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ABSTRACT
A series of experiments were conducted in which mul-

tiple small uncrewed aircraft systems equipped with meteoro-
logical sensors were flown over different heterogeneous terrain
types in order to assess the influence of the spatial and tempo-
ral scales used for statistical calculation. The measurements
are analyzed to obtain scale-dependent uncertainty estimates
that can be used when employing ensemble Kalman filter ap-
proaches for assimilating measurements into numerical simu-
lations (particularly using large-eddy simulation approaches)
of micrometeorological processes. An approach is also pre-
sented that illustrates how a spectral model of turbulence can
be used to model the scale dependence of the representative-
ness error, indicating that the representativeness error is a con-
sequence of the boundary layer turbulence and therefore may
be a significant factor when attempting to assimilate measure-
ments taken in the boundary layer into operational simulations
of low-level wind fields.

INTRODUCTION
Atmospheric boundary layer measurements of turbulent

quantities are typically conducted using stationary (remote and
in situ) measurement systems. As in situ measurements are
often limited to sampling turbulent parameters near the sur-
face, remote sensing systems are becoming increasingly de-
ployed due to their ability to obtain spatially-resolved mea-
surements. However, these systems are often expensive to in-
stall and maintain. As a result, small uncrewed aircraft sys-
tems (sUAS) are increasingly being employed in atmospheric
research. sUAS have the ability to traverse through the flow
spatially over time scales faster than the mean wind, allowing
for a snap-shot of the turbulence structure along the flight path,
and are able to measure a wide array of kinematic and thermo-
dynamic parameters simultaneously (e.g. Egger et al., 2002;
Bailey et al., 2019).

Recent advances in sUAS for meteorological sensing have
raised interest in assimilating data from sUAS into operational
weather forecasting (Jensen et al., 2021, 2022). Rotorcraft
sUAS in particular are attractive for these types of operations
as these systems are relatively simple to operate and optimized
for vertical ascent and descent. They therefore present an op-
portunity for low-cost, high-resolution, profiling within the
planetary boundary layer and have the potential to increase fi-
delity of forecasts near the surface. The most practical config-
uration for autonomous sUAS meteorological measurements

is therefore that of a rotorcraft sUAS conducting periodic pro-
filing at a fixed location (e.g. Chilson et al., 2019). However,
current rotorcraft sUAS have limited flight time and are there-
fore unlikely to be able to acquire statistically-converged mean
profiles given the scales of turbulence in the boundary layer.

This is expected to have an impact on their use for oper-
ational meteorology. Many contemporary approaches to data
assimilation employ ensemble Kalman filtering (e.g. Ander-
son et al., 2009) to assimilate observations into forecasts, a
priori knowledge of the measurement uncertainty is necessary
to ensure effective assimilation of the sUAS data into numer-
ical weather prediction (Anthes & Rieckh, 2018). Although
much effort has been made to identify and minimize measure-
ment uncertainty of the sUAS sensing elements (Barbieri et al.,
2019), there has been much less attention devoted to the im-
pact of spatial heterogeneity on the representativeness error,
i.e., how accurately a profile of near-surface thermodynamic
and kinematic variables represents the processes within a nu-
merical simulation grid cell. As these cells can be on the or-
der of kilometers, and the planetary boundary layer turbulence
has a Kolmogorov scale on the order of mm, the influence of
boundary layer turbulence, and the boundary conditions on the
turbulence, is likely to have much larger impact on the repre-
sentativeness error in the boundary layer than it does in the
rest of the atmosphere. There is therefore a need to quantify
the influence of the represantitveness error which, in turn, can
be expected to depend on the temporal and spatial resolution
of the numerical weather prediction.

To evaluate the uncertainty corresponding to such spatial
heterogeneity, we conducted several measurements employing
fixed-wing sUAS measuring the horizontal and vertical vari-
ability of temperature, moisture content, and wind over dif-
ferent terrain types. We then use this data to assess the tem-
poral and spatial variability of the calculated mean value of
these quantities based on the size of the statistical window
used for their calculation, thereby allowing for investigation
of the scale-dependence of the uncertainty associated with an
assumption of horizontal homogeneity of a different measured
quantities.

EXPERIMENT
To conduct the experiments, we used two or three fixed-

wing BLUECAT10 sUAS simultaneously measuring over
complex terrain at a single pressure altitude to obtain an esti-
mate of the statistical variation of key properties. The BLUE-
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CAT10 aircraft are commercial-off-the-shelf (COTS) vertical
takeoff and landing (VTOL) configuration sUAS which have
been modified to carry meteorological sensing payloads (Fig.
1), and were used in this study due to their ability to operate
from an unprepared field while simultaneously providing the
ability to obtain turbulence statistics over a broad horizontal
extent. Each aircraft was equipped with a five-hole probe and
discrete sensor package capable of measuring pressure, tem-
perature and relative humidity (Ladino et al., 2022). When
combined with the kinematic aircraft velocity and orientation
data sampled by the dual antenna GNSS-Aided inertial navi-
gation system incorporated into the autopilot, this information
can be refined into spatially and temporally resolved measure-
ments of the wind vector, temperature, pressure and relative
humidity through the process outlined by Van den Kroonen-
berg et al. (2008). For this study, supplementary measure-
ments were also made by a rotorcraft and 10 m tower, but these
data are not included here.

Figure 1. BLUECAT10 aircraft (a) showing location of key
sensing elements and (b) VTOL takeoff.

These aircraft were used to sample the atmospheric
boundary layer at two locations (Fig. 2), one with signifi-
cant elevation and vegetation variability (Fig. 2a,b), and the
other consisting of agricultural land use (Fig. 2c,d). The
aircraft were flown autonomously following pre-programmed
flight patterns consisting of rectangular trajectories at a con-
stant pressure altitude above the launch point. Two different
flight patterns were utilized, the first consisted of rectangular
flight patterns were arranged with each aircraft’s pattern par-
allel to the others, allowing for broad spatial coverage over

an approximately 1 km2 area. The second consisted of the
aircraft flying in square patterns with sides of approximately
500 m, with each aircraft at a different pressure altitude, such
that multiple altitudes were sampled simultaneously.

Figure 2. Topography of observation areas with (a) showing
topographical map of complex terrain test site and (b) showing
topographical map of agricultural test site.

Measurements were conducted for altitudes varying from
z = 50 m above ground level (a.g.l.) to 300 m a.g.l. Measure-
ments were also conducted during convective boundary layer
conditions, such that the boundary layer conditions were rel-
atively constant for several flights (thereby allowing for mul-
tiple samples at a single altitude, or samples to be acquired
at multiple altitudes, with limited variability in boundary con-
ditions. Additional flights were conducted over the course of
a morning boundary layer transition, such that measurements
could be conducted under different stability conditions.

ANALYSIS APPROACH
The objective of this analysis is primarily to determine

the uncertainty associated with the assumption that a statis-
tical observation made by profiling at particular spatial loca-
tion is homogeneous throughout a numerical grid cell and time
step. In other words, the analysis seeks to investigate the spa-
tial and temporal scale dependence of statistics measured in
heterogeneous boundary conditions. We simplify the problem
to a single spatial direction, and use each straight line segment
of the flight path as an individual member of an ensemble of
measurements along the horizontal direction. Each member of
the ensemble could then be divided into M samples of length,
Dx (note that as Dx increases, the number of samples obtained
during each flight necessarily decreases using this approach).

This approach was then extended into the temporal do-
main by treating each member of the ensemble as being sep-
arated by a time separation of d t. The flight could then be
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