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Abstract An effective micro-level air quality man-
agement plan requires high-resolution monitoring of
pollutants. India has already developed a vast network
of air quality monitoring stations, both manual and
real time, located primarily in urban areas, including
megacities. The air quality monitoring network con-
sists of conventional manual stations and real time
Continuous Ambient Air Quality Monitoring Stations
(CAAQMS) which comprise state-of-the-art analys-
ers and instruments. India is currently in the early
stages of developing and adopting economical port-
able sensor (EPS) in air quality monitoring systems.
Protocols need to be established for field calibration
and testing. The present research work is an attempt
to develop a performance-based assessment frame-
work for the selection of EPS for air quality moni-
toring. The two-stage selection protocol includes a
review of the factory calibration data and a compari-
son of EPS data with a reference monitor, i.e. a port-
able calibrated monitor and a CAAQMS. Methods
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deployed include calculation of central tendency,
dispersion around a central value, calculation of sta-
tistical parameters for data comparison, and plotting
pollution rose and diurnal profile (peak and non-peak
pollution measurement). Four commercially available
EPS were tested blind, out of which, data from EPS 2
(S82) and EPS 3 (S3) were closer to reference stations
at both locations. The selection was made by evalu-
ating monitoring results, physical features, measure-
ment range, and frequency along with examining
capital cost. This proposed approach can be used to
increase the usability of EPS in the development of
micro-level air quality management strategies, other
than regulatory compliance. For regulatory compli-
ance, additional research is needed, including field
calibration and evaluating EPS performance through
additional variables. This proposed framework may
be used as starting point, for such experiments, in
order to develop confidence in the use of EPS.

Keywords Air quality monitoring protocol -
Economical portable sensor (EPS) - Reference
monitor - Field calibration - Collocation

Introduction
A comprehensive air quality monitoring network is
an essential component of any air quality manage-

ment plan. In India, the national ambient air quality
monitoring (NAMP) network has grown significantly
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in the past few decades. There are about 800 manual
and 376 continuous ambient air quality monitoring
stations (CAAQMS) (Gulia et al., 2022). In addition,
state governments have deployed manual stations.
The regulators use these CAAQMS for compliance
monitoring with national ambient air quality stand-
ards (NAAQS) and the status of air quality of a par-
ticular area in the form of an air quality index (AQI).
Urban areas with higher population density and
associated activities are responsible for high spatio-
temporal variations in air pollution level which leads
to the formation of hotspots (Goyal et al., 2021). It
would be very tedious and highly expansive to moni-
tor these spatial variations using CAAQMS networks
(Leung, 2015). Therefore, it is essential to supple-
ment the current CAAQMS network with economical
portable sensors (EPSs). The EPS could be utilised
only for air quality assessment at the micro level and
monitored data to be used for air quality management
aspect and evaluation of the effectiveness of imple-
mented control actions.

In the recent past, numerous techniques for air
quality monitoring, including manual, continu-
ous, satellite, and low-cost sensors (EPSs) or can be
called economical portable sensor (EPS), have been
used in air quality research and management in India
(Dey et al., 2020; Gulia et al., 2022). Each of these
techniques comes with its own challenges, including
investment and operational cost, logistics, mainte-
nance, and expertise (Liu et al., 2021). Considering
all these challenges, Indian air quality research com-
munities are now identifying cost-effective moni-
toring methods, which has led to an increase in the
adoption of EPS-based monitoring. The National
Clean Air Programme (NCAP) of India has also iden-
tified the significance and utility of EPS for air qual-
ity (MoEF&CC, 2019). Researchers in the past have
found a very high correlation between data from EPS
and calibrated regulatory grade reference monitors
(Gulia et al., 2020; Zheng et al., 2018).

