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Abstract: Air quality and greenhouse gas sampling from mobile platforms enables local to regional
analyses of pollutant exposure, atmospheric chemistry, and emission sources. Simultaneous meteoro-
logical observations, particularly wind speed and direction, are often used to interpret measurements
and construct emission fluxes. However, the wind arising from a moving platform contributes to
the observed wind speed and direction, and this artifact requires adequate removal to best apply
wind observations. Here, we calculate the theoretical limitations to the measurement of wind from
a moving vehicle, assess the accompanying uncertainty, and apply these methods to an example
transect across a plume of methane. The angle of the wind relative to the moving vehicle is a crucial
determinant of the ability to distinguish a true wind and defines its uncertainty. Unlike a stationary
wind measurement, the wind speed and direction contain complementary information that broadens
the capability of the mobile anemometer. We find that the isolation of a true wind depends on the
anemometer wind speed accuracy for true winds moving with or against the vehicle, while the
anemometer directional accuracy is more important for crosswinds, such as is experienced when
observing across a plume. The uncertainty in estimated wind speed has similar geometry, but the
uncertainty in estimating true wind direction is the opposite: the accuracy of measured wind speed
most greatly impacts crosswind direction. Exact values are determined by the specific accuracy limi-
tations of the anemometer and vehicle speed, and the geometrical distributions vary. As a result, the
characteristics of each mobile lab setup should be assessed individually to best inform meteorological
analyses and observation route planning.

Keywords: mobile lab; wind measurement; greenhouse gas emissions

1. Introduction

Mobile meteorological observation platforms are commonly used to study micro-
to mesoscale meteorology [1–4] and air quality [5–9]. Mobile observations of air quality
and greenhouse gas emissions have become an increasingly popular tool to identify and
quantify emissions [5,7–13], as well as assess the efficacy of air quality and greenhouse gas
regulations. Such observations provide important data-driven “top-down” constraints on
emission inventories, as opposed to “bottom-up” estimates derived from sector-specific
activity rates and emission factors [14]. Satellites [15,16] and long-term surface obser-
vations [17] provide high-quality constraints when coupled with atmospheric inverse
modeling, but localized campaign-based in situ observations remain an important and
popular constraint. In all instances, wind speed and direction are of paramount impor-
tance in the interpretation of trace gas measurements, as uncertainty in wind observation
propagates through all subsequent analyses [5,18]. For example, source magnitude scales
linearly with wind speed when quantifying a point source using a Gaussian plume model
approach [5,10] or applying a mass balance method (e.g., Gauss’s theorem) [19]. Uncer-
tainty in wind speed is one of the largest sources of error in emission estimates based
on mobile observations, behind only atmospheric stability [5]. Given the importance of
wind observations to constrain emissions, here we provide a theoretical analysis of the
detectability of wind speed and direction from a moving platform and the importance of
anemometer specifications in dictating the uncertainty of wind estimates.
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Previous research has confirmed the ability of vehicle-mounted anemometers to effec-
tively observe the mean wind and associated characteristics of turbulent flow [1,4]. The
accuracy of wind estimates depends jointly on the physical setting on the vehicle and the
characteristics of the anemometer in use. Hanlon et al. conducted computational fluid
dynamic simulations to estimate the flow distortion around a capped pickup truck and
identified 3–10% wind enhancement, ultimately recommending anemometer placement
ahead and above the vehicle [20]. Importantly, the potential error was found to be depen-
dent on the angle of wind incident on the vehicle, with crosswinds generating the largest
uncertainty [20].

Gill propellors, cups, and ultrasonic anemometers have all been successfully used on
moving vehicles [1,3,4]. Ultrasonic anemometers are a popular choice among air quality
studies due to the comparatively lower maintenance requirements and quicker response
enabling observations of turbulence [21]. Additional complications arising from vehicle vi-
bration and travel through roadway debris tend to favor ultrasonic sensors, but these issues
have not been fully explored. Drone-based observations provide additional complexity due
to the drone’s three-dimensional motion [22,23], which is most tractable with an ultrasonic
sensor. Regardless of the chosen anemometer style, the manufacturer-specified accuracies
have a shared accuracy range of 1–5% for wind speed and 1–3◦ for wind direction for all
types [24–27]. While the placement of the anemometer can be altered to reduce the impact
of flow distortion [20], the anemometer error cannot be reduced without using a more
accurate model.

