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ABSTRACT 

 
Long-term trends of atmospheric pollutants, particularly ozone (O3) and particulate matter 

(PM) provide a direct evaluation of the response of the atmosphere to the environmental policies 
and the variability of anthropogenic and biogenic emissions. Here, we report the assessment of 
the temporal evolution of the air quality in a tropical urban city (Butuan) in the southern Philippines 
by evaluating the trends of meteorological conditions (i.e., temperature, R.H., boundary layer 
height), air pollutants (i.e., PM2.5, NO2, O3) and their precursors (Benzene, Toluene, and Xylene) 
from 2014 to 2020. During the seven-year measurement, the mean PM2.5 and PM10 mass 
concentrations were 8.7 ± 3.9 and 24.3 ± 12.0 µg m–3, with no single day exceeded the daily PM 
limit. The max concentrations of aerosol occurred during the dry season when the loss of particles 
through wet deposition was limited. Speciation of PM2.5 indicated that fine aerosol was dominated 
by sea salt and organic matter (OM). Analysis of the ratio of OM and sulfate indicated that the 
main source of pollution in the city was wildfire/biomass burning. The average O3 and NO2 mixing 
ratios during the same period were 22.3 ± 9.5 ppb and 8.1 ± 5.4 ppb while increasing at the rate 
of 0.409 ppb year–1 and 0.683 ppb year–1. The highest O3 concentration occurred during the 
summer months when photochemistry enhanced the formation of tropospheric O3. The increasing 
O3 trend was attributed to the contribution of anthropogenic VOCs (AVOCs), based on their 
ozone-forming potentials (OFPs). The seven-year measurement also showcased the variability of 
the atmospheric pollutants during the COVID-19 pandemic of 2020, when O3 substantially increased 
due to reduced vehicle transport activities. Overall, our results provide insights to better 
comprehend the sources of the variability of O3 and PM on a long-term temporal scale, as well 
as implications on relevant environmental policies in controlling air pollutants in a tropical 
developing region.  
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1 INTRODUCTION 
 
The quality of the air we breathe has been adversely affected by rapid industrialization. Air 

pollution has become one of the most serious environmental problems that have severe human 
health implications. It has been directly and indirectly linked to several environmental issues, 
such as the formation of acid rain (Grennfelt et al., 2020), formation of haze (Feng et al., 2014), 
eutrophication (Rhodes et al., 2017), depletion of the ozone layer (Barletta et al., 2013), global 
climate change (Manabe, 2019), among others that pose harm to plants, animals, and bodies of 
water. Air pollution becomes the leading contributor to the global disease problem as it increases 
morbidity and shortens life expectancy (Barletta et al., 2013). Besides cigarette smoking, air 
pollution is one of the major preventable risk factors for chronic obstructive pulmonary disease 
(COPD) in China (Wang et al., 2018). It is a leading cause of global disease burden, especially in 
low-income and middle-income countries (Mannucci and Franchini, 2017). Air pollution in both 
indoor and outdoor environments in developing countries drastically impacts the vulnerable 
members of the population such as the sick, pregnant women, newborns, and children. 

Among the air pollutants, particulate matter (PM) and ozone (O3) are the main toxic ambient 
species that influence air quality, climate, and human health (Wang et al., 2020). Exposure to PM2.5, 
particles with an aerodynamic diameter smaller than 2.5 micrometers, is one of the major risk 
factors for premature deaths worldwide, causing 4.2 million deaths among the global population 
(Olstrup et al., 2018). One of the main drivers determining aerosols’ environmental and health 
effects is their complicated chemical composition, which is spatially and temporally variable 
(Pöschl, 2005). The dominant components of PM are organic compounds (OC), elemental carbon 
(EC), sea salt, mineral dust, sulfate (SO4

2–), and nitrate (NO3
–), which concentrations change 

significantly depending on the source, location, meteorological conditions, particle size, and their 
condensed phase transformations. The chemical reactivity of each component of PM affects the 
physical and chemical properties of aerosol, which in turn impact climate and human health. For 
instance, both black carbon (BC) and brown carbon (BrC) aerosol, which are typically emitted from 
combustion processes, absorb solar radiation, thus impacting the warming of the atmosphere 
(Bond et al., 2013; Zhang et al., 2020). In an outflow region of East Asia, the warming effects of 
BrC generated from wood smoke explained 14% of the total PM aerosol absorption, which clearly 
showed the significance of BrC in Earth’s radiative balance (Alexander et al., 2008). Moreover, 
the carbonaceous fraction consists of hundreds to thousands of different organic compounds 
with varying configurations (e.g., linear and cyclic), elemental composition (e.g., carbon, nitrogen, 
and oxygen), and functional groups (e.g., alcohols and carboxylic acids), which contribute to their 
toxicity and climate effects.  

