Response to Referee Comments for Manuscript amt-2020-217

Referee #2:

This manuscript presents the design of a new low-cost sensor system that incorporates an
innovative approach to maintaining sensor performance — an automated system for performing
zero/span calibrations. This manuscript is particularly relevant as the integration of a zero/span
system into a low-cost sensor device has the potential to help address the ongoing challenges of
sensor drift and degradation. The authors provide a detailed description of the technology,
including the sensors incorporated as well as the hardware and software. Two versions of the
device have been created to accommodate stationary and portable monitoring. The authors also
share initial results on performance of the device and compare these results to previous studies.

- Multiple studies have observed that calibrating sensors using field co-location data as opposed
to a laboratory approach tends to result in higher performing and more robust calibrations (e.g.,
the study mentioned in lines 56-57). Considering this information, it is recommended that the
authors discuss their rationale for using a laboratory calibration approach (lines 200 -201). In
addition, do the authors anticipate any limitations regarding the zero/span system given that the
span gas will not have the same mixture of background pollutants as the ambient air being
sampled?

Response: We agree with the reviewer that field co-location is a very effective approach to
sensor calibration. In fact, in the larger project that uses the monitors described in this study, we
employ a hybrid approach to calibration that utilizes co-location as part of the strategy. As noted
in Section S1, we use laboratory calibrations to get initial sensor calibration and quality control
performance, as well as develop field environmental correction factors with each type of sensor
for relative humidity and temperature (where appropriate) that build off of the laboratory
calibrations. For example, in a recent paper we employ co-location approaches to develop a
statistical calibration method for the PM2 s sensor used in our multipollutant monitor (Datta et
al., 2020; Atoms. Env., doi: 10.1016/j.atmosenv.2020.117761). The on-board system is designed
for future longer deployments to maintain better calibrations and track sensor response/zero
drift during the in-field period after lab calibration and/or co-location with reference monitors.
A few limitations of the zero/span system described in the paper are the number of reactive gases
one can effectively combine into a single standard mixture and the available materials for room
temperature removal of pollutants in the zero trap. Another limitation is the potential for
insufficient cylinder pressure as the tank approaches empty, which can be tracked by instillation
date and calibration frequency, as well as monitoring calibration data. At current rates the
cylinder can operate for over a year before needing to be refilled. Other limitations are
addressed by maintaining acceptable relative humidity during the zero and span functions (e.g.
water permeation setup) and using variable calibration schedules to get variations in calibration
temperature. Additionally, the online data visualization platform we utilize (Grafana) also
allows us to remotely monitor calibrations and replace poorly performing monitors in near real
time. Without this, we would need to wait until the deployment ended to check for monitor
performance. We acknowledge that the background mixture is going to be different during the
span checks (less so during the zero check), but that is not unlike calibration with typical
instruments/standards, and has the advantage of reducing confounding factors that could



introduce additional variables that would affect the ability to track drift over time. To address
the reviewer’s comment, we have examined and revised relevant sections of the text to ensure
this discussion is accurately reflected (Section 2.1.4).

- On line 67 the authors mention the issue of sensor drift — given the wide range of sensor types
used, it is recommended that the authors expand this discussion to include how drift and cross-
sensitivities tend to vary by sensor type.

Response: We agree that understanding sensor drift and cross-sensitivities to other pollutants
are key for low cost sensor deployment. To address the reviewer’s request, we have added a
couple sentence summary in the sensor methods section and referenced a more comprehensive
review of low-cost air quality sensors from the World Meteorological Organization which
includes discussion of sensor drift and common cross-sensitivities (in the introduction at line 66-
68 and in the Section 2.1.1).

- Regarding the modification to the Figaro 2600, according to the results in Figure S6 — even
though the trends are linear, it appears that adding the charcoal filter seems to reduce the sensor’s
sensitivity, are there any other impacts from this modification, such as a slowed response time?
Recommend adding more discussion on this topic.

Response: As noted in the reviewer’s comment, the use of the activated carbon filter slightly
reduced the total sensor response (while remaining linear) to CH4 concentrations tested in the
1.4-2.4 ppm range, which may be attributed to decreases in background VOCs. It is possible that
there may be a very slight increase in sensor response time due to the added diffusion length for
gases, but that was not observed here and is not expected to be an issue with minute resolution
data averages. To ensure that accurate response factors are generated in conditions similar to
ambient measurements, all calibrations are performed with the activated carbon filter in place.
In Section 2.1.3 we discuss these and other potential issues arising from the use of using the
charcoal filter. For example, we implement a 3D-printed PLA shell to keep the filter in place
which could react with pollutants of interest (e.g. ozone). Teflon “tape” is placed around the
filter in order to reduce interactions between the shell and reactive gases as well as prevent any
charcoal fibers from shedding the inside the gas manifold.

