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HIGHLIGHTS

e Portable O3 and PM; 5 monitors were deployed on an UAS platform.

e Portable monitors agree well with conventional monitors in temporal variations.
o The fixed wing UAS platform was evaluated against a tethered airship platform.

e The UAS platform could well capture the vertical variations in both O3 and PM, s.

ARTICLE INFO ABSTRACT
Keywords: Portable air pollutant monitors onboard unmanned aerial systems (UAS) are increasingly being used to make
Vertical profiling vertical observations within the lower part of the troposphere. An overall evaluation of the UAS platform is

Low cost sensors

Air pollution monitoring
Platform evaluation
Drone application

critical before its wide application. To our knowledge, these evaluations have rarely been reported. This study is
aimed at evaluating the performance of a fixed-wing UAS platform that is deployed with portable ozone (O3) and
fine particulate matter (PMy 5) monitors. A tethered airship platform deployed with conventional O3 and PM3 5
monitors was used as a reference method to evaluate the UAS platform. To obtain custom calibration factors, the
portable monitors were evaluated primarily with respect to corresponding conventional monitors at the ground
level in three atmospheric environments. Then, the UAS assessment experiment was conducted over a coastal
area in Shanghai, China. Seven statistical metrics were used to assess the performance of the portable monitors
on the UAS platform. The results revealed that the portable monitors were capable of accurately capturing
temporal variations in air pollutant concentrations after custom calibrations. The UAS platform could also
accurately capture the vertical variations in O3 and PM3 5 concentrations within the lower troposphere. However,
significant discrepancies between the UAS and airship platforms were observed for both O3 and PMj 5 mea-
surements within the planetary boundary layer (PBL). The relative humidity (RH) values measured in this layer
demonstrated significantly larger vertical variations and were substantially larger than those above the PBL. The
discrepancies between the two platforms were associated mainly with horizontal variations in the UAS mea-
surements over the experimental area, as well as large vertical variations in ambient temperature and RH within
the lower troposphere.
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X.-B. Li et al.
1. Introduction

In recent years, with the rapid development of the economy in China,
air pollution issues have received widespread attention from the public
and scientists (Ding et al., 2013). Air pollution issues with respect to
ozone (O3) and fine aerosol particles (PMj 5) have emerged over most of
the developed regions in China (Li et al., 2019). Extensive efforts have
been devoted to elucidating the formation mechanisms of typical air
pollution episodes. Numerical models, laboratory simulations, and field
observations are widely used by scientists to analyze air pollution
problems. Among these, field observations could provide fundamental
and critical data for other research methods.

In general, regulatory air pollutants (e.g., O3 and PM, 5) are routinely
measured by ground-based monitoring stations that are sparsely
distributed over urban areas. These monitoring stations are located
mainly in parks, schools, and other places that can reflect the back-
ground air quality over the urban areas of interest. The measurements
made by these stations are characterized by limited spatial resolutions
over highly-polluted regions. In addition, large vertical variations in air
pollutant concentrations were observed frequently within the lower
troposphere (Corrigan et al., 2008; Ma et al., 2011; Li et al., 2017,
2018a, 2018b). It is highly challenging to identify the formation
mechanisms and key controlling factors of certain air pollution episodes
when only ground-level measurements are available. To solve this
problem, many cities worldwide have in recent years attempted to
establish supplementary monitoring networks using inexpensive com-
mercial sensors (Aleixandre and Gerboles, 2012; Mead et al., 2013;
Kumar et al., 2015; Schneider et al., 2017; McKercher et al., 2017;
Morawska et al., 2018).

In contrast to conventional monitoring stations, inexpensive sensors
are deployed frequently over densely populated areas or near large
emission sources of key air pollutants (e.g., urban arteries and industrial
parks) (Deville Cavellin et al., 2015; Castell et al., 2017). The monitoring
networks comprising of inexpensive sensors could provide continuous
observations with significantly higher spatiotemporal resolutions (Cas-
tell et al., 2015; Schneider et al., 2017). However, regional air pollution
episodes are frequently caused by highly complex factors. The
ground-level observations are by themselves highly insufficient. As
indicated in previous studies (Moody et al., 1995; Wong and Chan, 2006;
Li et al., 2016a), local emissions are not the only factors that could
regulate the concentration levels of air pollutants. Various transport
processes also contribute significantly to surface air pollutant concen-
trations. Moreover, these are closely related to the vertical variations in
the air pollutant concentrations within the lower troposphere (Ma et al.,
2011; Hu et al., 2012; Xue et al., 2014; Li et al., 2015). Thus, it is highly
important to obtain vertical observations of key air pollutants to deeply
analyze the formation mechanisms of typical pollution episodes. In
addition, vertical observations of certain air pollutants can provide
original calibration to remote sensing devices (Xing et al., 2017). They
can also provide more reliable parameterization schemes for the phys-
ical and chemical processes in air quality and climate models (Hu et al.,
2012).

To obtain vertical observations of air pollutants, many methods (e.g.,
remote sensing satellites, LIDAR, and tethered balloons) have been well
established (Gupta et al., 2006; Li et al., 2015; Su et al., 2017). The
measurements of these platforms are characterized by different spatio-
temporal resolutions and uncertainties. These platforms also have their
limitations such as inadequate flexibility in rapid launch and expensive
operation and maintenance. In such conditions, lightweight fixed-wing
unmanned aerial systems (UAS) deployed with portable monitors are
being increasingly used as a vertical observation platform in the field of
atmospheric science (Ramanathan et al., 2007; Corrigan et al., 2008;
Bates et al., 2013; Illingworth et al., 2014; Brady et al., 2016; Li et al.,
2017, 2018a and 2018b). Although UAS platforms could provide flexi-
bility in rapid launch and landing, their small payloads stringently limit
the options of onboard instrumentation. It is well established that
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conventional O3 and PM, 5 monitors are characterized by large size and
weight.

