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Abstract

The limitations of expensive main monitoring stations can be addressed by using low-cost sensor-based
measuring stations. A low-cost sensor-based air quality monitoring system has been implemented in
Telkom University, BRIN Pasteur, and BRIN Taman Sari areas to measure PM;s and CO; concentration
in Bandung vertically and horizontally. Vertically, the CO, concentration at the highest measuring station
is indirectly affected by local activities. However, PM s concentration is still influenced by local actions.
Horizontally, using the independent T-test and ANOVA, PM_s concentrations tended to be homogeneous
regarding the significance values in the four periods, namely 0.916, 0.03, 0.727, and 0.047. Meanwhile, the
concentration of CO, at each station tends to be heterogeneous along significance values of 0.646, 0.03, 0.02,
and 0.01. The vertical and horizontal analysis shows that CO, concentrations tend to be heterogeneous due
to differences in altitude and spatial characteristics of the measurement sites. Meanwhile, PM; s tends to be
more homogeneous by having the same pattern at different heights and spatial locations. The long-distance
potential sources of PM; s are estimated to come from the Indian Ocean and Cirebon region because they

have the highest PSCF and CWT values, 0.5-0.7 and 55-65 pg/m?®.
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1. Introduction

Despite economic progress and technological
development, a significant problem that persists is air
pollution, which poses a substantial global health risk.
Clean air is essential for human well-being and health
[1]. According to Government Regulation No. 22 of
2021, “air pollution is the entry or inclusion of
substances, energy, and other components into
ambient air by human activities so that it exceeds the
ambient air quality standard that has been determined”
[2]. Meanwhile, in 2018, Indonesia ranked 6th
globally in population deaths due to air pollution, with
95,156 reported by the World Health Organization
(WHO) [3]. This situation is possible because
Indonesia is the fourth most populated globally.

Bandung, one of Indonesia's largest cities, faces a
high susceptibility to air pollution. A study conducted
by the National Nuclear Energy Agency (BATAN)
noted that in 2005-2012 the average annual Particulate
Matter with a diameter of 2.5 um or smaller (PMz.s)
concentrations in Bandung was 18.55 pg/m?®, which
was higher than the annual Indonesian national air
quality standard limit for PMys (15 pg/m?®) [4]. This
circumstance is due to the high population in Bandung
(almost 2.5 million people were recorded in 2016,
according to the West Java provincial website [5]),
which allows many anthropogenic activities that can
cause pollution. In addition, in 2018, the number of
large and medium industries reached more than 1000,
and the number of potential motorized vehicles
reached more than 1.7 million [6].
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Geographical factors and sources of pollution
outside the city of Bandung can also influence the air
pollution problem in the city. Geographically, the city
of Bandung is surrounded by mountains and is at an
altitude of £768 m above sea level. The topography of
the Bandung area resembles a basin, which presents a
challenge for pollutant dispersion due to the highlands
causing winds to blow in the opposite direction. Thus,
the pollution will be trapped in the basin due to the
rotation of the wind. Furthermore, local pollutant
concentrations in the Bandung City area are also
influenced by long-distance pollutant transportation
due to mountain-valley winds and sea-land winds.
This problem also causes the deposition of pollutants
in the Bandung City area due to changes in the
planetary boundary layer (PBL), which depends on air
stability and surface temperature.

The existence of an air quality measurement
station is essential. However, the price of reference
monitoring stations is relatively high, around 10 to
100 thousand USD [7], so installing them in many
locations is impossible. One solution is to use a low-
cost sensor that costs less than 1000 USD to provide
an overview of air quality. A low-cost sensor-based air
quality monitoring system was created and has been
well calibrated according to standard one for
measuring the distribution of pollution in the Bandung
area. The data obtained through this system will later
be used to determine the characteristics of PM;s and
Carbon Dioxide (COy) due to the influence of local
activities in different locations vertically and
horizontally and from which indications of long-
distance pollution sources are indicated. In this study,
the air quality monitoring system was equipped with
six parameters, namely, PM_s, CO2, Temperature (T),
Relative Humidity (RH), light intensity, and air
pressure. Each measuring station is placed on top of
the building at different heights. Prior to
measurement, each sensor must undergo calibration to
align its readings with the main instrument. Once
measurements are taken, the data is transmitted to the
cloud server. Then the data will be analyzed using
three points of view, reviewed vertically and
horizontally, as well as the potential for long-distance
pollution using a backward trajectory.

