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Direct measurements of wind stress over the surf zone
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Abstract Field data of the wind stress over surf zone waves are presented from an open ocean beach on the
East Australian Coast. Two ultrasonic anemometers were deployed at nominal heights of 5 and 10 m above the
water surface in the intertidal and inner surf zones, with concurrent measurements of water levels and offshore
wave parameters. Following a rigorous quality control procedure, the wind stress was determined by the eddy
correlation technique. A constant stress layer was observed between 5 and 10 m elevation. Considering near-
neutral conditions only, the wind drag coefficients were found to systematically change with the wind angle of
approach relative to the shoreline and are much smaller for longshore wind than during onshore wind. The con-
cept of an apparent wave steepness changing with wind direction is suggested to explain this behavior. The
drag coefficients over the surf zone during onshore wind and near-neutral conditions were determined to be
almost twice the values expected at the same wind speed and open ocean conditions. The observed Charnock
coefficient was similarly an order of magnitude larger than open ocean values. A wave celerity of the order of
that expected in the inner surf zone is required to explain the observed large roughness and drag coefficients
using existing wave age-dependent parameterizations. This suggests that the slower wave celerity in the surf
zone is an important contributor to the increased wind stress, in addition to the sawtooth wave shape.

1. Introduction

The momentum transferred into the ocean through the wind shear stress on the ocean surface contributes
toward generating wind waves, driving ocean currents, and raising the mean water level through storm
surges. The magnitude of the wind shear stress and drag coefficient is therefore critical for modeling storm
surge wind setup. The wind setup is inversely proportional to the water depth, and therefore a large part of
the wind setup occurs in shallow water, especially across the surf zone [Walton and Dean, 2009]. However,
limited data exist from the nearshore region and surf zone, and models typically utilize wind drag coeffi-
cients obtained from measurements over the deep ocean. Letchford and Zachry [2009], for instance, point
out that the ADCIRC hydrodynamic model uses the linear drag coefficient formulation of Garratt [1977],
which is an open ocean formula, as the default value. Tang et al. [1997], Lentz et al. [1999], and Reniers et al.
[2004] also adopted open ocean drag coefficients in their modeling.

With analogy to the wind flow over a solid surface, evaluating the wind shear stress (s) on the ocean surface
is equivalent to finding the wind drag coefficient (CD) or alternatively the aerodynamic roughness of the
ocean surface ðz� Þ. Wind flow over the ocean, however, is a more complex problem to address than flow
over solid boundaries. The complexity is partly attributed to the variety of atmospheric and oceanic parame-
ters which may influence the air-sea interaction. This includes wind speed, atmospheric stability, wave
height, wave length, wave celerity, sea-spray effects, wave breaking and shoaling processes, etc. At the
same time, an interdependency also exists between the two mediums, given that ocean waves (roughness
elements) are themselves products of the overhead wind flow. Experimental and field data are therefore
essential to successfully estimate and parameterize the wind drag coefficient over the ocean surface.

Despite some disagreements in early studies, it is now widely accepted that the wind drag coeffi-
cient increases with wind speed [Smith and Banke, 1975]. Two forms of the variation of the drag
coefficient versus wind speed have been frequently suggested throughout the literature. This
includes the widely used Charnock [1955] relationship where the aerodynamic roughness of the
ocean surface is parameterized as

z�5a
u�2

g
(1)
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in which u* is the shear velocity, g is the gravitational acceleration, and a is the Charnock coefficient. The
proposed dependency between the roughness ðz� Þ and the shear velocity (u*) also implies that the drag
coefficient (CD) increases monotonically with increasing wind velocity ð�uÞ. Different experimental values of
the Charnock coefficient have been proposed, mostly in the range of a50:0120:02 [Wu, 1969; Hicks, 1972;
Smith and Banke, 1975; Garratt, 1977; Smith, 1980; Wu, 1980; Geernaert et al., 1986; Johnson et al., 1998].
Another form of parameterization, suggesting a linear increase of the drag coefficient versus wind speed
ðCD5a�u1bÞ, has also been frequently proposed [Smith, 1973, 1974; Smith and Banke, 1975; Garratt, 1977;
Smith, 1980; Wu, 1980; Large and Pond, 1981; Geernaert et al., 1986, 1987; Smith et al., 1992; Yelland and Tay-
lor, 1996; Vickers and Mahrt, 1997a; Drennan et al., 1999; Oost et al., 2002].

The wind speed dependency of the drag coefficient reflects the interdependency between wind and waves.
That is, those waves acting as roughness elements grow as the wind speed increases. However, a unique
set of empirical coefficients a and b, or alternatively a, has not been found since the wave conditions are
also controlled by other independent parameters such as the wind fetch, wind duration, water depth, and
shoaling effects on wave properties including the wave shape and celerity, etc. A wind speed-dependent
parameterization should therefore be at least accompanied by a constraint on sea state parameters—e.g.,
open ocean conditions. Similarly, additional processes such as the generation of sea-spray and foam patches
and enhanced wave breaking take effect in the storm-scale range of wind speeds. As a result, the linear and
Charnock-type parameterizations are not valid under these circumstances. This was demonstrated for the
first time in the light of recent field and laboratory measurements by Powell et al. [2003], Donelan et al.
[2004], Black et al. [2007], Jarosz et al. [2007], and Zachry et al. [2009] where the wind drag coefficient was
found to level off at around CD50:002020:0025 when the wind speed exceeds a threshold between
23240 m=s . It may be noted though that an agreement has not yet been reached on the role of additional
processes such as sea-spray effects on the drag behavior during high wind speeds. Recently, Andreas et al.
[2012] suggested a new wind shear stress parameterization in the form of a linear relationship between the
wind shear velocity (u*) and the wind speed ð�uÞ. The parameterization is capable of producing a role off in
the drag coefficient during high wind speeds without the need for activating additional processes such as
spray effects.

The idea of the sea state dependency of the aerodynamic roughness was first hypothesized by Kitaigorodskii
and Volkov [1965] and promoted by others such as Stewart [1974]. On this basis, the wind drag coefficient is
suggested to reduce as seas become older, i.e., by increasing the wave age (cp/u*) where cp is the wave
celerity corresponding to the wave spectrum peak. In other words, the wind drag coefficient is larger over
actively growing young waves than over fully developed mature seas. Several forms of sea state-dependent
parameterization are currently suggested to express the effects of the wave field on the aerodynamic
roughness and wind drag coefficient over the ocean. In a commonly used form, the Charnock coefficient is
expressed as a power function of the wave age parameter, rather than a constant, i.e., a5aðcp=u�Þ2b where
a and b are positive numerical coefficients. Field data sets have been used to provide numerical values for
the coefficients a and b [Maat et al., 1991; DeCosmo, 1991; Smith et al., 1992; Monbaliu, 1994; Vickers and
Mahrt, 1997a; Johnson et al., 1998; Oost et al., 2002; Drennan et al., 2003]. Taylor and Yelland [2001], however,
argued that a wave age-dependent parameterization based on one field data set often may not successfully
model another set of field data; nor could it bring the laboratory and field data together within a single
parameterization. Hence, they suggested a steepness-dependent parameterization as z�=Hs5aðHs=kpÞb

where Hs and kp are, respectively, the significant wave height and the wavelength corresponding to the
wave spectrum peak. Nevertheless, Drennan et al. [2005] compared the wave age and the wave steepness-
dependent parameterizations, using several field data sets and concluded that despite improvements by
both models, no one model successfully described every data set. Recently, a new parameterization based
on the wave length scaling of the roughness and the drag coefficient has been proposed in Hwang [2004,
2005a, 2005b, 2010] and Hwang et al. [2011]. The model suggests to parameterize z�=kp and CDk as power
functions of the wind forcing ðxpu�=gÞ, i.e., the inverse wave age ðu�=cpÞ, where xp is the peak wave fre-
quency, and CDk is the drag coefficient referenced to z5kp above the water surface instead of the conven-
tional drag coefficient corresponding to z510 m. This choice is based on the idea that Wave Boundary Layer
effects will be almost diminished at the height of z5kp, which may therefore help to reduce variability in
drag parameterizations. Nevertheless, Andreas [2009] raised concern about a potential fictitious correlation
in this type of parameterization.
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As the review above indicates, the wind drag coefficient over the ocean has been subject to extensive
research for several decades. However, given the interest in the problem of wind wave generation, the
focus was primarily on deep water. Sea state-dependent parameterizations of the drag coefficient were
suggested as a means to overcome the variabilities observed among different data sets. This subse-
quently led to an interest in measurements over shallower regions of the ocean (15–50 m). This was
because the measurements in shallow water widens the range of wave celerity and thus wave age values,
allowing more reliable wave age-dependent parameterizations to be developed. This is in particular use-
ful for modeling scenarios where waves are in their early stages of development, i.e., when they are
young. With this objective, the regions with strong wave shoaling were often avoided to prevent contami-
nation of data. Likewise, breaking waves were also avoided for the same reason. Despite good progress,
especially since 1990s, work is still required in shallow water to explain differences between different data
sets and parameterizations [cf., Drennan et al., 2005], and additional variables and physical processes
need to be investigated and incorporated in drag coefficient parameterizations [Babanin and Makin,
2008]. Smith et al. [1996] discussed the progress made in air-sea interaction studies and stated that they
expect future data sets to be collected in coastal regions where depth and fetch influence the waves and
the fluxes, to cover events which contain large gradients and to validate modeling and understanding of
extreme events. Since then, an area which has remained largely unexplored is the wind stress over coastal
water, and in particular the surf zone.

