Response to Reviews
We are grateful for the constructive reviews we received for our paper. We have modified the
manuscript to address the reviewers’ comments, and herein resubmit the updated paper and
detailed responses to the reviewers. We have highlighted the changes we made in our paper in
response to comments.
Reviewer 1
General Comments: In this manuscript, the authors present a technique to combine particle
counts from low-cost, ground-based sensors with the additional information provided by MISR’s
size resolved AOD retrieval to infer PM2.5. With some modifications, I would recommend this
manuscript for publication: the technique is novel and will be of interest with scientists seeking
to balance the strengths and weaknesses of low-cost sensors.
Thank you. We are grateful to the reviewer for recognizing the novelty of this technique.
That said, there are clear limitations to the current study that may limit broader application of
their approach, although many of these shortcomings are already identified by the authors. Of
particular concern, but as noted by the authors, is the inability to validate their results against
reference-grade observations. Without such a comparison, it is difficult to determine the relative
value of this combined approach compared to the uncertainties of its underlying assumptions.
With this in mind, whether or not this work is published I would strongly encourage the authors
to continue to develop this approach in a location that allows direct validation.
We agree with the reviewer. In the current paper, we describe a novel methodology and
demonstrate it using data from Nairobi. We recognize that many conditions of that experiment
were not ideal. Our demonstration of this technique using data from Nairobi helps us highlight
these limitations, which are enumerated in the text and supplement, as the reviewer
acknowledges. We aim to use the publication of the current paper, presenting the technique,
along with what we have learned from this initial pilot, to support a proposal for a future
deployment that will allow us to validate this methodology under more ideal conditions. The
published paper giving the technique, along with the limitations of the Nairobi experiment, will be
essential support for any proposal we might write requesting to perform an improved
experiment.
Specific Comments:
Supplemental L192: I have some concerns that the GEOS-Chem simulation used to scale total
column AOD to near-surface AOD is based on a simulation from 2012. The amount and relative
influence of transported Saharan dust and biomass burning from the Congo on the vertical
distribution of aerosol have significant annual variation and may impact the author’s results. A
plot comparing 2012 and 2016 monthly mean MAIAC AOD over Central and Northern Africa for
October and December may provide some reassurance, or alternatively motivate the need for a
more recent simulation (or perhaps such a simulation could be run).
This is a fair point. Unfortunately, more recent GEOS-Chem simulations are not available to us
for Nairobi, nor the ability to re-run the model. Thus, the purpose of this paper is limited to

methods development. In the future, we hope to validate this method in a more ideal location:
one for which we will have CALIPSO or other space- and/or ground-based lidar data, a
collocated reference monitor, along with a contemporaneous run of the GEOS-Chem or other
model, to assess aerosol vertical distribution with greater confidence.
Supplemental L264: How well correlated are these results when taken against total column
AOD instead of near-surface AOD? As given, the high rˆ2 could be due to MISR AOD, even if
the GEOS-Chem scaling was not working well. The change in correlation when using the totalcolumn instead of near-surface AOD is more relevant to the quality of GEOS-Chem in this
application.
When repeating this analysis with the total column AOD for the 10 measurements, we obtain an
adjusted R squared of 0.89. This is comparable with the adjusted R squared obtained when
using the near-surface AOD (0.88). This supports the assumption that the aerosol is
concentrated near-surface. We have included a short sentence in the text in Section S2 in the
SI.
Figure S5: Given the sampling shown in Table 1, it would be more useful to show the vertical
structure of August and October.
Thank you.
We have updated this Figure (reproduced below)

What is the cause of the flat sections in the OPC PM2.5, shown in Figure S7?

The flat estimates are because a single OPC PM2.5 value was used to constrain MAIAC AODs
of the grid cells within a 1.6 km radius from each surface monitoring site. Thus, the same PM2.5
value from an OPC is linked with multiple MAIAC-derived PM2.5 concentrations.
We have added this information to the caption of Figure S7. Thank you.
At the author’s discretion, it may be appropriate to mention the application of such a technique
to the upcoming MAIA mission. I expect MAIA’s multi-angular viewing will allow similar sizeresolved information as MISR provides. If appropriate, this connection would help broaden the
applicability of the author’s work.
We are aware of MAIA, and now mention this possibility in the text. Note that to apply our
method, we would also need to deploy OPCs at one or more locations that MAIA is sampling.
Specifically, we include the following text in the Conclusion:
“We hope with the increasing focus on air quality (e.g., the expansion of the SPARTAN network,
Weagle et al., 2018), broader application of low-cost monitoring can occur. Further, the planned
MAIA instrument (expected launch year: 2022), like MISR, will be able to provide sizeresolved information about aerosols from space for a subset of cities at higher temporal
resolution (Diner et al., 2018). As such, it should better capture the variability in aerosol
type, and the data can be incorporated into our methodology. “

Reviewer 2
This work deals with the combination of low-cost sensors combined with satellite data to obtain
PM2.5 near surface. The novelty of this technique has no doubt and the implications in the
aerosol science community are huge. Authors include the shortcomings and other issues
related to the technique. Methodology is well described too.
Thank you
However, I have concerns before recommending the final publications. As the other referee
suggests and even the authors admit, the technique needs evaluation versus other
instrumentation that provide accurate PM2.5 measurements.
Authors must provide at least an intercomparisons of low-cost sensors with reference
instrumentation and provide a plan for future evaluations of the methodology in places with
more advanced instrumentation.
Thank you for this comment. We cite in the paper previous inter-comparisons of the OPC-N2 we
used with reference equipment elsewhere. Specifically, we note:
“Sousan et al. (2016) discuss the accuracy of these [OPC] count measurements in detail, and
note that they agree well with reference instrument measurements for coarser particles (> 0.78
μm in diameter), but underestimate the particle counts for finer particles.”

As Nairobi did not have a reference monitor at the time of the OPC deployment, it is impossible
for us to do such an inter-comparison within the current study.
Specifically, we say:
“Co-locating the OPC with a reference monitor to obtain high-quality PM data would be required
to calibrate the raw OPC measurements and distinguish the signal from noise directly. However,
this would be costly and possibly time-consuming (Castell et al., 2017; Rai et al., 2017). Due to
limited resources, and lack of access to a reference monitor, we were unable to co-locate our
low-cost sensors with a reference monitor in Nairobi at the time of the experiment. As such, we
rely primarily upon the more robust raw particle counts per size bin reported by the monitors,
rather than the reported PM2.5.”
We agree that this is a limitation, and we make this clear in the paper. As also stated in the
paper, we need to repeat this experiment under more ideal conditions; we enumerate the key
improvements required in the Discussion section of our paper.
I have also other concerns: With the hypothesis related to MISR retrievals and aerosol vertical
distribution, why not doing intercomparisons directly with MERRA-2 data? What are the
peculiarities of Alphasense OPC versus other low-cost sensors?
The MISR data have been extensively validated, and the Research Algorithm results for particle
properties, in particular, are among the best available. Comparing the MISR results directly with
MERRA-2 in a meaningful way for the current application would require assuming the massextinction efficiency (MEE) of the particles, which is uncertain to factors of three or more.
It is difficult to follow the methodology section. At least a Flow chart is needed.
Thank you. We have included the flow-chart below at the beginning of the Methods section.

Also, I get confused in the intercomparisons because you make mention to number
concentration in MISR and mass concentration with the sensors. That must be clarified. The
results section is not clear. Much information from the supplement must be included in the paper
as supplement seems an independent paper.
The optical measurements from MISR allow us to derive column AODs and particle size
distributions. Given the vertical aerosol distribution constraints from reanalysis, we can deduce
particle number concentrations.
The PM2.5 criteria pollutant is technically the mass of near-surface particles with diameter <2.5
μm. The OPC-N2 also makes optical measurements. The proprietary software from the
company assumes particle density, in order to convert the number concentration of aerosols
each size bin to a mass concentration. Thus, we assume particle density as well, to compare
the MISR result with the OPCs.
Regarding the Supplement, based on other reviewer comments, we make a clear distinction
between the presentation of the Method, appropriate for the AMT journal and given in the main
paper, and the Nairobi experiment, which represents a loose demonstration of the method, but
not a validation. Given the limitations of the Nairobi data for validating the method formally, we
include that analysis in the Supplement. This keeps the work available to interested readers,
but avoids leaving any impression that the Nairobi experiment in itself should be considered an
adequate test of the method.

Minor concerns: Line 46: Latest development in technology has reduced the cost of accurate
instrumentation. Please, be careful
Thank you. We have changed this sentence to read:
“This is because air quality monitoring equipment tends to be costly to purchase (capital costs
are in the range of several thousand of US dollars) and maintenance, and data processing
and analysis requires additional expertise and resources (deSouza, 2017; Kumar et al., 2015;
Mead et al., 2013).“
Line 73: Be aware that new satellites are improving the spatial resolution
Thank you for this note
Line 110: Please, add references.
Thank you. We have included a reference
Line 212: What uncertainties are you referring to?
The uncertainties in MISR-retrieved aerosol particle properties are assessed based on the
range of particle size, SSA, and fraction non-spherical values among the aerosol mixtures from
the algorithm climatology that pass the acceptance criteria (Kahn and Gaitley, 2015). There is
additional uncertainty due to any limitations in the range of particle types in the assumed
climatology, though the MISR Research Algorithm has an especially rich climatology (Limbacher
and Kahn, 2014).
We have added this information to line 212.
Please check Lines 244-245: Why do you need gases from GEOS-Chem? Please avoid
unnecessary information because paper is already too long.
Thank you we have deleted this information
Lines 353-354: AOD is by definition over the vertical, so your definition is not correct. Are you
referring to aerosol optical thickness? Please correct.
We have modified the text in the paper to read:
By definition, AOD558 is proportional to [the number concentration of aerosols] x [the extinction
area of each particle at 558 nm wavelength] x [the path over which AOD is assessed (which for
MISR is the entire column. Here, we scale the AOD to provide the near-surface component
residing in the lowest layer of the GEOS-Chem model, which is 130 meters vertically)].
Lines 442-448: Here is what I do not understand about particle density. Why do you need that?

