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Abstract

Capturing accurate wind data in densely populated
cities like Hong Kong is vital for predicting extreme
weather, tracking toxic air pollution, and combat-
ing rising urban temperatures. Traditional weather
towers are often too bulky, inflexible, and expen-
sive to deploy in these cramped urban spaces. Small
drones, or micro-UAVs, offer a highly mobile alterna-
tive, compared to professional drones which require
a license to fly, but they introduce a new problem:
their spinning propellers generate chaotic, turbulent
air that severely distorts the readings of onboard wind
sensors. This study investigated the optimal mount-
ing height for a Trisonica mini ultrasonic anemometer
on a DJI Mavic 3E micro-UAV to bypass this pro-
peller interference. By testing sensor boom lengths
ranging from 5 cm to 20 cm, we discovered that a 20
cm boom yields the highest measurement accuracy
and the lowest flow disturbance. Interestingly, test-
ing at 10 cm revealed a localized aerodynamic ”quiet
zone,” offering a compact, stable alternative that still
achieves over 70% of the error reduction seen at the
maximum height.

1 Nomenclature

e Root Mean Square Error (RMSE): A sta-
tistical measurement of how far off the drone’s
wind sensor readings are compared to the ac-
tual, undisturbed background wind. The higher
the RMSE, the greater the aerodynamic interfer-
ence. As you increase the boom distance away
from the propeller, RMSE drops significantly be-
cause the sensor escapes the chaotic rotor wash
and approaches true ambient conditions.

e Mean v; (Induced Velocity): The average
extra speed of airflow generated specifically by

*Corresponding email: katemelody@gmail.com

the spinning propellers. This directly tracks the
strength of the propeller’s suction. When the
sensor is close to the drone body, mean v; is very
high; as the boom extends further out, mean v;
decreases toward zero as the sensor moves out of
the direct downwash path.

Composite Ambient Baseline: The overall
average speed of natural background wind mea-
sured away from the drone’s interference, serving
as the benchmark for truth. It acts as the an-
chor reference for all error calculations. If back-
ground weather conditions change and the base-
line speed shifts, it alters the relative disruption
scale, making it necessary to use normalized met-
rics for fair comparisons across different days.

Reading Scatter / Standard Deviation:
A measure of how wildly air speeds fluctuate
over time due to turbulent, chaotic air pockets.
Higher scatter indicates a more unstable airflow.
Close to the propeller, turbulent eddies cause
huge swings in standard deviation; farther out
on an optimized boom, the scatter smooths out
to reflect the steadier profile of natural wind.

Exceedance Rate (%): The percentage fre-
quency at which wind disturbances cross a spe-
cific error limit, such as greater than 1.0 m/s.
It defines the threshold of diminishing returns.
It pinpoints the exact distance where extending
the boom further stops providing meaningful im-
provements in data quality, helping you balance
sensor accuracy against structural limits.

Boom Length and Stability (The Lever Ef-
fect): The physical distance the wind sensor is
mounted away from the drone. Longer booms
improve wind data but harm mechanical stabil-
ity. While extending the boom moves the sensor
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out of rotor wash, long booms exceeding 20 cm
act as heavy levers that introduce structural vi-
brations, throw off the drone’s center of gravity,
and strain the flight controller.

Inflow Tilt Angle: An angle measuring the
direction air is being pulled into the blades.
The closer the inflow tilt angle is to 0 degrees,
the weaker the propeller’s interference. A steep
negative angle means the sensor is trapped in-
side a powerful downward suction cone; as it
approaches 0 degrees, it proves the sensor has
moved far enough away to measure pure hori-
zontal outdoor wind.

Disturbance Ratio (v;/Vampient): A normal-
ized metric comparing induced wind velocity
against background weather conditions. It neu-
tralizes day-to-day weather variations. Because
outdoor wind changes constantly, raw speeds can
mislead you; the disturbance ratio tells you how
many times stronger the rotor suction is rela-
tive to the current real wind, ensuring consistent
comparisons across different test flights.

Anemometer: A highly sensitive instrument
mounted on the drone used to measure the ex-
act speed and direction of the wind. Its place-
ment dictates data fidelity. If mounted too close
to the drone, its readings are completely domi-
nated by rotor wash rather than environmental
wind, making correct boom positioning vital to
its performance.

