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Black carbon aerosols are a major component of soot and are also a major contributor to global and regional
climate change. Reliable and cost-effective systems to measure near-surface black carbon (BC) mass
concentrations (hereafter denoted as [BC]) globally are necessary to validate air pollution and climate
models and to evaluate the effectiveness of BC mitigation actions. Toward this goal we describe a new
wireless, low-cost, ultra low-power, BC cellphone based monitoring system (BC_CBM). BC_CBM integrates
a Miniaturized Aerosol ﬁlter Sampler (MAS) with a cellphone for ﬁlter image collection, transmission and
image analysis for determining [BC] in real time. The BC aerosols in the air accumulate on the MAS quartz
ﬁlter, resulting in a coloration of the ﬁlter. A photograph of the ﬁlter is captured by the cellphone camera
and transmitted by the cellphone to the analytics component of BC_CBM. The analytics component
compares the image with a calibrated reference scale (also included in the photograph) to estimate [BC].
We demonstrate with ﬁeld data collected from vastly differing environments, ranging from southern
California to rural regions in the Indo-Gangetic plains of Northern India, that the total BC deposited on the
ﬁlter is directly and uniquely related to the reﬂectance of the ﬁlter in the red wavelength, irrespective of its
source or how the particles were deposited. [BC] varied from 0.1 to 1 mg m3 in Southern California and
from 10 to 200 mg m3 in rural India in our ﬁeld studies. In spite of the 3 orders of magnitude variation in
[BC], the BC_CBM system was able to determine the [BC] well within the experimental error of two
independent reference instruments for both indoor air and outdoor ambient air.
Accurate, global-scale measurements of [BC] in urban and remote rural locations, enabled by the
wireless, low-cost, ultra low-power operation of BC_CBM, will make it possible to better capture the large
spatial and temporal variations in [BC], informing climate science, health, and policy.
Published by Elsevier Ltd.
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1. Introduction
Black carbon (BC), the strongly light-absorbing component of soot
that gives emissions such as diesel engine exhaust and smoke plumes
their dark, brownish color, has come to be recognized as a major
contributor to global warming (Ramanathan and Carmichael, 2008;
Jacobson, 2010). BC has now become a frontline concern for climate
change strategies (Jacobson, 2010; Ramanathan and Xu, 2010).
Generated from the incomplete combustion of fossil fuel, and the
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burning of biomass fuels, such as wood, dung and crop residues
(Bond et al., 2007; Venkataraman et al., 2010), BC is the dominant
aerosol component absorbing solar radiation in the air which has
signiﬁcant regional and global climate impacts, particularly in the
tropical and arctic regions (Ramanathan and Carmichael, 2008;
Shindell and Faluvegi, 2009; Flanner et al., 2009). In addition to
BC’s climate impacts, the inhalation of smoke containing BC results in
more than 1.8 million deaths per year (Ezzati and Kamen, 2002;
Pachauri and Sridharan, 1998).
BC also represents something of an opportunity for climate
mitigation initiatives. Unlike CO2, which can remain in the air for
centuries, the atmospheric lifespan of BC is of the order of weeks or
even days (IPCC, 2007). The opportunity then derives from the fact
that almost any mitigation actions (even at local scales) of BC
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emissions should have a swift and tangible impact on climate
change and health. Given the factor of 2 or more uncertainties in BC
emission inventories (IPCC, 2007), the localized nature of BC
emissions (from individual trucks, indoor cooking, brick kilns, etc.)
and the short life times, we need a cost-effective, accurate and
scalable measurement system for determining near-surface [BC] for
verifying and validating the effectiveness of BC mitigation actions.
Such high resolution spatial and temporal BC data are also needed
for climate and health impact studies. We have developed such
a system, described in Section 2 and evaluated in Section 3.
1.1. The principal features and merits of the BC_CBM system
The BC_CBM system consists of three sub-systems: i) The
Miniaturized Aerosol ﬁlter Sampler (MAS). ii) The cellphone to
capture the image of the exposed BC ﬁlter in the MAS. iii) The
automated software algorithm for converting the reﬂectance in the
“red” wavelength of the exposed MAS BC ﬁlter to its corresponding
[BC] in real time. We use reﬂectance in the red spectrum, which
corresponds to wavelengths of approximately 630e740 nm.