Particle density is required to relate the particle volume, which is constrained optically from
MISR, with particle mass, which is measured by the OPCs. (See our previous answer to this
question)
Results: I do not understand what do you mean about Analysis 1, 2, 3, 4 y 5 Tables 1 and
Tables 2 need further explanations.
Table 1 provides the successful co-incident MISR retrievals corresponding to each surface site
for the duration of the experiment. MISR retrievals where the total AOD >=0.15 (indicating a
favorable retrieval where MISR is able to distinguish between 3-5 bins in column-effective
particle size) are highlighted.
In the text we add:
“Table 1 shows the near-surface AOD for the Nairobi data obtained from the vertically scaled
MISR Research Algorithm results for aerosol components 1,3,6,19 and 21, as well as that for
the aerosol group comprised of components 2,8 and 14, using the standard universe of 74
mixtures. Near-surface values were obtained by scaling total-column AOD based on GEOSChem simulated aerosol vertical distributions. The 10 highlighted rows correspond to
observations that have a MISR total AOD (sum of the AOD of the eight MISR aerosol
components) > 0.15. The corresponding surface PM2.5 from the ground-based OPC for the 10
favorable MISR retrievals is also presented.”
And elsewhere:
We have performed multiple analyses making different assumptions, to explore the range of
impacts these choices have on the results. The different analyses are summarized here:
1) Analysis 1: We only consider observations from MISR, for all MISR aerosol components
except for component 21
2) Analysis 2: We only consider observations from MISR, for all components except for
components 1 and 21
3) Analysis 3: We consider the scaled MAIAC AODs for all MISR components except 21
4) Analysis 4: We considered scaled MAIAC AODs for all components except 1 and 21
5) Analysis 5: We considered scaled MAIAC AODs where the total MAIAC AOD >= 0.15,
for all components except 1 and 21”
In order to make this clearer, we have reorganized the section 4.1 to read as follows:
“4.1.1 Only MISR retrievals considered (Analyses 1 and 2)
For all regression analyses we excluded MISR component 21 as the AOD retrieved for this
component is 0.
In Regression Analysis 1, we included the remaining MISR components. Not all of the
coefficients in the regression are significant, and some are negative. Each coefficient in the
regression represents the total number concentration of the respective aerosol group, which
physically cannot be negative. However, it is possible for a statistical weight to be negative, as
the regression approach aims to formally match the retrieved values with available
observations, and there can be aerosol components and mixtures missing from the MISR
algorithm climatology (Kahn et al., 2010). As such, leveraging from the better-fitting

components can skew the coefficients for other particles negative. Provided the negative
weights are small compared to the dominant retrieved components, the negative values
represent noise in the results. This can apply to components 1 and 8 that are often retrieved in
relatively small quantities, as well as to component 19, a dust optical analog, that very likely
does not match actual dust in the region. Moreover, MISR component 1, with re=0.06 μm, is
well below the OPC lowest size sensitivity limit.
Regression Analysis 2 was thus run without component 1 and 19.
The results of regression Analyses 1 and 2 are given in Table 2. Figure 2 shows the particle
size distributions (dN/dlnD) from the air quality monitors obtained for all relevant ground-based
observations, superimposed on the size distributions derived from the regression analysis
results of Analysis 2. The derived size distributions from each instrument are quite well matched
in nearly all cases, despite the assumptions involved. The Nairobi aerosol has a size distribution
that is sampled by MISR. The large-end tail is sampled by the OPCs, and our method uses the
region of size-overlap to perform the particle-size scaling, The results in Figure 2 indicate that
the two instruments are in fact sampling parts of the same particle size distribution. For Analysis
2, the adjusted R squared is 0.82.
4.1.2 Using scaled-MAIAC retrievals (Analyses 3, 4, and 5)
To increase satellite sampling, we repeated the regression analysis by scaling MAIAC AODs
using the monthly effective MISR aerosol component AOD fractions (Steps 2e and 2f). We have
1712 MAIAC AOD retrievals that fall within a radial distance of 1.6 km of a ground-station.
However, there are only 10 favorable MISR particle property retrievals, on three unique days.
Using the MISR component AOD values to parse the MAIAC total-AOD, even on a monthly
basis, leaves 304 MAIAC retrievals on 20 unique days (Figure S6 in Supplementary
Information). Yet this provides about 30 times as much data as the MISR data alone.
Like Analysis 1, Analysis 3 includes all MISR aerosol components, but was run using the scaled
MAIAC dataset. We also ran Analyses 4 and 5 with the MAIAC data, this time excluding MISR
components 1 and 19. For Analysis 5, we further restricted the MAIAC retrievals to those with
the total AOD ≥ 0.15 (85 MAIAC AODs), to ensure that near-surface aerosols dominate in this
analysis. The adjusted R squared for Analysis 5 is 0.76. When we used MAIAC AODs at a
radial distance of 1 km and 0.5 km from each site (instead of 1.6 km), repeating Analysis 5,
yielded adjusted R squared values of 0.77 in both cases. This suggests that our results are
robust to the radius considered.
The results for the five analyses are given in Table 2. All the coefficients for the remaining
aerosol groups included in Analyses 2, 4 and 5 are positive and statistically significant (p-value
almost equal to, or less than 0.05).”
Anonymous Referee #3
General comments It is not clear the general scope of the manuscript. it seems that an older
draft has been readapted for new purposes. From the title I would expect that the performances
of new low-cost sensors in monitoring aerosols are assessed and supported by satellite
measurements. Rather, the satellite observations are needed to improve low-cost sensor
performances and extend its measurement range. This is pretty unusual. Usually it is the other
way round. Satellite observations are at much coarser resolution.

We appreciate that the reviewer grasps the novelty of our method. The purpose of the
manuscript is to develop a novel technology to use the size distribution from the low-cost OPCN2s to constrain the measurements from MISR (which provides stable and consistent size
resolved information over time) for the aerosol size range which is visible to both instruments.
As the OPC-N2s cannot reliably detect particles of sizes smaller than 0.38 μm, we use the
constrained MISR size-resolve information to improve the OPC estimates.
The low-cost OPCs have well known limitations, and we present an approach that uses MISRretrieved particle properties to address some of those limitations. For this application, the MISR
Research Algorithm aerosol data offer sufficiently high spatial resolution (1.1 km pixels). They
can provide meaningful information over any large urban area, as has been demonstrated
previously in papers; for example, Patadia et al. (2012) applied the MISR RA results over
Mexico City.
The authors are however aware that considering the monthly effective fraction doesn’t make so
much sense. In-situ measurements can catch a variability that is order of magnitude higher.
Right. However (1) the only in situ data available for the Nairobi experiment are from the OPCs,
which we use to the extent possible, and (2) the Nairobi experiment itself has many issues,
which we enumerate. In particular, the low-latitude location of the city, and the generally low
AOD during the study period, limit the number of available, good-quality MISR observations.
This is the best we can do with the current data, and is one reason why the experiment is
relegated to Supplemental Material: to make a clear distinction between the presentation of the
method in the main text, appropriate for the AMT journal, and the Nairobi experiment, which
represents a loose demonstration of the method and not a validation. This is also why we
enumerate the limitations of that experiment, and why we call for a future experiment that
addresses these limitations.
With the planned deployment of MAIA, which can provide retrievals at a much higher temporal
resolution, this limitation can be addressed in future experiments. We note this in the
Conclusions of the main document. Specifically, we say:
“We hope with the increasing focus on air quality (e.g., the expansion of the SPARTAN network,
Weagle et al., 2018), broader application of low-cost monitoring can occur. Further, the planned
MAIA instrument (expected launch year: 2022), like MISR, will be able to provide sizeresolved information about aerosols from space for a subset of cities at higher temporal
resolution (Diner et al., 2018). As such, it should better capture the variability in aerosol
type, and the data can be incorporated into our methodology. “
Moreover, OPC can’t detect aerosols with a diameter smaller than 0.38 micrometers. Exhaust
and combustion aerosol size is much lower that that value.
We are of course aware of that too, and we say so in Section 2.1 of the paper. The key here is
that the aerosol in Nairobi has a size distribution that is sampled by MISR, and the large-end tail
of which is sampled by the OPCs. We use the region of size-overlap to perform the particle-size
scaling, and the result is given in Figure 1 of the paper. Despite the limitations, the results are