Tropospheric ozone, one of the major pollutants in urban regions, is formed through the 
daytime oxidation of AVOCs such as benzene, toluene, and xylene in the presence of NOx. The 
enhancement of surface ozone is delirious to human health; exposure to it resulted in over eight 
million premature deaths per year. Elevated ozone concentration can reduce lung function, chest 
pain, throat infection, asthma, and bronchitis (Zhang et al., 2019). More importantly, higher 
tropospheric ozone elevates the atmospheric oxidation potential which accelerates processes 
that leads to poor air quality. This includes the transformation of precursor VOC into highly 
oxygenated molecules (HOMs) and the secondary formation of PM2.5, which can easily penetrate 
the human respiratory organs and induce breathing problems. Unlike other pollutants, reduction 
of the concentration of atmospheric ozone is difficult due to the non-linear relationship of ozone 
with its primary precursor (Chen et al., 2020).  

Long-term air quality data sets are essential to evaluate the trends and changes in the emission 
of atmospheric pollutants, particularly in terms of monthly, yearly, and seasonal periods (Ferenczi 
et al., 2021). They can also be utilized to assess new environmental policies that influence the 
formation and loss rates of ambient toxic compounds. More importantly, such data set are 
essential information in predicting the future air quality and climate scenarios. For instance, a 
21-year global data set from four different satellite sensors were utilized to understand the trend 
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of NO2, which was found to be reduced in the industrialized and urbanized region of western 
countries (Georgoulias et al., 2019). Long-term ground measurements in different regions of 
China indicated the increasing photochemical pollution from ozone as a product of the successful 
reduction of NOx (Gao et al., 2017; Chen et al., 2020; Wang et al., 2020). The results indicated a 
complicated atmospheric situation requiring improved multi-pollutant reduction policies to 
further improve the Chinese air quality. In the United States, the key drivers of ozone for more than 
20 years were evaluated using observation and modeling analysis, which revealed the contribution 
of Asian anthropogenic emissions in the rising background O3 concentration (Lin et al., 2017).  

Geographical location is also an important parameter that controls the air quality of a 
measurement site. The tropics are a unique region due to its almost all-year significant exposure 
to the sun. This region has an average temperature of 24 to 27°C, which influences the growth 
of the plant and animal species residing in this region (Richter, 2016). The difference in tree 
population changes the biogenic emissions (e.g., isoprene and monoterpene) observed in the 
tropics compared to boreal forests in higher latitudes. The intense and heat-producing sunlight 
near the equator also speeds up the photochemical reactions, which produce pollutants such as 
O3 and PM. Furthermore, the convective mixing over the tropics promotes ozone accumulation 
as it lifts pollutants such as O3, NOx, and VOCs to higher altitudes where O3 has a longer lifetime 
(Zhang et al., 2016). This merits the need to understand the formation and dynamics of air 
pollution in detail in this region. However, compared to regions in higher latitudes, few studies 
reported long-term gas and particle-phase pollution measurements in the tropics, particularly in 
the Southeast Asia region, where anthropogenic and biogenic activities strongly influence the 
local air quality. 

Here, we quantitatively analyzed the variation of ozone and PM2.5 in a tropical city in the 
southern Philippines using long-term ground-based measurements and satellite data from 2014 
to 2020. This study aims to account for the contribution of meteorological conditions (temperature, 
R.H., and planetary boundary) and precursors (AVOCs and NOx) to the formation and atmospheric 
aerosols and the surface ozone in a developing region. This study also presents the response of 
atmospheric pollution to the reduced human-related activities due to the COVID-19 pandemic in 
2020. 

 

2 METHODS 
 

2.1 Description of Sampling Site 
The location of the sampling site where all of the data were acquired is shown in Fig. 1. The air 

quality monitoring station is situated in the premises of Caraga State University, Ampayon, 
Butuan City Philippines (8°57’21”N, 125°35’49”E). Butuan City is in the northeastern part of the 
Agusan Valley, sprawling across the Agusan River in Mindanao Island, located in the south of the 
Philippines. Considered the center of the Caraga region, the city is one of the urbanized and 
growing cities in the Philippines with a notable population rise based on the 2015 census (PSA, 
2015). The measurement cabin is situated close (< 500 meters) to a national highway (Agusan 
Misamis Oriental Road), which considerably impacts the variability of the pollutants measured in 
this study. The nearby road is a busy highway as it connects Butuan City to several neighboring 
urbanized provinces such as Agusan del Sur, Surigao, Compostela Valley, and Davao. The traffic 
activities in this area are also exacerbated due to the proximity of the largest airport in the region 
(Bancasi Airport, BXU), making the city a gateway of several provinces and regions to the southern 
Philippines. Several factories (e.g., plywood and oil mill), some of which are situated less than 
5.0 Kms from the sampling site, also contributed to the formation of atmospheric pollutants in 
the city. The closest biogenic emission source (~10 km) in the city is the Agusan Pequeno National 
Forest, a relatively small forest (< 3.0 sq. km) situated in the suburban region.  