2. Research Method

2.1 Location and Time of Measurement
Measurements were conducted at five stations in
Bandung from April 21 to August 04, 2022. There are
three measuring stations above the Telkom University
lecture building: the Deli Building, the General
Lecture Building (GKU), and the Telkom University
Landmark Tower (TULT). The height of each
building varies, that is, the Deli building (~15 m),
GKU (~35 m), and TULT (~70 m). In addition, there
are also two more measuring stations located

respectively at the National Research and Innovation
Agency (BRIN) Pasteur and BRIN Taman Sari. The
two measuring stations are approximately 10 km away
from Telkom University, while the distance between
the two stations is only around 2 km. It can be seen in
Fig. 1 measuring station shelters at 5 locations.

(d) (e)

Fig. 1. Shelter station measuring at: (a) Deli, (b)
GKU, (c) TULT, (d) BRIN Pasteur, and (¢) BRIN
Taman Sari.

The secondary data is in the form of Wind Speed
(WS) and Wind Direction (WD) from the
Meteorology, Climatology, and Geophysics Agency
(BMKG) station [8] and BRIN Taman Sari. The
distances between Telkom University and the
Geophysics station and between Telkom University
and the Taman Sari station are approximately 13 km
and 10 km, respectively. The daily average T and RH
are almost the same at the Telkom University
measuring station and the Geophysics station in the
range of 20-33°C and 49-95%. Because the two
stations are also located in the same topography,
namely the Bandung basin area, it can be assumed that
both locations have the same air mass so that the wind
direction and speed are also relatively the same [9], as
well as Taman Sari station which is only £2km from
the station Geophysics.

All measurements were taken on tall buildings to
account for intense solar radiation, which leads to
increased photochemical activity and significant
diurnal temperature variations at higher altitudes.
Photochemical models play a crucial role in
evaluating and examining the behavior of atmospheric
trace gases and dust particles in a specific area [10].
Even in tropical and subtropical climate zones,
temperatures are lower than at sea level for the same
latitudes. In addition, the RH at various elevations
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during the day depends on T and cloud formation.
However, the same RH will be achieved at higher
altitudes because it contains less water vapor.
Previous research [11] stated that RH, which is
affected by the elevation of sites, has a positive
correlation with PM2s measurements, therefore the
elevation of the measurement site is an aspect that
affects the quality of the data obtained. Multiple
studies have concluded that elevated RH levels
diminish urban PM s pollution [12-16].

2.2 Low-cost sensor-based measuring instrument
Prior to measurement, calibrating each sensor is
essential to align its values closely with the main
instrument or establish a consistent data trend. Low-
cost sensors must be validated and calibrated regularly
to obtain the best sensor accuracy. Both sensors have
been validated one step ahead of previous studies. For
the PM_ 5 sensor, the working principle is to use light
scattering. The sensor emits a specific volume of
infrared light over a defined distance to the
photodetector. The photodetector then measures the
amount of light it receives, and this intensity is used to
determine particle mass concentration [17]. Besides,
the CO; sensor uses the non-dispersive infrared
(NDIR) principle to detect the presence of COz in the
air. This non-dispersive method is a spectroscopy
method commonly used to detect gases called non-
dispersive because this method passes all infrared
wavelengths with a certain intensity through the
sample tube without deformation. A non-dispersive
infrared sensor comprises three key components: an
infrared source, a sample tube, and an infrared
detector, as illustrated in NDIR diagrams [18].

Because the main instrument for measuring PM_s
concentrations was not yet available, a comparative
test was carried out by attaching sensors from each

measuring station to measure PM,s concentrations.
Due to device limitations, sensor comparisons cannot
be performed all in parallel. In Fig. 2, the results of the
comparison between the PM.s sensors of the Deli,
GKU, and TULT measuring stations have almost the
same values. However, there is still a considerable gap
at high concentrations above 100 pg/m3 For
concentrations below 100 ug/m3, the gap between the
three sensors is only about +20 pg/m? with a lag time
of £120 seconds, according to the delay during data
collection. Then, for the PM2 s sensor comparison test
at the Pasteur and Taman Sari measuring stations, the
GKU sensor was taken as a comparison for each
measuring station, seen in Fig. 3 results of a
comparative test between the PM, 5 sensor at the GKU
measuring station with the PM2 s sensor at the Pasteur
and Taman Sari measuring stations and obtained data
trends that are almost the same as the standard
deviation of 8-13.3 pg/m?.

