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Abstract As a first step toward characterizing coherent

structures within the atmospheric surface layer (ASL),

measurements obtained via a large-scale particle tracking

velocimetry (LS-PTV) system were validated against wind-

measurement station data as well as canonical turbulent

boundary layer studies. The LS-PTV system resolves three-

dimensional, Lagrangian tracks over a 16 m3 volume.

Mean-velocity measurements, as well as vertical and shear

Reynolds-stress measurements, generally agreed with

wind-measurement station data and Reynolds-stress pro-

files referenced from literature. The probability distribu-

tions for streamwise, spanwise and vertical velocity-

fluctuation components appear normally distributed about

zero. Furthermore, the probability distributions for all three

components of Lagrangian acceleration were exponential

and followed the parametrization curve from LaPorta et al.

(Lett Nat 409:1017–1019, 2001). Lastly, the vorticity

probability distributions were exponential and symmetric

about zero, which matches findings from Balint et al. (Fluid

Mech 228:53–86, 1991). The vorticity intensity measured

by the LS-PTV system was less than values from Priya-

darshana et al. (Fluid Mech 570:307–346, 2007), which is

attributed to the low spatial resolution. However, the

average spacing of 0.5 m between tracer particles is

deemed sufficient for the future characterization of vortical

structures within the ASL.

1 Introduction

Acquiring a velocity field throughout a large measurement

domain within the atmospheric surface layer (ASL) is

important to fluid mechanicists and atmospheric scientists

alike. Specifically, velocity fields can be used to quantify

coherent structures, which play a significant role in

canonical and atmospheric turbulence. The presence of

coherent structures is connected to the lack of closure in the

atmospheric energy balance (Foken et al. 2006). Further-

more, due to the scales and high Reynolds numbers that are

characteristic of the ASL, the similarities between its

coherent structures and those observed within canonical

turbulent boundary layers (TBLs) are not well established;

see Marusic et al. (2010) and Smits et al. (2011). To

quantify such structures within the ASL, various studies

have attempted to approximate the velocity field via

simultaneous point measurements over large measurement

domains. There has been some success in characterizing

ASL structures known as very large streamwise motions

via anemometer rakes; see Hutchins et al. (2009). How-

ever, studies that have attempted to quantify vortical

structures within the ASL via a conditional analysis of

similar anemometer-rake data suffer from severe limita-

tions. Specifically, assumptions must be made regarding

the structure of ASL vortices to facilitate their identifica-

tion; see Scarabino et al. (2007) as well as Rosi et al.

(2013). Vortical structures in the ASL have been measured

qualitatively via smoke visualizations (Hommema and

Adrian 2003), but their fully-resolved, quantitative mea-

surement remains to be achieved.

Another measurement technique that shows potential in

quantifying large-scale vortical structures within the ASL

is large-scale particle tracking velocimetry (LS-PTV). The

technique is able to track the motions of particles with sizes
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on the order of centimeters within volumes on the order of

meters. Although LS-PTV systems suffer from measure-

ment attenuation due to a reduced spatial resolution

(Hutchins et al. 2009; Priyadarshana et al. 2007), they can,

however, acquire velocity fields within very large domains

unlike typical PTV measurement systems. Challenges that

are faced in the development of an LS-PTV system are

seeding and volume illumination, as well as camera cali-

bration and synchronization. Thus, LS-PTV commonly

requires elaborate facility-specific setups; see Lobutova

et al. (2010), Biwole et al. (2009), Machacek (2003), Sun

and Zhang (2003). As such, the apparatus used in the

aforementioned studies is unsuited for ASL measurements

given their complexity and facility specificity. Elaborate

setups are infeasible for outdoor measurements, especially

when the measurement site is remote. Furthermore, a LS-

PTV apparatus for outdoor use should be adaptable so that

it may be employed at various measurement sites. The

rugged outdoor environment presents further challenges for

the experimentalist such as obtaining a suitable power

source, coping with uneven ground, lighting and precipi-

tation. Thus, to make LS-PTV an effective tool for

acquiring wind measurements, it must be modified to

account for the additional complications associated with

outdoor environments.