The monthly average profiles of typical meteorological conditions such as temperature, R.H., 
and planetary boundary layer height (PBL) in Butuan are presented in Fig. 2.  
 
2.2 Acquisition of Data 

The daily ambient air quality data were obtained from the continuous air quality monitoring 
system of the Department of Environment and Natural Resources – Environmental Management  
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Fig 1. The geographical location of the atmospheric measurement cabin that contained the instruments and sensors used in this 
study. 

 

 
Fig. 2. Average yearly profile of the temperature, relative humidity (R.H.), global radiation, rain, planetary boundary layer (PBL), 
and wind speed during the seven-year measurement in Butuan. The error bars represent the standard deviation of the 
measurements. 

 
Bureau XIII from May 2014 to December 2020. The meteorological conditions like temperature, 
R.H., and global radiation were measured using an array of sensors. PM2.5 and PM10 mass 
concentrations were simultaneously measured using the 1405-F TEOM™ Continuous Ambient Air 
Monitor (Thermo Scientific). The inorganic gases O3, SO2, and, NO2, were collected using the 
OPSIS DOAS AR500 Multi-Component Analyzers. The mixing ratios of benzene, toluene, and 
xylene were also monitored using the DOAS. Description of the technique can be found elsewhere. 
Briefly, DOAS is a spectrometric technique and the measurement of the concentration of the air 
pollutants depends on the ability of each compound to absorb light. The multi-pollutant analysis 
is possible with DOAS through each compound’s unique absorption spectrum property, which 
serves as their fingerprint. The DOAS contains both an emitter and receiver units that contain 
concave mirrors to measure the concentration of the pollutants. Calibration of the instruments 
was carried out every quarter of the year or as the need arises. In the following analysis, all data 
presented were averaged daily, monthly, and yearly, depending on the needed information per 
analysis. Data collected during instrument failure were disregarded in the analysis of the long-term 
data set. In 2018, the system board of TEOM was replaced and a recalibration procedure was 
applied to the succeeding PM data sets to match the instrument response before 2018. The 
recalibration procedure is detailed in Fig. S1 (supplement).  
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A two-year measurement of PM2.5 in a megacity (Metro Manila) in the Philippines was also 
presented in this study as a reference of an atmospheric condition that was heavily influenced 
by anthropogenic activities. Analysis of PM2.5 mass concentration was conducted in Valenzuela 
City (14°42′N, 120°59′E), an industrial city in the National Capital Region of the Philippines. 
Details of the aerosol collection procedures used in Valenzuela City are provided elsewhere 
(Pabroa et al., 2011). Briefly, collection of fine and coarse aerosols was performed using Gent 
Dichotomous Sampler, twice a week during Wednesdays and Sundays between June 2016 to 
October 2018. Pre-weighed Nuclepore filters were used to collect particulate matter and an 
analytical microbalance was utilized to determine the mass of the aerosols.  

 
2.3 Remote Sensing (Satellite Data) and MERRAero PM2.5 

To support and validate ground measurements, meteorological and ambient pollution data 
over the region of Butuan and Metro Manila were accessed using the Goddard Interactive Online 
Visualization ANd aNalysis Infrastructure (Giovanni) Air Quality Online tool (http://giovanni.gsfc. 
nasa.gov) (Acker and Leptoukh, 2007; Berrick et al., 2009; Prados et al., 2010). Giovanni provides 
visualization, exploration, and analysis of the NASA Earth Science data. For this analysis, planetary 
boundary layer height and surface PM2.5 mass concentration over the region of the sampling site 
were accessed using Giovanni. The PM2.5 mass was calculated using the MERRAero derived 
individual aerosol species concentration and using the following equation: 
 
PM2.5 = 1.375 × (SO4) + 1.4 × [OC] + [BC]+ [DS2.5] + [SS2.5] (1) 
 
where SO4, OC, and BC are sulfate, organic carbon, and black carbon concentrations, respectively. 
The factor 1.375 is the molecular weight (MW) factor that converts the mass concentration of 
sulfate measured by the satellite to ammonium sulfate (NH4SO4), which is a major neutral aerosol 
component. The 1.4 multiplier accounts for the conversion of organic carbon to organic matter 
(OM). DS2.5 and SS2.5 are dust and sea salt with a size less than or equal to 2.5 µm. Discrepancies 
between the concentration of ground-based and the MERRA surface PM2.5 are well expected. One 
of the main causes of the differences is the lack of simulation of NO3 aerosols in the reconstructed 
PM. The contribution of NO3 to the total PM mass is substantial, particularly in semi-urban (e.g., 
Butuan city) and metropolis areas (e.g., Metro Manila) where the emission of vehicles induces 
high levels of NO3 (as HNO3 or NH4NO3) in the particle phase (Hallquist et al., 2016). Prior studies 
also indicated that MERRAero surface PM2.5 also agrees better with measurements in rural areas 
that are away from localized emissions. These sources, such as heavy vehicular activities that are 
common in semi-urban and urban regions, are not captured by the regional estimation by MERRAero 
(Buchard et al., 2016). More details on the evaluation of MERRAero surface PM2.5 against ground-
based measurements are provided in detail in previous studies (Saunders and Waugh, 2015; 
Buchard et al., 2016; Provençal et al., 2017a, b; Mahesh et al., 2019). 
 

