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Abstract. Multirotor drones (part of the category of small
Uncrewed Aerial Systems [sUAS] or small Uncrewed Aerial
Vehicles [sUAV]) are used in atmospheric research to make
measurements of the lower atmosphere, and their use is
poised to increase in the future. New drone atmospheric sens-
ing opportunities, such as ride-along applications and drone
swarms, are emerging. These opportunities, which may not
allow room for specialized shielding or aspiration equipment,
together with increased drone usage, necessitate the charac-
terization of the performance of unshielded sensors mounted
to drones if the accuracy of such observations is to be un-
derstood. In this work, we characterize the accuracy of ther-
modynamic measurements, specifically temperature and wa-
ter vapor mixing ratio, based on the sensor mounting posi-
tion onboard multirotor drones. To assess the influence of
the drone mechanics on the measurements, ninety-eight indi-
vidual drone flights with eight distinct thermodynamic sen-
sor positions were performed next to an instrumented flux
tower and a tethersonde carrying identical sensors, where the
tower and tethersonde measurements are assumed as truth.
The flights were at least nine minutes in length, and nine of
the flights were conducted at night. At the best position, ab-
solute daytime temperature errors were between −0.83 and
+0.61 K at the 95 % confidence interval, while nighttime
temperature errors were smaller, ranging from −0.28 and
+0.48 K. Water vapor mixing ratio errors are within −0.22
and +0.66 g kg−1. We conclude that measurements in field
campaigns are more accurate when sensors are placed away

from the main body of the drone and are sufficiently aspi-
rated, such as a position near, but not directly under, a spin-
ning propeller.

1 Introduction

Small drones (hereafter referred to as drones; also known as
small Uncrewed Aerial Systems [sUAS or UAS], small Un-
crewed Aerial Vehicles [sUAV or UAV], or small Uncrewed
Aircraft [sUA or UA]) have been used for atmospheric sci-
ence research since 1956 (Vorontsov et al., 1958; Humphrey,
1961). Until the 2010s, the drones utilized were exclusively
fixed-wing drones (e.g., Schafer et al., 2001; Houston et
al., 2011; Elston et al., 2014; Riganti and Houston, 2017).
Since then, multirotor drones have been introduced into at-
mospheric science research and have increased in popularity
(e.g., Brady et al., 2016; Lee et al., 2017; Geerts et al., 2017,
2018; Vömel et al., 2018; van den Heever et al., 2021; Meier
et al., 2022). The enhanced popularity of multirotor drones
is due in part to their ability to take off and land vertically,
rapid maneuverability, hovering capability, low cost, and rel-
ative ease of piloting.

A wide body of research has investigated the accuracy of
measurements made on fixed-wing drones (e.g., Spiess et
al., 2007; Houston et al., 2016), on sensor housings for multi-
rotor drones (Barbieri et al., 2019; Greene et al., 2019; Islam
et al., 2019; de Boer et al., 2024), and on purpose-built mul-
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tirotor drones (Bell et al., 2020; Segales et al., 2020; Hervo
et al., 2023). However, relatively less work has examined the
accuracy of thermodynamic measurements made from com-
mercial, off-the-shelf multirotor drones without additional
housing. While many deployments of drones for atmospheric
science research have used housings for their thermodynamic
probes (e.g., Greene et al., 2019; Bell et al., 2020; Segales
et al., 2020; Hervo et al., 2023; de Boer et al., 2024), oth-
ers have relied on the shielding or aspiration provided by
the drone and atmosphere (Bailey et al., 2020; Tikhomirov
et al., 2021; van den Heever et al., 2021; Quesada-Moreno et
al., 2024). Furthermore, some future applications of drones in
atmospheric science may not be conducive to the additional
weight and volume added by sensor shielding. These deploy-
ment opportunities are increasing, including “ride-along” de-
ployments, where a sensor is added to an existing drone plat-
form used for another purpose, such as package delivery, and
in drone swarm operations which can use mini and micro
drones.

Little prior work has focused on the accuracy of thermody-
namic measurements from drones that are without purpose-
built ducts or housings. Several previous studies (Greene et
al., 2018; Inoue and Sato, 2022) have examined sensor place-
ments immediately below the spinning propellers, finding
that placements close to the propeller tip tend to produce re-
sults with the least amount of bias. Kimball et al. (2020a)
examined the accuracy of unshielded thermodynamic sen-
sors in various positions on a small (55 cm across) quadro-
tor drone platform, finding relatively small (< 0.5 K) differ-
ences in the accuracy of temperature measurements between
positions on the drone when compared to a shielded temper-
ature sensor on a mesonet tower. Their analysis found a sen-
sitivity in temperature measurements from exhaust vents on
their platform, resulting in warm biases in sensors positioned
within the exhaust path. Kimball et al. (2020a, b), along with
other previous work quantifying the characteristics of drone-
based thermodynamic measurements, primarily focus on ab-
solute temperature measurements. While this is clearly an
important measurement, drones have also been used to mea-
sure temporal changes in thermodynamics, characteristic of
thunderstorm outflow boundaries and frontal boundaries (van
den Heever et al., 2021). Quantifying the properties of rel-
ative temporal changes in thermodynamic measurements is
therefore necessary to enhance confidence in these drone-
based measurements.

These previous studies have provided important steps to-
ward understanding the errors induced by measuring thermo-
dynamic variables onboard multirotor drones. However, sep-
arating the solar radiative effects on sensors on the accuracy
of thermodynamic measurements from those effects specif-
ically due to multirotors, has not yet been investigated. As
such, observations from multiple sensor positions on board
multirotor drones have, for the first time, been made during
both day and night to address these impacts. In the present
study, we compare drone-based temperature and water va-

por mixing ratio measurements from eight different sensor
positions to measurements made on a tethersonde and a flux
tower located sufficiently far from the direct influence of the
drone’s propellers. These comparisons are conducted in a va-
riety of meteorological and solar radiation conditions. Our
goal is to analyze the errors in the measurements of each of
these fundamental atmospheric variables induced by the mul-
tirotor platform itself. Further, by investigating these errors,
we aim to provide field campaigns with a characterization of
drone-based temperature and water vapor mixing ratio mea-
surements, both for absolute measurements and the temporal
changes in these measurements. Finally, we include recom-
mendations for sensor placement for future field campaigns
that employ multirotor drones that are incapable of carrying
separate shielding.

