure validity of the predictions for the real 

system. The resulting model is considered a “black box” reflecting only what changes 

could be expected in the system performance due to changes in inputs. Even though 

the utility value of this approach is limited to predictions, it has proven useful in the 

case of complex systems where the underlying sciences are not well understood.   

 Mathematical modeling is based on the deductive or theoretical approach. Here, 

fundamental theories and principles governing the system among with simplifying 

assumptions are used to derive mathematical relationships between the variables 

known to be significant. The resulting model can be validated using additional data. 

Predictions can then are made with predefined confidence. In contrast to the empirical 

model, mathematical models reflect how changes in system performance are related to 

changes in inputs.      

 However, this research is interesting in the empirical model, which is often only 

used in a retrospective sense through comparisons with air quality guidelines and 

standards. The research focuses on the model applied for NO2 prediction. 

   

   2.3.2.1  Prediction the relationship between NOx and NO2 

 

       The relationship between hourly NOx and NO2 concentrations can be investigated 

by plotting each hourly value of NO2 against the corresponding NOx concentration in 

scatter plot. However, a useful way of viewing the resulting non-linear relationship 

between NO2 and NOx is to place the NOx concentrations into different bins e.g. 0-5 

ppb, 5-10 ppb…etc. and calculate the corresponding mean NO2 concentration for each 

bin [23]. The advantage of this method is no attempt to fit a line through the data 

owing to non-linear relationship between NOx and NO2. Furthermore they were 

adopted to predict in line with annual mean NOx and NO2 which is a more useful 

relationship because the relationship for a site related annual mean concentration of 

NOx and NO2 whilst implicitly includes the full distribution of concentration measured 

each hour of the year. 
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   2.3.2.2 Model validation 

 

 Air quality modeling became an essential tool for determining the compliance 

with the regulations. Therefore, it is important that the predictions made by an air 

quality model are reliable. There are various techniques used for evaluating air quality 

models. The idea is to find out the quality and reliability of the predictions made by a 

model when compared to real data. Two types of performance measures are used to 

evaluate air quality models.  

 (1)  Measures of difference, and 

 (2)  Measure of correlation      

 Difference measures represent a quantitative estimate of the size of the 

differences between observed and predicted values. Correlation is the quantitative 

measure of the association between observed and predicted values. 

 The US.EPA has laid some guidelines in order to validate and calibrate models in 

a comprehensive manner. Note that air quality scientists and engineers do not use all 

the performance measures mentioned below [24]. 

 

    2.3.2.2.1 Measure of difference 

 

 1) Model Bias 

 Model Bias is the mean error that is defined as the observed value of 

concentration (Co) less than the predicted value (Cp). It is given by: 

 

   Bias   =    CoCp −   

 

 2) Fractional Bias (FB) 

 The bias is normalized to make it non-dimensionless. This fractional varies 

between +2 and -2 and has an ideal value of zero for an ideal model. It   

is written in symbolic from as: 

 

   FB     =    [ ( ) ( ) ]CpCoCpCo +−× /2  
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   3)  Normalized Mean Square Error (NMSE) 

 This statistic emphasizes the scatter in the entire data set and is known as NMSE. 

The normalization by the product Cp, Co assures that the NMSE will not be biases to 

wards models that over predict or under predict. Smaller values of NMSE denote 

better model performance. The expression for the NMSE is given by: 

 

   NMSE  =  ( ) )( CpCoCoCp ×− /
2

 

 

  When  ( ) ( ) nCoiCpiCoCp
n

i
/

2

1

2
∑
=

−=−  

 

4)  A Root Mean Square Error (RMSE) 

 

 RMSE is the measure of total error defined as the square root of the sum of the 

variance and the square of the bias [25]. The RMS is good when it is smaller than SD. 

 

                             RMSE    = MSE  
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5)  Geometric Mean Bias [MG] 

 The geometric mean bias is given by: 

 

   MG   =  ( )CpCo lnlnexp −  

  

6)  Geometric Mean Variance [VG] 

 The geometric mean variance is given by: 
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   VG    =  ( )2lnlnexp CpCo −  

 

7)  Factor of two [Fa2] 

 The factor of two is defined as percentage of the predictions within a factor of 

two of the observed values. The ideal value for the factor of two should be 1 [100%]. 

 

   Fa2 = Fraction of data which 0.5 <Cp/Co<2 

 

The quality of an ideal and perfect model is to have fractional bias and 

normalized mean square error equal to zero. The ideal values for geometric mean bias 

and geometric mean variance is 1. Real life model are rarely perfect. To determine the 

reliability of a model the following criteria suggested by Kumar et al. in 1993 and 

1996 could be used. The performance of model can be deemed as acceptable if,   

NMSE < 0.5 

-0.5< FB <+0.5 

Fa2 > 0.80 

0.75< MG <1.25 and 

0.75< VG <1.25 

  

2.3.2.2.2 Measures of correlation 

 

Numerical as well as graphical analyses are involved in the correlation 

analysis.  Correlation is a statistical technique which can show whether and how 

strongly pairs of variables are related. The main result of a correlation is called the 

correlation coefficient (or "r"). It ranges from -1.0 to +1.0. The closer r is to +1 or -1, 

the more closely the two variables are related. If r is close to 0, it means there is no 

relationship between the variables. If r is positive, it means that as one variable gets 

larger the other gets larger. If r is negative it means that as one gets larger, the other 

gets smaller (often called an "inverse" correlation). 

While correlation coefficients are normally reported as r = (a value between -1 

and +1), squaring them makes then easier to understand. The square of the coefficient 
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(or r square) is equal to the percent of the variation in one variable that is related to 

the variation in the other [26]. 

If there is perfect linear relationship with positive slope between the two 

variables, we have a correlation coefficient of 1; if there is a perfect linear relationship 

with negative slope between the two variables, we have a correlation coefficient of -1; 

if there is negative correlation. There are a number of different correlation coefficients 

that might be appropriate depending on the kinds of variables being studied. 

1) Pearson's Product Moment Correlation Coefficient  

Pearson's product moment correlation coefficient, usually denoted by r, is one 

example of a correlation coefficient. It is a measure of the linear association between 

two variables that have been measured on interval or ratio scales. 

 

In equation form, it is represented Pearson's Product Moment Correlation 

Coefficient as [26]. 
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 when  Co is concentration of the explored value 

    Co    is concentration averaging of the explored value 

   Cp is concentration of the estimated value 

   Cp     is concentration averaging of the estimated value 

     n       is amount of sample.   

 

 The performance of model can be deemed as acceptable if, r > 0.9  

 

2) Spearman Rank Correlation Coefficient  

The Spearman rank correlation coefficient is one example of a correlation 

coefficient. It is usually calculated on occasions when it is not convenient, economic, 

or even possible to give actual values to variables, but only to assign a rank order to 
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instances of each variable. It may also be a better indicator that a relationship exists 

between two variables when the relationship is non-linear.  

Spearman Rank Correlation Coefficient is equivalent to Pearson Correlation on 

ranks, the below formulate is a short-cut to its product-moment form, assuming no tie 

[26]. 

r  =    )( 1
61

2

2

−

− ∑
NN

D
 

 when       D   is    the difference between the ranks of corresponding value of Co  

                                     and Cp 

                         N   is    the number of pairs of value 

   

Commonly used procedures, based on the Pearson's Product Moment 

Correlation Coefficient, for making inferences about the population correlation 

coefficient make the implicit assumption that the two variables are jointly normally 

distributed. When this assumption is not justified, a non-parametric measure such as 

the Spearman Rank Correlation Coefficient might be more appropriate. 

 

 Moreover, other statistical are used in model validation such as: 

 

1)  Slope value (b) and Intercept (a) 

 They are given by: 
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2)  True percent relative error ( )tε  

 It is percent of the model mistake value when compare with the observed value.  

If it = o then it is not a mistake.  It is given by: 
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3)  Index of agreement 

The index of agreement (d) is a standardized measure of the degree to which a 

model’s predictions are error-free. It varies between 0 and 1 where 1 indicates perfect 

agreement between an observed and a predicted variable. The general form of the 

equation for d is: 
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 To determine the reliability of a model the following criteria suggested by ASTM 

2000 of indoor air pollution could be used. The performance of model can be deemed 

as acceptable if,  

 NMSE < 0.25  

 0.25< FB <+0.25 

 r > 0.9 

 0.75 < Slope < 1.25 

 Intercept 25% < of the observed average  

 

 However, the acceptable criteria for model validation of this study were as 

follows:  

 NMSE < 0.5  

 -2< FB <+2 

 RMSE < SD 

 r > 0.8 
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2.4.  Ambient air quality standard of NO2   

 

 The standards of air quality in Thailand were set up and controlled by Office of 

the National Environment Board since 1978. The present Air Quality Standards were 

set under the requirement of the Enhancement and Control of National Environmental 

Committee and the Office of National Environmental Board to take responsibility for 

promoting and preserve the quality of natural resources and environment such as the 

standards of environmental quality etc. In the case of NO2 concentrations, they were 

set up in several countries as shown in Table 2-4  

 

 Table 2-4 The comparison of NO2 concentrations in ambient air quality standard   

 
NO2 (mg/m3) 

Country 
1 hr 24 hrs Annual 

USA(a) - - 0.10 

Japan(a) - 0.08 - 

Netherlands(a) 0.18 - - 

Australia(a) 0.30 0.12 - 

Mexico(a) 0.40 - - 

Taiwan(a) - 0.10 - 

Canada(a) 0.40 0.20 - 

Germany(a) 0.20 - 0.80 

WHO(b) 0.20 - 0.04 

Thailand(a) 0.32 - - 

 

 Source:  (a) Pollution Control Department [8]. 

          (b) Air Quality Guidelines for Europe, 2nd edition [9]. 

 

2.5.  Related researches   

  

 Carslaw et al. [16] studied an empirical approach for the prediction of annual 

mean NO2 concentration in London which using monitoring data. The technique 

relied on Derwent and Middleton’s work conducted in 1996 which developed the 

relationship between NOx and NO2 by plotting NO2 against NOx in different NOx 
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‘bins’. This curve is reflected the atmospheric chemistry owing to NOx and O3-limited 

condition respectively to be transformed NO2. From this relation, it was applied to 

calculate the frequency distribution to predict further annual means. The advantage of 

this approach is avoidance of the cumbersome process of curve-fitting large data sets. 

The objectives of the study were determining the following; 

(1) the relationship between annual means of NOx and NO2 in a large urban area     

(2) the effect of NOx reductions on annual mean NO2 concentrations 

(3) the extent to which NOx concentrations must be reduced in order to meet the 

annual mean NO2 objective  

 And (4) the extent of exceedences of the annual mean NO2 objective across 

London by the end of 2005 

 The study found that firstly,the relationship supports Stedman’s idea in 1997 of 

directly relating emissions of NOx to NO2, the relationship is non-linear enough to 

affect the predictions of NO2 from NOx. The areas was studied such the Central 

London sites (Bloomsbury and Bridge Place) and outer London (Enfield and Sutton). 

The results showed that annual mean NO2 depend on annual mean NOx; however, 

annual mean NO2 in the location would have to be closer to the source of NOx, 

leading to lower NO2 concentrations due to less time for NO to be converted to NO2 

through reaction with O3. This result was confirmed by Broughton et al. in 1997 and 

1998.  Secondly, the study about the effect of NOx reductions on annual mean NO2 

concentrations showed that the NO2 to NOx ratio when the concentration of NO2 

reaches 21 ppb is approximately 75%, which is similar to the ratio of annual mean 

NO2 to NOx ratio in rural locations in Southeast England in 1999. Thirdly, the NOx 

reduction to meet the annual mean NO2 objective, three sites had been assessed in 

detail over seven years such as Bloomsbury, Bridge Place and West London because 

all of them have been in operation continuously at least since the beginning of 1992. 

the results showed that the two central London (Bloomsbury and Bridge Place) 

required the greatest reduction in NOx of between 42 – 61% depending on the year 

being considered and another site was between 33 – 53%. Finally for last case, the 

results showed that the reductions in emissions expected in 2005 were insufficient in 

order to meet the NO2 objective at urban background locations because NO2 

concentration required to 21 ppb NO2 differs depending on the location in London: 
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Central London areas required much larger NOx reductions than the outer and inner 

London Locations. This situation is not simply a feature of the fact that Central 

London had the highest concentrations, but more a feature of NO2 and NOx. 

 Carslaw et al. [27] studied the efficiency of low emission zones in Central 

London as a means of reducing NO2 concentrations. The study considered the effects 

of different strategies to reduce the impact made by road traffic on air pollution in 

London. The concept of a low emission zone (LEZ) was being proposed as a means of 

achieving this reduction. An assessment has been made of different LEZ scenarios in 

central London, which involved reducing traffic flow or modifying the vehicle 

technology mix. Methods of predicting annual mean NO2 concentrations utilizing 

comprehensive traffic data and air pollution measurements had been used to develop 

empirical prediction models. The study found the comparison with statutory air 

pollution objectives showed that significant action would be required to appreciably 

decrease concentrations of NO2 close to roads. The non-linear atmospheric chemistry 

leading to the formation of NO2, resulted in a complex relationship between vehicle 

emissions and ambient concentrations of the pollutant. It showed that LEZ scenarios 

in central London produce concentrations of NO2 that were achieved through a “do 

nothing” scenario only five years later. 

 Mayer [28] studied air pollution in cities. The study found that ambient air 

pollution showed temporal and spatial variability. As an example of the temporal 

variability of urban air pollutants caused by motor traffic, typical average annual, 

weekly and diurnal cycles of NO, NO2, ozone and Ox which are presented for an 

official urban air-quality station in Stuttgart, southern Germany. They are 

supplemented by weekly and diurnal cycles of selected percentile values of NO, NO2 

and ozone. Time series of these air pollutants give information on their trends. The 

study showed temporal variability of air pollution as: 

(1) The annual cycle of the primary air pollutant NO showed the greatest values 

at the end of November and January. The concentration of NO depended not only on 

emission, but also on weather conditions, which were very stable at that time. The 

average annual cycle of NO has the lowest values in summer (June and July) due to 

favorable atmospheric air mass exchange. In contrast to NO, the annual cycle of NO2 

showed only slight variation, because this secondary substance is produced mainly by 
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chemical reactions. The average annual of ozone had the greatest values in summer 

(July). The low ozone and Ox minimum in June is a consequence of local weather 

conditions with increased cloudiness and less incoming short-wave radiation 

(2) The diurnal cycles of NO and NO2 had the shape of a double wave which is 

more pronounced for NO than for NO2. Due to the traffic density, the NO level is 

comparatively higher on weekdays than on weekends. This effect could also be seen 

for the secondary substance NO2. The average diurnal variations on weekdays were 

greater for NO than for NO2, because NO2 has a longer lifespan than the more 

reactive NO. The NO concentrations are noticeably higher in the morning, the rush 

hour is shorter and the atmosphere near the ground is more stable than in the evening. 

The low NO concentrations in the early afternoon result mainly from the reduction of 

ozone by NO. 

 Pattarada [15] studied comparison of two line source model, CALINE4 and 

HIWAY2 for prediction of CO and NO2 concentration from express way. The study 

found that: 

 (1) At sampling site, the estimated value, from carbon monoxide and NO2 

concentrations, between CALINE4 and HIWAY2 were not different at significant 

95%. 

 (2) The best estimated values of CO and NO2 were from CALINE4 model but 

the estimated values form CALINE4 at Yothinpattana Road had limited because of 

some influence factors such as monitoring station is near a cross-road into 

Yothinpattana Road then passing cars must slow down and speed up to give influence 

to emission rate of CO and NO2, the estimated values no correct when compared with 

explored values. 

 (3) CALINE4 and HIWAY2 could be better predict carbon monoxide than NO2 

because base  model using Gaussian theory having hypothesis that air pollutants is 

stable and no  consider to collapse by environmental reaction, NO2 is  substance in 

photochemical reaction but CO is stable gas then these  models could predict CO 

concentrations better than NO2 concentrations.    

 Bouhamra WS et al. [29] studied description of outdoor air quality in a typical 

residential area in Kuwait. The study investigated the atmospheric levels of air 

pollutants in Mansouriya area in term of NO, CO, NO2, SO2 and O3 and the diurnal 
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variations of these pollutants. The results showed that distribution of CO, NO, NO2 

SO2 and O3 were correlated with the heavy traffic movement during the rush hour 

although the rush hour in this place were three period (morning, early afternoon and 

evening) because of the elevated air movement. These diurnal variations were 

bimodal distribution which their maximum peaks were in morning and evening. For 

O3, their maximum peaks were in early morning and midday.   

 Sajhon [30] studied Quantities of air pollution emission from traffic near express 

way and compare with HIWAY model. Air pollutants were studied CO, NO2, SO2 and 

particle at a way out Thonburi – Parktho express way and an entrance of Suksawad 

express way. The study found only carbon monoxide explored value at a way out 

Thonburi – Parktho express way in the vicinity with estimated value.     

 Ta et al. [31] studied gaseous and particulate air pollution in the Lanzhou Valley, 

China. The study found concentrations of gaseous and  particulate  pollutants undergo 

seasonal variations characterized by a winter maximum levels for SO2 (0.094 – 0.208 

mg/m3) and NO2 (0.068 – 0.089 mg/m3) and a spring maximum levels for total 

suspended particulate matter (0.885 – 1.037 mg/m3) and the study diurnal pollution 

variations observed during the winter, spring, summer and autumn seasons at 

Lanyuan Hotel air quality monitoring station in 2001 found that these diurnal patterns 

exhibited the typical bimodal distributions all through the year with higher maximum 

levels in winter and lower maximum levels in summer. Generally, the first peak 

concentrations occur in the morning or noon, and the second peak concentrations 

remain in the late evening or midnight. However, the occurrence of the first NO peak 

in four seasons is approximately three hours earlier than that of NO2, and its second 

peak always remains during 22.00 – 24.00 h Beijing Time. When focused at monthly 

variation that they showed the parabolic curve which they are lowest of NOx and NO2 

at autumn season (September to November). Linear regression analysis indicated that 

the annual NO2/NOx ratio was approximately 0.86, with its highest monthly average 

of 0.91 in June and its lowest monthly average of 0.788 in January.   

 Weratep [32] studied validation of an air pollution model for Pathumthani 

province, by using the air quality and meteorological data during 1999-2000. The 

samples were collected at three sampling sites at difference time. The selected 

sampling sites were Rangsit Thammasart Sport Complex (September to November 
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1999), Broadcasting Radio Station of Thailand, Bangpoon Patumthai (May to June 

2000) and Rangsit Bangkok University (January to December 2000). The study 

involved statistical analysis to validate NOx and CO models for Pathumthani province 

by comparing model results and measurement hourly values and daily average values 

during the study period. Study of pollutants distribution throughout Pathumthani 

province was also conducted. Validation of air pollution models by comparison 

between concentrations from the model and the measurement values with 

meteorological variable such as wind direction, wind speed and stability class was 

also included. The study found   

 (1) the estimate from measurement and model for NOx concentrations one hourly 

average at three sampling sites had correlation  coefficient (r) during 0.28 – 0.32, the 

highest of r was Broadcasting Radio Station of Thailand, Bangpoon Patumthani. For 

CO concentrations one hourly average at three sampling sites had r during 0.17 – 0.30, 

the highest of r was Rangsit Thammasart Sport Complex. However, they showed 

hourly variation of NOx concentrations and they found that NOx peak occurred in 

morning and evening.    

 (2) the estimate from measurement and model for NOx concentrations 24 hourly 

average at three sampling site had correlation coefficient  (r) during 0.25 – 0.85, the 

highest of r was Broadcasting Radio Station of  Thailand, Bangpoon Patumthai. For 

CO concentrations 24 hourly average all of three sampling sites had r during 0.28 – 

0.56, the highest of r was Broadcasting Radio Station of Thailand, Bangpoon 

Patumthani.   

 (3) ISCST3 model for NOx and CO predictions can be used in Pathumthani 

province in one step due to the deficient about source of air pollutions and 

meteorological, furthermore, problem solving with calculating by artificial values 

such as Emission Factors of US.EPA’s AP42 Compilation of Air Pollution Emission 

Factors be multiplied with data in part of air pollutions source, moreover, observed 

meteorological data was three hour data but model needed one hourly average value 

to calculate. 

 (4) The result of ISCST3 model validation was assumed that the calculated value 

by using 24 hourly averages was the highest accuracy in Pathumthani province.     
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 Pollution Control [33] studied investigation and analysis of O3 precursors for the 

mitigation of photochemical air pollution in Bangkok. The pollutants which were 

important to discuss in this report were NOx and VOCs. The data were analyzed 

coming from 15 stations since June 1996 to December 1999. In a part of variation, 

they showed hourly variations of NO, NO2 in each station by average each hour 

through the period of study. From the study almost of them were two peak of NO and 

NO2 which morning peak of NO and NOx were higher than evening peak. For 

examples at Dindaeng Housing Authority, both of the morning peak of NO and NO2 

(approximately 7.00 am and 11.00 am respectively) were higher than evening peak of 

NO and NO2 (approximately 9.00 pm and 5.00 pm respectively). The concentrations 

in morning peak and evening peak of NO were 280 and 165 ppb respectively and the 

concentrations in morning peak and evening peak of NO2 were 60 and 55 ppb 

respectively which is a little curve. For National Housing Authority, the morning peak 

(7.00 am) of NO were higher than evening peak (11.00 pm) of NO (approximately 45 

and 29 ppb respectively) but the morning peak (8.00 am) of NO2 were lower than 

evening peak (7.00 pm) of NO2 (21 and 31 ppb respectively). In the conclusion of this 

study, both of NOx and VOCs were controlled for decreased O3 in ground level 

because they were not clear to declare the fact that NOx or VOCs were main factor to 

be high O3 level in ground.  

 Derwent et al [34] studied analysis and interpretation of air quality data from an 

urban roadside location in central London over the period from July 1991 to July 

1992. The pollutants measured included NO, NO2, O3, SO2, CO and CO2 together 

with 28 non-methane hydrocarbons, including measurements of the air toxics: 

benzene and 1,3-butadiene. The interpretation of the air quality data used simple 

statistical techniques, including principal components analysis, and air pollution 

models of the Gaussian plume and box model variety. A comprehensive validation of 

the published emission inventory estimates for London was attempted using the 

observed air quality data. Separate contributions from the local traffic on Exhibition 

Road, from the general traffic in Central London, natural gas leakage and fuel 

combustion have been identified. Especially for NOx they reported that the NOx 

diurnal variation is higher in morning (approximately 165 ppb at 9.00 am) than 

evening (approximately 135 ppb at 6.00 pm). For seasonal variations, they showed 
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that NOx level are highest concentrations observed during the winter months. The NO 

level peaks in the winter but NO2 level peaks in the summer. The mean NO 

concentrations peak in the winter but NO2 peaks in the summer. This probably reflects 

the faster oxidation of NO to NO2 in the summer and also the greater extent of vertical 

mixing, driven by convection.  
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CHAPTER III 

RESEARCH METHODOLOGY 
 

 

3.1  Data collection 

 

 NOx and NO2 data sets were collected from 13 air quality monitoring sites 

which can be categorized into roadside and urban background stations in Bangkok 

and regional areas as in Table 3-1 

 

Table 3-1 Air quality monitoring stations for the relationships between NOx and NO2

 
Area Province Location Air quality  monitoring  station 

Roadside  area Dindaeng Housing Authority 

Traffic Police Resident 

Thonburi Electric Power Substation 

Bangkok Bangkok 

Urban background area National Housing Authority 

Nonsi Withaya School  

Singharaj Withayakom School 

Roadside  area Yupparaj Wittaylai School Chiang Mai  

Urban background area Public Service Center 

Khonkaen Urban background area Sheriff’s House 

Saraburi Urban background area Napharalan School 

Chonburi Urban background area General Education Office 

Samutprakan Urban background area City Hall 

Regional 

Phuket Urban background area Public Health Centre 

 

 

3.2  Data analysis 
 

The characteristics and relationships of observed NOx and NO2 were analyzed in 

the following methods; 
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- annual mean NOx and annual mean NO2 

- 95-Percentile NO2 and annual mean NO2

         - averaged hourly NOx and averaged hourly NO2 

 

3.2.1  Characteristics of observed NOx and NO2

 

The variation of observed NOx and NO2 levels were studied over diurnal, 

seasonal, and annual periods.  The study utilized observed NOx and NO2 data during 

the period 1999 to 2003.  Five stations were selected to represent urban background 

(Bangkok) areas, roadside areas, and regional areas.  The station located at National 

Housing Authority, Bangkok represents urban background locations; stations located 

at Dindaeng Housing Authority, Bangkok and Yupparaj Wittaylai School, Chiang 

Mai represent roadside locations; and stations at Public Service Center, Chiang Mai 

and City Hall, Samutprakan represent regional locations. 
1)  Diurnal variation 

Hourly data were selected from representative months.  April, August, and 

December data, represented summer, rainy, and winter seasons, respectively.   

2)  Monthly variation 

Monthly averages of the NOx and NO2 concentrations were plotted to illustrate 

the seasonal variation over the five year period. 

3)  Annual variation 

Annual averages of the NOx and NO2 concentrations were obtained from hourly 

data. A comparison of the annual means shows the annual variation over the five year 

period.  

