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Abstract: The emission of greenhouse gases (GHGs) has changed the composition of the atmosphere
during the Anthropocene. Accurately documenting the sources and magnitude of GHGs emission
is an important undertaking for discriminating the contributions of different processes to radiative
forcing. Currently there is no mobile platform that is able to quantify trace gases at altitudes <100 m
above ground level that can achieve spatiotemporal resolution on the order of meters and seconds.
Unmanned aerial systems (UASs) can be deployed on-site in minutes and can support the payloads
necessary to quantify trace gases. Therefore, current efforts combine the use of UASs available on the
civilian market with inexpensively designed analytical systems for monitoring atmospheric trace
gases. In this context, this perspective introduces the most relevant classes of UASs available and
evaluates their suitability to operate three kinds of detectors for atmospheric trace gases. The three
subsets of UASs discussed are: (1) micro aerial vehicles (MAVs); (2) vertical take-off and landing
(VTOL); and, (3) low-altitude short endurance (LASE) systems. The trace gas detectors evaluated
are first the vertical cavity surface emitting laser (VCSEL), which is an infrared laser-absorption
technique; second two types of metal-oxide semiconductor sensors; and, third a modified catalytic
type sensor. UASs with wingspans under 3 m that can carry up to 5 kg a few hundred meters
high for at least 30 min provide the best cost and convenience compromise for sensors deployment.
Future efforts should be focused on the calibration and validation of lightweight analytical systems
mounted on UASs for quantifying trace atmospheric gases. In conclusion, UASs offer new and
exciting opportunities to study atmospheric composition and its effect on weather patterns and
climate change.

Keywords: remote sensing; unmanned aerial vehicles; unmanned aerial systems; drones; atmospheric
composition; sensors

1. Introduction

The atmosphere is a mixture of numerous gases dominated by volume ratios of 78.1% N2(g),
20.9% O2(g), and 0.934% of the noble gas argon. The remaining 0.066% trace gases includes several
greenhouse gases (GHGs) of natural and/or anthropogenic origin, such as carbon dioxide (CO2),
methane (CH4), ozone (O3), nitrous oxide (N2O), and chlorofluorocarbons (CFCs) [1]. Trace gases
play a major role in maintaining a stable climate on Earth by absorbing infrared radiation during their
lifetimes on a direct proportion to their concentration [1]. Climate perturbations have been linked to
volcanic eruptions quickly injecting large quantities of CO2, sulfur dioxide (SO2), hydrogen sulfide
(H2S), nitrogen oxide(s) (N2O, NO, and NO2), etc. into the atmosphere [2–4]. In addition, trace gases
can also introduce new catalytic cycles that initiate atmospheric reactions that have never occurred
before [5]. For example, evidence of such undesired catalytic cycles has been observed over Antarctica,
where halogen radical species (e.g., Cl, Br, ClO2, ClO, BrO) from anthropogenic sources have led to
a hole in the ozone layer [6,7].
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The fast rate of burning fossil fuels; changes in land use caused by deforestation, domestication of
cattle, and oil mining; and the emission of industrial pollution have impacted the chemical composition
of the atmosphere [1,2] raising numerous health concerns [8,9]. The growing emission of GHGs
has been associated to a disrupting effect on radiative balance with long term consequences [1].
Thus, instruments mounted on satellites [10], which cannot provide altitude-resolved data, manned
aircraft [11,12], atmospheric balloons [13], and tall towers [14] have been deployed to measure
the changing concentrations of GHGs. However, as global emissions continue to rise, there is an
increased need for technology that could allow for accurate detection of trace gases near sources, and
particularly in the lower troposphere. Remarkably, this atmospheric boundary region remains poorly
characterized due to the lack of existing methods for monitoring trace gases. Therefore, unmanned
aerial systems (UASs) are an attractive alternative to traditional experimental techniques because they
can collect air quality information in this underrepresented atmospheric region (0–100 m above ground
level). UASs can be deployed within minutes at the source, have excellent horizontal and vertical
maneuverability, and can sample predetermined locations without the intervention of a remote pilot to
ensure systematic sampling. The implementation of UASs as a platform to detect trace gases results in
spatiotemporal data on the order of meters and seconds. Manned aircraft cannot achieve this level of
resolution, and entail more complex operations for deployment that are not as cost or time effective.
Balloons can be deployed near the source, but can be cumbersome and impractical when compared to
the low-cost and ease of use that UASs offer.