Rotor Wash (Propeller-Induced Flow):
The turbulent, messy jet of downward air cre-
ated when drone propellers spin to generate lift.
Its intensity scales directly with thrust and prox-
imity. The closer the sensor is to the spinning
blades, the stronger the suction zone and chaos
it experiences; the strength of this wash drops
off exponentially with distance.

Stagnation Point: A specific spot near the top
of the drone’s body where air movement stops
completely, creating a slight upward pressure. It
acts as a natural buffer against downwash. This
localized upward pressure zone can subtly help
cancel out some of the downward suction cre-
ated by the propellers, altering local airflow de-
pending on how wind wraps around the drone’s
chassis.

Disk Loading: A mathematical ratio compar-
ing the total weight of the drone to the total
circular area its spinning propeller blades cover.

Disk loading increases when a drone gets heavier
or uses smaller blades. Because more weight is
packed into a smaller blade area, the propellers
must work much harder, scaling up the intensity
of the rotor wash and requiring a longer boom
to escape the larger disturbance zone.

e Multirotor: An aircraft propelled and lifted by
multiple vertical rotors (e.g., quadcopters, hexa-
copters). Because multiple rotors spin simulta-
neously, their individual wake fields overlap and
interact heavily, creating a complex, turbulent
interference zone beneath and around the frame
that requires longer boom configurations to by-
pass cleanly.

e Fixed Wing: An aircraft that generates lift
through the forward motion of stationary wings
rather than spinning overhead blades. Un-
like multirotors, fixed-wing platforms experience
clean, freestream airflow over their wings dur-
ing forward flight, avoiding the continuous, local-
ized downwash and propeller suction that com-
plicates onboard wind sensing.

e Single Rotor: A helicopter-style configuration
utilizing one large main lifting rotor and a tail ro-
tor to counteract torque. Generates a massive,
concentrated column of downward slipstream di-
rectly beneath the main rotor disk, creating
a powerful asymmetrical rotor wash zone that
severely impacts sensor placement compared to
distributed multirotor setups.

2 Introduction

Wind data collection is essential to everyday life:
from prediction of natural disasters (forest fires, cy-
clones, coastal hazards, etc.); to observing the at-
mospheric boundary layer, allowing accurate weather
forecasts, study of air pollution, optimizing of wind
energy; urban planning and agriculture; to study-
ing greenhouse gases and climate change. Moreover,
wind data is crucial for calculations to design solu-
tions for precision farming and smart agriculture, so-
lar energy generation, urban heat island effect, and
HVAC (Heating, Ventilation and Air Conditioning)
systems [1,2]. In Hong Kong, these uses are even
more important.

Firstly, the city is the world’s most active cyclone
basin [3], experiencing 5-6 tropical cyclones per year
on average [4]. Super Typhoon Mangkhut (2018)
caused more than 60,000 fallen trees, injured 458+
people, caused power outages for 13 500 households
lasting more than 24 hours [5], and resulted in HK
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$4.6 billion in direct economic losses [6]. Conse-
quently, accurate wind information becomes critical
to predict typhoon levels, timing and scope.

Secondly, due to being one of the most densely pop-
ulated cities in the world, Hong Kong’s high build-
ing mass and low ventilation causes it to experience
severe urban island heat effect (UHI) [7]. During
the day, the city’s large areas of glass, asphalt, and
concrete absorb solar radiation, then slowly leak the
trapped heat back into the air long after the sun goes
down, causing urban districts to experience winter
temperatures 7.0-8.0°C higher than rural areas [8].
As a result, the annual number of "Hot Nights”
(T'" > 28°C) in Hong Kong has increased from 2.2
days/yr in 1914 to 52 days in 2022 [9], impacting the
comfort and health of its 7.5 million residents. As
temperatures rise, air conditioning usage surges, re-
sulting in further global warming [10].

Finally, air pollution represents a critical public
health and economic crisis in Hong Kong, where there
are 373 licensed vehicles per kilometer of road [11],
among the highest globally (compared to 42 in the
US) [12,13]. This is because tall skyscrapers lining
both sides of the road block ambient breezes, cre-
ating a ”street canyon” and stagnating air (0.3-0.8
m/s). This stagnancy prevents pollution dispersion:
it traps toxic fumes from vehicle emissions at ground
level where pedestrians walk and breathe. [14]. Annu-
ally, this results in roadside nitrogen dioxide (NOsg)
and fine particulate matter (PMs5) concentrations
to 550% and 300% above World Health Organization
guidelines, respectively, leading to over 3,500 prema-
ture deaths and HK$42 billion in economic losses [15].