2 Methodology

To assess the accuracy of thermodynamic measurements
made from multirotor drones, a comprehensive experiment
suite was designed using a hexacopter drone (a multirotor
with six rotors). The suite consisted of two parts. The first
was conducted from October 2018 to January 2019 adjacent
to an instrumented tethered balloon (hereafter tethersonde)
and the second from June to July 2022 next to an instru-
mented flux tower. In total, 98 outdoor flights were con-
ducted, 9 of which were flown at night, producing approx-
imately 15 h of total sampling time, with 82 flights (12.5 h)
being tethersonde tests and 16 flights (3 h) being flux tower
tests.

2.1 Drone and Sensor Setup

The DJI Matrice 600 Pro (SZ DJI Technology Co., Ltd.,
Shenzhen, China) hexacopter was employed in these ex-
periments. The Matrice 600 Pro, pictured in Fig. 1a–d, has
been used in atmospheric science field campaigns and pub-
lished literature (e.g., Islam et al., 2019; van den Heever et
al., 2021). The Matrice 600 Pro is powered by six batteries
positioned at the center of the drone platform, which is also
the location of the avionics and flight computers. Six arms
extend radially from the center. Each arm contains an inde-
pendently spinning motor and an attached 53 cm propeller.
The drone dimensions are 1.668 m× 1.518 m× 0.727 m
when in takeoff and landing configuration. After takeoff, the
drone switches to cruise configuration and its landing legs
fold upwards to the sides, reducing the height of the drone
(Fig. 1a). The legs remain retracted until the drone is config-
ured for landing.

The International Met Systems iMet XQ (Grand Rapids,
MI, USA) sensor was used to make the thermodynamic mea-
surements for this study. This particular sensor (Fig. 1e)
has been used previously to make thermodynamic mea-
surements from multirotor drones (e.g., Hemingway et
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Figure 1. (a) Front-view picture of the DJI Matrice 600 Pro drone in flight with the legs folded up. The 8 sensor positions are labeled.
(b) Top-down photo of the drone with the legs down; the positions of all visible sensors are labeled. (c) Side profile of the drone, showing a
close-up of the two shelf positions. (d) Close top-down profile of the drone, showing the four positions on the drone’s top. (e) Photograph of
an iMet XQ sensor. (f) Photograph of the iMet-1 radiosonde with an iMet XQ sensor attached to the bottom.

al., 2017; Themistocleous, 2017; Dexheimer et al., 2018; Lee
et al., 2019; Kimball et al., 2020a, b; van den Heever et
al., 2021). The iMet XQ measures pressure, temperature, and
relative humidity (RH) at 1 Hz. The specifications and sen-
sor technologies of the temperature, RH, and pressure mea-

surements are detailed in Table 1. The RH measurements
were converted to water vapor mixing ratio using the tem-
perature reported by the RH sensor, and the pressure mea-
sured by the iMet XQ for this study, as recommended in
the iMet XQ manual and as previously done with these sen-
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sors in other campaigns (Leung et al., 2025). The conver-
sion from RH to water vapor mixing ratio was performed
using MetPy 1.7.0 (May et al., 2022). Although analyzing
the data using the original RH measurements does not qual-
itatively change the results (not shown), the conversion was
performed to minimize potential impacts of temperature bi-
ases on the RH sensors. This is because RH, without conver-
sion to a temperature-independent measure of water vapor,
depends not only on accurate temperature measurements but
also on the assumption that the temperatures of the drone
and the comparison sensor are the same – an assumption we
investigate in this study. Nine of the 12 sensors employed in
these tests saved the temperature of the RH sensor in addition
to the other three variables, while three of the older sensors
did not report the RH sensor’s temperature and are therefore
excluded from the analysis of RH. None of the sensors used
in these experiments have a shield covering the temperature
or RH sensor, although the temperature sensor’s reflective
coating helps mitigate radiation error during daytime flights.

To examine the impacts of different sensor placements on
thermodynamic measurements, eight different sensor sites
onboard the drone were chosen for these experiments. The
sensor sites are shown from various angles in Fig. 1a–
d. These eight sensor sites represent what we believe are
the most common and/or logical locations for sensors on-
board multirotor drones, and several are similar to those
tested in previous studies (Greene et al., 2018; Kimball
et al., 2020a). Two of the positions, CWProp and CCW-
Prop (CW for a ClockWise-rotating propeller and CCW for
a CounterClockWise-rotating propeller) are approximately
2 cm underneath the propellers and 5.5 cm inside the tip of
the propeller when the propeller and arm are parallel. This
distance is located away from the propeller tip by approxi-
mately 1/3 of the length of the propeller (8.8 cm on this plat-
form), as recommended by Greene et al. (2018), and will
be expected to get the most forced aspiration. The Top and
OverBatt positions are situated on top of the drone and re-
ceive some aspiration from the drone airflow. Top is located
at the highest point atop the avionics bay but below the three
upward pointing GPS antennae, and the OverBatt position
is located on top of a battery bay with the temperature sen-
sor extended away from the central portion of the drone by
approximately 2 cm. A similar placement to the OverBatt po-
sition was also used by Lee et al. (2019). One of the landing
legs of the aircraft contain two positions, TopLeg and BotLeg,
which are approximately 8 cm below one of the drone arms
when in cruise configuration (Fig. 1a). As BotLeg is directly
below a propeller, it receives a high amount of forced aspira-
tion from the propeller, while TopLeg receives relatively less
forced aspiration as it is further from the propeller. The Top-
Shelf and BotShelf positions are on platforms mounted be-
low the main electronics bay by approximately 7 and 15 cm,
respectively, and receive relatively little drone-based aspira-
tion. In all flights, the drone was flown such that its “front”
(the same direction that the TopShelf sensor points) was fac-

ing south. In all daytime flights, this resulted in the front-
facing sensors being directed into the sun and other sensors
potentially being shaded by the drone. This uncertainty is
mitigated by the range in solar radiations of the flights, which
are discussed below. These data have been uploaded to Zen-
odo (Freeman et al., 2025).

2.2 Experiment Methodology: Tethersonde Tests

In the first part of this experiment, we flew the drone adjacent
to a tethersonde during both daytime and nighttime hours
during several operating periods in October and November
2018 and January 2019. All night flights were conducted af-
ter nautical twilight. The tethersonde was anchored in dead
scrubland at the now-retired Christman Field Airport (here-
after Christman Field) in Fort Collins, CO (40.59077° N,
105.14389° W, 1572 m above mean sea level (a.m.s.l.)). The
meteorological station at Christman Field was used to quan-
tify the spread in local meteorological conditions for each of
the flights, and to validate that the measured insolation dur-
ing nighttime flights was 0.0 W m−2. The Christman Field
weather station is a permanent weather station that measures
temperature at 2 m above the surface and winds 10 m above
the surface.

