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Abstract

The lack of adequate near-surface observations of the stable atmospheric boundary
layer spatial structure motivated the development of an instrumented car for mobile
turbulence measurements. The calibration and validation of the car measurements are
performed using controlled field experiments and a comparison with an instrumented
tower. The corrections required to remove the effects of the car motion are shown to
be smaller and simpler than the corrections for research aircraft measurements. A car
can therefore satisfactorily measure near-surface turbulence using relatively low-cost
equipment. Other natural advantages of a car, such as the ability to drive on any road at
any time of day or night and follow the terrain slope, as well as its low cost of operation,
make it applicable to observations of a variety of flow regimes that cannot be achieved
with the usual platforms, such as research aircraft or networks of flux towers.

1 Introduction

Horizontal homogeneity is a frequently used assumption in studies of the atmospheric
boundary layer (ABL). It is used out of necessity, because a majority of the measure-
ments are taken either at single points or along vertical towers. However, this assump-
tion is rarely met in reality (Vickers and Mahrt, 1997; Patton et al., 2005; Martinez et al.,
2010; Kang et al., 2012). This is particularly evident in the stable ABL, where motions
from various origins are superimposed at a measurement point and result in complex
signals that are often associated with turbulence intermittency (e.g., Belusi¢ and Mahrt,
2012; Mahrt et al., 2013). One alternative is research aircraft observations, which have
received considerable attention over the last several decades (e.g., Lenschow, 1986;
Tjernstrdm and Friehe, 1991; Williams and Marcotte, 2000; Isaac et al., 2004; Martin
et al., 2011). The aircraft sizes and configurations vary considerably. Recently there
has been a focus on instrumenting and using light and unmanned aircraft for ABL
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research (e.g., van den Kroonenberg et al., 2008; Metzger et al., 2011; Mayer et al.,
2012; Vellinga et al., 2013). Albeit aircraft offer considerable improvements in measur-
ing spatial structure of the ABL, they have a number of limitations that prevent their use
in certain situations. One critical case is the stable ABL because it occurs at night, can
be very shallow, and has strong vertical gradients that require almost perfectly level
horizontal flight tracks.

Instrumenting a car with turbulence sensors provides a new capability for measuring
low-level horizontal ABL structure that complements existing techniques in the following
ways:

— Aircraft can be vertically displaced by turbulent motions, resulting in uncontrolled
altitude variations. Similarly, aircraft have difficulty maintaining constant height
above varying terrain. These height variations, together with mean vertical gra-
dients of atmospheric variables, can result in artificial fluctuations in aircraft time
series (e.g., Vickers and Mahrt, 1997). The car-mounted instruments are always
at the same height above the ground and are not influenced by turbulent motions.

— Aircraft experiments have shown that flying as low as possible is preferable for
estimating surface fluxes (Mann and Lenschow, 1994; Mahrt, 1998). The instru-
ments can be mounted on a car within a few tenths of a meter of the ground up to
about 4 m above the ground.

— Low-level aircraft measurements are predominantly restricted to daytime, while
a car can measure at nighttime as well. This is critical for observations of the
stable ABL.

— Small unmanned aircraft, some of which can fly at night, have limited payload
compared to a car.

— Aircraft are much more expensive to deploy. This may result in limited airborne
time, which necessitates trade-offs between the desired spatial coverage and re-
peated flight patterns needed for reducing the random flux error (Mahrt, 1998).
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— Aircraft cannot fly below a certain speed, while a car can operate as either a sta-
tionary or a mobile platform.

— Car motions are more constrained and smaller than aircraft motions, resulting in
less contamination of the measured wind by platform motions.

Using instrumented cars for atmospheric measurements is not new. Straka et al.
(1996) report on the mobile mesonet, a mobile system for observing mesoscale
weather phenomena. The mobile mesonet consists of instrumented cars that sam-
ple standard meteorological variables, including the horizontal wind vector, every 1s.
Mayr et al. (2002) and Smith et al. (2010) used instrumented cars for measuring atmo-
spheric thermodynamic properties in complex terrain, excluding the wind vector. Raab
and Mayr (2008) studied the complex flow in the Sierra Nevada mountains using a sim-
ilar system, additionally equipped with a two-dimensional sonic anemometer. Gordon
et al. (2012) seem to have been the first to install three-dimensional sonic anemome-
ters on a road vehicle. They studied the enhancement of turbulence on highways using
an instrumented truck. However, a detailed examination of the general applicability of
an instrumented car for measuring ABL mean wind and turbulent fluxes has not been
undertaken previously. Here we show that an instrumented car can be used for mea-
surements of the horizontal mean and turbulence structure of the ABL.