quite reasonable, which indicates that the two instruments are in fact sampling parts of the
same particle size distribution.
In the paper some statements are not state-of-the-art and should be corrected. Technology
made progress in the last years and cheaper reliable instruments are available nowadays. This
reminds the observations stated in the first comment.
Thank you. We have altered our estimates of how much a reference monitor costs:
“This is because air quality monitoring equipment tends to be costly to purchase (capital costs
are in the range of several thousand of US dollars) and maintenance, and data processing
and analysis requires additional expertise and resources (Kumar et al., 2015; Mead et al.,
2013).“
The presented methodology might be interesting, but the same experiment should be repeated
where lidar and sun-photometer measurements are available. Why developing a technique in a
place where it cannot be properly validated ? There is an agreement between MISR-MAIAC and
in-situ sensor, but this tells us nothing if the retrievals are accurate I would perform the same
analysis at NASA Goddard to prove true those claims.
The MISR AOD and Research Algorithm particle properties have been validated extensively in
previous papers cited in the current paper in section 2.2.1. There would be no point in repeating
that work here.
When the Nairobi experiment was designed and performed, its effectiveness and its limitations
were not known. The current paper represents an effort to develop a technique that makes use
of low-cost sensors for meaningful air quality monitoring. In the process of developing this
technique and applying it to the Nairobi data, we identified the limitations of the Nairobi
experiment very specifically in Section 4.3. This puts us in a position to at least propose an
experiment that addresses the limitations, can be used to formally validate the technique, and
we hope, be applied more widely, especially where air quality monitoring is very limited or
entirely absent due to the high cost of reference monitors.
Specific comments identified by the reviewer in the Supplemental Information:
Line 33: In the Abstract we say:
“We thus identify factors that will reduce the uncertainty in this approach for future experiments.”
The reviewer notes: “There is not ground truth observations to assess the uncertainty”
We agree with you, that in the future we need to repeat our experiment with better ground-truth
observations. We spell out what these improvements should be in Section 4.3, where we stress
the importance of repeating the experiment with co-location with a reference monitor, and with a
surface lidar instrument.
Line 45-48: The reviewer notes that we overestimate the price of a reference monitor
Thank you. We have modified the text, see our previous answer.

Line 55: One of the major drawbacks of using the lower-cost sensors is that no standards or
certification criteria exist for these instruments yet, and consequently, the quality of the data
they produce is of special concern
The reviewer notes re the term special concern: still, this statement is strong. Low-cost
instruments also assure quality measurements. Carotenuto, F.; Brilli, L.; Gioli, B.; Gualtieri, G.;
Vagnoli, C.; Mazzola, M.; Viola, A.P.; Vitale, V.; Severi, M.; Traversi, R.; Zaldei, A. Long-Term
Performance Assessment of Low-Cost Atmospheric Sensors in the Arctic Environment. Sensors
2020, 20, 1919.
Cavaliere, A.; Carotenuto, F.; Di Gennaro, F.; Gioli, B.; Gualtieri, G.; Martelli, F.; Matese, A.;
Toscano, P.; Vagnoli, C.; Zaldei, A. Development of Low-Cost Air Quality Stations for Next
Generation Monitoring Networks: Calibration and Validation of PM2.5 and PM10 Sensors.
Sensors 2018, 18, 2843.
Thank you, we have modified the sentence to read:
“One of the major drawbacks of using the lower-cost sensors is that no standards or certification
criteria exist for these instruments yet, and consequently, the quality of the data they produce is
of concern, although the performance of such instruments has been improving
(Carotenuto et al., 2020; Cavaliere et al., 2018; EPA, 2016; Lewis and Edwards, 2016)”
Line 73: The reviewer says “I doubt that low cost instruments can be effective in aerosol speciation”
Thank you. In this line we were referring to challenges of using satellite-derived AOD
information and were speaking of MISR’s ability to discriminate between the different aerosol
components. We do not believe that low-cost sensors can discriminate between aerosol types.
We only use the ability of the OPC-N2s to report particle number concentrations in different size
bins in detailing this method.
We copy the entire paragraph here for context:
“Among the main challenges in using satellite-derived AOD for this application are:
(1) The low temporal frequency of measurements from polar-orbiting instruments (i.e., at most,
about once daily for MODIS, and between two and nine days for MISR, depending on latitude)
compared to diurnally varying pollution levels in many settings
(2) Inaccuracies introduced in satellite aerosol retrieval algorithms by uncertain aerosol and
surface optical properties
(3) The relatively coarse retrieval-product spatial resolution and aerosol species discrimination
(4) Inability to retrieve aerosol in the presence of cloud cover, and possible sub-pixel cloud
contamination elsewhere (Duncan et al., 2014; Martonchik et al., 2009).
(5) The relationship between satellite-derived AOD and PM2.5 is not straightforward. AOD is the
integral of atmospheric optical extinction from the surface to the top of the atmosphere under
ambient temperature and humidity conditions, whereas PM2.5 is the near-surface aerosol mass
concentration of dry particles with diameters < 2.5 μm. The relationship depends upon the aerosol
vertical distribution, hygroscopic growth factor, mass extinction efficiency, and ambient
atmospheric relative humidity profile (Gupta et al., 2006). The relationship is also time dependent
and can vary across typical satellite grid-cells (Engel-Cox et al., 2004; Hu, 2009; Lee et al., 2011).”

Line 98: The reviewer notes to detail the full acronym SPARTAN
Thank you, we have reported the full name
“To respond to this challenge, the Surface PARTiculate mAtter Network (SPARTAN) network”
Line 99: The reviewer notes: “also 7-SEAS NASA mission aims to setup permanent and mobile
stations in wild and difficult accessible regions to monitor aerosols as shown in
https://www.atmos-chem-phys.net/16/14057/2016/”
Thank you for this information! We see that the measurements for this mission are made by a
cruise ship. Although we think such maritime measurements are exceedingly important, we see
the most important use of our methodology for measuring PM2.5 concentrations over land, where
people live.
Line 140: The reviewer notes that our characterizing of the OPC-N2 as unique is not fully true
because many other sensors exist.
Thank you for this note. Although many other low-cost sensors exist, the OPC-N2 is the only
low-cost sensor (< USD $500) that has been shown to provide size resolved information- within
a specific diameter range with any kind of accuracy. We note this in the text.
Line 261: The reviewer notes that our use of monthly effective fraction of each MISR component
AOD to scale the more frequent MAIAC AODs is wrong. The reviewer again points this out for
line 285
Please see our previous response

The manuscript with the highlighted changes is presented on the next page
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Abstract:
Poor air quality is the world’s single largest environmental health risk, and air quality monitoring is crucial for
developing informed air quality policies. Efforts to monitor air pollution in different countries are uneven, largely
due to the high capital costs of reference air quality monitors (AQMs), especially for airborne particulate matter
(PM). In sub-Saharan Africa, for example, few cities operate AQM systems. It is thus important to examine the
potential of alternative monitoring approaches. Although PM measurements can be obtained from low-cost optical
particle counters (OPCs), data quality can be an issue.
This paper develops a new method using raw aerosol size distributions from multiple, surface-based low-cost
Optical Particle Counters (OPCs) to constrain the Multi-angle Imaging SpectroRadiometer (MISR) componentspecific, column aerosol optical depth (AOD) data, that contain some particle-size-resolved information. The
combination allows us to derive surface aerosol concentrations for particles as small as ~0.1 μm in diameter that
MISR detects but are below the OPC detection limit of ~0.5 μm. As such, we obtain better constraints on the nearsurface particulate matter (PM) concentration, especially as the smaller particles tend to dominate urban pollution.
We test our method using data from five low-cost OPCs deployed in the city of Nairobi, Kenya, from May 1
2016 to March 2 2017. As MISR passes over Nairobi only once in about eight days, we use the size-resolved MISR
AODs to scale the more frequent Moderate Resolution Imaging Spectrometer (MODIS)-derived AODs over our
sites. The size distribution derived from MISR and MODIS agrees well with that from the OPCs in the size range
where the data overlap (adjusted-R2 ~0.80). We then calculate surface-PM concentration from the combined data.
The situation for this first demonstration of the technique had significant limitations. We thus identify factors that
will reduce the uncertainty in this approach for future experiments. Within these constraints, the approach has the
potential to greatly expand the range of cities that can afford to monitor long-term air quality trends and help inform
public policy.

Key words: MISR, MODIS, MAIAC, aerosol optical depth, low-cost air quality monitor, particulate matter, Nairobi,
public health