Moreover, UASs can also be used to gather information about how the emission of industrial
gases affects the particle size, composition, and concentration of aerosols in the lower troposphere.
For example, UASs have been a useful platform for data collection of (1) concentration and size
gradients of aerosol particles in the boundary layer over a coastal area [15]; (2) the size and nature of
atmospheric particles due to local pollution sources [16,17]; and, (3) the dispersion of aerosols and
gases in a plume [18]. The remarkable power of UASs to enable characterizing of the composition of
the lower atmosphere is also accompanied by progress in methods that attempt weather modification.
For instance, cloud-seeding technology that has been discussed for decades could now be advanced
with promising experiments employing UAS technologies [19].

UASs originated in the early 1900s, but their usefulness was not demonstrated until the Vietnam
War in the 1960s and 1970s, during reconnaissance missions that were too dangerous for a piloted
aircraft [20]. The diversification of UASs over the next few decades included capabilities for engaging
in battlefield warfare and cameras that were able to achieve centimeter-scale resolution [20]. Soon,
the advantages of remote imaging UASs were noticed by the public and introduced to the civilian
market [20]. Although a 98% of the production of UASs was for military use in 2004 [20], a significant
increment for the production of civilian UASs has recently taken place to satisfy the demand from
the general public. In fact, the sale of civilian UASs, often referred to as “drones”, has increased by
224% from April 2015 to April 2016 [21]. Drones have undeniably increased in popularity among
the general public, and thus have become a focal point of research and development. Although the
forefront of civilian uses resides in aerial photography, delivery of goods, and entertainment, many
environmental applications of UASs can be envisioned to help solve current limitations faced by
atmospheric chemistry technology [20,22].

The early development of UASs has faced many challenges, including the need for legislation
that has shown to be controversial in the United States [23]. The engineering problems that must
be addressed include the flight range and endurance of the UASs. This is generally a consequence
of aircraft size, energy storage, payload weight, and whether it is a fixed-wing or a rotary-wing
aircraft. UASs are currently limited by propulsion technologies [24], but research using solar energy
has shown promise to extend power storage for extended operation [25]. On the other hand, the
scientific challenge for the monitoring of trace gases is the development of sensors that are lightweight,
inexpensive, and accurate enough for daily data collection and analysis. In contrast, current detectors
employed in manned aircrafts are generally heavy, expensive, and complex techniques, such as
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mass spectrometry, which are neither size nor cost suitable to scale down for deployment with small
UASs [24–26]. Indeed, state of the art detection methods must be developed based on the principle of
keeping simplicity, low-costs, portability, and capacity for in-situ detection. This perspective presents
the current knowledge for recent developments with UASs and sensors technologies, and provides
guidance to apply this information to boundary layer problems, such as the detection of trace gases.

2. Classification of UASs

It is convenient to first introduce the five broad categories of UASs resulting from their military
origin in the United Sates [27]. The transition of a UAS from one category to the next occurs if anyone
of the limits to payload, altitude, or speed is surpassed. The first group has a maximum payload of
less than 9.1 kg, an operating altitude of less than 366 m, and an airspeed of less than 185 km h−1.
The second group has a payload between 9.2 and 25 kg, an operating altitude of less than 1067 m,
and an airspeed of less than 463 km h−1. The remaining three categories have takeoff loads greater
than 25 kg and a maximum of 599 kg. Their altitudes can reach up to 5.5 km (and above), with no limits
to the airspeed. The applications that can be carried out with a UAS are linked to the category that it
belongs to. Large UASs are capable of performing advanced tasks, flying long distances, and carrying
heavy payloads. However, these large UASs (for payloads ≥25 kg) are not practical for atmospheric
sampling at low altitudes. While the performance of small vehicles is relatively more limited than for
large UASs, the great availability of these inexpensive models makes them especially attractive for
research applications. The fact that UASs from the first two categories (with payloads ≤25 kg) are
battery operated (and combustion fee) makes them the preferred choice for trace gas detection.

Aside from the previous classification, there is a more recent and specific one that breaks down
UASs into seven groups [25]: (1) micro UAS (MUAS); (2) vertical take-off and landing (VTOL);
(3) low-altitude short endurance (LASE); (4) LASE close; (5) low-altitude long endurance (LALE);
(6) medium-altitude long endurance (MALE); and, (7) high altitude long endurance (HALE). The UASs
classified as LASE close, LALE, MALE, and HALE (groups 4 through 7) can reach altitudes up
to ca. 1.5 km and all require substantial runways for take-off and landing. Because there are no
battery-operated UASs that are capable of such tasks, these classes of UASs appear to be of low
relevance for trace gas detection [25]. The first three categories (MUAS, VTOL, and LASE) are all
viable options for trace gas monitoring. MUAS are defined by their miniature size (~15–20 cm) and
ultra-light weight, with payloads of less than 50 g and flight times of 8–10 min [25].