2 Instrumented car measurements
2.1 Instrumented frame

The motivation was to develop a simple low-cost instrumented platform that can be
easily mounted on a car. A lattice aluminium frame is attached to roof racks of a car,
with the front of the frame additionally braced to the car bumper with steel guy wires.
The latter significantly reduces vibrations of the frame. The frame’s attachment point for
sensors is located 1.2m in front of the car bumper and 3 m above the ground surface,
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which is within the legal limits in Victoria, Australia. A CSAT3 sonic anemometer and
an unshielded type E fine wire thermocouple (TC) 12.7 um (0.0005inch) in diameter
are used in this system. Figure 1 shows the frame and instrument placement on a car.
The sonic and TC data are recorded at 20 Hz. The internal sampling frequency of the
sonic is 60 Hz. Additional instruments could be installed to measure other variables,
such as surface temperature, water vapour, and CO,.

A low-cost miniature GPS-aided inertial navigation system (GPS-INS; IG-500N, SBG
Systems) is attached to the sonic anemometer to provide the position, speed and ori-
entation of the sonic. The GPS-INS data are used to remove the car motions from the
sonic measurements, and to rotate the wind vector measured in the car coordinate sys-
tem to the meteorological coordinate system (defined in Sect. 2.2). The development
of small low-cost GPS-aided INS has made this type of inexpensive system feasible for
turbulence measurements. The somewhat lower accuracy of such systems compared
to more expensive airborne INS systems is partially offset by the smaller amplitude of
car motions. The GPS-INS data are recorded at 20 Hz. The internal sampling frequency
of the accelerometers and gyroscopes is 10 kHz, which is downsampled through a se-
ries of internal filters to 100 Hz, and then merged with the GPS signal sampled at 4 Hz
through the on-board extended Kalman filter. Since the final output is based on integra-
tion of accelerometer and gyroscope data, small initial errors can grow rapidly without
external corrections. The GPS is used to provide such long-term stability to the final
results. The GPS is also used to provide the heading.

The frame can be attached to a wide variety of cars; a dedicated car is not neces-
sary. In order to simplify the mounting of the frame on a car, the frame is permanently
attached to a set of roof racks. It takes two people to carry the frame, and less than
30 min to attach the roof racks to a car and the guy wires to the bumper. Some instru-
ments are installed after the frame is attached to a car, so it takes about 1 h to set up
the entire system and start the measurements.
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2.2 Determining the wind vector

The current GPS-INS is factory configured such that it outputs velocity in its own co-
ordinate system, unlike the typical INS systems that output velocity in the geographic
coordinate system with the z axis aligned with the local Earth gravity. The GPS-INS is
mounted such that its coordinate system is aligned with the sonic’s coordinate system,
which are then aligned with the car coordinate system. This means that the wind vec-
tor in the car coordinate system is a simple vector difference between the sonic and
GPS-INS velocities:

I/car = |/sonic — VINS, (1)

where V4, is the wind vector in the car coordinate system, Vins is the GPS-INS motion
vector, and Vsonic is the the car-relative flow vector measured by the sonic anemometer.

The typical procedure for obtaining the final wind vector from the current system is
the following. We assume here that the departures of the car coordinate system from
the local terrain coordinate system are negligible. Then the wind vector in the coordi-
nate system defined by the local terrain, Vi, is obtained by rotating Vcar horizontally
using the heading information:

Vter = Mtchar, (2)
where
_ [(cos¥ —sin¥
tt~ \sin¥ cosV¥

is the two-dimensional rotation matrix, and V¥ is the heading. The final wind vector in
the local meteorological coordinate system V is obtained from

Vier = (Uters Vier» Wier) = (northward, eastward, downward)
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by a simple permutation of components:
V = (u,v,w) = (eastward, northward, upward) = (Vig, Uers —Wier)-