The motion of the mobile platform compromises wind measurement through the
addition of the vehicle’s relative wind. Coupling wind observations with vehicle motion
derived from the global positioning system (GPS) is one common, and seemingly straight-
forward, method to derive the relative wind using vector algebra [28]. However, some
studies have found the resulting wind estimates unsatisfactory and instead use nearby
stationary observations or extract model-based wind estimates from assimilated meteoro-
logical products [5,7,29]. The error in estimating the true wind, like the intrinsic error of
the anemometer, cannot be reduced without the use of higher-quality equipment.

Here, we use anemometer accuracy rating and wind–vehicle geometry to better un-
derstand wind detectability and uncertainty in mobile wind measurement. We do not
directly address the impacts of anemometer style (propeller, cup, or ultrasonic) nor the
role of placement on the vehicle. We present an analysis in a general sense but also use the
accuracy characteristics of the Airmar 200WX, a popular sensor choice due to its real-time
output of motion-corrected wind. We intend for this example to reveal qualitative features
and recommend repeating this work for specific anemometer specifications if quantitative
estimates are required. In Section 2, we review the calculation to isolate the true wind
from the measured, apparent wind. In Section 3, we apply these formulae to identify
theoretical true wind speed and direction thresholds on a moving platform, as well as show
an example calculation of the observational error using data collected during a June 2022
field campaign.

2. Materials and Methods

We focus on constraints placed on the determination of the true wind on a mobile
platform, i.e., the wind that would be measured if the anemometer were stationary, due to
the uncertainty of the anemometer and related geometry. We do not include additional,
potentially important, sources of error such as the flow distortion caused by the vehicle
aerodynamics [20], external sources of turbulence (e.g., passing vehicles), or micrometeoro-
logical features impacting observations. We also assume that the GPS-based course over
ground heading is accurately known and that the compass is well calibrated.

Figure 1 shows the relevant wind and positional vectors required to estimate the true
ground wind from a mobile platform. Observations of the vehicle-mounted anemometer,
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the relative or apparent wind speed (
→
u ), combine the wind from the motion of the vehicle

(−→v ) and the true wind (
→
w):

→
u = −→v +

→
w (1)
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Figure 1. Components of the apparent wind,
→
u , measured aboard a moving vehicle. The motion

of the vehicle creates a wind in the opposite direction, −→v . The true wind
→
w occurs at an angle θ

relative to the forward motion. The resulting apparent wind, relative to the vehicle,
→
u , is the vector

sum of −→v and
→
w with an orientation angle of φ relative to the steady motion of the vehicle.

The observational limitations of the anemometer, including accuracy and range, apply to
the measured wind

→
u , but

→
w is the goal for application in air quality and meteorological studies.

Common limits on the maximum reliable wind speed measured by ultrasonic anemometers
range from 40 m/s (~89 mph) to 80 m/s (~179 mph) with accuracy of 1–5% for wind speeds of
10 m/s. The degree of accuracy generally degrades as faster winds are measured. The accuracy
of observed wind direction is generally between 1◦ and 5◦ at 10 m/s [24–28].

If the true wind has a direction θ relative to the forward motion of the vehicle, its
course over ground, then the true wind and the motion of the vehicle combine to produce
the apparent wind as:

→
u =

→
u || +

→
u⊥ =

(
w cos θ − v)ê‖ + (wsin θ)ê⊥ (2)

where
→
u || and

→
u⊥ are the components of the wind parallel and perpendicular to the

vehicle’s motion, and ê‖ and ê⊥ are the associated unit vectors. The resulting magnitude of
the observable wind is: ∥∥∥→u∥∥∥ = u =

√
v2 − 2vwcos θ + w2 (3)

The observed, apparent wind has a dependence on cos(θ), making the angle between
vehicle motion and the true wind a key factor. The direction of

→
u relative to the vehicle’s

motion, φ, which is the measurable quantity, takes the form:

φ =



atan
(∣∣∣ u⊥

u‖

∣∣∣) u⊥ ≥ 0, u‖ ≥ 0

atan
(∣∣∣ u‖

u⊥

∣∣∣)+ 90◦ u⊥ ≥ 0, u‖ < 0

atan
(∣∣∣ u‖

u⊥

∣∣∣)+ 180◦ u⊥ < 0, u‖ < 0

atan
(∣∣∣ u⊥

u‖

∣∣∣)+ 270◦ u⊥ < 0, u‖ ≥ 0

(4)

Equations (4) and (6) (below) are a modified version of the commonly used function
atan2. Note that for clarity, the angles φ and θ denote the direction of wind propagation,
not its origin as is the meteorological standard.