The CO; sensor calibration uses the same main
instrument, the CO, Analyzer. Measurements were
made in a test chamber injected with CO; gas. In Fig.
4, it can be seen that the Deli sensor response to the
main instrument is quite good in the 1000-1500 parts
per million (ppm) measurement range, however, a
notable gap becomes evident at higher concentrations.
Meanwhile, the GKU and TULT sensor responses
tend to be homogeneous, but there is still a large gap
of around £500 ppm because they are carried out at
high concentrations of up to +6000 ppm. The data is
quite tolerable from the datasheet because the sensor
accuracy value is £(50 ppm + 5% sensor readings).
Then, it can be seen in Fig. 5 that CO; sensors Pasteur
and Taman Sari have a reasonably homogeneous data
trend with the main instrument with a standard
deviation of 49-69 ppm.
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Fig. 2. Comparison graph of three PM, 5 sensors: Deli, GKU, and TULT: (a) in range 0 to 1200 pg/m® and
(b) in range 0 to 100 pg/m?.
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Fig. 4. Calibration graph: (a) is Deli CO, Sensor with main instrument and (b) is GKU and TULT CO;
Sensor with main instrument.
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Fig. 5. Calibration graph of Pasteur and Taman Sari CO, Sensor with main instrument.

Each measuring station has six parameters, which using an Espressif 32 (ESP32) connected to Wi-Fi.
are PMzs, COy, T, RH, light intensity, and air pressure. The online data is sent to the Antares cloud server for
Data from these sensors is then read and transmitted each measuring station. Before the online system is
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operational, data storage is done offline using the
Arduino Uno microcontroller and data logger. The
online modem system design is subsequently
transmitted to the cloud server. Data from the cloud
server can be downloaded, and then validated on
PM2s and CO, parameters. The PM2s sensor is
overestimated when the RH is 80%. Hence, under
these conditions, the measured data must be
multiplied by a correction factor of 0.67 to obtain valid
data [19]. In addition, the PM_s concentration value
must also be in the sensor reading range of 0-999
ug/m®. The outliers are removed to validate CO,
concentration using quartiles 1 and 3 with a 0-5000
ppm measurement range.

2.3 Independent T-test / one-way analysis of
variance (ANOVA)

One-way Analysis of Variance (ANOVA) is a
statistical method that concludes whether the mean
values of two or more groups differ. This method uses
a probability distribution to measure the variance. In
ANOVA, a significant p-value indicates at least one
pair of groups with a statistically significant mean
difference [20]. The significance level is the
probability of rejecting the null hypothesis when it is
true [21]. If the value of the significance level is more
than 0.05, it means that two or more groups are
correlated and can be called homogeneous. Similar to
the previous study, the ANOVA test results support
evidence of homogeneity among the selected
countries in investigating the relationship between
environmental pollution, terrorism, foreign direct
investment (FDI), energy consumption, and economic
growth [22]. Conversely, if the significance value is
less than 0.05, it means that two or more groups are
not correlated and can be called heterogeneous.

2.4 Potential Source Contribution Factor (PSCF)
and Concentration-Weight Trajectory (CWT)
Method

The Potential Source Contribution Factor is a
method for determining pollutant source areas based
on air parcel trajectories [23]. This method has been
widely used to identify potential sources of a pollutant
[24-26]. It can be applied if data has been obtained
from the concentration of a pollutant to be analyzed
and backward vector data for the analyzed period.
PSCF value can be obtained by using the formula:

PSCFy = =4 1)
tj

PSCEF;j is the probability of source area on grid cell
ij (Coordinate of grid cell), mj; is the total pollutant
path points on grid ij, and n; is the total trajectory
points on grid ij.