The anchor point of the tethersonde was at least 50 m from
roads, fences, and other objects that could inadvertently in-
fluence the observations. The tethersonde was initially raised
to a height of at least 50 m above the surface during the day
and 30 m at night using a rope, but it was then allowed to
change its horizontal and vertical position through advec-
tion. The altitude for the tethersonde was chosen to be high
enough to be above the surface layer but low enough to re-
duce the required drone battery power to climb and manoeu-
vre the drone, thereby allowing longer sampling time on a
single battery set.

After takeoff, the drone was flown directly upwards until
the altitudes of the tethersonde and the drone were within a
few meters of each other, as determined by the onboard GPS
of both platforms. Despite this initial check, the tethersonde
was on average 9.13 m higher than the drone for the 82 teth-
ersonde flights (9.71 m during the day flights and 4.2 m for
the night flights). This mean altitude bias does not substan-
tially affect the thermodynamic errors measured. When com-
paring the data from only those flights when the drone was
located higher in altitude than the tethersonde, the thermody-
namic measurement errors are similar, with average temper-
ature error across all sensors increasing by 0.06 K, which is
well within the sensor accuracy. While the tethersonde’s hor-
izontal position and altitude were allowed to vary in flight
with the changing winds, the drone’s position was fixed in
space for each of the 82 flights using the drone’s autopilot
function.

The tethersonde instrumentation was mounted approxi-
mately 50 cm below the base of the balloon. This instrumen-
tation consisted of an International Met Systems iMet-1 ra-
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Table 1. Specifications of the iMet XQ sensor as reported by International Met Systems (International Met Systems 2018).

Variable Technology iMet Reported iMet Reported iMet Reported Response
Accuracy Resolution Time

Temperature Glass Bead Thermistor ±0.3 K 0.01 K 2 s
Relative Humidity Capacitive ±5 % 0.7 % 5 s with 1 m s−1 flow
Pressure Digital Piezoelectric ±1.5 hPa 0.02 hPa < 1 s

diosonde with an iMet XQ sensor of the same type as that
onboard the drone (Fig. 1f). Although both the iMet-1 ra-
diosonde and iMet XQ record GPS and thermodynamic vari-
ables, the GPS from the iMet-1 radiosonde is used as the
tethersonde’s location value because the iMet XQ’s GPS an-
tenna was directed at the surface, causing degraded accu-
racy. On the other hand, the iMet XQ is used for the ther-
modynamic measurements to remove any error that may po-
tentially be caused by differences in instrument technology
between the iMet XQ and the iMet-1 radiosonde. The teth-
ersonde was launched at the beginning of each flight day
and allowed to remain airborne for the entire duration of the
flights held on any single day. The tethersonde was, however,
occasionally raised or lowered in order to avoid interference
with crewed aircraft traffic or to change the attached iMet XQ
sensor halfway through the flight day as part of the iMet XQ
drone sensor rotations (see below). It should be noted that,
similar to the sensors aboard the drone, the iMet XQ aboard
the tethersonde was not shielded. While this means that the
tethersonde may also have errors in the temperature measure-
ment arising from solar radiation, these should be similar to
those on the drone. Further, the tests described in the next
section, which include shielded, aspirated sensors and nine
night flights with the tethersonde, help to separate out this
potential source of uncertainty.

Every flight had at least nine consecutive minutes of sam-
pling time, not including the additional flight time necessary
for takeoff, transit, and landing. After each flight, the sen-
sors attached to each of the positions on the drone were se-
quentially rotated to a different position. The sensor rotation
was performed to remove any potential bias caused by a spe-
cific sensor-position combination. While the sensors aboard
the drone were rotated after each flight, the sensor aboard
the tethersonde was only changed either between flight days
or halfway through the flights on a given day. The sensor
onboard the tethersonde each day was drawn from the set
of sensors used in the drone rotations and was rotated be-
tween the tethersonde and the drone between flight days. In
total, there were N = 38 593 individual samples during day-
time flights and N = 4872 individual samples during night-
time flights.

2.3 Experiment Methodology: Flux Tower Tests

The second part of the experiment was to conduct addi-
tional flights in June and July 2022 at the National Eco-
logical Observatory Network (NEON) North Sterling, CO
site (Metzger et al., 2019; NEON, 2024a–e; 40.461894° N,
−103.02929° W, 1365 m a.m.s.l. The tests at this site were
conducted at the same altitude (10 m above ground level) and
5 m downwind of the flux tower. At this location, the temper-
ature measurements were compared with both an unshielded,
unaspirated iMet XQ sensor mounted to the flux tower (not
shown), and the triple aspirated, 1 min-averaged air temper-
ature (NEON, 2024a) and humidity measurements (NEON,
2024b) taken at the top of the flux tower. The iMet XQ sen-
sor was mounted to the railing at the top of the tower, near
the existing NEON temperature measurements, with the sen-
sor oriented parallel to the ground and pointed away from
the tower such that airflow to the sensor was as unimpeded
as possible. Because of the delay between these flights and
the Tethersonde tests caused by impacts from the COVID-19
pandemic, several of the iMet XQ sensors employed in the
tethersonde tests were replaced by updated iMet XQ2 sen-
sors, which use the same temperature sensor as the iMet XQ.
However, because the RH sensor changed between the two
versions of the instrument, only the RH results from the teth-
ersonde study are examined here. Further, because the XQ2
sensors were physically larger than the XQ sensors, only five
of the eight positions tested in the tethersonde experiments
are used for the flux tower tests (BotLeg, CWProp, OverBatt,
TopLeg, TopShelf). The NEON flux tower measurements are
quality controlled, maintained, and, for temperature, made
up of three independent platinum resistance temperature sen-
sors forcefully aspirated by a fan (NEON, 2024a). However,
these measurements are only available at a lower, 1 min res-
olution compared with the 1 Hz resolution on the drone. This
leads to a total sample size N = 228, versus the substan-
tially larger sample size from the tethersonde measurements
(N = 43 465). Therefore, we use these measurements primar-
ily to validate the tethersonde comparison experiments, en-
suring that the tethersonde flights yield robust results when
compared to flights conducted with gold-standard, forcefully
aspirated temperature measurements. Like the tethersonde
flights, the flux tower flights lasted at least nine minutes.
However, due to logistical reasons, the sensors on the flux
tower validation flights were not rotated between each flight
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as for the tethersonde flights, but rather on a daily basis. De-
spite the more limited changing cadence, no sensor on the
drone was kept the same position between days.