1 Introduction
Near-surface particulate matter (PM), airborne particles, also known as aerosol, is a major pollutant that affects air
quality, and many countries are taking measures to decrease PM levels. However, efforts to monitor air pollution in
different countries are uneven. In sub-Saharan Africa, for example, few countries operate air quality monitoring
systems, and most countries lack any air quality monitoring capabilities at all, even though the limited observations
that do exist show PM levels harmful to human health (Petkova et al., 2013). This is because air quality monitoring
equipment tends to be costly to purchase (capital costs are in the range of several thousand of US dollars) and
maintenance, and data processing and analysis requires additional expertise and resources (deSouza, 2017; Kumar et
al., 2015; Mead et al., 2013).
Given this context, other technologies, such as low-cost air quality sensors and satellite imagery, are being examined
as alternative means of monitoring air quality. Low-cost air quality sensors, usually costing less than $2,000
(Morawska et al., 2018), have the potential to move us from a paradigm of high-cost, highly accurate, sparse reference
air quality monitoring to low-cost, more widely available air quality monitoring networks. One of the major drawbacks
of using the lower-cost sensors is that no standards or certification criteria exist for these instruments yet, and
consequently, the quality of the data they produce is of concern (Carotenuto et al., 2020; Cavaliere et al., 2018; Lewis
and Edwards, 2016; US EPA, 2016).
Satellite imagery, in particular space-based aerosol datasets derived from the NASA Earth Observing System’s
Moderate Resolution Imaging Spectrometer (MODIS) and Multiangle Imaging Spectro-Radiometer (MISR), have
also been used to estimate near-surface particulate matter concentrations from the retrieved total-column aerosol
optical depth (AOD), with the help of aerosol transport modelling (e.g., Liu et al., 2007; Martin, 2008; van Donkelaar
et al., 2010). The advantages of satellite technology for air quality monitoring arise from the spatially extensive
measurements over time (2000-present for MISR and MODIS), and include global coverage, instrument calibration
stability, and the low incremental cost of data acquisition.
However, the challenges of using these datasets for air-quality applications are also considerable. Among the main
challenges in using satellite-derived AOD for this application are:
(1) The low temporal frequency of measurements from polar-orbiting instruments (i.e., at most, about once daily for
MODIS, and between two and nine days for MISR, depending on latitude) compared to diurnally varying pollution
levels in many settings
(2) Inaccuracies introduced in satellite aerosol retrieval algorithms by uncertain aerosol and surface optical properties
(3) The relatively coarse retrieval-product spatial resolution and aerosol species discrimination
(4) Inability to retrieve aerosol in the presence of cloud cover, and possible sub-pixel cloud contamination elsewhere
(Duncan et al., 2014; Martonchik et al., 2009).
(5) The relationship between satellite-derived AOD and PM2.5 is not straightforward. AOD is the integral of
atmospheric optical extinction from the surface to the top of the atmosphere under ambient temperature and humidity

conditions, whereas PM2.5 is the near-surface aerosol mass concentration of dry particles with diameters < 2.5 μm.
The relationship depends upon the aerosol vertical distribution, hygroscopic growth factor, mass extinction efficiency,
and ambient atmospheric relative humidity profile (Gupta et al., 2006). The relationship is also time dependent and
can vary across typical satellite grid-cells (Engel-Cox et al., 2004; Hu, 2009; Lee et al., 2011).
Some recent studies that apply models to derive near-surface PM2.5 from satellite AOD measurements combine AOD
with ground-based PM2.5 measurements from reference air quality monitors. Many early methods derived simple
empirical relationships between PM2.5 and AOD (Engel-Cox et al., 2004; Wang and Christopher, 2003; Zhang et al.,
2009). More advanced approaches applied chemical transport models to derive near-surface PM2.5 from the totalcolumn aerosol optical depths of different aerosol components, which can be done, e.g., using model-simulated aerosol
vertical distribution and aerosol-type constraints from MISR (Friberg et al., 2018; Liu et al., 2007; Patadia, 2013).
Many studies have focused on continental US due to the extensive surface measurements available for model
validation (Al-Saadi et al., 2005; Liu et al., 2005; Tai et al., 2010). Gupta et al., (2006) were among the first to examine
the derivation of PM2.5 from AOD in cities on different continents: Sydney, Delhi, Hong Kong and New York. van
Donkelaar et al., (2010) used the GEOS-Chem model to determine the scaling factors between AOD and PM2.5 for the
entire globe. Because the AOD-PM2.5 relationship varies by region and season, it is particularly important to test
existing models, and modify them appropriately in the data-sparse regions of the world.
To respond to this challenge, the Surface PARTiculate mAtter Network (SPARTAN) network is adding numerous
reference-grade surface stations in poorly sampled areas, to evaluate and enhance satellite-derived PM results (Snider
et al., 2016; Weagle et al., 2018). Given that it is unlikely many cities will have access to reference air quality
monitoring instruments due to their high cost, it is important to start examining the fusion of data from low-cost air
quality monitors with that from satellites, and to develop insights from the combination of these measurements. This
paper represents the first attempt, to the best of our knowledge, to do so.
Part of the challenge of attempting to combine these datasets is that low-cost air quality monitors on the market are
not very reliable, and their measurements tend to be much less accurate than reference monitors (Lewis and Edwards,
2016). Many PM monitors, termed Optical Particle Counters (OPCs), measure particle counts instead of particulate
mass, and do so reliably only for particles within certain diameter ranges. For example, assumptions about particle
density as well as the number of ultrafine particles not sampled by these instruments must be made to convert the
particle counts to PM2.5 (Hagan and Kroll, 2020). These assumptions introduce additional uncertainties into the results.
This paper presents a novel method linking the size-resolved information in MISR AOD component-specific retrievals
with the ground-based aerosol size distribution derived from the raw particle counts of surface-based OPCs. As MISR
passes over countries near the equator only once in about 8 days, we use monthly-MISR aerosol climatology to scale
the more frequent (twice-daily near the equator) MODIS-derived AOD.

As a first attempt at testing the method, we apply it to five Alphasense OPC-N2 low-cost monitors1 deployed from
May 2016 to March 2017 in Nairobi, a growing metropolitan area in sub-Saharan Africa. The Nairobi case entails
some important limitations for the current application; the AOD over the region was relatively low, there were no
independent measurements of aerosol vertical distribution or any surface-based, high-quality reference air quality
monitors to help with validation. However, it is the only location where we have a significant record of coincident,
ground-based low-cost OPC data. As such, we have to make assumptions in this first demonstration of the technique,
which we detail, and mitigate to the extent possible, in this paper.
Section 2 provides an overview of the ground-based and satellite datasets involved in this study, as well as the model
simulations used to constrain the aerosol vertical distribution. Section 3 describes in detail the method we developed
for combining the surface and satellite data. Section 4 contains the results of applying this method in Nairobi. Our
conclusions appear in section 5, where we also summarize the factors that will reduce the uncertainties involved in
combining data from low cost monitors with satellite observations in future deployments.