Extensive wind data collection is needed to ad-
dress these problems. However, traditional measure-
ment methods such as meteorological towers, weather
stations and weather balloons are less portable, re-
quire space, high initial cost, long planning and con-
struction time, and continuous maintenance [1,16].
In Hong Kong, severe space scarcity renders these
methods even more impractical, a 2030+ Hong Kong
study predicting a 12004 ha land shortage in the fu-
ture [17,18].

Traditional methods cannot easily capture data
at high heights above buildings and over the ocean
[19]. Despite the Hong Kong Observatory (HKO)
aiming to follow World Meteorological Organization
(WMO) guidelines by mounting automatic wind sta-
tions anemometers 10m above the ground [20, 21],
WMO’s guide states that this only applies to open
areas where the distance between the anemometer
and any obstacle is at least 10 times the height of the
obstacle [2]. Instead, in WMO guidance on urban
meteorological observations, Oke (2006) emphasized

that collecting meaningful wind data in urban set-
tings requires sensor mounting on a mount system
higher than the widest dimension of the building’s
roof - an expensive and impractical approach [22].
Moreover, weather towers can only measure at fixed
positions. Exacerbated by Hong Kong’s diverse to-
pography of hills, islands, and harbour, which causes
large variations in wind, this sparse network of fixed
stations is not enough to capture the city’s complex
wind environment [23].

On the other hand, UAVs (Unmanned Aerial Ve-
hicles) offer a method to collect data with high spa-
tial mobility, no building construction, lower cost and
less maintenance requirements and space compared
to traditional methods.

2.1

Hence, this study investigated the use of a Trisonica
mini anemometer mounted vertically on top of a DJI
Mavic 3E UAV, with a custom landing stand, to col-
lect wind data in place of fixed, traditional sensors
in Hong Kong. The study examined the relationship
between boom length and propeller-induced distur-
bance detected by the anemometer, aiming to deter-
mine the optimal boom length between the anemome-
ter and UAV body with minimal propeller-induced
flow disturbance while maintaining flight stability
and safety.

2.2 Outline of the Paper

Existing studies on the use of UAV to collect wind
data are discussed in Section 3, along with their
strengths, limitations, and current gaps in the field.
Subsequently, the experiment methodology is dis-
cussed in Section 4, which describes the UAV’s con-
figuration, experiment set-up and procedure. Next,
Section 6 compares the wind disturbance for each
boom length. Interpretations of the results, relation
of the results to other studies, and the significance of
findings are discussed in Section 7. The limitations
of the experiment, proposed design and suggestions
for future work are discussed in Section 8.

Proposed Solution

3 Literature review
3.1 Types of UAVs

Three main types of UAVs exist: fixed-wing, single-
rotor and multirotor. Fixed-wing and single-rotor
UAVs usually require more space for takeoff and land-
ing. In contrast, multirotor micro-UAVs - UAVs
with maximum takeoff weight (MOTW) of 2kg - have
emerged as a promising solution for wind measure-
ments in dense urban environments [24, 25].The DJI
Mavic 3E, with MOTW of 1.05 kg, falls into this
category. Compared to larger UAVs, micro-UAVs
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are off-the-shelf, cheap, compact, portable, and can
fly in tighly enclosed spaces. Their small sizes, ma-
neuverability and vertical take-off/landing capabili-
ties enable measurements close to buildings, in street
canyons, and over complex terrain where traditional
anemometers are few and other UAV types are oper-
ationally difficult to deploy [26,27].

Unlike UAVs surpassing 7Tkg MOTW, according
to Hong Kong’s Small Unmanned Aircraft Order
(Cap. 448G), the DJI Mavic 3E falls under cat-
egory A2, allowing flight up to 300 ft from the
ground without requiring prior approval from the
Civil Aviation Department. Thus, although micro-
UAVs have smaller available payload and battery life,
they are advantageous for wind sensing in a high-rise,
access-constrained city like Hong Kong [28].