Several studies have also presented the
Concentraiton-Weight Trajectory as a complement to
PSCF [24-26]. One of the limitations of the PSCF

method is that the results depend on the criterion value
of pollutant concentration, so concentration values
that are high and much higher than the threshold are
not distinguished. CWT;; also uses grid cells where the
average concentration of each grid cell is then
calculated based on the passing trajectory and the
settling time. Based on the formula:

2?4:1 CiTiji )

1
CWTy = g
Where M is the total number of routes, | is the track
index, z; is the air parcel settling time based on the
path points on grid ij, and c¢; is the pollutant
concentration when the path passes through grid ij.
The CWT value illustrates the contribution from the
potential pollutant source area. Similar to the PSCF,
the final results of the CWT will also be shown in map
form. Areas with high CWT values indicate a high
contribution to the measured concentration value at
the receptor [23].

3. Result and Discussion

The discussion uses three points of view:
vertically, horizontally, and the potential for long-
distance pollution using a backward trajectory.

3.1 Vertical Analysis

The vertical review was carried out using diurnal
variation analysis by observing the hourly frequency
to see when the fluctuations in pollution occurred [27].
The characteristics of the data on an hourly basis can
be seen by counting an hourly average of PM2s and
CO; concentrations for each day during the
measurement time. Additionally, the data were
classified on weekdays and weekends to know the
effect of community activities on the concentration of
PMazs and CO,. For vertical analysis, data from three
measuring stations with different heights were carried
out, namely the Deli building (~15 m), GKU (~35 m),
and TULT (~70 m). From Fig. 6, it can be seen that
the CO, concentration at the TULT measuring station
tends to be lower than at the GKU and Deli measuring
stations. This is because, at an altitude of fewer than
300 m, the negative correlation between CO; and
altitude will be very high, especially at an altitude of
less than 100 m [28]. As seen on several days, a lower
concentration of CO, in GKU during the day
compared to Deli could be caused by wind speed.
During the day, the wind speed is relatively faster,
especially at higher altitudes. In addition, it can be
seen that for CO, concentrations on weekdays and
weekends, there is no significant difference,
especially for TULT measuring stations whose data
trends are relatively more stable with relative
concentrations at 450 - 500 ppm compared to the other
two measuring sites, which are affected by changes in
day and night activities. This indicates that local
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activities that produce CO, gas do not directly affect
this measuring station.

For PMgas concentrations on weekdays and
weekends, Fig. 7 shows that on weekends PMas
concentrations at Deli and GKU measuring stations
tend to be higher than on weekdays, so it is necessary
to review the distribution of days during weekends.
However, the opposite happened at the TULT
measuring station, and this indicates that the source of
PM_;s pollutant that has the most influence on the
TULT building is on weekdays which can be caused
by the activities of returning and going to work in the
community or routine waste burning activities. In
addition, the concentration of PM,s at the TULT
measuring station was less affected by a decrease in
PBL at night, in contrast to the other two stations,

900

which showed an increase in PM;s concentration at
night due to a decrease in PBL. As seen in Fig. 8, there
is an increase in GKU and TULT measuring stations
from morning to afternoon on Sundays. This may be
due to the activities of the Sunday morning market,
which is often visited by the public. However, this
phenomenon has little effect on the Deli measuring
station, perhaps due to the wind direction in the
morning, which mostly blows towards the Northwest,
while the location of the Deli building is further south
than the other two measuring stations. In addition, the
two measuring stations are also higher so that the air
coverage is broader, in contrast to the Deli measuring
station, which is only £15m high. In addition, there is
no indication of an inversion layer because the
temperature gradient tends to be negative.
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Fig. 6. Graph of CO; concentration during (a) weekdays and (b) weekends.
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Fig. 8. Graph of PM_s concentration and meteorological parameters on (a) Saturday and (b) Sunday.

3.2 Horizontal Analysis

The horizontal review used an independent T-test
/  One-way ANOVA to test for homogeneity and
heterogeneity. Horizontal measurement data were
taken from three stations: GKU, BRIN Pasteur, and
BRIN Taman Sari. As seen in Fig. 9, the concentration
of PM2s in GKU from June to late July continued to
increase. After further investigation, it was found that

there were nearby emissions, specifically on Radio
Street, which is currently the location of a construction
project. After being interviewed, The project began
excavation at the end of June and is aimed at
constructing a new campus. Emissions from the
project are primarily generated by building materials
and a continuous influx of large vehicles. This
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indicates why from the end of June until now, the
concentration of PM2 s has increased significantly.
After that, the next step is to analyze the
Spatiotemporal homogeneity and heterogeneity. “In
the brown box week, the data trend is relatively the
same between one station and another. During the
measurement in the brown box, the cardinal directions
always point to the dominant direction. After being
tested using an independent T-test / One-way
ANOVA, the data in the brown box has a
homogeneous value, or it can be said that there is no
significant difference. In contrast, the blue box shows
that in the measurement, one station has a different
trend from other stations. This is due to solid local
emissions that only occur at that station and cannot be
read at other stations. According to the authors'

research, an anomaly at the station occurs when the
cardinal directions on that day are not in the same
direction as the dominant cardinal directions.