Note that eastward, northward, and upward or downward, are relative to the local ter-
rain, so that the local vertical is determined by the slope of the terrain rather than by
gravity. In this way, the wind vector is given in the coordinate system that is approxi-
mately aligned with local flow streamlines, which for stationary sonic anemometers is
normally achieved by using tilt correction algorithms (e.g., Wilczak et al., 2001). The
alignment with the local road slope is not desirable for small-scale road irregularities
that are not followed by the airflow. This could be addressed by applying pitch and roll
corrections only to the high-wavenumber part of the spectra, but the results from the
field tests discussed below show that these corrections are usually very small. This
natural alignment with the local terrain slope is an advantage of the instrumented car
compared to research aircraft. Aircraft observations have to be three-dimensionally ro-
tated into the global meteorological coordinate system, with the vertical determined
by gravity (e.g., Lenschow, 1986; van den Kroonenberg et al., 2008). While this three-
dimensional transformation can be used for the car as well, we perform it only in specific
cases, such as in the validation test where the car is driven over speed bumps.

Using the two-dimensional rotation simplifies the determination of the error propa-
gation. The accuracy of the final wind vector is obtained from the nominal accuracies
of the GPS-INS and sonic, which are provided by the manufacturer (Table 1), in the
following way:

AV = AV! AV VLAY, (3)
AW = AWSOI”IiC + AW|NS’ (4)

where A denotes the error and superscript A the horizontal wind vector.
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3 Field tests

Two field tests were performed to detect and correct various sources of errors, such
as the flow distortion induced by the car and frame, and to validate the corrected final
wind vector. The tests were designed to mimic the typical research aircraft manoeu-
vres for in-flight calibration (Lenschow, 1986). The range of those manoeuvres that
could be performed by the car is limited, because many of them depend on the aircraft
complicated responses to changing pitch, lift or speed, none of which occur for the
car. An additional limitation occurs for the calibrations that require flying in the calm
atmosphere above the ABL, which is obviously unachievable for the car. At the same
time, these limitations are compensated for by the reduced amplitude and greater sim-
plicity of car motions compared to the aircraft, so the two tests performed here provide
enough data for calibrating the car observations.

3.1 Test 1: repeated passes and tower comparison

The first test was conducted in a rural relatively flat-terrain area near Shelford, Victo-
ria, Australia on 6 December 2012, from 12:23 to 13:03LST. The winds were about
1.5ms™, the surface heat flux was positive, and sky was covered with scattered stra-
tocumulus cloud. The instrumented car passed a tower driving back and forth along
a relatively flat and homogeneous road (see Fig. 2). There were 20 tracks, and the
car speeds ranged from 13 to 27ms™" (see Table 2). The maximum driving time for
each track was 1 min. The length of the first two tracks reached only 780 m because of
the lower car speed. The lengths of all other tracks will be limited to 900 m in further
analyses, except for the spectral calculations. The length of 900 m is chosen because
there the road is relatively flat and homogeneous.

The tower was equipped with the same instruments as the car (a CSAT3 sonic and
a type E fine wire TC with a 12.7 um diameter) at the same height (3m above the
ground) and was located 25 m from the road near one end of the tracks (Fig. 2).
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3.2 Test 2: speed bumps

The second test was conducted on a windy day in Melbourne, Victoria, Australia on
16 August 2013, from 10:30 to 11:30LST. The wind at 3m was around 4ms™" with
strong turbulence and positive surface heat flux. The instrumented car was driven back
and forth along a street with several speed bumps. Eight tracks with the total of 27
speed-bump crossings were made, driving at a constant car speed of about 12 ms™".

Another manoeuvre was performed during this test, where the car was driven at
a constant speed of about 8 ms~" in small circles with the radius of 20 m on the top of
a parking garage. The usual corrections failed to remove the car-motion effects from
the final wind vector, but were successful when the horizontal car speed was taken
from an independent GPS located in the car rather than from the miniature GPS-INS.
A comparison between the two instruments showed that the miniature GPS-INS un-
derestimated the horizontal car speed by about 2ms™" during this manoeuvre. This
could be due to a phase shift between the internal INS and GPS resulting from a time
lag in the GPS response, which points to the limitation that the current system may
not be accurate during sharp turns. As a result, the data for all significant turns will be
excluded from the analyses.

4 Correction and validation of car measurements
41 Corrections

The car, the frame and the sensors induce flow distortion. Since the car speeds were
about ten times higher than the true wind speed, the flow distortion can significantly
modify the total measured wind vector and is likely to cause the only significant er-
ror in the magnitude of the measured longitudinal wind component. Two corrections
were performed in order to reduce the effects of the flow distortion or misalignment of
Sensors:
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— The data show that the vertical wind speed has a linear dependence on the car-
relative wind speed (the mean angle of attack is 1.3°). This linear dependence
is removed by the coordinate rotation of —1.3° so that w becomes zero for all
speeds.

