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ABSTRACT 
 

High spatial resolution particulate matter measurements are necessary to accurately characterize urban air quality issues. 
This study investigates how sensors can be used in an urban area to complement existing air quality measurements. A 
measurement campaign was conducted during winter in Helsinki, Finland, where the performance of a custom-built optical 
instrument—the Prototype Aerosol Sensor (PAS; uses Shinyei PPD60PV and PPD42NS sensor modules)—and three 
commercial diffusion charging-based sensors (Pegasor AQ Urban, DiSCmini and Partector) was evaluated against 
reference instruments. The results showed that the PAS was able to measure the coarse (PM2.5-10; range: 0–400 µg m–3) and 
fine (PM2.5; range: 0–50 µg m–3) fractions with reasonably high correlations (R2 = 0.87 and 0.77) when compared to a 
gravimetric monitor. Likewise, the lung deposited surface area (LDSA) concentrations delivered by the three diffusion 
charging sensors indicated good performance (R2: 0.92–0.97) when compared to LDSA concentrations calculated from the 
size distribution data of the differential mobility particle sizer. A clear correlation (R2 = 0.77) between the black carbon 
and Pegasor-measured LDSA concentrations, as well as similar diurnal cycles, was observed, suggesting a common 
source. The optical sensors were useful for measuring the mass concentrations of coarse local particles. By contrast, the 
diffusion charging sensors were applicable in urban environments, where ultrafine particles from traffic or other local 
combustion sources affect air quality. 
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INTRODUCTION 
 

Particulate matter (PM) poses health risks to citizens 
(Brook et al., 2010; Bernard et al., 2001; Bernstein et al., 
2008; Chen et al., 2012). It has been estimated that in the 
EU countries alone a total of 399,000 premature deaths 
were attributable to fine particle (PM2.5) exposure in 2014 
(European Environment Agency, 2017). In order to reduce 
PM exposure, detailed understanding of the spatial and 
temporal distribution of PM concentrations is required. 

The development of high resolution air quality monitoring 
networks is currently constrained mainly by the high cost of 
the standardized monitoring instruments (Rai et al., 2017). 
Additional to high unit cost, unfavorable characteristics 
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such as large physical size of instruments, limited online 
data transfer features and excessive complexity of the 
instrument design and operation create further practical 
challenges (Moltchanov et al., 2015). As the Ambient Air 
Quality Directive 2008/EC/50 of EU proposes two different 
uncertainty levels for standardized PM2.5 and PM10 
monitoring equipment (25% for continuous and 50% for 
indicative), it is worth considering whether less expensive 
(i.e., indicative) and more convenient instrumentation could 
be used to complement air quality monitoring (Official 
Journal of the European Union, 2008). 

The proposal of using low-cost sensors as complementing 
units in existing air quality monitoring networks has been 
previously discussed in several studies (Rajasegarar et al., 
2014; Heimann et al., 2015; Kumar et al., 2015; Castell et 
al., 2017). Due to the low cost of a sensor, spatial distribution 
of sparse air quality monitoring networks could be intensified 
and expanded in a cost-efficient manner. Compact size and 
low energy consumption would allow independent and 
wireless operation in locations where convenient measuring 
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was previously inconvenient (Devarakonda et al., 2013; 
Jerrett et al., 2017). Also, sensors could be utilized in 
mobile and unmanned measurement platforms (Alvarado 
et al., 2015). Few PM sensor network experiments have 
been conducted in the past, with fairly positive results (Gao 
et al., 2015; Jiao et al., 2016). The experiments demonstrated 
that low-cost sensors may be used to complement existing 
networks, and furthermore, identify specific pollution 
hotspots due to the high spatial network resolution. 

In order to ensure the appropriateness of sensor 
measurements, criteria for data quality has to be met. Some 
studies have indicated that, in some cases, the accuracy of 
sensors may be questionable when considering parameters 
for continuous air quality monitoring, e.g., mass 
concentrations of particulate matter (Zikova et al., 2017). 
However, several other studies have also indicated that the 
sensors may be well-suited for complementing existing 
networks (Wang et al., 2015; Sousan et al., 2017). The 
inconsistent results indicate that comprehensive 
understanding of the response characteristics of the sensor 
is necessary, and that the performance of the sensor has to 
be validated in the environment in which it will be deployed. 
Furthermore, different response characteristics emphasizes 
the need of users to acknowledge the corresponding 
limitations which the specific sensor may have in certain 
environments. 

The aim of this study was to introduce a field test where 
the performance of aerosol sensors was evaluated. The 
evaluated sensors were classified into optical and diffusion 
charging-based sensors according to their detection method. 
The optical Prototype Aerosol Sensor (PAS) was a custom 
built device, which utilized two separate optical sensor 
modules as its detection units. Commercial Pegasor AQ 
Urban, Partector and DiSCmini sensors based on diffusion 
charging and electrical detection of particles were evaluated 
as well. Conclusions about the performance capabilities 
and the applicability of each sensor type to an air quality 
network are presented. 
 
PARTICULATE MATTER SENSORS FOR AIR 
QUALITY MONITORING 
 
Optical Low-Cost Sensors 

Optical aerosol sensors usually consist of an infrared (IR) 
LED or a small power laser placed in an angle (90–135°) 
against a standard photodiode, which is used to detect the 
scattered light of illuminated particles. The generated light 
scattering signal is filtered and amplified, and typically an 
analogue voltage or pulse width modulation signal is used 
to represented measured conditions (e.g., pulse count, 
height or duration). Some sensors have additional light 
focusing lenses to enhance the light beam intensity. The 
optic chamber of a sensor is usually constructed of an 
injection molded plastic body which is placed on top of the 
electronic circuit board. Metal shielding is added on top of 
the photodiode to minimize electrical noise. 

The simplistic design of sensors presumably leads to the 
notable low cost. A typical low-cost sensor costs 
approximately 50 euros which indicates a hundred fold 

price reduction when compared to a typical medium price 
range (1,000–15,000 euros) instrument. Along with low 
cost, the sensors are small and have low power consumption. 
This makes them an attractive option to be used in 
monitoring network applications (Kumar et al., 2015). 