As a first step toward measuring near-surface large-scale

coherent structures in the ASL, and given the unsuitability

of previous LS-PTV apparatus, the current study proposes

a novel three-dimensional LS-PTV system designed spe-

cifically for use in remote outdoor environments. The

system tracks the motion of small, fog-filled soap bubbles

and is portable so that it may be assembled and disas-

sembled on-site. The following section begins by describ-

ing the LS-PTV system. Afterward, the Stokes number of

the fog-filled tracer particles is determined experimentally

to illustrate the suitability of the particles for measuring

atmospheric winds. The spatial resolution of the system is

then quantified and compared with recent studies that have

employed large-scale and laboratory-scale particle-veloci-

metry methods. As a form of validation, the mean mea-

surements acquired by the LS-PTV system are compared

against measurements simultaneously collected from a

nearby wind-measurement station. Finally, to further

demonstrate the capabilities of the system, the probability

distributions of velocity fluctuations, acceleration, and

vorticity acquired by the LS-PTV system are presented and

compared with canonical TBL results.

2 LS-PTV system

The following section first provides an overview of the LS-

PTV system. Afterward, the Stokes number of the tracer

particles is presented to demonstrate the ability of the

particles to track wind flows. Finally, the spatial resolution

of the system is discussed in terms of particles-per-pixel

and particle spacing and compared with recent studies that

employed large-scale and laboratory-scale particle-veloci-

metry methods.

2.1 Overview of the LS-PTV system

The LS-PTV system is shown schematically in Fig. 1. The

particle seeder consists of a commercial bubble generator

(CHAUVET�B-250) mounted on top of a 6-m-tall pole.

Fog and bubble fluid are delivered to the particle seeder via

a manifold system. The seeder produces fog-filled bubbles

(that are then opaque) with diameters of approximately

25 mm at a rate of 400–800 per minute. The tracer particles

are illuminated using natural light. To track the tracer

particles, four digital cameras (EOS-Rebel T3i, Canon) are

positioned downstream of the seeder. Each camera is

equipped with a 50 mm focal length lens (AF-D f1.4,

Nikkor). Videos are captured at 60 Hz and at a resolution

of 1,280 9 720 pixels. The cameras are synchronized by a

custom radio to infrared remote system. The precision of

the synchronization between the cameras has been verified

to be within a single frame. To calibrate the cameras, a

two-dimensional target is placed at various locations within

the volume, which results in a spatial uncertainty of

10 mm. The measurement volume is approximately

4 m 9 2 m 9 2 m in the x-, y- and z- directions.

Images are extracted from the videos and edited in

MATLAB�. Finally, the images are reduced to two-bit

files and processed using an open-source PTV software

(http://www.openptv.net). The LS-PTV data are rotated

such that the x-, y- and z- axes are aligned with the

streamwise, vertical and spanwise wind directions. The

streamwise direction, which is oriented with the mean

wind flow, is determined from ten-minute averaged data

collected from a nearby wind-measurement station; see

Sect. 3.1. The vertical direction points normally from the

ground, and the spanwise direction completes a right-

handed coordinate system. It is noted here that u0, v0

and w0 indicate the velocity-fluctuation components in the

streamwise, vertical and spanwise directions, respectively.

2.2 Stokes number of tracer particles

An indoor experiment was performed to determine the Stokes

number of the tracer particles Stk, which quantifies the

fidelity of the tracer particles to track atmospheric wind flow.