2 Data
2.1 Ground-Based measurements:
The Alphasense OPC-N2 monitor is a low-cost Optical Particle Counter, costing USD $450, that works by using
focused light from a (~ 5V, 175 mA, 658 nm) laser to illuminate one aerosol particle at a time, and then measuring
the intensity of light scattered. The amount of scattering is a function of the size, shape, and composition of the aerosol,
and especially for spherical particles such as those most likely to dominate in the study region, the measurements can
be calibrated using monodisperse particles of known size (Sousan et al., 2016). The Alphasense OPC-N2 is unique
among low-cost sensors as in addition to PM estimates, it reports the raw particle counts in 16 bins based on particle
diameter, ranging from 0.38 μm to 17.5 μm, which is critical to our method. The bins are tabulated in Table S1 in
Supplementary Information. Sousan et al. (2016) discuss the accuracy of these count measurements in detail, and note
that they agree well with reference instrument measurements for coarser particles (> 0.78 μm in diameter), but
underestimate the particle counts for finer particles.
As the OPCs cannot detect particles with diameters < 0.38 μm, Alphasense provides software to extrapolate the particle
counts, as needed to estimate the contribution from aerosols having diameters < 0.38 μm. The number of particles per
volume of air in all bins can be obtained by dividing the particle counts of each bin by the flow rate and sampling
duration. The Alphasense company proprietary data reduction algorithm makes assumptions about the particle density
and volume of aerosols in each bin to calculate PM1, PM2.5 and PM10 data from the particle count data.
Details about the Nairobi OPC deployment can be found in section S1.1 in Supplementary Information.
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2.2 Satellite Data
Although passive remote sensing has significant limitations for air quality applications at present, it offers substantially
more frequent, global-scale aerosol constraints than any other measurement technique. Starting in December 1999,
the National Aeronautics and Space Administration (NASA) launched a series of Earth Observing System satellite
sensors, including the two instruments we use in this experiment: the Multiangle Imaging SpectroRadiometer (MISR)
on board the Terra satellite (Diner et al., 1998), and two Moderate Resolution Imaging Spectroradiometer (MODIS)
sensors (e.g., Remer et al., (2005)), one each aboard the Terra and Aqua satellite platforms.
2.2.1 MISR Research Algorithm AOD and Particle Properties
MISR is one of five instruments aboard the Terra satellite. It measures sunlight reflected from Earth in each of nine
cameras pointed at different view angles, from +700 through nadir to -700 along the satellite flight path, in each of four
spectral bands (446, 558, 672 and 866nm) (Diner et al., 1998). This multi-angle design allows MISR to observe the
atmosphere through effective slant path ranging from one (i.e., vertically down) to three (i.e., at steep forward and aft
angles). This geometry produces scattering angles between the sun and viewing vectors ranging from approximately
600 to 1600 in mid-latitudes. The combination of multi-spectral and multi-angular observations provides information
about aerosol amount and microphysical properties, such as particle size and shape (Kahn et al., 2001; Kahn and
Gaitley, 2015).
MISR algorithms retrieve aerosol properties by selecting from among the optical models for an assumed set of aerosol
component mixtures. A “component” is a candidate aerosol type of specified, uniform composition and size
distribution. The top-of-atmosphere reflectances simulated for each mixture are calculated and compared with the
corresponding MISR observations, to determine the mixtures that fit the data within certain acceptance criteria; these
are reported by the algorithm as the “successful mixtures” likely to be present (Diner et al., 2005; Limbacher and
Kahn, 2014; Martonchik et al., 2009). Each mixture contains up to three individual aerosol components, where the
percent contributions of all the components to the mixture mid-visible AOD sum to 100%.
The MISR Standard Aerosol retrieval algorithm uses a universe of 74 mixtures. The eight aerosol components in the
MISR Standard Version 22 and 23 products are labelled: 1, 2, 3, 6, 8, 14, 19, and 21 as reported in Tables 1 and 2 in
Kahn and Gaitley (2015) and reproduced in Table S3 in Supplementary Information. The components are named
based on single-scattering albedo (SSA): light-absorbing or non-absorbing, particle shape: spherical, non-spherical
grains or spheroids, and effective radius. Under favorable retrieval conditions (e.g., when total-column mid-visible
AOD exceeds about 0.15 or 0.2), the MISR algorithm is able to distinguish between three and five bins in columneffective particle size (Kahn and Gaitley, 2015).
The spectral extinction coefficients for each aerosol component are included in the MISR Aerosol Physical and Optical
Properties (APOP) file, available from the NASA Langley Research Center (LARC) Atmospheric Sciences Data
Center (ASDC)2. The MISR Standard aerosol data product provides AOD values and success flags: (i.e., whether a
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mixture is an adequate fit to the observations to be considered a “successful” match) for each aerosol mixture, based
on estimated measurement uncertainties.
In this paper, we use the MISR Research Aerosol retrieval algorithm (RA; Limbacher and Kahn, 2014; 2017) applied
to MISR Level 1B2 radiance data, to derive AOD estimates for the eight MISR aerosol components. The RA can be
run with different sets of aerosol components, including the 74-mixture set used in the MISR Standard Algorithm, and
reports column-effective aerosol properties at any desired spatial resolution down to the MISR pixel resolution of 1.1
km x 1.1 km. In addition to producing results at a finer spatial resolution than the MISR Standard aerosol product, the
RA also offers significantly better MISR aerosol retrieval results for air quality and other applications because of
empirical calibration corrections(Limbacher and Kahn, 2015), better treatment of surface boundary conditions, and
other refinements (Limbacher and Kahn, 2017, 2014, 2019).
Data from MISR on its own rarely contains more detail than qualitative particle size and shape, so particlecomposition-related information that could be used to distinguish different sources or to assess particle moisture
content is lacking, except where detectable differences in other parameters, such as particle shape (e.g., non-spherical
dust vs. spherical smoke or pollution particles) and particle light-absorption (e.g. “dirty” vs. “clean”) make these
distinctions possible (Kahn et al., 2001; Kahn and Gaitley, 2015; Liu et al., 2007). MISR aerosol-type retrieval
uncertainty, based on the range of particle size, single scattering albedo (SSA), and the fraction of non-spherical values
among the aerosol mixtures from the algorithm climatology, is assessed generally by Kahn and Gaitley (2015), and
we rely on these results to indicate the expected uncertainties here. Specifically, we enforce a lower bound of 0.15 on
mid-visible AOD for accepting MISR-retrieved particle size distributions. We assume that the aerosol components
follow log-normal size distributions, and extract the size distribution of the MISR aerosol components at diameters
ranging over the MISR size-detection range of about 0.1-3 μm.
For more details of the MISR data over the OPC-N2s in Nairobi refer to section S1.2.1 in Supplementary Information.
2.2.2 MODIS MAIAC AOD
MODIS samples every location on the globe about twice a day, but lacks particle size information (e.g., Levy et al.,
2013). As aerosol type appears to be fairly constant on monthly timescales, we scale the MODIS-MAIAC (MultiAngle
Implementation of Atmospheric Correction) AOD retrieval product (Lyapustin et al., 2011a; Lyapustin et al., 2011b),
with available, particle-size-resolved AOD from MISR over each month.
MODIS has 36 spectral channels, designed to provide a wide variety of biogeophysical information. Unlike MISR,
which uses near-simultaneous, multiangle observations for aerosol-surface retrievals, MODIS offers single-view,
broad-swath, multi-spectral data. The MAIAC algorithm applies image-based processing techniques to analyze
MODIS time-series, i.e., multiple views of each surface location, in different parts within the MODIS swath (and
therefore different view-angles), acquired over a sliding, 16-day orbit-repeat cycle. This non-coincident multi-angle
approach produces cloud detection, AOD and atmospheric correction over both dark vegetated land and a range of
brighter surfaces, at 1 km x 1 km resolution (Lyapustin et al., 2012). Compared to operational MODIS retrievals,

MAIAC AOD has similar accuracy over dark and vegetated surfaces, and higher accuracy over brighter surfaces
(Lyapustin et al., 2011a; Lyapustin et al., 2011b).
For details about MAIAC AOD over Nairobi during the study period, refer to Supplementary Information section
S1.2.2
2.3 GEOS-Chem Aerosol Vertical Scaling
GEOS-Chem simulations were used in our study to provide a constraint on the vertical distribution of the aerosols,
because AOD from the satellites is a column-integrated quantity, whereas PM2.5 is assessed near-surface. The GEOSChem model is driven with GEOS-5 assimilated meteorology from the NASA Global Modelling and Assimilation
Office (GMAO) at 0.50 x 0.6670 horizontal resolution (Bey et al., 2001). The model is nested over the African continent
and boundary conditions are from a global simulation at 20 x 2.50. Open fire (biomass burning) emissions are from
GFED4 (van der Werf et al., 2010). Inventories of anthropogenic emissions in Africa include DICE-Africa for cars,
motorcycles, traditional biofuel use (fuelwood, charcoal, crop residue), charcoal production, ad hoc oil refining,
backup generators, kerosene use, and gas flares (Marais and Wiedinmyer, 2016). Pollution from industrial and ongrid power generation are from EDGARv4.2 for SO2, NOx, and CO (EC-JRC/PBL, 2011), RETROv2 for VOCs
(Schultz et al., 2007), and (Bond et al., 2007) for black carbon (BC) and organic carbon (OC). Detailed gas and aerosol
chemistry are described by (Mao et al., 2013, 2010).
Details about the model simulations we used for the Nairobi case, as well as our attempts to validate the vertical
distribution of aerosol obtained from the GEOS-Chem model, are provided in section S1.3 in Supplementary
Information.

3 Methodology
Our approach uses the size distribution of the aerosol components from MISR retrievals to constrain the size
distribution derived from low-cost OPCs. The satellite size distribution data is encoded in the fractional contribution
of each MISR component AOD to the total MISR AOD. We use the ‘monthly’ effective fraction of each MISR
component AOD to scale the more frequent MAIAC AODs, yielding AOD values parsed out for the individual
MISR components on a more frequent basis. In particular, the constraint on the aerosol size distribution from MISR
remote-sensing data is especially important for particles with diameters < 0.54 μm, which the OPC cannot detect.
Obtaining an understanding of the size distribution between 0.1 and 0.54 μm allows for better estimation of PM2.5
from the combined MISR and OPC measurements. We assess the assumptions required for this analysis in Section
5.
We provide an overview of the methodology using a Flowchart (Figure 1).

