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Abstract: This study investigated the impact of transboundary smoke haze from Indonesia on air quality in Southern Thailand, with 

focus on Songkhla and Phuket provinces. Long-term PM10 (particulate matter whose size is no larger than 10 µm) and visibility data 
were considered. It was found that elevated PM10 tends to occur in the haze-prone period (May-November) and be more induced in 

strong El Nino years (here, 1997 and 2015), with PM10 degradation at Songkhla being more pronounced than at Phuket. The seasonality 

of monthly mean PM10 and VISd is not as apparent as that of the high-end and low-end percentiles respectively, suggesting a high 

degree of episodicity for the PM10 problem. Elevated PM10 episodes at Songkhla and Phuket were identified by examining daily PM10 

time series. Kinematic back-trajectory results simulated for individual elevated PM10 episodes during the haze-prone period (42 and 4 

episodes at Songkhla and Phuket, respectively) show that the majority of the episodes (63% at Songkhla and 100% at Phuket) have 

back-trajectories passing over fire cluster(s) located in Sumatra or Borneo and often associated with the warm (El Nino) or neutral 

phases of the El Nino-Southern Oscillation or ENSO. This evidently affirms the potential transboundary smoke haze from biomass 

burning in Indonesia, which induces elevated PM10 in Southern Thailand.  
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1. Introduction

By definition, biomass burning is the combustion of 

organic matter (i.e. living and dead vegetation) in an open area 

[1]. It can cause serious environmental issues and is one of the 

significant air pollution sources with global, regional, and local 

impacts on air quality, public health, and climate [2]. Most 

biomass burning occurs in tropical regions where fires are used 

for different purposes such as agricultural land cleaning, 

deforestation, shifting cultivation, and energy production [3]. 

Southeast Asia is considered one of the heavily impacted regions 

by biomass burning, with several hectares of forests and 

vegetation burned annually by intentional fires [4].  Uncontrolled 

fires in Indonesia have significantly increased since 1980s and 

been substantially found in Sumatra and Borneo (or Kalimantan) 

Islands, especially their southern parts [5]. Since many parts of 

Indonesia are covered by peat swamp forests, and peat is 

sedentarily accumulated material consisting of at least 30% of 

total dry mass as dead organic materials which store plenty of 

semi-decomposed organic matters [6]. Fires, when occurring, can 

burn and last relatively long in time and then emit considerable 

particulate and gaseous air pollutants as well as greenhouse gases. 

Incomplete biomass burning produces toxic pollutants, especially 

hydrocarbons. Secondary particulate and gaseous pollutants can 

form from emitted precursors. Favorable meteorological 

conditions, in particular strong synoptic winds, may allow fine 

particulate matters and other non-short-lived pollutants to travel 

over far distances, here aggregately called “smoke haze” [6].  

Local air quality in many downwind areas of Southeast 

Asian countries (Indonesia, Malaysia, Singapore, Brunei, 

southern Thailand, and some parts of Philippines) is thus 

unavoidably impacted by transboundary smoke haze from 

Indonesia, causing several environmental and health problems [7-

10].  In Sumatra and Borneo Islands, biomass burning is relatively 

intense in the dry season (May-November, defined here as the 

haze-prone period or months), during which land clearing for the 

next cycle of farming and deforestation to increase agricultural 

lands and are prevalent.  Less rain and higher temperature in the 

dry season are favorable to sustain and spread fires, in contrast 

with December-April (defined as the non-haze-prone period or 

months) when rain and moisture are abundant and fires occur 

much less.  The climate or weather system of Sumatra and Borneo 

is generally governed by the monsoon, consisting of two phases: 

the wet season in January-March and the dry season in July–

September [5, 11]. The inter-annual variability of climatic 

conditions in Southeast Asia is well known to be influenced by 

the El Nino-Southern Oscillation (ENSO), which is an important 

large-scale climatic mode [12]. Its three phases are warm (or El 

Nino), cold (or La Nina), and neutral. El Nino can enhance 

regional drought, biomass burning, and also smoke haze [2, 5].  