2.4 Sampling Conditions

The 82 tethersonde and 16 flux tower flights were conducted
in a variety of non-precipitating meteorological conditions
sampled by the co-located Christman Field weather station
(tethersonde station) and the NEON flux tower instrumenta-
tion (flux tower). The range of observed pressure (Fig. 2c) is
limited to between 830 and 855 hPa at the Christman Field
site and 860 and 870 hPa at the NEON site due to the dif-
ferences in the site’s elevations (1573 m a.m.s.l. at Christman
Field; 1365 m a.m.s.l. at the NEON site). Like the pressure,
the water vapor mixing ratio conditions observed (Fig. 2b)
are also bounded by the dry climate in Colorado. The ex-
periments were performed primarily in low wind conditions,
particularly with the tethersonde flights at Christman Field,
as is evident from the distribution of sustained wind (Fig. 2e)
and gusts (Fig. 2f). Low wind conditions were necessary to
limit the motion of the tethersonde, and thus limit its alti-
tude variability with respect to the drone. The wide range
of temperature, water vapor mixing ratio, and solar radiation
(Fig. 2d) conditions tested in this study significantly extend
all of the previous studies described in Sect. 1.

2.5 Data Quality Control

Several steps were taken to quality control both the tether-
sonde and drone thermodynamic data. Only those measure-
ments for which the drone’s measured altitude is within 30 m
(50 m) in the vertical (horizontal) of the tethersonde’s mea-
sured altitude were used in order to enhance the likelihood
that the tethersonde and drone measured air with similar ther-
modynamic properties. The 30 m vertical threshold was cho-
sen because the nominal accuracy of the GPS aboard the
iMet-1 radiosonde is ±15 m. The 50 m horizontal threshold
was selected as a compromise between the two instruments
being as far apart as possible while measuring as close to the
same air as possible, as the length scale of boundary layer
eddies is proportional to the height above the surface (Arya,
2001). Because these two are proportional, rather than equal,
this may result in these two instruments potentially measur-
ing different eddies, and therefore actual differences in tem-
perature. It is assumed, however, that any difference due to
potentially measuring different eddies is small and mitigated
by the large number of samples. As the flux tower is a non-
moving platform and lower in altitude than the tethersonde,
the flux tower results use a quality control threshold of 3 m
in the vertical and 10 m in the horizontal. The results of this
study are not sensitive to the specific distance thresholds (not
shown). In addition to removing data points where the drone
and tethersonde were too far apart, data points were also re-
moved when any sensor recorded unphysical (e.g., negative

Figure 2. Histograms of conditions observed by the weather sta-
tions during all flights from Christman Field (blue) and the NEON
Flux Tower (purple; NEON, 2024a, b, c, d, e). The conditions are
averaged over the duration of each flight. Shown are surface (a) tem-
perature, (b) mixing ratio, (c) pressure, (d) solar radiation, (e) sus-
tained wind speed, and (f) wind gust, which is determined by taking
the average station-reported wind gusts at the 1 min sampling inter-
val of both surface weather stations.

relative humidity, negative or zero pressure) data. No av-
eraging was performed on the data except as described in
Sect. 3.4.

For both temperature and mixing ratio, we examined the
differences at each time between the measurements taken
aboard the drone and the measurements taken aboard the
tethersonde or flux tower. We define this difference as the
error. The error is comprised of three potential sources: in-
strument error, drone-induced error, and radiative error. The
instrument error is defined as any error caused by fluctua-
tions in the instrument itself other than the calibration bi-
ases that have already been corrected, and are typically cen-
tered around 0 after mean biases are corrected. The drone-
induced error is any error directly associated with the drone
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that would not exist if the instrument was mounted to the
tethersonde or flux tower. Possible sources of drone-induced
error include heat dissipated by the drone motors, avionics,
and batteries, and airflow perturbations (i.e., rotorwash) in-
duced by the rapidly spinning rotors which mix the air. The
radiative error component is defined as any error resulting
from the effects of solar radiation, including heating of the
sensor itself by the sun, heating of the surface of the drone
below the sensor, or any other error that does not exist at
night.

3 Results

3.1 Daytime Temperature

We separate our discussions of temperature into day-
time and nighttime, and we begin by examining the
daytime results. The temperature error, defined as the
temperature measured by the tethersonde or flux tower
subtracted from the temperature measured by the drone
at each time, was calculated separately for each sen-
sor position (i.e., Tdrone, sensor location− Ttethersonde or
Tdrone, sensor location− Tflux tower; where T is the tempera-
ture in K). The temperature error for each sensor location on
the drone is shown in Fig. 3 for the 73 daytime tethersonde
flights (a total of approximately 40 000 individual tempera-
ture observations for each sensor position). The mean errors
between the drone and tethersonde are less than ±0.42 K for
all eight siting locations tested, although the spread between
the 2.5th and 97.5th percentiles reaches 2.79 K, with the
largest spread being −0.91 K≤ T ≤+1.88 K for TopShelf
(Fig. 3). The BotLeg position, which is approximately 8 cm
below the propeller and is shielded from the direct down-
ward air forced from the propeller by the leg it is mounted
on, has the smallest magnitude mean error (−0.07 K). This
is in contrast to TopLeg, which has the largest magnitude
mean error (+0.42 K) despite being located only ∼ 10 cm
horizontally from the BotLeg position.

One can categorize the eight sensors shown in Fig. 3a
into two main groups: those sensors that have a cold mean
bias and lower error standard deviations (BotLeg, CCWProp,
CWProp, OverBatt, Top), and those positions that have a
warm mean bias and higher error standard deviations (Bot-
Shelf, TopLeg, TopShelf). These differences can also be seen
in Fig. 3b–i, which show histograms of the errors for each of
the eight sensor positions. The three sensor positions with the
warm mean bias and higher errors (Fig. 3c, h, and i) can be
characterized as non-normal distributions that are skewed to-
wards warmer temperatures relative to the tethersonde data.
Most of the remaining positions (Fig. 3d–g) are similarly
non-normal, but have smaller error standard deviations and
negative tails, indicating a large cold bias relative to the teth-
ersonde.

