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Abstract: Assessment of air quality has been traditionally conducted by ground based monitoring,
and more recently by manned aircrafts and satellites. However, performing fast, comprehensive
data collection near pollution sources is not always feasible due to the complexity of sites, moving
sources or physical barriers. Small Unmanned Aerial Vehicles (UAVs) equipped with different
sensors have been introduced for in-situ air quality monitoring, as they can offer new approaches and
research opportunities in air pollution and emission monitoring, as well as for studying atmospheric
trends, such as climate change, while ensuring urban and industrial air safety. The aims of this
review were to: (1) compile information on the use of UAVs for air quality studies; and (2) assess
their benefits and range of applications. An extensive literature review was conducted using three
bibliographic databases (Scopus, Web of Knowledge, Google Scholar) and a total of 60 papers was
found. This relatively small number of papers implies that the field is still in its early stages of
development. We concluded that, while the potential of UAVs for air quality research has been
established, several challenges still need to be addressed, including: the flight endurance, payload
capacity, sensor dimensions/accuracy, and sensitivity. However, the challenges are not simply
technological, in fact, policy and regulations, which differ between countries, represent the greatest
challenge to facilitating the wider use of UAVs in atmospheric research.
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1. Introduction

The composition of ambient air changes continuously, due to both natural and anthropogenic
emissions which, when released into the atmosphere as aerosols or gaseous pollutants, affect air quality
and human health [1]. The association between adverse health outcomes and poor air quality has been
clearly demonstrated [2,3], and ambient air pollution has been recognized as the ninth largest health
risk factor globally [4]. However, atmospheric pollution also reduces agriculture yields, visibility,
sunlight at ground level and snowfall, and increases atmospheric heating as well [5,6]. These impacts
highlight the need for continuous air quality assessment.

Detailed information on the characteristics of aerosol distribution and gaseous pollutant
concentrations is needed when quantifying their effects on human health and the environment [7-11].
However, spatial and temporal resolution of data from ground, manned aircraft [7,12-20] and satellite
measurements is relatively low and often inadequate for local and regional applications. In addition,
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satellite and airborne sensors can be prohibitively costly, restricting the use of these platforms to
sporadic tests rather than routine analysis. Furthermore, taking measurements close to pollutant
sources may not always be possible and it could be too dangerous or risky for manned aircraft to fly
close to the ground [21-24]. Together, these reasons promote the use of small, lightweight UAVs for a
range of applications, including atmospheric measurements.

Small, lightweight UAVs can provide more accurate information on aerosol distribution throughout
the atmospheric column, which is needed to better understand air quality and composition in specific
atmospheric layers [25-27]. UAVs cover large areas and can monitor remote, dangerous or difficult
to access locations, increasing operational flexibility and resolution over land-based methods [28,29].
Since the application of UAV is relatively new, the aims of this review were to: (1) compile information on
the use of UAVs for air quality studies; and (2) assess their major benefits and range of applications.

The review is organized as follows: the ‘Materials and Methods’ section explains how multiple
bibliographic databases were used to search for published literature. The ‘Results and Discussion’
section describes the key aspects of UAV use which are critical for ambient air pollution monitoring [30],
as well as an analysis of current UAV applications in air quality. The latter is divided into three
keys areas of investigation: atmospheric composition, pollution and climate change; earth surface,
interior and atmospheric phenomena; and prevention, patrolling and intervention. Finally, the current
challenges, including possible solutions and future applications of UAVs, are presented.

2. Materials and Methods

This review used three different bibliographic databases, Web of Knowledge, Scopus and Google
Scholar. Scopus provided extensive coverage of the topic area, but was limited to articles published
after 1995. Google Scholar was useful for retrieving even the most obscure information, although
its use was marred by inadequate or out-of-date citation information [31]. Different keywords were
used and original peer-reviewed research articles and literature reviews were included in the search.
In total, 61 search terms (See Table S1 in Supplementary Materials) and different combinations of
these were used, including a combination of at least three individual terms. Data was compiled from
published journal articles, conference proceedings, books and grey literature, namely technical reports
published by government agencies, academic institutions, trade publications and information gathered
from manufacturer websites, which are not typically subjected to peer review and may contain biased
data. Although some cited reports came directly or indirectly from industries with a financial interest
in promoting the use of UAVs, the data were cross-checked to ensure validity of the conclusions.
The literature review ended in March 2016.