3.1 Step 1: Estimate the ground-based size distribution of aerosols at each site from the Alphasense OPC-N2
monitors
We obtain the lognormal size distribution: dN/d(ln(d)), from the Alphasense OPC-N2 ground-based data, at the time
of the Terra overpass, for the diameter at the mid-point of each OPC bin using Equation 1.
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Here Dupper and Dlower are the upper and lower diameters of each OPC bin. Δn is the number of particle-counts in each
bin. N is the averaged number concentration of particles (units: #/volume of air) over the seven-minute Terra overpass.
The number concentration units derived from Equation 1 are #/ml. We thus multiply the result by 106 to convert the
number concentration from our surface monitors to Number of particles (#) /m3.
Equation 1 uses only the raw particle counts from the OPC. We do not include the first bin (0.38-0.54 μm) in this
analysis, as the error in the number concentration measurement for this bin is the highest (Sousan et al., 2016). Note
that the mode diameter of urban aerosol tends to be ~ 0.2 μm. Unfortunately, the Alphasense OPC-N2 only ‘sees’
larger aerosols. This is a key reason for combining the OPC data with the satellite retrievals. In future deployments,
other instruments that can see the smaller particles can be used.
3.2 Step 2: Estimate stable and consistent aerosol size-resolved information from satellite data
We estimate the corresponding size distribution of surface particulate matter from MISR and MAIAC AOD
information by calculating the monthly effective near-surface AOD for each of the eight MISR aerosol components.
We denote the column fractional AOD for each aerosol component (listed in Table S3 in Supplementary Information),
as AODi,k: the mid-visible AOD fraction of component i in the kth MISR atmospheric column retrieval. It is calculated
as the mixture-AOD-weighted AOD from all passing mixtures for component i in the MISR RA aerosol climatology.
Step 2a. Estimate the near-surface fraction of the satellite AOD. We estimate the fractional AOD for each aerosol
component residing in the lowest atmospheric layer of the GEOS-Chem model (up to ~ 130 meters above the surface),
by scaling the total-column fractional AOD with the simulated aerosol vertical profiles from GEOS-Chem using
Equation 2.
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Step 2b. Associate the near-surface AOD with particular aerosol species in the model. Given the difference between
the MISR aerosol components and the GEOS-Chem aerosol species, we use an approach similar to Liu et al. (2007)
to connect the two. Specifically, we sum GEOS-Chem AOD values for spherical species, SO4-NH4-NO3, OC and
BC. We then calculate the ratio of the AOD for these species in the lowest GEOS-Chem atmospheric layer to the total
columnar spherical-species AOD as the scaling factor for the MISR spherical components. For the very large spherical
(MISR aerosol component 6) and non-spherical components (MISR aerosol components 19 and 21), we use the ratio
of GEOS-Chem dust AOD in the lowest layer to the total column dust AOD (Kahn and Gaitley, 2015). Henceforth,
we refer to MISR component-specific, near-surface fractional AODs as MISR fractional AODs.
Step 2c. Derive the satellite-component size distribution contributions to specific sizes. We now obtain the particle
properties from the MISR RA needed to constrain the OPC aerosol size distribution for sizes smaller than 0.54 μm.
Depending on retrieval conditions, if the aerosol retrieval is successful, MISR is able to distinguish aerosols in about
3-5 size bins (section 2.2.1). The MISR RA uses these data to constrain a universe of possible aerosol mixtures to a
subset of components that fit the data best. Although there is uncertainty in the details of the size distribution, the
instrument provides consistent and stable retrievals over large areas and for a long period of time. Similarly, the
process of constraining the universe of MISR aerosol types present is also consistent and stable over time. The
corresponding lognormal size distribution: dN/d(ln(d)) of all the aerosol components from the satellite data is obtained
from Equations 3 and 4a.
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In Equation 3, Si(d) is the normalized size distribution of MISR aerosol component i. The representative size
parameters are, specifically, the characteristic diameter (dci) and the distribution width (σi) for each of the eight MISR
aerosol components. Note that the upper and lower diameters of each aerosol component are considered in this
analysis. Based on the retrieval algorithm assumptions, the size distribution of an aerosol component for diameters
outside the range of each component is 0. For the Nairobi cases, only small, spherical particles and medium-coarse
particles contribute significantly to the MISR-retrieved AOD (Table 2). NN-Si is the total number concentration of each
MISR aerosol component present near-surface for each observation.
The size distributions Si(D) for MISR aerosol components 2, 8 and 14 are the same (Table S3). MISR aerosol
components 2, 8, and 14 represent optical analogs of typical urban pollution with different light-absorption properties.
We rewrite Equation 4a, grouping these three components into one aggregate term in Equation 4b. Here 𝑁!"#{%,',()}
is the total near-surface number concentration of components 2, 8 and 14. The index i here runs only over the remaining
MISR aerosol components: 1,3,6,19,21.
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Importantly, the column-effective size distribution from Equation. 4b, derived from the MISR retrievals, corresponds
to the surface-measured value from Equation 1 only if the near-surface aerosol properties are representative of the
entire atmospheric column. Due to a lack of additional observational constraints, we must accept this as an assumption,
along with the corresponding uncertainty. The assumption will be favored in places where the aerosol load is
concentrated near-surface, which is common when the aerosol column is dominated by local sources. This is likely
the case for many urban regions and is supported by the high correlation between MISR or MAIAC AODN-S and OPC
PM2.5 in Nairobi when AOD > 0.15 (see section S2 in the Supplementary Information). The size distribution of the
total aerosol derived from a MISR retrieval is a sum of the size distributions of individual aerosol components, as
represented in Equation 4.
Step 2d. Formulate the satellite constraint on size-specific surface concentration so it can be regressed against the
OPC data. By definition, AOD558 is proportional to [the number concentration of aerosols] x [the extinction area of
each particle at 558 nm wavelength] x [the path over which AOD is assessed (which for MISR is the entire column.
Here, we scale the AOD to provide the near-surface component residing in the lowest layer of the GEOS-Chem model,
which is 130 meters vertically)]. In order to obtain near-surface number concentration of each aerosol component
using this physical definition of AOD, we assume a uniformly mixed, near-surface aerosol, with the AOD measured
in all cases over a vertical path through the first 130 m of the GEOS-Chem model. As shown in Equation 5, for each
aerosol component, a dimensionless proportionality constant multiplied by the AODN-S/path length (130 meters) x
spectral extinction coefficient is the number concentration of particles, summed over the path, per unit area. The
spectral extinction coefficients of each aerosol component can be found in Table S3. The near-surface number
concentration of each aerosol group is thus represented as:
For MISR aerosol components: 1,3,6,19,21:
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For the aggregate MISR aerosol group comprising of MISR aerosol components: 2, 8 and 14:
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The spectral extinction coefficients obtained from Table S3 are in units of (μm)2. To convert this to m2, we multiply
these coefficients by 10-12. The number concentration NN-Si in Equations 5a and 5b has units #/m3. Г𝑖 is a
dimensionless scaling parameter, needed to relate the modeled aerosol number concentration of each component to
the actual number concentration present from the OPC measurements. We expect this value to be a constant, because
the MISR retrievals are stable and consistent over time. We derive this parameter using the ground-based size
distribution from the OPC-N2s, in the size range where the surface instruments have sensitivity.
Step 2e. Increase the number of satellite data points by scaling MODIS AOD with MISR sizes. To increase the
satellite dataset, we use the average fractional AOD of each MISR aerosol component for a given month over a specific
site to parse the total AOD from the more frequently sampled MAIC product, using Equation 6 to represent the MISR
component fraction, and Equation 7 to calculate the corresponding MAIAC value.
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Here MISR AODN-S,month,i is the effective MISR near-surface AOD for component i over a given surface site for a
specific month of the year (obtained by averaging the available data, with the assumption of negligible change in
particle properties over the month, as discussed in Section 2.2.1), and n is the number of MISR AODi retrievals for
that month. The AOD assigned to each MISR component i, based on scaling a given MAIAC AOD retrieval, is denoted
MAIACi, For the remaining analysis, we use the scaled MAIACN-S,i instead of MISRN-S,i in Equations 5a and 5b.
Step 2f. Regress the satellite near-surface, size-constrained particle concentration constraints against the OPC
data to obtain a more complete near-surface aerosol size-concentration distribution. To appropriately link the sizedistribution from the OPCs with the MISR retrievals, we would ideally aggregate the OPC size bins in a similar way
MISR does: very small, small, medium and large, calculate the OPC size distribution at the mid-point of these bins,
and fit these size distributions with the size distribution derived from MISR. However, as the OPC has predefined
bins, we assume that for favorable retrievals, each aerosol component follows a log-normal size distribution, consistent
with the MISR algorithm assumptions. We use Equation 4 to extract the size distribution of the total aerosol from
MISR measurements that corresponds to the mid-point of each pre-existing OPC bin within its range of sensitivity.
Although the OPC counts particles for 16 diameter bins between 0.38 and 17 μm (Table S1), we perform the OPCMISR regression analysis only within the diameter range 0.54-2.55 μm for which both MISR and the OPCs have
adequate sensitivity. This corresponds to six of 16 OPC size bins, Bin 2-Bin 7 (Table S1). When we use the MAIAC
data, we still rely on the size information obtained from the MISR retrievals to represent aerosol size distribution.
We perform the regression analysis, substituting the right side of Equation 1 into the left side of Equation 4b, and
substituting the right side of Equations 5a and 5b for the two NN-Si terms on the right side of Equation 4b. We can then
evaluate the Гi, based on the relationship between the surface-monitor size distribution on the left side of this equation
(obtained from Equation 1), and the satellite values represented on the right side, for each coincident observation. The
Гi are essentially the aerosol-group-specific adjustment factors required to equate the near-surface aerosol number

concentration measured by the surface monitor with that derived from the satellite. After calculating Гi, we can
calculate NN-Si using Equations 5a and 5b.
3.3 Step 3: Calculate PM2.5 from the number concentration of the different MISR Aerosol Groups
In the final step, we calculate PM2.5 using the ‘OPC-calibrated’ aerosol size distribution from MISR. As is already
evident from the discussion above, it is not straightforward to obtain quantitative PM2.5 values from the particle size
distribution information derived from satellite passive remote sensing. Further, Alphasense uses a proprietary
algorithm to convert particle counts to dry mass. Particle counts in each of the 16 bins are multiplied by the volume
of particles under ambient conditions in each bin assuming spherical particle shape, an assumed particle density, and
a factor corresponding to the ISO respirable convention for PM2.5. Assumptions are made about the efficiency of the
instrument inlet as a function of particle size, and about the size distribution functional form, to obtain the volume of
particles within each size bin. The total is then divided by the sampling time and sample flow rate to calculate the
mass obtained per unit volume of air. Given these assumptions, we have more confidence in observed differences in
the measurements than in the reported absolute concentration values. Our interpretation of the results in the next
section proceeds with this in mind. Assuming spherical particles, the normalized volume distribution per particle for
MISR aerosol component i is:
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Note here the index i corresponds to MISR aerosol components: 1,3,6,19,21 or the aggregate group: 2, 8 and 14. In
Equation 8, vi(d) is the total normalized volume distribution of each aerosol component or group per volume of air.
The total volume of the aerosol group with diameters between d and d+Δd per volume of air is provided by V(d) in
Equation 9. NN-Si is the ambient value of the total near-surface aerosol number concentration for MISR
component/group i. The NN-Si value in Equation 9 will be the same as that derived directly from the MISR data in
Equations 5a and 5b only to the extent that the near-surface aerosol type represents the total-column aerosol type, an
assumption we make consistently in this analysis.
!ef!
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The integration of vi(d) for each aerosol component/group from 0 to a finite diameter is nontrivial. We solve this
integral numerically using Equation 10 to obtain the total volume contributed by each aerosol component per volume
of air. When doing this integration, we are careful to take into consideration the lower and upper limits on the radius
for each MISR aerosol component in each aerosol component/group.

𝑉9 (𝐷 ) = 𝑁".>9 × ∑!H(
!H5

!