 

3.2.2  Relationships between NOx and NO2

 

The relationships between NOx and NO2 can be determined by curve fittings. 

Statistical parameters were used to define the mathematical aspect of the models. 
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1)  Annual mean of NOx and NO2 

To find the relationship of the annual mean NOx and NO2, hourly data of NOx 

were averaged annually and plotted against the annual mean values of NO2 in order to 

fit the curves. This method is used for the data set from Bangkok area, Regional area, 

and all areas. Finally, the evaluating model used the annual mean NOx and NO2 data 

measured at all stations in 2004. 

2) 95-percentile NO2 and annual mean NO2 

The study followed these steps: 

1) Averaged hourly NO2 data from each station to obtain the annual mean NO2.  

2) Calculated 95-percentile NO2 and maximum NO2  

3) Divided 95-percentile NO2 by annual mean NO2  

4) Divided maximum NO2 by annual mean NO2.  

The results of these calculations were fractional ratios. The appropriate 

correcting factor was applied to forecast the probability of the highest NO2 

concentrations from annual mean NO2. Data from 2004 was used to validate the model.  

         3) Averaged hourly NOx and NO2 

The study followed these steps: 

1) Categorize the type of stations as roadside and urban background areas, in 

both Bangkok and other regions. Classify air quality monitoring stations as roadside 

areas in Bangkok, urban background areas in Bangkok, roadside areas in regional 

areas, urban background areas in regional areas, roadside areas in Bangkok and 

regional areas, urban background areas in Bangkok and regional areas, and roadside 

and urban background area in Bangkok and regional areas (all area).    

2) Follow the method of Darwent and Middleton in 1996 [23] which later was 

applied in Carslaw work in 2000. All hourly NOx data during 1999 to 2003 was 

grouped into different bins (e.g. 0-5 ppb, 5-10 ppb…etc). The corresponding mean 

NO2 concentration was calculated for each bin. 

3) Investigated relationships between average hourly NOx and hourly NO2 

concentrations by plotting the average hourly NOx versus the average hourly NO2 

values. The resulting plots gave several models which were classified into three 

groups for one year, two years, three years, four years and five years.  
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 4) Validated the models of NOx and NO2 by means of statistical analysis, using 

data from April, August, and December 2004. 

 

3.3  Model validation    

 

 The models obtained from the study were validated with the data of NOx and 

NO2 measured in 2004 using statistical parameters as follows: 

    1) Fractional bias (FB) 

2) Normalized mean square error (NMSE) 

3) Root mean square different (RMSE) 

  4) Correlation coefficient (r) 

 The models are acceptable if all of the following four conditions are met:   

1) -2< FB <+2 

2) NMSE < 0.5 

3) RMSE < SD 

4) r > 0.8 

Details of model validation tools are as shown in Chapter II, Section 2.3.2.2.  
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CHAPTER IV 

RESULTS AND DISCUSSIONS 
 

 

       The results of the study are focused in three areas: characteristics of observed 

NOx and NO2 levels, the relationships between NOx and NO2 in Thailand, and model 

validation.  

 

4.1  The characteristics of observed NOx and NO2 levels 

 

 4.1.1  Diurnal variation 

  The study found that the variation of NOx and NO2 is highly correlated with the 

time of day. This is due to emissions, meteorological conditions, and chemical 

processes - such as photolysis reactions which are significant factors in NOx and NO2 

accumulation and fate - vary with the time of day.  

 Diurnal variations for roadside areas and urban background areas are shown in 

Figures 4-1 (a) to 4-1 (b), Figures 4-2 (a) to 4-2 (c) and Table 4-1 to Table 4-3. 

  

 4.1.1.1  Diurnal variations of NOx and NO2 for roadside areas 

 

 Diurnal variations of NOx and NO2 concentration at Dindaeng Housing Authority 

and Yupparaj Wittayalai School follow a bimodal distribution with morning and 

evening peaks. The amplitude of the NOx peaks is normally higher than the amplitude 

of the NO2 peaks.    

 Dindaeng Housing Authority is located at a roadside area in Bangkok with 

frequent traffic congestion, and morning and evening rush hour peaks.  This results in 

high NOx accumulations in rush hour. NO2 concentrations increase when NO react 

with O3 or reactive radical such as RO2 or HO2.  The NOx amplitude is much higher 

than the NO2 amplitude in all seasons due to limited availability of reactive species. In 

the mornings, the NOx peak occurred before the NO2 peak (7.00 – 8.00 a.m. and 10.00  
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– 12.00 a.m. respectively), and in the evenings the NOx peak occurred concurrently 

or after the NO2 peak (9.00 p.m. and 6.00 – 9.00 p.m., respectively). 

 Yuppraraj Wittayalai School has a lower density of transportation than Dindaeng 

Housing Authority, thus it has lower concentrations of both NOx and NO2. At peak 

times, concentrations of NOx are very close to those of NO2 in both the morning and 

evening, with NOx peaks occurring concurrently or before NO2 peaks in morning 

(9.00 a.m. and 9.00 – 10.00 a.m. respectively) and NOx peaks occurring concurrently 

or after NO2 peaks in evening (8.00 p.m. and 7.00 – 8.00 p.m. respectively)  
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 (a) NOx and NO2 concentration at Dindaeng Housing Authority, Bangkok                                 
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 (b) NOx and NO2 concentration at Yupparaj Wittayalai School, Chiang Mai 

 
Figures 4-1 (a) – (b) Diurnal variations of the observed NOx and NO2 levels for 

summer, rainy and winter seasons at roadside stations in 2003. 
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 4.1.1.2  Diurnal variations of NOx and NO2 for urban background areas 

 

 The variation of NOx and NO2 concentrations at urban background stations 

follows a bimodal distribution which is similar with that at roadside stations.   

 National Housing Authority has high concentration of NOx and NO2, almost 

equal to that at Yupparaj Wittayalai School, especially NO2. However, the trend of 

NOx concentration over time is increasing more rapidly at National Housing 

Authority than at Yupparaj Wittayalai School.  In the morning, peak of NOx 

concentrations occurred concurrently or before peak NO2 concentrations (7.00 a.m. 

and 7.00 – 9.00 a.m., respectively), and in the evenings, peak of NOx concentrations 

occurred concurrently or after peak NO2 concentrations (8.00 – 11.00 p.m. and 7.00 – 

8.00 p.m., respectively).  Peak concentrations at National Housing Authority occurred 

nearly concurrently with those at Dindaeng Housing Authority, which are both 

located in Bangkok. 

 City Hall is a dominant feature where NOx and NO2 measurements are affected 

by local sources such as factories, ships, and minor roads. Peak concentrations and 

peak times of NOx and NO2 were similar with those at National Housing Authority, 

but the trend of NO2 concentrations at City Hall is increasing more rapidly than at 

National Housing Authority.  At peak times, NOx concentrations are almost equal to 

NO2 in both the mornings (7.00 a.m. and 7.00 – 9.00 a.m., respectively) and evenings 

(7.00 – 9.00 p.m. and 8.00 – 9.00 p.m., respectively).  

 Public Service Centre has the lowest NOx and NO2 concentrations among all of 

the stations.  The hourly average of NOx is approximately 18 ppb in the summer 

season and 12 ppb in the rainy season, while the hourly average of NO2 is 

approximately 10 ppb in summer season and 9 ppb in rainy season. Figures 4-2 show a 

small variation between morning and evening peaks in the summer and rainy seasons.  

Morning peak concentrations of NOx and NO2 occur between 8.00 – 9.00 am, while 

evening peak concentrations occur between 8:00 – 9:00 p.m. 
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 (a) NOx and NO2 concentrations at National Housing Authority, Bangkok 
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 (b) NOx and NO2 concentrations at City Hall, Samutprakan  
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 (c) NOx and NO2 concentrations at Public Service Center, Chiang Mai 
 

Figures 4-2 (a) – (c) Diurnal variations of the observed NOx and NO2 levels for 
summer, rainy and winter seasons at urban background stations in 2003. 

 

 The characteristics of the bimodal distribution of NOx and NO2 are as follows: 

- The morning peak concentrations of NOx and NO2 were higher than 

the evening peaks. This pattern is found in summer and rainy seasons 

at Dindaeng Housing Authority and City Hall stations. 

- The morning peaks of NOx were higher than the evening peaks, but the 

evening peaks of NO2 were higher than morning peaks. This pattern is 

found at National Housing Authority and Public Service Center in 

summer and at National Housing Authority and Yupparaj Wittayalai 

School in rainy season. 

- The evening peaks of NOx and NO2 were higher than the morning 

peaks. This pattern is found at all stations in winter and at Yupparaj 

Wittayalai School in summer. 

  NOx and NO2 concentrations are highest at all stations in the winter season, 

because the mixing height is lowest in winter, because generally rain-free conditions 

limit removal via wet deposition, and because of higher local emissions.  The lowest 

concentrations occur in summer season, due to higher mixing heights and greater 

rainfall which increases removal via wet deposition.  In the wet deposition process, 

NO2 reacts with the water of falling raindrops to produce nitric acid and nitrous acid. 
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 Roadside areas 

 At roadside stations, the lowest seasonal NOx and NO2 concentrations occur in 

summer and rainy seasons.  However, unlike at other stations, the main factor, 

affected concentration at roadside stations is local emissions, rather than changing of 

meteorological conditions.  This is due to large variation in local emissions due to 

traffic conditions outweighs the effect of changing meteorological conditions. For 

example, the hourly averaged maximum values of NOx at Dindaeng Housing 

Authority were (106.4 to 373.0 ppb), which were higher than that of Yupparaj 

Wittayalai School (27.2 to 93.7 ppb) in 2003. The wind speed at Dindaeng Housing 

Authority and Yupparaj Wittayalai School were similarly low (approximately 1.3 to 

1.6 m/s and 0.7 to 1.1 m/s, respectively) while the local traffic emissions at Dindaeng 

Housing Authority were larger than at Yupparaj Wittayalai School. The averaged 

mixing heights reported at the two areas were 1005.0 and 1165.7 meters respectively 

(see appendix A).  While emissions, wind speeds, and mixing heights all influence 

pollutant concentrations, emissions is the primary factor in the critical level of NOx 

and NO2 concentrations at Dindaeng Housing Authority.  

 Urban Background areas 

At urban background areas, it was assumed that local emissions play a less 

important role than at roadside areas, and that meteorological conditions are relatively 

more dominant. Likewise at the roadside areas, the study showed the lowest seasonal 

NOx and NO2 concentrations also occur in summer and rainy seasons, and that the 

amounts of these pollutants were less than these at the roadside areas.  

For example, the hourly averaged values of NOx and NO2 at the National 

Housing Authority and at City Hall were lowest in summer months, while the Public 

Service Centre reported lowest values in the rainy season. This is due to at the first 

two stations, since we assumed that the local emissions were constant, wind speed, 

rainfall amount, and mixing height effects are higher in the rainy months. Table 4-3 

illustrates that the lowest values of NOx and NO2 at the National Housing Authority 

occurred in summer due to the highest values of mixing heights, while at the City Hall, 

the lowest concentrations were due to the highest rainfall amounts, wind speeds, and 

mixing heights.
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Table 4-1 Mean and range of the seasonal NOx and NO2 concentrations (ppb) in 

April, August and December 2003 
 

Mean and Range of NOx and NO2 (ppb) Air quality monitoring station
April August December 

Roadside  areas        
Dindaeng Housing Authority    
     NOx  102.5 (66.2 –174.4) 149.3(118.7– 185.7) 207.5 (85 - 373) 

     NO2  37.4(24.5– 50.6) 29.8(18.5– 42.2) 55.1(36.7 –71.3) 

Yupparaj Wittayalai School    
     NOx  25.4(12.8– 46.8) 16.9 (6 – 27.9) 33.5 (0.1 – 93.7) 

     NO2 9.5 (10.4– 35.5) 10   (4.8 - 16) 22.2 (8.5 – 50.1) 

Background areas    
National Housing Authority    
     NOx  20.8(10.1– 42.7) 37 (16.6 – 70.5) 57 (8.5 – 101.5) 

     NO2 14.7 (8.5 – 21.7) 15.8 (10.4–20.1) 25.8 (3.4 – 50) 

City Hall    
     NOx  24.1 (10.5 - 46.5) 47.2 (33.2 - 85.7) 76.5  (35.5– 130.1) 

     NO2 14.9 (9.5– 21.1) 20.7 (13.5– 27.7) 44.5 (28– 64.3) 

Public Service Center    
     NOx  9.2 (4.9 – 17.6) 6.6 (1.7 – 11.1) 19.7 (6.2 – 56.4) 

     NO2 5.2 (3 – 9.7) 4.2 (0.9 - 9) 13 (5.2 – 31.8) 

 

Table 4-2 Comparison of parameters at roadside areas in April, August and 

December 2003 
 

Dindaeng Housing Authority Yupparaj Wittayalai school Parameter 
April August December April August December 

NOx (ppb) 103 149.3 207.5 25.4 16.9 33.5 
NO2 (ppb) 37.4 29.8 55.1 9.5 10 22.2 

 Rainfall amount (mm) 63.5 309.0 0.0 0.0 81.2 0.0 
Averaged wind speed (m/s) 1.6 1.4 1.3 1.1 1.0 0.7 

Averaged mixing Height (km) 1.1 0.9 1.0 1.4 1.0 1.1 
 

Table 4-3 Comparison of parameters at urban background areas in April, August and 

December 2003 

 

National Housing Authority City Hall Parameter 
April August December April August December 

NOx (ppb) 20.8 37 57 24.1 47.2 76.5 
NO2 (ppb) 14.7 15.8 25.8 14.9 20.7 44.5 

 Rainfall amount (mm) 0.5 90.5 0.0 291.8 79.8 44.5 
Averaged wind speed (m/s) 1.3 1.6 1.9 1.5 1.0 1.3 

Averaged mixing Height (km) 1.1 0.9 1.0 1.1 0.9 1.0 
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Table 4-3 Comparison of parameters at urban background areas in April, August and 

December 2003 (cont.) 
 

Public Service  Centre Parameter 
April August December 

NOx (ppb) 9.2 6.6 19.7 
NO2 (ppb) 5.2 4.2 13 

 Rainfall amount (mm) 11.8 134.6 0.0 
Averaged wind speed (m/s) 1.3 0.6 0.7 

Averaged mixing Height (km) 1.4 1.0 1.1 
 

 Compared with other research, the characteristics of diurnal variation of the NOx 

and NO2 are consistent with the results studied in Germany by H. Mayer in 1999 [28] 

which showed double wave distributions which were more pronounced for NO than 

NO2. The difference was their maximum levels. This is due to different at local 

activities during rush hours – there are longer rush hour periods in Thailand than in 

Germany. The period of NOx and NO2 peaks also differed from the study by W. Ta in 

Beijing, China in 2003 [31], which showed that the morning peaks of NOx occurred 

approximately 3 hours earlier than the NO2 peaks. The evening peaks occurred during 

9 p.m. to 12 p.m., and the morning peaks were higher than the evening peaks. The 

lengths of the peaks were similar to those at Dindaeng Housing Authority. Study’s 

results were also consistent with a study by PCD in 2001 [33] that showed similar 

characteristics and concentrations in summer and rainy seasons. However, there was 

difference in winter, in which the morning peaks of NOx and NO2 were lower than the 

evening peaks at the Dindaeng Housing Authority station. 

 Diurnal variation of NOx and NO2 as a bimodal distribution is a consequence of 

the local emissions and sunlight.  

NO levels increase in the morning, due to sunlight combined with increased 

human activity during rush hour (6 a.m. to 9 a.m.).  After morning rush hour, NO 

levels decline to their minimum point. NO levels increase again in late afternoon until 

evening, again due to human activities during rush hour (5 p.m. to 9 p.m.).  Sometime, 

the evening peak of NOx is higher than the morning peak because of different 

conditions such as low wind speeds, low mixing heights, dry air from rain-free days, 

and variations in the local activities. 



Woraphan Puchanyaporn                                                                               Results and Discussions / 50 
 

 Sunlight plays a very important role in the chemical reactions involving traffic 

pollutants and NO and NO2.  NO2 can also be produced reactions such as NO with 

surface ozone, NO with oxygen molecules, or NO with reactive oxidants. NO2 can be 

removed from the atmosphere by photolysis reactions – which release atomic oxygen 

and ozone, or by wet and dry depositions. 

 

4.1.2  Monthly variation 

 

 Figures 4-3 (a) to 4-3 (b) and Figures 4-4 (a) to 4-4 (c) illustrate the monthly 

variation of observed NOx and NO2 concentrations at each station during 1999 to 

2003. The trends were lowest in rainy season between June and October and highest in 

winter between November and February. The curves of NOx and NO2 were found to 

be nearly parabolic. The NO2 curves showed less variation and lower concentrations 

than the NOx curves, especially in urban background areas, except at City Hall 

because of a greater amount of local activities. Compared with the studied by W. Ta in 

China 2003, the characteristics of monthly variations of NOx and NO2 were similar 

with maximum levels in the winter season. 
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 (a) Dindaeng Housing Authority, Bangkok 
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 (b) Yupparaj Wittayalai School, Chiang Mai 

 
Figures 4-3 (a) – (b) Monthly variations of observed NOx and NO2 levels  

at roadside stations during 1999 to 2003 
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         (a) National Housing Authority, Bangkok 

  

0

10

20

30

40

50

60

70

80

JA
N

FE
B

M
A

R

A
PR

M
A

Y

JU
N

JU
L

A
U

G

SE
P

O
C

T

N
O

V

D
EC

MONTHS

pp
b

NOx_1999
NOx_2000
NOx_2001
NOx_2002
NOx_2003

  

0

10

20

30

40

50

60

70

80

JA
N

FE
B

M
A

R

A
PR

M
A

Y

JU
N

JU
L

A
U

G

SE
P

O
C

T

N
O

V

D
EC

MONTHS

pp
b

NO2_1999
NO2_2000
NO2_2001
NO2_2002
NO2_2003

 
 (b) City Hall, Samutprakan 
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 (c) Public Service Centre, Chiang Mai 

 
Figures 4-4 (a) – (c) Monthly variations of observed NOx and NO2 levels  

at urban background stations during 1999 to 2003 

 

 4.1.3  Annual variation 

 

 Figures 4-5 (a) to 4-5 (b) and Figures 4-6 (a) to 4-6 (b) illustrate the annual 

variation for observed NOx and NO2 concentrations at each station during 1999 to 

2003. The variations showed different patterns in different places as follows: 

 Figure 4-5 (a): The NOx trend at Yupparaj Wittayalai School during the five-year 

period was stable, while the trend at Dindaeng Housing Authority was decreasing. 

 Figure 4-5 (b): The NO2 trend at Yupparaj Wittayalai School during the five-year 

period was increasing, while the trend at Dindaeng Housing Authority was slightly 

decreasing. 

 Figure 4-6 (a): The NOx trends at National Housing Authority and City Hall 

during the five-year period were increasing, with maximum levels in 2001 and 2003 

respectively, while at the Public Service Centre the trend was fluctuated.  

 Figure 4-6 (b): The NO2 trend at National Housing Authority during the five-year 

period was stable, at the City Hall was increasing, with maximum levels in 2001, 

while at the Public Service Centre the trend was fluctuated. 

 In addition, levels of NOx and NO2 in Thailand were compared with standard 

values of the WHO’s and the US EPA’s guidelines. For the NO2 levels in Thailand, 

they were found over the standard value of 21 ppb [9] in three stations at Dindaeng 
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Housing Authority, National Housing Authority and City Hall. However, they were 

within under the USA standard of 53 ppb [8].  

 All figures indicate that the NOx and NO2 concentrations in the roadside areas 

vary significantly due to vehicle emissions from traffic. 
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(a) NOx concentrations at roadside stations during 1999 to 2003 
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(b) NO2 concentrations at roadside stations during 1999 to 2003 

 

Figures 4-5 (a) – (b) Annual variation of NOx and NO2 at roadside stations  

during 1999 - 2003 
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(a) NOx concentrations at urban background stations during 1999 to 2003 
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(b) NO2 concentrations at urban background stations during 1999 to 2003 

 

Figures 4-6 (a) – (b) Annual variation of NOx and NO2 levels at urban background 

stations during 1999 - 2003 

 

4.2  Relationships between NOx and NO2 in Thailand 

 

 4.2.1  Annual mean of NOx and NO2 

 

   The relationships between NOx and NO2 in some previous researches were 

expressed as linear and non-linear equations. However, for Thailand, we found that the 



Fac. of Grad. Studies, Mahidol Univ.                     M.Sc. (Appro. Techn. for Resou. and Env. Dev.) / 55 

linear, logarithmic, and polynomial equations were appropriate for annual mean NOx 

and NO2 in Bangkok, regional, and Bangkok and regional areas, respectively. Results 

in Figures 4-7 (a) to 4-7 (c) and Table 4-4 illustrate that the annual mean NOx correlate 

with the annual mean NO2 (r2 = 0.79 – 0.91).  The best correlations between annual 

mean NOx and NO2 in Figure 4-7 (c) were expressed as logarithmic or polynomial 

equations for Bangkok and regional areas. However, the appropriate model can be a 

logarithmic expression because polynomial or linear models cannot be used in extreme 

conditions. Therefore, the logarithmic equation selected as a representative model for 

annual mean NOx and NO2 was:  

 

  Y = 13.743Ln[X] - 29.195  

 

where: 

 Y is annual mean NO2 (ppb) and X is annual mean NOx (ppb). 

 

y = 0.1542x + 16.357
R2 = 0.8823

y = 14.543Ln(x) - 32.15
R2 = 0.8479

y = -0.0002x2 + 0.2159x + 13.809
R2 = 0.8888
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 (a) Relationships between annual mean NOx and NO2 in Bangkok  
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y = 0.4876x + 1.2141
R2 = 0.8825

y = 10.885Ln(x) - 20.463
R2 = 0.7985

y = 0.0034x2 + 0.2995x + 3.4077
R2 = 0.8875
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 (b) Relationships between annual mean NOx and NO2 in regional areas  

y = 0.1991x + 10.616
R2 = 0.8336

y = 13.743Ln(x) - 29.195
R2 = 0.9028

y = -0.0009x2 + 0.4012x + 4.8301
R2 = 0.9053
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 (c) Relationships between annual mean NOx and  

NO2 in Bangkok and regional areas 

 

Figures 4-7 (a) - (c) Relationships between annual mean NOx and NO2 in Thailand 
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Table 4-4 The linear, logarithmic, and polynomial equations of annual mean NOx and 

NO2 in Thailand  
 

Air quality 

monitoring station 
Linear Eq.  r2 Logarithm Eq. r2 Polynomial Eq. r2 

Bangkok area y = 0.1542x + 16.357 0.88 y = 14.543Ln[x] - 32.15 0.88 y = 0.2159x - 0.0002x2 + 13.809 0.83 

Regional area y = 0.4876x + 1.2141 0.85 y = 10.885Ln[x] - 20.463 0.80 y = 0.2995x + 0.0034x2 + 3.4077 0.90 

Bangkok and 

Regional area 
y = 0.1991x + 10.616 0.89 y = 13.743Ln[x] - 29.195 0.89 y = 0.4012x - 0.0009x2 + 4.8301 0.91 

 

4.2.2.  The 95-Percentile NO2 and annual mean NO2 

 

 NO2 in the ambient air is harmful to human health. The data from air quality 

monitoring stations were measured on an hourly basis. The most important values of 

analyzed and reported NO2 are maximum hourly NO2 or 95-percentile NO2. In this 

research, data set of annual means and 95-percentile of NO2 during 1999-2003 were 

used in determining the relationship while is useful in predicting the maximum values 

or 95-percentile NO2 from an annual mean value.  

       The relationship in this study can be determined by using a technique of fractional 

ratio of maximum NO2 to annual mean NO2 (maxNO2/anmNO2) and 95-percentile 

NO2 to annual mean NO2 (P95-NO2/anmNO2).  

 Table 4-5 to Table 4-7 show the results from the experiments over a five year 

period, for Bangkok and regional areas, except Public Health Centre in Phuket due to 

a limited minimum NOx and NO2 data set.  

 Variation of the fractional ratios of maxNO2/anmNO2 is higher than of P95-

NO2/anmNO2. The P95-NO2/anmNO2 ratios ranged from 1 to 4 for Bangkok and 

regional areas. However, it is differs at Public Service Centre in Chiang Mai because 

annual mean NO2 was very low while NO2 level was high in the winter of 2003. More 

than 50% of available data in each month were calculated. 

 The appropriate fractional ratio of 95-percentile NO2 to annual mean NO2 is 

found by: 

 Y = 3X  

where Y is 95-percentile NO2 (ppb) and X is annual mean NO2 (ppb).  
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Table 4-5 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for roadside areas in Bangkok during 1999 to 2003. 
 