In a similar fashion, Equation (1) provides the true wind:

→
w =

→
w|| +

→
w⊥ =

(
u cos φ + v)ê‖ + (usin φ)ê⊥ (5)
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and its magnitude: ∥∥∥→w∥∥∥ = w =
√

u2 + 2uvcos φ + v2 (6)

with direction:

θ =



atan
(∣∣∣w⊥

w‖

∣∣∣) w⊥ ≥ 0, w‖ ≥ 0

atan
(∣∣∣ w‖

w⊥

∣∣∣)+ 90◦ w⊥ ≥ 0, w‖ < 0

atan
(∣∣∣ w‖

w⊥

∣∣∣)+ 180◦ w⊥ < 0, w‖ < 0

atan
(∣∣∣w⊥

w‖

∣∣∣)+ 270◦ w⊥ < 0, w‖ ≥ 0

(7)

Equations (3) and (6) provide an additional diagnostic relationship to determine φ and
θ, if sufficient information is known:

φ = acos
(

w2 − u2 − v2

2uv

)
= acos

(
−v + wcos θ√

v2 + w2 − 2vwcos θ

)
(8)

θ = acos
(
−u2 − w2 − v2

2vw

)
= acos

(
ucos (φ)− v√

u2 + v2 + 2uvcos φ

)
(9)

There is some ambiguity in Equations (8) and (9) since acos() spans 0 to π, rather than
the full circle. However, if one of φ or θ is known, the remaining angle can be correctly
assigned to the proper hemisphere. For example, since

→
v is always oriented towards 180◦,

any observed wind towards the right side of the vehicle (0◦ ≤ φ < 180◦) must be caused
by a wind moving in that direction (0◦ ≤ θ < 180◦, too).

3. Results and Discussion

Figure 2 shows the apparent wind resulting from a 5 m/s true wind incident at angle
θ to a vehicle moving at speed v. Similar to the effect of flow distortion [20], the apparent
wind is strongly dependent on θ with the true wind adding purely to the vehicle’s motion
when θ = 180◦ and subtracting when θ = 0◦. The apparent wind always increases between
those bounds as θ changes. The apparent wind increases with greater vehicle wind speed
except within a region centered on θ = 0◦ and with vehicle speed comparable to the true
wind. In this domain, outlined by the red dashed 5 m/s contour, the change in apparent
wind is not monotonic with vehicle speed, decreasing before increasing once again as
vehicle speed increases. The dependence of the apparent wind on the relative angle of the
true wind has important consequences for the ability of an observation to quantify the true
wind and the resulting uncertainty. Also of importance is the solid red line, which shows
the conditions required for the anemometer to observe a wind speed matching vehicle
speed. The region around this line is of interest as the relative change in wind speed is
small, making changes in wind speed difficult to detect without additional information,
i.e., the wind direction.
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Figure 2. The apparent wind speed, u, as measured on a vehicle moving with speed v. Here, the true
wind speed is 5 m/s with variable direction θ relative to a forward heading. The dashed red line
indicates an apparent wind of 5 m/s, its true value. The solid red line indicates an apparent wind
equal to the vehicle’s speed. Gray contours increment apparent wind speed every 2 m/s.