3. Results and Discussion
3.1. Air Pollutants Which Need to Be Monitored

3.1.1. Atmospheric Composition

The composition of the atmosphere is strongly related to emission processes which release a wide
variety of aerosols and gases, but are also connected to the Earth’s geography, meteorology and rotation
which affect the movement of air masses [32,33]. The emission sources are both natural, such as
vegetation, deserts, volcanoes and wild fires, and anthropogenic, such as power plants, domestic heating,
transportation and industrial production. However, anthropogenic sources generally have a higher impact
on health and the environment [34]. The main particulate matter (PM) and volatile organic compound
(VOC) sources in urban environments are vehicle emissions, domestic heating and industrial processes.

Combustion processes release four principal greenhouse gasses (GHGs) into the atmosphere:
carbon dioxide (CO;,), methane (CHy), nitrous oxide (N,O) and halocarbons (gases with fluorine,
chlorine and bromine) [35]. In addition, nitrogen monoxide (NO), sulphur dioxide (5O,), VOCs, PM,
black carbon (BC) and organic carbon (OC) are also emitted [36,37].
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3.1.2. Health and Environmental Impact

Combustion-generated particles are the main contributors of PM in the urban atmosphere
and they are strongly related to a number of adverse health effects [38]. Previous studies have
identified that long-term exposure to combustion-related fine PM might be associated with an
increased risk of cardiopulmonary and lung cancer mortality [39]. The PM emitted by anthropogenic
combustion sources contributes a small fraction in terms of mass, but a very large number of particles,
predominantly in the ultrafine range (Ultrafine particles (UFPs) < 100 nm) [40]. UFPs have a significant
impact on human health and the environment [2,41]. They can penetrate and deposit deep inside the
lungs [2,41,42] and because their lifetime is longer than particles with a larger diameter, they can be
transported further from their sources, due to slow removal from the atmosphere [43]. In addition
to their effects on human health, monitoring combustion-generated PM (including BC) is critical
due to its capacity to adsorb sunlight, as well as its subsequent release of heat [44—46]. Assessing
atmospheric VOC concentrations is also important, not only due to their direct effects on health,
but also because they can act as precursors and become photo-chemically oxidized (atmospheric
aging), leading to the formation of secondary organic aerosols (SOA), which have also been linked to
poor health outcomes [47].

3.1.3. Air Quality Measurements

Data collection in relation to gaseous pollutants, PM [48-53] and VOCs from traffic, power plants,
urban and industrial air quality is extensive and includes ground level sampling using both on-line
and off-line techniques [54-56], as well as manned aircrafts [57]. However, direct measurements at
the source are not always feasible due to the complexity of sites, moving sources or physical barriers,
such as direct measurements of shipping emissions or biomass burning.

It is critical to characterize in-situ air pollutant properties, in terms of origin, concentration mixing
state, size, chemo-physical composition and reactivity, for both air quality and climate change research,
as well as for policy development and the regulation of combustion source emissions. Therefore, UAVs
may be a viable option for such in-situ air quality data collection [25].

3.2. UAV Types and Requirements for Outdoor Air Composition Studies

UAUVs are operationally more versatile and visible compared to land-based approaches or other
aerial methods, such as manned aircraft and satellites. Conducting atmospheric measurements in
remote locations is one situation where the use of small, lightweight UAVs is of particular benefit [58,59].
In fact, the reduced size, weight and power needs of these flying robots, along with the reduced cost of
the platforms and instrumentation, make them highly suitable for these operations.

Unmanned aircrafts encompass a wide range of different platforms which, due to their physical
size and power, differ in terms of their capability and simplicity of operation. These factors impact
the payload carrying capacity, speed, altitude and range of flight, which determines the different
applications that can be performed by each type of UAV. Figure 1 shows examples of fixed and rotary
wing UAVs. Several platform classifications have already been proposed, however, the nomenclature
adopted for civil and scientific use has generally followed the existing military descriptions of size,
flight endurance and capabilities [60-62].