Then, for the value of CO; concentration, after an
independent T-test / One-way ANOVA test is carried
out, the significance value is found in the gray box in
Fig. 10. Differences in CO; concentration are
noticeable. Homogeneity is observed only in the early
weeks of June. For the rest of the time, there is a
significant difference between one station and
another, resulting in heterogeneous values for the
three data sets. This can be determined by the
significance value, which is less than 0.05. These
differences are attributed to the characteristics of the
measurement sites.
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Fig. 9. PM2s Homogeneity test data and results.
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Fig. 10. CO, homogeneity test data and results.

It can be seen from the location in Fig. 11 that each
monitoring location has its characteristics at BRIN
Pasteur. Several plants around it have the function of
reducing CO- gas during the day, but this monitoring
location is right next to the main road, so it affects the
CO; concentration. In contrast to BRIN Pasteur, the
measurement area for BRIN Taman Sari contains over
80% green open space, which has an impact on the
lower CO; concentration.

During the day, CO- reaches the lowest point of
+600 ppm. However, the value is still high because of
tourist attractions, such as a zoo, and adjacent to a
busy road. While the GKU has a relatively low value,
at the GKU measurement station, several green open
spaces contribute to CO; reduction. Also, the
monitoring location is quite far from the main road.

(a) (b) (c)

Fig. 11. Location of measuring instrument
installation. (a) BRIN Pasteur, (b) BRIN Taman Sari,
and (c) GKU (Telkom University).

3.3 Long-distance Pollution Transport

A backward trajectory calculation was carried out
using HYSPLIT [29] to determine the characteristics
of the transport path and the estimation of long-
distance PMys sources. HYSPLIT models replicate
the dispersion and path of substances as they are
transported and dispersed across different scales, from
local to global, within the Earth's atmosphere. The
concentrations of air pollutants are determined for
individual grid cells, considering both advection and
diffusion. The movement and dispersion of particles
are calculated based on their starting positions [30].
The backward trajectory calculation was conducted
from 2019 to 2020, encompassing multiple seasons to
capture their respective characteristics. Since the
measurements were conducted during the dry season,
the backward trajectory data was obtained specifically
for that season to illustrate the direction of air parcel
trajectories in accordance with the monsoon wind
cycle.

Furthermore, grouping is carried out based on the
spatial and temporal distribution of air parcel paths
using a clustering algorithm where the method used is
angle distance. There are 6 clusters of trajectories each
season. The pollution cluster is determined, namely
the cluster of trajectories that are considered the main
routes that play a role in long-distance PM;s
transportation. Pollution clusters are identified when
the number of pollution paths within the cluster
exceeds one-sixth of the total pollution trajectories for
a season. The pollution trajectory is the air parcel
trajectory when the measured PM;s exceeds the 55
ug/mé threshold. The result is a map per trajectory
cluster can be seen in Fig. 12.
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Fig. 12. Results of trajectory clustering in the Dry
Season.
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Table 1. Cluster Analysis in Dry Season.
All Trajectory Pollution Trajectory
Total PM
Cluster | Trajectory of 25 Total Cluster Pollution | Average PM,s Pollution | Std.
Average | Std. Dev. : >

The Cluster i Trajectory (%) Trajectory (ug/md) Dev.

