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Abstract. Health effects attributed to ambient fine particulate matter (PM2.5 ) now rank it among the risk factors with
the highest health burdens in the world, but existing monitoring infrastructure cannot adequately characterize spatial
and temporal variability in urban PM2.5 concentrations, nor
in human population exposures. The development and evaluation of more portable and affordable monitoring instruments
based on low-cost sensors may offer a means to supplement
and extend existing infrastructure, increasing the density and
coverage of empirical measurements and thereby improving
exposure science and control. Here, we report on field calibrations of a custom-built, battery-operated aerosol monitoring instrument we developed using low-cost, off-the-shelf
optical aerosol sensors. We calibrated our instruments using 1 h and 24 h PM2.5 data from a class III US EPA Federal Equivalent Method (FEM) PM2.5 β-attenuation monitor in continuous operation at a regulatory monitoring site
in Oakland, California. We observed negligible associations
with ambient humidity and temperature; linear corrections
were sufficient to explain 60 % of the variance in 1 h reference PM2.5 data and 72 % of the variance in 24 h data. Performance at 1 h integration times was comparable to commercially available optical instruments costing considerably
more. These findings warrant further exploration of the circumstances under which this class of aerosol sensors may
profitably be deployed to generate improved PM2.5 data sets.

1

Introduction

The health effects attributed to outdoor fine particulate matter (PM2.5 ) rank it among the risk factors with the highest health burdens in the world, annually accounting for
over 3.2 million premature deaths and over 76 million lost
disability-adjusted life years (Brauer et al., 2011; Lim et al.,
2012). In principle, increased fixed-site monitoring could improve the coverage and quality of ambient PM2.5 data sets,
but the expansion of regulatory networks with current technology is hindered by resource constraints, as conventional
techniques require costly equipment (Wilson et al., 2002).
In the absence of empirical measurements with adequate
spatiotemporal resolution, epidemiologic studies have relied
upon models to downscale or interpolate available data from
satellites, regulatory monitors, land use databases, and emissions inventories (Brauer et al., 2011; Jerrett et al., 2005).
In studies of air pollution exposures and health effects, the
resulting exposure misclassification may attenuate or bias
estimates of health effect relationships. Coarsely resolved
PM2.5 monitoring data also hinders scientific understanding
of fluxes resulting from urban emissions, atmospheric transformations, and transport mechanisms. Finally, the relative
lack of affordable instrumentation also inhibits timely, empirical verifications of policy-based interventions to reduce
emissions and exposures.
Small, inexpensive, and portable devices, relying on newly
available off-the-shelf sensors, may greatly improve our capacity to characterize aerosol concentrations with high spatial and temporal resolution and low system cost, especially
when many such devices can be deployed concurrently. However, the utility of this approach has not been adequately
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characterized in field settings. In the remainder of this paper,
we show that it is possible to generate useful and accurate estimates of hourly and daily PM2.5 concentrations at a regulatory monitoring site by combining one such sensor with other
low-cost, readily available hardware. Guided by the prior
work of Watson, Wilson, Chow and colleagues (Watson,
2002; Watson et al., 1998; Wilson et al., 2002, 2005; Wilson
and Suh, 1997), who extensively analyzed and discussed issues in the augmentation of the then-current Federal Reference Method (FRM) PM2.5 network with continuous PM
monitors, we concentrate first and foremost on demonstrating a predictive relationship between (a) the output of the
sensor and (b) regulatory monitoring data that is widely relied upon in air quality regulation and epidemiology. We note
that, given a predictive relationship, further work is still required to establish equivalency with PM2.5 or any other PM
concentration metric. Our intention is to demonstrate “proof
of concept” in a natural environment of interest, so that the
findings and methodology may be extended, critiqued, and
replicated by independent researchers who are interested in
the utility of this class of sensors.
In this paper, we focus on field calibration at a regulatory monitoring site in Oakland, California. Previous studies by our group have used observational and experimental methods to characterize low-cost instruments incorporating repurposed smoke-detector components (Chowdhury et
al., 2007; Edwards et al., 2006; Litton et al., 2004) and a
consumer-oriented, laser-based particle counter (Northcross
et al., 2013; Smith, 2011). Previous studies by other researchers have characterized short-term responses of relatively inexpensive optical instruments, both custom-built
and commercially available, to particle-generating activities
in indoor environments (Budde et al., 2012; Nafis, 2012;
Olivares et al., 2012). A larger body of scientific work has
compared commercially available nephelometers, particle
counters, and other light-scattering instruments to reference
methods (Burkart et al., 2010; Watson et al., 1998; Wilson et
al., 2002) In this paper, we report results for an even lowercost instrument, based on a sensor costing approximately
USD 10. We are apparently the first to evaluate such a sensor under ambient conditions at a US regulatory monitoring
site, and the first to calibrate it using 24 h averages of PM2.5
from a reference instrument with Federal Equivalent Method
(FEM) status.