EPS are very sensitive to environmental condi-
tions like temperature, humidity, wind speed, and pol-
lutant concentration (Zoest et al., 2019). Therefore,
calibration is recommended at all stages of develop-
ment and operation, and relying only on factory cali-
bration is not enough for field deployment (Kureshi
et al., 2022). There are numerous methods reported
for the calibration of EPS under different conditions,
including in-lab, with regulatory-grade instruments
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and modern data-driven machine-learning techniques
(Spinelle et al., 2017; Zimmerman et al., 2018). EPS
calibration in a laboratory is a controlled environment
assessment (Levy Zamora et al., 2019). Research-
ers have also compared the EPS data with reference
grade stations in the ambient environment (Gulia
et al., 2020). In the machine learning (ML)-based
calibration of EPS output, a data-driven calibration
algorithm is developed which correlates the raw out-
put of the EPS as accurately as possible to the meas-
urements from the reference monitor (deSouza et al.,
2022; Patra et al., 2021). Therefore, it is desired that
every EPS-based monitoring device should be cali-
brated in field conditions, to accommodate environ-
mental impacts, before its application for manage-
ment practices (Gonzalez et al., 2019).

Presently, there is neither any approved indige-
nous EPS nor a regulation for the use of EPS-based
air quality monitoring in India, a tropical climatic
country. Researchers have adopted different meth-
odologies for the evaluation of EPS performance for
air quality monitoring (Chu et al., 2020; Wang et al.,
2019). These studies have adopted different perfor-
mance evaluation methods, which add to the ambi-
guity to test the accuracy of EPS for field application
(Narayana et al., 2022), which has totally different
environmental conditions. It is also important that
sensors are very sensitive to environmental meteoro-
logical conditions which are not uniform throughout
the world even within a country and vary from season
to season. So, the performance evaluation approach
should also be location specific considering the envi-
ronmental condition.

Considering the above ambiguity in the field
calibration and application of EPS in air quality
management for Indian cities, the paper attempts
to present a robust methodology for the selection
of the EPS in air quality monitoring by assessing
their performance based on (i) factory calibration
(review of different sensors) and (ii) compari-
son with other calibrated monitors in the outdoor
environment with different time resolution data.
The purpose of this study is to provide a proto-
col for the performance assessment framework of
EPS, which could increase the application of these
EPS for air quality monitoring at the micro level
and used for air quality management while using
CAAQMS for compliance monitoring. The proto-
col is developed using EPS of PM, 5 which is one
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of the critical pollutants in Indian cities (Singh
et al., 2021) with the aim of offering affordable
PM, 5 monitors that could be used for assessment
of micro-level air quality variation for hotspots in
major metropolises.

Methodology

EPS has gained traction amongst researchers and
regulators for monitoring and management of local
air quality. Therefore, a comprehensive state-of-the-
art method for using EPS for air quality monitoring
and management is required for Indian conditions.
This section describes the stages involved in the
development of the framework for EPS performance
and assessment. Initially, several EPS available in
the Indian market were reviewed for techno-com-
mercial parameters, and four were selected based
on the requirements and specifications provided.
Thereafter, PM, s sensors having satisfactory per-
formance based on factory calibration were consid-
ered for further comparison in field conditions in an
outdoor environment.

Fig. 1 Locations and
photographs of sensors for
co-location study; GRIMM
(Reference Monitor 1
(RM1)) and CAAQMS
(Reference Monitor 2
(RM2))

Study area

This research was carried out at two locations in
Delhi, a city known for its high air pollution levels
during the winter season due to unfavourable mete-
orology and regional air pollution from mid-Oct. to
Nov. For this work, four affordable cost sensors, Sen-
sor 1 (S1), Sensor 2 (S2), Sensor 3 (S3), and Sensor
4 (S4), were procured from four different manufactur-
ers and tested blind. These four brands were chosen
based on cost, and parameters such as concentration
range, accuracy, data management practices, sensitiv-
ity, and weight. In the first stage, these sensors were
deployed at the terrace of the research institute in the
Naraina Industrial area (Central Delhi), wherein the
data was compared with a calibrated portable refer-
ence grade instrument. In a later stage, these sen-
sors were collocated with CAAQMS at an academic
institute in Northwest Delhi. The sites are depicted
in Fig. 1. In the initial stage, EPSs were collocated
with Laser Aerosol Spectrometer, GRIMM (Ref-
erence Monitor 1 (RM1)) at a research institute in
Naraina. These EPSs were placed on the rooftop of
this institute from September 24th, 2021, to October
8th, 2021, to assess their performance with RM1 in
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an ambient environment. At a later stage, these EPSs
were collocated with a regulatory monitor, CAAQMS
(Reference Monitor 2 (RM2)), at an academic insti-
tution. This step was planned to assess the EPS per-
formance and inter-variability between sensors and
regulatory instrument in the monitoring of PM,
concentrations during a high pollution period, i.e.
November 18-25, 2021. The overall air quality of
Delhi as per the National Air Quality Index (https://
cpeb.nic.in/National-Air-Quality-Index/) during the
period of RM1 monitoring was in the Satisfactory
to Moderate category (PM,s concentration range
31-90), while during RM2 monitoring, it was in the
range of Poor to Very Poor category (PM, 5 concen-
tration range 90-250). Both the selected locations
have major micro-level activities causing air pollu-
tion. Therefore, any substantial variation in air qual-
ity during the monitoring period was attributed to
regional emissions and changes in meteorology. Both
the study period were also compared in terms of
meteorological parameters and given in Table S1 in
the supplementary information.