(%) (ng/m?)
1 18.75 35.63 23.44 20.87 72.89 19.44
2 17.26 31.33 22.90 12.60 80.56 19.23
3 13.28 28.61 16.18 551 67.60 15.60
4 15.64 36.19 28.74 22.44 79.04 21.28
5 6.41 57.05 39.19 13.78 94.19 41.79
6 28.66 31.89 25.37 24.80 81.90 23.68
Total 34.34 26.07 80.11 25.61

Backward trajectory analysis with clustering
effectively shows the characteristics of the transport
trajectory PMys but cannot display the potential
source area. In addition, the analysis also has
weaknesses where the results depend on the method
chosen [24, 31]. A long-distance pollutant is
calculated as a potential source contribution function
(PSCF) to estimate the potential source area. The
representation on the map is then divided based on the
PSCF value, with the color: blue for values 0.1 — 0.2;
light blue for values 0.2 — 0.3; green for values 0.3 —
0.4; yellow for values 0.4 — 0.5; orange for values 0.5
—0.6; red for values 0.6 — 0.7; and purple for the value
of 0.7. An area with an enormous PSCF value
indicates a high probability of being a potential source
of pollutant distance away [23].

It can be seen in Fig. 13 that overall, the majority
of PSCF values are low at 0.2-0.5. This could be due
to the PM_s concentration in this season, which is
generally below the threshold. However, there are
areas with a PSCF value of 0.7 in the northern part of
West Java, precisely in the Cirebon area, an urban
area, and a sea transportation stopover route. PSCF

values of 0.5-0.6 with small coverage are also found
in the southern regions of East Java and the Indian
Ocean.

10N
Dry season

130

Fig. 13. PSCF results on Dry Season.

PSCF cannot show the contribution of potential
source areas (quantitatively. In addition, the
calculation considers a much higher PMas
concentration value to be slightly higher than the
threshold [24]. For this reason, a Concentration
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Weight Trajectory (CWT) calculation is carried out to
support the PSCF analysis. The results of the CWT
calculation show the average concentration of the
PM2s potential source area based on a backward
trajectory. The value shown is not the actual
concentration value of the area. However, it can
describe the area's contribution level relative to the
measured PM; s concentration [23, 26].

The CWT results show a similar picture to the
PSCF results Fig. 14. Orange-colored areas to the
purple are considered the main contributor areas. In
the dry season, the main contributor areas are the
Indian Ocean, the Cirebon City, and the West Java —
Central Java border, with a PM2s load of 55 — 65
ug/mé. The potential source area resulting from CWT
calculations is slightly broader than that from PSCF
calculations because CWT considers the entire
backward trajectory. In the ocean, the pollutants can
be caused by the activity of phytoplankton and algae,
marine transportation, and sea salt aerosols [32]. It is
known from previous research that there is a salt
content that is not a local pollutant and sulfate, which
may come from sea transportation in particulates [33,
34].

1ou — — T TR
Dry season A

Fig. 14. CWT results in Dry Season.

4. Conclusions

In the vertical view, the CO, concentration at the
TULT measuring station is no longer directly affected
by CO, emissions from local activities seen from the
trend of the data, which is relatively in the range of
450-500 ppm without the influence of day and night
changes. PM,s concentrations on weekends are
relatively low by range around 35-70 pg/m® and are
less affected by changes in day and night. However,
on weekdays there is still an increase in PMys
concentration which is influenced by local activities
with concentrations that tend to be lower than the
other two measuring stations.

Then from the results of horizontal measurements
after testing homogeneity or heterogeneity, PMas
significance was obtained with a significance value of
more than 0.05. It shows that PM2s concentrations
tend to be homogeneous, except when an anomaly

occurs, such as the cardinal directions opposite the
dominant cardinal directions from 13 to June 20, 2022,
and 7 to July 14, 2022. Whereas for CO, during
monitoring and data validation, homogeneous values
only occurred from early June 1 to June 07, 2022. The
rest had significant or heterogeneous differences, and
this was due to the different characteristics of each
measurement station and the influence of open space.
The green area is different from each station, so for
CO,, the effect or spatial characteristics of the
measuring station area determine its concentration.

The vertical and horizontal analysis shows that
CO, concentrations tend to be heterogeneous due to
differences in altitude and spatial characteristics of the
measurement sites. Meanwhile, PM,s tends to be
more homogeneous by having the same pattern at
different heights and spatial locations, even though it
has different concentrations at each measurement
station. For the long-distance pollution potential, the
PSCF and CWT results on the backward trajectory
show that the estimated long-distance PM2 s potential
source area is from the Indian Ocean and Cirebon area,
which has a high PSCF and CWT value. This area has
a high contribution during the dry season, with PM;s
loads of 55 - 65 pug/m®. This result indicates that the
site is a potential long-range PM s source.
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