The disadvantage of low-cost sensors is the unguaranteed 
accuracy and lack of established scientific literature due to 
their relative novelty. Some manufacturers provide 
calibration sheets which, however, tend to be insufficient 
and do not provide detailed analysis of the sensor response 
characteristics. Furthermore, the low-cost sensors usually 
require additional enclosure and data acquisition features 
for them to be properly used. Interdisciplinary skills are 
required from scientists when working in the fields of 
aerosol physics, electronics and programming to develop 
these sensors into instruments. It is also important to note 
that depending on the level of hardware upgrades, the 
sensor may end up being just as expensive as the medium 
price range products.  

The most frequently studied optical sensors appear to be 
Shinyei PPD42NS (Holstius et al., 2014; Austin et al., 2015; 
Gao et al., 2015; Wang et al., 2015; Jiao et al., 2016; Kuula 
et al., 2017; Johnson et al., 2018) and Sharp GP2Y1010AU0F 
(Alvarado et al., 2015; Wang et al., 2015; Sousan et al., 
2016a), although several other similar sensors exist as 
well. A list of commonly occurring sensors is presented in 
Table 1. Sensors DSM501A and NIDS SM-PWM-01A-HS 
appear to be direct replicates of the PPD42NS sensor and 
similarly, NIDS PSX-01E seems to be a direct replicate of 
the GP2Y1010AU0F sensor. Furthermore, air quality 
monitors designed for consumer mass markets, such as 
AirBeam, Speck, Foobot and Air Quality Egg, utilize 
sensors listed in Table 1 (Manikonda et al., 2016; Sousan 
et al., 2017; Zikova et al., 2017). 

Low-cost optical sensors have been typically compared 
to scientific grade reference instruments, such as beta-
attenuation based BAM-1020 (Met One Instruments Inc., 
USA) and gravimetric Tapered Element Oscillating 
Microbalance (TEOM, Thermo Fischer Scientific Inc., USA), 
and large variation of Pearson correlation coefficients R2 
(0.36–0.97) have been observed (Holstius et al., 2014; Gao 
et al., 2015; Jiao et al., 2016; Sousan et al., 2016b; Kelly 
et al., 2017). Comparisons to instruments with similar 
detection techniques (optical), e.g., TSI SidePak and pDR-
1500 from Thermo Fisher Scientific (Wang et al., 2015; 
Sousan et al., 2016a), have achieved higher and less 
variable correlations (R2: 0.89–0.97). The studies have also 
shown that there are variables, such as particle size, that 
need to be accounted for in evaluations and calibrations 
and that, for example, the influence of temperature and 
relative humidity variation in sensor outputs does not seem 
to be consistent (e.g., Hostius et al., 2014; Gao et al., 2015). 
Additionally, it is worth pointing out that to interpret the 
results correctly, it is important to understand the operating 
principles of different detection techniques at a fundamental 
level. For example, the PPD42NS sensor has a detection 
range of > 1 µm, but it has been used to evaluate ambient 
PM2.5 values in several studies (Holstius et al., 2014; Gao 
et al., 2015; Liu et al., 2017), although a significant portion  
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Table 1. Summary of commonly appearing optical aerosol sensors and their properties. 

Sensor model Manufacturer 
Dimensions 
(mm) 

Weight
(g) 

Particle size 
(µm) 

Power
(W) 

Price 

PPD42NSa Shinyei Technology, Japan 59 × 49 × 22 24 > 1.0 0.45 65 € 
PPD20PV Shinyei Technology, Japan 88 × 60 × 20 36 > 1.0 0.7 n/a 
PPD60PVb Shinyei Technology, Japan 88 × 60 × 20 36 > 0.5 0.7 150 € 
AES-1 Shinyei Technology, Japan 90 × 90 × 23 120 > 0.5 3.6 450 € 
GP2Y1010AU0Fc Sharp Microelectronics, USA 46 × 30 × 18 16 n/a 0.1 12 € 
DSM501Ad Samyoung, South Korea 59 × 49 × 22 24 > 1.0 0.45 15 € 
OPC-N2e Alphasense, UK 75 × 53 × 60 105 0.38–17 0.875 500 $ 
PMS 1003/3003f Beijing Plantower, China 65 × 42 × 23 n/a 0.3–10 0.6 14 $ 
PMS 5003 Beijing Plantower, China 65 × 42 × 23 n/a 0.3–10 1 20 € 
PMS 7003 Beijing Plantower, China 48 × 37 × 12 n/a 0.3–10 0.5 45 $ 
NIDS SM-PWM-01A-HS NIDS, South Korea 59 × 46 × 18 23 > 1.0 0.5 25 $ 
NIDS PSX-01E NIDS, South Korea 50 × 32 × 27 21 > 1.0 0.15 n/a 
SDS011g Nova Fitness, China  71 × 70 × 23 n/a 0.3–10 1.1 36 $ 

a Holstius et al., 2014; Austin et al., 2015; Gao et al., 2015; Wang et al., 2015; Jiao et al., 2016; Kuula et al., 2017; 
Johnson et al., 2018. 
b Jiao et al., 2016; Sousan et al., 2017. 
c Alvarado et al., 2015; Wang et al., 2015; Manikonda et al., 2016; Sousan et al., 2016a; Sousan et al., 2017. 
d Wang et al., 2015; Manikonda et al., 2016; Sousan et al., 2017; Zikova et al., 2017. 
e Sousan et al., 2016b. 
f Kelly et al., 2016. 
g Liu et al., 2019. 

 

of aerosol mass is in accumulation mode size fraction 
(0.1–1 µm; Hinds, 1999). Despite high variability and 
challenges in calibration, optical aerosol sensors have been 
noticed to offer some utility in network and mobile 
measurement applications.  
 
Diffusion Charging Sensors 

The operation principle of diffusion charging sensors is 
based on the generation of unipolar ions and mixing them 
into studied aerosol. This is followed by electrical charging 
of the particles driven by the diffusional motion of ions to 
the particles’ surfaces. If the charging efficiency of particles 
is known, the particle concentration can be calculated by 
collecting the particles and measuring the electric current by 
a Faraday cup electrometer or, alternatively, without particle 
collection by measuring the electric charge escaping the 
charger with the charged particles (Lehtimäki 1983). The 
particle size dependency of the efficiency of diffusional 
charging is close to the particle surface area concentration 
(e.g. Ntziachristos et al., 2007) or, more specifically, lung 
deposited particle surface area (LDSA) concentration 
(ICRP, 1994). With additional data, e.g., size distribution of 
particles, the method can also be used to calculate the particle 
number or mass concentrations (Rostedt et al., 2014).  

