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Abstract: Records and projections of increasing global average temperature call for improvements
of global stocktake inputs, which are vital to achieving targets of intergovernmental agreements
on climate change. Unmanned Aerial Vehicle (UAV)-based atmospheric observation of greenhouse
gas (GHG) concentrations is an upcoming addition to the top-down measurement methods due to
its advantageous spatial-temporal resolutions, greater coverage area and lower costs. Hence, we
developed and tested a lightweight UAV payload enclosure integrating a non-dispersive diffusion
infrared (NDIR) spectrometer and two electrochemical sensors for measurements of carbon dioxide
(COy), carbon monoxide (CO) and nitrogen dioxide (NO,). To achieve higher response times and
maintain measurement qualities, we designed a custom air inlet on the rotor-facing side of the
enclosure to reduce measurement fluctuations caused by rotor downwash airflow. To validate the
payload design, we conducted a controlled test for comparing chambered and chamber-less NDIR
spectrometer measurements. From the test we observed a reduction of 0.48 hPa in terms of standard
deviation of pressure measurements and minimised downwash-flow-induced anomalous biases
(+0.49 ppm and +0.08 hpa for chambered compared to —1.33 ppm and —1.05 hpa for chamber-less).
We also conducted an outdoor in-situ measurement test with multiple flights reaching 500 m above
ground level (ABGL). The test yielded high resolution results representing vertical distributions of
mole fraction concentrations of three types of gases via two types of flight trajectory planning methods.
Therefore, we provide an alternative UAV payload integration method for NDIR spectrometer CO,
measurements that complement existing airborne GHG observation methodologies. Additionally,
we also introduced an aerodynamic approach in reducing measurement noises and biases for a low
response time sensor configuration.

Keywords: drone-based; carbon dioxide; NDIR; greenhouse gases; rotor downwash; atmospheric
observations; emission monitoring

1. Introduction

Given the results and predictions of the global greenhouse effect and GHG concentra-
tions from the latest studies, it is indisputable that we must continue the improvements
of observational capabilities of GHG sources and sinks, both anthropogenic and naturally
occurring [1].

Atmospheric CO; is one of the most influential GHGs in terms of global warming
potential. The unprecedented concentration levels of CO; in past decades have been
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associated with anthropogenic activities, which contributed to accelerating increases of
concentration levels by almost three times (2.39 + 0.37 ppm yr~! between 2010 and 2019),
compared to an average of 0.82 4 0.29 ppm yr~! during the decade of 1960-1969 [2].

To continue the improvements of global stocktake inputs for achieving the targets of
the Paris Agreement, reductions of flux uncertainties require more comprehensive spatial
coverages of measurements [3], which demand augmented top-down observation capa-
bilities [4]. Although bottom-up assessment methods are crucial to the accountabilities of
global carbon emissions and sinks, posteriori inputs from top-down methods exemplified
by atmospheric mole fraction measurements and statistical inversions can improve under-
standings of carbon fluxes, while bottom-up approaches can reversely validate the results
of its counterpart [5] and benefit from the additional constrains provided to the process
representations in carbon-cycle models [3].

Atmospheric observations are important to yield top-down measurement results due
to their capabilities of retaining large-scale signals and filtering out short-term fluctuations
simultaneously [6]. Currently, satellite remote sensing is increasingly available [7] for
atmospheric column XCO, measurements [8], while regional CO, measurements are being
conducted by sensors distributed at approximately 100 sites with the supplement of higher
towers and manned aircrafts [3]. Being very cost effective, UAVs promise potential contri-
butions by their superior spatial-temporal resolutions and robust weather resistance [9].
To maximise the measurement coverage area for GHGs, UAVs will become formidable
additions to the existing network based on ground, aerial and orbital observations. Com-
pared to the current solution of towers and commercial airliners for lower atmospheric
measurements, UAVs can provide improved instrument mobility and reduced operational
costs. However, there are limitations to applying low-cost UAVs within the field, such as
the inability of effectively carrying measurement instruments with large volumes, heavy
weights and complex operational procedures. Moreover, although fixed-wing UAVs are
generally able to carry heavier payloads, they are unable to measure with low speed.