Recently, Zachry et al. [2009] collected wind stress data using the Turbulent Intensity (TI) method in a
coastal area during Hurricane Ike. Measured drag coefficients increased very slowly with the wind
speed, in comparison with the open ocean data. At high wind speed, the data were quite similar to
open ocean drag coefficients, but at low and moderate speeds, they were much larger than deep
water values. However, there were uncertainties due to potential Internal Boundary Layer (IBL) effects
arising from the exposure of the land between the waterline and the measurement point, during
low and moderate wind speed, especially given the low measurement height of only about 2 m
above the ground and the long 90 m land fetch at full waterline recession. At high wind speed dur-
ing the peak of the event, nevertheless, the measurement point was drowned, thus avoiding poten-
tial contamination by IBL effects. On the other hand, Vickers and Mahrt [2010] recently suggested
that the aerodynamic roughness in the coastal zone is smaller than those given by widely used
open ocean models during weak and moderate winds. Roughness values in the coastal zone, how-
ever, were similar to the open ocean values during high wind speeds. It should be mentioned
though that the data sets used in Vickers and Mahrt [2010] (aircraft data during the CBLAST and
SHOWEX experiments) were observations over shallow water and not the surf zone.

Thus, the wind stress on the surf zone has remained largely unexplored, and differences are expected since
waves in the surf zone and surrounding coastal water travel with much slower speeds than deep water
waves. At the same time, surf zone waves exhibit different shapes from the waves in other regions of the
ocean. The present study addresses this issue and presents a new data set from full-scale field experiments
to investigate the wind shear stress on the surf zone and surrounding coastal water using the direct
method—or eddy correlation technique. The paper is organized as follows: the theoretical background
required to analyze and explain the data is described in the next section, followed by a description of the
field study, including the field site, instrumentations, and measurements. An overview of the data analysis
and quality controls is then presented, before presenting the results of the field experiment. A discussion
and summary of the results conclude the paper.

2. Theoretical Background

The Reynolds shear stress (st), or the turbulent flux of momentum, at a given elevation above the ocean sur-
face is defined as

st52qau0w0 (2)

where qa is the air density; u and w are, respectively, horizontal and vertical components of instantaneous
wind velocity at that elevation; the prime symbol denotes turbulent fluctuations of a quantity relative to its
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mean value, e.g., u05u2�u ; and the overbar indicates time-averaging over a suitable period. Note that a pos-
itive flux (st) implies a downward transfer of horizontal momentum. Near the boundary (ocean) surface,
additional mechanisms such as viscous effects, wave-induced air motions, and spray-induced effects also
contribute to the total wind shear stress (s). Away from these near-surface mechanisms, however, the wind
shear stress is expected to be entirely due to the turbulence, so that s5st . Following the assumption of a
constant shear stress layer, one may consider s at its measurement height to have the same value as the
shear stress at the boundary surface ðs� Þ. The surface flux of momentum is often expressed in the form of a
wind shear velocity (u*) as

s�5qau�
2 (3)

The shear velocity is a scaling parameter for the vertical gradient of the mean wind speed and is used to
scale the following universal function proposed in Monin-Obukhov similarity theory

@�u
@z

5
u�
jz

/m
z
L

� �
(4)

in which z is the elevation measured positive upward from the boundary surface and j is the von-Karman
constant. The nondimensional velocity gradient function /m is a function of the stability parameter (z/L),
where L is the Monin-Obukhov length scale defined as

L52
u�3�hv

gjh
0

v w0
(5)

in which �hv is the mean virtual temperature of air, h
0

v represents the fluctuations of the virtual temperature,
and g is the gravitational acceleration. Equation (4) provides the vertical distribution of the mean wind
speed, once integrated from the roughness height z� to the elevation z,

�u5
u�
j

ln
z
z�

2wm
z
L
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(6)

where wm is the stability function corresponding to the momentum flux and is the integrated form of the
gradient function (/m).

Under neutral atmospheric stability conditions, equations (4) and (6) reduce to the well-known logarithmic
wind velocity profile

@�u
@z

5
u�
jz

(7)

�u5
u�
j

ln
z
z�

(8)

The nondimensional velocity gradient (/m) and the stability function (wm) alter the velocity profile from the
logarithmic distribution according the local stability condition described by the stability parameter (z/L). A
widely used form of the gradient function is the Businger et al. [1971] representation

/m
z
L

� �
5 12ab

z
L

� �21
4

when
z
L
< 0 (9)

/m
z
L

� �
511bb

z
L

when
z
L
> 0 (10)

The set of values ab520, bb55, and j50:4 is used here, as in Yelland and Taylor [1996]. Following Paulson
[1970], the stability function (wm) during unstable conditions is expressed as
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and according to Lo and McBean [1978] during stable conditions

wm
z
L

� �
512/m when

z
L
� 0 (12)

The wind shear stress is often expressed in terms of a wind drag coefficient CDzð Þ through the conventional
relationships

CDz5
s�

qa�uz
2

(13)

CDz5
u�
�uz

� �2

(14)

where �uz is the mean wind speed at height z above the sea surface. Typically, �u10 is used for this purpose.

The vertical profile of the wind velocity is dependent on the local stability conditions as described by equa-
tions (4) and (6). The effect of the stability on the drag coefficient is represented by the stability-dependent
�uz in equations (13) and (14). In order to compare the drag coefficients measured under different stability
conditions with each other, the stability effects should be accounted for to report the equivalent drag coef-
ficient under neutral stability conditions. The neutral-equivalent drag coefficient CDNzð Þ is simply defined
based on the mean wind speed under the neutral stability conditions �uNzð Þ as

CDNz5
s�

qa�uNz
2

(15)

The neutral wind speed �uNzð Þ is obtained from equation (8). Using the general form of the wind velocity
profile in equation (6) and that under neutral stability conditions in equation (8), CDNz and CDz can be related
to each other as

CDNz5 CDz
21

21
wm

z
L

� 	
j

� �22

(16)

The wind measurements may not necessarily be taken at the 10 m elevation. However, it is customary to
report the drag coefficient with reference to the 10 m wind velocity in order to make various measurements
comparable with one another. For this purpose, the wind velocity profile in equation (8) can be used to
express the wind velocities at any two elevations such as z1 and z2 in terms of each other, with z2 taken as
10 m for the present study. Similarly, the drag coefficients that are referenced to the wind velocity at these
two elevations can also be correlated with each other

CDNz2

CDNz1

5
�uNz1

�uNz2

� �2

5
ln z1

z�

ln z2
z�

 !2

(17)

3. Field Site

The field site was located at Main Beach near Point Lookout, North Stradbroke Island, Australia. The western
side of the island is bound by the Moreton Bay, which separates the island from the Australian Mainland.
The eastern side of the island, where the field site was located, is open to South Pacific Ocean via the Coral
Sea. The site locality and a close-up view of the field site are shown in Figure 1. Wind stress measurements
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during the field campaign were
carried out on a wind mast
deployed at 27�26035:7000S and
153�32018:7000E. The location of
the wind mast is also marked on
the figure. The beach orientation
at the field site is along 30� clock-
wise from the North and is there-
fore oriented favorably for the
dominant South-Easterly winds.

The North Stradbroke 2012 Field
Campaign was a month-long
intensive experiment from 4 May
2012 to 1 June 2012. Measure-
ments during this period were
mostly continuous and inter-
rupted only for about an hour on
each day for power supply
replacement and data retrieval.
Measured parameters during this
period include high-frequency
three-dimensional wind velocities
and sonic air temperature at dif-
ferent elevations, nearshore
wave, and water level, including
at the wind mast location, water
temperature, shoreline location,
daily beach sand level profiles,
etc. At the same time, third-party
institutions operate monitoring
stations at nearby locations as
part of the Australian national
monitoring network. This includes
wave buoys, tide gauges, and
automatic weather stations
(AWS). The locations of some
third-party monitoring stations
have also been shown in Figure 1.
In particular, the Brisbane wave
buoy provides offshore wave
measurements from a 0.9 m Wav-
erider buoy located just offshore
the field site at a water depth of

76 m. The buoy is located at 27�29017:1000S and 153�37055:8600E and provides the following offshore wave
information: significant wave height (Hos), maximum wave height (Ho max), and mean wave period (Tz) all
based on the zero up-crossing method, as well as the peak wave period (Tp), peak wave direction (aop), and
sea surface temperature hoseað Þ. Wave parameters are evaluated over 26.62 min long records and reported at
30 min intervals. The Mooloolaba tide gauge located at 26�41008:4000S and 153�07057:6000E provides mean
water level measurements inside the Mooloolaba river entrance at 10 min intervals. Measured data represent
offshore mean water levels since no or very little wave setup is expected to occur in the river entrance as
suggested by Hanslow and Nielsen [1992] and Dunn [2003]. There are also a number of automatic weather
stations (AWS) surrounding the field site providing observations of the mean wind speed, mean wind direc-
tion, rainfall, etc. The mean wind speed and direction from weather stations are used to cross-check wind
measurements during the present study. The rainfall status is also an important parameter for the purpose of

Figure 1. The field site during the Stradbroke 2012 field campaign: (a) the site locality,
(b) a close-up view of the site. Third-party tide, wave, and weather monitoring stations
are also marked on the figure.
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data quality control. The closest
weather station was located at Point
Lookout, about 1 km away from the
field site.