3.2 Types of Wind Sensing Methods
on UAVs

Multirotor UAV-based wind sensing strategies can be
categorized into three types: direct, indirect and re-
mote sensing.

Direct sensing mounts additional sensors, such as
such as pressure probes, thermal anemometry and ul-
trasonic anemometers, on the drone to measure the
wind directly. Pressure probes deduce wind from dif-
ferential pressures but require careful calibration and
are sensitive to angle of attack. Hence, for accurate
sensing in multirotors, accurate measurements typi-
cally require attaching the probe outside of the ro-
tor disk, complicating balance. Consequently, they
are usually used for fixed-wing UAVs. Alternatively,
thermal anemometers are more fragile and sensitive
to changes in humidity, pollution, flying height and
cleanliness of the anemometer, leading to lower usage.
Due to high accuracy and data collection frequency,
light weight, low power consumption, easy purchase
and data analysis procedure, no moving parts and low
maintenance, ultrasonic anemometers are the most
commonly mounted sensors on UAVs, particularly
the Triosonica and FT205 [1].

Indirect sensing does not attach another sensor to
the vehicle, but analyzes how the UAV responds to
the wind through onboard sensor data to mathemat-
ically calculate the features of the wind that caused
it. The advantage is that, unlike direct sensing, the
indirect sensing method avoids direct sensor immer-
sion in rotor wash. For example, when Chen et al.
used onboard data to develop a relationship between
a UAV (with maximum takeoff mass of 9.0kg) tilt
response and the wind, the indirect sensing method
was more accurate than mounting a sonic anemome-
ter at UAV climbing speeds above 2m/s. However,
they found that due to the asymmetrical design of the

UAV, changes in wind direction and payload configu-
ration significantly affected the response of the UAV,
hence requiring extensive training data and custom
calibration for different UAV models to obtain ac-
curate results [29]. Additionally, in low winds, the
UAV exhibited dampened responses, increasing the
measurement uncertainty. Overall, the indirect sens-
ing method requires more pre-flight data collection,
custom calibration and computational complexity.

In remote sensing using LiDAR, laser pulses are
sent from the UAV, which bounce off particles in the
air. Using the Doppler effect, the frequency change
of the light echoing back to the vehicle is used to de-
duce the wind velocity. However, since such systems
are heavy and have high power consumption, most
existing applications rely on larger UAVs, or keep
the LiIDAR units on the ground [1,30,31]. Further-
more, LIDAR systems are more expensive compared
to other methods.

Therefore, for wind sensing with the DJI Mavic
3E, mounting a Trisonica Mini anemometer offers the
best balance of accuracy, cost, practicality and inte-
gration complexity.

3.3 Mounting geometry, rotor down-
wash, and operational integration

Propeller-induced flow or rotor wash is caused by
UAV propellers creating a region of lower pressure
above the drone, causing air to accelerate downward
to generate thrust, resulting in a turbulent jet be-
low the drone, and a suction zone above that dis-
torts wind directly above the drone. Mounting the
anemometer within these disturbance zones results in
wind data not representative of the actual surround-
ing wind velocity.

While several studies propose sensor mounting dis-
tances proportional to rotor diameter (D), these
guidelines remain specific to UAV geometries and fail
to offer a scalable framework across varying multiro-
tor configurations [34-38]. On the other hand, Pastay
et al. established that sensor quiet-zone offsets scale
directly with disk loading, requiring a vertical sep-
aration of 1.75R (~ 20.9 cm) at DL = 100 N/m?,
while recommending sensor placement at the system
geometric center instead of axial locations about the
individual rotors [39]. However, they only examined
the quiet zones for multi-rotor disk loadings of 100
and 300 N/m2.

Three methods of mounting the anemometer are
top, bottom and side mounting, with top mount-
ing being the most common technique [1]. While
side mounting allows the anemometer to sit outside
the column of turbulent air, the asymmetric payload
distribution results in stability issues, especially in
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Figure 1: CFD visualizations of UAV downwash and inflow characteristics by Liu et al. [32] and Chang et

al. [35].

smaller UAVs with tight center-of-gravity tolerances.