Stk is defined in Raffel et al. (2007) as:

Stk ¼ sp

s
: ð1Þ
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Here, sp is the relaxation time of the tracer particles and is

equal to Us=g, where Us is the settling velocity of the

tracer particles and g is acceleration due to gravity. s
represents a characteristic time scale of the flow. The

current study assumes that s ¼ D=U, where U is the mean

wind velocity and D is the characteristic length of an eddy

that is to be measured. Thus, Stk can be written as:

Stk ¼ spU

D
: ð2Þ

To determine a mean Us and thereby a mean sp, the

descent of the tracer particles in quiescent fluid was

tracked. From an indoor experiment, the mean sp of the

tracer particles was measured as 0.018 s with a standard

deviation of 1 %. Correspondingly, Stk as a function of

mean wind velocity is plotted for several characteristic

eddy lengths in Fig. 2. For Stk \ 0.1, the tracer particles

will follow the wind flow with tracing-accuracy errors of

\1 % (Raffel et al. 2007). For large eddies, (D = 2 m,

4 m) Stk remains below 0.1 for a large wind velocity range

(0 m=s�U� 10 m=s) while for smaller eddies (D = 1 m,

0.5 m), the velocity range decreases (0 m=s�U� 5 m=s).

However, both the mean wind velocity and the

characteristic eddy length scale decrease with proximity to

the ground (Townsend 1956). Thus, the proposed tracer

particles are suitable for characterizing eddies near or lar-

ger than the characteristic eddy length at a certain height.

For the current study, the mean wind velocity ranged from

2 m=s�U� 4 m=s, ensuring that the tracer particles are

capable of resolving eddies with characteristics lengths

from 0.5 m to eddies as large as the volume (4 m).

2.3 Spatial resolution of the LS-PTV system

The current system produces images with seeding densities

of 0.0002 particles-per-pixel. In contrast, state-of-the-art

PTV algorithms can accommodate seeding densities up to

0.005 particles-per-pixel, beyond which the algorithms

begin to predict false correspondences between subsequent

frames (Raffel et al. 2007). However, the seeding density

of the current study is comparable to the work done by

Biwole et al. (2009), who achieved a seeding density of

0.0008 particles-per-pixel. Thus, the images produced by

the current system are under-saturated, yet comparable to

other state-of-the-art LS-PTV systems. The seeding density

employed by the current study results in an average spacing

of 0.5 m between tracers, or 500g, where g is the Kol-

mogorov length scale. Spatial resolutions lower than 6g
will result in the attenuation of measured vorticity; see

Priyadarshana et al. (2007). Furthermore, the spatial reso-

lution of the system is significantly lower when compared

with what can be achieved by three-dimensional particle-

velocimetry systems in laboratory settings. As an example,

consider the measurements by Schroeder et al. (2011),

where a spatial resolution of 0.5g was achieved during

three-dimensional tomographic particle image velocimetry

measurements of a turbulent boundary layer. However, the

high resolutions achieved by laboratory setups require that

measurements be performed within a small volume. The

measurements by Schroeder et al. (2011) were performed

within a 6:4� 10�5 m3 volume, as opposed to the 16 m3

volume of the current study. Furthermore, the spatial res-

olution of the current system is the same order of magni-

tude of other state-of-the-art LS-PTV systems. Specifically,
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Fig. 1 A schematic of the LS-PTV setup. The particle seeder is shown on the left, whereas the camera arrangement and the resultant

measurement volume are shown on the right

Fig. 2 Stokes number Stk as a function of the mean wind velocity, U,

for various characteristic eddy length scales, D
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the spacing index (mean-particle spacing to mean-particle

displacement between consecutive frames) is 7.5, which is

comparable to that achieved in Biwole et al. (2009).

3 Validation of the LS-PTV system

To validate the LS-PTV system for use in measuring ASL

flows, LS-PTV measurements were compared with data

taken from a wind-measurement station. The following

section first describes the measurement systems at the

station. The mean statistics of the LS-PTV data are then

presented and compared with the station measurements.

Finally, to further demonstrate the capabilities of the LS-

PTV system, the probability distributions of velocity fluc-

tuations, Lagrangian acceleration and vorticity are com-

pared with canonical TBL studies.