There have been numerous attempts made to achieve high-precision measurements
of GHG concentrations via UAV-based solutions, recent examples of which include a
multirotor-drone-mounted active AirCore for methane (CH,) measurements [10], quantum
cascade laser-based CHy sensors mounted on a multi-copter drone [11] and a fixed-wing
model aircraft [12]. CO2-measuring precedents include a wirelessly connected solar pow-
ered UAV sensing system [13], a general airborne-capable payload equipped with SenseAir
AB sensor [14] and a Vaisala GMP343 sensor integrated within an unmanned aerial sys-
tem [9]. The latter examples opted to use a dispersive NDIR spectrometer for CO, mea-
surements. This technology was also chosen for the payload described in this study due to
its mechanical simplicity and lighter weight, despite the fact that its measurements can be
disturbed by rotor downwash airflow. While the benefits of UAV GHG sensing have been
proven in previous studies, further payload design challenges such as complex internal
component arrangements and maintaining environmental representativeness are yet to
be fully addressed. Protecting sensors from downwash airflow generated by propellers
is among the foci of this article. Earlier numerical simulation results using fluid dynamic
equations for examining interactions between rotor downwash and plumes suggest that
onboard gas density measurements vary as a quad-rotor drone flies across the section of a
plume [15], indicating perturbed measurements. Another more recent study utilising both
computational fluid dynamics and particle imaging velocimetry suggested that there were
significant variations in air pressure within the air parcel beneath rotors [16], which was
also reflected in the simulation outcome of another similar study [17].

Our objective of developing an enclosed UAV payload for CO, measurements is to im-
prove the operational survivability of onboard electronics in less optimal flight conditions.
The additional payload enclosure design objective is to redirect vortices and reduce airflow
velocities while maintaining low sensor response times. Lastly, payload cost effectiveness
is also essential for potential scalability in future operations; therefore, most components of
the payload are commercially sourced off-the-shelf products.
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The following section introduces instruments integrations and hardware specifications
for the payload, while the section emphasis is upon structural and aerodynamic design of
the payload enclosure. Section 3 describes the validation tests conducted within a controlled
indoor environment, which helped significantly in identifying the anomalous measurement
biases caused by rotor downwash airflow. In the same section we also quantitatively
present the collected data from several outdoor flights at two different locations in rural
Beijing, the obtained results of which serve as proof of design outcome performances for
identifying potential rural and urban emission sources. Finally, we summarise the payload
development effort and briefly outline some possible future prospects.

2. Materials and Methods
2.1. UAV Platform

DJI Matrice 200 (https:/ /www.dji.com, last access: 23 January 2022) is the sole model
of UAV used for the development and testing of the payload. The Matrice 200 is produced
by DJI for industrial applications and was discontinued in 2020. With the large-capacity
TB55 batteries equipped, the aircraft weighs 4.53 kg, can carry payloads up to 1.61 kg of
mass, and has a maximum flight time of 38 min. Its maximum speed for ascent is 5 m/s
and the top ceiling for service is 3000 m from sea level, although DJI ordinarily limits the
flight height to 500 m above ground level for safety-related reasons. Although there are
other manufacturers and drone models that are potentially more suitable for our use in this
case, from the perspectives of payload and flight capacities, the DJI Matrice 200 is a good
compromise between performance, reliability, flight difficulties and costs.

2.2. Sensors

The primary benefit of the CARBON3060S (OEM version based on Vaisala GMP343
sensor in cooperation with Nanjing ZTweather Technology CO., Ltd. from Nanjing, China.
Vaisala GMP343, https://www.vaisala.com, last access: 23 January 2022) NDIR spectrom-
eter for UAV-mounted applications is the absence of moving parts, which reduces the
probability of mechanical faults during flights. Accurate (£1 ppm in 30 s average) in-situ
measurements also reduce the time spent between flights. In comparison with AirCore-
based techniques, NDIR-based solutions are more portable and easier to deploy, although
they are less accurate. CARBON3060S also requires at least 30 min of warm-up time to reach
full accuracy (£0.5% of full accuracy corresponds to a shorter warm-up time of 10 min),
resulting in gaps between flights if there is no continuous power supply throughout a
mission. Nevertheless, in ideal cases, such continuous power supply is easily available
from either a dual-battery drone (able to maintain power output with just one battery while
on standby) or a customised port splitter for seamless payload battery swapping. Since
the calibrated CARBON3060S measurements had been previously validated against the
soundings of tower-mounted Picarro G2301 cavity ring-down spectroscopy analysers with
a systematic offset of 0.07 ppm [9], we assumed repeating similar measurement validations
to be unnecessary. In addition to factory calibrations according to standard gas at various
pressure and temperature levels, the CARBON3060S used in this study went through
another calibration procedure in a pressure-controlled environmental chamber prior to
tests, and the outcome was validated against synchronous measurements of a PICARRO
G2301 cavity ring-down spectroscopic (CRDS) sensor.