Various studies investigated the impact of biomass 

burning in Indonesia on air quality of Southeast Asian countries 

[7, 9, 13-14]. Most focused on a single or few smoke haze. For 

Southern Thailand, such particular studies have still been limited 

but the smoke-haze problem has existed and of much concern 

[10]. Pentamwa and Oanh [8] investigated a short smoke haze 

episode in August 2005 for Southern Thailand using back-

trajectory modeling. It is known that smoke haze from Indonesia 

occasionally causes air quality to deteriorate so that public health, 

tourism, off-shore fishery, and transportation (both land and sea 
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due to low visibility) are affected. For example, in June-October 

2015, daily (24-hour average) PM10 level exceeded the national 

standard of 120 µg m 3 for a number of times in several areas of 

the region [15]. In this study, long-term air quality data in 

Southern Thailand were considered to investigate the impact and 

extent and transboundary smoke haze. We first looked at and 

described the severity of problem using basic statistics derived 

from observational data, and we applied a back-trajectory 

modeling approach to inspect air-mass pathways associated with 

elevated PM10 episodes. 

2. Study area

The focus of this study is air quality degradation in the 

southern region of Thailand due to transboundary smoke haze 

from Lower Southeast Asia, in particular Sumatra and Borneo of 

Indonesia (Figure 1). The southern region, as part of the Malay 

Peninsula, is geographically divided into the east-coast and west-

coast sides by elongated mountain ridges approximately aligned 

in the north-south direction. Administratively, it has a total of 16 

provinces: 10 on the east coast (Phetchaburi, Prachuap Khiri 

Khan, Chumphon, Surat Thani, Nakhon Si Thammarat, 

Phatthalung, Songkhla, Pattani, Yala, and Narathiwat) and the 

rest on the west coast (Ranong, Phang Nga, Krabi, Phuket, Trang 

and Satun). Songkhla and Phuket were representatively chosen 

for study. Both are the largest in the east and west coasts, 

respectively, in terms of urbanization and economic development, 

and also offer many tourist destinations for rich cultures, beaches, 

and other recreational activities. Each has an urbanized central 

core as a city. Given the region’s long and surrounding coastlines, 

its general climate is considered maritime [16], as opposed to 

continental climate in the other parts of Thailand, and mainly 

regulated by two regional monsoons [17]. The southwest 

monsoon spans May-October (i.e., the wet season), bringing 

moist warm air from Indian Ocean and then rain.  

Figure 1. Maps of a) Southeast Asia, and b) Southern Thailand, showing the monitoring stations considered in the study. 

Sumatra 
Borneo 

a) 

b)
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The northeast monsoon is active in November and ends in 

February, bringing cool dry air from the mid-latitudes. As exception 

for November-January when the latter monsoon is quite intensified, 

air masses tend to pass through and absorb plenty of moisture from 

the Gulf of Thailand, resulting in substantial rain along the east-

coast side of the region (Figure 2a). Monthly temperature in 

Songkhla and Phuket ranges between 27°C and 30°C, with the lowest 

and highest values in November-January and May, respectively. Local 

winds also link to the monsoons, and during the wet season, 

southerly and westerly winds are dominant for Songkhla and Phuket, 

respectively (Figure 3). The climate of Sumatra and Borneo has 

less seasonality [11], as compared to Southern Thailand. It is seen 

that most of the haze-prone months have apparently less rain, and 

May has the highest temperature (Figures 2c and 2d). 

Figure 2. Monthly temperature and rain for a) Songkhla, b) 

Phuket, c) Sumatra, and d) Borneo. 

Figure 3. Monthly wind rose diagrams for May-November at a) 

Songkhla and b) Phuket. 

3. Data and Methods

Hourly near-surface PM10 data (measured at about 3 m agl 

or above ground level) at Songkhla and Phuket in the southern 

region were from the Pollution Control Department (PCD) of 

Thailand. The time coverage of the data is 1997-2016 (20 years) 

for Songkhla and 2008-2016 (9 years) for Phuket. We received 

supplementary PM10 data for the following three provinces: 