Lung deposited surface area is an aerosol related parameter 
which describes the total surface area of particles 
(typically Dp < 100 nm) penetrating and depositing to the 
deepest parts (i.e., alveolar region) of human lungs. High 
LDSA concentration implies high potential for particle 
surface related oxidative chemistry and, therefore, this 
parameter is a subject of interest when considering human 
health effects of particulate matter. Along with PM2.5 and 
PM10, particle surface area has been associated with adverse 

health effects in several toxicological studies (Brown et 
al., 2001; Oberdörster et al., 2005; Rönkkö et al., 2018). It, 
however, remains unclear what is the most important 
health related parameter that should be measured. 

Accuracy and comparability of several commercial 
diffusion charging sensors have been thoroughly investigated 
(Buonanno et al., 2014; Rostedt et al., 2014; Bau et al., 
2015; Todea et al., 2015, 2017). For instance, in the particle 
size range of 20–400 nm, the LDSA concentrations 
(µm2 cm–3) obtained from the sensors were ±30% of the 
LDSA values calculated from the Scanning Mobility Particle 
Sizer (SMPS) size distribution. And a deviation of ±50% 
was observed when the particle number concentration 
(# cm–3) delivered by the sensors was compared to the 
particle number concentration measured by an ultrafine 
condensation particle counter (UCPC; Todea et al., 2017). 

Several commercial diffusion charging sensors exist 
currently and most of them are in the mid-price class. 
These sensors are, e.g., Partector (Naneo, Switzerland), 
AQ Urban, AQ Indoor and PPS-M (Pegasor, Finland), 
Aerasense NanoTracer and Aerasense NanoMonitor (Philips, 
Netherland), and DiSCmini (Testo, United States). The 
aforesaid sensors have been used, e.g., in diesel engine 
exhaust particle studies (Ntziachristos et al., 2004), outdoor 
air quality studies (Järvinen et al., 2015; Dal Maso et al., 
2016), indoor air quality studies (Rivas et al., 2014) and 
human exposure assessment studies (Niu et al., 2015; Pacitto 
et al., 2017). For instance, primary measurement signal of 
the PPS-M sensor has been shown to have linear response 
to the LDSA concentrations and to the condensation sink 
of ambient aerosols in urban environments (Järvinen et al., 
2015). However, the response to PM2.5 has been noticed to 
vary depending on the size distribution and hence source 
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of the particles. Traffic and airport activities have been 
observed to be significant source contribution to the LDSA 
concentrations measured with PPS-M and DiSCmini sensors, 
respectively (Järvinen et al., 2015; Hudda and Fruin, 2016).  
 
METHODS 
 
Instruments 

The evaluated sensors in the campaign were custom 
made PAS and commercial Pegasor AQ Urban, DiSCmini 
and Partector sensors. All sensors and reference instruments, 
except Pegasor AQ Urban, were housed inside of a 
measurement container which had heating and electricity 
installed. Due to the heating of the container (air-source 
heat pump) the temperature and relative humidity values 
remained stable within the container (30.3 ± 1.3°C and 
13.1 ± 3.8%, mean ± standard deviation measured within 
the PAS enclosure) and, therefore, the sensitivity of the PAS 
sensor to these meteorological factors was not investigated. 
The container dimensions were approximately 5 × 1.5 × 2 m. 
The sample lines of the sensors and of the reference 
instruments were fed through the container ceiling up into 
the ambient air. Partector and DiSCmini sensors used a 
common sample line and an inlet. The sample line was a 
straight vertical steel pipe of 50 mm in diameter, and the 
sensors were attached at the side of this line. A sample 
drawing fan (flow rate: 170 L min–1) was placed at the 
bottom of the 50 mm line to minimize diffusion losses. 
The sample line of the PAS sensor was a straight vertical 
steel pipe of 25 mm in diameter and a custom made inlet, 
which prevented rain, insect and coarse matter ingress, was 
used. The Pegasor AQ Urban, as a self-contained unit with 
sample heat treatment, was installed outside, on top of the 
container, as the manufacturer had recommended. No 
diffusion or inertial deposition losses were accounted for by 
the sensors. All recorded data of the reference instruments 
and sensors was averaged to 1 h resolution.  
 
Prototype Aerosol Sensor 

The PAS used in this experiment has been previously 
described in detail by Kuula et al. (2017). The PAS uses 
Shinyei PPD60PV and PPD42NS sensor modules (Shinyei 
Technology Co., Ltd., Japan) as its detection units. The 

basic properties of the optical Shinyei sensors declared by 
the manufacturer are listed in Table 2. The Shinyei sensors 
were originally chosen to be used due to their differing 
detection ranges (> 0.5 and > 1 µm), low cost and small 
size. Furthermore, they were available for purchase at a 
local vendor. The output unit of the Shinyei sensors is Lo 
Pulse Occupancy (LPO) which is a ratio (from 0 to 100%) 
of the time exceeding threshold voltage to the total 
measurement time. Two individual LPO pulses are obtained 
from the Shinyei sensors. In the PAS application the sensor 
modules were physically connected in series one after each 
other, and a small rotary vane pump draw the sample 
through the modules. The sample flow rate was 0.9 L min–

1. An Atmel ATmega328p chip based microcontroller was 
used to extract the module signals in 5 min sampling 
intervals, and the data was logged on to an SD card with a 
timestamp. All hardware components were housed in an 
IP65-rated (i.e., fully sealed) aluminium alloy enclosure 
(200 × 125 × 75 mm, 940 g, not including other hardware).  

Operational detection ranges of the Shinyei PPD42NS 
and PPD60PV sensors are approximately 1.6–5 µm and 
0.55–1.6 µm, respectively, and particle composition has a 
minor effect on the Shinyei PPD42NS sensor response 
(Kuula et al., 2017). The Shinyei sensors correlate better to 
particle mass concentration than particle number 
concentration, and due to the bimodal distribution of 
atmospheric particles, the Shinyei sensors can be used to 
measure PM2.5 and PM2.5-10 size fractions with indicative 
accuracy (Kuula et al., 2017). In this paper, the Shinyei 
PPD60PV signal is considered for correlation with PM2.5 
concentration and the PPD42NS with PM2.5-10 concentration. 