3 RESULTS AND DISCUSSION 
 
3.1 Mass Concentration PM2.5 and its Speciation Using Satellite Data 

Table 1 list the long-term average of aerosols and other gaseous pollutants observed in the 
regional urban site in the southern Philippines. Aerosol mass concentration PM2.5 did not exceed 
the annual limits set by U.S. EPA for National Ambient Air Quality Standards (15 µg m–3). During 
the seven-year measurement, no day recorded aerosol concentration beyond the daily limits for 
both PM2.5 (35 µg m–3) and PM10 (150 µg m–3). The seven-year average of fine aerosol calculated 
in the southern Philippines was comparable with fall measurements done in the northwestern edge 
(Ilocos Norte, 8.4  ±  2.3 µg m–3) of the Philippines (Bagtasa et al., 2018). Similar to the measurements 
in Butuan, the composition of aerosol in Ilocos Norte was highly impacted by sea salt (33%) due 
to the relatively close distance to coastal environments. On the other hand, the PM2.5 mass 
average for Butuan was low compared to measurements done in neighboring tropical countries 
such as in Singapore (Karthikeyan and Balasubramanian, 2006), Taiwan (Gugamsetty et al., 2012), 
Malaysia (Amil et al., 2016), and Hong Kong (Bilal et al., 2019). In these other measurements, the 
average PM2.5 level exceeded 20 µg m–3, more than twice the mean concentration in Butuan. The  
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Table 1. Descriptive statistics of the typical meteorological condition and atmospheric pollutants 
measured in Butuan (“-“ below the limit of detection). 

Meteorological condition/ 
Atmospheric pollutant Average Min. Max 

Temperature (°C) 28.4 ± 1.2 23.6 34.6 
Global Radiation (w m–2) 161.3 ± 75  0 1276 
R.H. (%) 81.5 ± 5.2 59.9 99.2 
Rain (mm) 6.2 ± 14.1 0 132 
Wind Speed (m s–1) 0.273 0 4.36 
SO2 (ppb) 1.4 ± 2.3  - 20.9 
NO2 (ppb) 8.1 ± 5.4  - 40.6 
O3 (ppb) 22.3 ± 9.5 - 97.4 
Benzene (ppb) 3.7 ± 3.5 - 45.7 
Toluene (ppb) 8.8 ± 5.1 - 39.3 
Xylene (ppb) 2.8 ± 3.5 - 33.9 
PM2.5 (µg m–3) 8.7 ± 3.9  - 29.1 
PM10 (µg m–3) 24.3 ± 12.0  - 81.0 

 
average PM2.5/PM10 ratio recorded in Butuan was 0.36 ± 0.24, which was significantly lower 
compared to previous measurements in Malaysia (Amil et al., 2016), Central China (Xu et al., 2017), 
Northern China (Duan et al., 2015), and United Kingdom (Munir, 2017). In the other sites, the ratio 
was typically higher than 0.5. Some sites recorded an annual value of 0.7, indicating the significant 
contribution of fine particles in the total mass of aerosols in these sites. The low PM2.5/PM10 ratio in 
the southern Philippines can be explained by the influence of marine sources (sea-salt species) 
and the heavy mining activities in this region that enhanced the mass concentration of coarse 
particles.  

The vehicular activities, geographical location of Butuan, and the meteorology observed in 
this city impacted the variability of the fine aerosols. Fig. 3 shows the time series of PM2.5 mass 
concentrations from 2014 to 2020. During the seven-year measurement, the trendline of PM2.5 
showed a gradual decrease of concentration at the rate of 0.0119 µg m–3 per year, which may be 
an indication of effective aerosol control strategies in this region. This includes the deployment 
of several modern electric public utility vehicles (e-PUVs) in major city routes to reduce the 
emissions from traffic activities, typically populated with old jeepneys equipped with pre-EURO 
engines. An in-depth analysis of the PM trend reveals that fine aerosol was decreasing at the 
rate of 0.61 µg m–3 per year from 2014 to 2017 while an enhancement rate of 0.71 µg m–3 per year 
was observed from 2017 to 2020. The general trend was attributed to the traffic volume in the 
region, which remained relatively constant between 2012 to 2016. In 2017, the number of registered 

 