Our new system is designed to facilitate large-scale [BC]
measurements in a low-power, cost-efﬁcient manner without
compromising the quality of the data (Ramanathan et al., 2010).
Leveraging the resolution, capacity, noise level and dynamic range
of conventional cellphone cameras, the MAS and analytic process
utilizes photographs of the BC deposited on air ﬁlters in order to
derive [BC]. Taking advantage of that efﬁciency, our system
enhances the process of BC data collection by enabling measurements in locations where data had been previously difﬁcult to
secure in a predictable and standardized format due to the
prohibitive cost and the logistical complexity of implementing
monitoring tools.
There are two prevailing ﬁlter-based methods for collecting [BC]
data on a large scale: optically based real-time BC monitoring
methods (such as the Aethalometer from Magee Scientiﬁc) which
utilize light-absorbing characteristic of BC aerosols for measurement (Hansen et al., 1984); and thermal-optical methods (destructive thermal evolution techniques) which utilize thermal and
chemical refractory properties for measurement of BC samples
collected over a period of several hours (Chow et al., 1993; Birch and
Carry, 1996). We use the National Institute for Occupational Safety
and Health (NIOSH) thermal-optical transmittance protocol (TOT)
for the thermal-optical method (NIOSH, 1996). For a comparison of
NIOSH and IMPROVE protocols see Chow et al. (2001).
Both these BC measurement techniques pose a challenge in
terms of their high upfront cost and level of technical expertise
required for operation. Thermal-optical analyses require preservation and shipping of the ﬁlters after collection to a central laboratory
where the analyses are done at a cost of approximately $50 per ﬁlter.
Daily measurements for a year using this approach would cost
approximately $18,250. Operation for one year of an Aethalometer
would cost approximately $21,000, and of a micro-Aethalometer
would cost approximately $7300. Other instruments are more
expensive. In comparison, deployment and collection of daily
samples for one year using BC_CBM would cost less than $1000, and
measurements would be available in real time.
It is important to note that BC_CBM is not meant to be a substitute
for more sophisticated measurements which need to be done. More
than 40% of global BC emissions come from biomass burning, to
which Africa and Asia are major contributors (Bond et al., 2007). It is
in such rural or resource-constrained locations where a light-weight,
affordable, measurement system like BC_CBM would complement
more sophisticated measurement methods (e.g. Aethalometer,
thermal-optical methods, Particle soot absorption photometer, Photoacoustic spectrometer or Single particle soot photometer (Bond

et al., 1999; Arnott et al., 1999; Stephens et al., 2003; Schwarz
et al., 2006)), and revolutionize our understanding of BC through
increased spatial measurements.
1.2. Deployment with Project Surya
BC_CBM was developed to compare clean cook stove technologies against traditional mud stove based meal preparation methods
in the context of Project Surya (Ramanathan and Balakrishnan, 2007;
www.projectsurya.org). Project Surya will replace the highly
polluting cooking methods traditionally employed in rural areas
with clean cookstoves and document the climate and the health
impacts. BC_CBM was deployed as part of Project Surya to collect
data on outdoor [BC], and indoor [BC] and individual exposure on
a household level from February to June 2010.
2. Experimental description of BC_CBM
2.1. Miniaturized Aerosol ﬁlter Sampler (MAS)
Fig. 1a shows our Miniaturized Aerosol ﬁlter Sampler (MAS)
system for BC measurement. MAS houses four main components in
a plastic enclosure measuring 160 mm  160 mm  89 mm: (i)
a battery operated micro air pump (manufactured by Sensidyne Inc.,
AAA series micro air pump model-20) (ii) a 25-mm diameter closed
aluminum ﬁlter holder (BGI Inc., Waltham, MA) (iii) a battery for
continuous power supply and (iv) control electronics. The micro
pump (which measures approximately 41 mm  17 mm  28 mm)
draws air through a 25-mm diameter quartz ﬁlter placed inside the
ﬁlter holder, and can operate at a maximum ﬂow rate of 625 cc min1.
The MAS system requires approximately 336 mW of power,
consuming substantially less power than any commercially available single-wavelength or multi-wavelength BC measuring instrument. The MAS’ rechargeable Li-Ion battery (14.8 V, 2200 mAh) is
capable of running the micro air pump continuously for up to 100 h.