In recent years, UAS platforms have been widely used to make ver-
tical observations of air pollutants, owing to the continued miniaturi-
zation of highly accurate sensors (Villa et al., 2016; Zhou et al., 2017; Li
et al., 2018b). Many types of miniaturized sensors (or inexpensive sen-
sors) have been demonstrated to be effective for performing
ground-level measurements (Wang et al.,, 2015; Li et al.,, 2016b;
Schneider et al., 2017). However, their uncertainties while performing
vertical measurements are still not clear. Lightweight UAS platforms are
generally flown at speeds higher than 100 km-h~!, necessitating that the
onboard miniaturized sensors have short response times in order to
capture subtle variations in the required parameters. In addition,
meteorological factors such as wind speed, temperature, and relative
humidity (RH) also exhibit large vertical variations within the lower
troposphere (Hu et al., 2012). The miniaturized sensors must be robust
enough to obtain reliable observations in such harsh environments.
Therefore, the lightweight UAS platforms equipped with miniaturized
sensors (or portable monitors) must be evaluated systematically before
being used to perform vertical measurements.

UAS platforms have been evaluated using different methods in pre-
vious studies. In most cases, onboard sensors (or monitors) were
assessed only by laboratory tests or evaluated against ground-based
monitors (Ramanathan et al., 2007; Bates et al., 2013; Illingworth
et al., 2014). Few studies that evaluate the vertical measurements made
by UAS platforms in real atmospheric environment have been reported.
Ramanathan et al. (2007) and Corrigan et al. (2008) evaluated their UAS
platform by comparisons with ground-based stations and
aircraft-to-aircraft comparisons. An agreement of within 10% was ob-
tained. Zhang et al. (2017a) used the computational fluid dynamics
(CFD) method and a wind tunnel to determine the optimal locations of
sampling points for mounting sampling heads (particulate matter) on a
UAS (Zhang et al., 2017a). The results provided insights into the optimal
locations for mounting sampling tube inlets on similar UAS platforms.
The vertical measurements of meteorological parameters (such as air
temperature and RH) performed by an UAS platform has been evaluated
with respect to sounding balloon data in the Arctic region (Curry et al.,
2004). However, to our knowledge, the evaluation of UAS platforms in
capturing vertical variations in air pollutant concentrations has not been
reported.

In this study, a lightweight fixed-wing UAS was deployed with two
commercial portable monitors to characterize vertical variations in Og
and PM; 5 concentrations within the lower (1000 m) troposphere. A
large tethered airship platform equipped with conventional O3 and
PM, 5 monitors was used as a reference to evaluate the UAS platform in
the real atmospheric environment. The consistency and discrepancy in
the vertical measurements between the UAS and airship platforms were
analyzed and discussed to improve the versatility of lightweight UAS
platforms in the field of atmospheric science.

2. Materials and methods
2.1. UAS platform

As shown in Fig. 1(a), a fixed-wing UAS is used as the platform to
deploy portable O3 and PMj 5 monitors. The UAS has a wingspan of 2.4
m and a fuselage length of 1.8 m. The UAS has a wood airframe con-
sisting of three cabins: the front cabin (close to the head) is used to hold
two gasoline tanks, the middle cabin (between the two airfoils) is lined
with shock-absorbing sponges to hold the portable monitors, and the tail
cabin is designed for UAS-control parts (Li et al., 2018b). The UAS is
powered by a gasoline engine with a maximum power of 2,108 kW. The
UAS weighs 15 kg and has a maximum payload of 3.5 kg. It allows for
operations of both autopilot and manual manipulation. A
remote-control transmitter is used to manually manipulate takeoff and
landing operations. Autopilot flight paths are designed in advance using
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Fig. 1. Pictures of (a) fixed-wing UAS platform and (b) tethered
airship platform.

the flight control software. The UAS autopilot uses an onboard GPS
(Global Positioning System) sensor to navigate along a preprogrammed
flight path.

2.2. Portable monitors

A series of tests were conducted to select the portable monitors with
fast response times as well as high precisions and accuracies. Electro-
chemical sensors were excluded due to their passive measurement
principles, which may lead to large measurement uncertainties (Castell
et al.,, 2017; Schneider et al.,, 2017). Two commercial monitors,
including a personal O3 monitor (Model: POM™, 2B Tech, USA) and a
personal aerosol monitor (Model: SidePak™ AMS510, TSI Inc., USA),
were finally determined in this study. The two portable monitors use
built-in pumps to obtain air samples and perform measurements based
on the same principles as the reference instruments deployed on the
airship platform. Negligible biases in monitor-by-monitor measure-
ments were observed for the POM and AM510.

The POM weighs 340 g with a size of 10.2 cm x 7.6 cm x 3.9 cm. Itis
powered by a 7.4-V lithium polymer battery. The built-in pump draws
ambient air at a recommended flowrate of 0.75 L-min~!. It measures O3
mixing ratio based on the same theory of UV photometry as many
conventional monitors used at environmental monitoring stations. The
Beer-Lambert Law is used to calculate the O3 mixing ratio of sample air
based on the parameters obtained in its detection cell (detailed infor-
mation is provided at https://www.twobtech.com/pom-personal-ozon
e-monitor.html). In contrast to conventional O3 monitors (character-
ized by straight detection cells), the detection cell of the POM is
designed using a “U” shape with a length of 15 cm to minimize the
monitor size as much as possible. The pressure and temperature in the
detection cell are also measured to calculate the O3 mixing ratio, by
which the readings are less affected by changes in ambient pressure and
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temperature. Although the POM can compensate for temperature drift, it
should be placed in a thermally insulted environment when ambient
temperature changes rapidly, such as being used to perform vertical
measurements (Wang et al., 2017). The POM allows for custom cali-
brations to adapt to different application environments. A built-in
Nafion® tube is used to eliminate the interference of water vapor
(Wilson and Birks, 2006). The POM makes measurements in a wide
range of 0-10000 ppb and has adjustable recording intervals of 10 s, 1
min, 5 min, and 1hr. The measurement resolution is 0.1 ppb. The pre-
cision and accuracy are greater of 2 ppb (or 2% of measurement).