3.1. Distinguishing True Wind from Apparent Wind

The ultimate goal in mobile wind measurement is to estimate both the true wind
speed and direction. A true wind is only uniquely detectable if the resulting change in
the apparent wind and direction differ from the vehicle’s motion beyond the accuracy
limitations of the anemometer. Otherwise, the signal of the moving vehicle dominates and
obfuscates

→
w. Both the apparent wind speed and direction are required since Equation (5)

allows ambiguity in the values of u and φ in determining w and θ. However, u and φ
provide complementary pieces of information that can overcome a small change in one
of the measurements. For example, a vehicle moving 10 m/s within a true wind field of
5 m/s, 75.5◦ off of the direction of vehicle motion will measure an apparent wind of 10 m/s,
151◦. A change in wind speed is not distinguishable; however, the information within the
complementary apparent wind direction constrains the true wind to its correct magnitude
and orientation. This turns out to be a feature of mobile wind observation not available in
a stationary environment. The motion of the vehicle and change in angle jointly provide a
powerful constraint. However, issues arise when the apparent wind speed and direction
both provide relatively small amounts of information, resulting in large uncertainty in true
wind estimation, or even the inability to distinguish its presence.

Figure 3 shows the calculated change in apparent wind speed (filled contours) and
direction (black contours) for a vehicle moving at 10 m/s for varying combinations of true
wind speed (w) and orientation (θ). As expected, the greatest changes occur for larger
true wind oriented with (θ = 0◦) or against (θ = 180◦) the vehicle’s motion, and for the
strongest true winds.

The true wind is not distinguishable if it creates changes in both u and φ that are
less than the accuracy limits of the anemometer. Otherwise, within uncertainty, u = v
and φ = 180◦. As an example, we apply the anemometer accuracy limitations of the
Airmar 200WX (Airmar Technology Corporation, Milford, NH, USA), a popular model with
accuracy of 5% for wind speed and 3◦ for wind direction [25]. Additional calculations using
differing accuracy ratings are straightforward. The calculations that follow are theoretical
and represent simulated observations for various vehicle speeds, wind orientations to the
vehicle’s motion, and true wind speeds.
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Figure 3. The change in apparent wind speed (u, filled contours) and direction (φ, black contours)
arising from a true wind with speed w and direction θ relative to the vehicle motion. Values depicted
here are calculated for a vehicle moving with speed v = 10 m/s. The solid red contour highlights
an apparent wind speed change of 0.5 m/s, 5% of the vehicle’s motion and the minimum change
detectable by the anemometer. The dashed red contour highlights a 5◦ change in apparent wind
direction, the minimum detectable change for this hypothetical anemometer. Black hatching depicts
conditions indistinguishable from the motion of the vehicle.

Figure 3 highlights the domain of indistinguishable true wind using black hatching,
enclosed by the red solid lines (∆u = 0.05v; 5% of vehicle velocity) and red dashed lines
(∆φ = 5◦). The accuracy of wind speed restricts observable changes only at lower values of
true wind, but fingers of undetectable, small changes in apparent wind speed follow the
∆u = 0 contour (u = v) through higher true wind speeds (similar to the solid red lines in
Figure 1). Winds moving parallel to the motion of the vehicle are most easily measured
since the vehicle and true wind are simply additive. In these directions, the required true
wind speed to become detectable depends on vehicle speed. The threshold for detection
matches the wind speed accuracy, in this example 5%. In Figure 3, with v = 10 m/s, this
amounts to w = 0.5 m/s, a modest wind. A larger true wind is required to overcome the
cos θ dependence of the apparent wind speed as the direction veers away from the parallel
and antiparallel directions. The minimum speed for detectability increases as it follows the
solid red contour until intersecting the red dashed contour in Figure 3. At these crossover
points, the minimum value to distinguish the true wind is w = 0.10v. This threshold
remains about 10% for all vehicle speeds. The accuracy limitations of the anemometer wind
speed are the most constraining factor between θ = 302◦ to 58◦ and θ = 116◦ to 244◦.

Figure 3 shows that the complementary roles of apparent wind speed and direction
have shifting contributions in determining the minimum distinguishable true wind. Be-
tween θ = 58◦ to 116◦ and θ = 244◦ to 302◦, it is the uncertainty in wind direction that
most constrains true wind measurement, even overcoming the uncertainty fingers of small
change in u starting at θ = 90◦; 270◦. The apparent wind direction changes the most
for large true wind and the magnitude of the change increases from a minimum of zero
(θ = 180◦) when the wind is antiparallel to the vehicle’s motion to a maximum when it
is parallel (θ = 0◦). A change of at least 5◦ is highlighted by the red dashed contour in
Figure 3. The minimum threshold, occurring at θ = 90◦; 270◦, occurs when w = 0.85 m/s
for the conditions in Figure 3, but more generally can be expressed as:

wmin = v

(
1

cos2
(
180◦ + αφ

) − 1

)1/2

(10)
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where αφ is the anenometer uncertainty in wind direction observation in degrees.