A digital ﬂow meter is included with feedback loop to monitor and
log ﬂow rate as constant ﬂow rate is critical for measurement reliability. The control electronics have a DCeDC converter to provide
a steady 12-V supply, and can control the pump ﬂow rate (e.g., to
reduce the ﬂow rate in highly polluted regions), and the sampling
schedule (e.g., in order to save power, the sampler can be turned on
for shorter periods throughout the day). The controller utilizes
a real-time 24-h clock operated off of an independent coin-battery
power source. In addition to battery power, the MAS system can
also run off of AC power using an AC-to-DC adapter.
The loading of particles on the ﬁlter is captured by measuring
the reﬂectance from the ﬁlter in the red wavelength (represented
by the symbol rred). This can be done using a photoelectric meter or
a standard scanner. Through laboratory and ﬁeld testing of this idea
by us and others (Cheng et al., 2011), it has been shown that rred for
a ﬁlter is strongly related to the total loading of BC that accumulates
on that ﬁlter (measured in BC mass per unit area on the ﬁlter, using
units of [mg cm2]) (Ramanathan et al., 2010). In fact, the approach
of linking ﬁlter color with particulate pollution has a long history
(see the review in Moosmüller et al., 2009).
The primary insight resulting from our work is that rred is
a reliable indicator of absorption by BC, and can be measured from
an image of a ﬁlter that is captured with a cellphone camera, with
accuracy to within 20% of a BC reference instrument. We use the
RGB (red, green, blue) color space to describe the reﬂectance of the
BC particles from the image of the ﬁlter. We measure rred by
extracting the red chromaticity of the ﬁlter from the cellphone
image. The results of our tests show that this estimate of rred for the
BC accumulated on the ﬁlter can be used to accurately estimate the
total loading of BC accumulated on the ﬁlter. Given the image of
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Fig. 1. (a). (top) Photograph of Miniaturized Aerosol ﬁlter Sampler (MAS) system. MAS houses four main components in a plastic enclosure (i) a battery operated micro air pump, (ii)
a 25-mm closed aluminum ﬁlter holder, (iii) a battery for continuous power supply, and (iv) control electronics. (bottom) A series of sample ﬁlters shown which vary from light to
dark, and from low to high BC loading (BCl) respectively. (b). (left) The labeled image of the template (containing the spatial locator and reference scale) and ﬁlter as seen by the
computer algorithm (without the labels). The reference scale is created using the colors that correspond to the 10 points on the calibration curve. (right) Calibration curve showing
the best exponential ﬁt-line for color (obtained from a scanned image) to BC loading (BCl) accumulated on the ﬁlter. The reference scale colors and corresponding BCl are marked as
black squares on the calibration curve.
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the ﬁlter and the total volume of air that has passed through the
ﬁlter, the [BC] can be calculated.
2.2. Algorithm to convert rred for the exposed MAS BC ﬁlter to [BC]
The procedure to determine [BC] using MAS involves the
following steps:
i) Collect Training Dataset: Collect training ﬁlter samples of BC
using the MAS system. Loading on the ﬁlter should be varied
either by varying the exposure duration or [BC]. Determine
the BC loading corresponding to each training ﬁlter using
a reference instrument. Scan each ﬁlter in using an image
scanner to determine rred of the BC particles accumulated on
the ﬁlter.
ii) Create Reference Scale: Create the calibration curve using the
training dataset to map rred to BC loading (shown in Fig. 1b).
Identify 10 points along this curve (i.e. low BC loading to high
BC loading in 10 steps). Using the rred that corresponds to
each of the 10 points in the training calibration curve, print
the 10 shades in the reference scale. The scale varies from
light to dark gray, and each shade in the reference scale
corresponds to a different BC loading value. The entire
template (including the reference scale) is shown in Fig. 1b.
iii) Analyze New Sample: Place the ﬁlter on the template, and
take a photograph (sample photograph shown in Fig. 1b). The
algorithm automatically reconstructs the calibration curve for
this image by extracting rred for each shade in the reference
scale, and matching each value with the known BC loading
associated with that shade. The rred of the ﬁlter is then
extracted, and plugged into this new calibration curve to
obtain the BC loading on the ﬁlter. The algorithm automatically determines [BC] using the ﬂow rate of the pump, the
sampling duration, and the area of the BC particles collected
on the ﬁlter.