4. Instrumentations and
Measurements

4.1. Wind Mast
A 10 m high guyed wind mast (Fig-
ure 2) was deployed in order to
carry out the wind stress measure-
ment. The slim body of the wind
mast, which is 40 mm in diameter,
imposes minimal flow disturbances
on the wind stress measurements. A
wind tunnel test showed that the
flow disturbances at a wind speed
of 10 m/s are confined within a
radius of 30 cm from the wind mast,
approximately 8 times the mast
diameter. Flow disturbances were
avoided by using brackets enabling
the sensors to be mounted about
60 cm away from the mast body.
Wind measurements were carried
using two ultrasonic anemometers
mounted at 6.9 and 11.9 mAHD (Rel.
to the Australian Height Datum) on
the wind mast. At the base of the
mast, the mean water level (MWL)
and the sand level varied within the
range of 0.6–1.4 mAHD during the
deployment period. A pressure
transducer was mounted at the

base of the wind mast to obtain instantaneous water level measurements. The locations of ultrasonic ane-
mometers, the data acquisition system, and the water level sensor have been marked on the lower photo-
graph in Figure 2.

The wind mast was designed to be set up in shallow parts of the inner surf zone. The design allows wind
measurements to be made while the wind mast is located inside the water or very close to the shoreline. As
a result, the wind runs no, or only a very short, distance on the sandy beach before reaching the wind mast.
It should be noted that an internal wind boundary layer forms when the wind departs the water surface
onto the sandy beach, and it grows thicker as the wind travels further on the beach face [Shabani, 2014].
The internal boundary layer may eventually reach the elevation of anemometers and influence their meas-
urements if the wind mast is located a considerable distance landward of the shoreline. Here the wind mast
was deployed very close to the shoreline in order to avoid such internal boundary layer effects (cf. Figure 2).

The cross-shore distance between the wind mast and the shoreline xshorelineð Þ is measured due to its impor-
tance in identifying the status of the internal boundary layer over the sandy beach. For this purpose, the
shoreline is defined as the location where the mean water surface intersects the beach sand level. This is a
point within the swash zone and can be visually identified as the interface between the glossy and matt
surfaces observed on the sandy beach. In the present study, the shoreline location is visually identified and
manually measured relative to the wind mast location at 15 min intervals. Nevertheless, field measurements
are carried out on a 24 h basis but are only manned during the daytime. An alternative method is therefore

Figure 2. The wind mast during the Stradbroke 2012 field campaign. (1) The location
of ultrasonic anemometers, (2) the data acquisition (DAQ) system, and (3) the water
level sensor has been marked in the lower photograph.
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used to evaluate the shoreline location during unmanned data collection periods. Based on the empirical
relationship of D. J. Hanslow and P. Nielsen (special issue on Shoreline set-up on natural beaches, J. Coastal
Res., 15, 1–10 pp., 1993), the wave setup at the shoreline is estimated to be 0:38Horms where Horms is the off-
shore RMS wave height. On this basis, the shoreline elevation zshorelineð Þ is expressed as

zshoreline5zomwl10:38Horms (18)

in which zomwl is the offshore mean water level. The offshore wave height is measured at the Brisbane wave
buoy located just offshore the field site, while the offshore mean water level is available from the Mooloo-
laba tide gauge. The cross-shore profile of the beach sand level was surveyed on a daily basis during the
present study. The cross-shore sand level profile and the shoreline elevation zshorelineð Þ are used together to
obtain the shoreline location xshorelineð Þ relative to the wind mast. xshoreline is defined as positive when the
shoreline is located seaward of the wind mast. The predicted shoreline location using equation (18) is found
to be in very good agreement with manual measurements during manned data collection periods, i.e., often
within 5 or at most 10 m distance from each other. Equation (18) can therefore be reliably used to predict
the shoreline location during unmanned periods.

The time series of the shoreline location during the field campaign is plotted in Figure 3. The upper horizon-
tal axis shows the local time and date based on the Australian Eastern Standard Time (AEST). The time series

of data is split into smaller blocks
referred to as Data Runs. Each
run is assigned a Run Number,
starting from ‘‘1’’ for the data run
beginning on 1 May 2012
00:00:00 and continuing consecu-
tively at 15 min intervals. Each
data run contains 15 min of field
data. The same numbering
arrangement is used for all other
types of data collected or used
during the present field cam-
paign. Corresponding run num-
bers are shown on the lower
horizontal axis in Figure 3. The
wind mast is located at
xshoreline50. As shown, the shore-
line is at the wind mast location
(or landward of the wind mast)
during the high tide on most
days. The exposed sandy beach
between the wind mast and the
shoreline reaches at most 40 m
in length during the low tide on

some field days. The influence of

this is discussed in section 7.1.

The shoreline elevation zshorelineð Þ
obtained from equation (18) is
plotted in Figure 4. The time
series of sand level at the base of
the wind mast is also overlaid on
the same graph. Note that the
wind mast was deployed low on
the beach, and the shoreline ele-
vation was considerably higher

Figure 4. The shoreline elevation ðzshorelineÞ during the field experiment. Equation (18) is
used to evaluate the shoreline location. The thick solid line corresponds to the surveyed
sand level at the wind mast location.

Figure 5. The mean water level at the wind mast location measured by a pressure sensor
during the field experiment. The thick solid line corresponds to the surveyed sand level
at the mast location.

Figure 3. The cross-shore distance ðxshorelineÞ between the shoreline and the wind mast
during the field experiment. xshoreline is positive when the shoreline is located seaward of
the wind mast. Equation (18) is used to evaluate the shoreline location.

Journal of Geophysical Research: Oceans 10.1002/2013JC009585

SHABANI ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 2956



than the sand level at the wind mast location during the first few days of the deployment. However, a sig-
nificant amount of accretion occurred over the course of field campaign, and the sand level at the mast
location gradually increased about a meter from 0.5 to nearly 1.5 mAHD. This in turn gradually pushed the
shoreline further seaward. On subsequent field days, therefore, the wind mast was fully inundated only dur-
ing the high tide. A pressure transducer (see section 4.3.2) was deployed adjacent to the wind mast in order
to obtain instantaneous water level measurements. Figure 5 shows the recorded time series of the mean
water level at the base of the wind mast. The greater of the mean water level and the sand level for each
data run is taken as the elevation datum for wind drag calculations in the present study. In other words, the
mean water level (MWL) is considered the elevation datum when the wind mast is inundated, while the
sand level is used for this purpose when the base of the mast is dry. During the early part of field experi-
ment, the mean water depth at the wind mast location reached about 1 m, and the instantaneous water
depth was as high as 2 m. Later during the experiment, however, the shoreline gradually receded seaward.
During this period, it was mainly wave run-up (swash) surrounding the base of the wind mast.

4.2. Anemometers
Gill Wind Master Pro three-dimensional ultrasonic anemometers were used to measure the wind velocity
and sonic temperature, with a sampling rate of 32 Hz. Since the elevation datum for evaluating the wind
drag coefficient was taken as the greater of the mean water level and the sand level at the wind mast loca-
tion, the datum is therefore different for each data run. The two anemometers were, respectively, 5.5–6.3

m and 10.5–11.3 m above these
data. These elevations are cho-
sen high enough to ensure that
anemometers are outside any
internal boundary layer which
develops over the sandy beach
as the wind departs the ocean.
The use of two anemometers
allows the assumption of a con-
stant shear stress layer, and any
impact of the near-surface mech-
anisms on this assumption, to be
examined.

A Campbell Scientific CR1000
Data Logger was used to record
outputs of the ultrasonic ane-
mometers. The time series of the
mean wind velocity �uð Þ
recorded during the field cam-
paign from the upper anemom-
eter is shown in Figure 6. The
averaging period used for this
purpose is 15 min, i.e., the dura-
tion of a data run. The range of
mean wind speeds covered dur-
ing the field experiment was 0–
14 m/s. The corresponding time
series of the mean wind direc-
tion (aw) is plotted in Figure 7.
Cardinal points are marked for
reference on the right-hand ver-
tical axis. Note that only those
runs with �u � 3 m=s are plotted,
since the wind direction cannot
be evaluated reliably during low

Figure 7. Measured mean wind direction during the field campaign. An averaging period
of 15 min has been used. Each data point is the average of mean wind directions meas-
ured by lower and upper anemometers. Wind direction data are plotted only if �u � 3 m=
s at the upper anemometer.