Naratiwat (2006-2016), Yala (2006-2016), and Surat Thani (2004-

2016) for. Along with hourly PM10 are the following meteorological 

parameters: near-surface temperature, near-surface relative humidity, 

10-m wind (speed and direction), and rain. Three-hourly daytime

visibility data monitored by the TMD were also included (available

at http://www.ncdc.noaa.gov). All initial data were quality checked,

as summarized in Table 1. The amount of missing data was found

to vary among the stations. Here, any variable with a large amount

of missing data (here, >30%) was excluded. In general, the PCD

a) 

b) 

c) 

d) 

b) 

a)

http://www.ncdc.noaa.gov/
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and TMD data used here have good adequacy with missing data 

being less than 20% for most of the available years. In our 

statistical calculation, at least 50% of all data values pooled must 

be present. Given that visibility is humidity-dependent, atmospheric 

aerosols can absorb humidity and then grow in size, leading to 

increase in light scattering, which thus reduces visibility [18]. As 

in Aman et al. (2019), the following relationship [19] was applied 

to adjust the original visibility to the non-humid or dry condition, 

which gives better representation for air pollution conditions: 

VIS

VISd

= 0.26 + 0.4285 log
10

(100 − RH)  (3.1) 

where VIS is the original or initial visibility, VISd is the RH-corrected 

visibility, and RH is the relative humidity (%). In the current 

analysis, a daily resolution was essentially considered. Daily 

conversion was conducted on hourly PM10 as 24-hour average 

from 8 LT (local time) (the present day) to 7 LT (the next day) and 

for VISd as the average of the values at 13LT and 16 LT [20].  

Monthly 0.5° gridded data of the National Oceanic and 

Atmospheric Administration Climate Prediction Center (NOAA 

CPC) (available at ftp://ftp.cdc.noaa.gov/) were used to estimate 

temperature and rain over Sumatra and Borneo (as shown in 

Figures 2c and 2d). Monthly Oceanic Nino Index (ONI) was used 

to identify the El Nino, La Nina, and neutral phases (available at 

https://www.esrl.noaa.gov/). The index is three-month running 

averages of sea surface temperature anomalies over the tropical 

Pacific region of 5ºN-5ºS and 170ºW-120ºW (or the Nino 3.4 

region). The ONI values from May to November in each calendar 

year were averaged to mark type of ENSO in that year (≥0.5°C as 

El Nino, ≤0.5°C as La Nina, and otherwise, as neutral).  

A smoke haze episode or event is identified by examining 

daily PM10 time series. When PM10 level goes up and start to cross 

the threshold of 60 µg m3, increases to 90 µg m3 or greater on 

later day(s), and finally decreases and reaches the 60 µg m3 

threshold again, an episode is identified. The length of episode 

counts the number of days of from the two crossings while the 

duration of elevated PM10 counts only those with 90 µg m3 or 

greater found in the episode. It is noted that the 60 µg m3 and 90 

µg m3 levels correspond approximately to the 70th and 95th 

percentiles of daily PM10 during the haze-prone period at Songkhla. 

Accordingly, 42 and 4 episodes were found for Songkhla and 

Phuket, respectively (see Tables 3 and 4).   

Back-trajectory modeling was performed to assess the 

pathways of air masses associated with each smoke haze episode 

during the haze-prone period. FLEXTRA (version 5.0) [21] 

(available at http://flexpart.eu) was employed to simulate kinematic 

back-trajectories for each individual episode, which was set to 

travel backward in time for 8 days. The driving wind fields for the 

modeling is 6-hourly 0.5º Climate Forecast System Reanalysis 

(CFSR) data [22]. The arrival times of back-trajectory was set to 

4 times a day (0, 6, 12, and 18 UTC; LT = UTC + 7). As for arrival 

height, several previous studies used a single height, e.g., 500 m 

agl. [23], which is applicable when considering the thickness of 

daytime ABL in the tropics being about 1-3 km. The early afternoon 

hour generally represents the time of strong convective mixing 

and the fairly-to-well developed atmospheric boundary layer 

(ABL). However, FLEXTRA offers several options to initialize 

back-trajectories, and one of them is coherent ensemble of trajectories 

(CET), which was used here. This mode initializes a number of 

starting points over a uniform three-dimensional grid and is thus 

suitable to investigate the potential air pollutant sources, as opposed 

to a single location or height. Here, at each of Songkhla, and 

Phuket, the CET domain includes 21 uniform vertical levels extended 

from the ground to 2 km, at each of which 33 uniform receptors 

are placed with a 0.25° spacing (i.e., 189 receptors in the CET 

domain). Assume that the length of a smoke haze episode is 8 days 

and the elevated PM10 duration is 2 days, the total number of back-

trajectories equals to 1,512 (= 189 CET receptors  4 times d1  

2 elevated PM10 days).  