- Were the portable monitors also tested via a co-location in the field with reference instruments,
if not could the authors discuss the rationale?

Response: For this study, the portable monitors were not co-located in the field since they
largely consist of the same sensors (exception: Alphasense Ox sensor) and a similar physical
design that was scaled down. We focused evaluation efforts on the stationary multipollutant
monitor that had a larger set of sensors, which are included as part of the portable monitor. It
was not viewed as necessary to co-locate the portable configuration as well, especially
considering it is not constructed with the same extent of weatherproofing. In the manuscript we
focus on PM2 s as a proof of concept for high spatiotemporal personal exposure studies which
uses the same Plantower sensor used in the stationary model.



- In Section 3.4, the authors discuss the performance of the zero/span system. It is recommended
that the authors comment on the impact of the system on sensor performance for each pollutant.
During the field co-location tests, did the implementation of the system have any clear impact on
the resulting data? It seems this system might be most useful during long-term deployments -
though the field tests appear to range between 1 week to 1 month long.

Response: We agree with reviewer that this is an interesting area for ongoing work and
evaluation of the system and that it will be most useful for longer-term deployments (e.g. months
to 1+ year) where drift with sensor aging will be more pronounced. Unfortunately, given the
duration of the measurements used in this manuscript, we are unable to include this additional
analysis/discussion, but we have added that future work in the field should examine the effect of
on-board calibration systems on long-term sensor performance. We have updated language in
Section 2.1.4 to address this concern.

- In Section 3.5, for Table 3, it is recommended that the authors add columns or a second table
that lists the length of the deployment, the location of the deployment, and the calibration
approach used (i.e., field or lab). In addition, consider highlighting C2 or adding comparisons to
results for which a laboratory calibration was tested in the field.

Response: We agree that the length of deployment and location of deployment is of great
importance when comparing between low cost sensors. We have broken up Table 3 into two
tables now to allocate additional space for deployment length and deployment location.
Additionally, two additional studies have been added to the comparison (the Berkeley
Atmospheric CO2 Observation Network). Language related to this addition has been updated in
Section 3.5 (Comparison with Literature).

- In Section 3.5, in Table 3, for all pollutants except PM2.5 the raw OEM sensors are listed,
whereas the names of commercial devices are listed for PM2.5 — recommend adding the raw
OEM sensor used for all devices.

Response: Thank you for the suggestion, we have updated to include OEM sensor data where
appropriate in Table 4.

- Reconsider the use of the term ‘monitor’ throughout the manuscript (i.e., multipollutant
monitor and portable monitor). These devices are typically referred to as a sensor, sensor
platform, or sensor system, while generally the term monitor is reserved for research or
regulatory grade instruments.

Response: We appreciate the reviewer'’s attention to word choice. To avoid confusion, we
deliberately used the term “monitor” in the manuscript to represent the collection of various
sensors together in one “multipollutant monitor” along with all of the other components (e.g.
flow and calibration systems) and use the term “sensor” to refer to the individual sensing
components (e.g. electrochemical sensor, optical sensor) which have their own dedicated
sections. This was done to represent the device as a collection of a wide range of different sensor
types and suppliers, and not to suggest that there is a single sensing component measuring all
the pollutants listed. Based on a survey of other papers, popular devices and the language used



to describe them on the AQMD AQ-Spec and EPA Air Sensor Toolbox, the terms monitor and
sensor are used somewhat interchangeably to describe the overall devices (e.g. ELM monitor,
Aeroqual monitor) and the term “reference monitor” is used elsewhere to describe the
regulatory instruments they are compared to. For example, in Atmospheric Measurement
Techniques there have been several recent articles which use the term “monitor” in the same
manner as in this paper. In Malings et al. (2019) the researchers developed a “Real-time
Affordable Multi-Pollutant (RAMP) monitor” comprised of low cost sensors similar to those in
our multipollutant monitor. Another example comes from Wendt et al. (2019), who design a low
cost monitor for measuring PM2.s and aerosol optical depth (AOD). Yet, we do acknowledge
these the term “sensor” is typically used to describe low-cost non-regulatory methods, and we
do not intend to misrepresent the devices as federal reference methods. To address the
reviewer’s comment we have added the following language in the introduction to clarify the
word choice at the outset: “Here the term “monitor” or “multipollutant monitor” is used to
describe the collection of sensors and other components (e.g. flow channels, valves, online
calibration system) used while the term “sensor’ is used to describe the standalone sensing
components. ” (Section 2.1.1, lines 76-78).
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- There is some red text on line 491.

Response: Fixed, thank you.