 
Commercial Diffusion Charging Sensors 

DiSCmini and Partector are handheld diffusion charging 
sensors typically used for personal exposure measurements. 
Basic properties of these sensors are shown in Table 3. 
Their battery feature enables them to be used also in 
mobile measurements. Both sensors have a graphical user 
interface which enables the user to view measurements in 
real-time. Diagnostics and menu options are also included. 
Data is stored in an SD memory card. The DiSCmini uses 
a virtual impactor with a cut-off at 0.7 µm as its sampling 
inlet. The Partector sensor is supplied with a standard 6 mm  

 

Table 2. Properties of the Shinyei PPD42NS and PPD60PV sensor modules declared by the manufacturer. 

Model PPD42NS PPD60PV 
Manufacturer Shinyei Technology Co., Ltd., Japan Shinyei Technology Co., Ltd., Japan 
Dimensions 59 × 42 × 22 mm 88 × 60 × 22 mm 
Weight 24 g 36 g 
Power consumption 0.45 W 0.7 W 
Supply voltage 5 VDC 5 VDC 
Particle size detection > 1.0 µm > 0.5 µm 
Wavelength 940 nm 940 nm 
Detection type Forward angle, photometer Forward angle, photometer 
Output signal Pulse width modulation Pulse width modulation 
Operating temperature 0–45°C 0–45°C 
Operating humidity < 95% RH < 95% RH 
Price ~70 € ~150 € 
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Table 3. Properties of the diffusion charging sensors. 

Model Pegasor AQ Urban DiSCmini Partector 
Manufacturer Pegasor Ltd., Finland Testo Inc., USA Naneos GmbH., Switzerland 
Dimensions 320 × 250 × 1000 mm 180 × 90 × 43 mm 134 × 78 × 29 mm 
Weight 20 kg 0.7 kg 0.4 kg 
Power consumption 60 W n/a < 1 W 
Particle size detection > 0.01 µm 0.01–0.7 µm 0.01–10 µm 
Sampling frequency 1 Hz 1 Hz 0.25 Hz 
Sample flow rate 6 L min–1 1 L min–1 0.5 L min–1 
Weatherproof Yes No No 
Operating temperature - +10 to +30°C n/a 
Operating humidity - < 90 % RH n/a 
Battery feature No Yes Yes 

 

tube fitting, but the manufacturer recommends that an 
aftermarket cyclone is used during the measurements. tube 
fitting, but the manufacturer recommends that an 
aftermarket cyclone is used during the measurements. 
Neither of the sensors have a sample treatment system for 
extreme weather conditions, nor can they be used as year-
round, standalone sensors for outdoor measurements 
without additional enclosure features. 

Pegasor AQ Urban is a self-contained air quality 
measurement instrument with on-board pump, sample 
drying, and diagnostics. Basic properties of the Pegasor 
AQ Urban are shown in Table 3. The device operates as an 
escaping current diffusion charger and it is based on the 
Pegasor PPS-M sensor. The PPS-M sensor is described in 
detail in Rostedt et al. (2014) and Järvinen et al. (2014). 
The sampling for the instrument is from a weather protected, 
high turnover air inlet enclosure, protected from rainwater, 
snow, insects and coarse matter ingress. The sample is 
heated to +40°C to remove water from the particles and 
prevent fog droplets from entering the sensor. The 
sensitivity with respect to LDSA is 0.215 µm cm–2 fA–1, 
with sensitivity of the electrometer being in the low fA 
range at 1 Hz operation. With longer integration times 
better sensitivity can be achieved. The nominal integration 
time is 2 min, but can be adjusted freely. 

 
Reference Instruments 

Two tapered element oscillating microbalance devices 
(TEOM 1405, Thermo Fisher Scientific Inc., USA) were 
used as reference instruments to represent mass concentration 
of PM2.5 and PM2.5-10, and they were set up and operated 
according to the European Air Quality Directive 2008/50/EC. 
They used 2.5 and 10 µm cut-point inlets and, thereby, the 
coarse fraction (PM2.5-10) mass was calculated by subtracting 
the PM2.5 concentration from the PM10 concentration. The 
TEOMs were used to assess the performance of the PAS. 
Differential Mobility Particle Sizer (DMPS) was used to 
evaluate the performance of diffusion charging sensors. 
The DMPS measured particle size distributions from 6 to 
800 nm using an Airmodus CPC A20 and Vienna type 
DMA. Additionally, Multiangle Absorption Photometer 
(MAAP; Model 5012, Thermo Fisher Scientific Inc., USA) 
was used to measure black carbon (BC) when correlation 
between the BC and LDSA measured with the Pegasor AQ 

Urban sensor was investigated. 
 

Measurement Site 
The measurements were conducted during the winter from 

November 15, 2016, to February 15, 2017, at Supersite 
measurement station in Helsinki, Finland. The PAS and 
Pegasor AQ Urban sensors operated from November 15, 
2016, to February 15, 2017, and the DiSCmini and Partector 
sensors from 16th to 23rd of November and from 18th to 23rd 
of November 2016, respectively. The Supersite station 
(60°11ʹN, 24°57ʹE, 4 m above sea level) is located in a busy 
avenue street canyon with a traffic rate of 28,000 vehicles 
per workday. The inlets of the Supersite station are less 
than 1 m away from the closest street lane (approx. 3 m 
above ground level) and, therefore, traffic related aerosols 
have heavy impact on the measurements. The surrounding 
buildings along the street were about 17 m tall (four floors), 
and the street was oriented in a northwest-southeast direction. 
The two one-way lanes of the street were separated with a 
raised median with some trees growing on it. A tram line 
was also on the median. The Supersite station is one of the 
fixed measurement sites of the Helsinki metropolitan area. 
It is operated by the Helsinki Region Environmental 
Services Authority (HSY). 