To identify the potential sources of smoke haze from 

Indonesia, several trajectory-based methods have been used [20, 

24-26]. In the current study, a simple technique was adopted here 

by visually examining the simulated back-trajectory pathways for 

an evidence of transboundary smoke haze from Sumatra or 

Borneo as the potential source areas if a non-trivial number of 

back-trajectories cross the target areas together with the presence 

of fire cluster(s) in each smoke haze episode. 

An active fire data product (here, MCD14ML Collection 5) 

was used to indicate biomass burning occurrences or fires [27] 

(available at ftp://fuoco.geog.umd.edu/modis/). In this product, derived 

fire pixels have a resolution of 1 km based on the combined detection 

of the MODIS (Moderate Resolution Imaging Spectroradiometer) 

sensors aboard the Terra (launched in 1999) and Aqua (launched 

in 2002) satellites of the National Aeronautics and Space Administration 

(NASA). The data cover all years since 2000. In each episode, all 

MODIS-based fires were pooled from all elevated PM10 days plus 

the previous 8 days of the first elevated day, mapped on the target 

areas, and then visually examined if any large fire cluster(s) are present. 

Table 1. Suitable ranges and outliers of selected parameters. 

Parameter Units 
Suitable 

Range 
Outlier 

PM10 µg m3 0-600 Mean ± 10SD

VIS km 0 Not applicable 

Wind speed m s1 0-50 Mean ± 10SD 

Wind direction degrees from north 0-360 Not applicable

Temperature ºC 5-50 Not applicable 

Relative humidity % 0-100 Not applicable

Rain mm 3h1 0-300 Mean ± 10SD

4. Results and Discussion

4.1 Severity of smoke haze 

Monthly average PM10 over 1997-2016 at the selected five 

stations in the southern region of Thailand show strong fluctuation 

year by year (Figure 4a). Most obviously, sharply elevated PM10 

at Songkhla tends to occur during the haze-prone period, and 

nearly all exceedances at all stations, if found, are present in the 

same period as well (Figure 4b), suggesting the air quality degradation 

being seasonal and due potentially to smoke haze.  

Songkhla is the city with the most serious PM10 problem, 

with as many as 20 exceedances in the haze-prone period over the 

20-years, while Phuket has 5 exceedances based on the 9-year data

(Table 1). In 2015, the problem is prevalent region-wide with

exceedances found at every station (Figure 4b), and turns the most

serious for PM10 mean in the haze-prone period (Figures 5a and

5b). Visibility (specifically, VISd) can also be seriously impacted,

e.g., as low as 0.3 km and 1.2 km at Songkhla and Phuket,

respectively (Table 2). However, seasonal mean PM10 and VISd

are not necessarily expected to be higher and lower in the haze-

prone months as compared to the other months (Table 2), respectively.

Similar results can be seen in the annual cycle of PM10, with 

relatively low variation (i.e., low seasonality) in mean but high at 

the high-end percentiles (here, 75th and maximum) (Figures 5c and 

5d). This is generally because the smoke haze problem is highly 

episodic, i.e., lasting from 1-3 days mostly to multiple days (e.g., 

4-6 days) for some cases (Table 3). As seen from the table, in the

non-haze-prone period, only one exceedance was found in Songkhla,

suggesting local emission sources to play a more important role

and the particulate pollution in the regions to be mostly associated

with the biomass burning in Indonesia in the haze-prone months

instead (Figures 5a and 5b).
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Figure 4. a) Monthly variation of PM10 at the selected five stations in Southern Thailand, and b) monthly variation of PM10 exceedance 

days at the same stations. The grey lines mark the haze-prone months (May-November). 

Table 2. General statistics of 24-hour average PM10 and daily daytime VISd at Songkhla and Phuket. 

The annual cycle of VISd is consistent with that of PM10 

(Figures 6a and 6b) at each of Songkhla and Phuket, with low 

monthly variation in terms of mean but more seasonality with 

relatively low in the haze-prone months as seen at the low-end 

percentiles (here, 25th and minimum). Moreover, most of low 

visibility values tend to occur in this period (Figure 6c). It should 

be noted that visibility at Phuket tends to be lower than that 

atSongkhla but they cannot be compared to each other because 

visibility monitoring is human-based using different or site-

specific visibility target. 