Although an bottom mount adds mass below the
center of gravity and can increase the pendulum
restoring moment, it also increases the moment of in-
ertia and can reduce control performance, especially
on small UAVs in gusty conditions. Even though
there exists a small quiet zone directly below the
drone body - supported by Liu et al. measuring
0.21 m/s minimum downwash velocity at 0.2m below
the rotor plane [32] - bottom mounting also interferes
with underbody obstacle detection sensors, especially
for off-the-shelf UAVs. As can be seen from CFD vi-
sualization of airflow around a UAV by Chang et al.
in Fig 1, the airflow above the rotor plane is also less
turbulent than below [33].

Thus, the Trisonica Mini was mounted vertically
above the UAV’s geometric center for this study.

3.4 Gaps in Research in Micro-UAV
direct wind sensing

Most existing use UAVs with MOTW above 2.5 kg,
while research on micro-UAVs is limited [16, 34, 40,
41]. Existing studies typically employ top-mounted
boom lengths of more than 30cm, as larger UAVs
operate at higher thrust and disk loading to sup-
port heavier payloads, generating stronger downwash
and a larger disturbed flow region. Given the lower
disk loading of the micro-UAV used in this work, the
study focused on shorter boom lengths in the 5-20cm
range to assess whether acceptable accuracy can be

achieved.

4 Methodology

4.1 UAV-Anemometer mount
Landing Stand Design

and

To integrate the TriSonica ultrasonic anemometer
onto the DJI Mavic 3E aircraft, a custom mounting
system was developed. The architecture was divided
into top-mounted and underslung assemblies to op-
timize anemometer accuracy while maintaining me-
chanical stability:

e Top-mounted Sensor: The ultrasonic
anemometer was positioned vertically above the
drone’s geometric center using a lightweight,
PLA rod, shown in Fig 2. Elevating the sensor
above the airframe distanced the anemometer
from direct propeller-induced disturbance.

e Underslung Hardware: To offset the top-
mounted mass and lower the aircraft’s center
of gravity (CG), support electronics - includ-
ing a custom signal-conditioning Printed Circuit
Board (PCB), battery power supply, and data-
logging wires -were suspended beneath the air-
frame using lightweight zipties, shown in Fig 2.

e Elevated Landing Stand: Because the un-
derslung hardware module extended below the
drone arms, direct ground contact was unfeasi-
ble. A custom UAV stand was engineered to
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Figure 2: CAD models of the drone setup showing the anemometer mounting (left) and the underslung battery
pack and PCB secured via zip-ties (right).

provide safe landing, protecting the underbody
payload during takeoff and landing maneuvers,
shown in Fig 3. The overall stand height was set
to 1m after prototype tests at lower elevations
triggered the aircraft’s downward obstacle avoid-
ance sensors, which interpreted the stand struc-
ture as a ground hazard and preventing land-
ing. Elevating the stand prevented false-positive
proximity triggers and allowed successful land-
ings. The landing interface itself was designed
as a circular acrylic ring, providing 360° yaw
alignment tolerance during descent and mitigat-
ing collision risks with the underslung module
compared to earlier rectangular designs. Struc-
turally, the frame was made of lightweight car-
bon fiber rods and a wooden base. The pyrami-
dal design provided a low center of gravity for
tip-over stability alongside mechanical compli-
ance to absorb landing impact forces. All struc-
tural joints were additively manufactured using
Polylactic Acid (PLA), incorporating C-clamp
mechanisms and captive nut sockets. The re-
sult was a modular, highly portable stand that
enabled rapid field assembly with minimal tools.

The final configuration is displayed in Fig 3 and
weighed 1276.4 g without the carbon fiber rod, and
1304.1 g including the longest carbon rod (20cm).
4.2 Experimental Setup and Facility

A semi-outdoor measurement setup was deployed (as
shown in Fig 4) with a target of flying the drone 3m

from the ground. While testing indoors would al-
low downwash and airflow to bounce off surrounding
obstacles, affecting sensor data, using a semi-open
outdoor location reduced these recirculation effects,
while protecting equipment from weather conditions.

To establish an accurate baseline for ambient wind
speed, a 3m elevated aluminium mast, with the ul-
trasonic anemometer mounted at the top, was used
to measure natural ambient wind velocity at the tar-
get flight altitude. To protect the PCB, the PCB
was housed inside a plastic pouch and taped to the
mass top, along with the battery pack. Three sepa-
rate 2-minute ambient wind readings were collected
at different times across different days. These trials
were conducted at the exact same site under similar
weather conditions, and the results were averaged to
determine the baseline ambient wind speed prior to
active drone testing.