Figure 6. Measured mean wind speed during the field campaign. An averaging period of
15 min has been used. Data are based on measurements from the upper ultrasonic ane-
mometer at 11.9 mAHD.

Figure 8. Rainfall intensity during the field campaign.
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wind speeds. For reference, the long-shore and cross-shore (onshore) directions are also overlaid as
dashed lines in Figure 7.

4.3. Other Measurements
4.3.1. Rainfall Intensity
The rainfall intensity can be important for the reliability of wind stress measurements. On one hand, rain
droplets may physically affect the wind shear stress and the wind velocity profile, e.g., by altering the verti-
cal mixing of the horizontal momentum. The authors, however, are unaware of any systematic study on this
matter. Despite this, such effects are intuitively expected to be relevant only during very heavy rainfalls. On
the other hand, the rain may directly affect wind velocity measurements by disturbing the operation of the
ultrasonic anemometers. This can be by rain droplets blocking the sonic path between sonic transducers or
as the result of rain water accumulation on the transducer surface. Records of the wind velocity and sonic
temperature can be expected to become spiky as a result. Generally speaking, time-averaged quantities
such as the mean wind speed and the mean sonic temperature are robust parameters and may only be
affected when the rainfall intensity is very high. Turbulent fluxes of momentum, which are calculated based
on the covariance of different wind velocity components, however, are not as robust. The rain and the asso-
ciated spikiness of wind velocity records can therefore introduce errors to measurements of the wind shear
stress qu0w0

� 	
. The turbulent flux of heat and subsequent atmospheric stability calculations will be similarly

affected by the rain. Rainfall data are therefore of interest for the present study and are used during the
quality control of wind stress data. They are obtained from observations at nearby weather stations. Figure

8 shows the time series of the
rainfall intensity during the field
campaign. As shown, it was
mostly dry during the field
experiment. Otherwise, the rain-
fall was very light (<2.5 mm/h) or
moderate (2.5–7.5 mm/h).

4.3.2. Nearshore Waves, Water
Level, and Water Temperature
A pressure transducer was
deployed at the location of the
wind mast in order to measure
the instantaneous water level.
Another pressure transducer (or
more during some field days)
was deployed within the inner
surf zone, in a location perma-
nently inside the water, up to
100 m seaward of the wind
mast. INW AquiStar PT2X self-
logging sensors with a sampling
rate of 5 Hz were used for this
purpose. The same sensors were
also used to measure the water
temperature. The intake eleva-
tion of each pressure sensor,
which was mounted near the
seabed surface, was surveyed
shortly after the deployment.
Recorded surf zone water level
data are therefore available ref-
erenced to the Australian Height
Datum (AHD). A zero-crossing

Figure 10. Mean (Tz) and peak (Tp) wave periods based on measurements by the Bris-
bane wave buoy during the field campaign.

Figure 9. Offshore significant (Hosig) and maximum (Ho max) wave heights based on meas-
urements by the Brisbane wave buoy during the field campaign.

Figure 11. Offshore wave direction based on measurements by the Brisbane wave buoy
during the field campaign.
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analysis was also carried out on the measured water level data in order to obtain the surf zone wave
height, wave period, and wave shape.

4.3.3. Offshore Wave Climate
Time series of the offshore significant and maximum wave heights (Hosig and Ho max), the average zero-
crossing wave period (Tz), and the peak wave period (Tp) are plotted in Figures 9 and 10. Figure 11 shows
the offshore wave direction during the field experiment, measured positive clockwise from North. Corre-
sponding cardinal points are marked for reference on the right-hand vertical axis. Longshore and cross-
shore (onshore) orientations are again shown with dashed lines on the figure. The offshore wave height
was in the range of 1–3 m over the course of the experiment.

5. Wind Stress Evaluation Procedure

Several methods are available for measuring the wind shear stress. Among them, the eddy correlation tech-
nique, otherwise known as the direct method, has been the most widely used wind stress measurement
technique and has become the standard method in recent years. In this method, fluctuating components of
horizontal and vertical wind velocities (u0 and w0) are measured using a fast response anemometer in order
to evaluate the wind shear stress directly from s5qau0w0 . When combined with a careful quality control and
necessary corrections, the eddy correlation technique provides a robust and reliable approach and was
therefore used in the present field study.

The wind shear stress (s) is evaluated based on equation (2) using the time series of the quality-controlled
wind velocity measured by the ultrasonic anemometers. The averaging period for this purpose needs to be
long enough to ensure that the stress-carrying scales of the turbulence can be captured and that stable
results can be achieved. At the same time, the wind is rarely stationary over long periods of time. Therefore,
the averaging period should also be short enough to avoid significant changes to the mean wind character-
istics. The most frequent choices of the averaging period in the literature are between 15 and 30 min. An
averaging period of 15 min, i.e., the duration of a data run, is used for this purpose in the present study.

The shear velocity (u*) and the drag coefficient CDzð Þ are, respectively, evaluated from equations (3) and (13)
once the shear stress is known. The drag coefficient is subsequently converted to the equivalent drag coeffi-
cient under neutral stability conditions. The stability parameter and therefore the buoyancy flux are
required for this purpose. The sonic temperature (hs) recorded by ultrasonic anemometers closely approxi-
mates the virtual temperature (hv) and can be used for the purpose of evaluating the buoyancy flux and the
stability parameter. That is, the buoyancy flux h

0
v w0 can be well approximated by h

0
sw0 . The Monin-

Obukhov length scale (L) and the stability parameter (z/L) are subsequently evaluated using equation (5).
Although the temperature fluctuations ðh0 sÞ measured by ultrasonic anemometers are accurate for the pur-
pose of evaluating the buoyancy flux, the measured mean temperature can be slightly offset. The anemom-
eters, however, apply internal correction procedures to rectify this. The mean sonic temperature is also used
when evaluating the Monin-Obukhov length scale from equation (5). Nevertheless, such temperature off-
sets do not make meaningful impacts on the evaluated L value. Once the stability parameter (z/L) is
obtained, the nondimensional gradient function (/m) and the stability function (wm) are readily calculated
from equations (9–12). These are further used in equation (16) in order to evaluate the equivalent wind
drag coefficient under neutral stability conditions CDNzð Þ. Lastly, equation (17) is used to convert CDNz that is
referenced to the anemometer elevation into CDN10 which is referenced to z 5 10 m. The aerodynamic
roughness z�ð Þ that is required for this purpose can be evaluated from the velocity profile in equation (6) or
equation (8). In other words, knowing the shear velocity (u*) and the measured wind speed �uzð Þ, the velocity
profile is solved for the aerodynamic roughness.

6. Data Analysis and Quality Controls

The absence of data quality control significantly degrades the reliability of outcomes of an air-sea interac-
tion field experiment and leads to unphysical conclusions. A series of rigorous quality control and enhance-
ment measures have therefore been employed to ensure that measured wind stress and drag coefficients,
and other conclusions from the present study are accurate and reliable. The quality control package forms
an important component of the data analysis and is briefly explained here.
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The first test, namely, the rate of sampling failure, monitors any failure to take a sample by the ultrasonic
anemometers. Generally speaking, it is acceptable for data runs to contain occasional missed (failed) sam-
ples without having a meaningful impact on the evaluated turbulent fluxes. However, frequently or continu-
ously failed samples are indicative of potential problems in the operation of anemometers, and the
corresponding data records were therefore rejected. Nevertheless, most data runs contain no failed sample.
For others, an evident link was found between the presence of failed samples and the rainfall intensity. This
is due to rain particles momentarily blocking the path between the sonic transducers, leading to insufficient
number of samples from one or more pairs of sonic transducers during a sampling attempt. It was also
found typical of a wind record with a large number of failed samples to be spike-filled, in agreement with
the aforementioned rain interference with sonic sampling attempts. Aylor and Ducharme [1995] have simi-
larly reported rain effects on sonic anemometer data in the form of spikes. Therefore, the test concurrently
rejected heavily spiked data records.

Sonic anemometer records can become spiky due to momentary malfunctions of electronics as well as the
presence of rain droplets and other airborne particles such as the saltwater spray. The turbulent fluxes will
become unreliable if spikes become excessively frequent. A spike detection and removal procedure was
therefore employed to examine and limit the level of spikiness of ultrasonic wind records. An advanced
spike detection algorithm recently developed in Schwarz [2008], based on the ‘‘Spacing Theorem,’’ was
adopted for this purpose. Data points which were detected as spikes were removed from the time series
and replaced using a linear interpolation of their closest nonspike neighbors. Additionally, data records
were also rejected if a large number of samples (more than 1% of the record length) were detected to be
spikes or if the turbulent fluxes became largely manipulated (i.e., changed more than 5%) as the result of
the despiking procedure.

