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ABSTRACT:  Smoke haze related to biomass burning is a recurring environmental problem in 
Southeast Asia which has affected air quality not only in the source regions, but also in the 
surrounding areas. Air quality monitoring stations and meteorological stations in the region 
provide valuable information on the concentrations of criteria pollutants such as sulphur dioxide, 
nitrogen oxide, carbon monoxide, ozone and particulate mass (PM10) during the haze episodes. 
Due to the limited coverage of the air quality monitoring stations, it is difficult to study and 
monitor the spatial and temporal variability of the smoke haze caused by biomass burning, 
especially in areas without ground-based instrumentation. As such, in this paper, we combine 
the standard in-situ measurements of PM10 with remote sensing imagery obtained from the 
Moderate Resolution Imaging Spectroradiometer (MODIS) on board the Terra and Aqua 
satellites. The columnar AOT is first derived from MODIS images for regions where PM10 
measurements are available and a correlation between AOT and PM10 measurements is then 
established. Based on this empirical correlation, it is also shown that MODIS AOT can be used 
to estimate air quality categories as defined in the Air Pollutant Index (API) used by Malaysia’s 
Department of Environment (DOE) and the Pollutant Standards Index (PSI) used by Singapore’s 
National Environment Agency (NEA). With this integrated approach, we hope to complement 
and enhance current capabilities in monitoring air quality during the haze episodes. 
 
1. INTRODUCTION 
 
From early July to October in 2006, biomass burning in Indonesia due to forest fires and 
uncontrolled fires from slash-and-burn cultivation had resulted in a severe smoke haze over 
Southeast Asia, affecting many neighbouring countries such as Brunei, Malaysia, Singapore, 
southern Thailand and may had spread even as far as Korea (NASA Earth Observatory, 2006) 
and Saipan (Saipan Tribune, 2006). The situation was worsened by the El Niño-Southern 
Oscillation which delayed the monsoon season in the region (NASA, 2006). 
 
During the haze event, the air quality monitoring stations operated by Malaysia’s Department of 
Environment (DOE) and Singapore’s National Environment Agency (NEA) constantly 
monitored the situation and provided advisory regarding the air quality to the public. However, 
these stations are located only in certain areas of the respective countries and therefore had 
limited coverage on the spatial distribution of the smoke haze. Furthermore, the smoke haze 
could not be traced back to its sources as they were located beyond the borders of the 2 
countries. In these situations, satellite remote sensing observations can be used to complement 
the tasks of air quality monitoring stations as large portions of the region are covered by a 
satellite's footprint. For this to be possible, a relationship between the required air quality 
parameters and a typical satellite aerosol product needs to be established. 
 



In this paper, we seek to find a correlation between the aerosol optical thickness (AOT) as 
derived from the remote sensing images taken with the Moderate Resolution Imaging Spectro-
radiometer (MODIS) on board NASA’s Terra and Aqua satellites and in-situ measurements of 
the concentrations of particulate matter with diameters less than 10 µm (PM10). These 
measurements were performed in Malaysia and Singapore from June to October 2006. 
 
We also demonstrate that MODIS AOT can be used to estimate the air quality categories as 
defined in the Air Pollutant Index (API) used by DOE and the Pollutant Standards Index (PSI) 
used by NEA. 
 
2. DATA USED IN THE STUDY 
 
2.1 Ground Based Data from Malaysia’s DOE and Singapore’s NEA 
 
DOE operates a network of 51 air quality monitoring stations in Malaysia. 37 of these stations 
are located in Peninsular Malaysia with 26 of them along the west coast, separated from the 
Indonesian island of Sumatra by the Straits of Malacca. The other 14 stations are situated in East 
Malaysia, north of the Indonesian territory of Kalimantan. Their locations and other information 
is available (Department of Environment, 2008). 
 
NEA operates 13 air quality monitoring stations in Singapore (National Environment Agency, 
2006) which is located at the southern tip of the Malay Peninsula. These stations are linked up 
via a telemetric monitoring and management system. The air quality data is spatially averaged 
into 5 zones (north, south, east, west and central). 
 
These air quality monitoring stations are positioned strategically in industrial, urban and sub-
urban areas as well as along roadsides to monitor the ambient air quality. The concentrations of 
major criteria pollutants such as sulphur dioxide, nitrogen oxide, carbon monoxide, ozone and 
PM10 are measured daily. The PM10 concentrations are available as 24-hour averages. 
 
In this study, air quality data from 2 stations in Peninsular Malaysia and for the western region 
of Singapore are used for their proximity to the source regions of the smoke haze in Indonesia. 
The stations at Muar and Bandaraya Melaka are situated along the west coast of Peninsular 
Malaysia and about 150 km and 200 km away from Singapore respectively. In addition, the site 
at Jerantut, further inland in the central area of Peninsular Malaysia, is also selected to illustrate 
the spatial variability of the smoke haze further away from the sources of biomass burning. 
 