(a) CyberEye II (b) Silvertone Flamingo c) SenseFly Swinglet

Figure 1. Cont.
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(d) AscTec Pelican (e) DJI F550 (f) DJI S800

Figure 1. Example of a small fixed wing (a) CyberEye II [63]; (b) Silvertone Flamingo [64];
(c) SenseFly Swinglet [65] and rotary wing (d) AscTec Pelican [66]; (e) DJI 550 [67]; (f) DJI S800 [68]
unmanned aircraft (All the UAVs shown are part of the fleet of the Australian Research Centre for
Aerospace Automation).

Even though small UAVs are subject to significant payload restrictions compared to larger
(manned) aircrafts, they have a distinct advantage over their manned counterparts in terms of relatively
low platform cost, capability to perform autonomous flight operations from take-off to landing, and
to fly closer to the ground with no risk for a manned crew [69]. Pre-programmed flight plans can be
issued and automatically controlled on-board, which means that small UAVs can be flown with greater
accuracy and less workload than aircraft with human operators. Some platforms even have the ability
to work in environments without GPS signals and/or to follow local linear infrastructure without the
use of a GPS [70], and therefore, could provide efficient and accurate monitoring inside buildings,
forests or canyons [71].

3.2.1. Performance and Capability of UAVs

UAV performance and capability are closely linked to aircraft size, and therefore, small, low-cost
aircraft will inherently have payload, speed, power and endurance limitations. They will have a
limited ability to carry on-board sensors/equipment and potentially short flight times. Airframe
dimensions and shape, for example, can make the mounting of sensing equipment difficult, and power
may have to be shared with the sensors, depending on the propulsion system. As such, large amounts
of energy may be required, which will reduce both flight time and the spatial diversity of collected
data. Low speed operation, governed by low stall speed characteristics, is often possible with such
platforms, allowing for the spatially dense data collection often required for localized, site-specific
inspections [72-74].

Larger aircraft have less stringent payload limitations and can accommodate an increased number
and diversity of on-board sensors and equipment. A de-coupled propulsion and payload power system
is typical, which further increases the potential for long-range, high endurance applications, such as
large scale regional inspection. UAVs have been categorized into five groups by the U.S. Department
of Defense (DoD), as shown in Table 1 [58].

To date, UAVs have been equipped with small size, lightweight visible-spectrum cameras or, in
some cases, near-infrared cameras for conducting air quality measurements [60]. Chwaleba et al. [75]
reviewed optical sensors that can be carried on-board a UAV for air pollution monitoring, ranking
Light Detecting and Ranging (LIDAR) sensors as the best optical device to be used as a payload for
air quality monitoring. Depending on the sensors used, multiple data sets may be collected with a
high spatial and temporal resolution [60,76,77]. However, with more complexity and capability comes
more maintenance, and additional specialist skills may be required. Larger platforms are costly and
require a significant financial investment. Perhaps, the most important consideration is the safety of
using such platforms in commercial applications, since they have the potential to cause considerable
damage (to humans and property) and as such, fall under stricter operating guidelines than smaller
UAVs [78,79].
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Table 1. UAV categorization used by the U.S. Department of Defense [58].

UAV Category Max Takeoff Weight (Gross) Normal Operation Altitude (ft) Airspeed

Group 1 <20 pounds <1200 (365.76 m) above ground <100 knots

P (9.07 kg) level (AGL) (<185.20 km/h)

21-55 pounds <250 knots
Group 2 (9.53-24.95 kg) <3500 (1066.8 m) AGL (<463.00 km /h)
Group 3 <(1<352908p7‘1“;‘c;5 <18,000 (5486.4 m) mean
: & sea level (MSL) .

Group 4 >1320 pounds Any airspeed
Group 5 >18,000 MSL

Note: if an UAV has one characteristic of the next higher level, it is classified as being part of that group.

3.2.2. UAVs as Platform for Air Quality Research

Aircraft capability in the context of air quality monitoring is a critical aspect that needs to be
considered, based on the purpose of the research. Fixed wing aircraft can typically cover a greater
area over a given time interval and provide flexibility in terms of sensor mounting points. As they
are unable to hover and have minimum operating height requirements, high spatial diversity can
be achieved at the cost of decreased spatial resolution. In some cases, they can be inherently stable,
allowing some forgiveness when failure occurs, such that payload recovery is likely. They may also
require short runways (30-200 m), with some clearance for take-off and landing, or the use of a capture
and release device [80-83]. They can be designed for compact and easy transport and deployment,
allowing for operation in remote locations with minimal infrastructure requirements [84].