— The horizontal wind speed is corrected by assuming the stationarity of the true
wind velocity for any two consecutive tracks driven at same car speeds in op-
posite directions. If so, the average of the longitudinal car-relative flow speed in
the car coordinate system (ugqnic) for the two tracks should be equal to the car
speed. The measured data shows that the differences between v, averaged
over two consecutive tracks and the car speed are a function of the car speed,
so they are forced to zero. The same average of the lateral component vg,;. is
zero in the data, so a correction is not required. This is a standard procedure in
calibrating aircraft measurements. The caveat here is that these manoeuvres are
usually performed in the steady atmosphere above the ABL to reduce the effects
of nonstationarity and horizontal heterogeneity. This may be more of an issue for
the car system because of the proximity of the surface.

4.2 Comparison of averages and fluxes with the tower

Averaging intervals for the car data are taken to be equal to the track lengths, which
means that there is a smaller number of data points (i.e., shorter time interval) for tracks
with higher car speeds. The reasons for this are the approximate homogeneity of the
tracks over the 900 m, and the same spatial scales for calculating turbulent fluxes. The
latter is important because there is a significant contribution to the fluxes from the
energy containing region at larger scales. Using the equal track lengths means that the
same spatial scales are used for comparison between different tracks and the tower.
Changing the track lengths for different speeds (e.g. to force equal time intervals for all
tracks) would result in different sizes of large eddies retained in flux calculations, which
is undesirable.
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For each track, the tower data are averaged over 5 min for the comparison of mean
variables and over 10 min for the fluxes. The 10 min averaging for the fluxes is deter-
mined by requiring that the same spatial scales, or eddy sizes, are present for both the
car and tower fluxes. Since the largest scales in the car measurements are 900 m, and
the mean wind speed is about 1.5 ms™ (see Fig. 3), the Taylor hypothesis gives the
corresponding time scales of 10 min. The 5min averaging for mean variables is cho-
sen instead of 10 min because the interval of a single car track is 1 min, which means
that the car will have driven about six or seven tracks during a single tower average
of 10 min. This number decreases to about three tracks when 5 min averaging is used.
Reducing the tower averaging even further would result in insufficient sampling and the
data would not be representative of the mean flow. Likewise, consecutive 10 min tower
fluxes have a considerable overlap, yielding smoother flux estimates between different
tracks compared to the car. These caveats should be considered when comparing the
car measurements with the tower.

Figure 3 shows the comparison between the car and tower mean wind and tempera-
ture data for each track. The agreement is satisfactory for all variables, implying that the
car can be used for measuring mean horizontal structure of the ABL. The mean sonic
virtual temperature has a typical offset resulting from the nature of sonic anemometer
measurements (e.g., Aubinet et al., 2012).

Figure 4 shows the comparison between all components of the car and tower fluxes
and variances. All three speed variances generally agree well, except for certain tracks

(tracks 14 and 15 for u’2, and tracks 18 and 19 for v’2) that will be discussed below.
The car somewhat underestimates the temperature variance for both the sonic and TC,
implying that the difference is not caused by instrument errors, but probably by nonsta-
tionarities in tower measurements. The car heat fluxes agree well with the tower. The
car heat fluxes calculated from the sonic temperature are systematically larger than
from the TC temperature, but the correlation is good. The heat-flux difference increases
with the car-relative flow speed. This is consistent with the overestimation of heat flux
by the CSAT3 anemometer in strong winds reported by Burns et al. (2012). They found
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the source of the error in the underestimation of the sonic temperature by CSAT3 run-
ning version 4 of the firmware. We use the same CSAT3 firmware version, and our
results confirm the speed-dependent underestimation of the sonic temperature.