3.1 Overview of the wind-measurement station

The LS-PTV measurements to be presented were captured

at a wind-measurement site to the north-west of Calgary in

open (rural) terrain. A schematic of the site is provided in

Fig. 3. The predominant wind direction is from the west-

southwest over shallow hills with slopes no greater than

30�. Wind velocity and other meteorological data are

simultaneously recorded by a wind mast and eddy-covari-

ance system. The wind mast is 50 m tall and is equipped

with five cup anemometers (NRG#40) and five wind vanes

(NRG200P). The cup anemometers and wind vanes are

equally spaced over the tower height and provide ten-

minute averages of data sampled at 1 Hz. Furthermore, a

three-component ultrasonic anemometer (Ultrasonic Ane-

mometer 3D, Thies Clima) located at a height of 40 m is

used to determine the Reynolds stresses. Further details of

the wind mast can be found in Rosi et al. (2013). The eddy-

covariance system, located 100 m away from the mast,

measures the friction velocity Us, as well as the Obukhov

length L. Further details regarding the eddy-covariance

system can be found in Hayashi et al. (2010).

Us is equal to the maximum value of ð�u0v0Þ1=2
, where

u0v0 is the covariance of the streamwise and vertical

velocity-fluctuation components. In ASL studies, the height

at which the maximum of u0v0 occurs is unknown. How-

ever, given the scale and high Reynolds number of ASLs,

the maximum of u0v0 can be approximated as ðu0v0Þ0, where

the subscript 0 indicates the covariance evaluated near the

ground.

L provides an estimate of atmospheric stability and is

defined as:

L ¼ �HUs
3

jgðvhÞ0
: ð3Þ

Here, H is the mean potential temperature and ðvhÞ0 is the

covariance between the vertical velocity-fluctuation com-

ponent and the fluctuating component of potential tem-

perature evaluated close to the ground. Lastly, j is the von-

Kármán constant and g is acceleration due to gravity. The

current study assumes a j of 0.4. The Obukhov length is

the buoyancy term in the turbulent kinetic energy equation

scaled by Us and by y, where y is the height above the

ground. It provides an indication of the height at which

buoyancy effects become important (Kaimal and Finnigan

1994).

To avoid interference, the LS-PTV apparatus was

positioned approximately 70 m from the wind mast on a

flat stretch of land. LS-PTV data was extracted from video

footage captured on March 27, 2013, between 1530 and

1630 hours. A sample image of data footage is shown in

Fig. 4a. Three-dimensional Lagrangian data of the tracked

particles, including position, velocity, acceleration and

vorticity, are extracted from the images. Specifically, three-

dimensional trajectories are calculated by interpolating a

Fig. 3 A schematic of the wind-

measurement site. The

topography of the site is

qualitatively displayed and the

positions of the LS-PTV and

eddy-covariance systems are

provided relative to the wind

mast. The wind-mast equipment

is also described
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spline through the particle positions in consecutive images.

The trajectories deliver the Lagrangian velocity and

acceleration for the particles. Subsequently, the spatial

derivatives of velocity required for vorticity are calculated

from neighboring particles. Further details can be found in

Lüthi et al. (2009). 2,148 tracks were produced from the

collected LS-PTV data, with several trajectory examples

presented in Fig. 4b.

3.2 Mean statistics

The following section compares the mean statistics of the

LS-PTV data to the concurrent measurements acquired

from the field station. Table 1 summarizes various param-

eters that describe the mean flow and stability of the col-

lected data set. The provided values of Us and L are those

measured by the eddy-covariance system. The roughness

length of y0 ¼ 19 mm was determined by fitting the cup-

anemometer measurements onto the logarithmic curve:

UðyÞ ¼ ðUs=jÞ lnðy=y0Þ; ð4Þ

To determine the momentum-thickness Reynolds number

Reh, the boundary layer thickness, d, was first estimated

using relations provided in Sugiyama and Nasstrom (1999).

Then, the freestream velocity was estimated by evaluating

Eq. 4 at d. Also, following the classification developed in

Pasquill (1961), the observed values of y0 and L resulted

in the stability class of ‘‘Moderately Unstable’’.