The high interannual variatio n of PM10 during the haze-

prone months is expected since transboundary smoke haze is 

generally controlled by the degree of biomass burning and 

weather pattern (Figure 7). The years 1997 and 2015 are distinct 

with relatively high PM10 persistently over many haze-prone 

months, and both years have the strong El Nino phase associated 

with drastic drought and high temperature in Southeast Asia [12]. 

The highest-recorded daily PM10 in Songkhla and Phuket 

commonly occurred in October 2015 at 291.8 µg m3 and 202.4 

µg m3, respectively (see Figures 5c and 5d).

Statistic 
Songkhla Phuket 

PM10 (µg m3) VISd (km) PM10 (µg m3) VISd (km) 

Haze-prone period 

Range 9.9 to 291.8 0.3 to 21.1 4.8 to 202.4 1.2 to 13.0 

Mean ± SD 41.4 ± 18.0 11.0 ± 1.7 23.0 ± 12.1 9.6 ± 1.7 

No. of exceedance days 20 Not applicable 5 Not applicable 

Non-haze-prone period 

Range 5.0 to 123.9 1.3 to 15.9 6.1 to 84.1 3.5 to 12.1 

Mean ± SD 36.6 ± 1 11.1 ±1.2 29.6 ± 12.2 9.5 ± 1.4 

No. of exceedance days 1 Not applicable 0 Not applicable 

Remark: National daily (24-hour average) PM10 standard = 120 µg m3 

a) 

b)
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Table 3. Trajectory characteristics associated with the smoke haze episodes for Songkhla. 

No. Start End 

Episode 

length (days) 

Duration of 

elevated PM10 

(days) 

ENSO type 

Trajectories (%) 

passing over 

Sumatra or Borneo 

Presence of 

fire cluster(s) 