The AM510 is a nephelometer and measures aerosol mass concen-
tration (ug-m~2) based on the 90° light scattering principle (670 nm laser
diode). A conversion coefficient is used by the AM510 to convert optical
parameters (light scattering coefficient) of sample air into mass con-
centrations. The AM510 also allows for custom calibrations. It has a size
of 10.6 cm x 9.2 cm x 7 cm and weighs 460 g. Three diameter impactors
including PM; o, PMy 5, and PM; are designed for the AM510. Partic-
ulate matters (PM) with aerodynamic diameters of larger than 2.5 (1.0,
10) um are filtered out by the PMy 5 (PM; g, PM;¢) impactor. PM with
aerodynamic diameters of lower than 2.5 (1.0, 10) um are drawn into its
optical chamber, in which PM mass concentrations are determined
(Wang et al., 2018). The built-in pump operates at a constant flowrate of
1.7 L-min~!. Changes in the pump flowrates could result in unpredicted
measurement uncertainties because the cutoff diameters of the impac-
tors become unknown when the inlet flowrate changes. It is extremely
important for the AM510 to work in a stable environment (e.g. stable
pressure and air flow velocity). The AM510 has a measurement range of
0-20000 ug-m~2 and adjustable log intervals of 0-3600 s. It is powered
by a TSINiMH battery pack (2700 mAH) or a 6-cell AA-size battery pack.
In this study, only the PM; 5 impactor was used, which has a 50% cut-off
at 2.5 pm at built-in inlets. The offset of AM510 readings to rapidly
varied ambient temperature is 4-0.5 ug-m~2 per degree Celsius (°C).

The two portable monitors were mounted in the middle cabin using
self-locking Nylon cable ties. A circular hole with a diameter of
approximately 8 cm on the belly of the fuselage was reserved for passing
through sample tubes. Two sample tubes (Tygon®), approximately 40
cm in length, were connected to the inlets of the portable monitors to
introduce ambient air samples. The inner surface of the POM sample
tube (the inner diameter is 3 mm) is lined with a FEP (Fluorinated
Ethylene-Propylene, an inert material) layer to avoid the chemical
destruction of O3 molecules. The AM510 sample tube (the inner diam-
eter is 6 mm) has been specially processed (destaticized) to reduce wall
losses as samples passing through. As suggested by Zhang et al. (2017a),
the inlet ends of the sample tubes were fixed on the belly of the fuselage
(Fig. 1(a)), where the air pressure and flow velocity fields were much
more stable than for other areas around the UAS fuselage. The middle
cabin cover was sealed using black adhesive tape for thermal isolation.
Waypoints of the UAS flight path were recorded by a multifunction GPS
data logger (Model: Columbus V-900, Victory Co., Ltd., China) that was
fixed on the backside of the fuselage.

2.3. Tethered airship platform

The tethered airship platform is mainly composed of three parts: an
airship, an instrument rack, and an electric winch (Fig. 1(b)). The airship
is filled with 1600 m® helium gas and has a maximum payload of nearly
130 kg. The instrument rack has a size of 1240 mm x 1825 mm x 650
mm to deploy instruments. The electric winch controlled the airship
(ascending, hovering, and descending) using a tethered line and pro-
vided electricity to onboard instruments. An O3 monitor (Model:
0342M, ESA, France) and a PM; 5 monitor (Model: ADR-1500, Thermo
Fisher Scientific Inc., USA) were mounted in the instrument rack. The
0342M monitor has a straight rather than “U” shape detection cell
because the Beer-Lambert Law calculates O3 mixing ratio based on a
straight light path. In contrast to the AM510, the ADR-1500 has a built-
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in heating element to eliminate the interference of water vapor. The
airship platform used a hygrothermograph (Model: HC2-S, Rotronic
Inc., Switzerland) to measure air temperature and RH. A GPS receiver
(Model: HC12, China) was used to record its flight paths. Detailed in-
formation about the airship platform has been introduced in the litera-
ture (Li et al., 2015; Zhang et al., 2017b).

2.4. Description of the evaluation experiments for portable monitors

The portable monitors should be assessed and calibrated before
being used on the UAS platform. Ozone is a gaseous pollutant, whose
physical properties do not change significantly at different monitoring
locations. Custom calibration factors of the POM may not change
significantly in different environments. As for the AM510, the optical
mass concentrations of aerosol particles are highly dependent on parti-
cle size and their chemical composition (Day and Malm, 2001; Castell
et al., 2017; Wang et al., 2018). The custom calibration factors of the
AM510 may change in varied aerosol backgrounds (Wang et al., 2018).
The AM510 was initially calibrated to the respirable fraction of standard
ISO 12103-1, Al Test Dust and the original calibration factor is 1.0.
Specific calibration factors usually require that the monitoring locations
are predominantly affected by the same source or type of aerosol par-
ticles. Therefore, the custom calibration factors of the AM510 should be
recalculated when significant shifts in aerosol backgrounds occurred.