Thonburi Electric Power Substation 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR 3 4 3   3 2 2 2   2 
APR   3 2 3 3   2 1 2 2 
MAY   3 3 3 2   2 1 2 2 
JUN   3 3 2 3   1 1 1 1 
JUL 2 2 2 1 3 1 1 1 1 1 
AUG 2 2 1 3 3 1 1 1 1 1 
SEP 3 4 5 2 3 2 3 2 1 2 
OCT   4 4 4 3   2 2 2 2 
NOV   2 4 5 4   1 3 2 3 
DEC   4 4 4 5   2 3 2 2 
JAN 4 2 5 4 4 2 2 2 3 3 
FEB 4 5 6 4 3 2 3 3 2 2 

 
 
 

Dindaeng Housing Authority 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR   3 3 3 3   2 2 1 2 
APR   3 2 3 3   2 2 2 2 
MAY   3 2 3 4   2 1 2 2 
JUN   3 2 3 2   1 1 1 1 
JUL 2 2 2 1 2 1 1 1 1 1 
AUG 4 3 2 2 2 2 1 1 1 1 
SEP   3 2 3 3   2 1 1 2 
OCT   3 3 3 2   2 2 2 2 
NOV 4 3 3 3 3 2 2 2 2 2 
DEC   3 4 3 4   2 2 2 2 
JAN     4 4 3     2 2 2 
FEB   3 4 2 3   2 2 2 2 
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Table 4-5 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for roadside areas in Bangkok during 1999 to 2003. (cont.) 
 

Traffic Police Resident 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR   3 3 3 3   2 2 1 2 
APR   3 2 3 3   2 2 2 2 
MAY   3 2 3 3   2 1 2 2 
JUN 3 3 3 2 3 1 2 2 2 2 
JUL 3 2 3 2 3 2 1 1 1 1 
AUG 3 2 3 3 2 2 2 1 1 1 
SEP 5   3 3 3 2   2 2 2 
OCT 3 3 3 4 3 2 2 2 2 2 
NOV 3 3 4 4 5 2 2 2 2 2 
DEC 3 3 4 4 5 2 2 3 2 2 
JAN   3 3 5 4   2 2 3 2 
FEB   4 3 3 4   2 2 2 2 

 
 
Table 4-6 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for urban background areas in Bangkok during 1999 to 2003. 
 

Nonsi Withaya School  
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR   4 2 4 4   2 2 2 2 
APR   4 2 2 3   2 1 1 2 
MAY   3 2 4 3   1 1 2 1 
JUN   3 2 2 3   1 1 1 1 
JUL   2 2 2 3   1 1 1 1 
AUG   2   3 1   1   1 1 
SEP 4 3 3 3 3 2 2 2 1 1 
OCT 3 3 3 3 3 2 2 2 2 2 
NOV 3 5 3 4 3 2 2 2 2 2 
DEC 3 3 4 4 4 2 2 2 2 2 
JAN   5 4 5 4   3 3 2 3 
FEB   3 4 3 3   2 2 2 2 
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Table 4-6 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for urban background areas in Bangkok during 1999 to 2003. (cont.) 
 

Singharaj Withayakom School  
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR   3   4 3   2   2 2 
APR   3   6 2   2   2 1 
MAY   3   4 4   1   2 1 
JUN   3   2 2   1   1 1 
JUL   3 1 2 3   1 1 1 1 
AUG 2 2 2 4 2 1 1 1 1 1 
SEP 4 4 3 2 3 2 2 1 1 2 
OCT 3 4 3 4 4 2 2 2 3 3 
NOV 4 4 4 4 4 2 3 3 3 3 
DEC 3 5 4 4 6 3 3 3 3 4 
JAN   5 5 5 5   3 3 4 3 
FEB   6 5 4 5   4 3 2 3 

 
 
 

National Housing Authority 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR 4 4 3 5 3 2 3 2 2 2 
APR 3 3 5 3 3 2 2 3 2 1 
MAY 4 4   5 3 2 2   2 2 
JUN 3 3   2 2 1 1   1 2 
JUL 2 3 2 2 3 1 1 1 1 2 
AUG   3 5 2 2   1 2 1 1 
SEP   4 4 2 5   2 2 1 2 
OCT   4 3 4 4   2 2 2 2 
NOV   5 6 6 5   3 3 3 3 
DEC   4 5 4 6   3 3 3 3 
JAN 5 4 4 6 5 4 3 3 3 3 
FEB 6 5 4 3 5 4 4 3 2 3 
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Table 4-7 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for roadside station in regional areas during 1999 to 2003. 
 

Yupparaj Wittayalai School, Chiang Mai 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR   4   6 5   3   4 3 
APR       6 5       3 3 
MAY 7   8 4 4 2   2 2 2 
JUN 4   2 2 2 3   2 2 1 
JUL     8 3 2     3 2 1 
AUG     6 2 2     1 1 1 
SEP 2   4 2 2 2   2 1 1 
OCT 2   7 4 4 2   2 2 2 
NOV 3 3 7 4 4 2 2 3 2 3 
DEC 5 3 5 4 10 2 2 4 2 4 
JAN   3 5 6 5   2 2 4 3 
FEB   5 10 6 5   3 4 4 3 

 
 
 
Table 4-8 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for urban background stations in regional areas during 1999 to 2003  
 

City Hall, Samutprakan 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR   3 2 4 4   2 2 2 2 
APR   3 2 3 3   1 1 2 1 
MAY 3 2 2 3 3 1 1 1 2 2 
JUN   3 3 2 3   1 1 1 1 
JUL   3 1 2     2 1 1   
AUG 3 2 2 3 3 1 1 1 1 2 
SEP 4 4 3 3 4 2 2 2 1 1 
OCT 4 4 4 3 3 3 2 2 3 2 
NOV 4 5 4 6 4 2 3 3 3 3 
DEC 5 5 5 5 6 3 3 3 3 3 
JAN   7 4 5 6   3 3 3 3 
FEB   6 5 3 3   4 3 2 2 
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Table 4-8 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for urban background stations in regional areas during 1999 to 2003 (cont.) 
 

Sheriff's House, Khonkaen 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR 3 5   3 5 2 3   2 2 
APR 3 3 4 3 3 2 2 2 2 2 
MAY 2 2 2 2 3 1 1 2 1 2 
JUN 2 3 2 3 2 1 1 1 1 1 
JUL 2 2 2 2 2 1 1 1 1 1 
AUG 2 1 2 2 2 1 1 1 1 1 
SEP 2 3 3 3 2 2 2 2 2 1 
OCT 3 2 3 3 3 2 1 1 2 2 
NOV 3 3 5 3 5 2 2 3 2 2 
DEC 4 3 5 3 5 3 2 3 2 3 
JAN 5 7 5 5 4 3 4 3 3 3 
FEB 6 5   5 5 3 4   3 3 

 
 

Napharalan School, Saraburi 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR    5 5    3 3 
APR   4 4 3   3 2 3 
MAY   3 3 4   2 2 2 
JUN   3 3 4   2 2 2 
JUL   3 3 3   2 2 2 
AUG  3 4 2 3   2 2 2 
SEP  5 4 3 4   2 2 2 
OCT  4 2 3 2  2 2 2 1 
NOV 6 3 8 3 3 3 2 2 2 2 
DEC 3 2 4 4 2 2 1 2 2 1 
JAN 13 5 6 5 5 4 3 3 3 3 
FEB  6 6 4 7  3 4 3 4 
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Table 4-8 The ratios of monthly maxNO2 to annual mean NO2 and P95-NO2 to annual 
mean NO2 for urban background stations in regional areas during 1999 to 2003 (cont.) 
 

General Education Office, Chonburi 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR 5 4 4 5 3 3 3 2 2 2 
APR 3   4 3 3 2   2 2 2 
MAY 2 3 5 4 3 2 1 1 2 2 
JUN 3   4 2 3 2   2 2 2 
JUL 3   5 2 2 1   2 1 1 
AUG 5   4 4 2 1   2 2 1 
SEP     4 4 3     2 2 2 
OCT   3 6 5 3   2 2 3 2 
NOV 4 5 5 4 5 2 3 3 2 3 
DEC 7 4 5 5 5 3 3 3 3 3 
JAN 6 4 5 5 4 3 3 3 3 3 
FEB 5 6 5 4 5 3 4 3 2 3 

 
 
 

Public Service Centre, Chiang Mai 
 

maxNO2/ anmNO2 P95-NO2/ anmNO2 
Month 1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 
MAR 7 7   9 4 4 5   5 3 
APR 6 8   9 5 2 2   5 2 
MAY 3 4   3 4 1 2   2 2 
JUN 8 2 3 3 3 2 1 2 2 2 
JUL 3 3 3 3 3 1 1 2 2 1 
AUG 4 3 2 3 12 1 2 1 2 2 
SEP 2   12 3 13 1 2 1 2 2 
OCT 2 2 8 3 4 1 2 2 2 2 
NOV 4 5 5 5 7 2 2 3 3 4 
DEC 6 5 6 5 9 3 3 3 2 7 
JAN 8 9 10 6   5 4 6 4   
FEB 8 7 9 11 6 5 5 6 3 2 

 

 

2.3  Averaged hourly NOx and NO2 

 

Tables 4-9 to 4-13 show the best-fit equations for the relationship between 

averaged hourly NOx and NO2, where x represents NOx and y represents NO2. The 

analysis follows the method of Darwent and Middleton.  The results are separately 
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shown in chapter III, section 3.2.2. From the values correlation coefficients, the linear 

and non-linear relations were almost the same. The Figures illustrating samples of all 

relationships are shown in appendix C.  
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4.3  Model validation 

  

    The relationships between annual mean NOx and NO2, the 95- percentile NO2 and 

annual mean NO2, and the averaged hourly NOx and the averaged hourly NO2 were 

validated by data collected in 2004. 

 

 4.3.1  Annual mean NOx and NO2 

 

 Tables 4-14 to 4-16 reported the statistical analysis of the models using Fractional 

bias (FB), Normalized mean square error (NMSE), Correlation Coefficient (r) and A 

root mean square error (RMSE). 

 The appropriate model of annual mean NOx and NO2 for Bangkok and regional 

areas was expressed in form of logarithmic equation: 

 

 Y = 13.743LnX - 29.195 

 

where 

 Y is annual mean of NO2 in ppb 

        X is annual mean of NOx in ppb  

With the FB is 0.03, NMSE is 0.01, RMSE is 2.37, r is 0.95, and SD is 2.29.
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4.3.2 The 95-percentile NO2 and annual mean NO2 

 

In order to predict the amount of maximum NO2 from annual mean of NO2, the 

data of 95-percentile NO2 in 2004 from all stations were tested at several ratios. 

Finally, the appropriate ratio was chosen as follows: 

Y = 3X  

Where: Y is annual mean NO2 in ppb 

    X is maximum hourly NO2 in ppb  

Where: FB is 0.04, NMSE is 0.06, RMSE is 16.38, SD is 16.02 and r is 0.81 

Other results using different ratios were presented in Table 4-17. 

 

Table 4-17 Model validation for the relationship between 95 - percentileNO2 and 

annual mean NO2 

Measurement Model 
Annual mean P95- NO2 P95- NO2 Air quality monitoring stations 

NO2 
P95- NO2 Y = 4X Y = 3X 

Roadside areas in Bangkok       
Dindaeng Housing Authority 45.61 122.00 182.44 136.83 

Traffic Police Resident 32.4 86.00 129.6 97.20 
Thonburi Electric Power Substation 26.08 84.00 104.32 78.24 

Urban background area in 
Bangkok         

Nonsi Withaya  School 26.28 67.00 105.12 78.84 
National Housing Authority 19.6 70.00 78.4 58.80 
Singharaj Withaya School 21.48 82.00 85.92 64.44 

Roadside areas in regional area         
Yupparaj Wittalai School 19.87 41.1 79.47 59.61 

Urban background area in  
regional area         

Sheriff's House 22.61 66.75 90.43 67.82 
Public Health Centre 10.48 23.25 41.91 31.43 
Napharalan School 12.63 59.90 50.51 37.88 

General Education Office 15.52 55.00 62.07 46.55 
City Hall 23.86 77.00 95.42 71.57 

Public Service Centre 11.02 72.30 44.10 33.07 
Average 69.72 88.44 66.33 

Model Validation 
Fractional bias -0.2368 0.0498 

Normalized mean square error 0.1392 0.0580 
A root mean square error 29.2997 16.3786 
Correlation Coefficient 0.8138 0.8138 

Standard Deviation 22.5360 16.020 
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4.3.3  Averaged hourly NOx and NO2 
 

 The models of relationships between averaged hourly NOx and NO2 were tested 

by using data in April, August and December 2004, represented summer, rainy and 

winter seasons, respectively. The results were shown in Table 4-18 to Table 4-24 and 

their examples of predicted NO2 where as shown in Appendix D.  
 

Table 4-18 Seasonal validation of averaged hourly NOx and NO2 model for Bangkok 

roadside areas 
Traffic Police Resident 

Summer season : N = 688 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.14 0.16 12.03 11.24 0.67 0.11 0.12 10.55 10.01 0.69 0.20 0.18 12.42 10.83 0.69 
2000 0.09 0.15 11.99 11.67 0.67 0.17 0.14 11.20 10.01 0.69 0.20 0.18 12.61 11.07 0.69 
2001 0.12 0.15 11.99 11.42 0.67 0.17 0.14 11.34 10.12 0.69 0.09 0.15 11.92 11.57 0.69 
2002 -0.03 0.12 11.62 11.56 0.67 0.01 0.09 10.02 10.01 0.69 0.10 0.13 11.04 10.60 0.69 
2003 -0.07 0.12 11.95 11.70 0.67 -0.09 0.09 10.54 10.10 0.69 0.07 0.12 11.08 10.83 0.69 

1999 and 2000 0.09 0.14 11.88 11.55 0.67 0.14 0.13 10.85 10.01 0.69 0.21 0.18 12.52 10.89 0.69 
2000 and 2001 0.11 0.15 12.00 11.53 0.67 0.17 0.14 11.27 10.04 0.69 0.08 0.13 11.56 11.31 0.69 
2001 and 2002 0.05 0.13 11.57 11.48 0.67 0.09 0.11 10.44 10.03 0.69 0.08 0.13 11.56 11.31 0.69 
2002 and 2003 -0.05 0.12 11.78 11.64 0.67 -0.05 0.09 10.17 10.05 0.69 0.10 0.13 11.20 10.80 0.69 
1999 to 2001 0.10 0.15 11.93 11.49 0.67 0.15 0.13 11.02 10.03 0.69 0.16 0.16 12.15 11.20 0.69 
1999 to 2002 0.07 0.14 11.71 11.51 0.67 0.12 0.12 10.63 10.02 0.69 0.14 0.15 11.90 11.13 0.69 
1999 to 2003 0.04 0.13 11.61 11.54 0.67 0.06 0.10 10.21 10.01 0.69 0.12 0.14 11.67 11.09 0.69 

Rainy season : N = 712 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.25 0.18 11.94 9.47 0.29 -0.38 0.27 15.71 10.36 0.38 -0.23 0.18 11.73 9.86 0.38 
2000 -0.27 0.18 12.09 9.13 0.29 -0.33 0.24 14.37 10.30 0.38 -0.21 0.16 11.12 9.49 0.38 
2001 -0.26 0.18 11.96 9.30 0.29 -0.36 0.27 15.64 11.08 0.38 -0.28 0.18 12.21 9.21 0.38 
2002 -0.39 0.25 15.10 9.19 0.29 -0.45 0.31 17.54 10.07 0.38 -0.33 0.23 14.27 10.23 0.38 
2003 -0.41 0.27 15.88 9.11 0.29 -0.51 0.36 19.42 9.60 0.38 -0.33 0.22 13.81 9.56 0.38 

1999 and 2000 -0.28 0.18 12.27 9.21 0.29 -0.36 0.25 14.99 10.31 0.38 -0.22 0.17 11.46 9.72 0.38 
2000 and 2001 -0.26 0.18 11.96 9.22 0.29 -0.35 0.25 15.02 10.71 0.38 -0.31 0.20 12.99 9.36 0.38 
2001 and 2002 -0.32 0.21 13.33 9.25 0.29 -0.40 0.29 16.51 10.62 0.38 -0.31 0.20 12.99 9.36 0.38 
2002 and 2003 -0.40 0.26 15.55 9.15 0.29 -0.48 0.34 18.59 9.80 0.38 -0.32 0.21 13.44 9.61 0.38 
1999 to 2001 -0.27 0.18 12.11 9.25 0.29 -0.36 0.26 15.25 10.61 0.38 -0.24 0.17 11.70 9.46 0.38 
1999 to 2002 -0.30 0.19 12.79 9.23 0.29 -0.38 0.27 15.76 10.48 0.38 -0.26 0.18 12.10 9.49 0.38 
1999 to 2003 -0.32 0.21 13.37 9.21 0.29 -0.41 0.29 16.54 10.26 0.38 -0.28 0.19 12.55 9.51 0.38 

Winter season : N = 679 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.32 0.22 18.47 13.44 0.78 0.26 0.14 15.29 11.08 0.86 0.34 0.23 18.57 12.65 0.86 
2000 0.31 0.23 19.04 14.52 0.78 0.31 0.18 16.58 11.11 0.86 0.37 0.26 19.52 13.18 0.86 
2001 0.31 0.22 18.71 13.88 0.78 0.28 0.16 15.88 11.00 0.86 0.30 0.22 18.68 14.22 0.86 
2002 0.19 0.15 16.42 14.23 0.78 0.19 0.11 13.76 11.25 0.86 0.24 0.15 15.77 12.26 0.86 
2003 0.17 0.15 16.31 14.60 0.78 0.12 0.09 12.87 11.74 0.86 0.26 0.17 16.63 12.81 0.86 

1999 and 2000 0.30 0.22 18.61 14.18 0.78 0.28 0.16 15.95 11.11 0.86 0.36 0.24 18.96 12.77 0.86 
2000 and 2001 0.31 0.23 18.89 14.14 0.78 0.30 0.17 16.19 10.99 0.86 0.27 0.19 17.58 13.64 0.86 
2001 and 2002 0.26 0.19 17.53 14.02 0.78 0.24 0.13 14.72 11.01 0.86 0.27 0.19 17.58 13.64 0.86 
2002 and 2003 0.18 0.15 16.33 14.43 0.78 0.15 0.09 13.16 11.50 0.86 0.27 0.18 16.91 12.72 0.86 
1999 to 2001 0.31 0.22 18.66 14.03 0.78 0.28 0.16 15.88 11.01 0.86 0.33 0.23 18.78 13.39 0.86 
1999 to 2002 0.28 0.20 18.04 14.08 0.78 0.26 0.14 15.31 11.04 0.86 0.31 0.21 18.28 13.27 0.86 
1999 to 2003 0.26 0.19 17.62 14.17 0.78 0.22 0.12 14.54 11.13 0.86 0.30 0.20 17.78 13.19 0.86 
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Table 4-18 Seasonal validation of averaged hourly NOx and NO2 model for Bangkok 

roadside areas (cont.) 

 

Dindaeng Housing Authority 
Summer season : N = 680 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.10 0.15 11.93 11.52 0.68 0.15 0.15 11.70 10.76 0.83 0.16 0.17 12.30 11.27 0.83 
2000 0.06 0.15 12.09 11.96 0.68 0.21 0.18 12.40 10.71 0.83 0.17 0.17 12.39 11.32 0.83 
2001 0.08 0.15 11.94 11.67 0.68 0.23 0.21 13.20 11.43 0.83 0.06 0.14 11.96 11.83 0.83 
2002 -0.06 0.13 12.02 11.83 0.68 0.05 0.11 10.67 10.57 0.83 0.06 0.13 11.44 11.28 0.83 
2003 -0.10 0.13 12.48 12.00 0.68 -0.06 0.10 10.60 10.40 0.83 0.05 0.13 11.18 11.06 0.83 

1999 and 2000 0.06 0.14 11.93 11.80 0.68 0.18 0.17 12.01 10.72 0.83 0.17 0.17 12.34 11.23 0.83 
2000 and 2001 0.07 0.15 12.00 11.78 0.68 0.22 0.20 12.82 11.05 0.83 0.04 0.13 11.63 11.56 0.83 
2001 and 2002 0.01 0.13 11.74 11.73 0.68 0.14 0.15 11.76 10.97 0.83 0.04 0.13 11.63 11.56 0.83 
2002 and 2003 -0.08 0.13 12.26 11.92 0.68 -0.02 0.10 10.45 10.44 0.83 0.07 0.13 11.27 11.04 0.83 
1999 to 2001 0.07 0.15 11.93 11.74 0.68 0.20 0.18 12.45 10.97 0.83 0.12 0.15 12.01 11.46 0.83 
1999 to 2002 0.03 0.14 11.81 11.76 0.68 0.16 0.16 11.89 10.85 0.83 0.10 0.15 11.82 11.39 0.83 
1999 to 2003 0.01 0.13 11.80 11.80 0.68 0.11 0.13 11.16 10.68 0.83 0.08 0.14 11.64 11.36 0.83 

Rainy season : N = 705 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.12 0.12 10.54 9.84 0.47 -0.22 0.15 12.77 10.52 0.48 -0.09 0.12 10.75 10.38 0.48 
2000 -0.14 0.10 9.84 8.87 0.47 -0.17 0.14 11.77 10.42 0.48 -0.07 0.10 9.67 9.44 0.48 
2001 -0.13 0.11 10.16 9.36 0.47 -0.20 0.17 13.25 11.59 0.48 -0.14 0.11 10.16 9.15 0.48 
2002 -0.25 0.14 12.33 9.06 0.47 -0.29 0.17 14.07 10.09 0.48 -0.20 0.16 12.75 11.02 0.48 
2003 -0.28 0.15 12.84 8.83 0.47 -0.35 0.20 15.51 9.37 0.48 -0.18 0.12 10.88 9.11 0.48 

1999 and 2000 -0.14 0.10 10.15 9.10 0.47 -0.20 0.14 12.20 10.44 0.48 -0.08 0.11 10.21 9.92 0.48 
2000 and 2001 -0.13 0.10 9.97 9.13 0.47 -0.18 0.15 12.54 11.04 0.48 -0.17 0.12 10.87 9.43 0.48 
2001 and 2002 -0.19 0.12 11.01 9.23 0.47 -0.24 0.17 13.55 10.91 0.48 -0.17 0.12 10.87 9.43 0.48 
2002 and 2003 -0.26 0.14 12.62 8.93 0.47 -0.32 0.19 14.85 9.67 0.48 -0.17 0.11 10.67 9.21 0.48 
1999 to 2001 -0.13 0.11 10.14 9.22 0.47 -0.20 0.15 12.62 10.90 0.48 -0.11 0.11 10.17 9.62 0.48 
1999 to 2002 -0.16 0.11 10.57 9.18 0.47 -0.22 0.16 12.89 10.70 0.48 -0.12 0.11 10.34 9.58 0.48 
1999 to 2003 -0.19 0.12 10.95 9.11 0.47 -0.25 0.16 13.35 10.36 0.48 -0.14 0.11 10.62 9.59 0.48 

Winter season : N = 702 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.22 0.13 27.40 21.75 0.58 0.25 0.14 27.18 19.52 0.59 0.21 0.12 26.25 20.77 0.59 
2000 0.34 0.20 31.29 19.97 0.58 0.29 0.16 28.74 19.55 0.59 0.32 0.18 30.30 19.59 0.59 
2001 0.27 0.16 28.85 20.81 0.58 0.21 0.11 25.00 19.37 0.59 0.29 0.17 29.53 20.64 0.59 
2002 0.24 0.13 27.19 20.28 0.58 0.24 0.13 26.70 19.64 0.59 0.12 0.09 23.13 20.93 0.59 
2003 0.26 0.14 27.89 19.90 0.58 0.25 0.14 27.37 19.90 0.59 0.37 0.23 33.68 21.34 0.59 

1999 and 2000 0.30 0.17 29.69 20.34 0.58 0.27 0.15 28.08 19.54 0.59 0.27 0.15 28.07 19.86 0.59 
2000 and 2001 0.30 0.17 29.87 20.40 0.58 0.24 0.13 26.66 19.43 0.59 0.25 0.14 27.53 20.48 0.59 
2001 and 2002 0.26 0.14 27.99 20.58 0.58 0.22 0.12 25.59 19.45 0.59 0.25 0.14 27.53 20.48 0.59 
2002 and 2003 0.25 0.14 27.52 20.06 0.58 0.25 0.13 27.05 19.78 0.59 0.36 0.23 33.40 21.15 0.59 
1999 to 2001 0.28 0.16 29.29 20.55 0.58 0.25 0.13 26.75 19.45 0.59 0.26 0.15 28.23 20.56 0.59 
1999 to 2002 0.27 0.15 28.75 20.49 0.58 0.24 0.13 26.71 19.49 0.59 0.26 0.15 27.99 20.12 0.59 
1999 to 2003 0.27 0.15 28.52 20.36 0.58 0.25 0.13 26.83 19.56 0.59 0.26 0.14 27.56 19.96 0.59 
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Table 4-18  Seasonal validation of averaged hourly NOx and NO2 model for Bangkok 

roadside areas (cont.) 