Criteria for selection of EPS

Table 1 provides the specifications of the four sensors
used for the study. The selection process considered
ease of use, i.e. physical size, weight, cost, accu-
racy and suitability of operational conditions, drift,
measurement range, and frequency of measurement

(Concas et al., 2021; Narayana et al., 2022). Many
studies have discussed these features and their respec-
tive pros and cons. For instance, a compact instru-
ment will always be considered better than a large and
heavy instrument due to its ease of operation (Cle-
ments et al., 2017; Li et al., 2020); accuracy, which is
the closeness of observed value to the value of refer-
ence measurement, so a high accuracy instrument is
better (Nguyen et al., 2021); and suitability of opera-
tional conditions and requirements, i.e. a sensor with
fluctuating values in high-temperature conditions may
not be suitable for field monitoring during summers
especially in tropical countries (Zheng et al., 2018).
The protocol adopted to assess the performance
and selection of EPSs is illustrated in Fig. 2. The
manufacturers are aware of the importance of the
calibration of EPSs for reliable data generation.
Hence, they use different techniques for the cali-
bration of these EPSs before the sale. The perfor-
mance of these EPSs may vary considerably due
to external influences which necessitate the field
calibration of EPSs through collocation studies and
data-driven methods for improving the accuracy of
these units (Concas et al., 2021). The present study
has used two types of reference monitors for col-
location: first, a portable reference monitor (laser
aerosol spectrometer), usually employed for reli-
able measurement of real-time outdoor and indoor
air quality (Grimm 11-R monitor) (GRIMM, 2022),
and second, a continuous ambient air quality

Table 1 Comparison of different make economical portable sensor (EPS) for PM,

Sr. no Specifications S1 S2 S3 S4
1 Principle/technology Light scattering Laser scattering Laser scattering Light scattering
2 Operative at Indian conditions Yes Yes Yes Yes
(temp: 0-50 °C; RH: 10-95%)
3 Accuracy Good Good High Good
4 Sensitivity No No No No
5 Error/drift - - <3.0% change/year -
6 Calibration requirements Yearly Yearly Yearly Yearly
7 Size including cover box 54%38%22 cm? 24x16%9 cm? 14%4.5%19.5 cm® 45%30%20 cm®
8 Weight of the device 9.6 kg 1 kg 1.5kg 6 kg
9 Measurement range (ug/m?>) 0-1500 0-1000 1-2000 0-700
10 Measurement frequency 1 min 40s 30s 5 min
11 Capital cost (INR/unit)* 255,000 31,000 95,000 65,000
12 Power requirements, volts 230 230 220 220

Parameters from Sr no. 7-11 are comparable and used in the ranking of the EPSs; *cost at the time of the procurement, i.e. year 2021
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Fig. 2 Methodology
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monitors used as a regulatory monitor (CAAQMS)
used by national policymakers. In these regulatory
grade monitors, instruments used for PM are usu-
ally beta attenuation monitors (BAM). GRIMM is
a portable aerosol spectrometer which is commonly
used as a reference monitor in various studies for
comparing the performance of different air quality
monitoring instruments (Hegde et al., 2020; Kelly
et al., 2017). It operates on the principle of light
scattering at individual particles and has no border
zone error, a time resolution of 6 s, and a volume
flow rate of 1.2 L/m+3% (Gulia et al., 2020). On
the other hand, BAM works on the principle of the
beta ray attenuation method. Both these instru-
ments have well-defined quality assurance and
quality control protocols. The QA/QC protocol of
BAM-based CAAQMS is carried out as per guide-
lines specified by CPCB, which requires operators
to perform a weekly calibration process for simul-
tanecous mass and flow rate checks (CPCB, 2013;
Goyal et al., 2021). Mukherjee et al. (2017) also
used GRIMM 11-R optical particle counter, and
the Met One beta attenuation monitor (BAM) for
validation of the EPS application in Cuyama Valley
of California.