In this study, ground-level measurements of the portable monitors
were evaluated in three environments. First, laboratory tests were
conducted using corresponding calibration sources. The POM was cali-
brated by an Oj calibration source (Model: 306, 2B Tech, USA). The O3
calibration source (Supplementary Material, Fig. S1) can produce air
flows with the required O3 mixing ratios (user adjustable from 0 to 1000
ppb). The POM sampling inlet was connected to the outlet of the O3
calibration source using a sample tube (Tygon®, lined with FEP layer) to
perform the calibration. Seven target O3 mixing ratios in the range of
0-150 ppb were used for the POM laboratory test. The AM510 monitor
was calibrated by TSI Inc. using emery oil, which has been strictly
compared to the respirable mass per standard ISO 12103-1, Al test dust
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(Arizona dust). Five target PM, 5 concentrations in the range of 0.01-20
mg-m~3 were used for the AM510 laboratory test. Only the POM labo-
ratory test was performed in this study. The laboratory test data of the
AMS510 was provided by the manufacturer.

Second, the portable monitors were evaluated with respect to con-
ventional regulatory monitors at a national environmental monitoring
station in the Pudong district of Shanghai from Nov 2 to Nov 4, 2016.
This station is located in the downtown area of Shanghai (Fig. 2), where
air pollution was affected mainly by local anthropogenic emissions (such
as traffic and cooking emissions). The regulatory Os monitor (Model:
API-400E, USA) performs measurements based on the principle under-
lying the POM (UV photometry). The working principle of the regulatory
PM, 5 monitor (Model: Thermo 1405-F, USA) is different from that of the
AMS510. Detailed information about this monitor is reported in Wang
et al. (2018). The portable monitors were mounted near the sampling
inlets of the regulatory monitors on the roof of the monitoring station
building (Fig. S2), so that they were measuring from the same area. The
measurements of the regulatory monitors are considered as the true
values of the ambient O3 and PMs 5 concentrations. The custom cali-
bration factors of the portable monitors are calculated using linear
fitting equations between the measurements of the portable and regu-
latory monitors. Measurements by the regulatory monitors (API-400E
and Thermo 1405-F) have a time resolution of 5 min. Therefore, the
recording interval of the portable monitors at the monitoring station site
was also set to 5 min. The unit of the API-400E readings is ug-m3.
Therefore, the unit of the POM readings (ppb) should be converted to
mass concentration (ug-m~2) based on Eq. (1).

Cy =Cy-(M,(03) / M,(Air)) (To / T)-(Py / P) @™

Where, Cy refers to the volume concentration of Oz, Cy refers to the
mass concentration of Os, M,(Os) refers to the relative molecular mass
(48) of O3, M, (Air) refers to the averaged relative molecular mass (22.4)
of air, T refers to the temperature (K) in the absorption cell of POM, T,
refers to the standard temperature (273.15 K), P refers to the pressure in
the absorption cell of POM, and P, refers to the standard atmospheric

Fig. 2. Aerial view of UAS experimental field. The yellow lines represent the UAS flight tracks. The background maps were obtained from Google Earth. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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pressure (1013.25 hPa) at 273.15 K.

Finally, the portable monitors were evaluated with respect to the
reference monitors (0342M and ADR-1500) deployed on the airship
platform. As shown in Fig. 1(b), this experiment was conducted when
the airship was floating nearly 2 m above the surface. The air pollution
at the airship launch site is predominantly affected by transport and less
affected by local anthropogenic emissions (Zhang et al., 2018). The
reference monitors used on the airship platform have been calibrated by
corresponding regulatory monitors in advance. Therefore, measure-
ments of the reference monitors can be considered as the true values of
the ambient O3 and PM; 5 concentrations. The readings of the reference
monitors have a time resolution of 1 min. Therefore, the recording in-
terval of the portable monitors at the airship launch site was set to 1 min.
The portable monitors at the airship launch site lasted for over 48 h
during Nov 29-31, 2017 as a supplementary experiment. The portable
monitors did not perform measurements after local time (LT, UTC+8)
22:00 owing to the limited power supply.

2.5. Description of the evaluation experiment for UAS platform

UAS evaluation experiments were conducted at the tethered airship
launch site. The fixed-wing UAS platform cannot perform direct up-
down flights. Therefore, an area of 4 km x 4 km (121°28'18"-
121°30'22"E, 30°47'39”-30°49'23"N) in the Fengxian district of
Shanghai was selected as the UAS experimental field, as shown in Fig. 2.
This field is located on the southern edge of Shanghai and northern edge
of Hangzhou Bay. It is approximately 145 km to the northeast of
Hangzhou and nearly 50 km to the southwest of downtown Shanghai.
The experimental field is sparsely populated. The north and northeast
sides are adjacent to three university campuses, the south side is covered
by an intertidal flat, and the west side borders a chemical park. The
airship platform was launched on the Fengxian campus of the East China
University of Science and Technology (121°29'55"E, 30°49'47"N),
which is approximately 2.5 km to the northeast of the UAS takeoff site.

The UAS pilot must be certified by the Aircraft Owners and Pilots
Association (AOPA). The UAS flight schemes on May 25, 2016 were
registered on the U-Cloud website in advance. A flat, open, and straight
runway of over 50 m is required for the UAS to take off and land. After a
manual takeoff, the UAS performed flight tasks based on a pre-
programmed flight path, as shown in Fig. 3(a). The UAS flight path
consisted of five cruising levels separated by vertical distances of 100 m.
The geographical coverage areas of the cruising levels decreased from 4
km x 4 km at 400 m to 2 km x 2 km at 800 m. The flight path was
designed as a “pyramid” to prevent potential contaminants from UAS
emissions. The UAS climbed to the top level of 800 m at a constant speed
of approximately 120 km-h~!, consuming 30-35 min to complete a flight
mission. The recording times of the portable monitors were precisely
calibrated to synchronize their measurements. The onboard measure-
ments by each monitor were stored in it during the flights and were
downloaded to a laptop after landing. Three UAS flights were completed
according to the airship launch plan on May 25, 2016 (Fig. S3). Two
flights were completed between LT 9:00 and 12:00, and a flight was
completed between LT 14:00 and 15:00.