Nephelometric sensor design and specifications
The Shinyei PPD42NS sensor has a partially enclosed chamber with a single light-emitting diode, a plastic lens, and an
optical receiver at a forward angle of approximately 45◦ . A
removable cap makes it possible to swab residue off the lens.
Air is drawn through the sensing volume by means of a convection current established by a small 0.25 W resistor. The
resulting absence of noise from fans or pumps is an attractive feature for possible applications in household settings,
but the convective mechanism makes the airflow sensitive to
orientation. The flow rate and maximum size of lofted particles are not specified. Signals resulting from the detection of
scattered light are passed through filtering and amplification
circuitry that are externally visible on the PPD42NS, resulting in 0–5 V pulses of approximately 10–100 ms in length.
Documentation posted online by the manufacturer indicates
that the 30 s integrated duty cycle of this PWM signal increases monotonically with “cigarette smoke”, with a zero
intercept and a slightly sub-linear response at higher concentrations (Shinyei Corp, 2010). Hereafter, we refer to the 30 s
integrated duty cycle as “percent full scale” (% FS).
We programmed a microcontroller to measure % FS by
sampling the PWM signal at approximately 1 MHz, and to
record the timestamped measurement to a microSD card with
the aid of a real-time clock. To investigate the effects of temperature, humidity, and ambient light on the performance of
the PPD42NS sensor, and to verify that our instruments remained undisturbed, upright, and unexposed to extreme conditions, we added auxiliary sensors for light, temperature,
and relative humidity to the PANDAs described in this paper. All components were housed in a 12 × 9 × 4 cm, 250 g
polycarbonate case, along with a charging circuit and a 16 h,
2600 mAh lithium-polymer battery, which was charged continuously from a USB cable supplying 5 V power. Manufacturer part identifiers and approximate costs for all components are listed in Table S1 in the Supplement; the physical
design is shown in Fig. S1 in the Supplement. The components were easily procured from online electronics retailers
with a total materials cost under USD 200 per PANDA. We
estimate that a minimal variant, relying on a host device (e.g.,
a computer or phone) for power and data logging, could be
constructed for less than USD 25 in electronic parts.
2.2

2
2.1

Experimental methods and materials
The PANDA platform

To conduct our field studies, we designed a small, portable,
and reconfigurable platform around a low-cost, off-the-shelf
optical sensor: the Shinyei PPD42NS (Shinyei Corp, 2010).
We call our platform the PANDA (Portable and Affordable
Nephelometric Data Acquisition) system.
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Reference instruments

Our primary standard was a Federal Equivalent Method
(FEM) β-attenuation monitor (BAM-1020, Met One Instruments) that the Bay Area Air Quality Management District
(AQMD) uses to monitor continuous PM2.5 mass concentrations. We downloaded 1 h FEM PM2.5 data reported by this
instrument from the AQMD website. We also deployed our
own commercially available optical instruments at the regulatory monitoring site: a 16-channel particle sizer (GRIMM
OPC, Model 1.108, GRIMM); a nephelometer (DustTrak II
www.atmos-meas-tech.net/7/1121/2014/
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model 8530, TSI) equipped with a 2.5 µm impactor and programmed with the default correction factor for ISO 121031 A1; and a consumer-oriented, laser-based optical particle counter (DC1700, Dylos Corp). These instruments are
typical of those that would be used in a human exposure
study, though the number that could be deployed would be
greatly constrained by the per-unit cost. With the exception
of the last, all of these instruments report data in µg m−3
after using proprietary algorithms to filter and transform
optical measurements into mass-concentration equivalents.
Only the BAM-1020 and DustTrak have a physical size cut
mechanism.
2.3