Particulate matter concentrations are typically much lower 
in Finland than in other European countries (Sillanpää et 
al., 2005a, 2006; European Environment Agency, 2017). 
This is explained, at least partly, by the relatively remote 
location of the country and by small population. Houses 
are typically heated with either district heating or by 
electricity. Significantly elevated particulate matter 
concentration time periods (episodes) usually result from 
long-range transported (LRT) PM2.5 pollution originating 
from eastern and central European countries or from local 
PM10 street dust (Karppinen et al., 2004; Kupiainen and 
Tervahattu, 2004; Kupiainen et al., 2005; Sillanpää et al., 
2005b; Saarikoski et al., 2007; Niemi et al., 2009). Local 
fine particulate matter sources in Helsinki area are traffic, 
wood burning and secondary aerosol formation from 
biogenic and anthropogenic precursor gases (Saarikoski et 
al., 2008; Timonen et al., 2008; Saarnio et al., 2010; 
Carbone et al., 2014; Pirjola et al., 2017). However, wood 
burning has been shown to have a negligible effect on air 
quality and on the mass concentration at the Supersite 
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station (Helin et al., 2018). High particle number and 
LDSA concentrations are observed in traffic environments 
in the Helsinki area (Järvinen et al., 2015; Kuuluvainen et 
al., 2016; Pirjola et al., 2017). 
 
Statistical Analysis 

In this study coefficient of determination (R2), root-
mean-square-error (RMSE) and normalized root-mean-
square-error (NRMSE) were used to evaluate the tested 
sensors. The RMSE and NRMSE values were calculated 
according to Eqs. (1–2), shown below: 
 

 2

,1 

n
i i cali

x y
RMSE
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RMSE

NRMSE
x

  (2) 

 
where n is the number of sample pairs, xi is the ith sample of 
the reference value, yi,cal is the ith sample of the calibrated 
sensor value and ̅ݔ is the mean of the reference values. 
Calibrated sensor values were used to prevent arbitrary 
unit comparisons (i.e., Lo Pulse Occupancy, µg m–3 and 
pA, µm3 cm–3). 

In the correlation analysis, piecewise linear regression 
was used to calculate slope and intercept values which were 
further used to convert raw data to appropriate unit form 
(e.g., Lo Pulse Occupancy to µg m–3). Linear regression 
was used because the ability to make slope and intercept 
comparisons across different studies was considered to be 
an important feature. In addition to this, the standardized 
equivalency tests (EU and EPA) of comparing candidate 
and reference method uses linear regression (European 
Commission, 2010). Considering this, it appears that, in 
most cases, it is not justified to introduce more complicated, 
nonlinear regression techniques to the correlation analysis 
when investigating the concept of low-cost, less accurate, 
complementary air quality sensors. 
 
RESULTS AND DISCUSSION 
 
Prototype Aerosol Sensor 
PM2.5 (PPD60PV) 

The PAS measurements lasted for 97 days and a total of 
2328 data points (1 h average) were recorded. During this 
time ambient PM2.5 concentrations measured with the 
TEOM varied between 0–50 µg m–3. Mean concentration 
level was 8.3 µg m–3 and 25th and 75th percentiles were 4.6 
and 9.8 µg m–3, respectively. Scatter plot and respective 
time series of PAS and reference instrument TEOM PM2.5 
are shown in Fig. 1. The scatter plot (a) shows raw PAS 
PM2.5 data from the full field campaign while the time 
series (b) shows the calculated PAS PM2.5 concentration 
data including only the final third of the 3-month long 
measurement period. The full time series with raw PAS 
signal is shown in the supplemental material (Fig. S1). The 
PAS mass concentration values in the time series plot 

(Fig. 1(b)) were calculated according to the slope (11) and 
intercept (1.7) shown in Fig. 1(a) (red solid line fit). Slope 
and intercept values calculated for the over and under 25th 
percentile (4.6 µg m–3) values are also shown in the figure 
(dash-dot lines with “X” and “O” markers). 

The relative accuracy during low concentration periods 
(< 4.6 µg m–3) appears to be worse than during higher 
concentration periods (> 4.6 µg m–3). Calculated RMSE, 
NRMSE and R2 values were 7.8 µg m–3, 264% and 0.02 
for the low concentration period and 3.4 µg m–3, 33.8% 
and 0.77 for the higher concentration period. Corresponding 
slope and intercept (Fig. 1(a); dash-dot lines with “X/O” 
marks) values were used in these RMSE and NRMSE 
calculations. For the whole concentration range, the RMSE 
and NRMSE values were 3.4 µg m–3 and 40.9% and the 
coefficient of determination was 0.77.  

The better correlation during higher concentration time 
periods may be explained by the different predominant 
aerosol type. It is likely that during low concentration 
times, vehicle exhaust emissions from traffic was the only 
significant aerosol source and, therefore, the PAS showed 
a different kind of response. Previous studies show that 
particles resulting from vehicular exhaust emission are 
typically Dp < 100 nm (e.g., Karjalainen et al., 2016) which 
cannot be observed reliably with the optical PAS sensor 
(Kuula et al., 2017). Furthermore, vehicle PM emissions 
contain black carbon (BC) which, in theory, cannot be 
observed with detection techniques based on light scattering 
(Hinds, 1999). The change in the PAS behavior is also 
shown in the different slope and intercept values calculated 
for time periods of over and under 4.6 µg m–3 level. The 
calculated slope and intercept values during low concentration 
times were 51 and –9.2 as opposed to 9.8 and 2.7 when 
calculated for the medium and higher concentration times. 
According to this, an onsite-calibration may produce 
significantly different outcomes depending on the prevailing 
aerosol type. 