 
Fig. 3. (Left) Time series profile and (right) monthly average profile of PM2.5 in the southern 
Philippines. The shaded area is the standard deviation of the measurements. The monthly time 
series profile average data of PM2.5 (ground-based) is subsequently presented in Fig. 4.  
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vehicles increased by 43% and continually soar by 2020 (see supplement). Also given in Fig. 3 is 
the monthly average profile of PM2.5 with the highest concentrations occurring between August 
to September and minima between December to January. To understand the variability of the 
profile of PM2.5, a Pearson correlation analysis of the PM2.5 mass with meteorological factors was 
accomplished to comprehend the influence of such factors in the ambient concentration of fine 
aerosols. Temperature (r = 0.1623, p < 0.01), wind speed (r = 0.0404, p < 0.01), and global radiation 
(r = 0.1474, p < 0.01) showed a relatively weak correlation with PM2.5, indicating the minor 
influence of such meteorological conditions in the ambient levels of fine aerosols in the southern 
Philippines. The planetary boundary layer height (PBL) steadily increased (0.27 meters month–1) 
during the seven-year measurement, which might explain the dilution of the fine aerosols. However, 
correlation analysis indicated that PBL was not the driving factor that influenced the variability 
of the PM2.5 in the southern Philippines, similar to the measurements in China (Wang et al., 2020). 
Wind speed did not impact the low mass concentration of aerosols as low wind conditions (WSave< 
1.0 m s–1) were typically experienced in this site. Stagnant wind conditions should have concentrated 
and subsequently enhanced the PM mass. On the other hand, the prevailing wind direction, 
similar to previous studies (Sun et al., 2020, 2021), may have contributed to the enhanced mass 
during the 2nd half of the year. The Philippines experiences the southwest monsoon between 
June and November, which transports biomass burning pollutants from equatorial South East 
Asian countries during this period (Matsumoto et al., 2020; Yin, 2020). Moderate anticorrelation 
was also calculated for both relative humidity (r = –0.3050, p < 0.01) and precipitation amount 
(r = –0.2317, p < 0.01). The driest month (R.H.ave = 78%) in this site coincided with the highest 
PM2.5 mass, which signifies the vital role of wet deposition in limiting the concentration of PM2.5 

in the site near coastal environments. Furthermore, backward trajectory analysis (see supplement) 
also indicated that most air masses arriving at the site passed through the Pacific Ocean region 
(Stein et al., 2015; Rolph et al., 2017). The plumes may have enhanced moisture content and 
promoted wet deposition, consistent with the observed low concentration of PM2.5. 

The time series of the monthly averaged MERRAero assimilated (red dotted line) and ground-
based (black dotted line) PM2.5 in the southern Philippines are given in Fig. 4. The seven-year 
mean PM2.5 from remote sensing was 8.84 µg m–3, with only a 3.5% deviation compared to the 
ground data set. The MERRAero reasonably captured the variation of the observed PM2.5 (r = 
0.297, p < 0.05), particularly during months with elevated concentrations of organic carbon (OC) 
(e.g., July 2018 and Sep. 2019) Even with almost similar magnitude and variation, the simulated 
concentration of PM2.5 was assumed to be overestimated, given the absence of the nitrate emissions 

 

 
Fig. 4. PM2.5 mass concentration in Butuan observed from the ground and assimilated using 
MERRAero. Also included in the figure are the stacked time series of the speciated components 
of fine aerosols. 
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in MERRAero (Provençal et al., 2017). The closeness of the target region to a body of water also 
overestimates the aerosol concentration due to the dust/crustal species interferences.  

Also given in Fig. 4 are the time series profiles of the components of aerosols, which include 
black carbon, dust, sulfate, organic carbon, and sea salt, that were obtained from the MERRA-2 
satellite reanalysis. Sea salt dominated the mass concentration of PM2.5 in Butuan, contributing 
58% on average and a max of 80% of the fine aerosol mass. This is well expected given the 
proximity of the tropical sampling site to the coastal environment and the frequent marine air 
masses arriving in the southern Philippines. This also indicates that the aerosol pollution can be 
primarily attributed to natural sources with anthropogenic activities impacting PM2.5 only as 
much as 36% (Sulfate + OM + BC). 

Organic Matter, expressed as 1.4× [OC], ranked 2nd in contribution to fine aerosol mass (21%). 
The average mass of OM during the seven-year measurement was 2.18 µg m–3 with a max value 
of 13 µg m–3, occurring between September and October as shown in Fig. 4. The enhancement 
of the mass of organic matter in the condensed phase during this period was attributed to the 
agricultural/biomass burning after the harvest season in this region. In addition, the average 
OM/NH4SO4 ratio (NH4SO4 = 1.375 in [SO4]) calculated for this site was 1.82, which is an indicator 
of the impact of biomass burning events (Saunders and Waugh, 2015). Ratios above unity suggest 
wildfire sources while low OM/NH4SO4 ratios (< 1), on the other hand, indicate the strong influence 
of anthropogenic sources such as industrial emissions. Besides the coastal environment, the site 
in the southern Philippines was also nearby to agricultural sites, which were usually slashed and 
burned after the harvest season to prepare for the next farming cycle. The extensive biomass 
burning events released significant amounts of organic compounds such as levoglucosan and 
other pyrolysis products that augmented the mass of PM2.5 during this period.  