Study location

The Bay Area AQMD granted permission to co-locate our
equipment at their West Oakland regulatory monitoring site
in Oakland, California (Fig. S2 in the Supplement). We
placed our instruments in two 30 L chambers (Fig. S3 in
the Supplement) within 2 m of the inlet to the AQMD’s βattenuation monitor, approximately 5 m a.g.l., on the roof of
an air-conditioned trailer in a parking lot, from 15 April 2013
to 23 April 2013.
West Oakland has previously been the subject of targeted
air pollution modeling, emission inventories, mobile monitoring, saturation monitoring, and chemical speciation and
source apportionment studies (Fujita and Campbell, 2010;
Pingkuan, 2008; Reid, 2007; Fujita et al., 2013) as well as
a locus for community-based participatory research concerning transportation-related emissions (Gonzalez et al., 2011).
The West Oakland site is close to the Port of Oakland, the
fourth largest container shipping port in the US, and proximate to considerable sources of truck and railroad diesel,
as well as light-duty vehicle traffic on the Bay Bridge toll
plaza and the surrounding freeways. The previous monitoring, speciation, and apportionment studies indicate that elemental carbon is concentrated near traffic routes, indicative
of the influence of diesel truck traffic to primary PM, while
organic carbon and PM2.5 exhibit a more uniform spatial distribution in the area, reflecting the importance of secondary
aerosol formation and nitrate and sulfate particles (Fujita and
Campbell, 2010; Fujita et al., 2013).
2.4

Analytical methods

Pairwise plots of data collected from the different instruments were augmented with loess smoothers and examined
for linearity. To quantify and compare the strengths of correlations, we used the coefficients of determination (R 2 ) from
ordinary least-squares regression models fit to each pairwise data set. We also calculated empirical and simulated
R 2 values for two BAM-1020s to provide perspective on the
range of R 2 values expected with 1 h integration times. Root
mean squared errors (RMSE) were computed to assess the
accuracy of linear calibrations. We additionally conducted
www.atmos-meas-tech.net/7/1121/2014/
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sensitivity analyses designed to assess the effects of temperature, relative humidity, and ambient light on instrument
performance.

3

Results

3.1
3.1.1

Time series at 1 h scale
Hourly PM concentrations

Figure 1 shows time-series data from a range of instruments
deployed during the 8-day interval in April 2013. Nighttime PM2.5 concentrations were higher than daytime concentrations, consistent with a nighttime descent of the boundary layer. Smaller ranges and means were seen in the first
48 h. Concentrations reported by the DustTrak were consistently higher than β-attenuation measurements, which may
be accounted for by the use of the default DustTrak correction factor. (This does not affect our primary statistic
of interest, R 2 .) Mass concentrations were also reported by
the GRIMM OPC in size ranges from 0.3–30 µm. Since the
GRIMM OPC does not report data corresponding exactly
to 0 < dp < 2.5 µm (i.e., PM2.5 ), Fig. 1 instead shows data
for both 0.3 < dp < 3.0 µm and 0.3 < dp < 2.0 µm. Number
concentrations, as reported by the Dylos for “small” particles (approximately 0.3 < dp < 2.5 µm), also followed the
same diurnal and synoptic patterns as the other instruments
(Fig. 1).
3.1.2

Hourly temperature, relative humidity, and
ambient light

The intake for our chamber was located within 2 m of the
BAM-1020 intake. However, the electronics housed in our
chamber contributed a small amount of excess heat, raising
the temperature and lowering the relative humidity. Detailed
temperature, relative humidity, and ambient light data are
shown in Fig. S4 in the Supplement. Mean daily temperatures trended from approximately 20 to 30 ◦ C, with diurnal
variations of approximately ±8 ◦ C. Except for the 1 h period
when we conducted a spot check and removed the chamber lid, ambient light remained below 1 × 101 lux. Relative
humidity in the chamber ranged between 10 and 60 % over
the course of each day, well within the operating range of
the PPD42NS and well under the 80 % level at which lightscattering efficiency begins to substantially affect the quality
of nephelometric measurements (Chow et al., 2002).
3.2
3.2.1

Correlations at 1 h scale
Correlations between PANDAs and other optical
instruments

Figure 2 shows statistical and graphical summaries of pairwise correlations between 1 h data from all instruments.
Atmos. Meas. Tech., 7, 1121–1131, 2014

BAM = B0 + B1 · Shinyei
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BAM−1020 (< 2.5 µm)
DustTrak (< 2.5 µm)
GRIMM (< 2.0 µm)