The car momentum fluxes generally are the right order of magnitude, but the agree-
ment on a point-to-point basis is questionable. The car v/w’ flux appears as if it has
the opposite sign from the tower. The u'v’ flux seems to agree the best. However,
the car v’w’ flux does not look realistic, because the values oscillate around zero for
tracks in different directions. Such behaviour could result from two mechanisms: flow
distortion that has not been completely corrected, or the random error resulting from
insufficient sample size. Tests with several different approaches to correcting the flow
distortion have not changed this behaviour. However, when the averaging interval for
the tower fluxes is decreased to 2 min, the tower u'w’ fluxes start to exhibit a very
similar behaviour to the car (Fig. 5). This is a result of the small sample size for the
tower fluxes and the related loss of overlapping between consequent flux estimates.
Therefore, a provisional conclusion is that the possible problem with the car v'w’ fluxes
is related to the small sample size, rather than to uncorrected flow distortion.

This conclusion is further supported by the analysis of Lenschow and Stankov (1986)
and Lenschow et al. (1994), who find that random sampling errors are smaller for scalar
fluxes than for momentum fluxes. This is a consequence of the dependence of the
random error of fluxes on the correlation coefficient (Lenschow et al., 1994):

L \"2op(L) (141 e )
(21:,«) oo\ 72 ’

ws

where F is the flux, or the random flux error, L; the flux integral length scale, L the
track length, and r,,; the correlation coefficient between the vertical wind speed w and
a variable s, where s is either the temperature T or a component of the horizontal

wind speed, v or v. In this study, |r,r| = 0.55, |r,,| = 0.07, and |r,,,| = 0.10, where the
overbar denotes the average over all tracks. The term on the right hand side of Eq. (5)
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is thus 5 to 7 times larger for momentum than for heat flux, while the integral scales are
comparable. The integral scale is calculated by integrating the autocorrelation function
to the first zero crossing (Lenschow and Stankov, 1986). The magnitudes of random
error are given by the error bars in Figs. 4 and 5. The random error for variances is
obtained in the same way as for the fluxes.

Furthermore, the agreement of the other two momentum fluxes is improved when
2min tower averaging is used, particularly for v'w’. There is also an increase of the

tower v’2 for track 18 that resembles the car v’2, and it appears only for the 2 min tower
averaging. This indicates that the apparently overestimated car variances for some
tracks could result from short-lived strong mesoscale events whose magnitudes are
reduced by larger averaging intervals for the tower fluxes. Inspection of the raw data

for tracks 14 and 15, where the car considerably overestimates v'2, points to a similar
conclusion that the anomalous variances are due to propagating mesoscale structures
that are not adequately sampled by both the tower and car.

4.3 Comparison of spectra with the tower

The spectra are calculated in the wavenumber domain for the comparison between the
car and the tower. The input time series are transformed from the time to space domain
using the car-relative flow speed for the car spectra, and the mean wind speed for the
tower spectra assuming the applicability of the Taylor hypothesis. The car tracks are
all 1 min long, unlike 900 m from previous sections. This is to ensure the same number
of data points for calculation of spectra, which simplifies the analysis and comparison.
The final shapes of the spectra are not very sensitive to this choice. The mean wind
speed for all tower spectra is taken to be 1.5 ms‘1, which means that all tower spectra
have the same wavenumber range. Individual tower spectra, corresponding to individ-
ual car tracks, look very similar for each variable, so they are averaged into a single
spectrum. Since the car speeds are different for the four groups of tracks (see Table 2),
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the wavenumber ranges are also different. The car spectra are therefore averaged for
each group, yielding four spectra for each variable.
Figure 6 shows the spectral agreement between the car and tower measurements.

The car spectra for u, w and T agree well with the tower, as well as with the k%3 law,
which implies that the standard corrections work well. The spectral amplitudes slightly
increase with the car speed. Since the car speed increases with successive runs, this
almost certainly results from the small increase in variance due to the increasing heat
flux with time, as seen from e.g., w'T" in Fig. 4. The spectra for the v component show
distinct peaks at large wavenumbers. These peaks are a function of the car speed in
the wavenumber domain, which points to their local origin as frequency oscillations
rather than spatial modes.

Figure 7 shows the lateral velocity spectra in the frequency domain for the car-
measured wind and the GPS-INS-measured motion. The lateral component spectra
are approximately the same as the northward v component for this experiment, be-
cause the car track orientation has only a small deviation from the east-west direction.
The characteristic peaks at about 7 Hz for the lateral component are at the same fre-
quency for wind and GPS-INS, and are also at approximately the same frequency for all
car speeds. This implies that these spectral peaks are caused by the frame vibrations.
The reason why these vibrations are not removed after the standard corrections, even
though the GPS-INS recorded them, is found in the phase shift between the wind and
GPS-INS. The phase shift should be 180°, but is variable in the data. This is because
the spectral peaks are so close to the sampling frequency that the phase shift is not
adequately resolved. One solution of this issue could be to use a higher sampling rate,
but the throughput of the GPS-INS does not currently allow that. Another approach is to
apply a cut-off filter to remove the high frequencies where spurious oscillations occur.