3.2. Uncertainty in True Wind Estimation

The uncertainty in estimating the true wind (w) is a separate issue from detectability
as described in Section 3.1 and requires the propagation of error [30] from the measure-
ment of the apparent wind speed (u), apparent wind direction (φ), and vehicle speed (v).
Propagation of these three sources of uncertainty through Equation (6) leads to:

δw =

√(
∂w
∂u δu

)2
+
(

∂w
∂v δv

)2
+
(

∂w
∂φ δφ

)2

= 1
w

√
(u + vcos φ)2δu2 + (v + ucos φ)2δv2 + u2v2sin2 φδφ2

(11)

which shows that the uncertainty, in absolute terms, decreases with greater true wind speed
and has a complicated dependence on φ (and thus θ). Note that for stationary conditions,
δw = δu, as would be expected.

Figure 4a shows the fractional error in estimating a true wind of 5 m/s as calculated
for various vehicle speeds and apparent wind directions. As in Section 3.1, the conservative
but real error estimates of the Airmar 200WX are assumed, including an accuracy of 5%
for the observed wind speed, 1% for the vehicle’s speed, and 3◦ for the observed wind
direction. The resulting pattern mimics the apparent wind distribution shown in Figure 2
since the uncertainty is proportional to the wind speed observed by the anemometer. The
red contour highlights 5% uncertainty, the intrinsic accuracy of the anemometer. There
are pockets of reduced uncertainty, even lower than the anemometer’s accuracy rating, for
vehicle speeds close to the true wind speed and moving with the wind. Figure 2 shows that
moving with the wind provides the lowest apparent winds and Figure 4 shows that this
results in the lowest uncertainty for all vehicle speeds. In contrast, when moving into the
wind, the apparent wind speed is at its greatest, as is the associated uncertainty. Outside of
the pockets of low uncertainty, the magnitude of the uncertainty increases linearly with
vehicle speed for each θ, approximately 0.1% per m/s.

Figure 4b–d shows the contributions to the total uncertainty from the measurement of
the apparent wind speed, apparent wind direction, and vehicle speed. Similar to Section 3.1,
the apparent wind speed and direction play complementary roles in creating the overall
pattern in Figure 4a. Figure 4b shows that the uncertainty in measuring the wind speed
(anemometer error) creates hot spots where θ = 0◦ and 180◦ and the apparent wind is
strongest. Finer structure occurs as fingers of low uncertainty, following the u = v contour
as previously noted in Figure 2. In these regions, the lower apparent wind speed suppresses
uncertainty. The uncertainty contribution from the apparent wind direction (Figure 4c) fills
these lower-uncertainty regions to make the structure of the total uncertainty (Figure 4a)
smoother and closer to Figure 2. The uncertainty due to error in wind direction peaks
at the crosswinds, θ = 90◦; 270◦, following the sin () dependence of Equation (11) and
highlighting the region of greatest sensitivity of w to φ (largest ∂w/∂φ). Finally, the role
of the vehicle speed is small in this example but adds to the uncertainty in the parallel
and antiparallel wind directions, where it is most effective at impacting both u and the
determination of w.

The uncertainty in the true wind direction is explored using:

δθ =
√

∆θ2
u + ∆θ2

v + ∆θ2
φ (12)

where ∆θ2
u, ∆θ2

v, and ∆θ2
φ are the changes in θ due to the range of possible values of

u, v, and φ, respectively, as determined by their uncertainty. Equation (12) is conceptually
similar to Equation (11) but uses iterative calculations of θ given the uncertainty ranges
of u, v, and φ to map out the extent of changes in θ rather than calculating an analytical
derivative; analytical solutions containing inverse trigonometric functions tend to create
unrealistic discontinuities.