Thonburi Electric Power Substation  
Summer season : N = 676 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.20 0.20 9.44 8.40 0.83 0.58 0.74 12.17 8.61 0.89 -0.05 0.16 7.87 7.79 0.89 
2000 -0.31 0.26 11.33 8.91 0.83 0.71 0.99 13.13 8.47 0.89 -0.10 0.17 8.32 8.10 0.89 
2001 -0.25 0.22 10.21 8.62 0.83 1.03 2.32 16.46 10.12 0.89 -0.30 0.25 11.03 8.80 0.89 
2002 -0.43 0.33 13.75 8.78 0.83 0.26 0.30 9.14 8.00 0.89 -0.15 0.15 8.10 7.45 0.89 
2003 -0.48 0.38 15.15 8.95 0.83 -0.05 0.13 7.15 7.06 0.89 -0.21 0.18 8.91 7.65 0.89 

1999 and 2000 -0.30 0.25 10.98 8.76 0.83 0.64 0.83 12.53 8.49 0.89 -0.06 0.16 7.93 7.85 0.89 
2000 and 2001 -0.27 0.24 10.63 8.74 0.83 0.88 1.57 14.95 9.33 0.89 -0.29 0.23 10.59 8.46 0.89 
2001 and 2002 -0.34 0.27 11.68 8.69 0.83 0.63 0.88 12.92 9.15 0.89 -0.29 0.23 10.59 8.46 0.89 
2002 and 2003 -0.46 0.36 14.53 8.87 0.83 0.07 0.17 7.55 7.44 0.89 -0.18 0.17 8.50 7.60 0.89 
1999 to 2001 -0.27 0.23 10.59 8.69 0.83 0.79 1.25 14.12 9.13 0.89 -0.18 0.19 9.09 8.31 0.89 
1999 to 2002 -0.32 0.25 11.29 8.72 0.83 0.64 0.88 12.83 8.86 0.89 -0.19 0.19 9.11 8.20 0.89 
1999 to 2003 -0.35 0.28 11.98 8.76 0.83 0.44 0.50 10.83 8.38 0.89 -0.21 0.19 9.26 8.14 0.89 

Rainy season : N = 713 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.51 0.34 11.48 4.54 0.63 -0.27 0.44 11.55 10.55 0.58 -0.41 0.25 9.39 4.99 0.58 
2000 -0.59 0.42 13.43 4.38 0.63 -0.19 0.42 10.85 10.39 0.58 -0.43 0.26 9.64 4.67 0.58 
2001 -0.55 0.37 12.29 4.44 0.63 -0.10 0.59 12.33 12.22 0.58 -0.58 0.41 13.20 4.40 0.58 
2002 -0.70 0.60 16.98 4.39 0.63 -0.43 0.46 12.85 9.81 0.58 -0.51 0.36 11.80 5.41 0.58 
2003 -0.74 0.67 18.41 4.38 0.63 -0.59 0.55 15.30 8.50 0.58 -0.55 0.39 12.58 4.98 0.58 

1999 and 2000 -0.58 0.41 13.22 4.40 0.63 -0.23 0.42 11.14 10.41 0.58 -0.41 0.25 9.34 4.89 0.58 
2000 and 2001 -0.56 0.39 12.70 4.40 0.63 -0.14 0.51 11.60 11.38 0.58 -0.58 0.42 13.31 4.49 0.58 
2001 and 2002 -0.62 0.47 14.42 4.42 0.63 -0.27 0.48 12.10 11.17 0.58 -0.58 0.42 13.31 4.49 0.58 
2002 and 2003 -0.72 0.64 17.78 4.38 0.63 -0.52 0.50 14.11 9.06 0.58 -0.53 0.36 11.95 5.03 0.58 
1999 to 2001 -0.56 0.39 12.76 4.41 0.63 -0.18 0.48 11.55 11.15 0.58 -0.49 0.31 10.99 4.57 0.58 
1999 to 2002 -0.60 0.44 13.79 4.41 0.63 -0.24 0.46 11.64 10.84 0.58 -0.51 0.33 11.36 4.62 0.58 
1999 to 2003 -0.63 0.49 14.70 4.40 0.63 -0.34 0.44 12.03 10.29 0.58 -0.53 0.35 11.85 4.66 0.58 

Winter season : N = 697 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.41 0.31 22.20 14.56 0.66 0.37 0.23 19.60 12.09 0.83 0.45 0.34 22.81 14.09 0.83 
2000 0.39 0.30 22.10 15.12 0.66 0.42 0.28 20.99 12.09 0.83 0.47 0.36 23.36 14.23 0.83 
2001 0.40 0.31 22.15 14.76 0.66 0.41 0.27 20.68 12.30 0.83 0.39 0.30 21.90 14.97 0.83 
2002 0.28 0.20 19.21 14.95 0.66 0.30 0.17 17.54 12.11 0.83 0.34 0.24 20.09 13.97 0.83 
2003 0.25 0.19 18.76 15.17 0.66 0.22 0.13 15.76 12.33 0.83 0.36 0.24 20.23 13.76 0.83 

1999 and 2000 0.39 0.29 21.83 14.93 0.66 0.40 0.26 20.30 12.09 0.83 0.46 0.35 23.07 14.06 0.83 
2000 and 2001 0.40 0.31 22.18 14.90 0.66 0.42 0.27 20.82 12.15 0.83 0.36 0.26 21.01 14.60 0.83 
2001 and 2002 0.35 0.25 20.71 14.84 0.66 0.35 0.22 19.10 12.13 0.83 0.36 0.26 21.01 14.60 0.83 
2002 and 2003 0.26 0.19 18.93 15.06 0.66 0.25 0.15 16.46 12.21 0.83 0.37 0.26 20.62 13.73 0.83 
1999 to 2001 0.40 0.30 21.99 14.84 0.66 0.40 0.26 20.43 12.13 0.83 0.43 0.32 22.51 14.46 0.83 
1999 to 2002 0.37 0.27 21.26 14.87 0.66 0.38 0.24 19.70 12.10 0.83 0.41 0.30 22.02 14.35 0.83 
1999 to 2003 0.34 0.25 20.70 14.92 0.66 0.34 0.20 18.64 12.09 0.83 0.39 0.29 21.50 14.29 0.83 
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Table 4-19 Seasonal validation of averaged hourly NOx and NO2 model for Bangkok 

urban background areas 
 

National Housing Authority 
Summer season : N = 677 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.49 0.52 12.75 9.07 0.89 -0.15 0.22 6.95 6.59 0.91 -0.32 0.34 9.55 7.95 0.91 
2000 -0.34 0.40 10.40 8.71 0.89 0.16 0.33 7.35 7.06 0.91 -0.22 0.33 8.90 8.20 0.91 
2001 -0.70 0.81 17.92 9.81 0.89 -0.21 0.23 7.32 6.58 0.91 -0.33 0.28 8.64 6.69 0.91 
2002 -0.35 0.39 10.35 8.51 0.89 0.22 0.42 8.04 7.54 0.91 -0.33 0.38 10.09 8.43 0.91 
2003 -0.40 0.40 10.81 8.21 0.89 0.21 0.48 8.60 8.18 0.91 -0.21 0.27 7.93 7.25 0.91 

1999 and 2000 -0.40 0.44 11.27 8.84 0.89 0.02 0.24 6.78 6.78 0.91 -0.31 0.36 9.72 8.33 0.91 
2000 and 2001 -0.58 0.62 14.64 9.38 0.89 -0.05 0.22 6.73 6.69 0.91 -0.21 0.29 8.26 7.62 0.91 
2001 and 2002 -0.58 0.62 14.64 9.38 0.89 -0.04 0.23 6.81 6.78 0.91 -0.28 0.33 9.12 7.89 0.91 
2002 and 2003 -0.39 0.40 10.72 8.39 0.89 0.21 0.44 8.24 7.81 0.91 -0.28 0.33 9.12 7.89 0.91 
1999 to 2001 -0.56 0.60 14.26 9.33 0.89 -0.07 0.22 6.74 6.65 0.91 -0.25 0.31 8.71 7.78 0.91 
1999 to 2002 -0.52 0.54 13.29 9.13 0.89 -0.01 0.24 6.79 6.79 0.91 -0.26 0.31 8.83 7.84 0.91 
1999 to 2003 -0.51 0.53 13.09 8.99 0.89 0.02 0.26 6.95 6.95 0.91 -0.23 0.29 8.42 7.59 0.91 

Rainy season : N = 709 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.57 0.42 12.15 4.76 0.47 -0.49 0.43 11.84 7.44 0.62 -0.48 0.35 10.52 5.73 0.62 
2000 -0.46 0.31 9.90 5.27 0.47 -0.39 0.47 11.73 9.54 0.62 -0.39 0.27 8.87 5.77 0.62 
2001 -0.74 0.66 16.83 4.13 0.47 -0.53 0.46 12.44 7.30 0.62 -0.57 0.71 15.88 11.18 0.62 
2002 -0.48 0.34 10.48 5.61 0.47 -0.40 0.54 12.64 10.57 0.62 -0.47 0.33 10.31 5.69 0.62 
2003 -0.54 0.42 12.06 6.14 0.47 -0.44 0.65 14.15 11.67 0.62 -0.43 0.38 10.76 7.43 0.62 

1999 and 2000 -0.51 0.35 10.81 5.08 0.47 -0.44 0.45 11.71 8.68 0.62 -0.45 0.31 9.83 5.54 0.62 
2000 and 2001 -0.64 0.50 13.81 4.42 0.47 -0.47 0.45 11.89 8.31 0.62 -0.41 0.31 9.58 6.39 0.62 
2001 and 2002 -0.64 0.50 13.81 4.42 0.47 -0.47 0.47 12.30 8.70 0.62 -0.46 0.35 10.45 6.39 0.62 
2002 and 2003 -0.52 0.39 11.39 5.82 0.47 -0.42 0.59 13.38 11.06 0.62 -0.46 0.35 10.45 6.39 0.62 
1999 to 2001 -0.62 0.48 13.45 4.47 0.47 -0.47 0.44 11.87 8.11 0.62 -0.43 0.31 9.77 6.06 0.62 
1999 to 2002 -0.59 0.45 12.72 4.69 0.47 -0.45 0.46 12.01 8.71 0.62 -0.43 0.32 9.89 6.12 0.62 
1999 to 2003 -0.59 0.45 12.81 4.86 0.47 -0.46 0.49 12.41 9.23 0.62 -0.43 0.34 10.18 6.65 0.62 

Winter season : N = 714 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.05 0.20 14.60 14.51 0.81 0.16 0.13 11.15 10.00 0.93 0.11 0.16 12.84 12.39 0.93 
2000 0.10 0.20 14.07 13.71 0.81 0.20 0.14 11.17 9.45 0.93 0.14 0.19 13.39 12.66 0.93 
2001 -0.03 0.25 16.92 16.88 0.81 0.13 0.12 10.92 10.10 0.93 -0.30 0.49 27.10 24.50 0.93 
2002 0.06 0.18 13.55 13.41 0.81 0.17 0.13 11.16 9.87 0.93 0.07 0.17 13.41 13.24 0.93 
2003 -0.02 0.15 13.19 13.17 0.81 0.11 0.13 11.28 10.73 0.93 0.03 0.12 11.45 11.41 0.93 

1999 and 2000 0.08 0.19 14.16 13.95 0.81 0.18 0.13 10.91 9.44 0.93 0.11 0.18 13.35 12.91 0.93 
2000 and 2001 0.02 0.22 15.41 15.39 0.81 0.16 0.12 10.79 9.54 0.93 0.12 0.15 12.18 11.56 0.93 
2001 and 2002 0.02 0.22 15.41 15.39 0.81 0.15 0.12 10.51 9.44 0.93 0.05 0.15 12.39 12.28 0.93 
2002 and 2003 0.02 0.16 13.29 13.28 0.81 0.14 0.13 11.09 10.21 0.93 0.05 0.15 12.39 12.28 0.93 
1999 to 2001 0.03 0.22 15.27 15.24 0.81 0.16 0.12 10.84 9.61 0.93 0.12 0.16 12.55 11.93 0.93 
1999 to 2002 0.03 0.20 14.70 14.66 0.81 0.16 0.12 10.70 9.43 0.93 0.10 0.15 12.40 11.94 0.93 
1999 to 2003 0.02 0.19 14.32 14.30 0.81 0.15 0.12 10.51 9.41 0.93 0.08 0.14 11.80 11.55 0.93 
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Table 4-19 Seasonal validation of averaged hourly NOx and NO2 model for Bangkok 

urban background areas (cont.) 

 

Nonsi Withaya School 
Summer season : N = 680 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.14 0.13 8.97 8.24 0.62 -0.18 0.12 8.80 7.52 0.70 -0.09 0.11 8.06 7.77 0.70 
2000 -0.04 0.12 8.11 8.05 0.62 -0.13 0.12 8.56 7.90 0.70 0.01 0.12 7.87 7.86 0.70 
2001 -0.30 0.20 11.97 8.75 0.62 -0.21 0.13 9.23 7.51 0.70 -0.20 0.15 9.95 8.48 0.70 
2002 -0.07 0.12 8.13 7.97 0.62 -0.16 0.13 9.11 8.21 0.70 -0.06 0.12 8.07 7.94 0.70 
2003 -0.14 0.12 8.56 7.88 0.62 -0.22 0.16 10.26 8.63 0.70 -0.07 0.11 7.93 7.77 0.70 

1999 and 2000 -0.09 0.12 8.37 8.11 0.62 -0.16 0.12 8.62 7.70 0.70 -0.05 0.12 7.97 7.90 0.70 
2000 and 2001 -0.20 0.15 9.92 8.43 0.62 -0.17 0.12 8.78 7.63 0.70 -0.03 0.11 7.76 7.72 0.70 
2001 and 2002 -0.20 0.15 9.92 8.43 0.62 -0.19 0.13 9.04 7.70 0.70 -0.06 0.11 7.95 7.80 0.70 
2002 and 2003 -0.11 0.12 8.35 7.93 0.62 -0.19 0.15 9.66 8.39 0.70 -0.06 0.11 7.95 7.80 0.70 
1999 to 2001 -0.19 0.15 9.71 8.40 0.62 -0.17 0.12 8.78 7.60 0.70 -0.05 0.11 7.82 7.74 0.70 
1999 to 2002 -0.17 0.14 9.25 8.27 0.62 -0.17 0.12 8.83 7.70 0.70 -0.05 0.11 7.85 7.76 0.70 
1999 to 2003 -0.17 0.14 9.24 8.19 0.62 -0.18 0.13 9.08 7.82 0.70 -0.05 0.11 7.84 7.74 0.70 

Rainy season : N = 710 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.56 0.40 11.90 4.39 0.46 -0.51 0.41 11.72 6.60 0.63 -0.47 0.32 10.25 5.27 0.63 
2000 -0.45 0.29 9.54 4.81 0.46 -0.42 0.42 11.32 8.51 0.63 -0.38 0.24 8.47 5.26 0.63 
2001 -0.73 0.65 16.65 3.91 0.46 -0.54 0.44 12.37 6.48 0.63 -0.56 0.60 14.60 9.59 0.63 
2002 -0.47 0.31 10.09 5.09 0.46 -0.43 0.48 12.15 9.44 0.63 -0.46 0.31 9.92 5.16 0.63 
2003 -0.53 0.39 11.64 5.53 0.46 -0.47 0.57 13.65 10.44 0.63 -0.43 0.34 10.25 6.73 0.63 

1999 and 2000 -0.50 0.33 10.50 4.66 0.46 -0.46 0.41 11.44 7.72 0.63 -0.44 0.29 9.49 5.06 0.63 
2000 and 2001 -0.63 0.48 13.60 4.13 0.46 -0.48 0.42 11.69 7.39 0.63 -0.40 0.28 9.21 5.84 0.63 
2001 and 2002 -0.63 0.48 13.60 4.13 0.46 -0.49 0.44 12.07 7.75 0.63 -0.45 0.32 10.02 5.78 0.63 
2002 and 2003 -0.51 0.36 10.99 5.26 0.46 -0.45 0.52 12.89 9.89 0.63 -0.45 0.32 10.02 5.78 0.63 
1999 to 2001 -0.61 0.46 13.23 4.16 0.46 -0.49 0.41 11.69 7.21 0.63 -0.43 0.29 9.45 5.56 0.63 
1999 to 2002 -0.58 0.43 12.47 4.34 0.46 -0.48 0.42 11.76 7.75 0.63 -0.43 0.29 9.54 5.59 0.63 
1999 to 2003 -0.59 0.43 12.55 4.48 0.46 -0.48 0.45 12.12 8.22 0.63 -0.43 0.31 9.76 6.05 0.63 

Winter season : N = 384 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.36 0.21 16.14 9.93 0.74 0.28 0.13 13.21 8.32 0.89 0.37 0.21 15.83 8.78 0.89 
2000 0.42 0.27 17.55 9.53 0.74 0.28 0.12 12.86 7.55 0.89 0.45 0.29 17.93 9.04 0.89 
2001 0.24 0.15 14.34 11.03 0.74 0.26 0.12 12.71 8.39 0.89 0.16 0.13 13.88 12.44 0.89 
2002 0.39 0.23 16.68 9.35 0.74 0.25 0.10 11.79 7.32 0.89 0.40 0.24 16.73 9.28 0.89 
2003 0.32 0.17 14.81 9.18 0.74 0.18 0.07 10.09 7.19 0.89 0.34 0.18 15.01 8.48 0.89 

1999 and 2000 0.39 0.24 16.88 9.65 0.74 0.28 0.12 12.91 7.82 0.89 0.41 0.25 17.06 9.15 0.89 
2000 and 2001 0.32 0.19 15.45 10.34 0.74 0.27 0.12 12.79 7.95 0.89 0.40 0.23 16.45 8.50 0.89 
2001 and 2002 0.32 0.19 15.45 10.34 0.74 0.25 0.11 12.24 7.81 0.89 0.37 0.21 15.90 8.85 0.89 
2002 and 2003 0.35 0.20 15.65 9.27 0.74 0.21 0.08 10.92 7.24 0.89 0.37 0.21 15.90 8.85 0.89 
1999 to 2001 0.32 0.19 15.62 10.27 0.74 0.27 0.12 12.88 8.03 0.89 0.40 0.23 16.39 8.62 0.89 
1999 to 2002 0.34 0.20 15.77 10.00 0.74 0.26 0.12 12.56 7.80 0.89 0.39 0.22 16.34 8.69 0.89 
1999 to 2003 0.33 0.19 15.42 9.83 0.74 0.25 0.10 12.01 7.64 0.89 0.38 0.21 15.81 8.54 0.89 

. 
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Table 4-19 Seasonal validation of averaged hourly NOx and NO2 model for Bangkok 

urban background areas (cont.) 

 

Singharaj Withayakom  School 
Summer season : N = 683 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.86 1.07 14.03 5.30 0.93 -0.17 0.13 3.31 2.90 0.91 -0.66 0.62 9.53 4.39 0.91 
2000 -0.71 0.75 10.74 5.05 0.93 0.65 0.89 5.76 3.95 0.91 -0.57 0.52 8.28 4.64 0.91 
2001 -1.07 1.73 20.35 5.81 0.93 -0.27 0.16 3.92 2.86 0.91 -0.63 0.55 8.76 3.75 0.91 
2002 -0.72 0.75 10.74 4.90 0.93 0.99 2.18 7.31 4.62 0.91 -0.70 0.71 10.35 4.84 0.91 
2003 -0.76 0.81 11.49 4.70 0.93 1.17 3.62 8.30 5.38 0.91 -0.51 0.41 7.08 3.91 0.91 

1999 and 2000 -0.78 0.87 12.04 5.13 0.93 0.23 0.26 3.88 3.45 0.91 -0.66 0.65 9.73 4.73 0.91 
2000 and 2001 -0.95 1.32 16.43 5.51 0.93 0.07 0.16 3.30 3.26 0.91 -0.53 0.44 7.38 4.16 0.91 
2001 and 2002 -0.95 1.32 16.43 5.51 0.93 0.12 0.20 3.61 3.46 0.91 -0.62 0.57 8.93 4.42 0.91 
2002 and 2003 -0.75 0.80 11.33 4.82 0.93 1.04 2.57 7.67 4.96 0.91 -0.62 0.57 8.93 4.42 0.91 
1999 to 2001 -0.93 1.27 15.95 5.48 0.93 0.01 0.14 3.17 3.17 0.91 -0.58 0.50 8.17 4.27 0.91 
1999 to 2002 -0.89 1.14 14.74 5.34 0.93 0.18 0.23 3.76 3.47 0.91 -0.59 0.52 8.38 4.33 0.91 
1999 to 2003 -0.88 1.11 14.48 5.24 0.93 0.30 0.35 4.37 3.76 0.91 -0.56 0.47 7.78 4.16 0.91 

Rainy season : N = 637 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.68 0.59 12.68 4.06 0.65 -0.44 0.40 9.12 6.43 0.85 -0.55 0.39 9.61 3.95 0.85 
2000 -0.56 0.41 9.78 4.08 0.65 -0.21 0.52 9.27 8.86 0.85 -0.46 0.30 7.96 4.07 0.85 
2001 -0.87 0.99 18.29 4.33 0.65 -0.49 0.43 9.72 6.28 0.85 -0.59 0.58 11.91 6.96 0.85 
2002 -0.57 0.42 10.07 4.13 0.65 -0.17 0.67 10.28 10.05 0.85 -0.56 0.41 9.79 4.13 0.85 
2003 -0.62 0.50 11.28 4.28 0.65 -0.20 0.83 11.60 11.31 0.85 -0.47 0.34 8.47 4.75 0.85 

1999 and 2000 -0.61 0.48 10.94 4.06 0.65 -0.31 0.44 8.97 7.86 0.85 -0.53 0.37 9.26 4.00 0.85 
2000 and 2001 -0.76 0.74 14.77 4.12 0.65 -0.37 0.43 9.07 7.44 0.85 -0.45 0.30 7.98 4.21 0.85 
2001 and 2002 -0.76 0.74 14.77 4.12 0.65 -0.36 0.46 9.41 7.90 0.85 -0.52 0.37 9.16 4.29 0.85 
2002 and 2003 -0.61 0.47 10.85 4.18 0.65 -0.19 0.74 10.90 10.62 0.85 -0.52 0.37 9.16 4.29 0.85 
1999 to 2001 -0.75 0.71 14.34 4.11 0.65 -0.38 0.42 9.06 7.21 0.85 -0.49 0.33 8.50 4.07 0.85 
1999 to 2002 -0.71 0.64 13.34 4.06 0.65 -0.34 0.45 9.19 7.91 0.85 -0.49 0.34 8.63 4.12 0.85 
1999 to 2003 -0.71 0.63 13.24 4.05 0.65 -0.32 0.50 9.57 8.50 0.85 -0.48 0.33 8.48 4.35 0.85 

Winter season : N = 711 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.32 0.26 19.44 14.99 0.73 0.29 0.20 17.52 13.43 0.89 -0.89 1.10 20.78 6.94 0.85 
2000 0.36 0.28 19.96 14.47 0.73 0.27 0.17 16.37 12.23 0.89 -0.85 1.10 20.37 9.10 0.85 
2001 0.25 0.24 19.47 16.66 0.73 0.27 0.19 17.17 13.52 0.89 -1.17 3.54 45.13 29.21 0.85 
2002 0.32 0.24 18.96 14.30 0.73 0.23 0.14 15.16 11.83 0.89 -0.90 1.27 22.59 10.14 0.85 
2003 0.24 0.19 17.22 14.20 0.73 0.17 0.11 13.53 11.55 0.89 -0.95 1.50 25.27 12.03 0.85 

1999 and 2000 0.34 0.27 19.62 14.62 0.73 0.28 0.18 16.74 12.66 0.89 -0.87 1.12 20.86 8.43 0.85 
2000 and 2001 0.30 0.25 19.47 15.59 0.73 0.27 0.18 16.79 12.87 0.89 -0.88 1.15 21.15 8.65 0.85 
2001 and 2002 0.30 0.25 19.47 15.59 0.73 0.25 0.17 16.18 12.64 0.89 -0.92 1.36 23.69 10.81 0.85 
2002 and 2003 0.28 0.21 18.02 14.24 0.73 0.20 0.12 14.32 11.68 0.89 -0.92 1.36 23.69 10.81 0.85 
1999 to 2001 0.30 0.25 19.50 15.48 0.73 0.27 0.19 16.95 12.99 0.89 -0.87 1.10 20.67 7.79 0.85 
1999 to 2002 0.31 0.25 19.24 15.08 0.73 0.26 0.17 16.44 12.64 0.89 -0.89 1.17 21.42 8.62 0.85 
1999 to 2003 0.29 0.23 18.71 14.85 0.73 0.24 0.16 15.79 12.37 0.89 -0.91 1.30 22.94 10.03 0.85 
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Table 4-20 Seasonal validation of averaged hourly NOx and NO2 model for regional 

roadside areas 

  

Yupparaj Wittayalai School, Chiang Mai 
Summer season : N = 648 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.12 0.22 12.17 11.79 0.91 0.97 1.74 18.89 10.25 0.98 1.15 2.59 20.38 10.10 0.98 
2000 0.18 0.21 10.24 9.43 0.94 0.83 1.25 17.51 10.22 0.98 0.89 1.56 18.79 11.32 0.98 
2001 0.16 0.21 10.34 9.68 0.94 0.38 0.36 12.03 9.12 0.98 0.50 0.49 13.14 8.89 0.98 
2002 -0.04 0.16 9.96 9.92 0.94 0.11 0.06 5.75 5.18 0.98 0.35 0.17 8.32 4.09 0.98 
2003 0.08 0.16 9.36 9.19 0.94 0.08 0.06 5.73 5.43 0.98 0.24 0.11 7.02 4.72 0.98 