The remainder of the quality control measures are nonintrusive and are performed on the despiked wind
data. As a part of these measures, data runs with the mean wind speed of �u < 3 m=s were filtered out from
the data set. Similarly, data records in which the wind was blowing from the land were also removed, with
acceptable wind directions retained in the range of 50

�
< aw < 210

�
(cf., Figure 1). Additionally, nonstation-

ary data records were also excluded from the data set. A sharp change in the mean wind speed (30% or
more) or the wind direction (45� or more) between two neighboring data runs was considered to represent
a nonstationary scenario. Similarly, excessive wind direction variabilities within individual data runs were
also considered nonstationary cases. Accordingly, data records were taken as nonstationary if the ratio of
vector-averaged to scalar-averaged wind speed fell below 0.95, as adopted in Vickers and Mahrt [1997b].

Finally, the quality-controlled wind velocity data underwent an anemometer tilt correction procedure. It is
well known that an anemometer tilt relative to the vertical results in a false correlation between the meas-
ured horizontal and vertical wind velocities, and therefore an inaccurate estimate of the wind shear stress
[Kraus, 1968; Deacon, 1968; Pond, 1968; Smith, 1970]. As such, it is important for the anemometer vertical
axis (z), corresponding to the w component of the wind velocity to be precisely vertical. However, it is often
very difficult to physically level the anemometers to the required precision. Therefore, different methods
have been developed to evaluate, and subsequently rectify, anemometer tilt angles using the time series of
the measured wind velocities. This includes the Double Rotation method [Tanner and Thurtell, 1969], the Tri-
ple Rotation method [McMillen, 1988], and the Planar Fit method [Paw U et al., 2000; Wilczak et al., 2001].
Given its advantages, the Planar Fit method was adopted in the present study to carefully evaluate and rec-
tify anemometer tilt angles. The planar fit method was applied to all data runs with acceptable wind direc-
tions 50� < aw < 210�ð Þ that successfully passed the rate of sampling failure and spikiness quality controls.
The reader is referred to Wilczak et al. [2001] for more details on the adopted tilt correction method.

A total of 1802 data runs (898 from the lower and 904 from the upper anemometer) each with the duration
of 15 min passed the quality control procedures and were available for the shear stress analysis. This
amounts to 450 h of quality-controlled wind data.

7. Results

7.1. Constant Shear Stress Layer
Although the wind shear stress is measured directly in the present study, it is the assumption of a constant
shear stress layer that allows the measured shear stress (s) to be taken equal to the shear stress s� acting on
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the ocean surface. Furthermore, the Monin-Obukhov similarity theory which is used throughout the drag
coefficient idealization processes is also dependent on the assumption of a constant shear stress layer.
Therefore, it is important to examine this assumption using the field measurements.

The two sonic anemometers mounted at approximately 6 and 11 m above the sand level at the wind mast
location provide independent measurements of the shear stress at these two elevations. These independ-
ent observations are plotted in Figure 12 in order to examine the validity of a constant shear stress assump-
tion. Each data point represents a 15 min long quality-controlled data run. This also applies to the
remainder of figures in this paper. Note that all data runs with an offshore wind direction were filtered out
by the quality control procedure. An overview of the data points suggests that they generally follow the 1:1
solid line, meaning that the assumption of a constant shear stress layer holds.

For a closer look, data points have been split into bins according to their shear stress value (s11). Each bin
spans 0:025 N=m 2. Figure 13 shows the average shear stress value of the data points within each bin. The
values in the brackets are the number of data points that are used for this purpose; and the vertical bars
show the standard deviation of the data. For the most part, the bin-averaged stress values from the two
anemometers are very similar. It appears, though, that the shear stress at 6 m elevation becomes slightly
smaller than that at 11 m for large stress values, i.e., open circles. The deviation seems to be statistically
insignificant given that (a) the 1:1 line is still within the bounds of the standard deviation bars and (b) the
deviation from the 1:1 line primarily takes place where the number of binned data points is small, e.g., the
last three bins each contain less than 7 data points. Therefore, the evidence is not significant enough to
indicate any significant systematic deviations.

7.1.1. Terrain Analysis
An internal boundary layer (IBL) forms as the wind departs the ocean and runs over the sandy beach prior
to reaching the mast. The rate of IBL growth depends on the roughness of the two terrains, i.e., the surf
zone and the sandy beach. For quality-controlled data runs, the shore-normal distance between the shore-
line and the wind tower was in the range of 0–40 m. This figure was in fact close to zero for many data runs,
such as those during high tides or high seas. Note that during the first few days of the deployment xshoreline

was often even negative (Figure 3), but the corresponding wind speed was too low to pass the quality con-
trol. The distance over which the wind was running on the sandy beach also depends on the wind direction.
Winds coming from acute angles relative to the shoreline travel longer distances on the sandy beach, while
shore-normal winds do so over shorter distances.

Figure 14 shows the ratio s6m=s11m versus the distance wind was running over the sandy beach XSandð Þ. The
measured data have been binned
according to their XSand value in
10 m intervals. Note that the
larger XSand values correspond to
the scenarios where the wind
was blowing from an acute angle
relative to the shoreline, rather
than very low tide conditions.
Additionally, under these circum-
stances, XSand becomes quite sen-
sitive to the wind direction and
thus becomes unstable. For this
reason and given the small num-
ber of data runs that are
involved, the range of 70 m
< XSand < 100 m and XSand > 100
m have each been taken as one
bin. As the figure shows, the ratio
of shear stresses s6m=s11mð Þ stays
within few per cent of 1.0 when
the XSand value is small. This is
the case for XSand < 50 m which

Figure 12. The shear stress measured by the lower anemometer versus that measured
by the upper anemometer. The ultrasonic anemometers were mounted at approximately
6 and 11 m above the sand level. Each data point (1) represents a 15 min long data run.
The solid line represents the 1:1 ratio.
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indeed contains the bulk of the
data. For larger distances

XSand > 50 mð Þ, the ratio appears
to start deviating from 1.0. The
small number of runs with large
XSand values, however, makes it
difficult to draw a statistically sig-
nificant conclusion. With the
lower anemometer being
approximately 6 m above the
ground, the 50 m distance corre-
sponds to an IBL growth of 1 m
in elevation for every 8 m in dis-
tance, in agreement with a
detailed analysis of the IBL
growth rate from a related analy-
sis of the wind velocity profiles
over z50:8210 m [Shabani,
2014]. Therefore, the choice of
the tower location in the North
Stradbroke 2012 field campaign
appears to have successfully
avoided significant IBL effects. At
the same time, data points with

XSand > 50 m, which could be potentially affected by the IBL over the sandy beach, will be filtered out from
future data analysis in order to enhance the data quality. Nevertheless, the suitable choice of the tower loca-
tion has resulted in only a small number of data points being removed for this reason.

Note that the IBL refinement discussed above is not expected to specifically target the deviations from the
1:1 line for larger stress values in
Figure 13. Instead, the refinement
is generally concerned with the
winds that are from acute angles
relative to the shoreline, and/or
the low tide and calm scenarios.

7.1.2. Spray Effects
Another near-boundary effect
that could potentially impact the
closer-to-surface measurements
at the lower anemometer is salt-
water spray. The last three data
bins with the highest shear stress
values s > 0:275 N=m 2ð Þ in Fig-
ure 13, shown with open circles,
contain 18 data points. A second
look at these data points indicate
that they were collected under
high wind speed conditions (12–
13 m/s). In fact, these runs are
from a coherent cluster of data.
This raises a strong possibility of
saltwater spray effects at the
lower anemometer location. The

Figure 14. Ratio between the shear stresses measured at 6 and 11 m above the sand
level ðs6m=s11mÞ versus the distance the wind was running on the sandy beach ðXSandÞ.
The measured data are binned according to their XSand value. The binning intervals are
10 m when XSand � 70 m. However, 70 m < XSand < 100 m and XSand > 100 m are each
taken as one bin given the small number of data points falling in this range. Filled circles
show the bin-averaged values. The vertical bars represent the standard deviation. The
values in the brackets are the number of data points (runs) within each bin. Only quality-
controlled data runs with s11m > 0:05 N=m 2 are used in order to avoid large s6m=s11m

ratios prompted by near-zero s11m values.