To validate the tethersonde measurements, we examine the
change in temperature errors in several of the positions be-
tween the tethersonde experiments and the flux tower experi-
ments (Table 2), since the flux tower instrumentation is aspi-
rated, quality-controlled, and frequently calibrated (NEON,
2024a). In each position except for TopLeg, the mean and
median biases of the drone sensor compared to the control
sensor is warmer in the flux tower experiments than the teth-
ersonde experiments. However, the change in bias is within
the accuracy range (±0.3 K for one sensor; a maximum of
±0.6 K for a sensor pair) specified by the iMet XQ and XQ2
documentation (Table 1). Further, the standard deviations
and interquartile ranges between each pair of experiments
are quite similar, with each standard deviation being within
0.15 K of its pair. This indicates that the error between the
drone measurements and the shielded, aspirated flux tower
are largely comparable to the error between the drone mea-
surements and the unshielded, unaspirated (other than natural
aspiration from wind) tethersonde. Given the similarities be-
tween the experiments, we will focus on the larger dataset of
tethersonde observations for the remainder of the manuscript.

We now assess the three components of error (instrument,
drone, and radiation) to understand the causes of the mean
temperature errors. The substantial sampling time during
daytime (11 h; ∼ 200 000 data points total), and the fact that
random instrument errors are typically symmetric around
zero after being corrected for any mean bias, suggests that the
random instrument errors are largely mitigated and thus play
a trivial role in the mean thermodynamic errors. Therefore,
the mean observation errors are primarily caused by drone-
induced errors, radiative errors, or both.

To better characterize the radiative error present during the
daytime flights, the flights are stratified by the average so-
lar radiation that is observed at the surface weather station
(Fig. 4). Each of the solar radiation bins shown in Fig. 4
contains observations obtained from between eight and ten
flights. With increasing insolation, the median bias generally
becomes colder for those sensors receiving a larger amount
of aspiration (BotLeg, CCWProp, CWProp, OverBatt, Top).
For those sensors receiving less aspiration (BotShelf, Top-
Leg, TopShelf), the mean bias typically becomes warmer with
more insolation (BotShelf, TopLeg) and/or the error bars be-
come substantially larger (TopLeg, TopShelf). The reason for
these opposite trends appears to be twofold: (1) the reflective
coating onboard the iMet sensors is likely inadequate to re-
flect all of the incoming solar energy; and (2) since the teth-
ersonde does not receive forced aspiration unlike the drone
which is aspirated by the propellers, the temperature mea-
sured on the tethersonde might be biased warm relative to
the true environmental temperature, thus leading to a per-
ceived cold bias on the drone for the five positions receiv-
ing more aspiration. This hypothesis is supported by the flux
tower experiments, in which all unshielded positions on the
drone that were tested were warmer than the shielded, aspi-
rated flux tower sensor. Figure 4 further shows that the spread
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Figure 3. (a) Box plots of the drone sensor temperature minus the tethersonde sensor temperature, i.e. the “errors” (positive values indicate
that the drone is warmer than the tethersonde), for all daytime flights. The box outlines denote the 25th, 50th, and 75th percentiles, whiskers
extend to the 5th and 95th percentiles, and the dots indicate the distribution means. (b–i) Density histograms of the daytime flight temperature
errors for each individual drone sensor as labeled on each panel. The 2.5th and 97.5th percentiles are marked with dashed vertical black lines
to indicate the 95 % confidence interval. The error standard deviation (σ ), mean (µ), median (M), and interquartile range (IQR) of the error
are labelled at the top of each panel.

Table 2. Comparisons between the Tethersonde daytime tests and NEON Flux Tower Tests for temperature. T represents the difference
between drone temperature measured per position from the control sensor. σ(T ) represents the standard deviation of this value, and IQR T
represents the interquartile range of this value.

Position NEON Tethersonde

Mean T Median T σ(T ) IQR T Mean T Median T σ(T ) IQR T

BotLeg 0.11 K 0.05 K 0.47 K 0.44 K −0.07 K −0.06 K 0.35 K 0.43 K
CWProp 0.16 K 0.11 K 0.45 K 0.59 K −0.32 K −0.23 K 0.45 K 0.53 K
OverBatt 0.29 K 0.22 K 0.54 K 0.62 K −0.29 K −0.26 K 0.39 K 0.46 K
TopLeg 0.30 K 0.18 K 0.59 K 0.81 K 0.42 K 0.29 K 0.63 K 0.81 K
TopShelf 0.52 K 0.44 K 0.59 K 0.92 K 0.18 K 0.10 K 0.66 K 0.71 K

of the error generally increases with increasing solar radia-
tion for all sensor positions. This suggests that simply plac-
ing sensors underneath propellers may not be sufficient to
counteract the solar radiative error. Rather, Fig. 4 suggests
that efforts to properly shield sensors could be worthwhile.
However, such shields can block ambient airflow, including

airflow produced by the drone, thereby reducing sensor aspi-
ration and inducing a lag to the sensor measurements. Such
effects should therefore be taken into consideration when de-
signing sensor shields. The impacts of radiative error on the
mean thermodynamic errors and how we can separate this
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source of error from drone-induced error are further exam-
ined in Sect. 3.2.

The temperature results demonstrate for the worst-case
scenario for any single temperature measurement made dur-
ing the daytime that the accuracy at a 95 % confidence in-
terval (hereafter CI), from the smallest 2.5 % to the largest
97.5 % has a range of −1.34 K≤ T ≤+1.88 K when not re-
moving the mean biases (Fig. 3b–i). The sensor position
with the narrowest CI is BotLeg, which had a 95 % CI of
−0.75 K≤ T ≤+0.65 K. While we examined absolute tem-
perature measurements in this section, Sect. 3d contains
an analysis of the errors when measurements of temporal
changes in temperature are sought instead of measurements
of absolute temperature values.

3.2 Nighttime Temperature

Nighttime flights were conducted with the tethersonde to un-
derstand the effects of radiative error and to separate the ra-
diative error from the drone-induced error. Figure 5 shows
the analyses of temperature using only the 9 nighttime flights
(approximately 1.5 total flight hours). The errors in measured
temperature are notably smaller at night than during the day.
The largest mean bias in temperature decreases from 0.42 K
during the day to 0.24 K at night, and the largest 95 % CI
range decreases from 2.75 to 1.5 K. This indicates that radia-
tive errors, either due to the heating of the sensor itself or as a
result of heating the drone body, are substantial contributors
to the total errors observed in the daytime flights.