1999 and 2000 -0.07 0.19 10.84 10.70 0.93 0.90 1.47 18.20 10.27 0.98 1.02 2.00 19.54 10.59 0.98 
2000 and 2001 0.06 0.18 9.89 9.80 0.94 0.59 0.66 14.50 9.30 0.98 0.70 0.91 16.07 9.92 0.98 
2001 and 2002 0.17 0.21 10.30 9.56 0.94 0.22 0.16 8.78 7.40 0.98 0.42 0.29 10.60 6.32 0.98 
2002 and 2003 0.13 0.18 9.74 9.30 0.94 0.09 0.06 5.72 5.28 0.98 0.24 0.10 6.67 4.14 0.98 
1999 to 2001 -0.10 0.18 10.78 10.45 0.93 0.71 0.90 15.94 9.58 0.98 0.83 1.25 17.47 10.11 0.98 
1999 to 2002 0.03 0.18 10.27 10.25 0.94 0.52 0.49 13.09 8.49 0.98 0.70 0.79 15.01 8.26 0.98 
1999 to 2003 0.03 0.18 10.08 10.05 0.94 0.40 0.33 11.44 8.01 0.98 0.59 0.55 13.32 7.45 0.98 

Rainy season : N = 703 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.69 0.62 14.36 5.01 0.76 0.78 0.89 7.93 3.37 0.90 0.97 1.51 9.21 3.90 0.90 
2000 -0.34 0.19 6.58 3.99 0.85 0.56 0.46 6.48 3.37 0.90 0.46 0.45 6.78 4.81 0.90 
2001 -0.37 0.21 7.03 4.09 0.85 0.00 0.07 3.34 3.34 0.90 0.08 0.09 3.61 3.48 0.90 
2002 -0.58 0.42 11.19 4.18 0.85 -0.07 0.36 7.91 7.85 0.90 0.13 0.13 4.22 3.91 0.90 
2003 -0.45 0.27 8.30 3.90 0.85 -0.16 0.29 7.46 7.12 0.90 -0.07 0.08 3.70 3.58 0.90 

1999 and 2000 -0.63 0.50 12.47 4.52 0.82 0.66 0.63 7.17 3.38 0.90 0.72 0.82 7.94 4.21 0.90 
2000 and 2001 -0.48 0.31 9.09 4.13 0.85 0.29 0.17 4.60 3.31 0.90 0.30 0.22 5.13 3.91 0.90 
2001 and 2002 -0.35 0.20 6.81 4.05 0.85 -0.12 0.12 4.63 4.36 0.90 0.12 0.08 3.44 3.14 0.90 
2002 and 2003 -0.39 0.22 7.37 3.94 0.85 -0.12 0.32 7.67 7.51 0.90 -0.04 0.09 3.84 3.80 0.90 
1999 to 2001 -0.65 0.54 13.15 4.41 0.83 0.44 0.30 5.63 3.29 0.90 0.47 0.39 6.26 3.98 0.90 
1999 to 2002 -0.52 0.36 10.03 4.32 0.85 0.24 0.16 4.48 3.57 0.90 0.40 0.26 5.32 3.26 0.90 
1999 to 2003 -0.51 0.35 9.75 4.24 0.85 0.11 0.11 4.09 3.86 0.90 0.29 0.16 4.47 3.11 0.90 

Winter season : N = 711 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.15 0.29 13.84 13.32 0.88 0.92 1.72 19.19 11.76 0.96 1.06 2.32 20.29 11.56 0.96 
2000 0.12 0.23 10.94 10.61 0.89 0.78 1.26 17.89 11.74 0.96 0.83 1.52 19.04 12.76 0.96 
2001 0.10 0.24 11.14 10.88 0.89 0.34 0.39 12.66 10.55 0.96 0.42 0.46 13.21 10.21 0.96 
2002 -0.08 0.20 11.34 11.15 0.89 0.04 0.09 7.21 7.15 0.96 0.22 0.14 8.09 6.47 0.96 
2003 0.02 0.19 10.35 10.34 0.90 0.02 0.09 7.25 7.24 0.96 0.13 0.11 7.39 6.76 0.96 

1999 and 2000 -0.11 0.24 12.35 12.04 0.89 0.85 1.47 18.55 11.78 0.96 0.95 1.86 19.61 12.04 0.96 
2000 and 2001 0.00 0.21 11.02 11.02 0.89 0.55 0.67 14.88 10.74 0.96 0.63 0.87 16.15 11.29 0.96 
2001 and 2002 0.11 0.24 11.05 10.75 0.89 0.16 0.19 9.53 8.81 0.96 0.32 0.26 10.39 7.93 0.96 
2002 and 2003 0.07 0.21 10.58 10.46 0.90 0.03 0.09 7.21 7.18 0.96 0.12 0.10 6.98 6.39 0.96 
1999 to 2001 -0.14 0.23 12.32 11.76 0.89 0.66 0.91 16.27 11.05 0.96 0.76 1.17 17.52 11.52 0.96 
1999 to 2002 -0.02 0.23 11.54 11.53 0.89 0.46 0.50 13.39 9.89 0.96 0.60 0.69 14.70 9.62 0.96 
1999 to 2003 -0.02 0.22 11.31 11.30 0.89 0.35 0.34 11.83 9.41 0.96 0.49 0.48 12.98 8.87 0.96 
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Table 4-21 Seasonal validation of averaged hourly NOx and NO2 model for regional 

urban background areas 

 

Napharalan School, Saraburi 
Summer season : N = 667 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -1.08 1.74 18.89 4.53 0.78 -0.48 0.88 9.39 8.00 0.79 -0.49 0.36 6.07 3.39 0.79 
2000 -0.78 0.82 10.72 3.76 0.78 -0.05 1.92 11.14 11.14 0.79 -0.54 0.43 6.76 3.41 0.79 
2001 -0.80 0.87 11.19 3.83 0.78 -0.12 1.60 10.54 10.50 0.79 -0.39 0.28 5.10 3.41 0.79 
2002 -0.98 1.36 15.70 3.90 0.78 0.12 3.22 13.27 13.24 0.79 -0.61 0.51 7.65 3.41 0.79 
2003 -0.87 1.02 12.68 3.70 0.78 0.05 2.89 13.04 13.04 0.79 -0.40 0.29 5.22 3.44 0.79 

1999 and 2000 -1.02 1.51 16.98 4.14 0.78 -0.20 1.59 10.96 10.82 0.79 -0.68 0.62 8.83 3.45 0.79 
2000 and 2001 -0.90 1.11 13.48 3.86 0.78 0.02 2.43 12.08 12.08 0.79 -0.60 0.50 7.55 3.43 0.79 
2001 and 2002 -0.79 0.84 10.95 3.79 0.78 -0.09 1.75 10.84 10.82 0.79 -0.47 0.35 5.94 3.39 0.79 
2002 and 2003 -0.83 0.91 11.64 3.73 0.78 0.00 2.38 12.11 12.11 0.79 -0.48 0.36 5.98 3.40 0.79 
1999 to 2001 -1.05 1.59 17.70 4.06 0.78 -0.17 1.60 10.84 10.74 0.79 -0.64 0.56 8.17 3.44 0.79 
1999 to 2002 -0.94 1.22 14.44 4.00 0.78 -0.15 1.67 10.90 10.83 0.79 -0.62 0.53 7.84 3.43 0.79 
1999 to 2003 -0.93 1.19 14.15 3.94 0.78 -0.11 1.85 11.30 11.26 0.79 -0.59 0.49 7.41 3.41 0.79 

Rainy season : N = 710 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.39 0.21 11.65 5.92 0.71 -0.40 0.22 12.12 6.31 0.78 -0.28 0.16 9.71 6.84 0.78 
2000 -0.29 0.14 9.16 5.84 0.71 -0.43 0.29 14.12 8.11 0.78 -0.28 0.16 9.70 6.86 0.78 
2001 -0.29 0.14 9.03 5.72 0.71 -0.42 0.27 13.45 7.70 0.78 -0.27 0.17 9.87 7.39 0.78 
2002 -0.42 0.23 12.44 5.63 0.71 -0.50 0.39 16.91 9.53 0.78 -0.33 0.19 10.82 7.11 0.78 
2003 -0.38 0.20 11.42 5.98 0.71 -0.51 0.39 17.00 9.39 0.78 -0.32 0.21 11.40 8.19 0.78 

1999 and 2000 -0.40 0.22 11.94 5.55 0.71 -0.46 0.31 14.68 7.90 0.78 -0.32 0.17 10.13 6.34 0.78 
2000 and 2001 -0.36 0.18 10.71 5.67 0.71 -0.46 0.33 15.35 8.73 0.78 -0.30 0.17 10.01 6.80 0.78 
2001 and 2002 -0.29 0.14 9.10 5.78 0.71 -0.42 0.28 13.80 7.90 0.78 -0.28 0.17 10.02 7.25 0.78 
2002 and 2003 -0.33 0.17 10.26 5.91 0.71 -0.47 0.34 15.57 8.75 0.78 -0.30 0.19 10.53 7.47 0.78 
1999 to 2001 -0.44 0.25 13.12 5.54 0.71 -0.44 0.30 14.29 7.85 0.78 -0.30 0.16 9.88 6.45 0.78 
1999 to 2002 -0.35 0.18 10.59 5.55 0.71 -0.44 0.30 14.25 7.91 0.78 -0.30 0.16 9.82 6.54 0.78 
1999 to 2003 -0.36 0.18 10.76 5.59 0.71 -0.45 0.31 14.78 8.19 0.78 -0.31 0.18 10.27 6.87 0.78 

Winter season : N = 643 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.31 0.55 17.45 15.76 0.92 0.30 0.33 9.95 8.49 0.96 0.18 0.29 9.88 9.28 0.96 
2000 -0.04 0.33 11.84 11.81 0.92 0.58 0.70 12.51 8.68 0.96 0.13 0.27 9.83 9.50 0.96 
2001 -0.05 0.35 12.25 12.20 0.92 0.54 0.61 11.99 8.42 0.96 0.24 0.29 9.68 8.69 0.96 
2002 -0.24 0.37 13.80 12.61 0.92 0.65 0.97 14.14 10.12 0.96 0.07 0.23 9.39 9.29 0.96 
2003 -0.14 0.30 11.83 11.43 0.92 0.61 0.86 13.67 9.95 0.96 0.20 0.23 8.82 8.01 0.96 

1999 and 2000 -0.27 0.44 15.29 13.91 0.92 0.47 0.53 11.50 8.54 0.96 0.03 0.27 10.28 10.26 0.96 
2000 and 2001 -0.16 0.35 12.87 12.40 0.92 0.61 0.80 13.18 9.22 0.96 0.09 0.26 9.82 9.68 0.96 
2001 and 2002 -0.05 0.34 12.03 12.00 0.92 0.56 0.65 12.24 8.54 0.96 0.18 0.27 9.54 8.96 0.96 
2002 and 2003 -0.09 0.31 11.75 11.60 0.92 0.59 0.78 13.07 9.25 0.96 0.16 0.25 9.25 8.72 0.96 
1999 to 2001 -0.31 0.43 15.33 13.49 0.92 0.50 0.56 11.69 8.50 0.96 0.06 0.27 10.15 10.08 0.96 
1999 to 2002 -0.18 0.39 13.77 13.15 0.92 0.52 0.59 11.88 8.54 0.96 0.08 0.27 10.06 9.95 0.96 
1999 to 2003 -0.18 0.37 13.40 12.82 0.92 0.53 0.63 12.17 8.74 0.96 0.09 0.25 9.65 9.49 0.96 
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Table 4-21 Seasonal validation of averaged hourly NOx and NO2 model for regional 

urban background areas (cont.) 

 

City Hall, Samutprakan 
Summer season : N = 610 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.56 0.50 14.20 7.97 0.85 -0.04 0.14 5.71 5.69 0.92 0.03 0.12 5.02 5.01 0.92 
2000 -0.24 0.20 7.53 6.35 0.85 0.23 0.39 8.37 7.79 0.92 -0.02 0.12 5.31 5.30 0.92 
2001 -0.26 0.21 7.88 6.50 0.85 0.19 0.32 7.75 7.29 0.92 0.11 0.13 5.16 4.94 0.92 
2002 -0.47 0.35 11.26 6.66 0.85 0.29 0.63 10.27 9.54 0.92 -0.09 0.12 5.46 5.29 0.92 
2003 -0.34 0.24 8.76 6.20 0.85 0.25 0.56 9.93 9.36 0.92 0.09 0.12 5.03 4.87 0.92 

1999 and 2000 -0.51 0.41 12.43 7.19 0.85 0.13 0.30 7.75 7.54 0.92 -0.15 0.14 6.04 5.52 0.92 
2000 and 2001 -0.37 0.27 9.48 6.58 0.85 0.26 0.49 9.21 8.55 0.92 -0.07 0.13 5.53 5.41 0.92 
2001 and 2002 -0.25 0.21 7.70 6.42 0.85 0.21 0.36 8.06 7.54 0.92 0.04 0.12 5.13 5.10 0.92 
2002 and 2003 -0.29 0.22 8.06 6.27 0.85 0.24 0.48 9.17 8.58 0.92 0.03 0.12 5.06 5.05 0.92 
1999 to 2001 -0.54 0.44 13.02 7.02 0.85 0.15 0.31 7.77 7.48 0.92 -0.11 0.13 5.75 5.47 0.92 
1999 to 2002 -0.41 0.31 10.30 6.88 0.85 0.17 0.33 7.90 7.55 0.92 -0.09 0.13 5.61 5.43 0.92 
1999 to 2003 -0.40 0.30 10.04 6.75 0.85 0.18 0.37 8.28 7.89 0.92 -0.07 0.12 5.40 5.29 0.92 

Rainy season : N = 716 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.83 0.91 16.45 4.47 0.67 -0.39 0.37 8.18 6.25 0.84 -0.29 0.24 6.32 5.04 0.84 
2000 -0.55 0.44 9.71 5.01 0.67 -0.16 0.59 9.21 9.01 0.84 -0.34 0.30 7.20 5.53 0.84 
2001 -0.56 0.45 9.98 4.84 0.67 -0.19 0.52 8.74 8.44 0.84 -0.22 0.26 6.28 5.64 0.84 
2002 -0.75 0.74 14.12 4.70 0.67 -0.11 0.88 10.98 10.90 0.84 -0.41 0.36 8.21 5.92 0.84 
2003 -0.64 0.57 11.71 5.19 0.67 -0.15 0.83 10.87 10.72 0.84 -0.24 0.33 7.20 6.51 0.84 

1999 and 2000 -0.78 0.80 14.98 4.41 0.67 -0.25 0.55 9.28 8.73 0.84 -0.46 0.36 8.37 5.01 0.84 
2000 and 2001 -0.67 0.59 12.05 4.77 0.67 -0.14 0.71 9.99 9.86 0.84 -0.40 0.33 7.83 5.61 0.84 
2001 and 2002 -0.55 0.45 9.83 4.93 0.67 -0.17 0.55 8.98 8.73 0.84 -0.29 0.29 6.89 5.76 0.84 
2002 and 2003 -0.59 0.50 10.66 5.11 0.67 -0.15 0.71 10.05 9.89 0.84 -0.30 0.31 7.13 5.98 0.84 
1999 to 2001 -0.81 0.86 15.80 4.47 0.67 -0.23 0.54 9.11 8.66 0.84 -0.43 0.33 7.92 5.12 0.84 
1999 to 2002 -0.70 0.64 12.72 4.54 0.67 -0.21 0.55 9.12 8.74 0.84 -0.41 0.32 7.73 5.21 0.84 
1999 to 2003 -0.69 0.63 12.55 4.63 0.67 -0.20 0.60 9.45 9.13 0.84 -0.39 0.33 7.71 5.54 0.84 

Winter season : N =702 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.29 0.22 18.23 14.46 0.73 0.26 0.15 15.26 11.48 0.85 0.32 0.19 16.49 10.94 0.85 
2000 0.30 0.20 17.14 12.73 0.73 0.19 0.11 13.10 10.46 0.85 0.29 0.18 16.32 11.81 0.85 
2001 0.31 0.21 17.37 12.72 0.73 0.21 0.12 13.65 10.59 0.85 0.31 0.18 16.29 11.15 0.85 
2002 0.20 0.14 15.07 12.76 0.73 0.12 0.07 11.37 10.28 0.85 0.24 0.16 15.56 12.36 0.85 
2003 0.21 0.15 15.37 12.78 0.73 0.11 0.07 11.31 10.28 0.85 0.24 0.15 15.28 11.99 0.85 

1999 and 2000 0.24 0.17 16.20 13.20 0.73 0.18 0.10 12.73 10.52 0.85 0.28 0.17 15.89 11.64 0.85 
2000 and 2001 0.25 0.17 16.12 12.74 0.73 0.16 0.09 12.22 10.32 0.85 0.27 0.17 16.09 12.14 0.85 
2001 and 2002 0.30 0.20 17.24 12.72 0.73 0.20 0.11 13.36 10.52 0.85 0.28 0.17 16.10 11.68 0.85 
2002 and 2003 0.25 0.17 16.21 12.75 0.73 0.15 0.09 12.08 10.32 0.85 0.26 0.16 15.73 11.83 0.85 
1999 to 2001 0.19 0.14 15.17 13.02 0.73 0.19 0.10 13.01 10.54 0.85 0.29 0.17 16.09 11.66 0.85 
1999 to 2002 0.27 0.18 16.60 12.90 0.73 0.19 0.10 13.03 10.52 0.85 0.29 0.18 16.15 11.68 0.85 
1999 to 2003 0.26 0.17 16.28 12.81 0.73 0.17 0.10 12.62 10.43 0.85 0.27 0.17 15.80 11.82 0.85 
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Table 4-21 Seasonal validation of averaged hourly NOx and NO2 model for regional 

urban background areas (cont.) 

 

Sheriff's House, Khonkaen 
Summer season : N = 690 

Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.11 0.12 9.19 8.69 0.94 0.07 0.04 5.06 4.78 0.94 0.28 0.14 7.99 5.15 0.94 
2000 0.15 0.11 7.66 6.88 0.94 0.13 0.05 5.45 4.59 0.94 0.27 0.14 8.05 5.50 0.94 
2001 0.13 0.11 7.71 7.06 0.94 0.13 0.05 5.42 4.53 0.94 0.33 0.17 8.63 4.93 0.94 
2002 -0.05 0.08 7.38 7.25 0.94 0.09 0.05 5.54 5.11 0.94 0.21 0.11 7.27 5.45 0.94 
2003 0.04 0.08 6.78 6.69 0.94 0.07 0.05 5.35 5.04 0.94 0.30 0.14 8.03 4.62 0.94 

1999 and 2000 -0.08 0.10 8.10 7.86 0.94 0.08 0.04 4.93 4.55 0.94 0.18 0.10 7.13 5.88 0.94 
2000 and 2001 0.03 0.09 7.21 7.16 0.94 0.11 0.05 5.43 4.77 0.94 0.23 0.12 7.67 5.65 0.94 
2001 and 2002 0.14 0.11 7.69 6.97 0.94 0.13 0.05 5.43 4.55 0.94 0.29 0.15 8.23 5.18 0.94 
2002 and 2003 0.10 0.09 7.14 6.77 0.94 0.10 0.05 5.34 4.78 0.94 0.28 0.14 7.99 5.05 0.94 
1999 to 2001 -0.11 0.10 8.22 7.67 0.94 0.09 0.05 5.08 4.54 0.94 0.21 0.11 7.42 5.79 0.94 
1999 to 2002 0.01 0.09 7.51 7.51 0.94 0.10 0.05 5.16 4.55 0.94 0.22 0.11 7.55 5.72 0.94 
1999 to 2003 0.01 0.09 7.36 7.35 0.94 0.10 0.05 5.15 4.61 0.94 0.23 0.11 7.51 5.49 0.94 

Rainy season : N = 707 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 -0.85 0.90 16.07 3.12 0.89 -0.40 0.32 7.50 5.21 0.89 -0.27 0.10 3.94 2.07 0.89 
2000 -0.53 0.33 8.15 2.20 0.89 -0.17 0.46 7.93 7.69 0.89 -0.31 0.13 4.47 1.96 0.89 
2001 -0.56 0.36 8.60 2.27 0.89 -0.20 0.40 7.56 7.19 0.89 -0.18 0.07 3.05 2.14 0.89 
2002 -0.75 0.68 13.15 2.35 0.89 -0.12 0.68 9.43 9.34 0.89 -0.38 0.17 5.40 1.97 0.89 
2003 -0.63 0.47 10.20 2.13 0.89 -0.15 0.65 9.36 9.18 0.89 -0.20 0.08 3.28 2.28 0.89 

1999 and 2000 -0.79 0.77 14.32 2.65 0.89 -0.26 0.44 8.10 7.44 0.89 -0.45 0.23 6.51 1.94 0.89 
2000 and 2001 -0.66 0.52 10.91 2.31 0.89 -0.14 0.55 8.59 8.43 0.89 -0.37 0.16 5.23 1.95 0.89 
2001 and 2002 -0.54 0.35 8.36 2.23 0.89 -0.18 0.43 7.75 7.44 0.89 -0.26 0.09 3.75 2.04 0.89 
2002 and 2003 -0.58 0.39 9.13 2.16 0.89 -0.16 0.55 8.66 8.46 0.89 -0.26 0.10 3.84 2.08 0.89 
1999 to 2001 -0.82 0.82 15.09 2.55 0.89 -0.24 0.43 7.92 7.38 0.89 -0.41 0.20 5.85 1.94 0.89 
1999 to 2002 -0.70 0.58 11.82 2.47 0.89 -0.22 0.43 7.91 7.45 0.89 -0.39 0.18 5.53 1.94 0.89 
1999 to 2003 -0.69 0.56 11.56 2.40 0.89 -0.21 0.47 8.18 7.79 0.89 -0.36 0.16 5.15 1.96 0.89 

Winter season : N = 705 
Statistical values of Linear Eq. Statistical values of Logarithm Eq. Statistical values of Polynomial Eq Model 

FB NMSE RMSE SD r FB NMSE RMSE SD r FB NMSE RMSE SD r 
1999 0.14 0.14 12.87 11.91 0.92 0.12 0.08 9.79 8.91 0.95 0.23 0.10 10.20 6.99 0.95 
2000 0.21 0.10 10.49 7.81 0.92 0.07 0.05 7.64 7.24 0.95 0.21 0.08 9.56 6.42 0.95 
2001 0.22 0.11 10.86 8.16 0.92 0.09 0.05 8.12 7.53 0.95 0.23 0.09 9.78 6.26 0.95 
2002 0.09 0.07 9.12 8.56 0.92 -0.01 0.03 6.53 6.53 0.95 0.17 0.06 8.36 6.19 0.95 
2003 0.12 0.06 8.60 7.48 0.92 -0.01 0.03 6.59 6.58 0.95 0.17 0.06 8.18 5.78 0.95 

1999 and 2000 0.11 0.09 10.65 9.89 0.92 0.05 0.04 7.57 7.38 0.95 0.19 0.08 9.40 7.04 0.95 
2000 and 2001 0.15 0.08 9.80 8.36 0.92 0.03 0.04 6.99 6.87 0.95 0.20 0.08 9.16 6.43 0.95 
2001 and 2002 0.21 0.11 10.66 7.98 0.92 0.08 0.05 7.87 7.38 0.95 0.21 0.08 9.32 6.16 0.95 
2002 and 2003 0.17 0.08 9.48 7.62 0.92 0.03 0.04 6.93 6.86 0.95 0.19 0.07 8.80 6.02 0.95 
1999 to 2001 0.07 0.08 9.79 9.45 0.92 0.06 0.05 7.71 7.41 0.95 0.20 0.08 9.54 6.88 0.95 
1999 to 2002 0.16 0.10 10.56 9.10 0.92 0.06 0.05 7.69 7.37 0.95 0.20 0.08 9.54 6.76 0.95 
1999 to 2003 0.15 0.09 10.14 8.77 0.92 0.05 0.04 7.38 7.18 0.95 0.19 0.07 8.99 6.40 0.95 
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Tables 4-18 to 4-19 show statistical analysis for different models in different 

seasons. The appropriate models of the hourly NOx and NO2 for roadside and urban 

background areas in Bangkok were found as logarithmic or polynomial equations 

because of their better correlation and validity at extreme values. 

Table 4-20 shows an appropriate model for Yupparaj Wittayalai School, a 

representative station for regional roadside areas in Thailand, is a logarithmic 

equation because the FB, NMSE values are in good range for every season. 

 Table 4-21 shows seasonal validation of hourly NOx and NO2 models for 

Saraburi and Khonkaen, which are representatives for regional urban background 

areas. The statistical analyses for different seasons show none of models are suitable 

because the models did not meet all the statistical criteria within acceptable ranges. 

 Table 4-22 shows seasonal validation of averaged hourly NOx and NO2 models 

for Bangkok and regional roadside areas. The statistical analyses show that the 

appropriate model can be logarithmic or polynomial equations.  

  Table 4-23 shows seasonal validation of averaged hourly NOx and NO2 model 

for Bangkok and regional urban background areas. The statistical analyses show none 

of the models is suitable because the models did not meet all the statistical criteria 

within acceptable ranges. 

