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Abstract: Meteorological parameters such as relative humidity have a significant impact
on the precision of PM2.5 measurement instruments based on light scattering. Instead of adding
meteorological sensors or dehumidification devices used widely in commercial PM2.5 measurement
instruments, a novel particle sensor based on multi-angle light scattering and data fusion is
proposed to eliminate the effect of meteorological factors. Three photodiodes are employed to collect
the scattered light flux at three distinct angles. Weather index is defined as the ratio of scattered light
fluxes collected at the 40° and 55° angles, which can be used to distinguish the mass median diameter
variation caused by different meteorological parameters. Simulations based on Lorenz-Mie theory
and field experiments establish the feasibility of this scheme. Experimental results indicate that mass
median diameter has less effect on the photodiode at the 55° angle in comparison with photodiodes
at the 40° angle and 140° angle. After correction using the weather index, the photodiode at the 40°
angle yielded the best results followed by photodiodes at the 55° angle and the 140° angle.
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1. Introduction

Fine particles with aerodynamic diameters of 2.5 um or less (PM2.5) have received considerable
attention because of their adverse impacts on human health, especially their ability to penetrate deep
into our lungs and even blood streams. In 2013, the International Agency for Research on Cancer (IARC)
classified Particulate Matter (PM) from outdoor air pollution as carcinogenic to humans [1]. PM2.5
has been listed in the revised Chinese National Ambient Air Quality Standards (NAAQS). The limit
of daily average PM2.5 mass concentration is 35 pg/m> while it is 10 pg/m? inthe World Health
Organization (WHO) air quality guideline. Monitoring networks have been established to record
the levels of fine particulate matter (PM2.5) in China. There are several technologies that can be
used to determine the PM2.5 mass concentrations, among which the Tapered Element Oscillating
Microbalance (TEOM) and beta attenuation method are most popular. However, instruments based
on these methods are quite expensive (>$20,000) and require regular maintenance and calibration.
Many new particle sensors have emerged in recent years, which are based on particle charging [2],
silicon carbide-field effect transistor(SiC-FET) technology [3], conductivity [4,5] and other techniques.
Instruments based on light scattering, such as the DustTrak II Aerosol Monitor 8530, SidePak Aerosol
Monitor AM510, and DC1700, can provide continuous PM2.5 mass concentrations at relatively low
cost [6]. However, light scattering is affected by various factors, for example, the particle’s size,
refractive index, density and shape. These instruments need proper calibration to achieve accurate
measurement. Furthermore, these instruments do not perform well when the compositions of PM2.5
vary greatly. Therefore, most of these instruments are used indoors or in situations where particle
composition remains constant. Numerous studies have been carried out to analyze the calibration
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of different kinds of PM2.5 [7-9]. It is a great challenge to accurately estimate PM2.5 mass concentration
for diverse kinds of PM2.5.

Research has revealed that high Relative Humidity (RH) will have a strong effect on light
scattering [10-15]. Ammonium sulfate and ammonium nitrate are the major semi-volatile components
of PM2.5.The deliquescence point of ammonium sulfate and ammonium nitrate is 62% and 80%,
respectively. Therefore, when RH is higher than 62%, particle-bound water increases. The particle’s
mass will increase when RH exceeds 65% and will increase sharply when RH exceeds 80%, which will
lead to the overestimation of PM2.5 [13]. Some researchers introduced the hygroscopic growth factor,
which is the ratio of a particle’s diameter under high RH conditions to that under dry conditions,
to assess the effect of RH on measurement results. The hygroscopic growth factor of particles
in the range of 200 nm to 1 um is about 1.5 when RH is 90% and reaches nearly 2.0 when RH is 95%.
A little variation in RH can result in considerable changes in the hygroscopic growth factor, especially
when RH exceeds 90% [16]. High RH will enlarge particle size and reduce the particle refractive
index, resulting in a more smooth or spherical shape through the absorption of water by particles.
Countless efforts have been made to eliminate the effects of RH. Sioutas et al. used a diffusion dryer
to exclude aqueous components of PM2.5 in real-time PM2.5 mass concentration measurements [11].
However, adsorbed water needs to be driven off the desiccant in the diffusion dryer every 7 h.
Others used heated inlets to remove aqueous components, which will cause excessive volatilization
of labile PM2.5 constituents. Thus, additional instruments should be added to determine the mass
of volatile component in PM2.5. For example, a Filter Dynamic Measurement System (FDMS) should
be incorporated into a conventional TEOM monitor, which evaporates condensed water, to ensure
the reliability of PM2.5 measurement results [17].