For deriving air molar density, we collected meteorological data via a retrofitted
radiosonde provided by InterMet, the iMet-4 RSB GPS research radiosonde (https://www.
intermetsystems.com, last access: 23 January 2022) measures temperature, relative humidity
and pressure at 0.5 degree Celsius, 5%, £2 hPa in terms of uncertainties; 2 s, 5-11 s and
0.5 milliseconds in terms of typical response times, respectively. The radiosonde comes
with a separate telemetry module for real-time data transmissions. Since we did not expect
circumstances without equipment recoveries, the module was replaced with an interface
that facilitates synchronised data collections with other sensors. Meanwhile, the ABGL
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height data came from the Matrice 200 flight log file, from which we extracted the inertial
measurement unit records and synchronised them with other soundings.

To provide better understandings of emission sources, measurements of gases other
than CO, are necessary. CO and NO; are commonly emitted together with CO, in the fossil
fuel combustion processes. For example, either separately or simultaneously observed NO,
can be indicators of spatial [18] and temporal [19] XCO, distributions. Thus, for our payload,
we used electrochemical sensors NO2-B43F for NO, measurements and CO-B4 for CO
(https:/ /www.alphasense.com, last access: 23 January 2022), both of which were provided
by Alphasense. Their maximum response times are 80 (from zero to 2 ppm) and 30 (from
zero to 10 ppm) seconds, respectively. When reaching from 0 to 90% concentration levels
of the measured air parcel, the noise levels of soundings of both sensors are +2 standard
deviations (ppb equivalent). Despite the disadvantage of slow response times, the trace gas
soundings yielded potentially usable data, as shown in the results.

2.3. Integrated Payload

To centralise data collection and storage as well as provide power supply, we used a
custom designed and manufactured printed circuit board (PCB). The power supply for most
electronic components was provided by a 12 V, 2600 mAh lithium-ion battery, which powers
the sensors and data collection circuitry for more than two hours in room temperature.
As seen in Table 1, the weight of the main battery reduces maximum flight time by more
than a minute. Such a reduction is justified by the elimination of extra pre-heating time of
CARBONB3060S between battery swaps. Meanwhile, the power of radiosonde is supplied
by a separate set of CR123A lithium-ion batteries at 3V, weighing 100 g. Ideally, the power
should be directly supplied by the UAV for further weight reduction and optimal flight
performances; however, to maximise the compatibility between the payload with other
drone models, we decided to not dedicate resources to enable direct power supply for a
specific drone model. Therefore, we had to temporarily sacrifice design optimality for the
sake of payload compatibility and development time.

Table 1. Payload component details with individual information about their weights, power con-
sumptions and influences on maximum flight time of Matrice 200.

Weight (g) Power Consumption (w) Flight Time Reduction (min)
Vaisala CARBON3060S 300 <3.5 3.85
Intermet iMet-4 RSB 62 <0.29 0.79
Alphasense NO2-B43F 20 <0.025 0.25
Alphasense CO-B4 20 <0.025 0.25
Data collection PCB 45 0.48 0.58
18650 Lithium-ion Battery 145 - 1.86
CR123A Lithium-ion Battery 33 - 0.42
Enclosure 323 - 413
Other components 149 - 1.91
Total 1097 <4.32 14.04

Designing the payload enclosure involves considerations of component arrangements,
operational effectiveness, sensor protections and, most importantly, representativeness
of the measured environments. As shown in the sectional view of Figure 1, the internal
space of enclosure is sub-divided into two compartments by a panel that creates a mea-
surement chamber and an electronics chamber. Such separation enables different internal
environment management strategies between the chambers. With the electronics chamber
sealed off with silicate rubber bands for protection from ingress of water and dusts, the
sensors in the measurement chamber can also benefit from reduced thermal disturbance
since irrelevant heat sources are separated.
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Figure 1. (a) Frontal view of the payload enclosure; (b) sectional view; (c) regional zoomed-in
view of air inlet. (1) Ventilation perforations; (2) chamber separator; (3) downwash flow spoiler;
(4) CARBON3060S with cap and filter removed; (5) CO-B4 electrochemical sensor; (6) iMet-4 RSB;
(7) data collection circuit board; (8) CR123A battery set; (9) 2600 mAh lithium-ion battery set.