To evaluate the measurement capabilities of the LS-PTV

system, the mean velocity U, and Reynolds stresses u0u0,

v0v0, and u0v0 were compared with values obtained from the

wind mast and eddy-covariance system. Mean-velocity

measurements taken by the cup anemometers and LS-PTV

system are shown in Fig. 5a. The wind-mast measurements

are indicated by the red-square markers while the mean

velocity measured by the LS-PTV system is indicated by

the green-triangle marker. The red curve is a logarithmic

wind profile given by Eq. 4. To construct the logarithmic

profile, the values of y0 and Us listed in Table 1 were used.

Finally, the horizontal error bars in Fig. 5a represent the

square root of the streamwise Reynolds stresses(
ffiffiffiffiffiffiffiffi

u0u0
p

).

Figure 5b shows the mean-velocity measurement taken by

the LS-PTV system as a function of height and compares it

to the same logarithmic curve plotted in Fig. 5a. To gen-

erate the empirical mean-velocity profile, the velocity

along each pathline was averaged. Pathlines were then

placed into one of fifteen bins based on their mean height.

Finally, the mean velocity of all pathlines within each bin

was taken as the mean velocity at the bin’s height. The

horizontal bars in Fig. 5b represent twice the standard error

of the mean for the LS-PTV measurements. The global

mean velocity determined by the LS-PTV system agrees

well with the logarithmic profile, as well as with the gen-

eral trend suggested by the cup-anemometer measure-

ments. Furthermore, as seen in Fig. 5b, the LS-PTV mean-

velocity measurement agrees with the logarithmic curve

throughout its entire measurement domain. On average, the

mean-velocity profile measured by the LS-PTV system

varied from the logarithmic curve by 7 %. This is com-

parable to ASL measurements performed by Kunkel and

Marusic (2006), where mean measurements varied from

their corresponding logarithmic profile by 3 %. Thus, the

system can accurately resolve the mean velocity in spite of

the limited data collected.

The Reynolds streamwise, vertical and shear stresses

(u0u0, v0v0 and u0v0, respectively) measured by the LS-PTV

Table 1 Summary of various

flow parameters for the

collected data set

Date Time Us (m/s) y0 (mm) Reh 9 107 L (m) Stability class

03/27 1530–1630 hours 0.30 19 2.2 -9 Moderately unstable

(a) (b)

Fig. 4 a A raw image of tracer particles from one of four cameras. b A sample of resultant tracks from the data set containing the image in a.

The arrows along the path indicate the direction of the flow. The tracks are colored for sake of clarity
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system are presented in Fig. 6. Specifically, Fig. 6a com-

pares the LS-PTV stress measurements against those taken

by the ultrasonic anemometer and cup anemometers, while

Fig. 6b presents the Reynolds-stress profiles measured by

the LS-PTV system. The profiles presented in Fig. 6b were

produced in a similar manner to the mean-velocity profile

seen in Fig. 5b. In both Fig. 6a, b, the red and green curves

represent similarity formulations for the streamwise and

vertical Reynolds stresses, respectively; see Marusic et al.

(1997) and Kunkel and Marusic (2006). Furthermore, the

blue curves represent the line u0v0=ðUsÞ2 ¼ �1, which is

valid within the logarithmic region of the ASL (Kaimal

and Finnigan 1994). The stresses are plotted against non-

normalized height along the right ordinate, and also against

wall-unit height yþ ¼ y=ðm=UsÞ, where m represents kine-

matic viscosity, along the left ordinate.

From Fig. 6a, it can be seen that the vertical and shear

stresses measured by the LS-PTV system and the ultrasonic

anemometer agree with the similarity formulations. How-

ever, there is some discrepancy between the similarity

formulation for u0u0 and the corresponding measurements.

Aside from the measurements taken by the ultrasonic

anemometer and the cup anemometer at 8 m, all mea-

surements of u0u0 overshoot the similarity formulation. In

Fig. 6b, the shear and vertical Reynolds-stress profiles

measured by the LS-PTV system are constant and

approximately agree with the their respective reference

curves. However, the streamwise Reynolds-stress profile

greatly overshoots its respective reference curve.