Results and discussion

The ease of operation along with the cost of EPSs
was the first criteria used to rank the EPSs after
initial selection for monitoring. Considering the
manufacturers’ assurances that these EPSs are well
calibrated, the data collected through EPSs was not
pre-processed and continuous original raw data was
used for comparison with reference monitors. This
“as is” comparison of raw data was important as we
were selecting EPSs from commercial varieties. The
EPSs’ and reference grade monitor’s data were sta-
tistically analysed and compared using descriptive
statistics, performance measurement parameters, and
assessment of pollutant loads based on wind profile
and diurnal variations. These EPSs were ranked from
1 to 4, with 1 being the most suitable and 4 being the
least suitable. Furthermore, these were marked with
green and red colours, respectively.

Suitability based on physical features and cost
EPSs were ranked, for each parameter, but prefer-

ence was given to lighter weight, compact size,
higher measurement range, and time resolution.

@ Springer
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Table 2 Ranking of EPSs based on physical features and cost.

;r(.) Parameters Criteria for Prioritization S1 S2 S3 S4
1 Dimension Preferepce given to Compact and 2 1 3
small size device
2 Weight of device L_ow weight device can easily fit at 1 5 3
site or a pole
3 Measurement Range | Higher range give first preference 2 3 1
Measurement High time resolution gives first
4 3 2 1
Frequency preference
5 Cost Low cost is given first preference 1 3 2
Total* 17 9 8 16

*EPS having lowest total is performing more satisfactorily

Additionally, preference was given to the EPS with
the lowest capital cost. Table 2 depicts the ranking
of all four selected EPSs based on physical features,
measurement range, frequency, and cost. The analysis
indicates S3 as the most suitable EPS followed by S2,
S4, and S1.

Performance based on descriptive statistics

The performance of EPSs with respect to RM1 and
RM2 was evaluated by calculating statistical descrip-
tive analysis which is considered the first screen-
ing step of performance evaluation (Bauerovi et al.,
2020). The mean and median describe the central
tendency (central value) of the data, whereas the
standard deviation values describe the dispersion
(range) of the data. The pattern of measurement has
been compared with a lack of symmetry or tailedness,
referred to as skewness and kurtosis, respectively
(Srbinovska et al., 2021). Thus, EPSs’ and reference
monitors’ data were analysed and compared using
kurtosis and skewness values. The negative values for
skewness means data is skewed left (i.e. large number
of data points towards the lower percentile) and while

Fig. 3 Time series plot

of 5-min average PM, 5
concentration measured by
four EPSs and RM1
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a positive skewness means the distribution is rightly
skewed (Liu et al., 2020). Kurtosis provides details on
the central peak height and sharpness in relation to a
typical bell curve for normal distribution; the kurtosis
for normally distributed data is 3 (Prieto & Cremasco,
2017).

At Location 1 (Naraina, Central Delhi)

Raw data from the EPSs and RM1 monitor was
converted to 5-min averages for this analysis. Fig-
ure 3 shows the time series plot of 5-min average
PM, 5 concentration measured by all four EPSs and
RM1. This showed that the overall trends of all EPSs
broadly matched with that of RM1. For this, a sam-
ple size of 308 values was considered for analysis.
The missing hours (only for S1) were not considered
for the analysis. All four EPSs measured lower con-
centration (mean) compared to RM1. The recorded
mean and standard deviation for PM, 5 concentrations
were 73+29.8 ug/m® for RM1 and 38+17.7 pg/m’,
48 +14.2 pg/m®, 29+13.2 ug/m?, and 30+13.4 ng/
m? for S1, S2, S3, and S4, respectively. The value of
kurtosis for RM1 was found to be 0.6 while it was 7.4
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for S1, 2.7 for S1, 3.2 for S4, and 2.6 for S3 (closest
to RM1). The skewness values depict that three EPSs
(S1, S3, and S4) are moderately skewed while S2 is
highly right-skewed (skewness >2). The value for the
skewness of RM1 is close to S1 followed by S3, S4,
and S1. Table 3 provides the EPSs’ descriptive sta-
tistics with a portable reference monitor (RM1) and
reference station 2 (RM2).