Figure 13. The shear stress measured by the lower anemometer versus that measured
by the upper anemometer. The data are binned in 0.025 N/m2 intervals according to their
shear stress value ðs11mÞ. Filled and open circles both show the average shear stress value
of the data runs within each bin. The vertical bars represent the standard deviation of
s6m. The values in the brackets are the number of data points (runs) within each bin. The
solid line represents the 1:1 ratio. The last three bins with the largest deviations from the
1:1 line are shown with open circles.
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spray can affect measurements by (a) carrying parts of the shear stress and thus modifying the Reynolds
stress near the surface boundary and (b) introducing measurement errors as spray (and other) particles
momentarily block the path between the sonic transducers during sampling. The two effects occur at the
same time, and therefore it is difficult to separate the physical effects of the spray on the Reynolds stresses
from any spray-induced measurement errors. As a part of the rigorous and comprehensive quality control
measures, which were applied on the present data set prior to this analysis, those records suspected of
spray effects were already filtered out using the rate of sampling failure test. However, a small number of
data runs could have slipped the quality control net. Even if this is true, the quality control protocol has still
been successful, given that only a small number of runs with only marginally affected shear stress values
may remain. Note that as the wind speed increases, the percentage of data runs affected by the spray also
increases and so does the occasional number of data runs which may escape the controls. For instance, Oh
et al. [2011] recently reported that 40% of their data at the wind speed of 17 m/s failed their quality control
procedures. They have suggested this to be a sea-spray effect. A review of the quality control results in the
present study indicates that these 18 data runs in question were indeed flagged for future attention. Addi-
tionally, they were sitting in a cluster of data where their neighbors have all been rejected, yet the data runs
in question have been assigned a warning flag for their seemingly less impacted appearance. Consequently,
given the potential spray impact, these 18 data runs are also filtered out. Upon removal of the spray-
affected data points, as well as those with XSand > 50 m, the best-fit line for the remaining data in Figure 13
becomes s6m50:94s11m with R250:99. Therefore, for the remaining data, the assumption of a constant
stress layer is strongly supported by the measurements.

7.2. Atmospheric Stability
The stability parameter (z/L) represents the stability regime. In the neutral stability regime (z/L 5 0), the ver-
tical mixing of momentum (and other quantities) in the surface layer is entirely governed by the shear gen-
eration of the turbulence. The wind velocity profile is expected to be logarithmic under these
circumstances. In a stable regime (z/L> 0), the thermal stratification works against the turbulence and sup-
presses the vertical mixing in the surface layer. The two, however, act alongside each other to enhance the
overall vertical mixing in an unstable regime (z/L< 0). Velocity profiles will no longer be logarithmic during
stable or unstable regimes given the modified vertical mixing. Instead, they are expected to follow the gen-
eral form presented in equation (6). The range of 20:1 < z=L < 0:05 is often considered near-neutral where
stability effects are still reasonably small [e.g., Smith, 1980].

The sonic velocity and temperature measurements were used to evaluate u0w0 and h0w0 fluxes and subse-
quently obtain L and z/L from equation (5). The range of z/L values is plotted in Figure 15 for both the lower
and upper anemometers. The data are primarily in the near-neutral and unstable regimes. Note that the sta-
bility effects become important only at higher elevations. Around 65% of the data for the lower anemome-
ter are within the near-neutral conditions 20:1 < z=L < 0:05ð Þ. At 11 m elevation, this figure is lower, with
around 40% of the data being near-neutral. The remainder of the upper anemometer data are mostly lim-
ited to z=L > 20:4.

The stability affects the measured drag coefficient as it modifies the drag reference velocity. In order to ena-
ble a comparison between drag coefficients collected under different stability conditions, the drag coeffi-
cient is converted to the neutral-equivalent drag coefficient. The ratio between the drag coefficient (CD)
and its neutral counterpart (CDN) is obtained from equation (16) and plotted versus the stability parameter
in Figure 16. As shown, the extent of the impact is also dependent on the drag coefficient. The hatched
area represents typical open ocean drag coefficient values, i.e., CDN105131023 to 231023. For these typical
values and while the stability parameter is in the near-neutral range, the impact on the drag coefficient is
negligible (slightly more than 5%). At z=L520:4, that is lower bound for the bulk of the upper anemometer
data, the impact is about 20%. For larger drag coefficients, the impact increases further as shown in the
plot.

7.3. Drag Coefficient
The neutral drag coefficients referenced to the velocity at 10 m elevation (CDN10) are evaluated using the
lower anemometer data and plotted in Figure 17. As noted in section 7.1, the data points potentially conta-
minated by the sea-spray or sand IBL effects are excluded from the figure. The horizontal axis shows jbwj,
where bw is the angle between the ‘‘wind direction’’ and the ‘‘cross-shore orientation.’’ Here bw50 implies
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that the wind is blowing onshore
and is perpendicular to the
shoreline, whereas bw5690�

corresponds to when the wind is
in the longshore direction. The
drag coefficients are binned into
four groups according to their
stability length scale (L). The filled
circles are those data points close
to the neutral stability
ðjLj � 100 mÞ. The open circles,
filled triangles, and open trian-
gles, respectively, represent more
and more unstable conditions, as
L approaches zero from the nega-
tive side. A similar plot has also
been generated using the upper
anemometer data and is shown
in Figure 18.

Figures 17 and 18 indicate that
the drag coefficient data (CDN10)

are banded according their stability condition. The data runs which are closer to the neutral stability condi-
tions exhibit larger CDN10 values. The banding of the data is important since CDN10 is expected to be inde-
pendent of the stability status. In other words, the stability effects should have been taken out once the
drag coefficients (CD) have undergone stability corrections and are reported as under neutral stability condi-
tions (CDN). The banding of the data, if not properly paid attention to, may result in misleading conclusions.
Several scenarios are suggested here to explain the observed banding of the data with respect to the stabil-
ity condition:

(a) Anemometer tilt-stability interrelated effects: As pointed out earlier, it is well known that an anemometer
tilt relative to the vertical results in a false correlation between the measured horizontal and vertical wind
velocities, and therefore an inaccurate estimate of the wind shear stress. It can be demonstrated that an

uncorrected anemometer tilt of 1�

from the vertical results in
approximately 6% bias in the
measured wind shear stress. This
estimate is applicable under neu-
tral stability conditions. Wilczak
et al. [2001] for instance points
out that the bias rapidly climbs
up to much larger values (even of
the order of 100%) as the situa-
tion deviates from the neutral
stability. In highly unstable condi-
tions, in order to limit the bias to
the same 6%, the tilt angle
should be taken into account
with an accuracy as high as 0.1�.
In the present study, the Planar
Fit method has been adopted
during the data analysis to care-
fully evaluate and rectify ane-
mometer tilt angles. An accuracy
of the order of 1�, which is

Figure 15. Distribution of the stability parameter (z/L) during the Stradbroke 2012 field
campaign. The frequency refers to the percentage of quality-controlled data runs falling
within corresponding z/L bins. The binning interval for the stability parameter is 0.1.

Figure 16. The ratio CD/CDN versus the stability parameter (z/L) for various CDN values.
The open ocean 10 m drag coefficients are typically within the hatched area between
CDN5131023 and 231023. The plot is based on the Businger et al. [1971] representation
with numerical coefficients ab520 and bb55, and the stability function as in equations
(11) and (12). The dotted lines indicate the near-neutral range 20:1 < z=L < 0:05.
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suitable for neutral stability con-
ditions, is likely to have been
achieved. However, a possible
scenario could be that higher
accuracies suitable for unstable
conditions might have been
more difficult to achieve in a field
application or at least using the
present setup. This may entirely
or at least partially explain the
banding of the measured drag
coefficients with respect to the
stability length scale. Any such
interrelated tilt-stability effects, if
applicable, are minimal for neu-
tral data runs. Therefore, the data
points under near-neutral stabil-
ity conditions can continue to be
confidently used.

(b) Complex land-sea thermal inter-
actions: The stability functions,
which are used to treat and correct
the stability effects, have been ini-

tially obtained using experiments over the land. Nevertheless, it should be acknowledged that these functions
have been examined in the literature for use over the ocean as well. As such and despite some uncertainties,
one can expect a good degree of confidence in the stability treatment over the ocean using these functions. A
perhaps valid concern, however, is the applicability of such stability treatments for measurements at the shore-
line. It is possible that complex thermal interactions at the land-sea interface cast uncertainties over both the
physical meaning of thermal fluxes as well as the empirical stability functions used to address the thermal forc-
ing. Sand IBL effects on the air-sea momentum exchange have been avoided by moving the tower very close to

the shoreline, or even within the
water. Alternatively, the sand IBL
effects can be taken into account
and rectified where the sand IBL
distance is long. Likewise, one may
expect a complex heat exchange
pattern as the wind crosses onto
the land. This may similarly need
to be taken into account when
treating the stability status. Both
explanations, i.e., the interrelated
tilt-stability effects and complex
land-sea thermal interactions, pro-
mote the use of the near-neutral
data at this point, given the uncer-
tainties around unstable
conditions.

In fact, it is not unprecedented to
observe some significant
dependence on the stability after
performing the usual stability
treatments. Vickers and Mahrt
[1997a] have also reported this

Figure 17. Neutral drag coefficient (CDN10) from the lower anemometer data versus the
angle (bw) between the wind direction and the shore-normal orientation. Each data point
corresponds to a 15 min data run. The data runs influenced by the sand IBL and sea-
spray effects are excluded from the figure. The data runs are binned into four groups,
each shown by a separate symbol, according their stability length scale (L).