Furthermore, all three Reynolds-stress profiles deviate

from their reference curves more than the ASL measure-

ments performed by Kunkel and Marusic (2006) at a height

of yþ � 2:5� 104 during unstable conditions of

L ¼ �115 m. The shear and vertical Reynolds-stress pro-

files measured by the LS-PTV system vary on average

from their respective similarity formulations by 20 and

60 %, respectively. In contrast, Kunkel and Marusic (2006)

observed a percent deviation in v0v0=Us and u0v0=Us of 12

and 11 %, respectively. Also, while the streamwise Rey-

nolds-stress profile measured by the LS-PTV system varied

from its reference curve by 90 %, measurements of u0u0=Us

from Kunkel and Marusic (2006) varied as much as 70 %.

One possible reason for the large discrepancies between

the Reynolds-stress profiles and the reference curves is the

increased atmospheric instability of the current data set. In

Kunkel and Marusic (2006), Reynolds-stress measurements

varied from their respective reference curves by only 5–

10 % during stable conditions where the Obukhov length

was measured as 60 m� L� 90 m. In contrast, during

unstable stratification conditions of L ¼ �115 m, Kunkel

and Marusic (2006) observed larger deviations from the

reference curves, which were described above. The current

data set, which deviated even further from the reference

curves, was captured in considerably more unstable con-

ditions with L ¼ �9 m. Another possible reason for the

large deviation is an inherent systematic error when

Lagrangian data is converted into an Eulerian equivalent.

Specifically, Mockett (1998) observed that after the
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Fig. 5 a Mean-velocity measurements from the wind mast, eddy-

covariance system and LS-PTV system. The measurement domain of

the LS-PTV system is indicated by the gray rectangle, while the

horizontal error bars represent
ffiffiffiffiffiffiffiffi

u0u0
p

. b Mean-velocity measurements

taken within the volume of the LS-PTV system. Horizontal bars

represent the twice the standard error of the mean for the LS-PTV

measurements. The red-square markers indicate measurements taken

by the wind mast, while the green-triangle markers represent the

mean velocities measured by the LS-PTV system. The red curves

represent the profile UðyÞ ¼ ðUs=jÞ lnðy=y0Þ
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conversion, the error in measuring the Reynold stresses

increases as the ratio of the turbulent kinetic energy to the

mean kinetic energy diverges from 0.75.

Also, the discrepancy between the Reynolds-stress

profiles and the similarity formulations could be caused by

a lack of temporal convergence. Figure 7 plots normalized

averages of U, u0u0, v0v0 and u0v0 as functions of the percent

of sequential paths used. Both U and u0u0 begin to oscillate

about unity when only 20 % of paths are used. In contrast,

v0v0 and u0v0 begin to oscillate about their final average at

60 and 80 %, respectively. As shown in Fig. 7, u0u0, which

exhibited the greatest deviation from its similarity formu-

lation, converges more quickly to its final average than v0v0

and u0v0. However, both v0v0 and u0v0 are more accurately

represented by their respective similarity formulations than

u0u0. Thus, although the deviation of u0v0 and v0v0 from their

respective similarity formulations may be attributed to a

lack of temporal convergence, it is unlikely the cause of the

overshoot in the streamwise Reynolds-stress profile.

3.3 Probability distributions: velocity fluctuations,

acceleration and vorticity

The following section presents probability distributions

functions (PDFs) of velocity fluctuations, Lagrangian

acceleration and vorticity and compares them to the results

of various canonical TBL studies. Given that LS-PTV

measurements were acquired at wall-unit heights where

turbulence statistics vary marginally with distance from the

ground, only a single PDF is shown for each turbulent

parameter. The reader is cautioned that the PDFs presented

here are derived from a small data set that is not fully-

converged; see Fig. 7. The purpose of presenting the

(a)
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(b)

Fig. 6 Streamwise (red) vertical (green) and shear (blue) stresses

normalized by Us
2. The solid curves represent similarity formulations

developed in Marusic et al. (1997) and Kunkel and Marusic (2006), or

u0v0=Us
2 ¼ �1 in the case of the shear Reynolds stress (Kaimal and

Finnigan 1994). In a triangle markers indicate the mean measure-

ments taken by the LS-PTV system, while the square and circle

markers indicate ultrasonic and cup-anemometer measurements,

respectively. b shows the Reynolds-stress profiles as measured by the

LS-PTV system in comparison with the reference curves plotted in a.