The payload enclosure is fabricated via standard fused deposition modelling (FDM)
using polylactic acid (PLA) filaments. As the fabrication material is non-isotropic, the
structural loads cannot be accurately simulated via finite element analysis (FEA). At 100%
infill density during fabrication, the estimated safety factors of the structural design are
above three for load cases of maximum ascending and descending speeds. As seen in
Figures 1 and 2, the only structural interface between the payload and drone is via the DJI
Skyport adapter. The structural design was validated against all possible in-flight structural
loads through empirical flight tests. According to the function defining the relationship
between take-off weight and flight time, the total mass of payload would result in a 29-37%
decrease of maximum flight time for Matrice 200.

Figure 2. Image of the payload mounted on DJI Matrice 200 during a validation test.

Previous studies of measuring gases with sensors onboard UAVs had encountered
issues with rotor downwash air flow interfering with the target air parcel [15], leading
to measurement inaccuracies. Upon locating the area of vortex occurrences, researchers
have concluded that the ideal position for mounting devices sensitive to air flow would
be at the geometric centre of quadcopters, either near the plane perpendicular to the
rotational axis of propellers [16] or well above it [9]. Our solution is a custom designed
measurement chamber structure with protection and ventilation functions. As shown in
Figure 3, apart from adding a downwash flow spoiler that reduces air flow velocity at
the inlet and redirects flow trajectory, we also minimised the volume of the measurement
chamber via a tapered geometry to minimise chamber ventilation time.
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Figure 3. The frontal sectional view of the measurement chamber and zoomed-in view (H) of the
downwash flow spoiler responsible for adjustments of flow velocity and direction.

3. Results
3.1. Test for Deriving Rotor Downwash Sensitivity

Despite being compact, lightweight and more portable, thus making dispersive NDIR
spectrometry an ideal technology for UAV airborne measurements, rotor downwash air-
flow can significantly influence its gas measurement accuracies. To determine the exact
sensitivity of both CO; concentration and air pressure measurements with respect to small
UAV rotor induced airflow for CARBON3060S, we designed and conducted a compar-
ative measurement test between two setups which have the same sensor but which are
either chambered or chamber-less. Therefore, the test also verified the performance of
measurement chamber design on manipulating rotor downwash airflow.

Figure 4 illustrated the respective test setups. To ensure the setups were representative
of payload during flight, we needed barometric measurements of static pressure ps instead
of total pressure p;, hence the barometer air inlet was always perpendicular to the flow
direction, following the working principle of a pitot-static tube. The chamber-less test
setup was identical in terms of environments and positions with the sole absence of
measurement chamber. The selected blower and its distance (40 cm) to the setup were
designed to simulate rotor downwash in terms of airflow velocity (approximately 9 m/s
given the distance). The flow velocity measurements of both DJI M200’s rotor downwash
and blower’s air outlet were conducted with the same ultrasonic airflow velocity sensor
(Vaisala WXT-536 multi-purpose weather station).

40 cm

Day 1 |
—®| NDIR sensor [~

——| Blower
»( PTB -
@

Day 2 40 cm |

| NDIR sensor [t

PTB Chamber
*={ 110 ’
Enclosed lab

- Air

——| Blower

Figure 4. Chambered and chamber-less comparative measurement test setups illustrated with a
simplified diagram. The blower is optimally placed and configured to acclerate airflow for producing
simulated rotor downwash flow. The indoor environment is relatively enclosed, with no known
source or sink of CO, and no source of extra airflow. We used a CARBON3060 NDIR sensor and a
Vaisala PTB-110 barometer for measuring CO, concentration and air pressure.
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We performed the test for approximately 48 h, with 24 h each dedicated to the respec-
tive setups, which yielded a total of 101 effective test iterations with 46 and 55 iterations
for chambered and chamber-less setups. Assuming the measurements sufficiently repre-
sent background concentration and pressure when the blower was off, the blower was
automatically switched on and off with 10 min intervals for each iteration (Figure 5).