Rotary wing aircraft, such as helicopters and multirotor (quadrotors, hexacopters or octocopters),
generally have a lower operating speed, but allow discontinuous trajectories, such as hovering, for
close proximity inspection. Typically, increased spatial resolution can be achieved at the cost of
decreased spatial diversity. Recent advances in control have made these inherently unstable platforms
more reliable and easier to operate, reducing the risk of payload damage and accidents in general.
They do not require specialized equipment or a runway for launch and recovery, and, depending on
their size, can be easier to transport. Sensor placement has to be well matched to the platform, with
the sensor intake typically located away from the propeller or rotor downwash effect.

Other aircraft types, such as parasails and blimps (balloons), can also be utilized [85]. They allow
for larger payloads and slower operating speeds, compared to fixed wing aircraft. They may also have
long operating times, but can, in some cases, be difficult to control and with less maneuverability [86].
This is mainly due to their high susceptibility to ambient weather conditions [87].

Unmanned aircraft systems can also be used in standalone operations involving a single platform,
or more advanced systems utilizing multiple aircraft. In each case, a ground station is usually required
for remote piloting and mission command. Multiple UAVs can be flown in a swarm, or coordinated to
fly separately but with complementary trajectories for a given application [88]. This requires advanced
centralized or decentralized control and guidance algorithms, but has the potential to increase the
quality and quantity of data collected with a reduced operator workload. Currently, the use of multiple
UAV systems has been demonstrated for a range of related applications [89].

Unmanned aircraft can also be viewed as useful tools for plume monitoring control and
management within the disaster management framework [90,91]. They have the potential to provide
high resolution spatial and temporal data sampling over large areas or in site-specific locations.
They can also be used on a local, district or field level, depending on the type of data being collected
and the platform characteristics. These data sets may then be coupled directly with other measurements,
depending on the number of auxiliary sensors and aircraft/agents used. Cost per unit, including
platform and auxiliary equipment, such as a ground station, may be significant (500-1,000,000 AUD),
but in the appropriate circumstances, subsequent operation may be less expensive than manned
aircraft operations or satellite based approaches.
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3.2.3. Regulations and Advisories

Importantly, unmanned aircraft cannot be deployed without restrictions. Under current aviation
safety operating regulations, restrictions are placed on their use in commercial, research and private
applications [92,93]. For example, in most countries, it is a requirement that UAVs be controlled by
a certified operator. This adds an additional safety measure, but bears a cost and dictates who can
legally conduct UAV operations [94]. This, in turn, has a direct effect on the frequency, quality and
type of atmospheric research-related applications that can be conducted.

Considering that unmanned aircraft are flying robots operating in the same national airspace
as manned aircraft, they too need to comply with governing aviation safety regulations. Aviation
regulatory bodies, such as the Federal Aviation Authority of the U.S. (FAA) and Civil Aviation Safety
Australia (CASA) define the rules and restrictions that govern who can access the national airspace
and under what conditions, with the aim of protecting the general public and other airspace users by
ensuring that safety standards are met. Some rules may only apply to a particular type of aircraft, while
some may apply to all aircraft operating under certain weather conditions or flight types. Globally,
a complete set of operating regulations for UAVs are yet to be defined [95,96].

3.3. UAVs for Ambient and Air Quality Composition Measurements

UAVs have been used by researchers and commercial organizations to sense atmospheric gases
and aerosols [97], and have been shown to be capable of reaching remote areas and survey large
regions [98,99]. The following sub-sections highlight the contribution of UAVs to the air quality
research domain.

3.3.1. Study of Atmospheric Composition, Pollution and Climate Change

The application of UAVs to measure atmospheric composition, pollution and climate change
includes taking in-situ samples above, below and within the atmospheric boundary layer (ABL),
as reported by a number of studies reviewed below.

Wind Vector Measurements

In order to measure wind vector, a UAV can perform a spiral flight trajectory. A Pitot tube
mounted on the nose of a fixed-wing UAV could be used to measure and calculate the horizontal wind.
However, no airflow angles are available, and so the wind vector can only be calculated by performing
special maneuvers, giving a horizontal resolution of about 300 m [100].