0
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PANDA103

2
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Fig. 1. Hourly data collected between 15 April 2013 and 23 April 2013 at the West Oakland regulatory monitoring site. Top panel: PM2.5
measurements reported by BAM-1020, DustTrak, and GRIMM. Bottom panel: output (% full scale) from three Shinyei PPD42NS sensors
1. Hourly
collected
between
15 April
2013 and 23details).
April 2013 at the West Oakland regulatory mon(see TableFig.
S1 and
Figs. S1,data
S2, and
S3 in the
Supplement,
for configuration

itoring site. Top: PM2.5 measurements reported by BAM-1020, DustTrak, and GRIMM. Bottom: output (%
full scale) from
PPD42NS
sensors
(see Table
S1 and
Figs.
S1, S2,
andaway.
S3, Supplement,
for 1 h βHigh correlations
were three
foundShinyei
between
individual
PANDistrict
site in
Vallejo,
40 km
The R 2 for these
2
2
DAs (R configuration
= 0.91–0.92)details).
and between PANDAs and the Dyattenuation measurements (R = 0.58) differs negligibly from
los (R 2 = 0.87–0.92). These data are consistent with pre(a) the simulated expectation, as well as the empirical R 2 bevious pilot data from a 6-week experiment, in which we
tween the BAM-1020 at West Oakland and (b) each of the
tested the longer-term stability and inter-device variability
three PANDAs, (c) the GRIMM, and (d) the Dylos. (The
16
of PPD42NS sensors (see Figs. S5 and S6 in the SuppleDustTrak exhibited slightly less agreement, R 2 = 0.49.)
ment). Correlations between PANDAs and GRIMM PM2.0
3.3 Effects of ambient light, temperature, and humidity
and PM3.0 were high as well (R 2 = 0.90–0.93 and 0.92–0.94,
respectively). Correlations of the DustTrak with the other opWe did not observe convincing associations with light (L),
tical instruments were more moderate (R 2 = 0.64–0.80).
temperature (T ), or relative humidity (RH). Tables 1a and
1b show that neither 1 h data from the BAM nor 1 h data
3.2.2 Correlations of PANDAs and other optical
from the PANDAs could be explained by L or T . Though
instruments with the reference instrument
1 h RH measurements had some ability to predict 1 h BAM
(regulatory β-attenuation monitor)
responses (R 2 = 0.24), 24 h averages did not (R 2 = 0.02; see
Using 1 h β-attenuation data as a reference, coefficients of
Sect. 3.5). This can be explained as a simple case of condetermination (R 2 ) calculated for 1 h PANDAs, GRIMM
founding at the 1 h timescale, rather than a causal associaPM2.0 and PM3.0 , Dylos, and DustTrak data were 0.55–0.60;
tion. Both PM2.5 and RH were elevated at night; moreover,
0.59 and 0.58; 0.58; and 0.49, respectively (Fig. 2). The accusince the intake air for the BAM-1020 is actively dried by
racies of linear models based on each device were essentially
heating, there is no mechanistic explanation for the observed
equal (RMSE = 3.4–3.6; 3.4 and 3.5; 3.5; and 3.5 µg m−3 , reassociation between 1 h RH and 1 h BAM responses. Correlaspectively). A slight non-linearity, common to all except the
tions of RH with PANDA responses at 1 and 24 h timescales
DustTrak, is suggested by the loess smoother superimposed
were not appreciably different (R 2 = 0.27 and 0.01, respecon the lowest row of panels in Fig. 2.
tively). Accordingly, we omitted L, T , and RH from subseAt first glance, an R 2 of 0.55–0.60 may seem low, but
quent models.
it can be explained by the measurement error inherent in
3.4 Correlations at 24 h scale
the reference instrument, which is specified as σ = 2.0–
2.4 µg m−3 for a 1 h integration time (Met One Instruments,
Following our initial observations with 1 h data, we conn.d.). In a simulation, we used this σ to generate paired obducted a longer-term deployment to examine 24 h averages
servations of a “true” PM2.5 distribution with independent
(arithmetic means) at the same site from 1 August 2013
Gaussian errors, and calculated a range of expected R 2 estithrough 15 November 2013. Figure 4 shows a scatterplot of
mates centered at 0.59 (95 % CI 0.50–0.67) (Fig. S7 in the
these 24 h data, superimposed by a linear regression fit by orSupplement). In other words, this is as correlated as one
dinary least squares. This linear model yielded an R 2 of 0.72,
would expect 1 h measurements from two such reference inan improvement compared to the R 2 of 0.60 found with 1 h
struments to be. Empirical data corroborated this expectadata
from the previous study (Sect. 3.2).
tion; although only one BAM-1020 is in operation at the West