The measurement domain of the LS-PTV is indicated by the shaded

area in a

0 20 40 60 80 100
0
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1

1.5
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2.5

3

3.5

4

Percent of Paths

Fig. 7 Averages of U, u0u0, v0v0 and u0v0 as determined by the LS-

PTV system. The averages are plotted as functions of the percentage

of total paths used and are normalized by their respective average

using all tracks
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following PDFs is to demonstrate the capabilities of the

LS-PTV system and not to derive definitive conclusions

regarding ASL flow.

Figure 8 shows PDFs of u0=Us, v0=Us and w0=Us. The

markers indicate the measured distributions, while the

curves represent Gaussian distributions fitted to the results.

The PDF of u0=Us appears trimodal with a peak at 0 and two

inflection points at u0=Us ¼ �5. As discussed in the previous

section, the reason for the tri-modality was likely a system-

atic bias caused by the conversion of the measured

Lagrangian data to its Eulerian equivalent. Besides the

irregularity of u0, the experimental distributions appear to be

Gaussian with u0 exhibiting a larger variance than both v0 and

w0. Similar observations have been made from large eddy

simulations of channel flows (Zhou et al. 2005). To quantify

how coincident a Gaussian distribution is with the experi-

mental distributions, chi-squared (v2) tests were performed

using twenty bins and a confidence level of 25 % in a similar

fashion to Zhou et al. (2005). The v2 values for the u0, v0 and

w0 distributions were 1,181, 427 and 696, respectively,

indicating they are not well described by a Gaussian distri-

bution. Zhou et al. (2005) also observed v2 values on the

order of 1,000 and 100 for the u0 and v0 distributions,

respectively. Zhou et al. (2005) postulated that the non-

normal probability distributions exhibited by the velocity

fluctuations are attributable to coherent structures present

within the flow, which cause the velocity fluctuations to

behave non-randomly.

The PDFs for streamwise, normal and spanwise accel-

erations (ax, ay and az, respectively) are shown in Fig. 9.

The accelerations have been normalized by their respective

standard deviations, \a2
i [ 1=2. All three PDFs of accel-

eration agree with the parametrized probability distribution

function for isotropic turbulence described in LaPorta et al.

(2001), in which the tails extend further outwards than a

Gaussian distribution of equal variance. This suggests that

acceleration is a highly intermittent variable and that

extreme acceleration events are common. LaPorta et al.

(2001) observed that acceleration became increasingly

isotropic as the Taylor-microscale Reynolds number was

increased from Rek ¼ 200 to Rek ¼ 970. Schroeder et al.

(2011) also observed isotropic acceleration distributions in

canonical TBL experiments performed at Reh ¼ 2; 460.

The Taylor-microscale Reynolds number for the current

data set is estimated as Rek�Oð104Þ. Thus, the isotropy

observed in the current study is to be expected.

The PDFs for streamwise, normal and spanwise compo-

nents of vorticity (xx, xy and xz, respectively) are plotted in

Fig. 10. Like the probability distributions for acceleration,

the vorticity distributions exhibit exponential distributions

such that extreme events in vorticity are more prevalent than

as predicted by a Gaussian curve. Both distributions exhibit a

tall peak of 104 at 0 and a small range such that the probability

falls to 101 by jjxi=ðUs
2=mÞjj ¼ 4� 10�4. The exponential

shape of the vorticity PDFs can be quantified by the kurtosis

of the distributions. Kurtosis represents the prevalence of

extreme events relative to the mean and is equal to the ratio of

the fourth moment to the square of the variance. All distri-

butions presented in Fig. 10 exhibit kurtosis values on the

order of 100. In contrast, Gaussian distributions have a
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Fig. 8 Probability distribution functions of u0, v0 and w0 normalized