Steps (i) and (ii) are required for calibration, and only need to be
done once: Remarkably, our results show that the same reference
scale could be used to analyze samples collected in California and in
India. Step (iii) is the only step required to collect [BC] measurements. These steps are further described in Sections 2.2.1e2.2.3.
2.2.1. Collection and determination of BC loading on training ﬁlters
41 BC ﬁlters were collected in San Diego, California between
June 2009 and February 2010 using the ﬁrst MAS system (which
relied on a vacuum pump instead of a low-power pump). A random
subset of 29 of these ﬁlters was selected for the training dataset for
the BC_CBM calibration curve. In order to calculate the BC loading
associated with each training ﬁlter, the 7-wavelength Aethalometer
(model AE-31) was deployed side by side with the MAS system, and
BC aerosols were collected through the common aerosol inlet.
Aethalometer data were used to calculate the BC loading (BCl) for
each ﬁlter using the following equation:



 


½BCAethalometer mg=m3  Vf m3


BCl mg=cm2 ¼
A cm2

(1)

A [cm2] is the area of the spot occupied by the BC particles
deposited on the MAS ﬁlter, and is constant across ﬁlters; for our
system A ¼ 2.4 cm2. Vf [m3] is the volume of air that passes through
the ﬁlter in the MAS, and can be different for each sample; it is the
product of the MAS pump’s mean ﬂow rate, F [m3 min1], and the
duration the ﬁlter was exposed in the MAS system, D [min], which
varies and must be measured for each ﬁlter: Vf ¼ F [m3 min1]  D
[min]. F is measured before the instrument is deployed, and is also

logged by the MAS sub-system as constant ﬂow rate is critical for
measurement reliability.
[BC]Aethalometer is the [BC] reported by the AE-31 at 880 nm. We
follow the standard practice of using transmission data captured at
880 nm for determining [BC] because absorption of radiation of
other aerosols (e.g. organic aerosols) are negligible at 880 nm
(Kirchstetter et al., 2004; Chen and Bond, 2010).
2.2.2. Creating the reference scale
Creation of the reference scale requires the closest approximation possible to the actual rred of the BC particles on a set of training
ﬁlters. The training ﬁlters were scanned using a commercially
available ﬂatbed color digital scanner (Epson Perfection 4490 Photo
scanner). rred was manually extracted from the scanned image of
the training BC ﬁlters using the GNU Image Manipulation Program
(Gimp), a photo-editing tool. A calibration function, f, was derived
to relate rred values from each ﬁlter to the corresponding BCl
(Fig. 1b). Created with the training data collected in San Diego,
empirically we found that the relationship between rred and BCl is
exponential. The exponential ﬁt-line has an r2 of 0.97, and is represented with the equation:



BCl mg=cm2 ¼ f sf ðrred Þ ¼ 0:715 þ 172:6045  e0:0183rred
(2)
Ten evenly spaced points were selected along this calibration
curve (marked as black squares in the plot in Fig. 1b). The corresponding rred for each point was used to create the 10 shades in the
reference scale. When creating the reference scale, we used scanned images of the ﬁlters e instead of, for example, images of the
ﬁlters taken with a camera e in order to minimize any inconsistencies across images that could be introduced by differing lighting
and exposure. A scanner, however, presents several variables that
can also introduce error, including variations in exposure and
gamma. Nevertheless, by printing the reference scale, our goal was
to create an image where each shade represents as closely as
possible the reﬂectance of the ﬁlter corresponding to the given BCl
value.
In order to minimize error introduced by different inks, papers,
and printing processes, the reference scale was printed using
a recently proﬁled Noritsu QSS-3411 digital printer so as to match
the RGB values extracted from the scanned images with the CMYK
color space as accurately as possible. The reference scale is printed
along with a spatial locator (described in Section 2.2.3). This
template is shown in Fig. 1b. The entire template was printed with
the matte ﬁnish to minimize glare that could arise when taking an
image of the ﬁlter with a cellphone.