A meteorological Mini-UAV “M2AV” (5 kg takeoff weight, 1 kg payload, with more than 50 km
flight range) capable of measuring T, H and wind vector data was developed by Spiess et al. [101,102].
The data collected by the UAV (temperature), were shown to be in good agreement, with a maximum
difference of less than 0.5 K [100].

Van den Kroonenberg et al. [103] used the same UAYV, the M?2 AV, to develop a UAV system to
collect wind data. The system had a five-hole probe (5HP), a GPS receiver and inertial measurement
unit (IMU), meaning that an inertial sub-range of locally isotropic turbulence can be measured up to
40 Hz (or 0.55 m at 22 m-s~ ! airspeed). During weak wind (3—4 m-s~!), the M? AV data agreed with
sonic detection and ranging (SODAR) and meteorological tower data to within 1 m-s~'.

However, UAV measurements were accompanied by large standard deviations of up to 0.4 m- s~
when measuring stronger wind (6-7 m-s~!). The M? AV measured higher mean wind speeds compared
to nearby SODAR profiles, but agreed well with tower measurements.

The results of the work of Van den Kroonenberg et al. [103] suggest that to accurately measure the
wind vector, any UAV would need a 5HP, GPS receiver and IMU.

Martin et al. [104] flew the “M?AV” UAV during a campaign over Lindenberg, Germany, to
measure morning and evening ABL transitions. With a climbing rate of 3 m/s and equipped with
fast reading sensors (response frequency of 30 Hz), the “M?AV” was able to provide a 10 cm vertical

1
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resolution for temperature, humidity, wind direction and speed. The collected data was in very good
agreement (not larger than 1 K) with ground-based sensing systems.

A UAV called small unmanned meteorological observer (SUMO), was flown in Iceland during
several campaigns to measure temperature, humidity, wind speed and direction up to 3500 m above
ground level [88,105]. The SUMO operated successfully under polar conditions, reaching 1500 m
in altitude, at a ground temperature of —20°C and a wind speed of 15 m/s. The results of these
measurements were used to compare and evaluate the results of an Advanced Research Weather
Forecasting (AR-WRF) model. The observed and modelled data were in good agreement; however, in
some cases the model did not reproduce small inversions measured by the SUMO, which reported
two layers at heights of 200-500 m and 1000-1300 m that were dryer than expected. In fact, the
model overestimated humidity by around 25%. The collection of wind data was only possible during
autonomous flight mode, which for safety reasons, could only be activated above 200 m, and therefore,
resulted in no wind data being collected below that threshold. The need to operate under clear sky or
thin cloud conditions was another limitation, since the SUMO stabilization system, which is based on
infrared sensors, requires a radiation temperature difference of around 8 K between the ground and
the sky [105]. Reuder et al. [88] worked on the optimization of the SUMO system to include: a new
autopilot to enhance in-cloud flying capacity, a faster temperature sensor to reduce the measuring
time from 5 to 1 s and by adopting the five-hole probe (5HP) system. The S5HP was the same approach
suggested by Van den Kroonenberg et al. [103], which enabled the SUMO to determine 3D turbulent
flow vector with a temporal resolution of 100 Hz.

The work of Reuder et al. [88] showed: (1) that was possible to integrate sensors onboard a UAV
for air quality measurements (optimized within 650 flight missions since the first attempt in 2009 [106]);
but also (2) that temperature, humidity and wind data, collected during a field campaign (Lannemezan,
Franced) were significant for a case study on anabatic flow from the lowlands towards the foothills of
the Pyrenees.

Atmospheric Aerosols Data Collection

The versatility of UAVs has been shown in several missions focused on the investigation
of atmospheric aerosol properties, in particular light-adsorption and light-scattering properties.
The application of a stacked configuration of three UAVs was successfully adopted during the Maldives
Autonomous UAV Campaign (2006) to simultaneously measure aerosol-cloud-radiation parameters
within the same column [99]. The aim was to clarify the nature of discrepancies between modelled and
observed data under clear sky conditions. The UAVs flew with a horizontal separation of 10 m and a
delay of less than 10 s to avoid ambiguities that arise from spatial and temporal variability in aerosols
when passing over the same geographic point (or clouds). Results showed that the model was within
an experimental error of 15% compared to the data collected when flying between 500 m and 3000 m.
Both Ramana et al. [98] and Ramanathan et al. [99,107,108] stated that there was no need to invoke
anomalous or excess absorption or unknown physics in clear skies.