In order to diminish the influence of meteorological parameters such as RH on the PM2.5 sensors
based on light scattering, a new particle sensor based on multi-angle light scattering and data fusion
is proposed in this paper. The sensor presented here is a new version of the prototype developed
by our group and shows better accuracy and stability with respect to thedevice reported earlier
in reference [18]. The rest of the paper is arranged as follows: the design of the sensor is described
in Section 2. Theory of data fusion and the signal processing method is described in Section 3.
In Section 4, field experiments are carried out to verify the validity as well as evaluate the performance
of the particle sensor. The final section, Section 5, summarizes the characteristics of the particle sensor.

2. Design of the Sensor and Particle Measurement System

In order to overcome the drawbacks of the existing PM2.5 sensors based on light scattering, a new
particle sensor with more than one optical detector was developed. Simulations were performed
to obtain the appropriate parameters of the sensor. The distribution of the scattered light of a particle
varies with the particle’s diameter, refractive index and shape. The Lorenz-Mie solution of Maxwell’s
equations describes the scattering of an electromagnetic plane wave by a homogeneous sphere [19].
To optimize the mounting angle of the optical detector, scattered light flux collected by the optical
detector is calculated for particles with different refractive indices and diameters [20]. The following
simulation conclusions can be drawn: (1) forward scattered light flux is insensitive to the imaginary
part of particle’s refractive index, which is consistent with conclusions in [21], (2) sideward scattered
light flux is insensitive to the real part of a particle’s refractive index, and (3) backward scattered light
flux is sensitive to a particle’s shape.

A 3D view of the particle sensor is shown in Figure 1. The main body of the sensor,
with the size of 120 mm x 80 mm x 80 mm, is produced by a 3D printer using photosensitive resin.
Both the inside and outside walls of the main body are painted with black matt varnish to minimize
the reflection of the scattered light and the effect of stray light. A light trap is constructed on the right
side to suppress stray light from the light source. A stainless steel tube and a nozzle are introduced
to reduce the settlement of particles in the gas tube and to focus the particle flow into the laser beam.
The nozzle is also coated with black matt varnish to reduce stray light. A semiconductor laser is
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used to emit a 648 nm light beam in continuous wave mode. Air flow containing particles enters
the optical chamber via the stainless steel tube, where it is illuminated by the laser beam. Scattered
light in the scattering angle ranges of 40° 4= 30°, 55° &= 30° and 140° + 30° is captured by three convex
lenses and then focused onto three photo-detectors. Akey element of the photo-detectors is photodiode
52386-44K (5i-PD, Hamamatsu Photonics, Hamamatsu, Japan) [22]. A horn structure is used to prevent
the stray light of the laser beam from entering into the particle sensor and to stably maintain the power
of the laser beam stable. A sheath gas tube is reserved to protect the optical systems from particle
pollution. The diameter of the tube is optimized to ensure small particles can be detected and stray
light owing to reflections off surfaces of the tube can be suppressed.
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Figure 1. Diagram of the particle sensor: (a) 3D view; (b) Top-down view.