Besides exhaust emissions, an aerosol type which would 
contain mainly particles of 1.6–2.5 µm could also explain 
the poor performance during low concentration time period. 
Particles larger than 1.6 µm size fall outside of the valid 
detection range of the PAS (PPD60PV, 0.55–1.6 µm) and, 
therefore, inaccurate results would be expected. However, 
this appears to be an implausible explanation as the amount 
of mass in larger particle size fraction is usually high, not 
low (Hinds, 1999). The greatest inaccuracies of the PAS 
PM2.5 were recorded during low mass concentration time 
periods which suggests that particles smaller than 0.55 µm 
were likely causing the inaccuracies rather than the particles 
larger than 1.6 µm. Furthermore, the relevant literature 
(described in the section “Measurement site”) indicates no 
known mechanism or source which would produce a 
distribution containing only larger particles (> 1.6 µm) and 
not simultaneously smaller ones. The generation processes 
of small and larger particles are interconnected (i.e., 
exhaust emissions, street dust resuspension due to vehicles). 
However, it is worth pointing out that, in spite of the 
interconnectivity, rainy or otherwise wet conditions may 
quickly wash-out or completely prevent, e.g., street dust 
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 (a) (b) 

Fig. 1. (a) TEOM and raw PAS PM2.5 (PPD60PV) scatter plot including all data and (b) time series of the calculated PM2.5 
concentrations including the final third of the measurement campaign. All data is 1 h averaged. 

 
resuspension. This would lead to conditions where only 
small (i.e., exhaust emissions) particles are present as 
inertial-based wash-out processes are much weaker for 
these particles (Hinds, 1999). 

The time series plot (Fig. 1(b)) shows that the PAS was 
able to detect high PM2.5 concentration episodes (e.g., 
February 2–5), which resulted most likely from LRT 
aerosols (Niemi et al., 2004; Timonen et al., 2014). Particles 
of LRT aerosol have had sufficient time to coagulate and 
form larger particles, which are therefore close in size to 
the optimal detection range (0.55–1.6 µm) of the PAS 
(PPD60PV). Gravitational settling and other wash-out 
processes prevent long-range transportation of large particles 
(Hinds, 1999). 

Diurnal pattern of the PM2.5 measured with the PAS is 
shown in Fig. 2. The hour of day represents the values 
calculated from the subsequent hour (e.g., 10 stands for 
10:00–11:00). The relatively evenly distributed maximum 
whiskers (average length and standard deviation of maximum 
whisker: 31 ± 4.1 µg m–3) supports the hypothesis that high 
concentration aerosols originated elsewhere and not from 
the local sources (i.e., traffic). High concentration aerosols 
originating from non-local sources do not show specific 
diurnal patterns, because the episodes often last several 
days (Niemi et al., 2004, 2009). For the local sources, the 
PAS was able to observe traffic related variations (e.g., 
diurnal variation from 16th to 21st of January, shown in 
Fig. 1(b)). In this case, traffic related variations refer to 
particles resulting from other than combustion processes. 
These particles can be emitted, e.g., from vehicle tires and 
brakes or from street dust resuspension. Although these 
particles are mainly over 2.1 µm in size, a fraction of the 
mass (tail end of the distribution) is still found in the lower 
particle size ranges (Kupiainen et al., 2005). The diurnal 
pattern measured with the PAS is similar to the one 
measured with the TEOM (R2 correlation of 0.78 between 
the median hourly values). Diurnal pattern measured with 

the TEOM is shown in the supplemental material Fig. S2. 
Considering the results of the PAS PM2.5, it appears that 

it cannot be used to measure direct exhaust emission emitted 
from the vehicles. On the other hand, high concentration 
episodes caused by the LRT aerosol are observed with the 
PAS. On-site calibrations have to be conducted carefully 
with the PAS sensor as different prevailing aerosol types 
may lead to significantly different outcomes. 
 
PM2.5-10 (PPD42NS) 

During the field campaign PM2.5-10 values measured 
with the TEOM varied between 0–400 µg m–3. Mean 
concentration was 13.9 µg m–3 and 25th and 75th percentiles 
were 3.4 and 11.3 µg m–3, respectively. The scatter plot (a) 
and time series (b) of the PM2.5-10 measured with PAS and 
TEOM are shown in Fig. 3. The scatter plot (a) shows raw 
PAS PM2.5-10 data from the full field campaign while the 
time series (b) shows the final third of the 3-month long 
measurement period. The calculated PAS PM2.5-10 
concentration values in the time series plot were calculated 
according to the slope and intercept shown in Fig. 3(a) (solid 
red line fit). Slope and intercept values calculated for the 
time periods when the ratio of TEOM PM2.5 and total mass 
(PM10) was over and under 50% (PM10 = PM2.5-10 + PM2.5) 
are also shown in the figure (dash-dot lines with “X” and 
“O” markers). Reason for this approach is explained 
further in the manuscript. The full time series with raw 
PAS PM2.5-10 signal is shown in supplemental material 
(Fig. S3). 

The coarse mode episodes (Fig. 3(b), e.g., on January 
25, February 1 and February 8) were caused most likely by 
the favorable meteorological conditions, which promoted 
street dust resuspension from drying street surfaces 
(Kupiainen and Pirjola, 2011; Kupiainen et al., 2016). 
Particles of coarse mode usually result from abrasion of 
pavement, winter-sanding materials as well as vehicle tires 
and brakes. In the Helsinki metropolitan area, studded tires 
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Fig. 2. (a) The average diurnal PM2.5 cycle measured with the PAS sensor. The red lines indicate median; the blue boxes, 
25th and 75th percentiles; and the whiskers, the minimum and maximum values. Y-axis is scaled in the (b) panel. 

 

 
 (a) (b) 

Fig. 3. (a) TEOM and raw PAS PM2.5-10 (PPD42NS) scatter plot including all data and (b) time series of the calculated 
PM2.5-10 concentrations including the final third of the measurement campaign. All data is 1 h averaged. 

 

are commonly used (~75% of light duty vehicles) in winter 
and they intensify the abrasion of pavement. Street dust 
episodes are common in Finland during winter and spring. 
The diurnal pattern of the PAS PM2.5-10, shown in Fig. 4, 
also indicates that the high concentration episodes resulted 
from local sources as the maximum whiskers are not evenly 
distributed (short lasting episodes; average length and 
standard deviation of maximum whisker: 200 ± 119 µg m–3). 
The PAS diurnal cycle is similar to the one measured with 
the TEOM (R2 = 0.84) which is shown in the supplemental 
material Fig. S4. 