In addition, UASs are also divided into fixed-wing and rotary-wing aircrafts, which respectively
look like traditional airplanes and helicopters. Although fixed-wing aircrafts do not have the
maneuverability and take off and landing convenience of rotary aircraft, they are more stable in severe
weather conditions and tend to have more space for payload configurations [24,26]. Both fixed-wing
and rotary-wing UASs can be used for trace gas monitoring if they are not propelled by internal
combustion engines. Examples of fixed-wing UASs included in Figure 1 are the Bormatec Maja and
Explorer, the CyberEye II, and the Skywalker X8.

Both Bormatec UASs (Maja and Explorer) are closely related but differ by having single and dual
engine setups, respectively. The CyberEye II represents the style of a conventional fixed-wing UAS
that can be adapted for low-cost trace gas detection. The Skywalker X8 is a practical alternative that
provides useful payload capacity for small, light-weight trace gas sensors at a fraction of the cost of
the other three UASs in Figure 1.
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From the large variety of rotary-wing UASs available in the market, a few examples included in
Figure 2 are the T-REX 700E helicopter, the DJI Matrice 600, the AirRobot AR100B, and the AscTec
Falcon 8. The T-REX 700E represents the traditional helicopter with one central rotor, and a secondary
rotor on the tail of the aircraft. The DJI Matrice 600 is a lightweight hexacopter, with its rotors
distributed in a circular pattern. The AirRobot AR100B is a quadcopter, also with its rotors in a circular
array. The AscTec Falcon 8 is an octocopter with an alternative linear array of rotors. Because the
upward force of the UAS is proportional to the diameter and number of rotors, the primary reason for
adding extra rotors to the aircraft is to provide a greater lift [26].
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However, it must be noted that adding rotors increases battery consumption and results in shorter
flight times. Thus, a primary consideration for maximizing flight duration for a given payload is to
optimize the number of rotors needed.

VTOLs are typically rotary-wing UASs that have the obvious advantage of near-instant
deployment. Thus, VTOLs are versatile for field operations where runways are not an option.
Given that the flight time for this class is limited from 20 to 60 min, a VTOL is an ideal platform
to deploy sensors as close to the source as possible [25]. The maneuverability of VTOLs is also one
of its strengths; the ability to hover in one location and reverse is advantageous. However, there are
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numerous types of VTOLs (e.g., helicopter, quadcopter, hexacopter, octacopter), each of which creates
a unique downwash that can make gas detection and quantification complex [25].

LASEs are the most diverse class of UASs, and are characterized by simplicity and ease of use.
The wingspans are limited to 3 m, and offer payloads from 2 to 5 kg. These UASs can be hand-launched
or catapult-launched, and offer flight times from 45 to 120 min. This class of UASs can also be fit with
autopilot features that offer the advantage of pre-planned flight patterns to ensure systematic sampling.

In summary, selecting the most appropriate UAS for sampling in the lower atmosphere requires
consideration of the mission objectives, environmental conditions, and budget. The frame of the
selected UAS model requires alteration for carrying the trace gas detection system to be deployed.
Different sensor technologies for trace gas detection are discussed below.

3. Sensors for Trace Gases

There are many different types of sensors that can be mounted into a UAS for detecting trace gases
in the lower atmosphere. The most common methods are electrochemical, photoionization, infrared
(IR) laser-absorption, semiconductor, and catalytic detection. Although each method is fundamentally
different, all of the sensor types must be able to detect background atmospheric concentration levels
and also have a dynamic range that spans the range of gas concentrations expected in the field.
The useful detection limits and expect mixing ratio ranges for a number of trace atmospheric gases of
interest to the U.S. Environmental Protection Agency (EPA) are presented in Table 1 [28].

Table 1. Detection limits and expected ranges of selected trace atmospheric gases.

Trace Atmospheric Gas of Interest Useful Detection Limit Expected Range

Ozone 10 ppbv 0–150 ppbv
Carbon monoxide 100 ppbv 0–300 ppbv

Carbon dioxide 100 ppmv 350–600 ppmv
Nitrogen dioxide 10 ppbv 0–50 ppbv

Sulfur dioxide 10 ppbv 0–100 ppbv
Methane 500 ppbv 1500–2000 ppbv

VOCs 1 µg m–3 5–100 µg m–3 (total)