2.2.3. Determination of [BC] of actual sample
An exposed ﬁlter is removed from the MAS ﬁlter holder and
placed on the template as shown in Fig. 1b. A cellphone is used to
capture a photograph of the ﬁlter and the template and to transmit
the image (by SMS, email or upload) to the BC_CBM server for
analysis. The server automatically and almost immediately analyzes
the image, and returns the corresponding [BC] value to the phone
via SMS.
The algorithm scans the image, then rotates, stretches, and
transforms the image until the spatial locator (labeled in Fig. 1b) is
identiﬁed. The spatial locator is a QR code, which is a standard,
ﬁxed-size, two-dimensional bar code that the system uses to calibrate the size and position of all other elements on the image. The
system uses the spatial locator as a landmark to ﬁnd the reference
scale (labeled in Fig. 1b). The system uses these two landmarks to
crop the image, and reduce the search space required to ﬁnd the
ﬁlter. Running a circle detection method (called from the openCV
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image analysis library), the system identiﬁes the set of pixels that it
deems to most likely be the ﬁlter, based on the size and shape.
The system then extracts rred for the ﬁlter, and rred for each
shade in the reference scale. A set of pixels is sampled and averaged
from each location in the image to minimize error. The 10-point
dataset of rred and the corresponding known BCl for each shade
in the reference scale is used to derive the function, f, which is used
to calculate the BC loading on the exposed ﬁlter given rred for the
ﬁlter.
Both the ﬁlter and the reference scale are included in each image
so that the function, f, can be derived for each cellphone image. This is
done because one of the biggest variables inﬂuencing the measurement of color is the particular camera used for acquiring the ﬁlter;
especially as modern digital imaging devices use sophisticated
proprietary algorithms for color correction. The algorithm is built on
the assumption that any ambient condition that will impact the
calculation of rred for the ﬁlter will, in general, uniformly impact the
calculation of rred for the reference scale as well. The reference scale
therefore permits the calculation of rred to be calibrated for different
ambient conditions (such as light levels, camera angles, aerosol
composition), cameras, and camera conﬁgurations. Furthermore,
because the reference scale is present in each image, BC_CBM does
not depend on blank analysis for each sample.
3. Results
3.1. Field deployments
BC_CBM has been deployed in two locations in southern California, San Diego (32 430 N, 117100 W) and Los Angeles (34 30 N,
118 150 W), and in the rural village (26 280 N, 81390 E) with a population of approximately 1300, located in the densely populated
Indo-Gangetic Plains region of northern India. The MAS system was
ﬁrst deployed in various outdoor locations in San Diego, where 41
samples were collected from June 2009 to March 2010. (2 were
rejected because the exposure duration for the sample was incorrectly recorded.) Of these, a random subset of 29 samples was used as
a training dataset to calibrate the BC loading associated with each
shade in the reference scale (Fig. 1b), and the remaining 8 samples
were used for cross validation. After using the training data to create
the calibration chart, the BC_CBM system was deployed in various
locations around Los Angeles between June 18e25, 2010, including in
one location within 2 miles of the Los Angeles International Airport.
In all California locations, the samples were validated by comparing
results from the MAS system with Aethalometer data to evaluate the
accuracy in BC loading and [BC]. The raw Aethalometer data were
corrected for ﬁlter loading and scattering artifacts using the method
outlined in Schmid et al. (2006). The accuracy of the [BC] measurements reported by the Aethalometer is not well understood, and
could be on the order of 50%, particularly when [BC] are low
(<0.1 mg m3).
There are two points we wish to make in this regard. In this study
we have compared the [BC] determined by two independent reference methods to determine the uncertainty in the BC measurement.
Further, the uncertainty in the BC_CBM is not limited by the uncertainty of the reference instruments. The training ﬁlters could also be
calibrated with other BC measurement methods, for example with
results from thermal-optical analysis of the ﬁlters using the NIOSH
protocol, as evidenced by the close agreement between BC_CBM and
NIOSH results seen in Fig. 2, for increased accuracy.