4.3 Variable Isolation and Experi-
ment Design

The independent variable in this experiment was the
boom length (L). The primary dependent variables
comprised the induced aerodynamic velocity distur-
bance (v;), measurement RMSE relative to the base-
line mast, flow tilt angle (#), and turbulence inten-
sity (o). To ensure experimental consistency, con-
trolled variables included: aircraft flight mode (GPS
position-hold at a constant direction), hover altitude
(2.0m above the drone stand (3m from the ground),
corresponding to > 8D altitude to operate strictly
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Figure 4: Ezxperiment venue.

Out-of-Ground-Effect), approximately constant sys-
tem mass, axial sensor alignment along the central
vehicle axis and data logging frequency.

To decide the boom length testing interval, the
micro-UAV’s disk loading(DL = W/Aota1) was cal-
culated. For the DJI Mavic 3 Enterprise (D =
0.2388 m, total swept area Agotar = 0.1792 m?),
the operational hover mass range (1.015-1.304 kg)
yielded a low disk loading of DL ~ 55.6-71.4 N/mz.
Prior literature by Pastay et al. demonstrated the
upper quiet zone above the drone was ~ 1.75R (=
20.9 cm) at DL = 100 N/m?) above the rotor plane.
Because our UAV operated well below this baseline,

the theoretical disturbance dissipation threshold was
predicted to fall at 20 cm (1.68R). Hence, an ex-
perimental interval of 5-20 cm (0.42R-1.68R) was
selected, mapping the near-body flow gradient from
the severe disturbance zone (5 cm) up to the theoret-
ical decay boundary (20 cm).

4.4 Experimental Procedure

The anemometer was mounted onto the assembly
with its North directional indicator aligned along the
forward camera axis. Sensor wiring was secured clear
of the propeller sweep plane with tape. Sensor log-
ging was initialized by inserting a microSD card into
the PCB logger, connecting the telemetry receiver
to the ground station laptop, and supplying power
to the PCB. Each data collection flight comprised a
2.0-minute ground-level ambient baseline logging pe-
riod, followed by a vertical climb to a 3.0 m. After
maintaining a steady-state hover for 2 minutes, the
aircraft was landed. Following a 10-second interval,
anemometer power source was disconnected, and the
microSD card log file was transferred to the host com-
puter and indexed by boom length.
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5 Data Processing and Analy-
sis Workflow

To process, clean, and evaluate the raw anemome-
ter data collected across varying boom lengths, a
custom data analysis program was developed in
Python. Raw log files generated by the TriSonica
sonic anemometer at 10 Hz were parsed using reg-
ular expression pattern matching to extract multi-
axis wind components (U, V, W), scalar wind speed
(5), and environmental metrics. The ingestion rou-
tine automatically filtered out initial sensor boot-up
artifacts (e.g., —100) and unphysical outliers (S >
30m/s).

To ensure the wind calculations only reflected sta-
ble hover conditions, the active analysis window was
defined as starting when wind readings suddenly in-
creased well above ambient baseline levels due to ro-
tors turning on. Similarly, the window was stopped
right before wind speeds dropped back down after de-
scent and landing. This ensured Root Mean Square
Error (RMSE), standard deviation, and turbulence
intensity were calculated strictly from clean, steady-
state hover data. Fig 5 shows an example of the man-
ual analysis window selection for boom length of 20
cm.

During data processing, wind speed readings col-
lected at a 14 cm boom length showed unusual and
extreme fluctuations compared to other runs. When
inspecting the raw wind speed trace, it was impossible
to tell where the ground operations ended and where
actual hovering began. Because the flight phases
could not be clearly separated, the 14 cm dataset
was identified as an anomaly and completely removed
from the analysis to avoid skewing the overall results
(Fig 5). Additionally, a test flight at boom length of
35 cm was performed, but no air data was collected
due to the high instability of the aircraft.