The calculated RMSE, NRMSE and R2 values during 
high coarse fraction ratio (PM2.5/PM10 < 50%) periods were 

12 µg m–3, 49.6% and 0.91. For low coarse fraction ratio 
periods (PM2.5/PM10 > 50%) the respective statistics were 
4.9 µg m–3, 111% and 0.27. Corresponding slope and 
intercept (Fig. 3(a); dash-dot lines with “X/O” marks) values 
were used in these RMSE and NRMSE calculations. For 
the whole time period the RMSE, NRMSE and R2 values 
were 11 µg m–3, 78.5% and 0.87. According to the statistics, 
the PAS PM2.5-10 sensor performs better when the amount of 
coarse mode particles is comparatively high and vice versa. 
Following this, the relative fraction of coarse mode particles 
during high concentration episodes appears to be high as 
these episodes are detected quite well by the PAS (see 
Fig. 3(b), e.g., on January 25, February 1 and February 8). 
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Fig. 4. (a) The average diurnal PM2.5-10 cycle of the PAS. The red lines indicate median; the blue boxes, 25th and 75th 
percentiles; and the whiskers, the minimum and maximum values. Y-axis is scaled in the (b) panel. 

 

The poor PAS performance during low coarse fraction 
ratio time periods is most likely explained by the 
problematic PAS detection range (PPD42NS, 1.6–5 µm; 
Kuula et al., 2017). As approximately 25% of the valid 
PAS detection range is accounting for values belonging to 
PM2.5 fraction, it is expected that during time periods when 
the fraction of PM2.5-10 is low compared to PM2.5, the PAS 
accuracy may suffer. This is shown in the statistics described 
earlier. However, the PAS seems to be well suited for 
measuring street dust episodes due to their particle size 
(mainly > 2.1 µm) and relatively high concentration levels. 
Additionally, the results suggest that it may be possible to 
increase the PAS PM2.5-10’s accuracy by investigating the 
ratios of PPD60PV and PPD42NS signals and, thereby, by 
using an additional correction factor. This, however, requires 
additional research. 

As Kuula et al. (2017) previously concluded, it appears 
that the Shinyei sensors measure PM2.5 and PM2.5-10 mass 
fractions with reasonable accuracy. The inaccuracies are 
likely caused by the continuously changing size distribution 
(i.e., varying PM sources, different aerosol type related 
generation and wash-out processes, and dynamic effects of 
meteorological factors) as neither of the Shinyei sensors 
covered the fine and coarse PM size fractions completely. 
This leads to disproportional weighing of only certain 
particle sizes. The disproportional weighing might also 
explain why the results across different studies have varied 
to a great degree. High correlation results (R2 > 0.9) have 
been achieved in several laboratory studies (Austin et al., 
2015; Wang et al., 2015; Manikonda et al., 2016; Sousan 
et al., 2017) while simultaneously some field studies have 
indicated poor (R2 < 0.5) performances (Jiao et al., 2016; 
Zikova et al., 2017; Johnson et al., 2018). The laboratory 
conditions might contribute to better recorded performances 
as the size distributions of produced reference aerosol 

usually stay more uniform across multiple tests and time. 
The influence of temperature and humidity to the PAS 

performance was not accounted for in this study. Although 
there were no clear signs of correlation between the PAS 
performance and meteorological factors measured inside 
the PAS, a review by Rai et al. (2017) shows that some 
studies have observed correlations between the Shinyei 
PPD42NS sensor output and meteorological factors. The 
PAS was housed inside of a container which had air-source 
heat pump installed and, therefore, the conditions inside 
the container remained stable (30.3 ± 1.3°C and 13.1 ± 
3.8% measured inside the PAS sensor enclosure) and the 
possible influence of meteorological factors was minimized. 

 
Pegasor AQ Urban 

The performance of the Pegasor AQ Urban was evaluated 
against the results from the DMPS instrument. The LDSA 
values of the DMPS were calculated according to the 
alveolar deposition efficiency (ICRP, 1994). For each size 
bin of the DMPS, the number of measured particles was 
multiplied by the deposition efficiency of the given particle 
size. The total surface area of the deposited particles was 
then calculated accordingly. For the Pegasor AQ Urban, the 
escaping raw current was used as a representative parameter. 
Scatter plot of LDSA calculated from the DMPS size 
distribution data and Pegasor AQ Urban current as well as 
time series of the LDSA values calculated with these 
instruments are shown in Fig. 5. The Pegasor AQ Urban 
LDSA values were calculated according to the slope and 
intercept shown in Fig. 5(a). The scatter plot represents all 
of the measurement data and the time series from the final 
third of the 3-month long measurement period. The full 
time series with Pegasor AQ Urban raw current is shown 
in supplemental material (Fig. S3). 

The correlation between the DMPS and Pegasor AQ  
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 (a) (b) 

Fig. 5. (a) Scatter plot and (b) respective time series of the LDSA values calculated from the DMPS and Pegasor AQ 
Urban raw current. All data is included in the scatter plot but only the last third of the measurements is present in the time 
series. 

 

Urban was good (R2 = 0.93) during the 3-month long 
measurement period. Calculated RMSE and NRMSE values 
were 4.8 µm2 cm–3 and 19%. The correlation (R2 = 0.77) 
between the MAAP BC and the Pegasor AQ Urban current 
as well as the similar diurnal cycles, as illustrated in 
Figs. 6 and 7, supports the hypothesis of interconnectivity 
between LDSA and traffic emissions. The main origin of 
BC is incomplete combustion, which in this case is mainly 
vehicles’ exhaust emissions (Viidanoja et al., 2002; Helin 
et al., 2018). These observations are in line with previous 
studies conducted in the Helsinki area (Järvinen et al., 2015; 
Kuuluvainen et al., 2016; Pirjola et al., 2017) and further 
show that the Pegasor AQ Urban is specifically applicable 
in urban environments where local traffic emission contribute 
significantly to the air quality. 

 
DiSCmini and Partector 

The measurement campaigns conducted with the 
DiSCmini and Partector were shorter than with other 
evaluated sensors. For the DiSCmini the measurements 
lasted for 7 days and for the Partector 5 days. The DMPS 
data converted to the surface area concentrations was used 
as reference concentration for these instruments. The time 
series plots and respective scatter plots for both sensors are 
shown in Figs. 8 and 9, respectively. 