The airship platform was controlled to ascend and descend at a
constant speed of 0.5 m-s~! with a maximum detecting height of 1000 m.
The real-time measurements were transmitted to an information system
every 3 s using an optical transceiver (Li et al., 2015). As shown in Fig. 3
(b), eight airship launches were completed between LT 8:00 and 18:00
on May 25, 2016. Each UAS flight was evaluated using an airship flight
that was launched nearby in time. These two flights can be considered as
a comparison pair. A comparison pair contains two variables: the UAS
measurements (UAS variable) and airship measurements (airship vari-
able). The two variables in a comparison pair must be of an identical
sample size. Various consistency evaluation metrics can be computed for
the two variables in a comparison pair, as a function of height. The first
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Fig. 3. Schematic illustrations of (a) UAS flight path and (b) vertical motion
tracks of airship and UAS platforms on May 25, 2016.

UAS flight (LT 8:54-9:23) was evaluated with respect to the first airship
flight (LT 8:15-9:13); the second UAS flight (LT 11:03-11:33) was
evaluated with respect to the fourth airship flight (LT 11:24-11:48); and
the third UAS flight (LT 14:09-14:40) was evaluated with respect to the
sixth tethered flight (LT 14:52-15:12). The vertical measurements made
by the UAS and airship platforms were averaged over 10 m height in-
tervals to facilitate the comparisons. The onboard instruments of the
tethered airship occasionally malfunctioned temporarily during the
ascent or descent process, thereby missing observations at certain
heights.

2.6. Evaluation metrics

Although a number of metrics have been designed to describe the
consistency between two variables, it is challenging to clearly define the
degree of consistency between the observations of two similar in-
struments. In this study, we focused mainly on investigating the capa-
bility of the portable monitors in capturing temporal and spatial
variations in O3 and PMjy 5 concentrations. Therefore, the portable
monitors and UAS platform could be assessed by the correlation coef-
ficient (r) and intraclass correlation coefficient (ICC). The larger and
more positive the r values are, the higher is the agreement in the vari-
ability of the two variables. The measurements of two similar in-
struments can replace each other when the ICC values of their
measurements are higher than 0.75 (Lee et al., 1989). The increase in the
r and ICC values indicates the improvement in consistency. A detailed
introduction to the metrics r and ICC is provided in the Supplementary
Material file. To evaluate the measurement discrepancy between the
portable and reference monitors, another five statistical indexes were
used as the evaluation metrics (Schneider et al. (2017)): mean bias (MB),
mean gross error (MGE), normalized mean bias (NMB), normalized
mean gross error (NMGE), root mean squared error (RMSE). Detailed
introductions to the five indexes are provided in the Supplementary
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Material file. The statistical analysis software SPSS (version 19, IBM) was
used to compute these metrics. Equations of linear fit between the
measurements of the portable and reference monitors were used to
obtain custom calibration factors. The coefficient of determination (R?)
was used to evaluate the goodness of fit of the linear fitting equations.

3. Results and discussions
3.1. Laboratory tests of the portable monitors

According to the results of multipoint calibrations in laboratory tests
(Fig. S4), the slopes of the linear fitting equations for both POM (R? =
0.99) and AM510 (R? = 0.99) monitors are equal to one. The intercepts
are also within the precisions of the portable monitors (2 ppb for POM
and 2 ugm=3 for AM510). Thus, the results of the laboratory tests
indicate that the POM and AM510 monitors do not exhibit systematic
measurement errors when assessed in the laboratory.

3.2. Ground-level evaluation of portable monitors at monitoring station

Fig. 4 shows the time series of O3 and PMj3 5 concentrations (5 min
averages) measured by the portable and regulatory monitors, respec-
tively, at the monitoring station. The portable and regulatory monitors
exhibit consistent temporal variation patterns for both O3 and PMj 5
measurements. As presented in Table 1, the r values computed for the O3
and PM; 5 measurements between the portable and regulatory monitors
are 0.98 and 0.95, respectively. The two portable monitors were capable
of accurately capturing the temporal variations in the surface O3 and
PM, 5 concentrations at the time resolution of 5 min. However, the
magnitudes of air pollutant concentrations measured by the portable
monitors exhibit prominent biases in comparison with those of the
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Fig. 4. Time series of (a) O3 and (b) PM, 5 concentrations (5 min means) made
by the portable and regulatory monitors at the monitoring station during Nov
12-14, 2016.
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regulatory monitors. The values of MB, NMGE, and RMSE computed for
O3 measurements between the portable and regulatory monitors were
—15.1 ug-m=3, 0.25, and 16.95 ug-m~3, respectively. In comparison to
API-400E, the POM marginally underestimated the ambient O3 con-
centrations. The ICC computed for the O3 measurements between POM
and API-400E is 0.99, indicating a high consistency. However, the ICC
value cannot completely reflect the biases between two variables when
they exhibit a strong linear correlation.