Recall that for the daytime flights, the various drone sensor
positions either have a warm or cold mean bias depending on
the amount of aspiration they receive. In contrast, at night,
all eight tested positions have a warm bias (Fig. 5), and the
magnitude of the warm bias ranges from +0.05 to +0.24 K.
This could be due to a combination of two factors: the mean
altitude bias between the drone and tethersonde (4.2 m) and
the heat generated by the drone. However, a 4.2 m mean al-
titude bias is unlikely to result in a warm bias on the order
of 0.1 K. Even if a dry-adiabatic lapse rate is assumed in the
near-surface boundary layer (an unrealistically strong lapse
rate at night), a 4.2 m altitude difference only translates to a
mean bias of +0.04 K. We therefore speculate that the pri-
mary cause of the temperature bias is that the drone, unlike
the tethersonde, is a significant source of heating. The batter-
ies’ onboard temperature sensors indicate that each battery
can increase its temperature by up to 25 K while in flight.
The TopShelf position has the greatest mean bias, which is
likely due to its position directly below the main electronics
and battery bay. The BotLeg has the smallest mean bias, sim-
ilar to the daytime temperature results. The small bias for the
BotLeg position is once again likely because this sensor po-
sition is farthest from the main electronics bay and motors.
Even the two positions that are located directly below the
propellers (CWProp and CCWProp), which should receive
the most aspiration among the sensor positions, have warm

biases at night. The warm biases for the under-propeller po-
sitions are likely due to the heat generated by the motors
in flight or by the propellers circulating air warmed over
the main body of the drone to these positions. Overall, the
nighttime flight results demonstrate that even if sensors are
properly shielded from radiation error during the day, drone-
induced errors are present and must be accounted for during
daytime and nighttime flights.

When comparing the nighttime distributions of error
(Fig. 5b–i) to those of the daytime position errors (Fig. 3b–i),
the nighttime distributions are narrower (Fig. 5b–i). For the
nighttime flights, the 95 % CI of all the sensor siting loca-
tions is at worst −0.31 K≤ T ≤+0.82 K when not adjusting
for the mean bias. Although these data are not normally dis-
tributed, the smaller tails and narrower distributions charac-
teristic of the nighttime flights suggest that shielding the tem-
perature sensor aboard the drone could improve data quality
and reduce error for the daytime measurements for all the
sensor siting locations tested.

3.3 Water Vapor Mixing Ratio

The water vapor mixing ratio measurements (abbrevi-
ated here as qv) from all 82 tethersonde flights are ana-
lyzed together (Fig. 6). All sensor positions except CW-
Prop have mixing ratio mean bias magnitudes of at most
0.1 g kg−1, with six positions having a mean bias against
the tethersonde of less than 0.05 g kg−1 (Fig. 6). Further-
more, the non-propeller positions (i.e., all but CWProp
and CCWProp) have unimodal distributions with 95 % CIs
of less than ±0.3 g kg−1 (Fig. 6b–i). This is in contrast
to the sensor siting locations under the propellers (CW-
Prop and CCWProp), which have a total 95 % CI of
−0.22 g kg−1

≤ qv≤+0.66 g kg−1 (Fig. 6d, e).
The wide 95 % CIs of the CCWProp and CWProp posi-

tions compared with the other positions merit investigation.
In each of these cases (Fig. 6d–f), the wider CIs are caused
by relatively longer tails on the positive side of the distribu-
tion (where the drone is moister than the tethersonde). As the
drone does not carry any water onboard and does not produce
water in flight, the unequal water vapor mixing ratio distri-
butions must be a result of error induced either by the drone
or by solar radiation.

The 82 tethersonde flights are stratified by solar radiation
(Fig. 7), as in Sect. 3a for temperature, to determine the con-
tribution of solar radiation to the water vapor mixing ratio er-
ror. This figure shows that, for some positions (e.g., CWProp,
CCWProp), the errors (spread and mean bias) in water vapor
mixing ratio increase with increasing solar radiation. How-
ever, this signal is unclear for other positions (e.g., BotShelf,
BotLeg), and there are even trends that stay approximately
constant for some positions (e.g., TopShelf). The mean biases
for all positions are less variable than the standard deviations,
however. The changes in standard deviation with varying so-
lar radiation suggest that there is a contribution of radiative
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Figure 4. As in Fig. 3a, except that for each sensor position, the tethersonde data is stratified by solar radiation, E (W m−2), observed by the
surface weather station.

Figure 5. As in Fig. 3, but for temperature errors during the nighttime flights only.
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error to the total water vapor mixing ratio error. This is de-
spite the fact that the RH sensor measures the temperature
that the RH is based on and this temperature is used in the
calculation of the water vapor mixing ratio. However, it is
impossible to conclusively determine the exact cause of the
radiative error with the data collected. Future work should
explore this issue further.

3.4 Temperature and Water Vapor Mixing Ratio
Relative Temporal Change

Several field campaigns that have utilized multirotor drones,
such as C3LOUD-Ex (van den Heever et al., 2021) and
LAFE (Wulfmeyer et al., 2018), have been interested in mea-
suring relative temporal or spatial changes in the thermo-
dynamic variables rather than singular or absolute measure-
ments of these variables. In this section, we examine the ac-
curacy of the drone measurements when considering tem-
poral changes in temperature or water vapor mixing ratio,
where the relative magnitudes in a variable, as opposed to
the absolute magnitudes, are important to the scientific in-
vestigation of interest.

Before examining temporal changes in temperature or wa-
ter vapor mixing ratio, we first apply a moving average to
these data, as is commonly done with temperature and wa-
ter vapor mixing ratio measurements. We apply a 20 s mov-
ing average to the temperature and water vapor mixing ra-
tio data. This interval is chosen because it is longer than the
e-folding times of error autocorrelation for all sensor posi-
tions in daytime temperature and water vapor mixing ratio
(see Appendix A and Fig. A1 for further discussion of this
interval). While some of the positions in nighttime tempera-
ture have longer e-folding intervals, 20 s is still used across
the experiments for the purpose of consistency and as most
of the data during these two example campaigns were taken
during daytime. We specify that only 75 % of the data points
contained in the moving average window must be valid data
points after our quality control to provide a balance between
capturing sufficient data points and data accuracy. This re-
quirement means that for a single 20 s period, there must be
15 valid data points for a moving average to be calculated. If
there are fewer than 15 valid data points, the moving average
is not calculated, and the 20 s period is flagged as invalid. The
filtered data are notated with an overbar for the remainder of
this discussion (e.g. T , qv).