 Table 4-24 shows seasonal validation of averaged hourly NOx and NO2 model for 

Bangkok and regional roadside areas and urban background areas. The statistical 

analyses show none of the models is suitable because the models did not meet all the 

statistical criteria within acceptable ranges. 

 Table 4-25 shows seasonal validation of models for specific roadside areas and 

combined models in Bangkok and regional roadside areas. The statistical analyses 

show that the appropriate model can be a polynomial equation. 

  Table 4-26 shows seasonal validation of models for specific urban background 

areas and combined models in Bangkok and regional urban background areas. The 

statistical analyses show none of the models is suitable because the models did not 

meet all the statistical criteria within acceptable ranges. However, the logarithmic 

model is valid for Bangkok specific urban background areas. 
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Table 4-25 Seasonal validation of models for specific roadside areas and combined 

model in Bangkok and regional roadside areas  

Traffic Police Resident 
Logarithm Eq. of roadBkkLog.M12 Logarithm Eq. of Road.M2 Seasons 

FB NMSE RMSE SD r FB NMSE RMSE SD r 
summer 0.06 0.10 10.21 10.01 0.69 0.05 0.10 10.13 10.01 0.69 
Rainy -0.41 0.29 16.54 10.26 0.38 -0.42 0.29 16.63 10.10 0.38 
winter 0.22 0.12 14.54 11.13 0.86 0.22 0.12 14.44 11.23 0.86 

Polynomial Eq. of roadBkkPoly.M12 Polynomial Eq. of  Road.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.12 0.14 11.67 11.09 0.69 0.15 0.16 11.98 11.02 0.69 
Rainy -0.28 0.19 12.55 9.51 0.38 -0.25 0.18 12.03 9.58 0.38 
winter 0.30 0.20 17.78 13.19 0.86 0.32 0.22 18.29 13.03 0.86 

                      

Dindaeng Housing Authority 
Logarithm Eq. of roadBkkLog.M12 Logarithm Eq. of Road.M2 Seasons 

FB NMSE RMSE SD r FB NMSE RMSE SD r 
summer 0.11 0.13 11.16 10.68 0.83 0.09 0.12 10.92 10.58 0.83 
Rainy -0.25 0.16 13.35 10.36 0.48 -0.26 0.16 13.32 10.12 0.48 
winter 0.25 0.13 26.83 19.56 0.59 0.26 0.14 27.38 19.62 0.59 

Polynomial Eq. of roadBkkPoly.M12 Polynomial Eq. of  Road.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.08 0.14 11.64 11.36 0.83 0.12 0.15 11.88 11.30 0.83 
Rainy -0.14 0.11 10.62 9.59 0.48 -0.12 0.11 10.37 9.71 0.48 
winter 0.26 0.14 27.56 19.96 0.59 0.26 0.14 27.80 19.94 0.59 

 

Thonburi Electric Power Substation  
Logarithm Eq. of roadBkkLog.M12 Logarithm Eq. of Road.M2 Seasons 

FB NMSE RMSE SD r FB NMSE RMSE SD r 
summer 0.44 0.50 10.83 8.38 0.89 0.35 0.38 9.88 8.05 0.89 
Rainy -0.34 0.44 12.03 10.29 0.58 -0.38 0.43 12.13 9.88 0.58 
winter 0.34 0.20 18.64 12.09 0.83 0.33 0.20 18.40 12.11 0.83 

Polynomial Eq. of roadBkkPoly.M12 Polynomial Eq. of  Road.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.21 0.19 9.26 8.14 0.89 -0.15 0.17 8.60 8.04 0.89 
Rainy -0.53 0.35 11.85 4.66 0.58 -0.48 0.31 10.77 4.73 0.58 
winter 0.39 0.29 21.50 14.29 0.83 0.42 0.31 22.17 14.20 0.83 

                      
Yupparaj Wittayalai School, Chiang Mai 

Logarithm Eq. of roadRegLog.M12 Logarithm Eq. of Road.M2 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.40 0.33 11.44 8.01 0.98 0.98 1.38 16.71 5.00 0.98 
Rainy 0.11 0.11 4.09 3.86 0.90 2.26 -27.26 16.46 9.37 0.90 
winter 0.35 0.34 11.83 9.41 0.96 0.84 1.08 16.00 7.34 0.96 

Polynomial Eq. of roadRegPoly.M12 Polynomial Eq. of  Road.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.59 0.55 13.32 7.45 0.98 0.14 0.25 11.27 10.79 0.98 
Rainy 0.29 0.16 4.47 3.11 0.90 -0.41 0.26 8.03 4.52 0.90 
winter 0.49 0.48 12.98 8.87 0.96 0.10 0.29 12.37 12.15 0.96 
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 Table 4-26 Seasonal validation of models for specific urban background areas and 

combined models in Bangkok and regional urban background areas 

 

National Housing Authority 
Logarithm Eq. of backBkkLog.M12 Logarithm Eq. of Back.M2 Seasons 

FB NMSE RMSE SD r FB NMSE RMSE SD r 
summer 0.02 0.26 6.95 6.95 0.91 0.15 0.35 7.60 7.36 0.91 

rainy -0.46 0.49 12.41 9.23 0.62 -0.42 0.53 12.68 10.21 0.62 
winter 0.15 0.12 10.51 9.41 0.93 0.16 0.12 10.83 9.68 0.93 

Polynomial Eq. of backBkkPoly.M12 Polynomial Eq. of Back.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.23 0.29 8.42 7.59 0.91 -0.07 0.25 7.13 7.05 0.91 
rainy -0.43 0.34 10.18 6.65 0.62 -0.35 0.34 9.71 7.72 0.62 

winter 0.08 0.14 11.80 11.55 0.93 0.09 0.13 11.40 11.05 0.93 
 

Nonsi Withaya School 
Logarithm Eq. of backBkkLog.M12 Logarithm Eq. of Back.M2 Seasons 

FB NMSE RMSE SD r FB NMSE RMSE SD r 
summer -0.18 0.13 9.08 7.82 0.70 -0.17 0.13 9.19 8.10 0.70 

rainy -0.48 0.45 12.12 8.22 0.63 -0.45 0.48 12.27 9.11 0.63 
winter 0.25 0.10 12.01 7.64 0.89 0.24 0.10 11.66 7.39 0.89 

Polynomial Eq. of  backBkkPoly.M12 Polynomial Eq. of  Back.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.05 0.11 7.84 7.74 0.70 0.00 0.12 7.78 7.78 0.70 
rainy -0.43 0.31 9.76 6.05 0.63 -0.34 0.29 9.14 7.01 0.63 
winter 0.38 0.21 15.81 8.54 0.89 0.40 0.22 16.20 8.35 0.89 

           

Singharaj Withayakom School  
Logarithm Eq. of backBkkLog.M12 Logarithm Eq. of Back.M2 Seasons 

FB NMSE RMSE SD r FB NMSE RMSE SD r 
summer 0.30 0.35 4.37 3.76 0.91 0.72 1.16 6.31 4.38 0.91 

rainy -0.32 0.50 9.57 8.50 0.85 -0.23 0.61 10.09 9.64 0.85 
winter 0.24 0.16 15.79 12.37 0.89 0.23 0.14 15.17 11.95 0.89 

Polynomial Eq. of  backBkkPoly.M12 Polynomial Eq. of  Back.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.56 0.47 7.78 4.16 0.91 -0.35 0.26 5.17 3.75 0.91 
rainy -0.48 0.33 8.48 4.35 0.85 -0.35 0.26 6.97 4.91 0.85 
winter -0.91 1.30 22.94 10.03 0.85 -0.91 1.41 23.91 12.04 0.85 
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Table 4-26 Seasonal comparison between specific and combined models for urban 

background areas (cont.)   

 

Napharalan School , Saraburi 
Logarithm Eq. of backRegLog.M12 Logarithm Eq. of Back.M2 

Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.11 1.85 11.30 11.26 0.79 -0.21 1.46 10.55 10.38 0.79 

rainy -0.45 0.31 14.78 8.19 0.78 -0.44 0.28 13.96 7.63 0.78 

winter 0.53 0.63 12.17 8.74 0.96 0.47 0.52 11.38 8.38 0.96 

Polynomial Eq. of  backRegPoly.M12 Polynomial Eq. of  Back.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.59 0.49 7.41 3.41 0.79 -0.57 0.46 7.18 3.40 0.79 

rainy -0.31 0.18 10.27 6.87 0.78 -0.30 0.17 9.94 6.74 0.78 

winter 0.09 0.25 9.65 9.49 0.96 0.11 0.27 9.81 9.58 0.96 

                     

City Hall,  Samutprakan 

Logarithm Eq. of backRegLog.M12 Logarithm Eq. of Back.M2 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.18 0.37 8.28 7.89 0.92 0.13 0.28 7.43 7.21 0.92 

rainy -0.20 0.60 9.45 9.13 0.84 -0.25 0.50 8.90 8.34 0.84 

winter 0.17 0.10 12.62 10.43 0.85 0.20 0.11 13.29 10.62 0.85 

Polynomial Eq. of  backRegPoly.M12 Polynomial Eq. of  Back.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer -0.07 0.12 5.40 5.29 0.92 -0.05 0.12 5.32 5.26 0.92 

rainy -0.39 0.33 7.71 5.54 0.84 -0.37 0.30 7.31 5.28 0.84 

winter 0.27 0.17 15.80 11.82 0.85 0.29 0.17 16.03 11.46 0.85 
 

Sheriff's House, Khonkaen 

Logarithm Eq. of backRegLog.M12 Logarithm Eq. Back.M2 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.10 0.05 5.15 4.61 0.94 0.09 0.04 5.04 4.52 0.94 

rainy -0.21 0.47 8.18 7.79 0.89 -0.26 0.40 7.77 7.10 0.89 

winter 0.05 0.04 7.38 7.18 0.95 0.07 0.05 7.95 7.58 0.95 

Polynomial Eq. of  backRegPoly.M12 Polynomial Eq. of  Back.M3 Seasons 
FB NMSE RMSE SD r FB NMSE RMSE SD r 

summer 0.23 0.11 7.51 5.49 0.94 0.24 0.12 7.65 5.49 0.94 

rainy -0.36 0.16 5.15 1.96 0.89 -0.35 0.15 4.93 1.97 0.89 

winter 0.19 0.07 8.99 6.40 0.95 0.20 0.08 9.47 6.62 0.95 
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 Table 4-27 shows appropriate models of averaged hourly NOx and NO2 for 

Bangkok and regional roadside areas and Bangkok urban background areas.  

 

Table 4-27 Appropriate models of averaged hourly NOx and NO2 for Bangkok and 

regional roadside areas and Bangkok urban background areas. 

  

Area Name of Model Equation 
Bangkok and regional roadside areas Road.M2 Y =  -7.00E-05X2 + 0.1641X + 16.283 

Bangkok urban background areas backBkkLog.M12 Y = 16.113LnX - 31.777 
 

 The valid models are usually accepted when the FB and NMSE are within the 

criteria and the RMSE less than the SD value. However the results from this study 

found the RMSE values greater than the SD values, while FB and NMSE values were 

within the criteria.  

 The study recommended that using Darwent and Middleton’s method in 

managing data is effective and useful in forecasting the NO2 from the obtained 

models. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 
 

 

5.1  Conclusions 

 

The characteristics and relationships of NOx and NO2 were studied which the 

results can be summarized as in the following sections. 

  

5.1.1  Characteristic of observed NOx and NO2

  

The characteristics of the observed NOx and NO2 obtained from the study can be 

categorized into three patterns of diurnal, monthly and annual variation. 

The plot of diurnal variation of NOx and NO2 is shaped likely bimodal 

distributions which is consisting of morning peak and evening peak. Peaks of NOx 

usually occurred earlier than NO2. However, local activities are the main factor of the 

peak amplitude.  

Monthly variation usually behaved likely parabolic curve. The minimum levels 

of NOx and NO2 are in rainy season while the maximum are in winter. This is 

obviously influenced by weather condition that affecting to the deposition of air 

pollution. 

During 1999 to 2003, annual variations show the most significance figure that air 

quality is treated or to be treated especially in general area such as two stations; 

National Housing Authority in Bangkok and City Hall in Samutprakan that the NO2 

concentration were increasing and ranged between 17.8 to 22.1 ppb and 19.9 to 24.9 

ppb respectively. The maximum values of the range were exceeding to of the WHO’s 

guidelines (21 ppb). However, observed values of the NO2 level were within a 

standard of the US.EPA (53 ppb).  For roadside areas such as Dindaeng Housing 

Authority, NO2 concentrations were obviously higher than that of other areas in the
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range of 44.2 to 50.4 ppb except at other roadside station (Yupparaj Wittayalai 

School) which had lower level.  

 

5.1.2  Relationship between NOx and NO2 

The relationship of NOx and NO2 is determined and expressed in logarithmic, 

linear and polynomial equations. Their accuracy was verified using data measurements 

in 2004 and was represented in term of fractional bias (FB), normalized mean square 

error (NMSE), root mean square error (RMSE) and correlation coefficient (r). 

A logarithmic equation for annual mean NOx and annual mean NO2 was 

developed by using input data of 13 stations located in urban background and roadside 

areas.  The equation was written as below; 

Y = 13.743Ln[X] - 29.195,  

where Y is the annual mean NO2 (ppb) and X is the annual mean NOx (ppb). The FB is 

0.03, NMSE is 0.02, RMSE is 2.37, SD is 2.29 and r is 0.97. It can be used as for a 

general case since statistical value was consistent with other equations for each group 

in Table 4-4  

A linear equation for P95-NO2 and annual averaged NO2 was developed by using 

input data in 12 stations both in general and roadside areas.  The equation was written 

as below; 

Y = 3X,  

where Y is P95-NO2 (ppb) and X is the annual mean NO2 (ppb). The FB value is 0.05, 

NMSE is 0.06, RMSE is 16.38, SD is 16.02 and r is 0.81. The constant was a result of 

P95-NO2/anmNO2 ratio.  

At roadside and urban background areas, the relationship of the averaged hourly 

of NOx and NO2 can be studied by using the Darwent and Middletion’s method.  

For Roadside stations in Bangkok and regional areas, the equation was found as 

below; 
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Y = 0.1641X -7.00E-05X2 + 16.283, 

where Y is the averaged hourly NO2 (ppb) and X is the averaged hourly NOx (ppb).  

At urban background areas in Bangkok, a logarithm equation was found the best 

fit to measurements and written as below; 

 

Y = 16.113LnX - 31.777, 

 

where Y is the averaged hourly NO2 (ppb) and X is the averaged hourly NOx (ppb). 

  

5.2 Recommendations 

 

1. The relationships are suitably used in normal case. However, the more input 

data the more reliable model is. Therefore, the empirical models should be 

improved by updating the observed data, the number and the types of station in 

the later years.  

2. Number of roadside stations in regional area is limited and should be 

increased. 

3. Utilization of model for roadside area may be possible taking into account 

uncertainty due to activity changing when the general emission level is 

controlled or increasing in urban areas. 

4. Capability of model was limited when they were not the normal situation (too 

low and too high concentrations of NOx and NO2). 

5. Strategy for air quality control should be emphasized and implemented to 

reduce the automobile emission during the rush hours that corresponding to the 

characteristic curves of morning and evening peaks. 

6. The study could be extended to linking the NOx with other parameters for its 

outcomes through physical and chemistry processes in the atmosphere such as 

ozone, VOCs, acid deposition, and meteorological modeling. 
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APPENDIX A 
MIXING HEIGHT 

 
Table A-1 Mixing Height over Bangkok 
 

 

Year Month 7:00 
AM 

10:00 
AM 

13:00 
PM 

16:00 
PM 

19:00 
PM Min AVG 

2001 April 813.0 835.0 1262.0 1200.0 640.0 640 950.0 
 August 908.0 918.0 1250.0 1180.0 728.0 728 996.8 
 December 818.0 932.0 1418.0 1498.0 860.0 818 1105.2 

2002 April 1031.6 1157.9 1600.0 1657.9 813.2 813.16 1252.1 
 August 646.2 788.5 1146.2 1053.9 546.2 546.15 836.2 
 December 740.4 790.4 1250.0 1178.9 692.3 692.31 930.4 

2003 April 837.5 983.3 1241.7 1182.6 579.2 579.17 964.9 
 August 976.0 988.0 1004.0 1018.0 586.4 586.36 914.5 
 December 764.8 942.6 1433.3 1486.3 850.0 764.82 1095.4 

AVG 837.3 926.2 1289.5 1272.8 699.5 699.461 1005.0 
Max 1031.6 1157.9 1600.0 1657.9 860.0 860 1261.5 
Min 646.2 788.5 1004.0 1018.0 546.2 546.15 800.6 

 
Source: Meteorological Department, 2006 
 
Table A-2 Mixing Height over Chiang Mai  
 

 

Year Month 
7:00  
AM 

  10:00 
AM 

  13:00 
PM 

16:00 
PM 

19:00 
PM Min AVG 

2001 April 664.29 871.43 1771.43 2271.43 1107.14 664.29 1337.1 
  August 777.42 800 1333.33 1458.93 990.74 777.42 1072.1 
  December 673.33 853.33 1633.33 1808.33 805.17 673.33 1154.7 

2002 April 691.07 1023.21 2081.48 2621.43 1212.5 691.07 1525.9 
  August 783.93 801.79 1246.67 1117.24 748.08 748.08 939.5 
  December 682.69 709.62 1266.38 1386.67 778 682.69 964.7 

AVG 712.1 843.2 1555.4 1777.3 940.3 712.122 1165.7 
Max 783.9 1023.2 2081.5 2621.4 1212.5 783.93 1544.5 
Min 664.3 709.6 1246.7 1117.2 748.1 664.29 897.2 

 
Source: Meteorological Department, 2006 
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APPENDIX B 
RECORD DATA OF NO2 

 
 

Table B-1 Record data of NO2 at Dindaeng Housing Authority, Bangkok during 1999 
to 2003 
    
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN         0.00     
1999 FEB         0.00     
1999 MAR         0.00     
1999 APR         0.00     
1999 MAY         0.00     
1999 JUN         0.00     
1999 JUL 79 54 30.25 2 55.51 2 1 
1999 AUG 158 78 38.72 10 72.18 4 2 
1999 SEP 102 83 45.96 17 30.83 2 2 
1999 OCT         0.00     
1999 NOV 182 106 63.54 19 59.72 4 2 
1999 DEC         0.00     

 annual mean NO2 (ppb) 44.20   
2000 JAN 155 107 59.77 15 46.91 3 2 
2000 FEB 153 116 54.72 12 66.52 3 2 
2000 MAR 148 104 51.76 1 92.61 3 2 
2000 APR 167 117 47.28 0 62.50 3 2 
2000 MAY 144 83 39.42 3 57.80 3 2 
2000 JUN 131 69 30.83 1 92.36 3 1 
2000 JUL 117 67 36.88 13 95.16 2 1 
2000 AUG 133 64 35.00 13 87.10 3 1 
2000 SEP 138 93 48.95 1 88.61 3 2 
2000 OCT 169 100 58.36 5 94.49 3 2 
2000 NOV 160 104 69.53 24 93.61 3 2 
2000 DEC 146 108 72.04 26 91.67 3 2 

 annual mean NO2 (ppb) 50.38   
 
 
 
 
 
 
 
 
 
 
 
 
 



Woraphan Puchanyaporn                                                                                                    Appendix / 104 

Table B-1 Record data of NO2 at Dindaeng Housing Authority, Bangkok during 1999 
to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2001 JAN 192 108 59.58 19 80.11 4 2 
2001 FEB 193 118 65.32 25 93.15 4 2 
2001 MAR 128 99 56.61 19 89.52 3 2 
2001 APR 105 76 44.51 5 92.64 2 2 
2001 MAY 117 65 40.25 17 95.43 2 1 
2001 JUN 115 69 41.75 18 95.14 2 1 
2001 JUL 92 59 35.66 18 95.30 2 1 
2001 AUG 92 56 36.20 11 95.70 2 1 
2001 SEP 93 74 42.50 8 92.08 2 1 
2001 OCT 130 86 50.23 0 96.64 3 2 
2001 NOV 131 101 64.13 22 93.06 3 2 
2001 DEC 197 124 71.17 15 90.46 4 2 

 annual mean NO2 (ppb) 50.29   
2002 JAN 171 110 65.99 25 72.04 4 2 
2002 FEB 113 90 50.70 19 93.30 2 2 
2002 MAR 129 71 40.36 18 76.48 3 1 
2002 APR 138 81 48.83 21 90.42 3 2 
2002 MAY 152 80 46.47 17 90.05 3 2 
2002 JUN 159 66 40.59 18 92.64 3 1 
2002 JUL 71 50 33.26 16 90.59 1 1 
2002 AUG 95 66 37.33 0 93.41 2 1 
2002 SEP 122 58 34.47 14 95.14 3 1 
2002 OCT 159 103 59.70 16 94.35 3 2 
2002 NOV 159 104 63.38 19 86.11 3 2 
2002 DEC 132 102 59.07 22 93.28 3 2 

 annual mean NO2 (ppb) 48.05   
2003 JAN 136 106 62.49 20 95.56 3 2 
2003 FEB 149 100 48.94 13 95.83 3 2 
2003 MAR 151 94 49.14 16 95.70 3 2 
2003 APR 112 68 37.27 13 91.53 3 2 
2003 MAY 160 70 38.31 2 94.62 4 2 
2003 JUN 88 58 34.03 14 95.69 2 1 
2003 JUL 102 63 34.18 0 95.03 2 1 
2003 AUG 79 50 29.71 12 87.50 2 1 
2003 SEP 149 74 39.47 11 95.28 3 2 
2003 OCT 94 73 45.13 14 94.89 2 2 
2003 NOV 124 95 60.84 22 95.14 3 2 
2003 DEC 166 96 54.90 17 95.03 4 2 

 annual mean NO2 (ppb) 44.65   
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Table B-2 Record data of NO2 at Traffic Police Resident, Bangkok during 1999 to 
2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN         0.00     
1999 FEB         0.00     
1999 MAR         0.00     
1999 APR         0.00     
1999 MAY 37 32 19.48 0 6.18 1 1 
1999 JUN 72 42 26.11 11 83.75 3 1 
1999 JUL 75 43 24.53 10 80.78 3 2 
1999 AUG 78 47 24.28 8 91.40 3 2 
1999 SEP 151 50 27.00 7 91.53 5 2 
1999 OCT 97 58 31.39 10 54.44 3 2 
1999 NOV 88 52 32.23 8 95.00 3 2 
1999 DEC 73 56 36.63 14 74.60 3 2 

 annual mean NO2 (ppb) 28.53   
2000 JAN 89 66 33.43 1 95.30 3 2 
2000 FEB 103 71 33.95 7 85.34 4 2 
2000 MAR 99 65 35.60 11 92.07 3 2 
2000 APR 83 51 26.39 6 94.72 3 2 
2000 MAY 90 48 28.12 8 81.45 3 2 
2000 JUN 75 45 24.47 8 94.72 3 2 
2000 JUL 69 42 22.73 6 93.82 2 1 
2000 AUG 59 51 25.57 5 87.77 2 2 
2000 SEP 110 61 29.13 8 49.31 4 2 
2000 OCT 85 58 27.25 8 94.89 3 2 
2000 NOV 87 49 28.11 6 94.44 3 2 
2000 DEC 76 46 27.58 6 95.43 3 2 

 annual mean NO2 (ppb) 28.45   
2001 JAN 91 59 28.48 5 96.24 3 2 
2001 FEB 83 63 34.81 10 95.83 3 2 
2001 MAR 73 50 29.06 9 92.74 3 2 
2001 APR 62 45 25.28 9 95.69 2 2 
2001 MAY 61 36 22.19 7 91.80 2 1 
2001 JUN 95 50 29.88 11 95.56 3 2 
2001 JUL 88 38 20.99 5 95.16 3 1 
2001 AUG 91 35 18.15 5 94.62 3 1 
2001 SEP 89 53 28.05 7 95.28 3 2 
2001 OCT 86 50 26.71 4 89.11 3 2 
2001 NOV 100 61 34.15 8 94.44 4 2 
2001 DEC 111 71 38.60 12 95.30 4 3 

 annual mean NO2 (ppb) 27.99   
 
 
 
 
 



Woraphan Puchanyaporn                                                                                                    Appendix / 106 