1 1997-07-28 1997-07-30 3 1 EL 50.6 - 

2 1997-08-04 1997-08-06 3 1 EL 39.5 - 

3 1997-08-15 1997-08-17 3 1 EL 39.0 - 

4 1997-08-19 1997-08-21 3 1 EL 61.7 - 

5 1997-09-09 1997-09-11 3 1 EL 40.6 - 

6 1997-09-12 1997-09-15 4 2 EL 66.9 - 

7 1997-09-20 1997-09-27 8 5 EL 77.4 - 

8 1997-09-28 1997-10-02 5 1 EL 52.7 - 

9 1997-10-05 1997-10-07 3 1 EL 59.8 - 

10 1997-10-11 1997-10-13 3 1 EL 60.3 - 

11 1997-10-19 1997-10-21 3 1 EL 76.2 - 

12 1997-10-26 1997-10-28 3 1 EL 0.5 - 

13 1997-11-01 1997-11-04 4 2 EL 6.1 - 

14 1997-11-06 1997-11-08 3 1 EL 1.2 - 

15 1997-11-18 1997-11-23 6 2 EL 0.1 - 

16 2000-07-10 2000-07-15 6 3 LA 19.1 No 

17 2000-07-15 2000-07-19 5 2 LA 18.6 No 

18 2001-09-07 2001-09-17 11 6 N 62.8 No 

19 2002-07-10 2002-07-20 11 6 EL 30.6 No 

20 2002-07-25 2002-07-29 5 1 EL 30.8 No 

21 2002-08-22 2002-08-31 10 2 EL 18.5 Yes 

22 2002-09-25 2000-09-27 3 1 EL 50.3 Yes 

23 2002-10-07 2002-10-10 4 2 EL 2.1 Yes 

24 2002-10-17 2002-10-22 6 2 EL 52.6 Yes 

25 2003-08-21 2003-08-24 4 1 N 50.7 Yes 

26 2003-09-10 2003-09-14 5 1 N 34.4 Yes 

27 2004-07-10 2004-07-15 6 2 N 0.8 No 

28 2005-08-12 2005-08-17 6 1 N 71.6 Yes 

29 2005-11-12 2005-11-16 5 1 N 1.5 No 

30 2006-0715 2006-07-19 5 3 N 40.0 Yes 

31 2006-08-03 2006-08-07 5 1 N 42.1 Yes 

32 2006-10-04 2006-10-10 7 1 N 51.9 Yes 

33 2007-11-15 2007-11-27 13 1 LA 0.7 No 

34 2008-07-27 2008-08-04 7 1 N 69.7 No 

35 2011-09-05 2011-09-10 6 2 LA 36.7 Yes 

36 2012-08-08 2012-08-14 5 2 N 45.1 Yes 

37 2013-06-18 2013-06-25 8 2 N 33.4 Yes 

38 2013-06-26 2013-06-29 4 1 N 1.5 Yes 

39 2014-06-19 2014-06-24 6 1 N 3.0 No 

40 2015-09-01 2015-09-04 4 1 EL 85.4 Yes 

41 2015-10-02 2015-10-09 8 2 EL 68.5 Yes 

42 2015-10-19 2015-10-26 8 3 EL 43.9 Yes 

Remark:  

-: No MODIS fire hotspot data 

Table 4. Same as Table 3 but for Phuket. 

No. Start End 

Episode length 

(days) 
Duration of elevated 

PM10  (days) 
ENSO type 

Trajectories (%) passing 

over Sumatra or Borneo 

Presence of fire 

cluster(s) 

1 2015-08-25 2015-08-29 5 1 EL 83.3 Yes 

2 2015-09-17 2015-09-23 7 3 EL 69.2 Yes 

3 2015-10-02 2015-10-09 8 4 EL 55.3 Yes 

4 2015-10-19 2015-10-22 4 1 EL 7.2 Yes 
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Figure 5. Annual maximum daily PM10 at a) Songkhla and b) Phuket, and monthly PM10 at c) Songkhla and d) Phuket. In a) and b), 

HP and NHP stand for the haze-prone and non-haze-prone periods, respectively. In each of the lower figures, the grey line indicates 

the national daily PM10 standard. The bottom side, middle line, and top side of each box denote the 1st, 2nd (or median), and 3rd quartiles, 

respectively. The bottom and top dashes of each vertical line are the minimum and maximum of data. 

Figure 6. a) and b) Monthly VISd at Songkhla and Phuket, respectively, and c) monthly variation of VISd at both stations. The grey 

lines indecates the haze-prone months. 

a)  b) 

c)   d) 

a)  b) 

c)
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Figure 7. Monthly PM10 in May-November at a) Songkhla and b) Phuket. The circles (in red, pink, orange, and yellow), blue squares, 

and grey triangles in the former figure denote the El Nino, La Nina, and neutral ENSO phases, respectively. 

4.2 PM10 episodes and linkage to transboundary smoke haze 

As stated previously in Section 3, 42 elevated PM10 

episodes were identified at Songkhla based on 1997-2015 (Table 

3). As much as 90% of all episodes are associated with El Nino 

(57%) or Neutral (i.e., the neutral phase) (33%).  However, only 

4 such episodes were found at Phuket based on 2008-2015, all of 

which were in the strong El Nino year 2015 (Table 4). 

Figure 8 illustrates the simulated back-trajectory pathways 

in Episode No. 41 at Songkhla and Episode No. 3 at Phuket, 

representatively chosen given that both episodes fall within the 

same period (i.e., early October 2015) apparently with a subset 

of back-trajectories passing over Sumatra or Borneo. It is noted 

that October is generically in the transition of the southwest and 

northeast monsoons for Upper Southeast Asia. In the figure, the 

southwesterly and southwesterly winds dominate. The former 

winds bear the signature of the regional southwest monsoon 

whereas the latter winds are the trade winds moving northward 

to the monsoon trough (i.e., intertropical convergence zone). 

a) Episode No. 41 at Songkhla

b) Episode No. 3 at Phuket

Figure 8. Back-trajectories for Songkhla Episode No. 41 at 

Songkhal and Episode No. 3 at Phuket. Each episode has a total 

of 1,512 trajectories. 

Based on the back-trajectory results at Songkhla, the 

majority of the episodes (63%) have the simulated back-trajectories 

passing over fire cluster(s) located in Sumatra or Borneo. Out of 

63%, 26% is of El Nino, 4% is of La Nina, and 33% is of Neutral. 