Atmosphere 2023, 14, 765 8 of 14Atmosphere 2023, 14, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. The fractional uncertainty (%) in the observation of a true wind of 5 m/s for varying vehicle 
speed and true wind direction. Panel (a) shows the total uncertainty, (b) contains the uncertainty 
due to the anemometer accuracy rating, (c) is the uncertainty arising from the anemometer’s wind 
direction, and (d) presents the uncertainty due to error in the vehicle speed. The solid red contour 
highlights 5% uncertainty, the accuracy of the anemometer. 

The uncertainty in the true wind direction is explored using: δθ = Δ𝜃 + Δ𝜃 + Δ𝜃    (11) 

where Δ𝜃  , Δ𝜃  , and Δ𝜃   are the changes in 𝜃  due to the range of possible values of 𝑢, 𝑣, and 𝜙, respectively, as determined by their uncertainty. Equation (11) is conceptually 
similar to Equation (10) but uses iterative calculations of 𝜃 given the uncertainty ranges 
of 𝑢, 𝑣, and 𝜙 to map out the extent of changes in 𝜃 rather than calculating an analytical 
derivative; analytical solutions containing inverse trigonometric functions tend to create 
unrealistic discontinuities.  

Figure 5a shows the uncertainty in estimating the direction of a true wind of 5 m/s 
for various vehicle speeds and apparent wind directions. We again assume an accuracy of 
5% for the observed wind speed, 1% for the vehicle’s speed, and 3° for the observed wind 
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higher uncertainty occurring for faster true winds that flow against the motion of the 
vehicle. Once again, there are regions of reduced uncertainty centered on a vehicle speed 
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Figure 4. The fractional uncertainty (%) in the observation of a true wind of 5 m/s for varying vehicle
speed and true wind direction. Panel (a) shows the total uncertainty, (b) contains the uncertainty
due to the anemometer accuracy rating, (c) is the uncertainty arising from the anemometer’s wind
direction, and (d) presents the uncertainty due to error in the vehicle speed. The solid red contour
highlights 5% uncertainty, the accuracy of the anemometer.

Figure 5a shows the uncertainty in estimating the direction of a true wind of 5 m/s
for various vehicle speeds and apparent wind directions. We again assume an accuracy
of 5% for the observed wind speed, 1% for the vehicle’s speed, and 3◦ for the observed
wind direction. The distribution in Figure 5a is very similar to the pattern in Figure 2,
with higher uncertainty occurring for faster true winds that flow against the motion of
the vehicle. Once again, there are regions of reduced uncertainty centered on a vehicle
speed matching the true wind and flow moving with the vehicle. The magnitude of the
uncertainty increases nearly linearly within the vehicle speed range displayed in Figure 5,
with θ increasing by 0.2◦ per m/s increase in speed.

Figure 5b–d shows the contributions to the total uncertainty. Wind speed and direction
once again play complementary roles as the total uncertainty is composed, although here
their geometric distribution is flipped as compared to the wind speed. In this anemometer
configuration, the uncertainty in wind direction is primarily driven by the uncertainty
of observed wind speed and direction. The largest impact of wind speed uncertainty is
on crosswinds, while accuracy limitations of measuring wind direction most significantly
affect winds moving against the vehicle’s motion. The scale of the uncertainty range can be
large, upwards of 30◦ for a fast-moving survey.
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Figure 5. The uncertainty (◦) in the estimated direction of a true wind of 5 m/s for varying vehicle
speed and true wind direction. Similar to Figure 4, panel (a) shows the total uncertainty, (b) contains
the uncertainty due to the anemometer’s accuracy rating, (c) is the uncertainty arising from the
anemometer’s wind direction, and (d) presents the uncertainty due to error in the vehicle speed. The
solid red contour highlights 3◦ uncertainty, the accuracy of the anemometer.

Wind observations are arguably most important when transecting across a plume.
Under these conditions, θ = 90◦ or 270◦. The results of Figures 4 and 5 suggest that
improvements in both anemometer speed and direction accuracy are the most effective way
to enhance cross-vehicle true wind estimation. In particular, the duality of the speed and
direction splits the contributions: improving anemometer wind speed accuracy improves
crosswind direction determination, while improving anemometer wind direction accuracy
improves crosswind wind speed estimation.