Oakland site, Fig. 3 shows 3 weeks of contemporaneous 1 h
data from a pair of collocated BAM-1020s at a nearby Air
Atmos. Meas. Tech., 7, 1121–1131, 2014
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Fig. 2. Intercomparisons between hourly data from all instruments deployed at the West Oakland site from 15 April 2013 to 23 April 2013.
Upper-right set of panels: R 2 and RMSE for linear models fit using ordinary least squares (OLS). Lower-left set of panels: loess smoothers
superimposed on pairwise plots of the hourly data.

Fig. 2. Intercomparisons between hourly data from all instruments deployed at the West Oakland site from 15
2
April
to 23 April 2013. Upper-right set of panels: Rhourly
and PM
RMSE
for linear models fit using ordinary least
4 2013
Discussion
2.5 from the reference instrument, a β-attenuation

monitor (Fig. 2). While commercially available instruments

squares (OLS). Lower-left set of panels: loess smoothers may
superimposed
on pairwise plots of the hourly data.
perform better in more extreme or varied environments,
4.1

Findings

or in measuring other aerosols, or when faster response times
are desired, within the context of our 1 h data we found little,
if any, practical difference.
Conditional on the success of our first aim, our second aim
was to use 24 h PM2.5 data from our reference instrument (the
Met One BAM-1020) to conduct a calibration over a longer
period of time, on health-relevant scales. During our 3-month
deployment, 24 h averages of reference measurements at the
West Oakland site ranged from approximately 2 to 21 µg m−3
PM2.5 , with a substantial amount of variability explained by
a simple linear correction to the sensor data (R 2 = 0.72). Obtaining this level of agreement with such a low-cost sensor
suggests that, at least in urban areas with similar aerosols

Our overall objective was to determine whether a low-cost
aerosol sensor like the PPD42NS could be used to generate adequately resolved measurements of urban PM2.5 . Our
first specific aim was to assess the utility of the PPD42NS
by custom-building portable instruments (the PANDAs platform) and comparing them to commercially available optical
instruments. Given the substantial differences in cost (material vs. retail), the agreement we observed between PANDAs and commercially available instruments was remarkably good (Figs. 1 and 2). In addition, PANDAs essentially
matched the precision and accuracy (R 2 and RMSE, respectively) of these more expensive instruments in predicting
www.atmos-meas-tech.net/7/1121/2014/
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Fig. 3. Left panel: 1 h data collected between 15 and 23 April 2013 from three PANDAs and a reference (β-attenuation) PM2.5 instrument
at the regulatory monitoring site in Oakland. Right: approximately the same level of agreement (R 2 ≈ 0.6) was found between 1 h data from
Fig.of3.
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regressions
of unjittered 1ath the
data.regulatory monitoring site in Oakland. Right: approximately the same level of agree-

ment (R2 ≈ 0.6) was found between 1 h data from a pair of β-attenuation instruments at a nearby regulatory
25
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original
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saturation
and wear.
For reference,

the 24 h ambient PM concentration standard has been set
by the US EPA (US EPA, 2012) at 35 µg m , while the
World Health Organization has established a 24 h guideline
(World Health Organization, 2005) of 25 µg m−3. Annual
standards/guidelines set by the US EPA, WHO, and EU are
now 12, 10, and 25 µg m−3 , respectively (European Union,
2008; US EPA, 2012; World Health Organization, 2005). Exceedances of these health-related benchmarks frequently occur in many populous cities and regions worldwide (Brauer
et al., 2011).