A bias and precision of ±30% is reasonable for hotspot identification and characterization
purposes; for supplementary network monitoring, a bias and precision of <20% is necessary for further
investigation [28]. Another aspect to consider with trace gas sensors is the response to rotor turbulence.
The impact of rotor turbulence with respect to detecting trace gas concentrations with sensors onboard
UASs is relatively unexplored. A handful of publications present some computational fluid dynamic
(CFD) analysis in a general context of mapping quadrotor downwash [29–31], but there are limited
publications that include a CFD analysis for sensor placement [32]. Furthermore, the computational
resources are not currently available to run detailed simulations that include the effect on local gas
concentrations, thus the analysis of how gas concentrations are affected by UAS rotor turbulence is
still something that needs to be studied. Even though the scope of these simulations is limited, they all
show a general consensus on the location of the maximum and minimum airflows around the aircraft
so some useful conclusions can be drawn from them. There are a few options when considering sensor
placement. The first is to place the sensors outside the range of the rotor turbulence entirely, but at the
cost of adding significant complexity, weight, and affecting the center of gravity. The second option is
to minimize the airflow around the sensor on the UAS. The center of the fuselage above and below the
aircraft appears to be the optimal placement to minimize air disturbances around the sensor, and thus
are ideal locations for sensor placement. If the sensors are not used to gather luminosity measurements
and/or are highly sensitive to UV light/temperature, locating them under the fuselage of the aircraft
appears to be an ideal solution. A third possible solution is to isolate the sensor from rotor downwash
entirely, and pump the air in with a sample inlet clear of the turbulence. The solution to be employed
depends on the payload capacity of the UAS and the dependence of the instrument on air turbulence.
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Electrochemical type sensors are commonly used for the detection of toxic gases as they pass
through a semi-permeable membrane and undergo a redox reaction at the working electrode [33].
The resulting electrical current between the working and reference electrodes can be calibrated to
provide the concentration of the desired gas. A typical problem associated to the use of electrochemical
sensors is its cross sensitivity to other gases if the choice of membrane has not been carefully considered.
Although, new and promising calibration methods are currently being developed to correct for sensor
dependences on variable environmental conditions (i.e., temperature and relative humidity) [34].
Photoionization detectors commonly incorporate a durable 10.6 eV UV lamp to ionize volatile organic
compounds (VOCs) [35]. The ejected electrons resulting from the photoionization of VOCs produce
an electrical current that is directly proportional to concentration of the volatile species. While the
sensitivity of this technique extents to low ppbv mixing ratios, the signal corresponds to the sum of all
gases with an ionization potential that lies below the threshold set by the lamp’s photon energy.

The principle of operation for IR laser-absorption sensors is not different from a bench-top
spectrometer [36,37]. As the laser beam passes through the atmosphere, a detector measures the loss in
radiation intensity as a function of wavenumber. The loss of radiation intensity relative to the reference
beam (or the same beam at a different wavelength) can provide the concentration of gases, while the
wavelength of light absorbed provides the identity of the gas. The advantage of this technique is to
sample large volumes for analysis because the sensor does not need to come in contact with the gas.

Semiconductor type sensors commonly use a tin or tungsten oxide film, which is saturated
with adsorbed oxygen species (O2

−, O−, O2−) in clean air [38]. The presence of oxygen on the film
creates a high potential between the sensor and air. However, the presence of reducing gases results
in the desorption of O2(g), which lowers the potential and allows for current to flow through the
sensor. This change in resistivity within the sensor is the principle that can be used to measure the
concentration of a gas. Lastly, catalytic sensors operate using two parts, known as beads, which are
connected in a Wheatstone bridge circuit [39]. One bead has a catalytic material that is reactive to
combustible gases and the other bead is not reactive because it is made of an inert material. The heat
produced as combustible gases react with the catalyst causes an increase in resistivity of the catalytic
bead. The circuit is designed to produce a voltage output (from the relative change in resistivity),
which can be measured and is proportional to the concentration of the gas of interest.

4. Implementation of Sensor Technology Onboard UASs

Several different categories and models of UASs have been introduced above and the significant
factors for selecting between them are size, range, payload, and whether it is a fixed-wing or
rotary-wing vehicle. These UASs can be modified to include sensors for monitoring trace tropospheric
gases at low altitudes, as demonstrated in recent experimental efforts that have been successfully
employed three different sensor technologies: (1) a portable IR laser-absorption spectrometer;
(2) two semiconductor sensors; and, (3) a catalytic type sensor.

The first technology implemented has used a robust optical setup for IR laser absorption
spectrometry to quantify GHGs using a photodetector [40,41]. This optical application includes
the low-power vertical cavity surface emitting laser (VCSEL), as displayed in Figure 3, which probes
the near-infrared region to identify GHGs such as CO2 and CH4 [40,41]. However, this method suffers
interference from absorption by water vapor (H2O). Thus, wavelength modulation spectroscopy
has been employed to further resolve the overlapping signals from different gases [40]. In addition,
a cylindrical multi-pass cell with gold-coated mirrors has been used for increasing the optical path of
the laser beam reaching the photodetector. This optical setup has been mounted into the T-REX 700E
helicopter (Figure 2) for low altitude flights with a total payload <0.5 kg that lasted 5 to 10 min for
measuring CO2 and CH4 at 4994.94 cm−1 and 4996.12 cm−1, respectively [40].
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batteries [26]. 