As shown in Fig. 4(b), the AM510 significantly overestimated the
ambient PM, 5 concentrations in comparison to those by the 1405-F. The
MB and NMGE values are 55.82 ug-m~> and 1.02, respectively, indi-
cating that the AM510 measurements are nearly two times those by the
1405-F. In addition, the ICC (0.81) and r (0.95) values computed for the
measurements between AM510 and 1405-F also indicate a strong linear
correlation. As reported in previous studies (Day et al., 2000; Day and
Malm, 2001; Wang et al., 2018), the measurements of PMj 5 concen-
trations made by aerosol light scattering instruments are generally
highly sensitive to variations in the ambient RH. The variation in the
aerosol particle size is closely related to the variation in RH (hygroscopic
growth). The atmospheric water vapor contents significantly impact the
optical parameters (light scattering coefficient) of sampled air. The
1405-F has built-in devices to control the RH and temperature of
sampled air, eliminating the water vapor interference in its measure-
ments. However, the AM510 measures PMs 5 concentrations without
eliminating the interference of the varying ambient RH. In addition, the
two types of PMy s monitors determine ambient PM; 5 concentrations
based on different principles. It is highly challenging to determine the
dominant factors that result in the significant biases between the mea-
surements of the AM510 and 1405-F monitors.

As also introduced in previous studies, the optical mass concentra-
tions of aerosol particles are generally nonlinearly related to the light
scattering coefficients of air samples when ambient RH is over 65% (Day
et al., 2000; Wang et al., 2018). The measured RH varied in the range of
51%-86% during the field study at the monitoring station site. As pre-
sented in Table 1, the AM510 measurements demonstrated a strong
linear (r = 0.95) rather than nonlinear relationship with those of the
1405-F. This indicates that most of the measurement uncertainties of the
AMS510 can be eliminated by linear calibration, as shown in Fig. 5.
However, the linear relationship between the measurements of the
AM510 and 1405-F became weaker when the ambient RH increased
significantly (>80%). The linear fitting equation obtained from the
measurements of the portable and regulatory monitors can provide the
required calibration factors. The R? values computed for the two linear
fitting equations are 0.92 and 0.94, respectively, indicating that the
fitting equations are reliable. The slopes and intercepts of the linear
fitting equations can be used as the custom calibration factors for the
POM and AM510 monitors. The values of the evaluation metrics,
particularly for the AM510, were significantly improved after our cali-
brations. This is presented in Table 1.

3.3. Ground-level evaluation of portable monitors at airship launch site

At the airship launch site, the portable monitors were evaluated with
respect to the reference monitors (0342M and ADR-1500) deployed on
the airship platform. Fig. 6 shows the time series of the measurements (1
min averages) made by the portable and reference monitors. As pre-
sented in Table 1, the r values computed for O3 and PM; 5 measurements
between the portable and reference monitors are 0.94 and 1.0, respec-
tively. This indicates that the portable monitors could capture temporal
variations in O3 and PM, s concentrations at the time resolution of 1
min. However, the measurements of the portable monitors also
demonstrated significant biases in comparison to those of the reference
monitors.

As shown in Fig. 7(a), the POM measurements correlate (R> = 0.68)
well with those of the 0342M with a slope of 0.79 and an intercept of 7.3.
These values are comparable to the fitting parameters obtained at the
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Table 1
Summary of the calculated metrics for POM and AM510 in different scenarios.
Monitors Location MB MGE NMB NMGE RMSE r ICC
POM vs. API-400E Pudong —-15.1 15.36 —-0.24 0.25 16.95 0.98 0.99
AMS510 vs. 1405-F Pudong 55.82 55.83 1.02 1.02 63.2 0.95 0.81
POM vs. 0342M Fengxian 291 3.63 0.12 0.15 5.21 0.90 0.97
AMS510 vs. ADR-1500 Fengxian 63.12 63.12 1.2 1.2 91.34 1.00 0.84
POM vs. 0342M Flight 1 —6.18 9.64 -0.1 0.15 11.74 0.77 0.87
AMS510 vs. ADR-1500 Flight 1 8.56 11 0.18 0.23 15.21 0.91 0.97
POM vs. 0342M Flight 2 3.34 7.68 0.05 0.11 11.21 0.75 0.86
AMS510 vs. ADR-1500 Flight 2 20.38 20.41 0.46 0.46 31.35 0.76 0.93
POM vs. 0342M Flight 3 —-3.26 6.06 —0.04 0.08 7.55 0.95 0.98
AMS510 vs. ADR-1500 Flight 3 10.73 14.15 0.25 0.33 20.98 0.59 0.89
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monitoring station (Fig. 5(a)). The measured O3 mixing ratios at the
airship launch site varied mainly in the range of 25-45 ppb, resulting in
a lower R? value of 0.68 for the linear fitting equation. The POM mea-
surements fluctuate substantially more than those of the 0342M. The
ICC value computed for the measurements between the POM and
reference monitors is 0.90, indicating a good consistency. Thus, the POM
readings can be calibrated by the linear fitting equation obtained at the
monitoring station, as shown in Fig. 5(a).

As shown in Fig. 7(b), the AM510 measurements also exhibit a
relatively good linear relationship (y = 2.3x — 6.5, R?> = 0.99) with
those of the ADR-1500. The measured RH varied between 61% and 97%

means) performed by the portable and reference monitors at the airship launch
site during Nov 29-30, 2017.

during this field study. The fraction of calibration bias was in the range
of —20%-20%. However, it evidently increased with the increase in the
ambient RH (Fig. S5). This indicates that the variation in the ambient RH
may significantly impact the calibration factors of the AM510. However,
the uncertainty was maintained within 20%. The calibration factors
obtained at the airship launch site exhibit marginal differences from
those obtained at the monitoring station (y = 2.2x — 9.5). The values of
the other evaluation metrics (Table 1) computed for the PM; 5 mea-
surements at the airship launch site are also comparable to those ob-
tained at the monitoring station. Therefore, the calibration factors
obtained at the airship launch site can be used to calibrate the AM510
monitor when used on the UAS platform.