Butuan is considered a developing urban region in the Philippines but its air quality is still 
regarded as pristine compared to Metropolitan Manila or the National Capital Region (NCR) of 
the Philippines. NCR, composed of 16 urbanized cities, is tagged as the center of government, 
education, and culture of the Philippines. In 2015, Butuan reported 337,063 people living in the 
city while Metro Manila recorded 12.88 million residents. Ground-based measurement of PM2.5 
from 2016 to 2018 in one of the cities of NCR logged an average mass concentration of 27.49 µg m–3. 
The time series profile of the PM2.5 mass concentration of NCR is shown in Fig. S3 (supplement). 
PM2.5 concentration was significantly higher compared to Butuan in the same period (7.89 µg m–3). 
During the field campaign in NCR, 18% of the measurement days reported PM2.5 concentration 
higher than the U.S. EPA limit for fine aerosols compared to Butuan with all days less than the 
PM2.5 limit. The surface concentration of PM2.5 was also reconstructed using the speciated 
composition from the NASA MERRAero satellite data (see Fig. S3 for time profile). Unlike in the 
Southern Philippines, MERRAero considerably underestimated the ground-based measurement 
(55%), which showcases the limitation of the assimilation procedure to capture the variability of 
the aerosol concentrations in highly urbanized areas like in Metro Manila. The missing component 
can be accounted to the nitrates that MERRAero did not consider in the assimilation. Nitrates in 
highly urbanized environments such as Beijing, China typically attribute more than 20% of the 
mass of submicron aerosols (Hallquist et al., 2016). Speciation analysis indicated that sea salt also 
dominated the PM2.5 due to the surrounding marine environment of NCR. However, instead of 
organic matter, sulfates in NCR ranked 2nd in terms of mass burden, which indicated the evident 
contribution of anthropogenic emissions from industrial and transportation activities. In 
addition, the average particle OM to sulfate ratio (OM/NH4SO4) in NCR was less than unity (0.77), 
which clearly shows the critical influence of non-biomass burning emissions in the composition 
of PM2.5 in NCR, unlike in Butuan.  

In 2020, several measurements in different sites across the world reported a significant reduction 
in ambient aerosol mass due to widespread government-enforced lockdown measures/protocols 
to curb the transmission of COVID-19 (Venter et al., 2020; Jephcote et al., 2021; Nguyen et al., 
2021; Zhu et al., 2021). The global reduction of industrial and vehicle activities led to an overall 
average decline in air pollution during the lockdown of as much as 55% compared to pre-COVID-19 
historical data. However, no noticeable changes in the trend of PM2.5 were observed in the 
tropical site in 2020. As indicated earlier, most of the mass of fine aerosols was primarily attributed 
to natural sources (i.e., sea salt). Thus, the deviations in the anthropogenic activities did not 
substantially impact the PM2.5 mass. Agricultural activities were also not limited during the 
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pandemic and therefore emissions from biomass burning activities were still evident at the end 
of the harvest season. This is similar to the negligible changes observed in PM2.5 concentrations 
in Bangkok, Thailand, which was highly influenced by the long-range transport of emissions from 
open biomass burning activities, instead of local emissions (Dejchanchaiwong and Tekasakul, 
2021). 
 
3.2 Increasing Oxidation Potential from VOC Precursors and NO2 

Fig. 5 shows the increasing trend of ozone, NO2, and total oxidant capacity (Ox = O3 + NO2) at 
the southern Philippine site. The seven-year average, yearly average, and daily max of NO2 were 
less than the annual mean set by the U.S. EPA (53 ppb), which was indicative either of low 
production of NO2 or its rapid loss rates (e.g., NO2 + hv → NO + O) in this area. For ozone, no 
annual mean limit was designated by U.S. EPA. Instead, only an 8-hour mean was provided (70 ppb). 
No hourly data was available for this study, and thus, the average daily O3 will be discussed 
instead. During the seven-year measurement, 182 days recorded O3 concentration higher than 
the 8-hour allowable concentration. This translates to 10% of the days with available ozone data, 
which typically during the tropical summer months (i.e., March–May). The enhanced UV radiation 
during these months induced the photochemical reactions that generated the ground-level 
ozone in Butuan. 