The particle measurement system consists of the particle sampling unit, particle sensing unit
and signal processing unit, as shown in Figure 2. The particle sampling unit comprises a PM2.5
impactor (TSI Inc., Shoreview, MN, USA), a miniature diaphragm gas pump D871-23 (Parker Inc.,
Cleveland, OH, USA) and a gas flow meter (Senlod Inc., Nanjing, China). The PM2.5 impactor is used
to pre-condition the size range of the particles entering the particle sensor. By controlling the pump
speed at 3.0 L/min, the impactor can isolate particles with aerodynamic equivalent diameter less
than 2.5 um from coarse particles in the particle sensing unit. A multi-coil transformer and a LDO
voltage regulator TPS 78633 are used to build up high-quality laser power supply. The signal
processing unit is mainly a current-to-voltage converter. Weak current from the photodiodes is
amplified by LMP 7721, an operational amplifier with ultra-low noise and high precision. The stray
light acts as a kind of continuum, which changes slowly over time due to changes in temperature
and pressure conditions or possible dust contamination in the optical chamber. The light scattered
by the particles is superimposed on this continuum. The stray light signal can be assumed
as a continuous base-line over a short time interval. As shown in Figure 3, a 50 Hz notch filter is
employed to remove power supply noise, and a high-pass filter is used to remove stray light voltage
signal in the signal conditioning circuit. Then, the scattered light signal sare acquired by an eight-path
synchronous data acquisition card with a sample rate of 12.5 KHz and processed using LabVIEW.
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Figure 2. Composition of the particle measurement system.
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Figure 3. Signal processing steps.

Similar to the RMS (Root Meam Square) moving average method in reference [18], a signal
processing program was written using LabVIEW. As illustrated in Figure 4, the scattered light
signals of the three photodiodes are conditioned by Median Filter, Moving Average Filter and so
on. The rectangular window is applied to the record scattered light signals before RMS computation.
In addition, the averaging time of the RMS value is one second. Mass concentrations as well as voltage
signals are recorded once per second.
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Figure 4. Schematic diagram of software signal processing: (a) flow diagram; (b) waveforms.

3. Theory of Data Fusion

An empirical Correction Factor (CF) was used to compensate the influence of RH [10,12,23].
However, empirical CF values vary greatly with particle composition and size distribution.
Moreover, an empirical formula will introduce substantial deviation when RH cannot be measured
precisely. Other than measuring RH or adding extra equipment to remove particle-bound water,
the discrepancy of the scattering pattern under different RH conditions can be used to correct PM2.5
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measurements. According to Lorenz-Mie theory, when a particle’s diameter increases, the scattering
light will turn to the forward direction. Multi-angle light scattering can be used to account for the effect
of the hygroscopic growth factor and other weather conditions. A multi-angle light scattering
technique has been used in the particle measurement field and can be used to distinguish the type
of weather [24,25] as well as the typology of aerosols [26,27].

Based on the above analysis, the Weather Index (WI), defined as the ratio of scattered light
flux collected by photodiodes at two forward angles, is proposed to distinguish different weather
conditions, especially different RHs, as shown in Equation (1).

)

where F(40°) and F(55°) are scattered light flux collected by the photodiodes at 40° and 55° angles,
respectively, in the particle sensor.

High RH will lead to a considerable hygroscopic growth factor and then a larger diameter
for a single particle and a larger MMD (Mass Median Diameter) for a particle group. Simulations based
on Lorenz-Mie theory are used to find the relationship between particle size distribution and WI.

The angular scattered light flux of a single particle is calculated as follows:

F(6,D,m) = /4)

%)
"dg / * (D, m, A)r? sin 646 @)
1 01

where ¢ is the azimuth angle between the scattering plane and polarization direction, 0 is the scattering
angle, I; is scattering light intensity at one point in space, A is the wavelength of the light source, D is
the particle diameter, m = n + ki is a complex refractive index of the particle, n and k are the real
and imaginary parts of the refractive index respectively.