The results in Figures 4 and 5 show that the total uncertainty structure of estimating
true wind speed and direction is composed primarily of the error in observed wind speed
and direction with the error in vehicle speed, although with varying importance depending
on wind direction relative to the vehicle. However, the structure of total uncertainty in true
wind can vary dramatically if the relative amounts of error in the observed components
shift. For example, Figure 6 shows that the fingers of low uncertainty in the estimated wind
direction remain visible when the anemometer’s wind speed accuracy is improved. In such
a case, the angle of incidence of the wind becomes even more important, but the error in
crosswind also diminishes. To account for this strict dependence on the characteristics
of applied anemometer and GPS unit, uncertainty analyses should be recreated for each
mobile lab setup to best understand the uncertainty in true wind estimation.
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Figure 6. The uncertainty in wind direction (◦), similar to Figure 4 but with anemometer wind speed
accuracy improved to 1%. The solid red contour highlights 5% uncertainty, the accuracy of the
anemometer.

3.3. Additional Sources of Uncertainty

The uncertainty described in Section 3.2 includes the cascading effects of error in mea-
suring u, v, and φ. However, the true wind direction estimate resulting from Equation (9)
is relative to the moving vehicle. The vehicle’s heading must be added to achieve the true
wind with respect to true (or magnetic) north. Errors in heading are commonly of the order
of 2–5◦ and, by error propagation [30], must simply be added on top of the uncertainty
estimated in Section 3.2. Additional sources of error can arise from poorly calibrated or
misaligned compasses. Indeed, an important check is to confirm that the vehicle heading,
as determined by the sensor’s compass, and GPS-based course over ground are parallel.
The heading and course will differ for boat or flight-based observations due to crosswinds
or currents, but should match exactly for a ground-based vehicle. As a point of caution,
headings and tracks are slow to respond and inaccurate during quick or frequent turns, or
in locations with poor GPS reception, such as urban corridors and roads with a thick tree
canopy. Care must be taken to isolate observations not meeting quality control.

3.4. Example—Transect across a Plume

Figure 7 shows an example transect across a methane plume originating from the
Seneca Meadows Landfill in Waterloo, NY, USA. Observations were collected from a Dodge
Caravan containing a LICOR 7800 (methane, carbon dioxide, and water vapor), Aeris
MIRA Ultra (methane, ethane, water vapor), an Airmar 200WX multiparameter weather
sensor, and GPS units that provided vehicle position, track, and timing. The Airmar 200WX
uses an ultrasonic anemometer with specified accuracy of 5% for wind speed and 3◦ for
wind direction. The air inlet and meteorological observations were mounted 3 m above
the ground level on a 1 m mast attached to the roof rack. The plume from the landfill is
apparent in Figure 7. The mobile van was driven at 15 m/s along the western, downwind
face of the landfill during this transect across the plume.
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blue shading. The error in wind speed was calculated for the time series by applying 
Equation (10) for each observation. The error in wind direction was estimated by 
iteratively calculating 𝜃 for the maximum and minimum potential values of 𝑢, 𝑣, and 𝜙, 
and using the change in 𝜃 and 𝛿𝜃, in Equation (11). While the average values from the 
mobile platform compare well with HRRR and ASOS observations, the degree of error is 
quite large, particularly in wind direction. Uncertainty in conditions as in Figure 7 depend 
greatly on the specifications of the anemometer. Reduced error can be achieved if a 
different anemometer with improved accuracy ratings is used (changing properties of 𝑢 
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4. Conclusions 

Figure 7. Estimates of (a) true wind speed and (b) direction (bottom) during a pass through (c) a
methane plume (right) from the Seneca Meadows Landfill in Waterloo, NY, USA. Blue shading
indicates the range of uncertainty. Red lines indicate conditions extracted from HRRR forecast
simulations for this period, while the orange lines show the conditions at the closest ASOS site in
Canandaigua, NY, USA, 38 km west of the landfill. The HRRR and ASOS observations are reported at
10 m; the dashed line shows the extrapolated values at 3 m, the height of the mobile anemometer. The
white arrow in panel (c) indicates the estimated wind direction as observed from the moving vehicle.