Frequency spectra for all three components in the car coordinate system (Figs. 7—
9) also illustrate the relative importance of the frame motion and attitude corrections.
A concern was that high-wavenumber road irregularities could introduce spurious con-
tributions to the final wind, because the three-dimensional rotation is not used to
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correct for the attitude angles. The spectra show that their contributions at the high-
wavenumber end are about an order of magnitude smaller than the motion of the sys-
tem as recorded by the GPS-INS, which translates to about three times smaller for ve-
locity. The spectra of GPS-INS motion itself are an order of magnitude smaller than the
measured wind. This implies that the most important corrections for the instrumented
car are to remove the mean car speed and the mean vertical speed induced by the
flow distortion. Other corrections have small to negligible effects on the final results for
typical road conditions. This is substantially different from the aircraft measurements,
where both the attitude angles and the aircraft motion vector are significant compared
to the wind vector, and must be measured and removed to get the true wind.

4.4 Speed bumps

The three-dimensional rotation of the wind vector into the Earth coordinate frame (see
Sect. 2.2) is used for correcting the wind when driving over the speed bumps. The
tracks are divided into the parts when the car is crossing a speed bump, and the other,
flat parts. The variance of w when the car is crossing the speed bumps after the cor-
rections is 1.306 m®>s~2 and is compared to:

— the variance before the corrections, 1.554 m2s~2

— the variance of the flat parts of the tracks, 1.302 m?s™2.
So, the applied corrections successfully decrease the w variance over the speed
bumps to the value of w variance over the flat road. This implies that for tracks over
bumpy roads, it may be advisable to use the full three-dimensional rotation.

5 Conclusions

The instrumented car presented in this study is a feasible alternative and comple-
ment to towers and aircraft for measuring the ABL mean and turbulence structure. The
963
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corrections for obtaining the wind vector are smaller and simpler than for the aircraft,
because of the smaller amplitude and fewer degrees of freedom. Unlike for the aircraft,
the corrections for pitch and roll are negligible at high frequencies, while the lateral and
vertical motions of the instruments are about three times smaller than the correspond-
ing wind components even for low-wind speeds. The crucial corrections and transfor-
mations that have to be performed are: removing the longitudinal car speed, removing
the mean vertical speed induced by the flow distortion, and rotating the horizontal wind
to the meteorological coordinate system.

The natural simplicity and low cost of operating such a system make it a useful
tool for studying near surface turbulence statistics such as fluxes and variances. The
range of applications is limited only by the presence of a road, which can also be
relaxed if the instrumented frame is mounted on a four-wheel-drive vehicle. Studies
such as horizontal mapping of the nocturnal stable ABL, probing the stable cold pool
structure, and measuring horizontal gradients at the edges of forests, within forests or
in urban city canyons are not possible with an aircraft. A possible alternative — a dense
network of towers — is likely to be considerably more expensive and less flexible than
an instrumented car.
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Table 2. Basic characteristics of the 20 car tracks. |V,

h
NS

| is the horizontal car speed (see Eq. 1).

Tracks

Vil (m s')  Length of tracks (m)

1and?2
3to6

7 to 14
151020

13.2
15.9
21.2
26.8

780
900
900
900
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Fig. 6. Sonic wind components and temperature car vs. tower wavenumber spectra. The car
spectra are averaged over all tracks with the same car speed, yielding four groups of tracks
(see Table 2), while the tower spectra are averaged over all tracks.
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Fig. 7. Frequency spectra of the lateral component (in the car coordinate system) for the car
sonic and the GPS-INS motion, as well as the contribution of the roll angle to the lateral com-
ponent. The latter is overestimated as the product of the roll angle and mean wind speed of
1.5ms™" (recall that the GPS-INS and sonic coordinate systems are aligned; Sect. 2.2). The
spectra are averaged over all tracks with the same car speed (see Table 2), yielding the four
panels.
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Fig. 8. As in Fig. 7, except for the longitudinal component and the contribution of pitch to the
longitudinal component.
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