Figure 18. Neutral drag coefficient (CDN10) from the upper anemometer data versus the
angle (bw) between the wind direction and the shore-normal orientation. Each data point
corresponds to a 15 min data run. The data runs influenced by the sand IBL and sea-
spray effects are excluded from the figure. The data runs are binned into four groups,
each shown by a separate symbol, according their stability length scale (L).
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briefly. Their explanations were
(a) possible inadequacies of the
form of the stability functions
and (b) large errors, not elimi-
nated by their quality control
measures, in turbulent fluxes and
stability length scales during low
wind speeds. Their remedy was to
take data points with jz=Lj > 0:5
out of their analysis. Some further
remarks regarding the present
data set may also be worth noting.
Here the banding of the data
points for the upper and lower
anemometers is similar to each
other when the data are binned
according to L rather than z/L val-
ues. To demonstrate this, it can be
pointed out that the overall distri-
bution of data points in Figures 17
and 18 are the same. At the same
time, the data points in both fig-
ures are also banded more or less
similarly using their L values. This

would not have been the case if the binning was carried out based on z/L. It is simply because z/L values are dif-
ferent for lower and upper anemometers given that z is different and L is the same.

Another point worth noting is that one may argue that high wind speed data are often under neutral stabil-
ity conditions, whereas low wind speed data are more often characterized by nonneutral stability condi-
tions. It may therefore be argued on this basis that the observed banding of the data with respect to the
stability is in fact a banding with respect to the wind velocity. In other words, that is to say the drag coeffi-
cient increases as the wind velocity increases. However, this is not a valid argument as will be demonstrated
later. Lastly, considering only the near-neutral data points for the analysis implies that the data runs with
low wind speeds will be excluded. However, the low speed runs are of little interest as far the wind forcing
on the ocean is concerned.

A key aspect of Figures 17 and 18 is the variation of the drag coefficient (CDN10) with the angle bw. It can be
seen within each stability group, more notably in the near-neutral data, that the drag coefficient reduces as
bw increases. In other words, onshore winds blowing perpendicular to the shoreline (bw 5 0) are character-
ized by the largest drag coefficients. CDN10 systematically drops down as the wind direction changes toward
the longshore direction jbw j590� . The wind direction at this field site often involves a southerly component.
Therefore, positive bw values are more frequently observed. Having said, it may still be noted that the
behavior of the drag coefficient versus the wind direction was found to be symmetric. That is, negative and
positive bw values are found to exhibit similar drag coefficients. Therefore, the absolute value jbw j has been
used in the plots that are shown here.

This behavior may be explained through the concept of an apparent wave steepness. The water waves act as
roughness elements for the overhead wind flow. As such, the drag coefficient can be expected to be associ-
ated with the wave steepness (H/k), where H is the wave height and k is the wave length. The wave steepness
has been previously used in the parameterization of the drag coefficient and roughness in the open ocean
[e.g., Hsu, 1974; Taylor and Yelland, 2001; Drennan et al., 2005]. The drag coefficient (CDN10) is expected to
increase as waves become steeper. Now if the wind blows with an angle relative to water waves, the wind
will experience longer wave lengths as it travels from one wave crest to another when compared with the
condition of wind and waves being completely aligned. The idea of an apparent wave length or subsequently
an apparent wave steepness may be defined on this basis. Accordingly, as the wind changes direction from
the onshore to the longshore direction, it experiences a smaller apparent wave steepness. The drag coeffi-
cient therefore reduces during longshore winds due to this reduced apparent wave steepness.

Figure 19. Variations of CDN10 with the angle bw between the wind direction and the
shore-normal orientation. Only the near-neutral subset of data ðjLj � 100 mÞ are used.
The data points are binned in 10� intervals according to their jbw j values. The filled and
open circles represent the bin-averaged values for the upper and lower anemometers,
respectively. The error bars represent the standard deviation for each data bin and are
based on the lower anemometer data.
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Figure 19 shows the variations of
CDN10 with respect to jbw j using
only the near-neutral data points
ðjLj � 100 mÞ and jbw j binning
intervals of 10�. The figure indi-
cates how the drag coefficient
declines as the wind direction
changes toward the longshore
direction. An empirical relation-
ship explaining the behavior of
CDN10 versus bw may be found by
fitting a curve to the data shown
in Figure 19. Such an empirical
model should include three ele-
ments: ‘‘onshore CDN10,’’ ‘‘long-
shore CDN10,’’ and ‘‘a function of
jbw j.’’ This function should model
CDN10 so that it asymptotically
reaches its limiting values at the
onshore and longshore bw limits,
as can also be concluded from
Figure 19. In the present study,
onshore winds which produce

the largest drag coefficient and therefore the strongest wind forcing on the water surface are of primary
interest. Nevertheless, wind with longshore components are generally very common and also contribute to
storm surge as well as the generation of wind-driven longshore currents. The latter, in combination with the
Coriolis force, also generates a rise in water level along the coast for specific wind directions.

While discussing Figures 17 and 18, it was pointed out that the stability banding of the data may mistakenly
be argued to be the result of CDN10 varying with the wind velocity. That is to say, the low wind speed range
of the data is more populated by non-neutral data points, whereas the high wind speed data are mostly

near-neutral and, hence, incor-
rectly argue against the stability
banding of the data. Figures 20
and 21 are plotted here in order
to clarify and further reject this
argument and also to give a
broader overview of the data set.
They show the evaluated drag
coefficient (CDN10) versus the 10
m neutral wind velocity �uN10ð Þ
using the data from the lower
and upper anemometers, respec-
tively. The data points are binned
according to their stability length
scale, similar to previous figures.
It is evident that at any given
wind velocity, the drag coeffi-
cients are still banded according
their stability length scale. There-
fore, one can confidently reject
the argument that the observed
bandings in Figures 17 and 18
were proxies for the banding of
the data with respect to the wind

Figure 21. Neutral drag coefficient (CDN10) based on the upper anemometer data versus
the 10 m neutral wind speed ð�uN10Þ. Each data point corresponds to a 15 min data run.
The data runs influenced by the sand IBL and sea-spray effects are excluded from the fig-
ure. The data runs are binned into four groups, each shown by a separate symbol,
according their stability length scale (L).

Figure 20. Neutral drag coefficient (CDN10) based on the lower anemometer data versus
the 10 m neutral wind speed ð�uN10Þ. Each data point corresponds to a 15 min data run.
The data runs influenced by the sand IBL and sea-spray effects are excluded from the fig-
ure. The data runs are binned into four groups, each shown by a separate symbol,
according their stability length scale (L).
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speed. Note that, as pointed out
earlier, the stability is only rele-
vant during low wind speeds,
and the data become near-
neutral as the wind speed
increases.

An important note regarding Fig-
ures 20 and 21 is that ‘‘the appa-
rent decline of CDN10 with
increasing �uN10 in each stability
group is merely an artificial pat-
tern and is not a real effect.’’ It
has been mentioned earlier that
the drag coefficient declines as
the wind direction changes
toward the longshore direction.
Accordingly, there will also be a
second type of banding in Fig-
ures 20 and 21 due the wind
direction changes. To demon-
strate this, the near-neutral data
ðjLj � 100 mÞ from both upper

and lower anemometers, i.e., the filled circles in Figures 20 and 21, have been separated and replotted in
Figure 22. At the same time, these data points are now binned according to their jbw j value. It can be seen
that the decline of CDN10 is evidently due the increase in jbw j value. The bins are qualitatively referred to as
the onshore wind 0� �ð jbw j < 22:5�Þ, oblique wind 22:5� �ð jbw j < 45�Þ, near longshore wind
45� �ð jbw j < 67:5�Þ, and longshore wind 67:5� �ð jbw j < 90�Þ. A more or less similar behavior may also be

observed if the other stability groups were chosen. A subset of data which is of the greatest interest in the
present study is the near-neutral onshore wind data. In total, there are 244 such data points, and they will

form the basis for the discussion
presented in the next section. It
should be noted that the drag
coefficient during longshore
wind is still an important parame-
ter, in particular for modeling
currents.

7.4. Where Does the Surf Zone
Data Stand Relative to Ocean
Data?
Central to the present study is to
determine how the wind stress
on the surf zone compares with
that previously measured in
other regions, in particular the
open ocean. Earlier, the ‘‘stability
banding’’ and the ‘‘wind direction
dependency’’ of the drag coeffi-
cient were discussed. This
explains the variations in the
measured drag coefficients. With
this background, it is now possi-
ble to focus on the near-neutral
onshore subset of the wind data

Figure 23. Comparison between neutral drag coefficients (CDN10) measured over the surf
zone during the Stradbroke 2012 campaign and those previously reported by other
major investigations in other regions of the oceans. Near-neutral onshore wind data from
both anemometers are shown for this purpose. Results of previous investigations are
based on their proposed linear parameterization of the drag coefficient versus the wind
speed [cf., Smith and Banke, 1975; Garratt, 1977; Large and Pond, 1981; Smith, 1980; Wu,
1980; Geernaert et al., 1986, 1987; Smith et al., 1992; Yelland and Taylor, 1996; Drennan
et al., 1999; Vickers and Mahrt, 1997a; Oost et al., 2002].