6

( ‘ : { < , © £ e 5 3 off
P [ o x # ¢ Koo on
on avg
off avg
I . . gh el :
(b) e’ ® g y P 3, y 28 . % off

COy"ppm]

0 5000 10,000 15,000 20,000
At [s]

Figure 5. For clarity, we present time series of CO,”" (background trend removed with moving
average window of 1200 s) of 15 test iterations to exemplify CO, concentration anomalous biases
relative to the background. Whereas brighter and darker dots represent soundings recorded when
the blower was switched on and off, the square and cross markers are averages of each of the
segments. Therefore, the differences between averages represent the outcomes of test airflow blowing
at chambered (a) and chamber-less setups (b).

The anomalous biases of CO, mole fraction measurements ACO,, are derived accord-
ing to the following equation,

ACOy; = €O — €O i e {1, ..., n} (1)

where i represents each 20 min test iteration and # is the number of effective tests. We

simply subtract the mean values of measurements of each blower-off segment COz?f f from
its adjacent blower-on segment CO»{" to derive the anomalous bias of iteration i. Static
pressure anomalous bias Aps, of iteration 7 is computed similarly as Equation (2).

Aps, =p —p i e {1, ..., n} )

As indicated in Figure 6, anomalous measurement biases for the chamber-less setup
far outweigh that of the chambered setup.

To derive the average biases of measurement for chambered (ACO,") and chamber-
less (ACO,) test setups, we compute the mean of each set of test iterations according to
Equations (3) and (4), Average biases for static pressure measurements are derived similarly
(Equations (5) and (6)),

"L ACO;,
Acozch — Z1—11/}1 2; (3)
a1 ACO,,
ACO, = Z’*";l*i—mz )

where m is the number of test iterations for chambered setup as it was conducted on the
first day, the rest of the iterations (from m + 1 to n) were conducted with chamber-less
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setup. Average biases for static pressure measurements ( Aps", Ap;“!) are derived similarly
(Equations (5) and (6)).

m
" Aps.
Apsch — Ifin Psi (5)
o1 AP
Ap. .l — Zi=m+1 7Fsi 6
Ps " —m (6)

The comparatively anomalous decreases are cases in which the blower turned off for
CO; and the pressure measurements recorded by the chamber-less setup were 1.33 ppm
and 1.05 hpa on average (Figure 6). Meanwhile, the anomalies for chambered setup were
less noticeable (increases of 0.49 ppm and 0.08 hpa on average, which we consider to be
outcomes of small-scale gas parcel transport and barometer measurement noises), implying
that airflow velocity is minimised. Hence, we successfully derived the measurement
sensitivities of both soundings to the effect of rotor downwash airflow for our specific case.

0.2 A1
0.0
—0.2 A
ol Bt Chambered
F Chamber-less
— —0.61 .
& Chambered fit
S Chamber-less fit
_0.8 4
_1.0 4
-1.2 1
-1.41
-3 -2 -1 0 1
ACO;[ppm]

Figure 6. Distribution of mean CO; concentration anomalous biases (ACO,,) with respect to mean
air pressure anomalous biases (Aps;,) of individual test iterations for the chambered and chamber-
less setups.

We also found the standard deviations of static pressure (¢}, ) and CO, (0o, ) sound-
ings to be approximately 0.07 hPa, 2.32 ppm and 0.55 hPa, 2.22 ppm for chambered and
chamber-less setups, respectively, when the blower was switched on, indicating signif-
icantly reduced measurement noises for static pressure when the sensor is chambered.
Each CO, sounding requires the corresponding air pressure measurement at the same
time and space for sensitivity removals. Additionally, given the barometer onboard the
payload is mounted so as to ensure its measurement represents static pressure variations
within the chamber, it is therefore important that chamber design significantly improves
the quality of pressure soundings. Since CO, soundings are coupled per 2 s, which means
the sensor produces identical soundings for consecutive seconds, we multiply the raw
standard deviation by v/2 to produce an adjusted version of 3.28 ppm and 3.13 ppm for
chambered and chamber-less setup test results. Therefore, increased measurement noise
levels are more obvious for static pressure instead of CO5.