Figure 3. Low-power vertical cavity surface emitting laser with multi-pass cell and photodetector.
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Measurements of CO2 and CH4 have been performed with the VSCEL technique, using wavelength
modulation onboard a T-REX 700E helicopter (a VTOL UAS) at an air speed of 15 m s−1 that provides higher
spatial resolution than possible by a conventional aircraft [40]. This temporal and spatial resolution data
for CO2 and CH4 obtained at 2000–2003 and 1654 nm, respectively, is displayed in Figure 4 [40].
The mixing ratio of CO2 at a very low altitude (<5 m) has varied between 350 and 450 ppmv.
For CH4, mixing ratio measurements in the range 1700–1900 ppbv have been detected from 10 to
40 m altitude. Importantly, knowing the humidity during these measurements enabled the correction
of filed measurements after laboratory calibration that also included instrument stability and drift.
The laboratory precision of the VSCEL sensor has been demonstrated to be ±0.06 ppmv for CO2 and
±0.9 ppbv for CH4. In the field, the precision of measurements is within ±0.1 ppmv and ±2 ppbv for
CO2 and CH4, respectively. Because many gases absorb in the infrared range, the application of this
technique to quantify other trace gases could be expanded.
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The second technology that has been tested employs semiconductor sensors to quantify the
presence of GHGs and VOCs from changes in resistivity [26]. This technology has been demonstrated in
a micro electro mechanical system (MEMS) with metal oxide (MOX) gas sensors that were customized
with micromachining techniques for UASs. The advantages of using MEMS with MOX, e.g., made
of tungsten trioxide (WO3), such as that displayed in Figure 5, comprise a reduction in the payload
and power intake of the sensor, making it practical for mobile VOC detection. These sensor arrays can
potentially allow simultaneous monitoring of several different compounds, including CO2, NO2, and
SO2 [26]. For practical applications, the sensor has been integrated into a microcontroller and mounted
into a UAS [26], such as the DJI hexacopter in Figure 2, for carrying a payload of 0.3 kg during 15-min
flights when powered by two parallel 9 V batteries [26].Atmosphere 2017, 8, 206  8 of 16 
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Among the trace gases that could be detected by the MEMS MOX sensors, a VTOL UAS has
facilitated monitoring the release of the VOC isopropyl alcohol over an open field [26]. Preliminary
results show that VOCs have an impact in sensor response, and that GHGs can be detected in the
turbulent flow of a VTOL UAS [26]. However, the registered change in the output of the sensor
corresponds to an absolute response to all VOC present, and no selectivity for different gases has been
demonstrated [26]. Indeed, the results suggest that further development and laboratory calibration
would be needed to identify and quantify trace gases in the atmosphere with this type of sensors.

In addition, the highly selective MQ-4 semiconductor sensor for CH4 detection (Figure 6) [42]
is a good candidate for deployment with UASs. Although the MQ-4 sensor has been designed to
monitor CH4, a lower selectivity for detecting the gases propane and butane is possible [42]. The cheap
and commercially available MQ-4 sensor can be easily paired to a microcontroller mounted to either
a fixed-wing or rotary-wing UAS. However, a challenge faced by this current technology is the need
to perform accurate calibrations under variable temperature and relative humidity. MUASs devices
appear to be an ideal platform for deploying the small and lightweight MQ-4 sensor. Employing
multiple MUASs in a swarm can potentially provide real-time tridimensional (3D) spatial resolution
of CH4 concentrations in a cost-effective manner. This technique could be also applied in a discrete
manner in urban settings, but with limitations such as for short flight times or the inability to fly
in strong winds [25]. In addition to CH4, the MQ-4 sensor can also detect propane, hydrogen (H2),
carbon monoxide (CO), ethanol, smoke, and air.
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For calibration purposes, the measured resistivity of the MQ-4 sensor (Rs) is expressed relative
to the reference signal for 1000 ppmv CH4 in air (Ro) [43]. Such information for the MQ-4 sensor
is available, e.g., at 20 ◦C, for 65% relative humidity, 21% O2 mixing ratio, and a load resistance of
2 × 104 Ω [43], and varies with humidity and temperature. Therefore, in order to obtain useful CH4

mixing ratios with this sensor, calibrations across several temperature and humidity conditions are
needed [43]. A general concern for employing this sensor in the presence of multiple gases is the lack
of specificity to differentiate and quantify several gases simultaneously. However, the MQ-4 sensor
can still provide useful information because of its much sharper response for CH4 than for other gases
that are certainly not in excess.