For each tested boom length, the automated
pipeline calculated key statistical turbulence and in-
flow metrics:

e Induced Velocity (v;): Evaluated as:

v; =8 — Vamb (1)
e Velocity Fluctuations & Quality: Root-
mean-square error (RMSE), standard deviation

(04;), and threshold exceedance rate (|v;| >
1.0m/s).

e Flow Deflection: Inflow tilt angle derived from
the vertical and scalar components:

0 = atan2(W, S) (2)

e Disturbance Ratio: Normalized relative dis-
turbance ratio (v;/Vamp)-

6 Results
6.1 Ambient Baseline Benchmark

The ambient wind velocity measured by the 3 m mast
was Vomps = 0.281 m/s. All flow velocities above this
value recorded during the experiments were due to
additional velocity induced by propeller-induced dis-
turbance.

6.2 Overall Disturbance
Across Boom Heights

Trends

As expected, propeller-induced disturbance gener-
ally decreased as the anemometer was raised further
above the rotor plane. The 20 cm vertical boom
achieved the best overall performance across most
measured statistical metrics:

e Lowest Measurement Error: RMSE dropped
to 0.853 m/s (compared to 1.287 m/s at 5 cm).

e Lowest Induced Velocity: Mean induced flow
(v;) reached a local minimum of 0.701 m/s.

e Minimal Extreme Spikes: High-speed error
exceedance (> 1.0 m/s) fell to 25.64%, whereas
closer positions exceeded 1.0 m/s over 50% of the
time.

e Lowest Disturbance Ratio: The ratio of
induced speed to ambient baseline (v;/Vams)
reached its minimum at 2.631.

While the overall trend showed less disturbance
at greater heights, the relationship between boom
length and flow distortion was non-linear. At the
10 cm boom length, RMSE temporarily dropped
to 0.957 m/s and mean induced velocity fell to
0.788 m/s. Exceedance above 1.0 m/s dropped
sharply to 34.10% at 10 cm, compared to 56.31% at
7 cm and 52.70% at 11 cm. Notably, the flow detec-
tion angle closest to 0 was shown by the 10 cm boom
length, even closer than the 20 cm boom length, in-
dicating nearly horizontal incoming airflow and im-
plying minimum vertical distortion. Conversely, flow
detection angle deviated the most from 0 at boom
length of 13 cm, implying maximum bending due to
suction effect.

6.3 Flow Deflection and Turbulence
Behavior

Negative tilt angles across all heights (ranging from
—4.42° at 10 cm to —15.40° at 13 cm) confirmed
that rotor suction continuously pulled incoming air
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Wind Speed Trace — 20 cm
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Figure 5: Wind speed trace at the 20 cm constrained structural optimum showing the analysis window (left)
compared to an anomalous raw wind trace at a lower boom height (right).

Propeller Inflow Disturbance: Complete Statistical Analysis
(Avg Ambient Baseline = 0.28 m/s)

1. RMSE vs. Distance

2. Mean Induced Velocity (v;) vs. Distance

3. Standard Deviation (o) vs. Distance
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Figure 6: Disturbance metrics across varying boom lengths, highlighting the 20 cm constrained structural

optimum.

downward toward the rotor plane. Standard devia-
tion (o) steadily declined from 0.650 m/s at 5 cm to
0.486 m/s at 20 cm, demonstrating that raising the
sensor reduced high-frequency turbulent fluctuations
alongside overall velocity errors.

7 Discussion

The overall decreasing trend of RMSE, mean in-
duced velocity, standard deviation, exceedance and
disturbance ratio confirmed the theoretical decay of
propeller-induced inflow with distance from the ro-
tor plane. The 20 cm length showed the least overall
disturbance.

The results observed at 10 cm supported previous
research that stated non-linear relationships between
boom length and propeller-induced flow [42]. The ef-

fect was likely due to fuselage-induced displacement
flow: near the top of the aircraft body, there existed
a stagnation point where air velocity = 0 m/s. By
Bernoulli’s equation, the pressure at the stagnation
point was maximum, creating a slight upward pres-
sure gradient that partially canceled the downward
pressure gradient created by the rotor suction. At a
10 cm elevation, these opposing vector components
temporarily balanced, creating a small quiet zone be-
fore the suction effect re-dominated at 11-13 cm, be-
fore eventually decaying at 20 cm.

While the 20 cm configuration showed the high-
est measurement accuracy out of the boom lengths
tested, the 10 cm boom achieved over 70% of the er-
ror reduction achieved at 20 cm while maintaining
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Combined Wind Speed Traces — All Boom Lengths & Ambient Baseline
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Figure 7: Summary of raw wind traces across all tested configurations.