by Us. The markers represent experimental results. The solid curves

are fitted Gaussian distributions
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Fig. 9 Probability distribution functions for ax, ay and az normalized by

their respective standard deviation. The black curve is the parametri-

zation for Lagrangian acceleration from LaPorta et al. (2001)
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kurtosis value of 0. In canonical TBL studies (Balint et al.

1991; Honkan and Andreopoulos 1997), the PDFs for all

three vorticity components exhibited kurtosis values that

would increase with distance from the wall. The kurtosis

increased from 3 to 4 at heights of yþ ¼ 20 to 6–8 at heights

of yþ ¼ 80. Thus, the kurtosis values of the current study are

reasonable, considering the center of the measurement vol-

ume was at a height of yþ � 5� 104. Although the shape of

the vorticity PDFs is in agreement with previous studies, the

width of the PDFs is likely too thin. Vorticity measurements

summarized by Priyadarshana et al. (2007) suggest that
ffiffiffiffiffiffiffiffiffiffi

x0x0
p

=ðUs
2=mÞ should be on the order of 10�4 when mea-

suring at yþ � 104. In contrast, the vorticity intensities

measured by the current study are on the order of 10�5. As

discussed in Sect. 3.1, this attenuation is likely caused by the

spatial resolution of LS-PTV system.

4 Conclusions

A large-scale particle tracking velocimetry (LS-PTV)

system that tracks fog-filled soap bubbles have been presented

as a means of characterizing wind flows within the lower log

region of the ASL. The measurement volume is approxi-

mately 16 m3 centered 3 m above the ground. As a form of

validation, mean-velocity and Reynolds-stress measurements

acquired by the LS-PTV system were compared with simul-

taneous measurements acquired by a nearby wind-measure-

ment station. There was excellent agreement between the LS-

PTV system’s global mean-velocity average and the loga-

rithmic velocity profile derived from the station’s measure-

ments. Also, the mean-velocity profile measured by the LS-

PTV system deviated from the logarithmic velocity profile by

7 % on average. However, the streamwise Reynolds-stress

profile acquired by the LS-PTV system varied with height and

overshot its respective reference profile by approximately

90 %, while the vertical and shear Reynolds-stress profiles

deviated from their similarity functions by 20 and 60 %,

respectively. These deviations were attributed to atmospheric

instability, a systematic bias caused by converting the

Lagrangian data to an Eulerian equivalent, and a lack of

temporal convergence.

To further demonstrate the capabilities of the LS-PTV

system, probability distribution functions of velocity fluc-

tuations, Lagrangian acceleration, and vorticity were com-

pared with canonical TBL results. The probability

distribution functions for all three components of velocity

fluctuations were normally distributed and centered about

zero, with the streamwise component exhibiting the greatest

standard deviation. Also, the probability distribution for all

three components of Lagrangian acceleration collapsed

onto the probability parametrization function described in

LaPorta et al. (2001). Finally, the probability distributions

for all three components of vorticity were exponential and

exhibited tails that would overtake a Gaussian curve of

equal variance. Although the shape of the PDFs for vorticity

matched those found in Honkan and Andreopoulos (1997)

and Balint et al. (1991), their width was thin in comparison

with measurements taken by Priyadarshana et al. (2007).

This attenuation in vorticity is likely a result of insufficient

spatial resolution, which is caused by the challenge of

deploying a sufficient amount of seeding particles within

the measurement volume. In spite of this, the average tra-

cer-particle spacing of 0.5 m is deemed sufficient for the

resolution of large coherent structures.

Overall, the LS-PTV system demonstrated the ability to

accurately resolve the mean statistics of a wind flow within

its measurement domain and offers promise for future

study of turbulent coherent structures within the ASL.
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