The spoiler design in the measurement chamber is hence effective in reducing the
influences of rotor downwash airflow upon measurement accuracies and noises. However,
the design was unable to fully protect the sensors from vortices, as exhibited in Figure 7.
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Figure 7. Measurement anomalies of pressure background trend removed with a moving average
window size of 16s to capture yaw-related variations during ascent from 0 m to 50 m above ground
level of a payload test flight (a). As seen from the UAV yaw values (b), occurrences of measurement
anomalies of pressure coincide with yaw value variations at respective time periods.

Since the enclosure was designed for the aerodynamic loadcase of stable hovering with
considerations of other motions or the presence of external flow, we found considerable
perterbations from pressure measurements when yawing during a payload test flight. As
shown in Figure 7, we were attempting to collect lower tropospheric profile sample data
via hovering at several height levels. During hovering for two separate height levels, we
inputted control commands to initiate 360-degree yaw cycles which were subsequently
identified to be the causes of measurement anomalies. Although CO, measurements are
relatively less affected, variations of pressure soundings will significantly impact the quality
of CO, measurement correction in data post-processing, e.g., CO, bias correction from
pressure shift. According to previous studies of the spatial distributions of multi-copter
rotor downwash flow velocities under effects of horizontal airflow [20] and associated
vortex characters [16], we consider the aerodynamic cause of measurement anomalies to
be due to downwash vortices of rotors propagating into the measurement chamber as the
aircraft slowly rotates according to its axis perpendicular to the horizontal plane. It is likely
that the vortcies entered through the perforations at the lower section of measurement
chamber, which requires further improvements in subsequent designs.

3.2. Lower Boundary Layer Profile Data Collection and Analysis
3.2.1. Test Location

We managed to secure a cylindrical airspace 500 m in diameter and 1 km above ground
level height within the Yanqing district of rural Beijing, the mean above-sea-level height of
which is approximately 510 m. The ground-level temperature was between 0 to —13 °C
because the date of test was the 13 January 2022. As shown in the satellite image of Figure 8,
the measurement location is chiefly surrounded by agricultural lands with a mid-sized
village on the eastern side. The road seen near the bottom of the image is the main traffic
route of the surrounding dwellings and industrial facilities; however, traffic was scarce
throughout the test window. The weather of the day was clear with no cloud coverage.
There were northwestern winds only during the day time, which was consistent with local
prevailing trends. Therefore, we expect a stable near-surface atmospheric condition.
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Figure 8. Google Earth satellite image of the test location (bounding box coordinates: 40.48367,
115.84961; 40.48415, 115.86112; 40.47819, 115.86104; 40.47827, 115.84982) and take-off point (40.48141,
115.85544) for all flights. The red cross represents the position where ground level CO, sensor was
placed. While the yellow pin represents location of take-off and landing, which is approximately
10 m apart from the ground level sensor.

3.2.2. Flight Campaign

As shown in Table 2, we conducted three flights in total during the campaign, with
the first flight conducted before sunset and the rest after. To improve understanding of the
spatial and temporal attributes of different flight trajectory planning methods, there were
two flight methods adopted in this campaign; the ascent and descent of the first two flights
were conducted with constant and lowest possible velocity (0.5 m/s), while the ascent
of the last flight was based on half-minute hovering at height levels that are 50 m apart.
There is nearly no horizontal motion and all three flights reached the above-ground-level
height of 500 m. The objective of campaign design is to attempt distinct data collection
methods for determining their applicability to different measurements using cases such as
initiating atmospheric gas transport models, inversion modelling and conducting real-time
emission monitoring.

Table 2. Details of individual flights and their characteristics. Times are in local time zone (UTC+8).