The work of Ramanthan et al. [108] indicates useful information for sensor integration, flight
path design and real flight of a UAV swarm. In addition to this, the work is significant in terms
of data collected, overcoming the challenge of direct measurement of the solar heating caused by
BC. This was possible thanks to the use of the three UAVs flown in a stacked formation over the
same environment at different altitudes to measure flux divergences (heating rates) for an extensive
period of time. The study also demonstrated that atmospheric brown clouds with a visible absorption
optical depth as low as 0.02 are sufficient to enhance solar heating of the lower atmosphere by 50%.
Corrigan et al. [25] used two twin fixed wing UAVs in a stack formation to monitor total particle mass
concentration, particle size distributions, aerosol absorption and BC concentrations within the mixed
layer over the Indian Ocean. Each platform had a weight of only 27 kg and 5 kg payload. A cruising
speed of 60 knots (111 k/h) enables the UAVs to fly for up to 5 h, giving a nominal range of 550 km.
The difference between data collected by airborne and ground instruments, and also aircraft-to-aircraft



Sensors 2016, 16, 1072 8 of 29

measurements, was <10%. However, measurements of aerosol optical depth taken by the UAV differed
by up to 20% with those taken by a columnar AERONET sun-photometer. In this case, the data
collected by the UAV allowed Corrigan et al. [25] to observe a large aerosol plume above the mixed
layer, with a peak concentration near 2000 m. This result is in agreement with previous studies which
disproved the common assumption that the mixed layer has a uniform concentration of constituents
which decrease exponentially once above this layer.

The study by Bates et al. [109] aimed to generate a vertical profile of atmospheric BC concentrations,
using a MANTA UAV in an 18-flight (38 flight hours) campaign. The payload was customized for online
particle number concentration and aerosol light absorption (at three wavelengths) measurements,
as well as particle collection using an 8-filter sampler (for off-line analysis). The flight plan for the UAV
was to climb to 2700 m, descend to the altitude of maximum aerosol concentration, and then conduct
sampling at that altitude. BC concentration varied from below the detection limit (0.04 ug- m~3) to
0.51 pug: m3. Using the UAV, Bates et al. [109] were able to measure BC transport and distribution
above the ABL, which was previously made with manned aircraft, being impossible to measure from a
ground station.

Altstadter et al. [110] developed the ALADINA (Application of Light-weight Aircraft for Detecting
In-situ Aerosol) system to investigate the 3D distribution of UFPs within the ABL. The UAV, equipped
with two condensation particle counters (CPCs) and an optical particle counter (OPC), to give a
total payload weight of 2.8 kg, was able to measure aerosols distribution from the ground up to
1000 m. The authors reported that the concentrations measured by the ALADINA were consistent with
those obtained using a scanning mobility particle sizer (SMPS) system and an aerodynamic particle
sizer (APS) at ground-level, however, the percentage of agreement between ground and airborne
measurements was not presented. The work of Altstddter et al. [110] demonstrated the possibility
of integrating two CPCs onboard a UAV to measure UPFs. However, the instruments measured the
number of particles in the range of 11 nm and 2 pm and not only the UFP (<100 nm) fraction as
stated in the title of the work. The research focused and provided details on integration of the sensors
rather than validation of the data collected with the UAV system.