Table B-2 Record data of NO2 at Traffic Police Resident, Bangkok during 1999 to 
2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 154 87 47.50 17 95.83 5 3 
2002 FEB 92 64 37.62 14 95.83 3 2 
2002 MAR 115 48 27.15 0 89.52 3 1 
2002 APR 102 56 32.19 8 91.94 3 2 
2002 MAY 101 56 30.76 10 94.35 3 2 
2002 JUN 83 53 31.80 3 95.00 2 2 
2002 JUL 66 40 24.87 0 95.70 2 1 
2002 AUG 87 46 27.61 10 95.56 3 1 
2002 SEP 108 55 32.38 7 95.97 3 2 
2002 OCT 120 78 39.71 7 94.09 4 2 
2002 NOV 129 65 37.16 6 95.14 4 2 
2002 DEC 124 70 39.19 11 95.43 4 2 

 annual mean NO2 (ppb) 34.01         
2003 JAN 118 79 42.71 10 95.70 4 2 
2003 FEB 140 76 39.95 14 95.68 4 2 
2003 MAR 110 65 38.40 14 94.76 3 2 
2003 APR 100 55 32.79 13 94.72 3 2 
2003 MAY 91 58 33.59 13 95.30 3 2 
2003 JUN 113 52 30.82 10 94.86 3 2 
2003 JUL 98 50 28.73 9 94.35 3 1 
2003 AUG 73 40 24.76 8 95.03 2 1 
2003 SEP 107 57 29.15 0 95.56 3 2 
2003 OCT 110 52 27.28 2 95.56 3 2 
2003 NOV 152 67 34.26 0 95.56 5 2 
2003 DEC 151 72 38.46 9 95.83 5 2 

 annual mean NO2 (ppb) 33.38   
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Table B-3 Record data of NO2 at Thonburi Electric Power Substation, Bangkok 
during 1999 to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 133 72 41.68 11 95.97 4 2 
1999 FEB 125 74 41.21 10 95.68 4 2 
1999 MAR 106 61 29.88 2 96.10 3 2 
1999 APR 80 63 28.88 5 27.50 2 2 
1999 MAY         0.00     
1999 JUN         0.00     
1999 JUL 59 44 28.97 12 51.48 2 1 
1999 AUG 81 42 25.36 11 80.91 2 1 
1999 SEP 106 60 32.17 10 84.58 3 2 
1999 OCT 103 60 33.37 2 48.79 3 2 
1999 NOV 107 69 36.45 5 31.94 3 2 
1999 DEC 82 77 47.85 20 9.14 2 2 

 annual mean NO2 (ppb) 33.82   
2000 JAN 63 50 28.84 8 71.51 2 2 
2000 FEB 133 74 40.39 12 89.37 5 3 
2000 MAR 120 68 38.12 9 95.03 4 2 
2000 APR 99 53 25.58 4 95.42 3 2 
2000 MAY 81 46 25.33 4 96.10 3 2 
2000 JUN 75 41 24.16 7 92.78 3 1 
2000 JUL 65 40 24.00 9 95.56 2 1 
2000 AUG 62 36 21.55 9 92.07 2 1 
2000 SEP 125 83 33.06 0 95.14 4 3 
2000 OCT 108 65 34.12 12 95.43 4 2 
2000 NOV 59 39 20.88 5 95.42 2 1 
2000 DEC 126 59 30.73 8 94.35 4 2 

 annual mean NO2 (ppb) 28.83   
2001 JAN 131 67 35.06 7 95.56 5 2 
2001 FEB 148 68 34.31 4 88.54 6 3 
2001 MAR 84 53 28.30 9 95.83 3 2 
2001 APR 50 36 14.11 0 66.67 2 1 
2001 MAY 79 37 22.17 7 50.27 3 1 
2001 JUN 68 34 20.96 8 86.94 3 1 
2001 JUL 54 27 16.93 4 93.55 2 1 
2001 AUG 31 25 13.71 0 76.48 1 1 
2001 SEP 127 51 24.29 8 95.28 5 2 
2001 OCT 94 53 31.55 10 86.16 4 2 
2001 NOV 101 70 34.02 0 93.19 4 3 
2001 DEC 108 70 39.71 10 82.26 4 3 

 annual mean NO2 (ppb) 26.76   
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Table B-3 Record data of NO2 at Thonburi Electric Power Substation, Bangkok 
during 1999 to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 127 77 43.99 14 95.30 4 3 
2002 FEB 106 58 32.27 9 95.83 4 2 
2002 MAR 59 35 17.45 6 36.16 2 1 
2002 APR 84 47 23.53 0 91.25 3 2 
2002 MAY 89 45 24.98 5 91.67 3 2 
2002 JUN 58 33 21.85 9 95.28 2 1 
2002 JUL 39 27 17.92 8 95.97 1 1 
2002 AUG 87 31 20.31 9 95.70 3 1 
2002 SEP 63 34 21.32 8 91.67 2 1 
2002 OCT 107 64 34.83 9 95.56 4 2 
2002 NOV 141 58 34.99 0 95.69 5 2 
2002 DEC 103 66 39.91 14 95.56 4 2 

 annual mean NO2 (ppb) 28.39   
2003 JAN 122 74 41.46 11 95.43 4 3 
2003 FEB 88 65 29.79 0 51.64 3 2 
2003 MAR 73 46 18.38 0 94.35 3 2 
2003 APR 80 43 20.50 2 95.00 3 2 
2003 MAY 66 42 25.85 7 92.47 2 2 
2003 JUN 73 33 21.17 8 95.42 3 1 
2003 JUL 95 40 21.90 7 95.03 3 1 
2003 AUG 86 27 16.10 0 95.30 3 1 
2003 SEP 78 49 24.56 11 95.28 3 2 
2003 OCT 80 52 29.85 9 95.56 3 2 
2003 NOV 120 77 44.28 4 95.42 4 3 
2003 DEC 128 64 40.76 0 95.16 5 2 

 annual mean NO2 (ppb) 27.82   
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Table B-4 Record data of NO2 at National Housing Authority, Bangkok during 1999 
to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 84 67 28.06 2 95.83 5 4 
1999 FEB 101 69 28.95 1 95.54 6 4 
1999 MAR 68 37 16.88 3 95.30 4 2 
1999 APR 54 34 17.66 2 95.97 3 2 
1999 MAY 67 31 15.67 0 93.82 4 2 
1999 JUN 48 25 12.67 0 92.08 3 1 
1999 JUL 28 17 7.44 0 86.69 2 1 
1999 AUG 14 11 4.60 0 10.35 1 1 
1999 SEP 121 36 17.50 1 60.56 7 2 
1999 OCT 101 40 16.96 0 38.71 6 2 
1999 NOV 45 29 11.88 0 15.00 3 2 
1999 DEC         0.00     

 annual mean NO2 (ppb) 17.82   
2000 JAN 73 53 22.02 1 55.51 4 3 
2000 FEB 105 69 23.86 0 66.52 5 4 
2000 MAR 82 50 22.59 0 95.83 4 3 
2000 APR 62 33 17.64 1 95.42 3 2 
2000 MAY 78 31 17.94 2 94.35 4 2 
2000 JUN 62 29 17.68 0 83.75 3 1 
2000 JUL 55 29 17.74 1 95.30 3 1 
2000 AUG 52 23 11.33 0 95.03 3 1 
2000 SEP 84 35 14.88 0 95.14 4 2 
2000 OCT 83 48 20.66 2 84.27 4 2 
2000 NOV 91 50 22.34 0 95.14 5 3 
2000 DEC 80 57 27.08 0 91.80 4 3 

 annual mean NO2 (ppb) 19.43   
2001 JAN 92 64 25.23 3 95.83 4 3 
2001 FEB 98 64 24.64 3 95.98 4 3 
2001 MAR 67 38 18.72 0 95.30 3 2 
2001 APR 114 72 24.69 0 55.56 5 3 
2001 MAY 101 86 42.03 7 28.23 5 4 
2001 JUN 49 29 14.74 0 34.58 2 1 
2001 JUL 35 23 11.94 2 94.62 2 1 
2001 AUG 101 43 22.86 0 79.84 5 2 
2001 SEP 81 36 16.74 0 67.78 4 2 
2001 OCT 67 40 19.89 1 89.78 3 2 
2001 NOV 133 61 24.20 0 92.92 6 3 
2001 DEC 100 61 29.02 3 93.15 5 3 

 annual mean NO2 (ppb) 22.14   
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Table B-4 Record data of NO2 at National Housing Authority, Bangkok during 1999 
to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 132 70 33.21 4 93.01 6 3 
2002 FEB 60 40 20.53 0 81.70 3 2 
2002 MAR 102 35 17.23 2 92.07 5 2 
2002 APR 57 33 16.92 0 89.31 3 2 
2002 MAY 101 36 20.13 5 94.89 5 2 
2002 JUN 50 30 18.68 6 94.86 2 1 
2002 JUL 36 25 16.19 0 95.30 2 1 
2002 AUG 49 28 16.94 4 95.97 2 1 
2002 SEP 45 26 15.08 0 95.56 2 1 
2002 OCT 89 51 23.57 1 95.70 4 2 
2002 NOV 124 53 24.77 1 95.56 6 3 
2002 DEC 87 58 26.20 3 94.49 4 3 

 annual mean NO2 (ppb) 20.82   
2003 JAN 104 68 29.31 5 95.16 5 3 
2003 FEB 97 62 22.52 3 95.98 5 3 
2003 MAR 61 40 20.74 3 94.62 3 2 
2003 APR 54 26 14.79 1 94.86 3 1 
2003 MAY 60 38 20.52 2 80.11 3 2 
2003 JUN 50 33 19.79 0 94.72 2 2 
2003 JUL 60 34 18.77 4 95.30 3 2 
2003 AUG 44 27 15.75 0 95.70 2 1 
2003 SEP 100 45 21.67 0 87.92 5 2 
2003 OCT 80 45 18.25 0 94.76 4 2 
2003 NOV 117 73 27.42 0 94.03 5 3 
2003 DEC 124 64 26.01 0 91.53 6 3 

 annual mean NO2 (ppb) 21.28   
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Table B-5 Record data of NO2 at Nonsi Withaya School, Bangkok during 1999 to 
2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN         0.00     
1999 FEB         0.00     
1999 MAR         0.00     
1999 APR         0.00     
1999 MAY         0.00     
1999 JUN         0.00     
1999 JUL         0.00     
1999 AUG 81 33 18.26 0 26.48 3 1 
1999 SEP 118 43 20.78 1 85.97 4 2 
1999 OCT 93 50 26.65 5 79.30 3 2 
1999 NOV 83 52 30.63 4 95.56 3 2 
1999 DEC 80 59 34.99 10 96.10 3 2 

 annual mean NO2 (ppb) 27.90   
2000 JAN 130 69 37.13 8 96.24 5 3 
2000 FEB 85 49 23.67 0 90.37 3 2 
2000 MAR 108 53 27.97 1 95.30 4 2 
2000 APR 92 42 23.68 6 95.69 4 2 
2000 MAY 71 33 18.70 0 90.86 3 1 
2000 JUN 65 32 17.54 0 94.31 3 1 
2000 JUL 62 35 18.80 2 87.50 2 1 
2000 AUG 54 29 16.88 3 94.76 2 1 
2000 SEP 85 47 21.50 5 95.56 3 2 
2000 OCT 85 55 27.06 8 95.43 3 2 
2000 NOV 120 55 31.82 11 95.14 5 2 
2000 DEC 79 55 34.19 7 95.43 3 2 

 annual mean NO2 (ppb) 25.03   
2001 JAN 96 63 33.71 10 95.70 4 3 
2001 FEB 88 60 32.92 0 79.32 4 2 
2001 MAR 61 46 24.33 3 95.97 2 2 
2001 APR 52 35 20.56 7 95.42 2 1 
2001 MAY 48 27 17.22 5 95.43 2 1 
2001 JUN 57 33 18.76 4 95.14 2 1 
2001 JUL 58 30 17.39 5 95.30 2 1 
2001 AUG 101 44 22.72 7 30.91 4 2 
2001 SEP 67 45 19.78 0 52.50 3 2 
2001 OCT 68 45 21.99 0 81.99 3 2 
2001 NOV 73 50 31.59 10 95.28 3 2 
2001 DEC 90 62 34.97 0 81.99 4 2 

 annual mean NO2 (ppb) 24.72   
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Table B-5 Record data of NO2 at Nonsi Withaya School, Bangkok during 1999 to 
2003 (cont.) 
 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 140 77 45.91 12 94.76 5 2 
2002 FEB 92 56 34.15 11 95.09 3 2 
2002 MAR 124 71 29.41 0 58.33 4 2 
2002 APR 67 45 27.20 0 94.44 2 1 
2002 MAY 120 61 30.55 7 94.62 4 2 
2002 JUN 55 33 21.47 7 95.28 2 1 
2002 JUL 50 28 19.78 6 95.03 2 1 
2002 AUG 82 35 20.75 9 94.35 3 1 
2002 SEP 86 40 23.36 8 94.58 3 1 
2002 OCT 104 67 37.20 12 95.97 3 2 
2002 NOV 123 63 38.24 0 95.28 4 2 
2002 DEC 116 71 41.87 17 95.70 4 2 

 annual mean NO2 (ppb) 30.90   
2003 JAN 111 85 49.46 12 95.56 4 3 
2003 FEB 94 74 38.79 15 95.68 3 2 
2003 MAR 129 64 36.70 12 95.03 4 2 
2003 APR 77 49 24.66 2 88.33 3 2 
2003 MAY 93 45 25.82 6 94.76 3 1 
2003 JUN 77 33 21.75 6 93.19 3 1 
2003 JUL 81 41 22.23 6 91.40 3 1 
2003 AUG 45 24 15.48 1 94.89 1 1 
2003 SEP 91 42 17.97 0 86.67 3 1 
2003 OCT 87 49 28.79 8 89.25 3 2 
2003 NOV 85 63 38.26 8 100.00 3 2 
2003 DEC 115 68 39.84 8 100.00 4 2 

 annual mean NO2 (ppb) 30.10   
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Table B-6 Record data of NO2 at Singharaj Pithayakom School, Bangkok during 1999 
to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN         0.00     
1999 FEB         0.00     
1999 MAR         0.00     
1999 APR         0.00     
1999 MAY         0.00     
1999 JUN 24 23 12.93 3 4.17 1 1 
1999 JUL 30 21 11.47 1 39.65 1 1 
1999 AUG 44 22 12.67 1 94.35 2 1 
1999 SEP 85 42 19.39 5 95.28 4 2 
1999 OCT 72 48 24.45 3 96.10 3 2 
1999 NOV 92 58 32.82 7 95.28 4 2 
1999 DEC 83 64 36.79 10 95.70 3 3 

 annual mean NO2 (ppb) 24.08   
2000 JAN 103 65 27.30 0 94.89 5 3 
2000 FEB 113 80 27.06 0 94.68 6 4 
2000 MAR 69 47 17.93 0 94.49 3 2 
2000 APR 59 35 14.00 0 93.75 3 2 
2000 MAY 52 29 13.99 0 95.30 3 1 
2000 JUN 52 24 13.06 2 95.42 3 1 
2000 JUL 65 27 13.57 2 93.15 3 1 
2000 AUG 40 21 12.76 3 94.76 2 1 
2000 SEP 82 45 19.98 3 95.42 4 2 
2000 OCT 73 41 20.08 2 94.49 4 2 
2000 NOV 74 52 28.30 5 82.78 4 3 
2000 DEC 104 60 35.01 8 95.70 5 3 

 annual mean NO2 (ppb) 20.17   
2001 JAN 116 63 24.62 0 95.56 5 3 
2001 FEB 111 65 23.94 3 95.24 5 3 
2001 MAR 49 37 16.90 2 58.47 2 2 
2001 APR         0.00     
2001 MAY         0.00     
2001 JUN 87 25 16.08 3 25.69 4 1 
2001 JUL 32 20 11.14 0 80.38 1 1 
2001 AUG 42 22 13.43 2 95.30 2 1 
2001 SEP 60 32 16.44 2 95.14 3 1 
2001 OCT 72 50 26.88 5 90.05 3 2 
2001 NOV 88 65 36.20 9 94.03 4 3 
2001 DEC 100 67 38.43 10 95.43 4 3 

 annual mean NO2 (ppb) 23.32   
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Table B-6 Record data of NO2 at Singharaj Pithayakom School, Bangkok during 1999 
to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 95 71 35.25 3 95.30 5 4 
2002 FEB 85 41 11.74 0 70.09 4 2 
2002 MAR 78 37 11.04 0 52.96 4 2 
2002 APR 111 30 9.65 0 95.14 6 2 
2002 MAY 70 30 14.62 2 94.62 4 2 
2002 JUN 44 26 14.64 3 94.17 2 1 
2002 JUL 30 20 11.27 3 95.30 2 1 
2002 AUG 67 21 13.35 3 95.70 4 1 
2002 SEP 44 23 14.10 0 95.00 2 1 
2002 OCT 83 52 26.08 1 92.20 4 3 
2002 NOV 72 50 27.22 0 95.69 4 3 
2002 DEC 82 56 32.23 4 95.56 4 3 

 annual mean NO2 (ppb) 18.95   
2003 JAN 106 63 32.66 2 95.43 5 3 
2003 FEB 92 59 18.80 3 95.83 5 3 
2003 MAR 59 39 15.79 0 95.70 3 2 
2003 APR 31 7 2.56 0 92.22 2 0 
2003 MAY 86 23 9.46 1 94.49 4 1 
2003 JUN 46 24 12.99 0 95.69 2 1 
2003 JUL 53 30 15.41 3 95.56 3 1 
2003 AUG 41 20 12.40 3 95.56 2 1 
2003 SEP 70 36 17.58 4 95.69 3 2 
2003 OCT 73 53 26.64 3 95.56 4 3 
2003 NOV 85 66 35.06 6 95.83 4 3 
2003 DEC 119 71 40.79 2 95.43 6 4 

 annual mean NO2 (ppb) 20.11   
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Table B-7 Record data of NO2 at Yupparaj Wittayalai School, Chiang Mai during 
1999 to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 36 22 11.75 0 46.77 6 4 
1999 FEB 37 24 12.43 0 23.51 7 4 
1999 MAR 27 21 11.12 0 44.89 5 4 
1999 APR 20 19 5.49 0 12.64 4 3 
1999 MAY 42 9 3.81 0 71.77 7 2 
1999 JUN 21 15 6.71 0 77.78 4 3 
1999 JUL 14 8 2.26 0 49.06 2 1 
1999 AUG 34 8 3.73 0 49.73 6 1 
1999 SEP 13 9 4.77 0 91.53 2 2 
1999 OCT 13 9 4.03 0 63.71 2 2 
1999 NOV 17 11 4.11 0 88.61 3 2 
1999 DEC 29 11 5.11 1 80.51 5 2 

 annual mean NO2 (ppb) 5.65         
2000 JAN 26 16 7.55 0 61.96 3 2 
2000 FEB 38 22 11.31 3 95.54 5 3 
2000 MAR 29 20 9.66 2 94.22 4 3 
2000 APR 13 11 7.17 0 3.19 2 1 
2000 MAY         0.00     
2000 JUN         0.00     
2000 JUL 13 9 5.53 0 30.91 2 1 
2000 AUG 17 10 5.32 0 38.31 2 1 
2000 SEP 14 10 5.06 0 6.53 2 1 
2000 OCT 23 14 6.17 0 35.22 3 2 
2000 NOV 20 12 5.66 0 79.72 3 2 
2000 DEC 22 16 6.16 0 95.16 3 2 

 annual mean NO2 (ppb) 7.61         
2001 JAN 47 18 7.62 0 86.56 5 2 
2001 FEB 104 38 16.38 0 60.20 10 4 
2001 MAR 38 34 11.76 0 26.21 4 3 
2001 APR 71 46 19.35 7 31.39 7 4 
2001 MAY 83 19 8.86 0 64.11 8 2 
2001 JUN 17 16 5.91 0 85.56 2 2 
2001 JUL 87 26 11.89 0 89.52 8 3 
2001 AUG 63 15 5.97 0 91.13 6 1 
2001 SEP 37 18 6.38 0 59.44 4 2 
2001 OCT 69 23 9.20 0 79.97 7 2 
2001 NOV 70 31 11.93 0 94.72 7 3 
2001 DEC 53 39 15.61 0 94.35 5 4 

 annual mean NO2 (ppb) 10.36         
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Table B-7 Record data of NO2 at Yupparaj Wittayalai School, Chiang Mai during 
1999 to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 79 47 20.87 4 95.03 6 4 
2002 FEB 74 55 25.72 0 52.23 6 4 
2002 MAR 82 59 22.36 0 95.70 6 4 
2002 APR 84 38 12.98 0 59.17 6 3 
2002 MAY 57 22 11.60 0 52.15 4 2 
2002 JUN 31 20 9.06 0 90.00 2 2 
2002 JUL 41 22 10.64 0 89.25 3 2 
2002 AUG 29 18 8.14 0 92.88 2 1 
2002 SEP 25 18 8.05 0 95.14 2 1 
2002 OCT 49 28 11.23 0 95.16 4 2 
2002 NOV 47 24 9.71 0 95.42 4 2 
2002 DEC 55 32 13.59 2 86.83 4 2 

 annual mean NO2 (ppb) 13.29         
2003 JAN 69 40 17.86 0 95.56 5 3 
2003 FEB 70 40 19.20 1 83.33 5 3 
2003 MAR 70 43 17.23 0 80.24 5 3 
2003 APR 69 40 19.35 0 77.36 5 3 
2003 MAY 56 25 11.98 1 90.46 4 2 
2003 JUN 33 21 10.85 1 90.97 2 1 
2003 JUL 30 19 9.97 1 97.04 2 1 
2003 AUG 32 18 9.98 0 82.93 2 1 
2003 SEP 29 21 10.17 0 95.28 2 1 
2003 OCT 63 34 13.27 0 79.30 4 2 
2003 NOV 64 47 18.27 4 95.42 4 3 
2003 DEC 143 53 22.25 4 95.16 10 4 

 annual mean NO2 (ppb) 14.96         
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Table B-8 Record data of NO2 at Public Service Centre, Chiang Mai during 1999 to 
2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 61 41 14.92 0 95.70 8 5 
1999 FEB 61 40 15.48 0 95.83 8 5 
1999 MAR 51 34 12.14 0 76.61 7 4 
1999 APR 49 16 7.07 0 67.22 6 2 
1999 MAY 23 10 4.04 0 94.62 3 1 
1999 JUN 62 12 4.61 0 60.83 8 2 
1999 JUL 20 11 4.37 0 94.76 3 1 
1999 AUG 31 11 5.27 0 51.48 4 1 
1999 SEP 19 11 3.22 0 51.81 2 1 
1999 OCT 17 11 4.46 0 91.40 2 1 
1999 NOV 32 17 6.88 0 94.72 4 2 
1999 DEC 47 21 7.66 0 95.70 6 3 

 annual mean NO2 (ppb) 7.80   
2000 JAN 60 29 11.19 0 95.56 9 4 
2000 FEB 51 33 13.05 0 95.68 7 5 
2000 MAR 51 32 14.14 0 81.45 7 5 
2000 APR 53 17 4.65 0 87.92 8 2 
2000 MAY 30 11 4.11 0 83.74 4 2 
2000 JUN 15 10 4.84 0 92.64 2 1 
2000 JUL 20 10 4.66 0 70.30 3 1 
2000 AUG 22 11 5.29 0 88.71 3 2 
2000 SEP 18 11 3.70 0 86.81 3 2 
2000 OCT 17 11 3.54 0 86.16 2 2 
2000 NOV 34 17 6.07 0 91.94 5 2 
2000 DEC 38 23 8.69 1 65.99 5 3 

 annual mean NO2 (ppb) 7.01   
2001 JAN 60 33 11.27 0 80.91 10 6 
2001 FEB 51 33 12.55 0 89.51 9 6 
2001 MAR 100 29 10.58 0 26.08 17 5 
2001 APR 23 14 4.94 0 17.22 4 2 
2001 MAY 14 8 2.06 0 36.29 2 1 
2001 JUN 17 9 3.29 0 95.42 3 2 
2001 JUL 15 9 3.71 0 72.45 3 2 
2001 AUG 10 5 1.63 0 88.31 2 1 
2001 SEP 69 8 3.77 0 90.97 12 1 
2001 OCT 44 10 4.12 0 93.15 8 2 
2001 NOV 29 17 5.84 0 89.72 5 3 
2001 DEC 32 19 6.48 0 95.43 6 3 

 annual mean NO2 (ppb) 5.76   
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Table B-8 Record data of NO2 at Public Service Centre, Chiang Mai during 1999 to 
2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 45 29 12.26 1 94.09 6 4 
2002 FEB 77 23 8.05 0 59.82 11 3 
2002 MAR 68 37 14.19 0 95.56 9 5 
2002 APR 65 33 10.90 0 52.64 9 5 
2002 MAY 24 13 5.01 0 74.73 3 2 
2002 JUN 21 12 3.78 0 67.64 3 2 
2002 JUL 18 11 4.64 0 94.89 3 2 
2002 AUG 21 11 4.41 0 83.47 3 2 
2002 SEP 24 11 4.55 0 95.00 3 2 
2002 OCT 23 14 5.63 0 83.06 3 2 
2002 NOV 34 18 7.79 0 94.03 5 3 
2002 DEC 33 15 4.99 0 94.76 5 2 

 annual mean NO2 (ppb) 7.19   
2003 JAN         0.00     
2003 FEB 34 15 5.98 0 63.99 6 2 
2003 MAR 25 17 7.11 0 80.11 4 3 
2003 APR 29 13 5.19 0 77.36 5 2 
2003 MAY 24 14 6.18 0 87.63 4 2 
2003 JUN 18 11 5.38 0 94.44 3 2 
2003 JUL 17 9 4.39 0 95.30 3 1 
2003 AUG 74 10 4.20 0 86.83 12 2 
2003 SEP 81 13 4.82 0 94.58 13 2 
2003 OCT 26 12 4.08 0 95.03 4 2 
2003 NOV 43 24 7.97 0 83.19 7 4 
2003 DEC 57 39 13.95 0 60.75 9 7 