BC_CBM was deployed in India, where 67 BC ﬁlters were
collected from February to June 2010 inside the rural kitchen (39
samples) as well as outdoor (28 samples) near the village center. All
of the 67 India samples were exposed for approximately 24 h with
the pump ﬂow rate set at 570 cc min1. Cellphone images of all of

Fig. 2. [BC] reported by BC_CBM versus [BC] reported by the reference instrument for
ﬁlters collected in San Diego, Los Angeles, and Khairatpur during 2009 and 2010.
(Legend speciﬁes which reference instrument used: a speciﬁes an Aethalometer, and
[BC] is reported; N speciﬁes the data collected with a TOT method, and [EC] is
reported.) Linear regression line in logelog space slope ¼ 0.85, and r2 ¼ 0.83. RMS error
for measurements less than or equal to 1 mg m3 is 0.02 mg m3, which is 8.5% of the
mean; RMS error for measurements greater than 1 mg m3 is 1.8 mg m3, which is 6.0%
of the mean.

the ﬁlters were taken by trained personnel and researchers. Results
from these three ﬁeld deployments are discussed in Section 3.2.
For [BC] and [OC] determination from samples collected in India,
samples were analyzed both with the Aethalometer and the NIOSH
TOT protocol (Schauer et al., 2003). The data collected with the TOT
method are referred to as EC (for elemental carbon), and the
Aethalometer data are referred to as BC. The deﬁnitions of EC and
BC are itself a bit arbitrary (see detailed discussions of this topic in
Andreae and Gelencser, 2006). The deﬁnition of BC is an optical
deﬁnition and includes contribution by some organic aerosols,
whereas, EC measures are derived by thermal and chemical analyses and would tend to determine graphitic-like elemental carbon.
During inter-comparisons of BC results from the two reference
systems using samples collected in India, the systems agreed
within 20%. [BC] collected with BC_CBM was compared with
measurements from both methods to evaluate the accuracy of the
BC_CBM system.
Four different cellphones were used to collect data: Nokia N80,
Samsung SCH-S379, Samsung SCH-U490, and LG VX8300. Preliminary analysis demonstrates that measurements differ within our
margin of error for BC_CBM analysis of images from different
cellphones. This calibration across cellphones, each with cameras
and software which employ their own proprietary algorithms for
color correction and conﬁguration, is accomplished using the
reference scale.
3.2. Results
The calibration curve for the BC_CBM analytic sub-system was
obtained from the San Diego training data, and this curve was used
without any change when analyzing samples from California and
India. BC_CBM data were obtained for 18 samples collected in Los
Angeles and San Diego (not included in the training dataset), and 67
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samples collected in India (both indoors and outdoors). Fig. 2
compares BC_CBM [BC] data with the reference system [BC] data in
logelog space. Plots showing the same data, separately for California
and India samples on a linear plot are listed in the Supporting
Information (Supplement data). Three major characteristics of the
comparison, shown in Fig. 2 and described below, demonstrate the
validity of the BC_CBM system for global monitoring of BC:
i) In spite of the nearly 3 orders of magnitude variation in [BC]
from 0.1 mg m3 to over 100 mg m3, the cellphone based [BC]
agrees with the reference system [BC] with a root mean
squared (RMS) error of less than 10%: RMS error for
measurements less than or equal to 1 mg m3 is 0.02 mg m3,
which is 8.5% of the mean; RMS error for measurements
greater than 1 mg m3 is 1.8 mg m3, which is 6.0% of the mean
measurement.
ii) The RMS error in the cellphone based measurements is
similar across all of the 3 sampling locations. This is signiﬁcant because the BC aerosols in the California sampling
locations are primarily sourced by burning of fossil fuel, while
the BC aerosols in the Indian sampling location is dominated
by biomass-fuel cooking.
iii) The fact that RMS error is independent of the [BC] levels,
regional location and the source of BC is remarkable because
the same calibration curve was used to reduce the cellphone
ﬁlter photographs to [BC] for all of the data sets.
These major characteristics inferred from Fig. 2 imply that the
BC ﬁlter’s reﬂectance in the red wavelength is uniquely related to
the quantity of BC deposited on the ﬁlter, irrespective of its source
or how these particles were deposited. We make this inference
based on the following: First, sources which emit BC also co-emit
OC aerosols. Some of these OC aerosols, referred to as brown
carbon (Andreae and Gelencser, 2006), also absorb solar radiation.