Harrison et al. [111] proposed the use of a remote-controlled aircraft to investigate the horizontal,
vertical and temporal variability of PM within the first 150 m of the atmosphere. They aimed to
prove that UAV-based systems could be the next generation validation methodology for satellites.
Harrison et al. [111] used a modified 3 m fixed wing model aircraft (already successful in another
study [112]) to perform four different flights: the first three followed an oval pattern with the altitude
increasing after each loop, starting at 30 m and finally reaching up to 140 m. The UAV sensor
package system was an aerosol spectrometer with the intake probe mounted in a cowl to allow clean,
undisturbed air sample collection (payload specification not given). The mean PM; 5 concentration
for three flights with varying altitude was 36.3 pg/m?3, and the highest concentration was recorded
below a 10 m altitude. Results showed an overall vertical variation with a standard deviation of
only 3.6 ug/m3. The PM; 5 concentration did not change significantly across the day, with mean
concentrations for the first three flights being 35.1, 37.2, and 36.8 pig/m?>. A lower concentration of
23.5 pug/m? was recorded during the constant altitude flight. Harrison et al. [111] believe that this
reduction in concentration is significant compared to the concentration variations in any of the first
three flights, therefore, that the constant altitude does not account for the change. For this reason, more
data is needed to explain the cause of the change.

The flight at near constant altitude of 60 m was conducted to characterize variation on the satellite
data subpixel scale; data was divided into a 120 m x 65 m grid. The mean PM; 5 concentration
across the grid cells was within the standard deviation of any grid cell, with a variation from 20.5 to
24.9 pg/m3. This meant that the PM concentration could be accurately characterized as the data pixel
area equivalent to the flight path area.

Other researchers have used multi-rotors to overcome the limitations of a ground-based station
when measuring near-surface gradients of trace gases and PM concentrations. Brady et al. [113] used a
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quad-copter based system to study the vertical and horizontal concentration of CO, and PM at a high
spatial resolution (1 m) within the atmospheric mixed layer (0-100 m). A 3D Robotics Iris+ was used
as a platform and the system made by integrating two commercial sensors onboard: (1) a dual channel
optical sensor (MetOne 80080) to measure PM with an atmospheric diameter between 0.5 and 1 um
(channel one), and greater than 1 um (channel two); (2) a NDIR CO, sensor (CO;Meter-30) to detect
CO, between 0 and 103 ppm. The payload weight was 510 g, limiting the flight time to 5 min, which
was enough to observe sea-spray aerosol generation in the surf zone (a high-intensive production
zone for sea spray aerosol due to the abundant wave breaking), showing high precision in both
vertical (+0.5 m) and horizontal positions (=1 m). The UAV system was flown horizontally at 5, 10, 15
and 25 m from the beach to the surf zone to characterize the aerosol plume, providing both vertical
and horizontal profiles. The profile, obtained from a total of 13 vertical samplings, demonstrated a
maximum aerosol plume height of 40 m above the surf zone, and also a turnover in the 0.5-1 um
particle concentrations at an altitude of 70 m. These horizontal and vertical aerosol profiles enabled
researchers to calculate ambient humidity emission rates for small and large particles in the surf zone.
Future work aims to make the system lighter to increase flight endurance. Overall, the UAV system
provided an efficient sampling platform to measure the vertical and horizontal profiles of sea spray
aerosol generated within the ABL.

Molders et al. [114] theoretically examined the capability of UAVs to provide spatial distribution
of mean pollution concentrations using the 2009 Crazy Mountain complex fire in Alaska as a case
study. The Evaluated Weather Research and Forecasting model in line with chemistry (WRF/Chem)
data was used to represent ABL conditions. A virtual Scan Eagle capable of 20 h flight time (assuming
zero-weight payload), was flown at different altitudes, speeds and following different path to collected
data from the WRF/Chem. UAV measurements of CO correspond to the ground measurements
within a factor of two at 1000 m, demonstrating that the UAV system can provide good 20 h mean
distributions of CO at 1000 m for 60 km x 60 km. However, it is necessary to derive separate mean
distributions for daytime and nighttime when considering pollutants involved in photochemical
reaction chains (SO,, NO). In fact, results showed that the diurnal cycle of SO, and NO concentrations
led to overestimation compared to the ground measurements. Moreover, due to the relatively short
period of darkness at high latitudes in late summer, a UAV swarm would be required for nighttime
data collection. Each UAV would sample flying different pattern for 20 h.

Aviation advisory would benefit from the possibility of UAV to sample around the top of the ABL,
which would give information on plume’s dispersion. This is particularly important when satellite
imagery cannot provide such information due to cloud cover in the mid and upper troposphere.