The log-normal distribution is often used to estimate the particle size distribution of aerosols.
A particle’s diameter D is log-normally distributed if the logarithm of D and the particle’s volume V
are normally distributed,

v _ 1 —(InD — InVMD)?
V. V2rinog P 2(lnc7g)2

dIn D 3)

VMD and oy are volume median diameter and geometric standard deviation, respectively.
For a group of particles, angular scattering flux is calculated as follows:

Fo,m) = Y. P(DYF(O,Dym) @
i=1

P(D;) is the ratio of the volume of a particle with diameter D; to the total volume of particles
in the group:
V(D)
i=N ©®)
‘21 V(Di)

1=

P(D;) =

The typical size distribution of fine particle matter (PM2.5) is log-normal, the MMD is 0.3 um,
the geometric standard deviation is 2.0. VMD (Volume Median Diameter) and the MMD is the same
if all the particles are assumed to have the same mass density. MMD of aerosol sulfate is typically
0.54 pm and 0.20 um [28]. The aerosol size distribution of Los Angeles Smog is bimodal, and the size
distribution in PM2.5 size range is a log normal distribution with an MMD of 0.3 um and a geometric
standard deviation of 2.25 [29]. In the simulations, MMD will vary from 0.05 pm to 2.5 pm while
the geometric standard deviation will remain at 2.0. Single particles and particle groups are both
considered. The real part of the refractive index will vary from 1.41 to 1.51, and the imaginary part
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of the refractive index will vary from 0.00 to 0.15. Considering carbonaceous particles, particles with
a high refractive index are also taken into consideration.

Simulation results are shown in Figures 5 and 6.

From Figure 5, it can be concluded: (1) For a single particle, the weather index increases with
diameter and reaches the maximum value at about 1.0 pm; (2) the weather index of absorbing particles
is larger than that of non-absorbing particles; and (3) the weather index decreases with the real part
of the refractive index when theparticle’s diameter is between 1.0 ym and 1.5 um.
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Figure 5. Relationship between the diameter of single particle and the weather index: (a) non-absorbing
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Figure 6. Relationship between MMD (Mass Median Diameter) of particle groups and the weather
index: (a) non-absorbing particles; (b) absorbing particles.

From Figure 6, similar conclusions can be drawn: (1) For a group of non-absorbing particles,
the weather index increases sharply with MMD and reaches the maximum value when MMD is about
0.6 pm and then decreases slowly. (2) For a group of absorbing particles, the weather index increases
with MMD and the weather index decreases with the real part of the refractive index and increases
with the imaginary part of the refractive index when MMD is between 0.5 pm and 1.0 pm.

Water absorbs slightly in the visible spectrum, and the absorption will become stronger with
wavelength [30]. The operating wavelength of the laser is 648 nm, and the refractive index of water is
m =133 + 1.5 x 10784, so laser light absorbed by water can be neglected.

As mentioned above, high RH will have three effects on the particle’s properties: (1) particle size
increases with the hygroscopic growth factor, (2) a particle’s real part of the refractive index decreases
by adding the lower refractive index of the water, (3) a particle’s shape tends to becomesmoother
by absorbing water. According to the simulation results above, as a whole, high RH will result
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in a larger WI by making MMD larger, and the real part of the refractive index of the particle group
will become smaller. Furthermore, the effect of MMD is much more significant than that of the
refractive index. Our simulation results are in agreement with, e.g., Sioutas et al., who reported
in reference [11] that the aerosol MMD is the single most important parameter in affecting the response
of PM2.5 measurement instruments based on light scattering, and the effect of particle chemical
composition on PM2.5 measurement results is much less important than particle size distribution.
Therefore, the weather index can be used to correct the PM2.5 measurements.

4. Results and Discussion

Field experiments were conducted at the Wolonggiao monitoring station, anational monitoring
station of the National Ambient Air Quality Automatic Monitoring Network, operated by the
Ministry of Environmental Protection of China. The station is situated at 30°14'44” N, 120°07'37" E.
As illustrated in Figure 7, the station is surrounded by forests and is suitable for studies
on the meteorological effect of PM2.5 monitoring. There is a city expressway to the north side
of the station and a tunnel to the southwest of the station. Automobile exhaust is one of the main
sources of air pollution on weekends and holidays, while during the working days, air quality near
the station is better than other areas of the city. The station is equipped with a TEOM 1405-D monitor
(Thermo Fisher Scientific Inc., Waltham, MA, USA, with a precision of £2.0 ng/ m?) to measure PM2.5
and PM10 mass concentrations simultaneously and can be used as a reference PM2.5 instrument
in field experiments.