Flight1 Flight 2 Flight 3
Method Continuous Ascent Continuous Ascent Level hover Ascent
Take-off time 16:06:38 19:08:23 1 20:09:36
Reached 500 m at 16:20:20 19:20:12 20:17:08
Landing time 16:32:46 19:24:24 20:21:43
Vertical speed <lm/s <lm/s N/A

1 Sunset time: 17:11:00.

3.2.3. Synchronous Measurement on the Surface

We placed another integrated payload 10 m away from the take-off point (Figure 8)
for comparing background trends of both payloads at ground level. As seen in Figure 9,
concentration levels are highly stable before sunset; all spikes before and after flights from
payload measurements are caused by test personnel approaching aircraft for powering
the system on and off. Spikes seen after sunset were from the same cause, while there
was an apparent upward trend in the background CO, concentrations which could have
been caused by the increase of fossil fuel combustion for heating from the nearby rural
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dwellings. Due to the rapidly decreasing temperature after sunset, battery life degraded
significantly for flights 2 and 3. To ensure flight safety, we prioritised completing the
planned trajectories for the ascents of flight 2 and 3 but descended with full speed. Therefore,
only measurements collected during the ascents of all flights are included in atmospheric
profile analysis.

425 A
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425 A
400 A
Ground;aw
3759 —— Groundayg (a)
0 1000 2000 3000 4000 5000
€ s
= 425
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= 400 -
@) Payload aw
O 3751 Payloadayg
425 4 - ey 4
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0 1000 2000 3000 4000 5000 6000 7000
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Figure 9. Unprocessed CO, measurements from payload and close-proximity ground measurment
(Figure 8) for day time (a) and night time (b). Grey areas separately represent the time intervals of
flight 1, 2 and 3. Without any corrections, the difference on average between the measurements of
both sensors is approximately 10 ppm throughtout the tests.

3.2.4. Data Processing

Due to the characteristics of the electrochemical sensors for the measurements of CO
and NO,, there is no pre-processing correction applied. For the raw measurements of CO,
from CARBONB3060S, we use a pressure-based polynomial fit correction method before
subsequent processing.

In the case of the first flight, there was a deliberate pause at 120m above ground level,
which caused an ascent cessation of 80s. The resultant extra measurements are visible on
the profile curve for all gas measurements, with an example shown as the smoothened
original curve of flight 1 CO measurements in Figure 10. To avoid incorrect representations,
we averaged the soundings from 119.4 to 120.4 m with a classification function based on
aircraft ABGL height data before running average to produce accurate representations of
vertical distributions of individual gas concentrations for flight 1.

As shown in Table 2, the first two flights were conducted with continuous ascents with
average air speed of 0.5 m/s. Theoretically, the window sizes of running average computa-
tions should be derived from the response times of individual sensors. Nevertheless, such
methods would result in either overly noisy results or differed levels of information losses,
hence, a uniform 60s window size was found to be a threshold of optimal compromise
between measurement representativeness and outcome noise levels. This is exemplified
by the comparison between corrected raw data points and its averaged outcome for flight
2 CO, measurements in Figure 10.
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Figure 10. Vertical atmospheric profile of mole fraction density distributions for CO, (a), CO (b) and
NO; (c) during ascent of all three test flights at Yanqging, Beijing. While the moving averages of
measurements of the first two flights are plotted with continuous lines, the third flight is exhibited in
connected dots (accepted measurements for each height level) due to its distinctive flight trajectory.
The three subplots respectively contain information of different data processing methods including
simple moving averages of every 60s (flight 2 CO,), FLT2,w represents area covered by raw mea-
surements, its left and right borders represent maximum deviations from running averages; ascent
cessation smoothening (flight 1 CO), FLT1yigjnay is the profile without smoothening at the cease flight
point; and variance-filtered arithmetic mean for individual height levels (flight 3 NO;), FLT3aw
represents vertical distribution of measurements before filtering and averaging.

Flight 3 was the only test characterised by hovering at each height level; therefore, its
post-processing method differs from the continuous flight trajectories. After the pressure-
based NDIR CO; measurement corrections, measurements of three gases (Figure 10, see
flight 3 NO, raw measurements for an example) are classified via a function that interprets
aircraft vertical velocities (velocities greater than 0.2 or less than —0.03 are regarded as
non-hovering datapoints) of individual soundings, so that only soundings registered while
hovering are used for outputting accepted measurements (square dots in Figure 10). To
derive accepted measurements for each height levels, we filter out soundings that deviate
from the level’s arithmetic mean by more than three times the level’s variance, before the
final arithmetic mean is accepted.