3.4. Evaluation of the UAS platform

As shown in Fig. 8, the vertical profiles of O3 and PM; 5 demonstrated
similar variation patterns between the UAS and airship platforms. As
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presented in Table 1, the ICC values computed for the three comparison
pairs for both O3 and PM; 5 measurements were generally larger than
0.75. This indicates good agreements between the UAS and airship
platforms in capturing the vertical variations in the O3 and PM, 5 con-
centrations within the lower troposphere. In the first flight, the NMGE
values for the O3 and PM,s measurements were 0.15 and 0.23,
respectively. However, the NMGE values for the PM; 5 measurements
increased to 0.46 and 0.33 in the second and third UAS flights, respec-
tively. This reveals the significantly higher measurement uncertainties
in comparison to the first flight. Meanwhile, the NMGE values for the O3
measurements decreased to 0.11 and 0.08 in the second and third UAS
flights, respectively. This reveals the significantly weaker measurement
uncertainties in comparison to the first flight. In addition to the NMGE
values, the values of other metrics computed for each flight also
demonstrated significant biases for both O3 and PM, 5 measurements
between the two platforms. However, the ICC values indicated a good
consistency.

As illustrated in Fig. 8, the biases of the O3 and PMj 5 concentrations
between the UAS and airship platforms were not uniform over the entire
measurement range (0-900 m). Significant discrepancies were observed
at heights below 500 m. The planetary boundary layer (PBL) height
varied in the range of 200-500 m (Fig. S6) during the daytime of May
25. The most prominent discrepancies between the UAS and airship
platforms both in O3 and PM; 5 measurements occurred below or near
the PBL top in all the three flights. As presented in Table 2, the values of
the metrics computed for the measurements above the PBL in the two
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morning flights indicated higher consistencies between the two plat-
forms for both O3 and PM; 5 concentrations. However, values of the
metrics computed for the third flight indicated better consistencies
within the PBL. In contrast to the two morning flights, the PM5 5 con-
centrations obtained above the PBL in the third flight demonstrated a
marginally decreasing tendency with larger variations, resulting in a low
consistency between the two platforms. The values of the metrics also
indicated that the consistency of the two platforms was higher for PM5 5
measurements than for O3 measurements.

3.5. Analysis of the discrepancies

As described in Section 2.5, the airship platform performed mea-
surements at a fixed location. The UAS platform performed measure-
ments at five cruising levels, covering areas from 16 km? to 4 km? over
the experimental field (Fig. 2). Therefore, horizontal variations in the
UAS measurements (Fig. S3) may also have contributed to the discrep-
ancies between the two platforms. As shown in Fig. 9, the distribution
ranges of the O3 and PMy 5 concentrations generally increased with
height from 400 m to 800 m. The coefficients of variation (CVs)
computed for the POM measurements were generally lower than 10%
when the ambient O3 mixing ratios were over 40 ppb (Fig. S7(a)). The
CV values computed for the AM510 measurements were generally lower
than 20% (Fig. S7(b)) when the ambient PMj 5 concentrations varied in
the range of 0-200 ug-m~3. As shown in Fig. 9(a), the CV values of the
measured Os concentrations were over 10% (10-12%) at the cruising
level of 400 m and below 10% at the cruising levels above 400 m for all
the three UAS flights. Similar to the O3 measurements, the PM; 5 mea-
surements also demonstrated significantly larger horizontal variations.
For example, the PMj 5 concentrations measured at 400 m in the second
flight varied between 20 and 110 ug-m~2, with a CV value of 32.95%.
Therefore, the horizontal variations in the UAS measurements also
significantly impacted the discrepancies between the measurements of
the two platforms.

In addition to the horizontal variations, the vertical profiles obtained
by the two platforms also revealed certain noteworthy information. For
the profiles obtained at LT 11:00 (Fig. 8), the O3 mixing ratios measured
by the airship decreased from 90 ppb to 65 ppb from 240 m to 340 m.
Meanwhile, the UAS observations decreased from 90 ppb to 65 ppb from
350 m to 450 m. The vertical observations of PM5 5 obtained at LT 11:00
demonstrated distribution patterns similar to those of O3. The PMs 5
concentrations measured by the airship decreased from 95 ug-m~ to 26
ug'm~3 from 300 m to 400 m. Meanwhile, the UAS observations
decreased from 110 ug-m=3 to 40 ug-m=3 from 380 m to 450 m. This
indicates that the vertical distribution patterns of O3 and PMy 5 captured
by the two platforms are highly similar (this is reflected by the r values in
Table 2). However, the stratified layers of O3 and PMy 5 occurred at
different altitudes in the UAS and tethered airship launch sites, respec-
tively. The horizontal variations in the O3 and PMjy 5 concentrations
measured by the UAS were highly likely to have been linked to the in-
homogeneity of the underlying surfaces over the experimental field. As
shown in Fig. 2, the UAS experimental field is located in a coastal area.
The thermodynamic characteristics of the land and sea vary signifi-
cantly, resulting in large spatial variations in both the O3 and PM; 5
concentrations over the experimental field (Fig. S3).