The experimental system is shown in Figure 8.The air is introduced into a PM2.5 impactor through
a gas path after filtering the coarse particles using a Dorr-Oliver cyclone. A commercial temperature
sensor with a precision of £0.5 °C and an RH sensor with a precision of 3% RH are used to measure
temperature and RH, respectively. The particle sensor is assembled into a metal chassis, which can
effectively suppress electromagnetic interference and environmental noises. The output signals from
the particle sensor were acquired using a DAQ (Data Acquisition) card (Daqvantech Inc., Suzhou,
China) with a sample rate of 12.5 KHz. Then, the data were processed and displayed on a PC.
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Figure 8. Schematic diagram of the experimental system.
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The new particle sensor was tested at the Wolonggiao monitoring station from 7 to 14 March 2016.
Hourly PM2.5 and PM10 mass concentrations from the TEOM 1405-D monitor were recorded
simultaneously. Half-hourly meteorological parameters such as visibility, barometric pressure,
wind speed, wind direction and weather types from a nearby weather station were also recorded.
Before experiments are conducted, zero-point calibration needs to be conducted using a HEPA (High
Efficiency Particulate Air) filter (TSI Inc., Shoreview, MN, USA).

Figure 9 shows the relationship between the output voltages of the three photodiodes
in the particle sensor with 1-h average PM2.5 mass concentrations given by TEOM 1405-D.
Quadratic polynomial regression is adopted considering the nonlinearity. The fitting degree
of curvilinear regression is examined by coefficient of determination (R?) and root mean square
error (RMSE). There is a significant correlation between the output of the photodiodes and the PM2.5
mass concentration.
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Figure 9. Output voltage of the three photodiodes in the particle sensor vs. 1-h average reference
PM2.5 mass concentration.

As illustrated in Figure 10, the scatter plot of the 1-h average PM2.5 mass concentrations
based on the 55° photodiode and the 40° photodiode in the particle sensor follow two distinct
trends. According to the variation of the weather index, the weather index is relatively stable, i.e.,
approximately 3.0 for the first 20 h, and then drops sharply below 0.0 at 8 March 2016 14:00 with
decreasing PM2.5 mass concentrations; then, the weather index increases sharply to about 2.5 and
becomes stable until the end of the measurement. One of the possible reasons that the weather index
can be less than zero is that the 40° photodiode does not receive a sufficient voltage signal when the
PM2.5 mass concentration is very low (e.g., less than 20 pg/m?) and the voltage of the 40° photodiode
can even be negative when system noise voltage is removed from photodiode voltage. This abnormal
phenomenon only occurs when the PM2.5 mass concentration is less than 20 jig/m? and should be
considered separately. One of the possible solutions is to use the traditional PM2.5 mass concentration
of the 40° photodiode (linear transformation of the 40° photodiode voltage signal) when the PM2.5
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mass concentration is less than 20 pg/m3. Because the particle size distribution can only change
slowly, data points are broken into two continuous parts according the value of the weather index.
The two parts are separated by 8 March 2016 at 14:00 h. Both parts of the data points were analyzed
by linear regression, and the results were excellent, indicating that during different periods of time,
parameters of the PM2.5 particles are distinct, while parameters are stable during the same period
of time.
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Figure 10. Parameters of the weather index: (a) Scatter plot of the 55° photodiode voltage signals
vs. the 40° photodiode voltage signals, (b) Variation of the weather index during the measurement period.