Trend analysis indicated that O3 and NO2 increased by 0.409 ppb year–1 and 0.683 ppb year–1, 
respectively. This contrasts with previous studies, which showcased the reverse trends of the two 
inorganic pollutants (Gao et al., 2017; Chen et al., 2020; Wang et al., 2020). In these sites, the 
persistent reduction of NO2 limited the photochemical formation of NO, which in turn reduced 
the atmospheric titration of O3 (NO + O3 → NO2 + O2). The upward trend of ozone and NO2 in the 
southern Philippines was attributed to the growing emissions of automobiles in this developing 
region. Vehicular activities release a significant amount of VOCs that serves as a precursor of 
ozone formation. At the same time, it enhanced the NOx (NO + NO2) mixing ratio, which explains 
the increasing trend of NOx and the relatively slower trend for O3 compared to other studies (Gao 
et al., 2017; Chen et al., 2020). Furthermore, total oxidant (Ox = O3 + NO2) a typically a marker of 
atmospheric oxidation capacity, enhanced faster at 0.805 ppb year–1 compared to similar sites. 
This was a product of both increasing O3 and NO2 from vehicular emissions, which should be 
addressed to improve the air quality in the region. 

The increasing ozone concentration in the tropical site was regarded to be a product of 

 

 
Fig. 5. Yearly time series profile of (a) ozone, (b) NO2, (c) total oxidant (Ox), (d) benzene, (e) toluene 
and (f) xylene. The shaded area is the standard deviation of the measurements. 
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variability of major VOCs, particularly emitted by vehicles, in this region. Fig. 5 also shows the 
time series of the benzene, toluene, and xylene from 2014 to 2020. The average mixing ratios of 
anthropogenic VOCs reported in this study (see Table 1) have similar levels measured in different 
on-road and industrial sites in Delhi India (Garg and Gupta, 2019), Yokohama, Japan (Tiwari et al., 
2010), Sydney Australia (Ramirez-Gamboa et al., 2021) and Algiers, Algeria (Kerchich and Kerbachi, 
2012). No evident seasonality was observed in the mixing ratios of benzene, toluene, and xylene 
except for the enhancement during the summer months (April–May). This was attributed to the 
increase in vehicular transport due to tourist activities in this region. Among the AVOCs, toluene 
had the highest mixing ratio, reaching as much as 23 ppb, which indicates the proximity of traffic 
emissions. Toluene to benzene ratio (T/B) has been used as an indicator of the distance of sampling 
sites from vehicular emission sources (Gelencsér et al., 1997; Kim et al., 2019; Li et al., 2021) T/B 
ratios of more than 1.70 indicates the traffic-equivalent distance of 4.6 hours while less than 1.06 
suggests 17 hours of traffic distance. The mean T/B ratio in Butuan was 3.70 ± 2.4, with fewer 
than 10% of the calculated ratio had a value less than 1.06. This indicates the pronounced impact 
of heavy traffic that was relatively close to the measurement site in the southern Philippines.  

In the seven-year measurement, benzene, toluene, xylene increased by 0.238, 1.63, and 0.662 
ppb year–1, which sustained the elevated ambient concentration of surface ozone even with the 
consistent enhancement of NOx in this region (“titration reaction with NO”). The elevated NOx in 
this urban tropical site (> 8 ppb) indicates that VOC such as toluene impacted the ozone formation 
in this region. The chemical reactivity and influence of AVOCs can be calculated using incremental 
reactivity given by the changes of the ozone concentration to small increases of mixing ratios of 
VOCs, divided by the summed concentration of VOC. To quantify the contribution of each VOC 
to ozone formation, the ozone formation potential (OFP) of benzene, toluene, and xylene were 
calculated for the seven-year data set in the tropical city using the following equation:  
 
OFPi = [VOC]i × MIRi (2) 
 
where [VOC]i is the mixing ratio of a target VOC and MIR is the maximum incremental reactivity 
coefficient, provided in previous studies (Carter, 1994, 2009). The three AVOCs contributed 8.13 
(benzene), 133.04 (toluene), and 94.22 (xylene) µg m−3 on average during the seven-year 
measurement. The max values calculated during the measurements were 105.00, 592.41, and 
1123.97 µg m−3, respectively, which occurred during the summer months of 2015 when tourism 
was suspected to enhance the vehicular transport in the region. The values reported in the 
tropical site were similar to an Indian city located at the foothills of the Himalayas (Bauri et al., 
2016) but significantly higher compared to a petrochemical industrial area in Japan (Tiwari et al., 
2010). Fig. 6 shows the increasing pattern of OFP of benzene, toluene, and xylene with the rates 
of 0.547, 24.58, and 22.00 µg m−3 year−1. With the enhancement of mixing ratios AVOCs in this 
region particularly from toluene and xylene, the surface level concentration of ozone sustained 
an increasing trend even with the NOx level in the city elevated as well during the seven-year 
measurement. This warrants further investigation using in-depth box model simulation that will 
fully describe the chemical and physical processes that contributed to the enhancing ozone and 
NOx in the southern Philippines.  