In addition to the horizontal variability, the vertical variations in
temperature and RH may also enhance the measurement uncertainties
of the portable monitors (Fig. 5). As described in Section 2.1, the POM
measurements may drift if the ambient temperature vary rapidly. The
AM510 measurements are affected by rapid variations in the ambient
RH. As shown in Fig. 10, the temperature and RH profiles displayed very
large vertical variations within the PBL. The measured temperatures
decreased by approximately 3 °C from the ground to 400 m during the
two morning UAS flights. Meanwhile, a weak inversion layer was
observed from the surface to 250 m altitude during the third UAS flight
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Table 2

Summary of the calculated metrics for the three UAS flights.
Pollutant Location MB MGE NMB NMGE RMSE r ICC
O3 Flightl_belowPBL -18.9 18.91 —0.22 0.22 20.03 0.08 0.15
O3 Flight1_abovePBL —2.2 6.77 —0.04 0.12 7.5 0.53 0.61
PM, 5 Flightl_belowPBL 2.5 8.96 0.03 0.1 11.69 0.06 0.11
PM, 5 Flight1_abovePBL 11.54 12 0.41 0.42 16.66 0.72 0.71
O3 Flight2_belowPBL 8.6 11.27 0.11 0.14 14.82 0.13 0.21
O3 Flight2_abovePBL -2.3 3.8 —0.04 0.06 4.91 0.79 0.87
PM, 5 Flight2_belowPBL 38.1 38.1 0.57 0.57 47.35 0.29 0.42
PM;, 5 Flight2_abovePBL 7.8 7.85 0.27 0.28 9.38 0.71 0.72
O3 Flight3_belowPBL -1.4 6.56 —0.02 0.08 8.42 0.95 0.97
O3 Flight3_abovePBL —5.2 5.54 —-0.08 0.09 6.52 0.86 0.86
PM, 5 Flight3_belowPBL 19.2 20.15 0.41 0.43 29.4 0.64 0.73
PMa5 Flight3_abovePBL 4.32 9.6 0.11 0.24 10.91 —0.04 -

# The ICC value cannot be computed due to the negative covariance.

(Fig. 10 (a)). The measured temperatures in the third UAS flight also
varied significantly in the range of 23-25 °C, whereas the discrepancies
were significantly smaller than those in the two morning UAS flights
(Table 2). Therefore, the vertical variations in temperature were not the
dominant factor that caused the discrepancies in the O3 measurements
between the two platforms.

As shown in Fig. 10(b), the RH values measured within the PBL were
generally larger than 85% during the two morning UAS flights. With
regard to the third UAS flight, the measured RH values decreased rapidly
from 83% at the surface to 68% at 350 m. Above this height, the
measured RH values varied marginally and had an average value of
66%. Therefore, the RH values measured during the third (afternoon)

UAS flight were significantly lower than those measured during the first
two (morning) UAS flights. In addition, the RH values measured above
the PBL were significantly lower than those below the PBL. As shown in
Fig. 8, the biases of the O3 and PM; 5 measurements between the UAS
and airship platforms were significantly more prominent within the PBL.
Furthermore, the biases of the O3 and PM, 5 measurements between the
two platforms were smaller in the third UAS flight than in the first two
UAS flights. As is established, variation in temperature is strongly linked
to variation in RH. Therefore, the variation in ambient temperature and
RH plays a vital role in affecting the measurement uncertainties of the
UAS observations in the PBL. This is consistent with the results
concluded from the ground-level measurements.
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4. Limitations of this study

There are two significant limitations in the experimental design that
could render the results summarized in this study debatable. First, the
responses of the portable monitors to the variation in the ambient RH
were not investigated completely. The readings of the portable monitors
were only linearly calibrated without considering the non-linear effect
of humidity. Therefore, it is challenging to quantitatively analyze the
impacts of the ambient RH on the measurement uncertainties of the
portable monitors. This is not the objective of this study because the UAS
platform is incapable of providing reliable RH observations with high
time resolution (such as 10 s). The temperature and RH sensors generally
require several minutes to obtain a reliable reading. In future studies,
the portable monitors could be equipped with dehumidifying devices to
eliminate the interference of the alteration in the ambient RH or to
determine the nonlinear relationships between the portable monitor
measurements and ambient RH.

Secondly, a large coastal area was used as the experimental field
owing to the limitation of available sites for flying the UAS and airship
platforms. This field incorporates different types of underlying surfaces,
over which air pollutant concentrations may exhibit large horizontal
variations. Thus, it is highly challenging to clearly determine the key
factors that dominate the biases of the vertical measurements between
the UAS and airship platforms. In future studies, an experimental field
with a uniform underlying surface could be used to assess the UAS
platforms, with the aim of eliminating the interference of horizontal
variations in the air pollutant concentrations.

10

5. Conclusions

A lightweight fixed-wing UAS equipped with portable O3 and PM5 5
monitors (POM and AM510) was developed and assessed using a teth-
ered airship platform. The airship platform was equipped with con-
ventional Oz and PMj 5 monitors. In ground-level tests, the portable
monitors could accurately capture the temporal variations in the
ambient Oz and PMj 5 concentrations. The measurements of the portable
monitors were linearly correlated with those of the reference monitors.
Custom calibration factors of the portable monitors were calculated by
the linear fitting equations between the measurements of the portable
and reference monitors. The readings of the portable monitors agreed
well with those of the reference monitors after the custom calibrations.
Meanwhile, the measurement uncertainties in the portable monitors are
significantly affected by the variation in the ambient RH. The UAS
platform can capture the vertical variations in both the O3 and PMjy 5
concentrations within the 1000 m lower troposphere. The values of the
evaluation metrics indicate satisfactory consistencies between the UAS
and airship platforms in performing vertical measurements of O3 and
PM, 5. However, the vertical observations of the UAS and airship plat-
forms also displayed significant discrepancies at certain heights,
particularly within the PBL. This is owing to the horizontal variations in
the UAS measurements and vertical variations in the ambient temper-
ature and RH.
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