2.2 MODIS Aerosol Product MOD04 and MYDO4 
 
The MODIS aerosol product (MOD04 for the data collected from the Terra satellite and 
MYD04 from the Aqua satellite) includes parameters such as the aerosol optical depth or 
thickness at 550 nm and aerosol mass concentration. The data has a spatial resolution of 10 by 
10 km (Kaufman et al, 1998; Remer et al, 2006). In this study, we will consider only the AOT 
measurements (Optical_Depth_Land_And_Ocean variable) of MOD04 and MYDO4. The data 
used in this study is downloaded from NASA’s Level 1 and Atmosphere Archive and 
Distribution System (LAADS). Alternatively, the data can also be generated in-house with the 
International MODIS/AIRS Processing Package (IMAPP) for ground stations capable of 
receiving direct broadcast from the Terra and Aqua satellites. 
 
3. QUANTITATIVE CORRELATION OF PM 10 MEASUREMENTS AND AEROSOL 

OPTICAL THICKNESS 



AOT is a dimensionless measure of light extinction due to aerosol particles over the entire 
vertical column of the atmosphere. It can be correlated to in-situ PM10 measurements if the 
aerosol layer is located near the surface or well mixed within the atmospheric boundary layer 
(Al-Saadi et al. 2005). 
 
To correlate the 2 sets of data, each in-situ PM10 observation is paired up with a satellite 
observation by choosing image pixels that are spatially and temporally close to the available in-
situ measurement. Firstly, only in-situ measurements and satellite data for the same day are 
considered for correlation. Secondly, all satellite observations within 0.50 (about 40 – 50 km) of 
the air quality monitoring stations are spatially averaged. This separation requirement is 
consistent with the lagged correlation analysis conducted for surface measurements, as well as 
sky-based and space-based measurements by Anderson et al. (2003). 
 
4. RESULTS AND CONCLUSIONS 
 
Figure 1 shows the time series for in-situ PM10 measurements and MODIS AOT in Singapore, 
Muar, Bandaraya Melaka and Jerantut respectively. All sites experienced good and moderate air 
quality during the early months of the dry season. This period was followed by a large increase 
in PM10 concentrations in varying degrees of severity towards the end of September and through 
October in 2006. Singapore, Muar and Bandaraya Melaka experienced worse pollution than 
Jerantut which was further away from the source regions of biomass burning in Indonesia. 
 
For the various sites, MODIS AOT showed similar trends when compared with the in-situ 
measurements and was, in general, able to track the variations of the surface PM10 
concentrations except for a few cases in which a high PM10 reading was reported while a low 
AOT was observed. 
 
Figure 2 shows the scatter plots between in-situ PM10 measurements and MODIS AOT for 
Singapore, Muar, Bandaraya Melaka and Jerantut. Reasonably good relationships between AOT 
and PM10 measurements can be observed at all the sites. The coefficient of determination, r2, is 
0.7012, meaning that MODIS AOT can account for 70% of the variation in surface PM10 
concentrations. Similar plots for Muar, Bandaraya Melaka and Jerantut have r2 values of 0.6679, 
0.6658 and 0.5502 respectively. Therefore, MODIS AOT is able to account for about 66% of the 
variation in PM10 measurements in both Muar and Bandaraya Melaka and about 55% in 
Jerantut. 
 
MODIS AOT can also be used to estimate the air quality categories. Since API and PSI are 
grouped into different air quality categories based on PM10 concentrations, in-situ PM10 
measurements are divided into 4 bins with 50 µg m-3 interval, corresponding to “Good”, 
“Moderate – Lower”, “Moderate – Upper” and “Unhealthy” air quality categories.  
 
Figure 3 and 4 show the relationships between the various air quality categories and bin-
averaged MODIS AOT with ± 1 standard deviation for Singapore and all the 3 sites in Malaysia 
respectively. It can be seen in Figure 3 that MODIS AOT is able to classify the air quality 
categories for Singapore. In Figure 4, MODIS AOT is able to classify the “Moderate – Upper 
and Unhealthy” category, but is unable to distinguish between the “Good” and “Moderate – 
Lower” category due to substantial overlap between MODIS AOT values correlating to the 2 
bins. Therefore, estimation of air quality categories must be applied with caution as MODIS 
AOT may not be very sensitive to levels of PM10 concentrations below 100 µg m-3. 
 



  

  
 

Figure 1: Time series of in-situ PM10 measurements and MODIS AOT in Singapore, Muar, 
Bandaraya Melaka and Jerantut from 1st June 2006 to 31st October 2006 

  

  
Figure 2: Scatter plots of in-situ PM10 measurements against MODIS AOT in Singapore, 

Muar, Bandaraya Melaka and Jerantut from 1st June 2006 to 31st October 2006 



 
Figure 3: Air Quality Categories classified by MODIS AOT for Singapore 

 

 
Figure 4: Air Quality Categories classified by MODIS AOT for Malaysia 

 
The correlations between PM10 measurements and MODIS AOT as well as the ability of 
MODIS AOT to estimate air quality categories can be improved if 1-hour PM10 averages are 
used instead of 24-hour averages. The satellite observations can then be better paired up with in-
situ measurements within an hour of the satellite pass-by as shown in the work of Engel-Cox et 
al. (2004). Additional information on the environmental factors such as humidity which affects 
the hygroscopic growth and the composition of aerosol particles as well as local geographical 
features and meteorological factors, such as wind speed and heights of atmospheric boundary 
layers, which can constrain or affect aerosol transport, needs to be included for a more 
comprehensive modeling of surface PM10 concentrations. 
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