Figure 7 compares the estimated true wind with the nearby Automated Surface Ob-
serving Systems (ASOS) [31] site at the airport in Canandaigua, NY, USA, 38 km west
of the landfill, which reported winds of 3.1 m/s from 130◦. Similarly, output archived
from the High-Resolution Rapid Refresh (HRRR) [32] weather forecast model simulates a
wind of 3.8 m/s from 132◦. Figure 7 shows that the wind direction is consistent across all
three sources, while the mobile wind speeds are lower. However, both HRRR and ASOS
report winds at 10 m and the mobile observations were collected at 3 m above ground
level. The three wind values are consistent if the HRRR and ASOS values are reduced to an
elevation of 3 m using a logarithmic wind profile with the closed landscape characteristic
of the environment around Seneca Meadows [33]. The uncertainty analyses presented in
Sections 3.2 and 3.3 are quickly adaptable to provide error estimates for observational time
series (1 Hz in this example).

Figure 7 shows the uncertainty in estimating the true wind speed and direction as
blue shading. The error in wind speed was calculated for the time series by applying
Equation (11) for each observation. The error in wind direction was estimated by iteratively
calculating θ for the maximum and minimum potential values of u, v, and φ, and using
the change in θ and δθ, in Equation (12). While the average values from the mobile
platform compare well with HRRR and ASOS observations, the degree of error is quite
large, particularly in wind direction. Uncertainty in conditions as in Figure 7 depend
greatly on the specifications of the anemometer. Reduced error can be achieved if a
different anemometer with improved accuracy ratings is used (changing properties of u
and φ or reduced speed (lower v in Figures 4 and 5)).

4. Conclusions

We have presented uncertainty characteristics in the measurement of wind speed
from a mobile platform, assessing two complementary aspects: the detectability of a true
wind and the associated uncertainty of a successful measurement. We also apply the
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uncertainty analysis to a sample set of observations to reveal utility. Wind speed and
direction play prominent roles in determining chemical source and transport [5], and a
proper characterization of measurements is important to reduce error and misinterpretation.
The prevalence of meteorological sensors on mobile air quality laboratories and drones
underscores the utility of wind measurements.

A moving anemometer creates an environment where the information contained in
both the wind speed and direction can be used to constrain the true wind. Because of
this complementarity, improving wind observations can be tackled with improvements in
either component. However, the accuracy of the observed apparent wind speed is most
directly related to the estimates of true winds that align with the vehicle’s motion, while the
accuracy of the wind direction better informs about true winds moving across the vehicle.

Detectability, the condition that measurements of the apparent wind differ from the
vehicle’s motion beyond the anemometer’s accuracy rating, is a relatively low bar to pass
in most conditions. In the example discussed in Section 3.1, a vehicle moving at 10 m/s
with an anemometer similar in specification to the Airmar 200WX would require a true
wind greater than 0.5–0.9 m/s to be detectable. The range arises from the important
dependence on the angle of incidence of the true wind relative to the motion of the vehicle.
The higher thresholds occur when the wind is moving across the vehicle, an inconvenient
result considering the usefulness of downwind transects across a plume. However, this
can be counteracted by using an anemometer with greater accuracy. Indeed, all of the
uncertainty discussed here can be reduced with improved anemometer accuracy ratings.

Uncertainty arising from the anemometer-measured wind speed and direction, as well
as the vehicle speed, create varying degrees of error in the estimated true wind speed and
direction. The uncertainty of an estimated true wind speed and direction depends not only
on the error characteristics of the quantities, but also crucially on the angle of the wind
relative to the vehicle motion. Uncertainty is greatest when the wind moves against the
motion of the vehicle and smallest when the wind moves with the vehicle. In all cases,
the uncertainty grows as vehicle speed increases. The contribution of the uncertainty in
anemometer-based wind speed and direction also depends on the angle of the true wind.

In general, threshold values and true wind estimate uncertainties should be con-
structed for each mobile lab setup, as anemometers and GPS units have varying accuracy
levels. The detectability and uncertainty characteristics described here provide modest
constraints in most mobile conditions (driving < 15 m/s). However, additional sources of
error, especially time lags and inaccuracies of GPS positioning when turning quick, as well
as the loss of GPS signal in forested or urban canyons, are much harder to quantify and are
transient. As a result, a stationary anemometer, properly oriented and calibrated, provides
an important reference point that should not be overlooked.
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