The COVID-19 lockdown protocols not only influenced the atmospheric concentration of 
primary pollutants such as CO and PM10 but also impacted the variability of secondary compounds 
such as ozone. Numerous sites across the globe reported the reduction of NOx but surface ozone 
concentrations showed increasing trends during the pandemic, which indicates stronger 
photochemical pollution (Kroll et al., 2020; Grange et al., 2021; Wang et al., 2021). This feedback 
mechanism typically occurred in areas that were highly influenced by traffic emissions due to 
complex non-linear processes in O3 formation. The enhancement of ozone is delirious to human 
health; exposure to it resulted in over eight million premature deaths per year. In Butuan, complete 
lockdown protocols were initiated in April 2020. During the first two months of the COVID-19 
shutdown, ozone reported an increase of 104% in 2020 (37.36 ppb) compared to the data collected 
in April and May of 2019 (18.31 ppb). However, the stay-at-home policies did not reduce the NOx 
emissions, which increased in 2020 (54%). More detailed analysis using box model simulation will 
be implemented in future studies to understand the pandemic-induced emission changes and 
how they will further influence air quality in the southern Philippines. 
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Fig. 6. Ozone forming potential (OFP) contribution of benzene, toluene, and xylene in the 
southern Philippines.  

 

4 CONCLUSION 
 

A long-term measurement of meteorological conditions (i.e., temperature, R.H.) and 
atmospheric pollutants (i.e., O3, AVOCs, and NO2) was conducted in a tropical urban region in the 
southern Philippines. The measurement was performed between 2014 and 2020 to understand 
the sources and formation pathways of particulate matter and surface ozone. The long-term 
trends and seasonality of the ozone and PM were also characterized.  

During the seven-year data collection, the average PM2.5 and PM10 mass concentrations were 
8.7 ± 3.9 and 24.3 ± 12.0 µg m–3, respectively. Both fine and coarse particles never exceeded the 
U.S. EPA limit for average daily concentration, which was accounted to the geographical location 
of the site (i.e., coastal) and the effective air quality control strategies for PM implemented in 
this region. A steady reduction of PM2.5 mass was observed (−0.0119 µg m–3 per year), in which 
both atmospheric moisture content and precipitation (wet deposition) played a significant role 
in the low concentration of particles observed in the tropical urban city. Other meteorological 
conditions such as temperature and planetary boundary layer height had a minor contribution to 
the variability of the atmospheric aerosols.  

The PM mass was also assessed using satellite data (MERRAero) to compare with ground-based 
measurements in the tropical city. The reconstructed PM mass reported similar fine aerosol mass 
concentration and followed the long-term trends observed in the sampling site. However, 
MERRAero did not account for the NO3

- component of fine aerosols. Thus, the reconstructed PM 
mass was assessed as overestimated compared to the conventional measurement technique. 
Furthermore, MERRAero provided component speciation of PM, in which sea salt and organic 
matter dominated the mass concentration of PM2.5 in the tropical city. The trends of OM and 
NH4SO4 during the seven-year measurement also indicated that biomass burning played a 
substantial role in enhancing PM mass, particularly during the 3rd quarter of each year.  

The atmospheric oxidation capacity of Butuan was evaluated based on the trends of ozone, 
NO2, and AVOCs such as benzene, xylene, toluene. The mean mixing ratio of tropospheric O3 and 
NO2 in the tropical city was 22.3 ± 9.5 and 8.1 ± 5.4 ppb. A typical spike in the concentration of 
surface ozone was observed during the summer months in the Philippines. This was accounted 
to the enhanced photochemistry and the influx of tourists that increased vehicle transport during 
these months. The seven-year measurement revealed that both gas pollutants were increasing 
at the rate of 0.409 ppb year–1 and 0.683 ppb year–1, respectively. At the same time, an evident 
enhancement of the three AVOCs was observed, which sustained the level of ozone despite the 
increasing NO2 from vehicle emissions. The calculated ozone-forming potentials from the three 
AVOCs were also increasing, which further affirmed the contribution of the VOCs from vehicle 
emissions in the trend of ozone in the Southern Philippines.  

At the end of the seven-year measurement, the anthropogenic activities were reduced due to 
the COVID-19 pandemic to minimize the transmission of the virus. Across the globe, the aerosol 
mass concentration decreased due to fewer emissions from transport and industrial activities. 

https://doi.org/10.4209/aaqr.210269
https://aaqr.org/


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.210269 

Aerosol and Air Quality Research | https://aaqr.org 12 of 16 Volume 22 | Issue 1 | 210269 

However, the tropical site in the Philippines recorded no substantial reduction of PM as the major 
sources of aerosol in Butuan were marine (sea salt) and agricultural activities (biomass burning). 
These two events were not impeded by the constraints of the pandemic regulations. On the other 
hand, the secondary pollutant O3 was elevated during the lockdown period, because of reduced 
anthropogenic activities. The pandemic conditions provided a forecast of the response of atmospheric 
conditions to air quality policies that aimed to moderate the emissions from human activities. 
Furthermore, the effects on ozone could partly be explained from our current knowledge but the 
effects of other secondary pollutants and the side-effect of rising tropospheric ozone should be 
addressed in future works. 
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