Variations of the meteorological parameters during the experiment are illustrated in Figure 11.
During the former period of time, temperature is higher than 12 °C; RH is mostly higher than 93%
RH; visibility is less than 3 km; and barometric pressure is lower than 1015 hPa, while during the
latter period of time, temperature changes significantly but remains below 12 °C; RH also varies
greatly, but remains lower than 93% RH; visibility and barometric pressure follow almost the same
trend; visibility is greater than 3 km; and barometric pressure is higher than 1015 hPa during most
of the time. It is obvious that meteorological parameters during the former period of time are quite
different from those during the latter period of time. Therefore, it is reasonable that the weather index
can help to distinguish meteorological parameters. MMD is the most important factor that affects
the measurement of instruments based on light scattering [11]. It is obvious that MMD during the
two periods of time is quite different. From the simulation results presented in Chapter 3, a high WI
indicates a large MMD. Therefore, during the former period of time, a larger MMD can be estimated,
while during the latter period of time, a smaller MMD is reasonable. According to the experimental
results of other researchers, when MMD varies between 0.3 pm and 1.0 um, the ratio of particle
measurement results based on light scattering method to results based on the dynamic weighing
method will increase with increasing MMD [11].

In Figure 12, the correction of PM2.5 mass concentrations is displayed using the 40° photodiode as
an example. According to the weather index, the points of the scatter plot are divided into two groups:
the black ones and red ones. For different groups, a unique quadratic polynomial regression model
is used to describe the relationship between the output voltage of the photodiode at the 40° angle
and the reference PM2.5 concentrations. The results are very good, with R? ranging between 0.9817
and 0.9575. During the former period of time, the data points follow a linear trend while during the
latter period of time, the data points follow a non-linear trend. It is not unusual. During the whole
experiment, we used an index of 1.5 to describe the nonlinear relationship between scattered light flux
and corresponding particle volume, as illustrated in the following expression.

V o F15 (6)

where V is the particle volume and F is scattered light flux.
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Figure 11. Meteorological parameters during the measurement period: Temperature, RH, visibility
and barometric pressure.
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Figure 12. Relationship between PM2.5 mass concentrations measured using the 40° photodiode and
reference PM2.5 mass concentrations at Wolonggiao monitoring station.

This index is based on the theory of Fraunhofer diffraction, which is valid for particles larger
than 2 um and is widely used in PM10 measurement instruments [31,32]. Therefore, this index can
be accurately applied when a larger MMD is estimated. However, the results will show nonlinearity
when a smaller MMD is estimated.

The following example demonstrates how the WI is used to correct the 40° photodiode
voltage signal.

When W1 is higher than 2.7, the linear equation Y = 0.1807X + 0.9104 is used to correct the 40°
photodiode voltage signal and obtain adjusted PM2.5 mass concentrations of the 40° photodiode
for the former period of time; X is the 40° photodiode voltage signal, and Y is the adjusted PM2.5
mass concentration.
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When WI is equal to or less than 2.7, the equation Y = —0.0003148X? 4- 0.4109X + 6.4123 is used
to correct the 40° photodiode voltage signal and obtain adjusted PM2.5 mass concentrations of the 40°
photodiode for the latter period of time.

Adjusted PM2.5 mass concentrations for all experimental processes can be calculated based
on these two equations.

Figure 13 displays the relationship between PM2.5 mass concentrations of three photodiodes
and reference TEOM 1405-D monitored 1-h average PM2.5 mass concentrations before and after
correction. It can be seen that the measurement accuracy and linearity are improved greatly after
correction. Photodiodes at the angles of 40° and 55° perform very well. These results are consistent
with results using an expensive optical particle counter (Grimm 1.108) (RZ = 0.97) [33] and better
than field experiments using an aerosol monitor DustTrak (R? = 0.859) [34]. In summary, PM2.5 mass
concentrations measured by the three photodiodes are similar if MMD is stable. When MMD varies,
the measurements will be affected. After correction by WI, photodiodes at the angle of 40° and 55° can
result in a favorable performance.
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Figure 13. Scatter plot of the 1-h average PM2.5 mass concentrations using the reference Tapered
Element Oscillating Microbalance (TEOM) 1405-D monitor at Wolongqiao monitoring station vs. PM2.5
mass concentrations based on three angular photodiodes in the particle sensor: (a) unadjusted;
(b) adjusted.