Interestingly, trace gas emissions of CH4 from a landfill have been successfully studied following
a racetrack pattern, which can be accomplished by flying the Skywalker X8 in Figure 1, a LASE UAS,
perpendicular to the direction of the wind [44]. Thus, the quantification of CH4 using this UAS should
be attempted in the future with a Skywalker X8 equipped with both the MQ-4 sensor for CH4 and the
MEMS MOX sensor for the detection of other GHGs and VOCs. However, the Skywalker X8 is not
robust enough for most laser absorption spectroscopy techniques, such as the VCSEL.

This section lastly covers a catalytic type sensor that has already been proved in commercially
handheld gas detectors. Catalytic type gas sensors have long been available on gas monitoring
devices developed for industry settings, where a small gas leak can be dangerous or even deadly.
Existing devices have evolved to measure up to six gases simultaneously but they need to be modified
to fit the needs for onboard sensing with UASs. An example of such adaptation has been attempted
with an AirRobot AR100B (Figure 2) that is capable of flying for 30 min with a payload of 0.2 kg to
measure mixing ratios of CO2 and SO2 over a volcanic crater in the Canary Islands [45]. The method
was laboratory validated only for CO2 using a test chamber filled with clean air [45]. Importantly,
the device provides the option to exchange the catalytic sensors for toxic gases by electrochemical type
sensors or even photoionization detectors (PIDs) for combustible gases.

There are further examples of sensors used for trace gas deployment that do not explicitly stick to
one type of detection mechanism, several examples of UAS deployments for atmospheric monitoring
can be found in the literature [46–54].
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5. Interface for Integration of Analytical Sensors into UASs and Initial Cost Considerations

The miniaturization of sensor packages can be enabled by printed circuit boards (PCBs). Software
such as Fritzing allows for the design and printing of unique circuit boards that can integrate several
gas sensors into a small, lightweight package [55]. These PCBs are generally battery powered,
although the development of radio frequency identification (RFID) tags provides a promising future
for wireless powering of these low-power consuming devices. These PCBs are programmed with
microcontrollers or microcomputers on single integrated circuits. Typical microcomputers employed
combine a processing core, RAM, and an operating system (e.g., Linux) to operate microcontrollers.
Programing of the microcomputer is enabled with software using a keyboard and monitor connected
to the device. Among the options for collecting data from the sensor package, there are two common
reliable practices: (1) to store data on a SD card for later retrieval and analysis; and, (2) to wirelessly
transmit data in real time to an online database or back to the users’ computer via Wi-Fi or Bluetooth.

The costs of UASs such as MAV, LASE, and VTOL can vary widely based on the airframe, the GPS
navigation system to be added, the autopilot and telemetry system, and motor/battery combination
chosen. Airframe costs can range from $250 to $5000 depending on the type and complexity of the
aircraft. Although the GPS navigation system can be costly (e.g., ~$4000), it is a significant component
to determine the quality of flight. The autopilot systems can vary significantly due to the quality of the
flight control with prices starting at $50 that for higher-end systems increases to $300. Batteries for
UASs range from $65 to $200, but the number of batteries required for operation could range from
1 to 6 depending on the number of rotors. Additionally, spare batteries are required to keep the UAS
in flight as much as possible, what impacts the total battery cost to range between $65 and $1200.
In addition, battery chargers cost $60–200. For those airframes that do not come equipped with a motor,
an additional investment of $30–120, depending on size and rating, is needed. Many users of UASs
also find it useful to have onboard digital-to-analog (DAC) converters, which cost between $200 and
$300. Thus, just for the total cost of a UAS, a figure of $5000 to $12,000 can be obtained.

The cost of sensor packages can also vary slightly based on the type of
microcontroller/microcomputer used, the number and type of analytical sensors deployed,
and how the device is powered. The microcontrollers/microcomputers cost $25–40, but it may require
multiple shields (or a PCB) to incorporate data transmission, as well as a memory card, which could
cost an additional $35. Batteries are approximately $20 each, and at least two batteries are required
per unit to run continuously all day. The price of analytical gas sensors certainly depends on the
detection method chosen. Many electrochemical, photoionization, catalytic, and semiconductor type
sensors are readily commercially available, but the price definitely reflects the quality of the sensor.
Many gas sensors are available for $5–10, however for the highest-quality gas sensors, the price range
can jump to $300–1000. There is a large variety of gas sensors priced in-between as well, but again the
price reflects the quality. It is recommended to verify the following information is available when
purchasing sensors: calibration, lifetime, sensitivity, response time, and size/weight. Lastly, there are
no commercially available IR laser-absorption instruments. This means that the instruments reviewed
above were custom built for that UAS, making cost estimates difficult. However, given the costs of
lasers, optical cables, gas chambers, and detectors, it is the most expensive method to deploy.