Thus, it is likely that El Nino and Neutral enhance the northward 

wind movement from Indonesia more than La Nina does. This 

suggestion is yet to be warranted through in-depth analysis in the 

future. Also notice from Tables 3 that several episodes in the El 

Nino years 2002 and 2015 had relatively high percentage values 

(>50%) of back-trajectories passing over Sumatra or Borneo, in 

agreement with the relatively large numbers of fires found 

(Figure 9). 

a) Sumatra

b) Borneo

Figure 9. Annual total MODIS fire hotspots during the haze-

prone period during 2001-2016 over Sumatra (top) and Borneo 

(bottom). Note that the year 2001 has the fire hotspot data from 

Terra only whereas the other years have those from both Terra 

and Aqua combined.   
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Similarly, the El Nino year 2009 also had fires being well 

present but without elevated PM10 episodes or high PM10 levels 

at both Songkhla and Phuket (Figure 7). This may be partly 

explained by the timings of fire occurrence and favorable wind 

pattern not concurring or matching to promote the smoke haze 

migration to the southern region of Thailand.  

Also notice that about one third of all elevated PM10 

episodes at Songkhla do not have the presence of fires matched 

with back-trajectories (Table 3). This is possibly attributed by a 

number of limitations or factors, e.g., the capability of satellite 

fire detection, the applied back-trajectory method which uses 

only wind fields to drive simulation without other complex 

physical processes (such as turbulent dispersion and wet removal 

or scavenging by precipitation), the coarse grid resolution of the 

driving wind fields, and no background smoke haze already 

existing in the atmosphere taken into account in our modeling.    

5. Conclusions

The long-term air quality was used to investigate the 

extent and impact of transboundary haze from Indonesia on air 

quality in Southern Thailand. The focus was given to the two 

major provinces in the region, which are Songkhla and Phuket as 

the representative study areas in the eastern- and western-coast 

sides of the region. Elevated PM10 tends to occur in the haze-

prone period and be more induced in the relatively strong El Nino 

years (here, 1997 and 2015). PM10 degradation at Songkhla was 

the most pronounced among Phuket and the other three provinces 

considered. The seasonality of monthly mean PM10 and VISd is 

not as apparent as that of the high-end and low-end percentiles 

respectively, suggesting a high degree of episodicity for the 

smoke haze problem. The results of kinematic back-trajectories 

simulated for each identified elevated PM10 episode (42 and 4 

episodes at Songkhla and Phuket, respectively) show that the 

majority of the episodes (63% at Songkhla and 100% at Phuket) 

have the simulated back-trajectories passing over fire cluster(s) 

located in Sumatra or Borneo and often associated with the warm 

(El Nino) or neutral phases of ENSO. This result affirms the 

potential migration of transboundary smoke haze, as multi-

country attention and cooperation has long been called for to 

understand and deal with biomass burning in Indonesia and the 

associated transboundary smoke haze issue.   

A number of technical limitations in the current study are 

acknowledged. Firstly, only simple back-trajectory modeling was 

utilized using coarse-grid wind fields, which does not consider local 

and regional emissions, complex physical atmospheric processes, 

and the background condition of pollution. It is known that 

atmospheric fine particles can also form by gaseous precursors, 

needing an integrated or advanced air quality modeling technique 

to account for. Our simple matching between back-trajectory 

pathways to fire clusters, which is the case here, only gives a 

general evidence of linking smoke haze to biomass burning. 

Other trajectory-based statistical methods, such as concentration 

field (CF) and potential source contribution function (PSCF) [23, 

28], can enhance the source-receptor linkage more objectively. 

Importantly, robust source identification or attribution generally 

requires comprehensive emission inventories to be incorporated, 

which were not included here but necessary in addressing how 

particulate matter comes from (local, regional, and transboundary). 

Moreover, scientific insight into the synoptic or regional weather 

systems in context of transboundary smoke haze is of interest and 

needed to help clarify how smoke haze is migrated northward 

from Indonesia to other countries. Given that PM2.5 (particulate 

matter whose size is 2.5 m or smaller) may be used as a better 

representation of fine particulate matter (here, transboundary 

smoke haze) than PM10, future studies should pay attention to PM2.5 

for which the PCD have extended the routine operational monitoring 

at many stations in the southern region in very recent years. 
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