Absorption of solar radiation by brown carbon is particularly strong
in the ultraviolet regions; absorption in the near infrared region
(greater than 800 nm) is negligible; and absorption in the red
region (620e750 nm) is less than 5% of the absorption in the
ultraviolet regions (<400 nm) (Kirchstetter et al., 2004; Chen and
Bond, 2010). Therefore, the interference of OC aerosol absorption
on BC_CBM measurement of [BC] (which infers absorption in the
red region, corresponding approximately to 630e740 nm) should
be small or within the instrument’s uncertainty. This assertion is
conﬁrmed in Fig. 3, which compares the Aethalometer [BC] at
880 nm, where brown carbon absorption is negligible, with the
Aethalometer [BC] at 660 nm. (As mentioned earlier, we calibrate
BC_CBM with the Aethalometer [BC] inferred from the 880 nm
absorption.) The two [BC] values agree within 5%. This close
agreement indicates that the impact of brown carbon absorption in
the red region, which is used by BC_CBM, is within the experimental error (20%).
Next, there is close agreement between [BC] reported by
BC_CBM and [BC] measurements from the two reference methods
(one of which is a chemical method, and one of which is an optical
method), even when analyzing data from two settings which
contain different types of OC aerosols (Fig. 2). We measured [BC]
concentrations in rural India, where aerosols are sourced primarily
from biomass burning; and we measured [BC] concentrations in
urban areas in California, where aerosols are sourced from fossil
fuel and will have a lower proportion of [OC] compared to aerosols
sourced from biomass (Bond et al., 2007) (because biomass burning
emits signiﬁcantly more OC).
Lastly, we consider it remarkable that the ﬁlter’s reﬂectance in the
red wavelength of the BC deposited on the ﬁlter, as captured by
a cellphone, is uniquely related to the quantity of BC deposited on the

Fig. 3. Compares the Aethalometer [BC] at 880 nm where brown carbon absorption is
negligible, with that at 660 nm. The two [BC] values agree within 5%.

ﬁlter. This is noteworthy especially because [BC] measurements by
the BC_CBM are based on the reﬂection of radiation from the ﬁlter,
while [BC] measurements by an Aethalometer are based on the
transmission of radiation through the ﬁlter. Chen et al. (2004) provide
a theoretical and experimental analysis on the relationship between
transmission and reﬂection based measurements of BC.
4. Conclusions and implications
The principal ﬁnding of this study is that digital images of air
ﬁlters that have been exposed to BC e including images that are
created by widely available cellphone cameras e can be used to
affordably and accurately estimate BC loading in real time, and can
be applied toward determinations of BC emissions.
The [BC] shown in Figs. 2 and 3 have signiﬁcant implications for
climate and health, highlighting the need for rapid improvement in
spatial measurements of BC. In southern California [BC] range from
less than 0.1 mg m3 to 1 mg m3 which suggests that in spite of
stringent emission controls, [BC] is still high with respect to regional
climate and health standards. These high California concentrations
are further dwarfed by the 1e25 mg m3 [BC] measured in outdoor
air in India using BC_CBM. Such high concentrations have signiﬁcant
implications for the impact of aerosols on monsoon rainfall and on
the Himalayan glacier retreat. The even larger [BC] in the range of
10e200 mg m3 measured indoors in India pose a grave threat to
women and children subject to this soot laden smoke. The order of
magnitude difference between outdoor and indoor measurements in
India further show that outdoor measurements cannot be used as
a proxy for indoor measurements.
The use of cellphones permits monitoring of BC to occur on
a greater, comprehensive scale because of the ubiquity of cellphones
and the wireless networks that they rely on. By taking advantage of
existing, widespread wireless technologies and cellphone handsets,
our BC measurement system creates a real time, ultra low-power,
affordable, data-gathering mechanism from commonplace technical components that features a readily familiar interface. That
familiarity has proven to help non-expert researchers from outside
of the scientiﬁc community perform BC monitoring in remote and
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resource-constrained locations (e.g. rural areas) where power is not
readily available, broadening the geographic scope of the datagathering process. It is likely that a similar approach can be used
to collect climate, air pollution and human behavioral data. It is our
hope that the ﬁndings of this study will unleash such developments.
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