Location 2 (DTU, Northwest Delhi)

RM2 provides data continuously throughout the day,
at a resolution of 15 min. In order to compare the
data, the pollutant concentration values were con-
verted to a 1 h average for all EPSs and RM2. Fig-
ure 4 shows the time series plot of the hourly aver-
age PM, 5 concentration measured by all four EPSs
and RM2. It is indicated that patterns of most of the
EPSs matched reasonably well with RM2 except S1.
The recorded mean and standard deviation for PM, s
concentration was 231 +88.2 pg/m’ for RM2 and was

83+45.0 pg/m’, 262 +106.5 ug/m?, 284 +154.0 pg/
m®, and 326+ 163.8 pg/m> for S1, S2, S3, and S4,
respectively. Based on this, the S2 and S3 EPS values
are closer to RM2 instead of S1 and S4. The kurtosis
is highly deviated from 3, i.e. more than 3 for S1 and
less than 3 for rest. The kurtosis values of S2 and S4
are closer to RM2 values. Furthermore, S1 has higher
skewness in comparison with S2, S3, and S4 and is
close to RM2.

Considering the above results, it can be inferred
that the overall performance of S2 and S3 was
observed to be closer to the reference monitors, as
compared to EPS 1 and 4. It was also observed that
EPSs show variable performance under different
environmental conditions, i.e. Locations 1 and 2. Due
to this variability, it is important to look into other
aspects such as performance under seasonal and geo-
graphic variations. Additionally, the PM, 5 concentra-
tion data monitored by ESPs and reference monitors
were compared visually by plotting frequency histo-
gram and box plots for both locations and provided as

Table 3 Descriptive

o Sr. no Parameter Location 1 Location 2

statistics of outdoor PM, 5

concentration measured by S1 S22 S3 S4 RMI SI S2 §3 54 RM2

EPSs and reference monitor

at Location 1 and Location 1 Sample size (nos.) 308 308 308 308 308 192 192 192 192 192

2 2 Missing hours (nos.) 30 0 0 1 0 2 2 26 0 6
3 Actual sample size (nos.) 278 308 308 307 308 190 190 166 192 186
4 Mean (ug/m?) 38 48 29 31 73 83 262 284 326 231
5 Median (ug/m>) 37 46 26 28 60 71 247 236 284 228
6 Standard deviation (ug/m®) 18 14 13 13 30 450 106 154 164 88
7 Kurtosis 3 7 3 3 06 54 -07 04 -03 -1.1
8 Skewness 1.0 21 1.3 1.3 09 19 03 09 07 0.01
9 Minimum (ug/m?) 12 23 11 13 26 250 698 63 72 61
10 Maximum (ug/m?) 132 132 99 98 204 293 516 793 797 417

Fig. 4 Time series plot of
1 h average PM, 5 concen-
tration measured by four
EPSs and RM2
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part of supplementary information (SI) as Fig.S1 and
Fig. S2 for Location 1 and Location 2, respectively.
The plot clearly shows that the distribution patterns
of monitored data by S2 are matching with patterns of
reference monitors at both locations.

Performance based on linear regression analysis

The linear regression method (y~x) was used to
model the relationship between EPSs and reference
instruments for both sites. The coefficient of deter-
mination (0<7><1) was used to evaluate the perfor-
mance of a EPS with respect to the reference monitor.
The linear regression method has already been used
in various studies for EPS performance and assess-
ment (Bittner et al., 2022). Figures 5 and 6 depict the
association between the EPS’ monitored data and ref-
erence monitors wherein the high and low represents

2C 2001
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.
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50 e Pr 50
At'/
‘—"’ 2
0 ) ) ‘ , ol
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RM1
2000
R*=028 (c) 200
150
1501
™
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© 100 & 100
. S
50 ,.// -
i"’“l—‘-’
p— 5
0
50 100 150 200
RM1

the concentration of PM, s, respectively. The same
data has been considered in the descriptive statistics.
At Location 1, the 7 values varied between 0.28 and
0.64 and were highest for S1, followed by S2, S4, and
S3; however, the mean concentration of RM1 was
close to S2 and S3, although it seems all the EPSs
underestimated the mean value. The r* values varied
between 0.45 and 0.69 with the highest values for S2,
at Location 2. However, past studies have reported
that the values for * are not enough to conclude on
the performance assessment of EPSs (Giordano et al.,
2021; Karagulian et al., 2019).