6. Restrictions and Regulations in the United States and European Countries

According to the U.S. Federal Aviation Administration (FAA), any model aircraft under 55 lbs
(25 kg) is considered as a small unmanned aerial system (sUAS) under the addition of Part 107 to
Title 14 Code of Federal Regulations. Part 107 states that the pilot in command (PIC) must have
a proper certification requirement if a sUAS is operated for non-hobby purposes. The FAA defines such
operations as: agricultural monitoring/inspection, research and development, educational/academic
uses, powerline/pipeline inspection in mountainous terrain, antenna inspections, bridge inspections,
aiding search and rescue, wildlife nesting area and evaluations, and aerial photography [56].
Flying a sUAS for any of these objectives requires that the pilot obtains a “Remote Pilot of Small
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Unmanned Aircraft System” license, and that the unmanned aircraft be registered with the FAA.
The license examination can be taken at any of the local certified testing stations listed on the FAA
website [57] and the aircraft can be registered at the FAA website [58]. Upon obtaining the part
107 license, the individual may now legally conduct research operations. However, there are some
considerations one must take to ensure that the provisions of part 107 are followed. When flying, there
must always be at least one PIC per aircraft. This person may not be the individual at the controls of the
aircraft, but they are in charge and responsible for that operation. The PIC must maintain line of sight
of their aircraft, unless a visual observer (VO) is used. The sole job of the VO is to watch the sUAS and
report any potential dangers back to the PIC. The PIC, VO, and individual at the controls must be able
to remain within eyesight and be able to communicate at all times with the sUAS. First person view
(FPV) style optics do not meet the line of sight requirements, but may be used in addition. Operations
are to begin and end at civil twilights (30 min before sunrise and 30 min after sunset) and shall not
exceed 121.9 m above ground level or 160.9 km h−1 groundspeed. Lastly, it is particularly important
to ensure that external load operations are attached firmly, and will not adversely affect the center
of gravity or flight time in such a way that will jeopardize flight operations. It is possible to conduct
operations outside of normal FAA guidelines through a Certificate of Waiver or Authorization (COA).
For example, a COA would be necessary to fly in the dark before sunrise to obtain a baseline before
atmospheric boundary layer inversion, or to fly above 121.9 m for vertical profiles. A COA is obtained
by application to the FAA. The applicant must demonstrate that the operation can safely be conducted
under the terms of the COA, and will be allowed to operate outside normal FAA guidelines.

The European Aviation Safety Agency (EASA) is in the process of creating their own unified
standard for UASs. As of 5 April 2017, the first official draft pertaining to UASs regulation has been
published [59]. By the end of 2017 the proposal will be brought to the commission, it will be finalized
by mid-2018, and implemented in 2019. The EASA categorizes operations based on the particular risk
associated, and the type/size/performance of unmanned aircraft used. The regulations are dependent
on both the class of the operation and the UAS.

There are three classes of operations defined by the EASA: open, specific, and certified.
Open operations are defined as not needing prior approval of competent authority, and have little to
no risk. Open operation regulations are aimed towards the general public, and apply to all member
states of the European Union (EU). Regulations of open operations will not be explained in detail,
but it is advised to become familiar with the different subclasses of open operations (flying over people,
flying near people, and flying far from people) and classes of UASs (C0, C1, C2, C3, C4, and privately
built) [59].

Specific operations, due to the risk involved, must obtain flight authorization from competent
authorities. The EASA will issue standard scenarios for specific operations that the member states of
the EU can choose to adopt or change. Either way, member states shall designate a governing body for
specific operations (similar to the way the United States of America designates the FAA). Permission
for specific operations can be granted from the competent authorities by submitting a risk-assessment
analysis before each flight. However, the operator can authorize their own operations if they possess
a Light UAS Operator Certificate (LUC). As mentioned above, regulations can vary between member
states, so it is advised to go to the corresponding EU member state (if applicable) and enquire about their
regulations for specific operations with the goal of obtaining a LUC to authorize the operations needed.
Table 2 summarizes the regulations for unmanned operations of selected European countries [60].
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Table 2. Summary of UASs Regulations for Selected European Countries.