To characterize the measurement error expected when
sampling some temporal change, such as 1T

1t
, where t is time,

an appropriate time interval (1t) must first be chosen. We
consider time intervals of 9 min (the total time of each flight)
or less for this analysis. Increasingly large 1ts reduce the
number of usable data points. To provide a compromise be-
tween a sufficiently long 1t such that it is larger than the
moving average time, and a sufficiently short 1t to allow
as large a sample size as possible, a time interval of 60 s is
chosen. Testing reveals that the main findings are not qualita-

tively sensitive to the exact1t used (not shown). The filtered
temperature (T ) is subtracted from the filtered temperature
60 seconds later (i.e. T t+60 s− T t , notated here as 160 sT )
(Fig. 8). It is evident from this figure that for the daytime
temporal temperature change, the errors at each sensor siting
location are smaller than the errors in the absolute tempera-
ture measurements (Fig. 3), with a worst-case 160 sT error
of (−1.08 K, +1.12 K) at a 95 % CI (Fig. 9). Unlike the ab-
solute measurements of temperature, the biases in160 sT are
all near zero.

As shown in Sect. 3a and b, the daytime and nighttime
temperature accuracies differ due to the impacts of solar ra-
diation. With that in mind, an analysis of160 sT error is con-
ducted for the nighttime flights. The 95 % confidence error
for temporal changes in temperature at night (Fig. 9) is ap-
proximately the same as each independent nighttime temper-
ature measurement (Fig. 5). This result suggests that when
measuring temporal change in temperature during the day,
the accuracy may differ if there are variations in the incom-
ing solar radiation, such as might ensue from changing cloud
properties as the error in the measurement may change with
changing cloud cover.

We performed a similar analysis for the NEON flux tower
days to validate the temperature difference results from the
tethersonde. For this, we conducted an experiment measuring
the mean absolute difference between the drone 160 sT and
the NEON site 160 sT (i.e.,

∑
|160 sTDrone−160 sTNEON | .

The values for each of the sensors were between 0.33 and
0.36 K, within the combined accuracy range of the two in-
struments (±0.3 K for the iMet XQ2s on the drone, an aver-
age of ±0.08 K for the NEON site), demonstrating that the
measurements of temperature changes over time are valid.

We also examine the error in measurements of temporal
change of water vapor mixing ratio (keeping the symbology
identical to that for temperature). Figure 10 shows the error
distributions for all eight sensor siting locations for 160 sqv.
In all eight sensor siting locations, the maximum relative wa-
ter vapor mixing ratio error is ±0.50 g kg−1 at the 95 % con-
fidence level, lower than many of the absolute value water
vapor mixing ratio errors. Furthermore, the mean water vapor
mixing ratio relative error is approximately zero for all sen-
sor positions. For field campaigns interested in changes over
time, unshielded sensors onboard drones can provide added
value at accuracy ranges smaller than for absolute measure-
ments. The implications of our results for field campaign
measurements are now explored in the next section.

4 Implications of our Results for Recent Field
Campaigns

The results presented here characterize the accuracy of ther-
modynamic measurements made from unshielded sensors
in eight different sensor siting locations on one multirotor
drone platform. To understand the implications of these find-
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Figure 6. As in Fig. 3, but for water vapor mixing ratio errors for all flights.

Figure 7. As in Fig. 4, but for water vapor mixing ratio errors.
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Figure 8. As in Fig. 3b–i, but showing the quantity 160 sT , as defined in the text, for all daytime flights.

Figure 9. As in Fig. 8, but for 160 sT during the nighttime flights only.

ings for the use of drone platforms in field campaigns, two
campaigns that used unshielded sensors to measure thermo-
dynamics from multirotor drones are now discussed. The
C3LOUD-Ex field campaign (van den Heever et al., 2021)
was conducted in July of 2016 and May–June of 2017 and
employed a suite of instruments to measure storm updrafts
and surface outflows using targeted observations. C3LOUD-
Ex utilized six multirotor drones to measure storm-produced
cold pools, areas of evaporatively-cooled dense air in con-
tact with the ground and identified via temperature gradi-

ents near their edges. The results for temperature and water
vapor mixing ratio temporal changes outlined in this study
(Sect. 3d) are therefore particularly relevant for C3LOUD-
Ex. The drones used in this campaign were identical to
the drone used in the present study, and the C3LOUD-Ex
drone sensors were placed in the TopShelf position. Conti-
nental cold pools produced by deep convection, the focus of
C3LOUD-Ex, typically have near-surface temperature differ-
ences ranging from −2 to −20 K relative to the environment
(Engerer et al., 2008). The results presented here indicate that
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Figure 10. As in Fig. 8, but for 160 sqv, where qv is water vapor mixing ratio.

160 sT errors onboard the drone for the TopShelf position
are at worst −1.08 K≤160 sT ≤+1.12 K at the 95 % con-
fidence level, representing the largest range possible in error.
We therefore conclude that most unshielded drone tempera-
ture measurements described here are sufficient to success-
fully measure most mid-latitude continental cold pools pro-
duced by deep convection.

The Land-Atmosphere Feedback Experiment (LAFE;
Wulfmeyer et al., 2018) was a field campaign completed in
August 2017 in central Oklahoma. LAFE used a suite of in-
struments to observe land-atmosphere feedbacks over differ-
ent soil types and soil moisture conditions. During LAFE,
two multirotor drones with thermodynamic instruments were
operated, including at least one drone that had an in situ ther-
modynamic sensor near the OverBatt position tested in this
work (Wulfmeyer et al., 2018; Lee et al., 2019). The drones
were used to measure vertical and horizontal profiles of tem-
perature and humidity over different soil types and soil mois-
ture to identify the spatial structures that may exist in these
variables. Lee et al. (2019) reported that during the transects,
the temperature varied by ±0.5 K and the dewpoint temper-
ature by approximately ±1 K. Our study indicates that the
magnitudes of the variance in temperature measured by the
drones in the LAFE campaign are likely to be real atmo-
spheric features at the 90 % confidence level, as half of the
sensor siting locations (BotLeg, CWProp, OverBatt, Top) had
a 90 % confidence interval for 160 sT <±0.5 K.