(𝑣9 (56666) × 0.0001

(10)

The unit of volume (𝑉𝑖) here is (µm)3, as the unit of the diameter we use here is in µm. To calculate PM2.5 we need to
multiply the total volume of each of the eight aerosol components for particles calculated using Equation 10, by the
particle density, as shown in Equation 11.
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In this analysis, we assume the same particle density that Alphasense uses in its algorithm. We compute PM2.5 in units
of µg/m3 from the volume obtained:
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Note that the Alphasense algorithm to convert particle counts to mass is proprietary, and we do not have access to its
methodology.

4. Size-Dependent Near-Surface Particle Concentrations, Constrained by Regression
Against Satellite Data for Nairobi, Kenya
In this section we apply the method described in Section 3 above to the OPC and satellite data collected in Nairobi
from May 2016 through early March 2017. We present the results using the limited coincident MISR data and also
using the larger scaled-MODIS dataset, and then summarize the assumptions and mitigating factors in the current
analysis, which includes a discussion of possible improvements for future deployments. Some details about the
Nairobi experiment are given in Supplementary Information; the main points and key results are presented here.
4.1 Application of the method to the 2016-2017 Nairobi OPC deployment
Following Steps 1, 2a, and 2b of the methodology described in Section 3, Table 1 shows the near-surface AOD for
the Nairobi data obtained from the vertically scaled MISR Research Algorithm for aerosol components 1,3,6,19 and
21, as well as that for the aerosol group comprised of components 2,8 and 14, using the standard universe of 74
mixtures. Near-surface values were obtained by scaling total-column AOD based on GEOS-Chem simulated aerosol
vertical distributions. The 10 highlighted rows correspond to observations that have a MISR total AOD (sum of the
AOD of the eight MISR aerosol components) > 0.15. The corresponding surface PM2.5 from the ground-based OPC
for the 10 favorable MISR retrievals is also presented. Table S2 in Supplementary Information shows the lognormal
size distribution (dN/d(lnD)) from the OPCs for the coincident surface observations that correspond to the 10
successful MISR retrievals where the total AOD558 > 0.15.
We obtain the group-specific particle-size data from MISR (Step 2c), and the associated number concentrations (NNSi)

from Equations 5a and 5b (Step 2d). We then linked the size distribution of the MISR aerosol groups with that of

the OPCs (Step 2f). The regression analysis was conducted using the total dN/d(lnD) derived from the MISR
measurements as the predictor of the dN/d(lnD), with the ground-based measurements as the dependent variable,
assessed at six different diameters corresponding to the mid-points of the OPC size bins Bin 2 – Bin 7 (Equation 1),
where the datasets overlap. For each of the 10 high-AOD MISR cases, we have six dN/dln(D) measurements (= 60
rows in our regression analyses).
We have performed multiple analyses making different assumptions, to explore the range of impacts these choices
have on the results. The different analyses are summarized here:
1) Analysis 1: We only consider observations from MISR, for all MISR aerosol components except for
component 21
2) Analysis 2: We only consider observations from MISR, for all components except for components 1 and 21

3) Analysis 3: We consider the scaled MAIAC AODs for all MISR components except 21
4) Analysis 4: We considered scaled MAIAC AODs for all components except 1 and 21
5) Analysis 5: We considered scaled MAIAC AODs where the total MAIAC AOD >= 0.15, for all
components except 1 and 21
4.1.1 Only MISR retrievals considered (Analyses 1 and 2)
For all regression analyses we excluded MISR component 21 as the AOD retrieved for this component is 0.
In Regression Analysis 1, we included the remaining MISR components. Not all of the coefficients in the regression
are significant, and some are negative. Each coefficient in the regression represents the total number concentration
of the respective aerosol group, which physically cannot be negative. However, it is possible for a statistical weight
to be negative, as the regression approach aims to formally match the retrieved values with available observations,
and there can be aerosol components and mixtures missing from the MISR algorithm climatology (Kahn et al.,
2010). As such, leveraging from the better-fitting components can skew the coefficients for other particles negative.
Provided the negative weights are small compared to the dominant retrieved components, the negative values
represent noise in the results. This can apply to components 1 and 8 that are often retrieved in relatively small
quantities, as well as to component 19, a dust optical analog, that very likely does not match actual dust in the
region. Moreover, MISR component 1, with re=0.06 μm, is well below the OPC lowest size sensitivity limit.
Regression Analysis 2 was thus run without component 1 and 19.
The results of regression Analyses 1 and 2 are given in Table 2. Figure 2 shows the particle size distributions
(dN/dlnD) from the air quality monitors obtained for all relevant ground-based observations, superimposed on the
size distributions derived from the regression analysis results of Analysis 2. The derived size distributions from each
instrument are quite well matched in nearly all cases, despite the assumptions involved. The Nairobi aerosol has a
size distribution that is sampled by MISR. The large-end tail is sampled by the OPCs, and our method uses the
region of size-overlap to perform the particle-size scaling, The results in Figure 2 indicate that the two instruments
are in fact sampling parts of the same particle size distribution. For Analysis 2, the adjusted R squared is 0.82.
4.1.2 Using scaled-MAIAC retrievals (Analyses 3, 4, and 5)
To increase satellite sampling, we repeated the regression analysis by scaling MAIAC AODs using the monthly
effective MISR aerosol component AOD fractions (Steps 2e and 2f). We have 1712 MAIAC AOD retrievals that
fall within a radial distance of 1.6 km of a ground-station. However, there are only 10 favorable MISR particle
property retrievals, on three unique days. Using the MISR component AOD values to parse the MAIAC total-AOD,
even on a monthly basis, leaves 304 MAIAC retrievals on 20 unique days (Figure S6 in Supplementary
Information). Yet this provides about 30 times as much data as the MISR data alone.
Like Analysis 1, Analysis 3 includes all MISR aerosol components, but was run using the scaled MAIAC dataset.
We also ran Analyses 4 and 5 with the MAIAC data, this time excluding MISR components 1 and 19. For Analysis
5, we further restricted the MAIAC retrievals to those with the total AOD ≥ 0.15 (85 MAIAC AODs), to ensure that
near-surface aerosols dominate in this analysis. The adjusted R squared for Analysis 5 is 0.76. When we used

MAIAC AODs at a radial distance of 1 km and 0.5 km from each site (instead of 1.6 km), repeating Analysis 5,
yielded adjusted R squared values of 0.77 in both cases. This suggests that our results are robust to the radius
considered.
The results for the five analyses are given in Table 2. All the coefficients for the remaining aerosol groups included
in Analyses 2, 4 and 5 are positive and statistically significant (p-value almost equal to, or less than 0.05). Figure 3a
shows PM2.5 from the ground-based OPCs (scaled by a factor of 4 for the sake of comparison) and the corresponding
PM2.5 calculated from MISR (Step 3), using the results of Analysis 2. The MISR-derived and OPC PM tend to show
similar peaks, with the exception of All Saints. Taking all points into consideration, the correlation between the two
PM datasets is 0.56. The OPC at All Saints is situated in a particularly clean area, surrounded by hotspots of
pollution due to informal settlements nearby. The average pollution in the coincident satellite grid cell is higher than
that observed by the OPC at this particular site, likely caused by the difference in spatial sampling. When we drop
measurement at All Saints from this analysis, the correlation between the derived PM2.5 from MISR and that of the
OPC is 0.76 (Figure 3b).
Similarly, Figure S7 in Supplemental Information displays the derived PM2.5 concentrations from MAIAC/MISR
AOD estimates using coefficients from Analysis 5 and the corresponding surface PM2.5 from the OPCs. The
correlation between the two PM values is 0.47. When we drop All Saints, the correlation increased to 0.48.
However, the adjusted R squared is ~0.8 when working directly with size distribution information (Step 2f) rather
than the PM2.5 values due to the additional assumptions involved (Step 3).
The satellite-derived PM values are very high relative to the OPCs in nearly all cases. The dominant contributing
factor is that a large fraction of aerosols in Nairobi are primary combustion aerosols with diameters < 0.54 μm that
MISR detects (Figure S4 and Table S3), but that are not included in the OPC data due to lack of sensitivity. In addition,
any secondary aerosol formation from the many sources of gaseous precursors would produce small particles, and any
underestimate in the particle density assumed in the OPC retrieval might also play a role. A further possible
contributing factor, at least at one site (Kibera Girls Soccer Academy), is the frequent dominance of coarse mode
particles, which contribute to the total AOD observed by MISR. However, MISR does not retrieve specific size
information for particles larger than about 2-3 µm (Section 2.2.1 above), so the MISR total AOD is ascribed to smallersized particles, where the retrieval is sensitive; this can inflate the number concentration of these particles. Given these
issues, our method focuses on the size range over which both the OPC and MISR measurements are sensitive (Figure
2). As most of the particles retrieved over the urban Nairobi region are components within the typical combustionparticle size distribution (see Section S1.2.1 Supplemental Material), the method yields a high correlation despite the
limitations of the data, and actually uses the satellite data to account for smaller particles that the OPCs miss.
4.2 Assumptions, and mitigating factors in the current analysis, with advice for future deployments
The data collected during the 2016-2017 Nairobi experiment are not ideal for the current application. However,
there were also mitigating factors, which we summarize here, along with the lessons learned for the benefit of future
deployments.