As illustrated in Table 1, after correction by the WI, the three photodiodes can achieve accurate
measurement of PM2.5 concentrations. However, there are still large biases in the three photodiodes,
especially when PM2.5 concentrations are low. The minimum PM2.5 concentrations of the three
photodiodes are about 8 j1g/m3 while the minimum TEOM 1405-D is 2 jig/m3.The possible reason
may be that the measurement model, which describes the relationship between the PM2.5 concentration
and output voltage of the photodiode, does not fit the data well when the PM2.5 concentration is low.
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Table 1. Summary of 1-h average PM2.5 measurements (j1g/m?3) by different instruments.

Instrument Mean Median Minimum Maximum
TEOM 1405-D 63.72 52.00 2.00 179.00
55° photodiode 63.81 45.86 8.57 188.13
40° photodiode 63.89 47.00 7.74 184.56
140° photodiode 63.32 47.20 8.20 190.68

Corrected PM2.5 mass concentrations measured by the 40° photodiode according to different WI
and reference PM2.5 mass concentrations are presented in Figure 14. It can be seen that corrected PM2.5
mass concentrations follow the trend of reference PM2.5 mass concentrations very well. Figure 14
clearly reveals several temporal PM2.5 concentration patterns during the experiment. The PM2.5
concentrations dropped sharply with fresh, clean air brought by a cold wave from the northwest
during the evening of 7 March 2016 until noon on 8 March 2016. Then, the PM2.5 concentrations
increased slowly with temperature, and the effect of the cold wave vanished.

—=— Reference by TEOM-1405D
—e— 40° photodiode adjusted

PM2.5 mass concentration (ug/m®)
g ¥
1 1

0 T T T T T T 1
2016/3/7 2016/3/8 2016/3/9 2016/3/10 2016/3/11 2016/3/12 2016/3/13 2016/3/14
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Figure 14. Comparison of 1-h average PM2.5 mass concentrations obtained simultaneously using
a TEOM 1405-D monitor at Wolongqgiao monitoring station and adjusted PM2.5 mass concentrations
based on the 40° photodiode in the particle sensor according to different weather indices (the regression
results are presented in Figure 13b, center plot).

5. Conclusions

In this paper, a novel particle sensor based on multi-angle light scattering and data fusion is
presented. In the design of the particle sensor, a weather index is introduced to describe MMD
variation of PM2.5 particles caused by different meteorological parameters such as RH. High RH will
enlarge the particle diameter significantly. Simulations are carried out to demonstrate that the WI
can distinguish the variation of MMD caused by diverse meteorological parameters. The simulation
results indicate that a larger MMD introduced by high RH will produce a higher WI while the particle
refractive index has less impact on the WL

Field experiments were carried out to further verify the ability of the weather index to distinguish
the variation of MMD caused by different meteorological parameters. The field experiment results
demonstrated that for a larger MMD, a linear relationship occurs between the values measured
by the three photodiodes in the particle sensor and the reference TEOM results. However, for a smaller
MMD, there is a nonlinear relationship between the values measured by the three photodiodes and
the reference TEOM results. One possible reason is that the index used in the signal processing
of the particle sensor is widely used in PM10 measurement instruments. Therefore, it is possible that
the weather index can help to adjust the index to reduce the impact of MMD in further research.
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Experimental results showed that the photodiode at the 55° angle can achieve good performance.
After correction by the WI, photodiodes at 40° and 55° angles can both achieve good performance.
This was presumably due to two reasons: (1) variations of the nonlinear relationship between scattered
light flux and corresponding particle volume introduced by MMD variation are smallest for the 55°
photodiode, while after correction by the weather index, the effect of MMD variation vanishes,
and the effect of variation of a particle’s refractive index is smallest for the 40° photodiode; (2) the noise
of the voltage signal is highest for the 140° photodiode and lowest for the 55° photodiode.

It should be noted that more work needs to be done to further improve the performance
of the particle sensor. For example, more field experiments should be carried out to investigate
the relationship between WI and MMD of particle groups. In addition, the measurement precision,
as well as the detection limit, has yet to be improved. Furthermore, a virtual impactor is a potential
alternative, which can relieve the maintenance work.
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