5 Conclusions

Multirotor drones have enabled new types of observational
strategies and sampling in atmospheric science field cam-
paigns. This work provides new insights into understanding
the measurements made onboard multirotor drones. We have
examined temperature and water vapor mixing ratio mea-
surements made from drones and have characterized the bi-
ases and errors induced by placing unshielded, unaspirated
sensors in different positions on multirotor drones. Eight sen-
sor positions, representing the most common locations uti-
lized in field campaigns to date, were tested by flying a mul-
tirotor drone for 98 flights (15.5 total flight hours), including
9 flights at night. The multirotor drone was flown in close
proximity to a tethersonde carrying the same sensors and lo-
cated at a similar altitude, as well as next to an instrumented
flux tower. Temperature and water vapor mixing ratio mea-
surements at each sensor siting location were compared with
those from the tethersonde. Flux tower measurements were
used to validate the temperature results from the tethersonde.
The errors were defined as the difference between the drone
sensor measurements and the tethersonde measurements.

The results from the observational experiments indi-
cate that when sampling temperature during the day using
a sensor unshielded from incoming solar radiation, mea-
surement errors at a 95 % confidence level range from
−0.83 K≤ T ≤+0.61 K for the sampling position with
the lowest spread, to −0.91 K≤ T ≤+1.88 K for the po-
sition with the greatest spread. When making measure-
ments at night without the impacts of incoming solar ra-
diation, the location with the greatest spread is reduced to
−0.31 K≤ T ≤+0.82 K. However, at night, there is nev-
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ertheless a warm mean bias in temperature due to the
heat generated by the batteries and avionics onboard the
drone. If temporal changes in temperature rather than ab-
solute temperature measurements are of interest, the ex-
pected 95 % confidence interval (CI) for daytime temper-
ature relative errors range from −0.57 K≤ T ≤+0.63 to
−1.08 K≤ T ≤+1.12 K, depending on sensor location.

Our analysis of water vapor mixing ratio indicates that
solar radiative error impacts the water vapor measurements
made onboard the drone because the reported accuracies vary
when stratified by solar radiation. The largest error in wa-
ter vapor mixing ratio was found to be ±0.30 g kg−1, ex-
cept for the sensor position below the two propellers and
the position directly over a battery, where the largest 95 %
CI was −0.22 g kg−1

≤ qv≤+0.66 g kg−1. The error when
sampling a temporal change in water vapor mixing ratio had
a 95 % CI of approximately ±0.50 g kg−1, regardless of sen-
sor position.

Our results place a narrower CI on thermodynamic mea-
surements made from drones than those presented by Bar-
bieri et al. (2019). This is most likely because we focused
on the results from single drone platform rather than an en-
semble of different drones. In field campaigns where multi-
ple drones of different types are to be deployed, understand-
ing the platform-specific differences in drone-induced errors
would be critical. The results presented here suggest that the
error bounds for drone thermodynamic measurements can be
greatly reduced by placing the sensor in certain positions and
conducting error characterization flights for each drone plat-
form used. Further, we found that relative measurements of
temperature and water vapor have smaller errors than abso-
lute measurements of those quantities.

The results demonstrated here also elucidate some of the
best practices when sampling temperature and water vapor
with multirotor drones. In general, the smallest error spread
and mean bias in temperature and water vapor mixing ra-
tio were found for the siting location furthest away from the
main body, including the batteries and avionics. For the spe-
cific drone used in the present study, the BotLeg position best
meets these criteria, although this position can be challenging
to mount sensors on. Future developments in drone sensor
engineering should also focus on ways to extend the sensors
away from the main body of the drone without substantially
increasing the weight or changing the aerodynamic charac-
teristics and balance. For drone platforms where a probe or
extension is not possible, measurement errors are likely to
be higher due to the heat generated by the drone itself. Even
aspiration and shielding may not be sufficient to remove the
errors induced by drone heating, as suggested by the night-
time results presented here. Many test flights should also be
completed to better understand the errors and biases when
introducing an aspirated shield. For field projects that have
already completed their sampling phase with unshielded sen-
sors onboard, the error values and biases that have been char-

acterized in this work should be accounted for when analyz-
ing the data collected.

Future work should examine the impacts of small,
lightweight sensor aspiration and shielding on the measure-
ments on a variety of drone platforms and seek to understand
whether the potential benefit of such aspiration and/or shields
outweighs the weight and cost. Our analysis of the night-
time flights conducted to eliminate the impacts of solar ra-
diative error suggest that sensor shielding may not entirely
eliminate errors in temperature measurements, because heat
from the drone batteries and avionics can still bias the mea-
surements. The biases in shielded sensors should therefore
be investigated before shielding is employed in future cam-
paigns. Additionally, errors associated with measurements on
board a smaller drone platform may not be identical to the er-
rors on our larger platform because different drone platforms
produce varying amounts of heating and propellor wash. Fi-
nally, this research provides characterizations of measure-
ment errors based on sensor siting locations that are use-
ful both to already-completed field campaigns and to future
“ride-along” deployments where sensor positioning may not
be selectable by researchers. We suggest that in future cam-
paigns employing drones for thermodynamic measurements,
thermodynamic sensors should be sited as far away from the
main body of the drone (and hence the batteries and avion-
ics) as possible and should be shielded from the impacts of
insolation.
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Appendix A

Figure A1. Autocorrelation by sensor position from the tethersonde experiments of (a) daytime temperature error, (b) nighttime temperature
error, and (c) water vapor mixing ratio. The grey dashed line shows the e-folding line (i.e., 1

e ).

To determine the appropriate length of the moving average
such that noise is removed but the signal is preserved, we cal-
culate the autocorrelation of the error for each position. Here,
we use the e-folding time (i.e., the time at which the error
autocorrelation is lower than 1

e
) as a metric to determine the

length of the moving average. The e-folding time of the error
autocorrelation is greater than 1 s for all positions for daytime
temperature, nighttime temperature, and water vapor mixing
ratio (Fig. A1). In general, the positions receiving the most
forced aspiration from the drone (i.e., CWProp and CCW-
Prop) have the smallest error autocorrelation for a given lag
time, indicating a relatively higher level of noise in the mea-
surements. In all cases during the daytime, the e-folding time
is at most 20 s, while at night, the positions with the least as-
piration (i.e., BotShelf and TopShelf) have longer e-folding
times.
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