Evaluation based on performance evaluation matrices
In order to corroborate the findings of descriptive sta-

tistics and coefficient values, other statistical param-
eters were also calculated for an overall ranking of the

R?=0.49 (b)
e T 4
50 100 150 200 High
RM1 .
R?=0.44 (d)
-l /,_)-*""'f Low
SR
__aff
50 100 150 200

RM1

Fig. 5 Regression plot For EPSs with RM1 for PM, 5 concentration (ug/m.?) at Location 1 (a SI vs RMI; b S2 vs RM1; ¢ S3 vs
RM1; d S4 vs RM1) (high and low means maximum and minimum PM, s concentration)
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Fig. 6 Regression plot for EPSs with RM2 for PM, 5 concentration (ug/m.’) at Location 2 (high and low means maximum and mini-

mum PM, 5 concentration)

performance of EPSs. These statistical descriptors are
root mean square error (RMSE), normalise mean bias
(NMB), normalise mean error (NME), fractional bias
(FB), and mean absolute error (MAE), tabulated in
Table 4. These are some of the most frequently used
predictive performance metrics for the assessment of

model performance (Chambliss et al., 2020; Simon
et al.,, 2012). These parameters measured bias and
error statistics metrics between two data sets, which
measure the EPS’s tendency to over- or under-meas-
ure as well as calculate the magnitude of the differ-
ence between values observed with the reference

Table 4 Statistical metric

Parameter Range Outdoor environment
for assessment of EPS
performance EPSs vs RM1 EPSs vs. RM2

S1 S2 S3 S4 S1 S2 S3 S4

RMSE 0to+ o 299 34 51 73 190 140 282 160

NMB —1to+o0 0.79 —-034 -054 -06 —-0.19 0.017 0.016 0.08
The bold value indicates NME 0 to+ oo 5.002 1.03 1.72 1.79 0301 014 035 023
higher performance for FB +2t0o-2 —-0.44 -0.37 —0.84 —-0.81 —-0.59 0.05 0.14 0.15
the respective parameter FE 0to2 0.81 0.38 0.84 0.82 0.6 0.16 028 0.25
in comparison with other MAE Oto+oo 128 26 44 46 111 54 129 86

S€nsors
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monitor and EPS. The higher > for the regression
model presents the precision of the performance
of the EPS with respect to the reference instrument
(Badura et al., 2019). The statistical parameters like
MSE, RMSE, and MAE indicate performance based
on the EPS’s average measurement (Giordano et al.,
2021). High variability of RMSE was also observed
in the case of all the EPSs both with RMI1 and
RM2. If the NMB is zero, then the EPS is assumed
to be unbiased with respect to the reference moni-
tor while negative or positive NMB implicates under
or over estimation by the EPSs respectively. As per
the assessment of the aforementioned performance
parameters in Table 4, in the case outdoor environ-
ment at both Locations 1 and 2, S2 performed well,
followed by S3 (close to S2) and S4.

Performance evaluation with respect to wind profile
(pollutionrose analysis)

The EPSs’ performance with respect to wind speed
and direction was studied and compared by plotting
the data in the form of pollutionrose. Pollutionrose
is primarily used as a tool for source characterisation
which provides information on the potential source
influences at the receptor site. Pollutionrose plots of
EPSs and reference monitors (RM1 and RM2) were
developed for outdoor environments only and shown
in Fig. 7.

The pollutionrose plot for PM, s concentration
in RM1 indicates that higher concentrations were
mainly from the south-west and south-east of the air
quality station wherein values for EPS 2 and 3 were
observed to be similar with RM1. The pollution roses
indicate that significant PM, s sources for the moni-
toring site would be located in the south during the
monitoring period. Similarly, in the case of RM2, the
higher concentration was mainly from the south-west
and south-east, and S2 and S3 were found to be simi-
lar to RM2.