 annual mean NO2 (ppb) 6.03   
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Table B-9 Record data of NO2 at Sheriff's House, Khonkaen during 1999 to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 90 58 27.35 3 94.76 5 3 
1999 FEB 118 64 30.05 4 99.85 6 3 
1999 MAR 66 44 20.80 3 100.00 3 2 
1999 APR 56 35 19.35 2 84.58 3 2 
1999 MAY 41 27 13.83 2 96.10 2 1 
1999 JUN 36 21 11.04 0 82.92 2 1 
1999 JUL 36 20 9.37 1 99.87 2 1 
1999 AUG 32 23 10.51 1 95.03 2 1 
1999 SEP 46 33 16.60 2 93.47 2 2 
1999 OCT 53 31 17.07 3 95.56 3 2 
1999 NOV 65 45 23.81 3 95.42 3 2 
1999 DEC 80 55 30.64 6 96.24 4 3 

 annual mean NO2 (ppb) 19.23   
2000 JAN 152 78 36.35 5 95.03 7 4 
2000 FEB 119 81 34.67 4 94.40 5 4 
2000 MAR 117 67 32.87 5 95.16 5 3 
2000 APR 67 40 21.52 4 94.58 3 2 
2000 MAY 46 32 15.67 0 95.56 2 1 
2000 JUN 66 28 13.96 0 76.67 3 1 
2000 JUL 53 25 11.99 1 81.99 2 1 
2000 AUG 31 22 10.24 0 70.16 1 1 
2000 SEP 59 40 18.15 2 62.36 3 2 
2000 OCT 36 28 15.87 3 94.76 2 1 
2000 NOV 63 46 23.84 4 95.97 3 2 
2000 DEC 57 45 24.29 6 95.83 3 2 

 annual mean NO2 (ppb) 22.20   
2001 JAN 90 60 28.52 7 76.48 5 3 
2001 FEB         0.00     
2001 MAR         0.00     
2001 APR 75 43 19.66 0 61.25 4 2 
2001 MAY 46 29 14.07 2 95.83 2 2 
2001 JUN 41 27 12.97 2 95.69 2 1 
2001 JUL 37 23 11.39 3 93.82 2 1 
2001 AUG 37 25 12.28 2 90.86 2 1 
2001 SEP 51 32 16.91 4 95.28 3 2 
2001 OCT 48 28 14.50 1 93.15 3 1 
2001 NOV 94 59 28.64 4 91.25 5 3 
2001 DEC 98 61 33.74 8 95.16 5 3 

 annual mean NO2 (ppb) 19.06   
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Table B-9 Record data of NO2 at Sheriff's House, Khonkaen during 1999 to 2003 
(cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 118 78 39.92 7 95.56 5 3 
2002 FEB 129 80 40.43 8 95.39 5 3 
2002 MAR 82 59 29.45 5 93.28 3 2 
2002 APR 72 44 23.06 1 61.94 3 2 
2002 MAY 47 31 16.73 4 73.39 2 1 
2002 JUN 66 36 17.91 3 93.33 3 1 
2002 JUL 41 25 15.72 4 95.30 2 1 
2002 AUG 50 31 17.50 5 95.83 2 1 
2002 SEP 63 41 22.49 5 95.83 3 2 
2002 OCT 66 45 23.97 5 95.16 3 2 
2002 NOV 67 48 23.59 4 95.69 3 2 
2002 DEC 80 49 26.34 4 95.56 3 2 

 annual mean NO2 (ppb) 24.88   
2003 JAN 79 59 29.08 4 95.83 4 3 
2003 FEB 104 58 28.84 7 94.94 5 3 
2003 MAR 104 45 22.55 4 95.30 5 2 
2003 APR 59 35 18.62 4 95.14 3 2 
2003 MAY 62 32 15.68 3 95.70 3 2 
2003 JUN 38 24 13.70 3 95.28 2 1 
2003 JUL 40 27 14.28 3 95.56 2 1 
2003 AUG 43 26 13.60 3 95.83 2 1 
2003 SEP 37 26 14.88 2 95.28 2 1 
2003 OCT 53 36 19.04 3 95.83 3 2 
2003 NOV 95 51 28.61 7 95.42 5 2 
2003 DEC 94 55 28.56 5 95.30 5 3 

 annual mean NO2 (ppb) 20.57   
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Table B-10 Record data of NO2 at Napharalan Shool, Saraburi during 1999 to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 101 33 9.81 0 83.06 13 4 
1999 FEB         0.00     
1999 MAR         0.00     
1999 APR         0.00     
1999 MAY         0.00     
1999 JUN 15 11 3.38 0 13.89 2 1 
1999 JUL         0.00     
1999 AUG         0.00     
1999 SEP         0.00     
1999 OCT         0.00     
1999 NOV 45 23 8.08 0 65.83 6 3 
1999 DEC 26 12 5.83 1 94.89 3 2 

 annual mean NO2 (ppb) 7.56   
2000 JAN 56 38 13.95 0 95.03 5 3 
2000 FEB 63 38 15.43 0 92.10 6 3 
2000 MAR 51 39 16.64 0 44.09 5 3 
2000 APR 30 22 12.34 1 14.31 3 2 
2000 MAY 28 23 13.03 0 33.87 3 2 
2000 JUN 66 20 13.86 7 25.42 6 2 
2000 JUL         0.00     
2000 AUG 38 25 11.32 1 44.35 3 2 
2000 SEP 59 24 11.23 0 37.64 5 2 
2000 OCT 42 23 10.01 0 95.30 4 2 
2000 NOV 39 18 5.84 0 93.75 3 2 
2000 DEC 23 14 5.43 0 72.58 2 1 

 annual mean NO2 (ppb) 11.20   
2001 JAN 79 43 18.00 1 87.10 6 3 
2001 FEB 74 48 17.40 0 72.02 6 4 
2001 MAR 34 30 13.98 0 6.18 3 2 
2001 APR 52 32 15.73 2 95.56 4 3 
2001 MAY 44 22 9.73 0 59.81 3 2 
2001 JUN 35 22 11.19 0 93.75 3 2 
2001 JUL 34 23 13.54 3 95.56 3 2 
2001 AUG 46 24 13.22 3 88.04 4 2 
2001 SEP 48 31 16.88 2 86.94 4 2 
2001 OCT 30 19 8.51 0 88.17 2 2 
2001 NOV 98 20 6.81 0 93.19 8 2 
2001 DEC 47 25 8.24 0 95.03 4 2 

 annual mean NO2 (ppb) 12.59   
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Table B-10 Record data of NO2 at Napharalan Shool, Saraburi during 1999 to 2003 
(cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 75 49 17.08 1 94.76 5 3 
2002 FEB 65 50 21.09 0 93.75 4 3 
2002 MAR 74 42 18.30 1 92.47 5 3 
2002 APR 60 37 17.29 1 94.72 4 2 
2002 MAY 44 29 17.56 0 95.43 3 2 
2002 JUN 47 30 18.40 5 94.86 3 2 
2002 JUL 42 28 17.86 3 95.43 3 2 
2002 AUG 36 25 14.59 3 95.56 2 2 
2002 SEP 50 28 14.02 0 95.14 3 2 
2002 OCT 46 25 10.56 0 85.75 3 2 
2002 NOV 43 26 8.03 0 95.28 3 2 
2002 DEC 65 32 10.78 0 95.30 4 2 

 annual mean NO2 (ppb) 15.45   
2003 JAN 76 53 18.56 1 58.60 5 3 
2003 FEB 106 56 21.35 1 51.19 7 4 
2003 MAR 78 43 19.59 4 95.43 5 3 
2003 APR 53 42 21.50 3 94.86 3 3 
2003 MAY 55 37 21.01 3 94.49 4 2 
2003 JUN 57 33 18.77 3 72.92 4 2 
2003 JUL 49 28 15.31 3 81.18 3 2 
2003 AUG 44 26 14.68 3 95.83 3 2 
2003 SEP 63 27 14.50 1 94.58 4 2 
2003 OCT 32 22 8.88 0 91.40 2 1 
2003 NOV 47 30 9.00 0 92.36 3 2 
2003 DEC 33 14 4.46 0 95.56 2 1 

 annual mean NO2 (ppb) 15.22   
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Table B-11 Record data of NO2 at General Education Office, Chonburi during 1999 to 
2003  
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 84 44 18.21 0 95.03 6 3 
1999 FEB 68 46 22.58 0 92.41 5 3 
1999 MAR 63 36 15.29 0 95.83 5 3 
1999 APR 42 28 13.19 0 75.42 3 2 
1999 MAY 30 21 9.93 0 90.86 2 2 
1999 JUN 44 24 10.47 0 99.44 3 2 
1999 JUL 42 20 8.26 0 96.77 3 1 
1999 AUG 75 19 8.34 0 51.48 5 1 
1999 SEP         0.00     
1999 OCT         0.00     
1999 NOV 50 29 12.13 0 56.39 4 2 
1999 DEC 92 43 18.10 0 81.18 7 3 

 annual mean NO2 (ppb) 13.82   
2000 JAN 61 41 17.27 0 95.30 4 3 
2000 FEB 88 54 19.90 0 95.39 6 4 
2000 MAR 63 39 17.30 0 73.39 4 3 
2000 APR 28 22 10.88 0 43.75 2 1 
2000 MAY 47 22 10.39 0 90.32 3 1 
2000 JUN         0.00     
2000 JUL         0.00     
2000 AUG         0.00     
2000 SEP 37 25 14.42 0 25.56 2 2 
2000 OCT 44 29 15.02 1 90.73 3 2 
2000 NOV 74 40 14.55 0 89.31 5 3 
2000 DEC 64 44 16.20 0 93.41 4 3 

 annual mean NO2 (ppb) 15.41   
2001 JAN 66 42 17.40 0 94.09 5 3 
2001 FEB 72 45 19.93 0 95.40 5 3 
2001 MAR 54 29 13.50 0 95.30 4 2 
2001 APR 51 25 10.59 0 95.28 4 2 
2001 MAY 65 21 9.93 0 94.62 5 1 
2001 JUN 50 24 11.28 0 94.86 4 2 
2001 JUL 64 27 12.34 1 95.03 5 2 
2001 AUG 52 26 12.65 1 95.43 4 2 
2001 SEP 55 28 14.03 0 92.50 4 2 
2001 OCT 79 31 14.17 0 93.55 6 2 
2001 NOV 75 43 14.54 0 93.06 5 3 
2001 DEC 69 46 18.46 1 95.56 5 3 

 annual mean NO2 (ppb) 14.06   
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Table B-11 Record data of NO2 at General Education Office, Chonburi during 1999 to 
2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 74 48 22.29 0 95.16 5 3 
2002 FEB 57 30 10.96 0 93.15 4 2 
2002 MAR 75 32 13.90 0 94.76 5 2 
2002 APR 53 30 14.33 0 93.47 3 2 
2002 MAY 57 26 12.97 1 90.47 4 2 
2002 JUN 38 24 13.13 0 90.69 2 2 
2002 JUL 34 22 11.41 0 91.02 2 1 
2002 AUG 62 29 14.67 1 95.03 4 2 
2002 SEP 55 26 13.99 0 85.97 4 2 
2002 OCT 72 40 18.95 2 95.43 5 3 
2002 NOV 66 38 17.35 1 95.97 4 2 
2002 DEC 78 44 22.14 3 94.89 5 3 

 annual mean NO2 (ppb) 15.61   
2003 JAN 73 52 23.61 0 95.70 4 3 
2003 FEB 79 54 21.44 2 95.83 5 3 
2003 MAR 48 32 16.40 1 95.56 3 2 
2003 APR 51 26 13.78 0 90.56 3 2 
2003 MAY 56 29 15.30 2 95.56 3 2 
2003 JUN 46 25 13.90 1 95.00 3 2 
2003 JUL 34 24 12.56 0 95.70 2 1 
2003 AUG 36 21 9.66 0 95.03 2 1 
2003 SEP 44 26 12.05 0 94.31 3 2 
2003 OCT 57 32 14.82 0 94.35 3 2 
2003 NOV 75 46 22.11 3 94.72 5 3 
2003 DEC 89 53 22.66 2 95.30 5 3 

 annual mean NO2 (ppb) 16.51   
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Table B-12 Record data of NO2 at City Hall, Samutprakan during 1999 to 2003  
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN         0.00     
1999 FEB         0.00     
1999 MAR         0.00     
1999 APR 5 3 1.67 0 7.92 0 0 
1999 MAY 60 28 10.35 0 100.00 3 1 
1999 JUN 47 38 16.99 5 9.58 2 2 
1999 JUL 71 26 12.42 3 37.37 4 1 
1999 AUG 69 29 12.81 2 93.95 3 1 
1999 SEP 87 46 20.82 4 80.56 4 2 
1999 OCT 79 50 26.85 6 92.88 4 3 
1999 NOV 76 48 29.90 7 93.06 4 2 
1999 DEC 90 69 42.80 14 74.46 5 3 

 annual mean NO2 (ppb) 19.93   
2000 JAN 149 68 31.27 5 80.51 7 3 
2000 FEB 134 80 33.36 2 75.30 6 4 
2000 MAR 72 48 13.67 1 94.35 3 2 
2000 APR 64 30 13.87 0 87.36 3 1 
2000 MAY 46 28 13.53 3 65.32 2 1 
2000 JUN 56 29 13.30 3 90.42 3 1 
2000 JUL 73 35 13.78 2 95.43 3 2 
2000 AUG 39 26 13.90 3 95.83 2 1 
2000 SEP 90 45 19.53 3 95.83 4 2 
2000 OCT 79 46 23.63 1 92.74 4 2 
2000 NOV 116 58 34.46 8 95.97 5 3 
2000 DEC 116 67 40.51 11 95.43 5 3 

 annual mean NO2 (ppb) 22.02   
2001 JAN 94 66 28.45 4 95.70 4 3 
2001 FEB 120 70 28.94 0 95.83 5 3 
2001 MAR 55 38 18.81 4 95.30 2 2 
2001 APR 43 28 13.72 0 95.83 2 1 
2001 MAY 47 30 15.55 3 95.70 2 1 
2001 JUN 63 32 15.20 3 95.97 3 1 
2001 JUL 27 17 8.27 0 87.10 1 1 
2001 AUG 51 25 11.69 1 95.16 2 1 
2001 SEP 69 36 16.96 2 95.42 3 2 
2001 OCT 84 52 30.52 6 96.24 4 2 
2001 NOV 100 69 38.22 8 95.42 4 3 
2001 DEC 120 73 40.71 4 95.70 5 3 

 annual mean NO2 (ppb) 22.35   
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Table B-12 Record data of NO2 at City Hall, Samutprakan during 1999 to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 119 70 36.53 8 95.30 5 3 
2002 FEB 60 44 19.29 0 95.39 3 2 
2002 MAR 83 52 19.03 4 95.83 4 2 
2002 APR 68 43 17.49 3 95.69 3 2 
2002 MAY 63 40 16.07 2 95.83 3 2 
2002 JUN 50 25 12.28 0 94.03 2 1 
2002 JUL 44 20 10.34 2 83.87 2 1 
2002 AUG 61 31 13.89 2 96.51 3 1 
2002 SEP 63 32 16.36 3 96.81 3 1 
2002 OCT 75 59 29.55 5 96.10 3 3 
2002 NOV 123 63 34.90 3 88.06 6 3 
2002 DEC 101 61 35.75 8 95.70 5 3 

 annual mean NO2 (ppb) 21.86   
2003 JAN 150 78 37.13 0 95.56 6 3 
2003 FEB 81 55 23.20 0 95.83 3 2 
2003 MAR 99 52 25.23 4 96.24 4 2 
2003 APR 73 34 14.85 4 96.25 3 1 
2003 MAY 68 38 16.46 3 94.62 3 2 
2003 JUN 70 30 14.87 2 87.36 3 1 
2003 JUL 75 42 19.01 0 44.62 3 2 
2003 AUG 77 45 20.70 2 51.34 3 2 
2003 SEP 92 37 17.26 0 91.67 4 1 
2003 OCT 71 50 27.03 5 95.97 3 2 
2003 NOV 97 64 31.62 0 87.50 4 3 
2003 DEC 158 75 44.58 6 95.70 6 3 

 annual mean NO2 (ppb) 24.87   
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Table B-13 Record data of NO2 at Public Health Centre, Phuket during 1999 to 2003 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

1999 JAN 88.7999 22 12.67 2.75 34.95 16 4 
1999 FEB 37.5 19 9.17 0 95.09 7 3 
1999 MAR 23 15 8.13 1.5 95.43 4 3 
1999 APR 23.5 18 11.23 4.25 19.72 4 3 
1999 MAY         0.00     
1999 JUN 34.75 24 14.20 4 54.44 6 4 
1999 JUL 36.75 24 12.79 2.5 95.43 7 4 
1999 AUG 52.75 22 13.64 2.5 70.43 9 4 
1999 SEP 83.75 23 11.36 0 78.47 15 4 
1999 OCT 86 25 12.51 0.25 74.87 15 4 
1999 NOV 32.5 21 11.17 1.75 85.69 6 4 
1999 DEC 39.5 20 9.30 0 94.35 7 4 

 annual mean NO2 (ppb) 5.65   
2000 JAN 31.25 22 10.22 1.5 82.93 4 3 
2000 FEB 153 29 13.27 0 90.95 20 4 
2000 MAR 29.75 20 11.41 2.25 95.03 4 3 
2000 APR 162.75 24 13.92 0.5 95.14 22 3 
2000 MAY 181 25 13.13 0 92.61 24 3 
2000 JUN 131.5 24 12.84 1.8 92.78 17 3 
2000 JUL 28 23 12.60 2.25 30.65 4 3 
2000 AUG 35.5 17 9.00 0.5 83.87 5 2 
2000 SEP 40.5 19 10.13 3.75 94.44 5 3 
2000 OCT 46.75 20 11.11 2 93.82 6 3 
2000 NOV 73 23 10.69 2 91.11 10 3 
2000 DEC 52.25 26 11.73 2 91.26 7 3 

 annual mean NO2 (ppb) 7.55   
2001 JAN 47.75 23 10.98 3 85.75 5 2 
2001 FEB 35.5 23 9.32 1.5 61.31 3 2 
2001 MAR 58 26 13.57 0 94.49 6 2 
2001 APR 31.75 20 11.88 4.5 92.78 3 2 
2001 MAY 38.25 25 12.84 3 94.49 4 2 
2001 JUN 74.5 24 11.29 1.5 94.72 7 2 
2001 JUL 29.75 17 8.37 0 93.68 3 2 
2001 AUG 43 20 8.59 0.75 93.41 4 2 
2001 SEP 48.75 27 13.84 1 92.92 5 3 
2001 OCT 33 19 10.73 1.5 92.88 3 2 
2001 NOV 35.75 20 10.15 0 94.44 3 2 
2001 DEC 52 20 11.33 1.25 95.83 5 2 

 annual mean NO2 (ppb) 10.38   
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Table B-13 Record data of NO2 at Public Health Centre, Phuket during 1999 to 2003 (cont.) 
 
Year Month MAX P95 Avg. MIN % available data NO2max/anmNO2 P95NO2/anmNO2

2002 JAN 39.25 19 9.07 0.25 86.96 3 1 
2002 FEB 42.25 24 11.09 2 95.24 3 2 
2002 MAR 35.75 22 12.12 2.25 95.56 3 2 
2002 APR 34.25 22 11.69 0 94.72 3 2 
2002 MAY 39.5 24 12.82 3.5 82.39 3 2 
2002 JUN 40.5 26 14.47 3.25 76.25 3 2 
2002 JUL 29.25 18 9.28 1.75 94.22 2 1 
2002 AUG 32 21 9.77 0.75 100.00 2 2 
2002 SEP 42 21 11.34 1.5 99.58 3 2 
2002 OCT 30.25 21 12.05 2.5 99.33 2 2 
2002 NOV 32.5 20 10.01 1.75 95.14 2 2 
2002 DEC 38.5 21 9.37 1.75 95.43 3 2 

 annual mean NO2 (ppb) 13.29   
2003 JAN 54.25 20 9.98 2 95.43 4 1 
2003 FEB 142.75 19 9.49 0 92.86 10 1 
2003 MAR 26.25 17 8.99 1.5 99.06 2 1 
2003 APR 30.5 20 10.99 2.25 94.86 2 1 
2003 MAY 43.75 21 10.36 2 95.30 3 1 
2003 JUN 36 21 11.92 2.75 96.39 2 1 
2003 JUL 35.25 24 12.40 0 95.97 2 2 
2003 AUG 35.25 18 10.37 2 95.16 2 1 
2003 SEP 42 23 12.37 0 95.69 3 2 
2003 OCT 49 24 12.26 2 92.61 3 2 
2003 NOV 29 20 9.02 1 93.61 2 1 
2003 DEC 40.25 20 8.40 0 93.68 3 1 

 annual mean NO2 (ppb) 14.96   
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APPENDIX C 

EXAMPLES OF RELATIONSHIP BETWEEN  
HOURLY NOx AND NO2 
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Figure C-1 Relationships between hourly NOx and NO2 at roadside area 

in Bangkok during 1999 to 2003 
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Figure C-2 Relationships between hourly NOx and NO2 at urban background area  

in Bangkok during 1999 to 2003 
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Figure C-3 Relationships between hourly NOx and NO2 at roadside area 

in regional area during 1999 to 2003 
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Figure C-4 Relationships between hourly NOx and NO2 at urban background area 

in regional area during 1999 to 2003 
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Figure C-5 Relationships between hourly NOx and NO2 in Bangkok and regional 

roadside area, Thailand during 1999 to 2003 
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Figure C-6 Relationships between hourly NOx and NO2 in Bangkok and regional 

urban background station, Thailand during 1999 to 2003 
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Figure C-7 Relationships between hourly NOx and NO2 of all areas 

in Thailand during 1999 to 2003 
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APPENDIX D 

EXAMPLES OF PREDICTED NO2 (ppb) 
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 

 
Figures D-1 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by Bangkok roadside areas model at Traffic 
Police Resident for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 

 
Figures D-2 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by Bangkok roadside areas model at Dindaeng 
Housing Authority for three days  

 
 
 
 



Fac. of Grad. Studies, Mahidol Univ.                   M.Sc. (Appro. Techn. for Resou. and Env. Dev.) / 135 

0
10
20
30
40
50
60
70
80

10404 10804 11204

DMY

N
O

2  (
pp

b)

observed hourly NO2 predicted hourly NO2 by roadBkkLin.M5
predicted hourly NO2 by roadBkkLin.M9 predicted hourly NO2 by roadBkkLin.M12

 
(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 

 
Figures D-3 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by Bangkok roadside areas model at Electric 
Power Substation for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-4 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by Bangkok urban background areas model at 
National Housing Authority for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-5 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by Bangkok urban background areas model at 
Nonsi Withaya School for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-6 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by Bangkok urban background areas model at 
Singharaj Withayakom School for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-7 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by regional roadside areas model at Yupparaj 
Wittayalai School, Chiang Mai for three days 
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-8 (a) – (c) Examples of predicted hourly NO2 (ppb) in pattern of linear, 
logarithm and polynomial relationship by regional urban background areas model at 
Napharalan School, Suriburi for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-9 (a) – (c) Examples of predicted hourly NOB2 B (ppb) in pattern of linear, 
logarithm and polynomial relationship by regional urban background areas model at 
City Hall, Samutprakan for three days  
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(a) Linear relationship 
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(b) Logarithm relationship 
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(c) Polynomial relationship 
 

Figures D-10 (a) – (c) Examples of predicted hourly NO B2 B (ppb) in pattern of linear, 
logarithm and polynomial relationship by regional urban background areas model at 
Sheriff’s House, Khonkaen for three days  
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(a) Dindang Housing Authority, Bangkok 
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(b) Yupparaj Wittayalai School, Chiang Mai 

 
Figures D-11 (a) – (b) Examples of predicted hourly NOB2 B (ppb) in pattern of linear, 
logarithm and polynomial relationship by roadside areas model at Dindaeng Housing 
Authority and Yupparaj Wittayai School for three days  
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(a) National Housing Authority, Bangkok 
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(b) Sheriff’s House, Khonkaen 

 
Figures D-12 (a) – (b) Examples of predicted hourly NOB2 B (ppb) in pattern of linear, 
logarithm and polynomial relationship by urban background areas model at National 
Housing Authority and Sheriff’s House for three days  
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(a) Dindaeng Hosing Authority, Bangkok 
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(b) Yupparaj Wittayalai School, Chiang Mai 
 

Figures D-13 (a) – (b) Examples of predicted hourly NOB2 B (ppb) in pattern of linear, 
logarithm and polynomial relationship by all area model at Dindaeng Housing 
Authority and Yupparaj Wittayai School for three days  
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(a) National Housing Authority, Bangkok 
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(b) Sheriff’s House, Khonkaen 

 
Figures D-14 (a) – (b) Examples of predicted hourly NOB2 B (ppb) in pattern of linear, 
logarithm and polynomial relationship by all area model at National Housing 
Authority and Sheriff’s House for three days  
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