3.2.5. Profile Analysis

From the trends of all atmospheric gas measurement plots, there are clear temporal
and spatial differences between diurnal and nocturnal profiles. While the temporal distri-
butions of CO; and CO follow the trend of higher concentrations near the ground during
day time than during night time (approximately 2 ppm and 200 ppb of difference), NO,
presents the complete opposite (approximately 15 ppb less during day time), signifying
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potentially different emission sources, e.g., greater nocturnal activities of vehicles of in-
ternal combustion engines on traffic routes south of the take-off point. In terms of spatial
distributions, the vertical rate of change of CO; is higher than that of the trace gases, with
respective values of 8 ppb/m, 0.36 ppb/m and 0.02 ppb/m for the day time flight, and
18 ppb/m, 0.12 ppb/m and 0.02 ppb/m for night time flights. The spike near ground
level for flight 2 CO, measurement was due to test personnel powering on the drone
and performed take-off immediately after, spikes of similar cause can be better seen from
Figure 9. Despite CO, showing a different tendency, there appear to be a stable boundary
layer for the trace gases at roughly 400 m above ground level height. In the meantime, CO,
measurements present a bifurcation between day time and night time flights from 350 m,
with values continuing to decrease for flight 2 and 3 as flight 1 stabilises around 432 ppm.
The drop of average CO, concentration levels between flights 2 and 3 can be potentially
attributable to trends of anthropogenic activities surrounding the flight area, assuming
fossil fuel combustion-based heating usage intensifies as nocturnal temperature continues
to decrease (flight 2 started 2 h after sunset while flight 3 started 3 h after).

4. Discussion

We designed and manufactured an atmospheric GHG mole fraction measurement
UAV payload that integrates a state-of-the-art NDIR spectrometer as well as electrochemical
sensors with a customised data collection PCB. The payload enclosure design features at
electronics chamber separated from the measurement chamber, which has its own compre-
hensive airflow management structure designed to relatively isolate internal measurement
chamber from multi-copter rotor downwash vortices.

Through simplified fluid dynamic simulations, empirical tests and data analysis,
we verified that our custom designed air inlet is effective in stabilising flow within the
measurement chamber and maintain its environmental representativeness. In quantitative
terms, the anomalous biases from background concentrations on average for the chambered
(ACO,") and chamber-less (ACO,*) test setups are 0.49 ppm and —1.33 ppm, respectively.
Hence, the effectiveness of the measurement chamber’s aerodynamic design at hover and
slow ascent is verified.

Powered by two individual lithium-ion batteries, the payload is able to operate without
external power input for at least 3 h, enabling the payload to be mounted on other multi-
copter UAV models with a different mounting structure. However, a more optimal solution
is to directly supply power from the drone battery, which would increase the maximum
flight time by almost 4 min for Matrice 200 if not more for newer models of multi-copters.
We look forward to adapting the verified downwash flow spoiler to the next version of
payload structural design, which will integrate with other models of multi-copters of
different sizes and ascent limitations to achieve greater spatial coverage during missions.
We also expect the improvements of the aerodynamic performances of the measurement
chamber to accommodate for more flight postures, such as yawing, descent and rolling, to
reduce the measurement noises and biases during higher-speed horizontal flights.

After validation flight tests of the payload enclosure design, we conducted a compre-
hensive flight test for atmospheric profile measurement up to 500 m above-ground-level
height on the 13 January 2022 in Yanqing, Beijing. There were two profile measurement
techniques attempted, which were embodied by two different flight methods including
continuous low speed (0.5 m/s) ascent and intermittent hovering at height levels 50 m
apart from each other. Both techniques demonstrated capabilities of accurately representing
the atmospheric environment, with the former having a higher spatial resolution (1 m
comparing to 50 m). We also observed atmospheric boundary layer effects on the trace gas
measurements and the concentration differences before and after sunset.

The democratisation of UAV technologies can improve GHG data availability, espe-
cially for the lower atmosphere between 100-1000 m above ground. Proposals included
the construction of UAV swarms that simultaneously measure the GHG profiles of the
city boundary layer for quantifications of anthropogenic emissions [14]. Mass balance
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techniques for measuring the flux density of GHG point sources using UAV-gathered
CO, and wind data have already been attempted [9], which can benefit from payloads
of reduced measurement noises. Alternatively, point source measurements without an
onboard anemometer can also be achieved via data fusion techniques that uses meteo-
rological model outputs. In short, the payload development described in this article is
a partial representation of the potential application scenarios ideal for UAV atmospheric
mole fraction measurements.
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