Sampling strategies for meteorological and chemical quantities data collection are different.
Air quality forecasts and the virtual sampling technique could help in effective, optimized flight
planning, and data collecting. However, the authors assumed zero payload, while realistically even
the lightest onboard sensors would add some weight. The heavier the payload the less fuel can be
added, which reduces flight duration.

UAV deployment for air quality advisories requires long flight durations to cover large areas
such as in the downwind of wildfires. Molders et al. [114] asserted that instruments light and small
enough to fit a UAV system capable of sampling at high frequency still have to be developed.

Greenhouse Gases and Other Gaseous Pollutants Measurements

Berman and Fladeland used a SIERRA UAYV fitted with a custom-made GHG analyzer to conduct
highly accurate (1 Hz) measurements of CO,, CH,, and water vapor concentrations at low altitudes
(=10 m) in Svalbard, Norway [115,116]. These SIERRA results are consistent with those measured
by a Zeppelin station at 475 m above sea level (the percentage of agreement between readings at the
different stations was not reported).
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Malaver et al. [117-120] explored the possibility of flying a solar UAV as part of solar powered
wireless sensor network system (WNS), to monitor GHGs continuously, using solar energy to solve the
power consumption issue.

Rossi et al. [121,122] worked on the UAV and sensor energy consumption issue and successfully
developed a new VOC and gas sensing system. The device is based on a fully automated metal-oxide
(MOX) sensor, capable of running and storing data for 30 min. The researchers mounted the device
underneath a hexacopter and performed two experiments. The first, hovering above an opened solvent
(isopropyl alcohol) bottle, and the second, flying above the University refectory chimney, demonstrated
that the sensing performance is not affected by the air and capability of the system to spatially describe
VOC concentration.

Both the studies by Malaver et al. [117-119] and by Rossi et al. [121,122] were focused on
sensors’ integration and illustrated the possibility of integrating low cost, low power consumption
sensors to allow longer sampling times, for air quality applications rather than quantification of the
measured gases.

Watai et al. [97] demonstrated that UAVs are a suitable and cost-effective method for measuring
spatial and temporal variations of atmospheric CO; in and above the ABL. The researchers integrated,
calibrated and tested a 3.5 kg CO, sensitive payload, with a 20 s response time and a precision of
+0.26 ppm. With a maximum flight time of 1.5 h, the UAV was able to rise to 2000 m (main observation
area) and then descend in a spiral to about 650 m, before recovering and landing at the starting
point. After 15 flight tests, Watai et al. [97] stated that the system was capable of conducting precise,
high-frequency measurements, in order to determine the temporal trend of CO, which tended to
change between 200 and 400 m and 400-600 m layers. However, CO, data were not collected at ground
stations, and therefore direct comparisons were not possible.

Ilingwoth et al. [123] confirmed both the cost efficiency of UAVs and the limitations of
ground-based instruments to monitor the variability of target gases over a localized area as well
as to provide important information in relation to the rapid characterization of micrometeorology
and chemical composition. Illingwoth et al. [123] mounted an ozonesonde (manufactured by Science
Pump Corporation., Camden, NJ, USA) on-board an inexpensive UAV (Skywalker Technology, Wuhan,
China) to measure variations in ozone concentration on an urban scale. Flying close by Manchester, UK,
they captured a peak concentration of approximately 39 ppm, which was associated with a short-term
shift in wind direction. On the other hand, data collected by two nearby ground stations did not show
this variance, but rather a constant O3 concentration of about 19 ppm and 26 ppm, respectively.

Lawrence et al. [124] developed a low-cost (400 USD airframe, 300 USD sensors) UAV system
to address the emerging need for fine-scale measurements of atmospheric variables throughout
the troposphere and lower stratosphere. The UAV system, DataHawk (0.7 kg, 1.0 m wingspan),
was capable of in situ temperature, humidity, wind vector and turbulence sensing at high spatial
resolution (1 m over a horizontal scale of 1 km), over altitudes ranging from a few meters up to at
least 9 km. The work showed not only the possibility to integrate low-cost sensor to have accurate
data (temperature, humidity and wind speed accuracy: 2 °C, 2%, 0.2 m-s 1), but also the ability of
collecting data up to the top of the ABL.

Overall, UAVs can make significant contributions in terms of atmospheric data collection within
the ABL, as well as in more complex environments such as mountainous areas [105]. Knowledge
in relat