2.5
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Fig. 4. 24 h arithmetic means of 1 h data collected between 1 August 2013 and 15 November 2013 at the West Oakland site. The
superimposed line and shading represents a linear regression, fit by
ordinary least squares (R 2 = 0.72), along with its 95 % pointwise
confidence intervals.
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and concentrations, additional deployments and calibrations
may help to usefully enhance the resolution of PM2.5 data
sets. Moreover, the sensor’s apparent effectiveness at resolving differences between relatively low 24 h concentrations
suggests that it may be useful in more polluted regions, if
Atmos. Meas. Tech., 7, 1121–1131, 2014

Two major limitations are relevant to the aim of this work, in
other words, increasing the availability of PM2.5 data through
the use of lower-cost sensors. The first has to do with calibration requirements. In the US, the reference instrument
we selected for calibration carries FEM (Federal Equivalent
Method) status for 24 h measurements of PM2.5 (though not
for 1 h measurements). Observational calibration, of the kind
we employed, requires access to a site that is sufficiently
close to such an instrument for a sufficient length of time;
these parameters are conditional on the desired quality of the
calibration, which is in turn conditional on the evidentiary
standards that the resulting data need to meet. This kind of
calibration has particular importance in the domain of PM2.5
measurement. While bottled standards are available to calibrate many gas instruments, the creation and circulation of
PM2.5 transfer standards is problematic. The composition of
PM2.5 is not universal, and it is impractical to create stable
www.atmos-meas-tech.net/7/1121/2014/
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Table 1a. Adjusted R 2 for linear regressions of BAM (PM2.5 µg m−3 ) on covariates. L = light (lux), T = temperature (◦ C), RH = relative
humidity (%). Each PANDA has its own RH/T sensor. R 2 statistics were calculated on a per-PANDA basis (columns 2–4) as well as for a
“combined” model (column 5). The “combined” R 2 values are not the means of R 2 in columns 2–4, but were obtained by fitting the specified
model form to the means of the regressands (L, RH, or T ) averaged across all 3 PANDAs at each point in time.
Model

PANDA #103

PANDA #105

PANDA #108

Combined

0.06
0.02
0.23

0.03
0.02
0.23

0.03
0.03
0.26

0.04
0.02
0.24

BAM = B0 + B1 · L
BAM = B0 + B1 · T
BAM = B0 + B1 · RH

Table 1b. Adjusted R 2 for linear regressions of Shinyei PPD42NS (% full scale) on covariates.
Model

PANDA #103

PANDA #105

PANDA #108

Combined

0.02
0.01
0.25

0.01
0.01
0.25

0.00
0.02
0.28

0.01
0.01
0.27

Shinyei = B0 + B1 · L
Shinyei = B0 + B1 · T
Shinyei = B0 + B1 · RH

Table 1c. Adjusted R 2 for linear regressions of BAM on Shinyei, with and without RH.
Model
BAM = B0 + B1 · Shinyei
BAM = B0 + B1 · Shinyei + B2 · RH

PANDA #103

PANDA #105

PANDA #108

Combined

0.54
0.56

0.60
0.61

0.56
0.58

0.58
0.59

atmospheric suspensions of the PM2.5 mixtures to which
urban populations are actually exposed. At the same time,
the key parameters for calibration by co-location (closeness
and duration) are bounded by serious practical and logistical constraints, including scarcities of time and trusted personnel. Working out these boundaries and relationships is an
interesting and important task that is beyond the scope of
this paper. For practical purposes, it seems possible that at
least some professional air quality managers, urban planners,
community-based organizations, and academics could coordinate co-location campaigns with relatively few resources,
thereby developing calibration curves specific to neighborhoods and aerosols of interest.
The second limitation is intrinsic to the use of optical techniques as proxies for gravimetric measurements. When a difference in measured values is observed, one cannot be certain whether it is attributable to a difference in the total mass,
size distribution, or optical properties – or some combination of all three – of the measured aerosols (Watson et al.,
1998; Wilson et al., 2002). Conversely, a lack of difference
can obscure real differences in submicron or ultrafine particle concentrations, or in other aerosol properties, such as
composition or size distribution, that may have real toxicological significance (Lighty et al., 2000; Wilson and Suh,
1997). Ambient aerosols typically have a trimodal size distribution, with a certain proportion of the respirable mass,
and a much higher proportion of the total count, distributed
in such submicron or “accumulation-mode” particles (John,
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2011; Whitby, 1978). In urban atmospheres, these particles
can generally be traced to emissions from internal combustion engines. They are more likely to deposit in the deep
lungs or be absorbed through the nasal cavity, and are thus of
considerable public health concern (Lighty et al., 2000). The
error from these technical limitations can be approximately
bounded, however, and a rough 95 % bound on the uncertainty associated with nephelometric estimates of PM2.5 has
been estimated (Molenar, 2014) as ±40 %, close to that associated with replicate gravimetric analyses (Lighty et al.,
2000).
Continuing work with more sensors under varying environmental and experimental conditions will be needed to
more precisely characterize the influence of variations between low-cost optical aerosol sensors, aerosols, and operating conditions. However, it is instructive to compare the
expected magnitude cited above (±40 %) with the specified
variance of the β-attenuation method (2σ = 4.0–4.8 µg m−3
for 1 h integration times) and the accuracy of our predictive PM2.5 models (RMSE = 3.4–3.6 µg m−3 , again for 1 h
estimates). When true concentrations are in the range of 2–
25 µg m−3 , then in absolute terms these errors are roughly
comparable. More importantly, measurement error of 1–
10 µg m−3 may be much less than the error associated with
interpolations of sparse data from a few expensive instruments. This leads to the consideration of tradeoffs in methodology – or, from a complementary perspective, to the optimal
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design of hybrid approaches (National Research Council,
2012).
For exposure scientists, a larger number of less precise
instruments may be especially useful in studies where both
intra-subject and between-subject variability cannot be adequately sampled with a smaller number of higher-quality
monitors, for example in monitoring household kitchens
burning solid fuels (McCracken et al., 2009). In community monitoring or near-roadway contexts, a dense network
or gradient with deliberate oversampling could provide highquality estimates of spatiotemporally resolved concentrations. More flexible saturation monitoring, based on less expensive and more portable instruments, could also respond
more readily to changing land use, enable more timely empirical verifications of emission-reduction policies, facilitate
rapid responses to natural or accidental releases of observed
aerosols, and support more efficient screening campaigns for
urban “hot spots”, with follow-up measurements made by
reference techniques.