Propeller Inflow Disturbance Summary

Composite Ambient Baseline (V_ambient): 0.281 m/s

(mis) (mi/s) (m/s) (%) (deq) (deg) Ratio

1.287 1.110 0.650 56.14 -8.68 14.39 3.945
6 1.151 0.962 0.632 46.74 -6.21 14.57 3.420
7 1.308 1.129 0.661 56.31 -10.29 14.54 4.011
8 1.029 0.848 0.584 38.96 -6.51 15.40 3.012
9 1.086 0.928 0.565 45.45 -9.19 14.81 3.296
10 0.957 0.788 0.543 34.10 -4.42 14.56 2.798
1 1.196 1.048 0.576 52.70 -12.78 14.78 3.725
12 1.078 0.922 0.559 44.86 -10.11 14.69 3.275
13 1.156 1.009 0.564 50.96 -15.40 13.50 3.585
15 1.084 0.962 0.500 48.45 -12.85 13.25 3.420
20 0.853 0.701 0.486 25.64 -11.54 15.46 2.490

Figure 8: Statistical summary of experimental results

a more compact and stable configuration. Therefore,
the 10 cm vertical boom is recommended as a compro-
mise for micro-UAV wind-sensing in dense urban en-
vironments, whereas a 20 cm boom is recommended
for stationary, higher accuracy data collection. On
the other hand, the author advises against using a
13 cm boom length to avoid the high vertical distor-
tion implied by its maximum tilt angle result.

10

illustrating error convergence.

8 Conclusion

This research confirms that the airflow interfer-
ence caused by drone propellers generally decays as
a wind sensor is moved higher above the rotors. For
sheer measurement accuracy, the 20 cm vertical boom
proved to be the most effective configuration, demon-
strating the lowest overall velocity errors and mini-
mal flow distortion. However, the relationship be-
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tween height and air disturbance is not perfectly lin-
ear. A 10 cm boom length successfully leveraged
a temporary balance in air pressure directly above
the drone’s body, creating a surprisingly clear ”quiet
zone” for the sensor. Ultimately, the 10 cm boom
is recommended as the ideal compromise for agile
wind-sensing in tight city environments, while the 20
cm configuration is best reserved for stationary, high-
precision data collection.

9 Limitations

This study has several limitations that should be
considered when interpreting the results.

First, boom lengths were evaluated only in the 5-
20 cm range above the rotor plane. Longer exten-
sions (e.g., 35 cm) were found in preliminary tests
to induce unacceptable instability and safety risks on
the DJI Mavic 3E, and were therefore not system-
atically tested. Thus, the identified optimal boom
length represents the best length within this feasible
design window, not necessarily a global optimum.

Second, all experiments were conducted on a sin-
gle UAV platform (DJI Mavic 3E) with a fixed
payload (TriSonica Mini anemometer and custom
mount). Results may not generalize directly to other
micro-UAVs with different mass, rotor size, disk load-
ing, or flight control characteristics.

Third, flights were conducted under a limited range
of environmental conditions and primarily in hover.
The influence of stronger winds, gusty conditions,
and other flight modes (climb, descent, horizontal
translation) on the optimal boom length was not fully
explored.

Fourth, the drone’s wind sensor and the ground
reference station could not be placed at the exact
same spot or height for every flight. Although we
tried to maintain the approximate flight position, this
slight separation means some of the errors in the data
may be due to natural wind differences across space,
rather than propeller interference. Additionally, we
did not perform any wind-tunnel testing or special-
ized field calibrations for this specific drone setup.
While the results are significant for comparing how
different boom lengths perform against one another,
these factors mean the absolute measurements may
have a small margin of error.

Finally, the number of flights and total sampling
duration were limited by project timeline and weather
constraints. While the observed trends were consis-
tent across multiple flights, a larger dataset would
improve statistical confidence.

Despite these limitations, the present study pro-
vides a practical, empirically based design guideline
for mounting ultrasonic anemometers on micro-UAVs

11

in urban environments. Future work should explore
longer boom lengths, conduct systematic calibration
against reference towers, and evaluate performance
under a wider range of atmospheric conditions and
flight profiles.
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