Performance based on diurnal profile at Location 2

The hourly PM, 5 concentration of RM2 ranged from
61 to 471 pg/m>® whereas it ranged between 25-293,
70-516, 63793, and 72-797 pg/m® for S1, S2, S3,
and S4 respectively. The diurnal variation of EPSs
and RM2 was assessed as depicted in Fig. 8. Based
on the qualitative observation, the diurnal patterns

@ Springer

of RM2 data broadly matched with S2 followed by
S3, S4, and S1 which means the minimum difference
between hourly patterns of RM2 and S2 in compari-
son of S3, S4, and S1. Although the recorded obser-
vations vary widely, the collocated EPSs presented
an accurate variation of recorded values in terms of
day and night profiles. As expected, it showed two
peaks in the morning (07:00-10:00 am) and evening
(06:00-08:00 pm). It was due to peak traffic hours
during this period and lower mixing height during
this time interval, in contrast with low traffic and high
mixing height after 12:00 to 05:00 pm (Song et al.,
2022).

Ranking for suitable EPSs for air quality assessment

A comparative analysis of each EPS’s performance
was conducted to obtain the best-performing EPS
during the observation period and at the specified
study location. Table 5 provides the overall ranking of
EPSs based on the statistical results and physical fea-
tures, measurement range and frequency along with
cost. The EPSs were ranked from 1st to 4th based on
the difference between obtained and ideal values for
all the parameters. All the ranks and scores are sum-
marised to deduce the final ranking for their suitabil-
ity at Locations 1 and 2. The ranking as described
in Table 2 is added at both locations to get the final
ranking. Therefore, the final ranking of EPSs based
on physical features, cost, and statistical analysis S2
performed better over other EPSs. Considering the
findings from both locations, it is inferred that S2 and
S3 are the most preferable EPSs suitable for air qual-
ity assessment. Ideally, EPS whose monitored data is
close to reference monitor data with reasonable cost
and is easily deployable at study sites should be con-
sidered for air quality assessment.

Conclusion

Robust monitoring is the key to any effective air qual-
ity management plan. These now need to be aug-
mented with new generation cost-effective monitor-
ing technologies like EPS. Considering the purpose
of this study, where it aims to introduce the EPS for
air quality monitoring at the micro level (hotspots),
there is a need to develop such performance assess-
ment protocols to increase the reliability of the EPS
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for air quality management. This needs consistent
research towards better technology, laboratory, and
field-based pilot studies in different work environ-
ments, i.e. indoor and outdoor micro-environments,
and consideration of seasonal variations and other
similar themes.

The present study is an effort towards the devel-
opment of a protocol for the selection of EPS-based
monitors for air quality assessment, based on physi-
cal attributes, measurement range, cost, accuracy, and
robustness in measurement. Data from each EPS and
reference grade monitor were compared statistically
by computing central tendency, dispersion measures,
and bias measurement parameters and by plotting
diurnal profiles (peak and non-peak pollution meas-
urement). Subsequently, the EPS were ranked on the
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basis of performance for different statistical assess-
ments. Based on the above performance data, each
EPS was ranked.

The proposed methodology can be followed for
the selection of an EPS-based monitor to measure
pollution levels and track air pollution. Further-
more, future research should focus on field testing
and calibration and sensitivity analysis of EPS in
different pollution loads and climatic conditions
before accepting them for regulatory and compli-
ance monitoring. This approach is a useful start-
ing point for future research studies like seasonal
variations in air pollution level, long-term annual
average, variance evaluation in polluted and non-
polluted environments, and so on. The EPS have
the potential to capture micro-level variations in air
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Table 5 Ranking and selection of EPSs for based on performance assessment

Location 1

Location 2

Parameters S1 | S2 | S3

54 st | sz | s3 | s«

a. Central Tendency

Mean
Median

b. Dispersion of data

Standard Deviation
Kurtosis

Pollution Rose

Diurnal Profile

Measurement Range
Measurement

Total Score

ranking as per Table 2 is considered for both locations

pollution at an affordable cost, which are otherwise
difficult to capture with ambient air quality stations.
Due to their smaller size, these may be deployed for
field studies to aid authorities in the identification
of hotspots or priority problematic locations in a
time-bound and efficient manner.
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