The correlations between the sensors and the DMPS 
were high (DiSCmini: R2 = 0.92; Partector: R2 = 0.97), and 
the results are similar to the results of the Pegasor AQ 
Urban sensor. Calculated RMSE and NRMSE values for the 
DiSCmini and Partector were 6.5 µm2 cm–3 and 21.1%, and 
4.3 µm2 cm–3 and 14.3%, respectively. Local traffic had an 
observable effect on the LDSA values, and different pattern 
during the weekdays (November 16–18 and 21–23, 2016) 
and weekend (November 19–20) is clearly distinguishable 
in the time series. In some cases, the double peak resulting 
from morning and afternoon rush hours can also be seen, 

for example, on November 21. The average diurnal cycles of 
the DiSCmini and Partector, shown in Fig. 10, demonstrates 
the influence of traffic in LDSA measurements. 
 
Comparison of Optical and Diffusion Charging 
Detection Methods 

The correlation (1 h average) between the calculated 
PM2.5 concentrations measured with the optical PAS sensor 
and the calculated LDSA measured with the Pegasor AQ 
Urban diffusion charging sensor is presented in Fig. 11. 
The color represents the particle surface area median 
diameter (SMD) which was calculated from the DMPS 
data (accounting only for particles smaller than 0.8 µm). A 
clearly different slope between the instruments for small 
particles with SMD < 0.18 µm and large particle with 
SMD > 0.18 µm was observed. The scatter plot indicates 
that the optical PAS is suitable for environments where the 
presence of larger particles, and hence mass, is prevailing. 
This is true for particles in the accumulation and coarse 
mode. Therefore, the optical PAS performs optimally 
when measuring street dust episodes or aged regional/long-
range transported aerosols which have had sufficient time 
to coagulate and condensate and form accumulation mode 
particles. Previous studies (e.g., Timonen et al., 2008) 
have shown that in urban background areas the PM mass is 
typically dominated by accumulation mode particles. The 
diffusion charging is, on the other hand, especially useful 
when fresh combustion related anthropogenic particles are 
the focus of interest. The LDSA values are closely linked 
to the presence of ultrafine particles (1–100 nm) due to 
their very high number concentration and favorable lung 
deposition efficiency. Therefore, the Pegasor AQ Urban is 
useful, e.g., in urban areas where the local traffic or other 
local combustion sources have a significant contribution to 
the overall air quality. This observation is in line with the 
results previously published by Rostedt et al. (2014). 
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 (a) (b) 

Fig. 6. The average diurnal cycles measured with the Pegasor AQ Urban (a) LDSA and (b) MAAP BC. The red lines 
indicate median; the blue boxes, 25th and 75th percentiles; and the whiskers, the minimum and maximum values. 

 

 
Fig. 7. Scatter plot of the current and BC values measured with the Pegasor AQ Urban and MAAP respectively. 

 

Considering the response differences of the optical and 
diffusion charging techniques, the required number and 
density of sensors in a complementary network can be 
estimated by the expected aerosol types to be measured. 
For example, in this case the complementary measurements 
of PM2.5 might not be as useful since most of the episodes 
are caused by long-range transported aerosols. Therefore, 
the scarce spatial coverage of the reference-level network 
is not limiting the measurements. However, highly 
localized episodes, such as traffic and street dust related 
episodes, can be identified only at the specific locations in 
which the reference stations are set. Hence using multiple 
complementary sensors in targeted locations could bring 
significant value to the existing monitoring network 
regarding coarse mode and LDSA detectability.  

SUMMARY AND CONCLUSIONS 
 

A field measurement campaign was conducted to 
demonstrate the viability of the custom built optical Prototype 
Aerosol Sensor (PAS) as well as of three commercial 
diffusion charging sensors (the Pegasor AQ Urban, DiSCmini 
and Partector) in an urban traffic environment. The 
correlations between the mass concentrations measured by 
the reference instrument and those measured by the PAS 
were fairly good (R2 = 0.77 and 0.87 for PM2.5 and PM2.5-10, 
respectively), indicating that this low-cost sensor can be 
useful in complementary monitoring.  

The correlations between the lung deposited surface area 
particle concentrations measured with the three commercial 
sensors and those calculated from the size distributions  
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Fig. 8. LDSA time series measured with the DMPS, DiSCmini and Partector. 

 

 
Fig. 9. Correlation plots of the DiSCmini and Partector sensors when compared to DMPS. 

 

measured with the Differential Mobility Particle Sizer 
were very good (R2: 0.92–0.97). The Pegasor AQ Urban 
can be reliably used for continuous measurements due to 
its weatherproofness and long-term stability, whereas the 
handheld DiSCmini and Partector sensors are better suited 
to short-term mobile measurements and campaigns due to 
their battery-powered feature, small size and lack of 
weatherproofness. 

Understanding the different response characteristics 
across sensor types is required in order to gain the full 
benefit of sensor measurements. Optical sensors (e.g., the 
PAS) are suitable for measuring the mass concentrations of 
aged regional or long-range-transported aerosols containing 

particles that are larger than approximately 0.5 µm, and 
coarse-mode particles. Diffusion-charging-based sensors 
are best used in locations where traffic exhaust or other 
local-combustion-related ultrafine particles are the primary 
source of pollution. An optimized complementary network 
would utilize both of these sensor types in parallel.  

A modern urban air quality network consists of multiple 
monitoring layers: a reference level using standardized 
instruments for regulatory monitoring and a complementary 
sensor type level fulfilling local monitoring needs with 
regard to a specific aerosol type. Furthermore, research 
level stations capable of making in-depth analyses of 
gaseous and aerosol pollutants can be used as a test bed for  
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 (a) (b) 

Fig. 10. Average diurnal LDSA cycles measured with the (a) DiSCmini and (b) Partector. The red lines indicate median; 
the blue boxes, 25th and 75th percentiles; and the whiskers, the minimum and maximum values. 

 

 
Fig. 11. Scatter plot of the PAS PM2.5 and Pegasor AQ Urban LDSA as a function of particle surface median diameter. The 
dashed black and red lines represent the corresponding linear fits of data having SMD over (black) and under (red) 0.18 µm. 

 

less accurate equipment. These stations can also reveal 
connections between different tracers, such as black carbon, 
and pollutant parameters, such as LDSA. Along with fixed 
measurements, mobile measurements (e.g., sensors attached 
to a public transportation fleet) taken with small battery 
powered sensors can be used to cost-efficiently expand 
spatial coverage. A comprehensive and detailed analysis of 
the spatial distribution of aerosols can be achieved by 
utilizing the specific strengths of all network layers. 
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