5

Future work and conclusion

The next steps of our work involve the continuing deployment of a larger number of aerosol sensors within the context
of an established neighborhood-scale multi-pollutant network in the Bay Area (Teige et al., 2011), the coverage of
which overlaps with neighborhoods identified by the Bay
Area AQMD over the past decade as having high levels of
air pollution and vulnerable populations (BAAQMD, 2014).
It complements efforts by other scientists to develop and refine emission inventories, screening methods, and exposure
assessments. It is also germane to the relatively new phenomenon of “citizen scientists” constructing and using their
own low-cost air pollution instrumentation (Demuth et al.,
2013; Smith and Clark, 2014) as well as to recent efforts to
support this kind of innovation and to integrate it with established pollutant monitoring infrastructures (CITI-SENSE,
2014; US EPA, 2013). It is informed by the work of research engineers in related fields, including atmospheric science (Mead et al., 2013; Teige et al., 2011), networked sensor
calibration (Hasenfratz et al., 2012; Balzano, 2007; Xiang et
al., 2012) and mobile/participatory air quality sensing (Aoki
et al., 2009; DiSalvo et al., 2012; Dutta et al., 2009; Honicky
et al., 2008; Jiang et al., 2011; Mun et al., 2009; Nikzad et
al., 2012; Paulos et al., 2007; Willett et al., 2010; Zappi et
al., 2012). Finally, it suggests new prospects for collaborative
environmental health research with community residents.
Community-engaged participatory research projects have deployed fixed-site monitors (Brugge et al., 2010; Hedges,
2002; Loh et al., 2002) and surveyed intra-urban variations
in PM2.5 using portable nephelometers (Kinney et al., 2000;
Pastor Jr. et al., 2010). Our data indicate that device-specific
and site-specific calibrations may help low-cost sensors yield
data of comparable quality. To increase the value of collected
Atmos. Meas. Tech., 7, 1121–1131, 2014

data, protocols for calibration might be profitably incorporated into research on user interfaces and scaffolding (Willett
et al., 2010) for non-professional users and groups interested
in gathering, organizing, and collectively interpreting localized air quality measurements.
Despite their limitations, trends in the development
and deployment of low-cost air pollution monitoring
technologies are likely to continue (Snyder et al., 2013). A
significant but little-explored vein of research concerns the
impacts that a proliferation of low-cost air quality instrumentation will have on structures of participation in air pollution
monitoring and air quality management (cf. Harrison, 2011;
Ottinger, 2009). Although collaborations between new and
established stakeholders may improve mutual awareness and
engagement, the manner in which new monitoring data generated from low-cost instrumentation should be incorporated
into regulatory decision-making remains an important open
question.
Supplementary material related to this article is
available online at http://www.atmos-meas-tech.net/7/
1121/2014/amt-7-1121-2014-supplement.pdf.
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