Country MTOM a Limit Categories License Height Limit

Austria 150 kg 5 kg; 25 kg More risky categories with an
increase of pilot qualification 150 m AGL e

Belgium 150 kg
<1 kg recreational;
<5 kg class 2;
>5 kg class 1

Yes for Class 1 (including LAPL
medical); Class 2: practical
examination with certificate
(no medical)

91 m AGL e

Czech Republic 150 kg
0.91 kg;
7 kg;
20 kg

UAS for professional use needs
authorization. Pilot passes practical
and theoretical tests

300 m AGL e; in CTR 100
m AGL e

Denmark >25 kg need
authorization

1A: <1.5 kg
1B: <7 kg
2: 7–25 kg
3: BVLO c

For commercial use in populated
areas, permission is needed.
Applicants need have an operations
handbook and pass a practical test

100 m

Finland 25 kg 7 kg over densely
populated areas No 150 m

France 150 kg
Captive RPAS d

and RPAS <2 kg,
<25 kg; and >25 kg

RPAS d >25 kg need a remote-pilot
license. For scenario S1, S2, and S3:
theoretical certificate, and practical
test. For scenario S4: theoretical
certificate + manned aviation license.

150 m; (50 m in scenarios
S2, RPAS d >2 kg)

Germany 25 kg <25 kg;
>25 kg

Theoretical and practical
requirements above 5 kg. 100 m

Ireland 150 kg 1, 5, 7, and 20 kg No, but theoretical and practical
requirements 120 m for <20 kg

Italy As per basic
regulation

0.3 kg;
2 kg;
25 kg

Yes, pilot certificate for VLOS b and
<25 kg, otherwise license. Medical
class LAPL/3.

150 m

Lithuania >25 kg need
registration

1. <300 g;
2. >300–25 kg;
3. >25 kg

Yes, requirements set up in conditions
for conducting commercial flights 122 m

Malta 150 kg No Medical Declaration 122 m

Netherlands 150 kg No Yes 120 m

Poland 150 kg 25 kg Certificate of qualification, including
medical for commercial pilots

Portugal
>25 kg need

authorization; toy
<1 kg

Toy <1 kg;
>25 kg with
authorization

Case by case, >25 kg 120 m; toy 30 m outside
controlled airspace

Slovenia 150 kg No Yes

Spain 150 kg
<2 kg;
<25 kg;
and >25 kg

<25 kg theoretical knowledge +
practical course on RPAS d + LAPL;
>25 kg pilot license

120 m

Sweden 150 kg

1A: 0–1.5 kg/max
150 J/VLOS b

1B: 1.5–7 kg/max
1000 J/VLOS
2: 7–150
kg/VLOS b

3: BVLOS c

Yes >7 kg 120 m

Switzerland 150 kg

Open: <30 kg, 100
m outside crowds
VLOS b;
Specific: Anything
else

Pilot skills in the total hazard and risk
assessment (GALLO) No limit (with GALLO)

United Kingdom 150 kg <20 kg;
>20–150 kg

>20 kg or BVLOSc; <20 kg VLOS b:
pilot competency assessment required
if requesting permission.

122 m (>7–20 kg); <7 kg
VLOS

a: MTOM = Maximum Take Off Mass, b: VLOS = Visual Line of Sight, c: BVLOS = Beyond VLOS, d: RPAS = Remotely
Piloted Aircraft System, e: AGL = Above Ground Level.

Lastly, certified operations are considered high risk and include large or complex UAS operating
continuously over open assemblies of people, or operating beyond visual line of sight in high
density airspace. Certified operations also include UASs that are used for transporting dangerous
goods or people. These operations are more closely governed by the laws of manned aircraft, and
require the certification of the operator and the aircraft, as well as the licensing of the flight crew.
Certified operations are outside the scope of this perspective and will not be discussed further.

There are many other countries to consider all of the developing legislation in depth (i.e., China,
Australia, Canada, etc.) in this perspective. Thus, if more information is needed, there are resources
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developed by the International Civil Aviation Organization (ICAO) that provides links to aviation
authorities worldwide. Specifics on unmanned aircraft regulations can be found therein [61,62].

7. Conclusions

Monitoring trace tropospheric gases with UASs is a promising methodology for atmospheric
chemistry applications. MAVEs, VTOL, and LASE aircrafts are the most practical UASs for trace
gas monitoring. Specifically, those UASs with wingspans under 3 m for payloads <5 kg are the
best compromise between cost and convenience for deploying sensors. These UASs offer altitude
capabilities of a few hundred meters with flight times ranging from 30 min to 2 h. Examples of how
these UASs can carry lightweight, low-power, cheap trace gas sensors have been provided. However,
further progress is needed to achieve the accurate quantification of a mixture of gases under variable
environmental conditions. The most expensive part of integrating analytical sensors into UASs is
also the most difficult to quantify, because time and investment for research and development of
these new analytical methods of gas detection are needed. Numerous hours, days, and months of
innovation in the laboratory and application in the flying field will need to be invested, which is costly
and nearly impossible to put a dollar amount for comparison to the cost of the individual components.
Future progress in this area will be possible when new instruments that are integrated into UASs are
developed, calibrated, and validated.
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