• MISR sampling frequency. Generally low AOD over Nairobi, combined with the relatively narrow MISR swath
width and low latitude of the target region, left just 10 cases meeting the criteria for good aerosol-type retrievals
from MISR during the OPC surface-network deployment. As such, we were forced to assume that single or pairs of
MISR particle-type retrievals in a given month represent the aerosol properties for the entire month. However, the
observation that the MISR-retrieved particles varied little among the available observations (Figure S3) and are
typical of urban pollution from the local sources expected in Nairobi favors this approach. Selecting cases having
mid-visible AOD ≥ 0.15 also favors conditions where local sources dominate. The assumption is further supported
by GEOS-Chem model aerosol-type simulations (Section 2.3 above, and Figure S5). As AOD varies considerably
more than aerosol type at the Nairobi site, we addressed that aspect of limited MISR sampling by using MISR
monthly size-resolved information to scale the much more frequent MODIS-MAIAC AOD retrievals. In future
experiments, sites typically experiencing higher AOD, preferably also at higher latitude, as well as longer
deployments, could greatly improve the MISR sampling statistics for this application.
• Aerosol vertical distribution. We also use the GEOS-Chem AOD vertical distribution to obtain the near-surface
component of the MISR total-column AOD and assume that MISR-retrieved total-column particle properties are
dominated by near-surface particles in the study region. As expected, our analysis works best on days when the
satellite-derived AOD was ≥ 0.15, and near-surface urban aerosols dominate the column (Figure S5). The
observation that the MISR-retrieved particles are typical of urban pollution from local sources in Nairobi (Table 1
and Section 1.2.1 in Supplemental Material) also favors this assumption. Further, dust is the most likely transported
species, and it is distinguished from pollution particles in MISR retrievals based on large size and non-spherical
shape. AOD is derived from satellite instruments under ambient RH conditions. If the particles were hygroscopic,
however, they could adsorb water vapor and appear larger than they would be under dry conditions, which is how
PM2.5 is usually assessed. Yet, the RH at the Nairobi site was generally low during the study period (Table S2),
pollution particles are not very hygroscopic, and the OPC measurements were also obtained at ambient RH (section
2.1 above), all mitigating the RH issue. Unfortunately, there were no local lidar observations to validate the model
vertical aerosol distribution, and neither the CALIPSO nor the CATS space-based lidars acquired data useful for this
purpose, as discussed in section S1.3 in Supplementary Information. In future deployments, a single, well-placed
surface lidar in the region could test the assumptions about aerosol vertical distribution and determine whether any
aerosol layers aloft contribute significantly to the satellite, column-effective particle property retrievals.
• OPC small-particle sampling. Pollution particles typically have diameters in the range 0.1 – 0.3 μm, and the
pollution particles MISR retrieved had effective radii 0.12 μm (effective diameter 0.24 μm). Yet, the Alphasense OPCN2 instruments used in the current study do not register particles < 0.38 μm in diameter, and the smallest size bin is
noisy, effectively limiting the OPC size sensitivity to particles > 0.54 μm. As such, particle-size regressions in this
study were performed over six size bins spanning 0.54 - 3 μm, capturing the range over which both satellite and surface
instruments are sensitive. The small-particle-observation limitations represent a significant uncertainty in the results.
However, the particle-size comparisons shown in Figure 2 demonstrate very good agreement over the six-bin range,
and further, we obtained ~0.8 R2 model fits for the aerosol size distribution formally, when considering either the
MISR retrievals alone or the better-sampled MAIAC AODs parsed to the MISR component fractions. As MISR
sensitivity extends to particles ~ 0.1 μm, the satellite data help account for fine aerosols having diameters < 0.54 μm

in our analysis. For future deployments where the dominant particle type is urban pollution, including surface
instruments that have sensitivity to particles down to ~0.1 – 0.2 µm in diameter would make the surface-station dataset
substantially more robust. Further, at least one coincident, strategically located reference air quality monitor would
make it possible to quantify retrieval sensitivity with greater confidence.

5. Conclusions
For many locations around the world, the alternative to deploying low-cost air-quality monitors is having no groundmonitoring at all. Surface monitors are essential to help characterize the near-surface aerosol components within totalcolumn satellite observations, but they offer only limited coverage, and the PM measurements from low-cost monitors
in themselves are generally not well calibrated.
This paper develops and presents a novel method that moves away from the conventional approach of linking remotely
sensed, total-column AOD from satellites with directly sampled particulate mass per volume of air from surface
monitors. Instead, it combines satellite, component-specific AOD retrievals with particle counts from low-cost
monitors, to constrain the size distribution of surface aerosol and PM2.5. Retrieving some particle-size information is
possible with data from the space-based MISR instrument under favorable retrieval conditions. MISR-retrieved
particle effective cross-sectional area is linked with the size distribution of particulates as observed by the low-cost
OPC-N2 observations. As far as we know, size-resolved particle counts have not previously been used to associate
remote-sensing and direct-surface aerosol data, as most standard reference monitors provide particulate mass
measurements and not particle counts partitioned by particle size.
We applied the method presented in Section 3 to data from a 2016-2017 10-month Nairobi experiment, due to the
relative longevity of that data record. Limitations in the experiment design and implementation included relatively
infrequent MISR sampling and low AOD, as well as the lack of a lidar or high-quality reference particle sampler in
the field to validate assumptions about aerosol vertical distribution and satellite-retrieved small-particle surface
concentration, respectively. However, the dominance of locally generated urban pollution particles concentrated near
the surface, low relative humidity, and an effective approach for scaling more frequent MODIS data with the MISRretrieved size distributions are mitigating factors. The method produced high correlations (~0.8) between satellitederived and surface-station-measured PM2.5, and most importantly, the satellite data helped significantly to account
for smaller particles that tend to dominate urban aerosol pollution but are below the detection size limit of the OPCs.
Our analysis also led to specific suggestions for performing future deployments with fewer assumptions, such as
including at least one carefully sited, surface-based lidar and reference air quality monitor. Applying the technique
under conditions more favorable for this approach could help assess air quality in rapidly urbanizing cities in
developing countries, where pollution increases are having dramatic public health consequences, and where
monitoring is limited or entirely absent. We hope with the increasing focus on air quality (e.g., the expansion of the
SPARTAN network, Weagle et al., 2018), broader application of low-cost monitoring can occur. Further, the planned
MAIA instrument (expected launch year: 2022), like MISR, will be able to provide size-resolved information about
aerosols from space for a subset of cities at higher temporal resolution (Diner et al., 2018). As such, it should better
capture the variability in aerosol type, and the data can be incorporated into our methodology.
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Figures

Figure 1: An overview of the proposed methodology

Figure 2: Ground-based size distributions (#/m3) obtained from the low-cost air quality monitors, represented by
points at the bin-center diameters (μm) for each of OPC bins 2-7, and the corresponding size distribution derived from
the 10 favorable MISR retrievals (represented by lines). The orbit number of the satellite observation is provided along
with which ground-based monitor location with which the satellite pixel overlapped.

Figure 3: (Red) PM2.5 (μg/m3) measured from the OPC-N2 (scaled up by a factor of 4 to make comparable with the
PM derived from MISR) , and (Blue) PM2.5 calculated from coincident MISR observations for the (a) 10 cases where
MISR AOD >0.15 (identified by the MISR orbit number and the coincident site name along the horizontal axis), and
(b) Coincident MISR observations at all sites, but All Saints, using model coefficients from Analysis 2 in Table 2.
The regression analysis yields a correlation of 0.56 for the data in panel (a), whereas the correlation is 0.76 for panel
(b). A major factor contributing to the quantitative difference is probably the lack of OPC sensitivity to particles <
0.54 μm in diameter

Tables
Table 1: Successful near-surface MISR aerosol optical depth retrievals for each MISR aerosol component (including
the aggregate scaled AOD from components 2, 8 and 14), the total near-surface MISR AOD and the total MISR AOD,
averaged over a radial distance of 1.6 km2 from each surface monitoring site. These values were obtained for each of
the 28 coincident observations from the MISR research algorithm, run with the standard universe of 74 mixtures. The
AOD is set to zero for aerosol components not present among the MISR-retrieved aerosol types. The retrieved amounts
of Components 19 and 21 were negligible or zero in all the retrievals. Near-surface values were obtained by scaling
total-column AOD based on GEOS-Chem simulated aerosol vertical distributions. The 10 highlighted rows
correspond to observations that have a MISR total AOD (sum of the AOD of the eight MISR aerosol components) >
0.15. The corresponding surface PM2.5 from the ground-based OPC for the 10 favorable MISR retrievals is also
presented. Note we have rounded the PM2.5 values to the nearest integer to acknowledge the uncertainties in the OPC
PM2.5 measurements.
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Table 2: Results from multiple linear regression analyses using the size distribution of MISR aerosol components as
the independent variable, and the size distribution from the OPC as the dependent variable. In Analyses 1 and 2, the
size distribution of components for MISR observations with a total AOD> 0.15 is used. In Analyses 3, 4 and 5 MISR
component AODs were obtained by scaling MAIAC AODs using the monthly effective MISR aerosol component
AOD fractions. Equations 5a and 5b are used to derive the total number concentration of each MISR aerosol group
(NN-Si). Because the AOD retrieved for MISR aerosol component 21 is 0, we do not consider this component in the
regression analysis. Analysis 1 and 3 includes MISR aerosol component 1 and 19, while Analysis 2, 4 and 5 do not.
In Analysis 5, we restricted the MAIAC retrievals considered to those where the total AOD ≥ 0.15.
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