Figure 22. Neutral drag coefficient (CDN10) versus the 10 m neutral wind speed ð�u N10Þ.
Each data point corresponds to a 15 min data run. The plot contains only near-neutral
data points ðjLj � 100 mÞ. The data from both anemometers are included. The data
points are binned into different groups, each shown by a separate symbol, according to
their jbw j.
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which is of the most interest for
the present objective.

A common form of parameteriza-
tion is to formulate the wind drag
coefficient (CDN10) as a linear func-
tion of the mean wind speed
�uN10ð Þ. Here a set of 12 widely

cited linear drag coefficient for-
mulations are used to compare
with results of the present study.
These parameterizations are plot-
ted alongside the near-neutral
onshore wind data from the pres-
ent data set in Figure 23. The
results of some major field cam-
paigns such as MARSEN, HEXMAX,
WAVES, SWADE, RASEX, ASGA-
MAGE, and others are represented
by the parameterizations plotted
here, including measurements in
deep water, as well as data col-
lected in shallower regions
(depths of 30, 18, 15, 12, or 4 m),
but all outside the surf zone.

The drag coefficients from the
present data set clearly sit well above other data sets shown here. In fact, the data (open circles) yield an aver-
age drag coefficient of CDN105231023. On average and for the same wind speed, the data are characterized
by drag coefficients approximately twice those over the ocean. The amount of scatter in the present data is sim-
ilar to other air-sea investigations. In fact, a closer look to these data points revealed to the authors that bulk of
the scatter is due to run-to-run variations of drag coefficients, rather than systematic changes. The scatter can
be slightly reduced if drag coefficients from the upper and lower anemometers are averaged and plotted as a
single point. This, however, does not change the conclusions drawn here and therefore is not replotted.

Another widely used type of parameterization is to express a normalized form of the sea surface roughness
as a function of the wave age parameter (cp/u*). The aerodynamic roughness z�ð Þ may be normalized in dif-
ferent ways for this purpose. The Charnock coefficient (a) is a widely used normalized roughness

a5
gz�

u�2
(19)

The Charnock coefficient is thought to decrease as the wave age increases. In other words, actively growing
young seas display larger Charnock’s coefficients than fully developed seas, and they in turn are larger than
in decaying seas. The wave age dependency of the roughness is widely agreed among researchers. A com-
mon functional form for this purpose is

gz�

u�2
5m1

cp

u�

� �2n1

(20)

where cp is the peak wave celerity. Existing field investigations have provided empirical values for coeffi-
cients m1 and n1.

The solid curves in Figure 24 represent equation (20) using the empirical coefficients m1 and n1 suggested
by seven previous studies in the literature. These investigations collectively contain measurements over a
wide range of water depths from deep water to as shallow as 4 m. On the same graph, the onshore and
near-neutral subset of the Stradbroke 2012 data from both anemometers is shown by open circles. The
wave age cp�=u�

� 	
values that are used here to plot the data are from wave measurements by the Brisbane

Figure 24. Comparison between the normalized aerodynamic roughness ðgz�=u�2Þ or
the Charnock coefficient measured over the surf zone during Stradbroke 2012 campaign
and those previously reported by other major investigations in other regions of the
oceans [cf., Maat et al., 1991; Smith et al., 1992; Monbaliu, 1994; Vickers and Mahrt, 1997a;
Johnson et al., 1998; Oost et al., 2002; Drennan et al., 2003]. Near-neutral onshore wind
data from both anemometers are shown for this purpose. The wave age parameter ðcp�=

u�Þ that is used here to plot the open circles is based on the deep water wave celerity.
This is evaluated using wave measurements by the Brisbane Buoy at the depth of approx-
imately 76 m offshore the field site at North Stradbroke Island.
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Buoy located offshore the field site at the depth of 76 m. Note that the use of offshore wave celerity cp�
� 	

data is not to imply that measured roughness values are governed by the offshore wave conditions. Instead,
offshore wave data are used here to provide an estimate of the aerodynamic roughness offshore from the
field site in deeper waters when seen in conjunction with the solid lines in Figure 24. Note that the Charnock
coefficient values that are typically cited in the literature are between a 5 0.010 and 0.020. This indeed
belongs to fully developed seas 25 < cp=u� < 30

� 	
as can be deduced from Figure 24. The Charnock coeffi-

cients from the Stradbroke 2012 field data sit markedly above previous investigations shown by the solid
lines. The average Charnock coefficient for these data is shown by a dotted line and is approximately 0.110.
This is clearly an order of magnitude (or even more) larger than open ocean estimates. The offshore wave age
for the subset of Stradbroke 2012 data that is used here is mostly in the range of 25 < cp=u� < 35, meaning
that they are not likely to have significantly involved swell. Additionally, the angle between wind and waves is
varying between 0� and 30� (the average value in the subset is approximately 15�). This implies that wind
and offshore waves were in good alignment. As such, no evidence can be established to attribute these large
roughness values to wind wave processes offshore of the surf zone. At the same time, an internal boundary
layer (IBL) forms across the surf zone as the roughness changes from that outside the breakpoint. For the pre-
sented subset of data and typical values of the breaker index, the largest waves break at approximately 400
m distance from the shoreline, while the significant waves do so at about 300 m. An estimate of the IBL thick-
ness [Panofsky and Townsend, 1964], using typical offshore roughness values and the observed surf zone
roughness, suggests that the IBL grows to between 30 and 40 m elevation before reaching the measurement
point. The 10 m high wind tower at the shoreline and the two sonic anemometers at nominal heights of 5
and 10 m are therefore well within the IBL. This is consistent with the observed constant stress layer.

From another perspective, wave age (cp/u*) values in the range of 0–10 are required to explain the large
roughness values observed in the present study. In fact, cp=u�56 appears to be a good average estimate for
this purpose. Arrows in Figure 24 show this concept, requiring the open circles to be shifted to the left toward
much smaller wave age values in order to become explainable by the existing parameterizations. Shear veloc-
ities (u*) in the subset of the Stradbroke 2012 data used here are mostly between 0.30 and 0.45 m/s, with an
average value of u�50:37 m=s . A celerity of cp52:2 m=s is then needed to provide the required wave age of
cp=u�5 6. According to shallow water wave theory c5

ffiffiffiffiffiffi
gh

p
, such a small celerity corresponds to a water

depth of merely h 5 0.5 m. Perhaps, the most conservative estimate of h would be achieved by repeating the
same approach as above while using the upper limits of u* and cp/u*, namely, 0.45 m/s and 10, instead of their
average estimates. This leads to cp 5 4.5 m/s and h 5 2 m. This range of water depths corresponds to the
inner surf zone. Consequently, wave celerity values of the order of those found in the inner surf zone are
required in order to mathematically explain the observed large roughness values using existing parameteriza-
tions. However, the present argument is not in any way intended to conclude that the physics of air-sea inter-
action over the surf zone is the same as that over open oceans. Among other physical contexts, the wave age
has been seen in previous investigations in the context of the relative velocity between wind and waves in
order to take the roughness mobility into account. In that sense, cp/u* can be used to explain large roughness
values encountered over the surf zone. Though, it is now more appropriate to refer to cp/u* as ‘‘the wave celer-
ity over the wind shear velocity’’ given that the term ‘‘wave age’’ is of little relevance in the context of the surf
zone. Open ocean waves propagate with much faster speeds than those found in shallow waters. Indeed, for
mature seas, wind and waves travel with very close speeds to each other. This has been seen as a reason for
the small roughness values observed in open oceans. Hence, a wave celerity of the order of those found in
the inner surf zone can explain the roughness values measured during the Stradbroke 2012 field campaign.
However, this is only one difference between surf zone and deep ocean waves. Surf zone waves are of saw-
tooth shape, compared with deep water waves which have a more sinusoidal shape. One can intuitively
expect sawtooth waves in the surf zone to be rougher than more sinusoidal deep water waves because of
flow separation over backward facing step. As such, the wind shear stress is expected to be larger over break-
ing waves in the surf zone. Slowly travelling waves together with sawtooth wave shapes thus explain the
large drag coefficients and roughness values measured over the surf zone.

8. Summary and Conclusions

An extensive field campaign has been performed to study the wind stress over the surf zone. The eddy cor-
relation technique was adopted for this purpose, with wind data collected using two ultrasonic high-
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frequency anemometers mounted at 6 and 11 m above the base of a wind mast located in the intertidal
and surf zones. A comprehensive quality assurance process was performed, including an assessment of an
internal boundary layer due to terrain change. Similarly, the effect of an IBL generated by wind running
over the beach upwind of the wind mast was also investigated. It was found that the sand IBL effects are
important for the layer between the two anemometers only if the wind propagation distance over the
beach was more than 50 m. In the present study, the base of the wind tower was mostly very close to or
inside the water. A very limited number of data points, with acute wind angles relative to the shoreline,
exceeded the 50 m threshold and were removed from the analysis. The assumption of a constant shear
stress layer was examined by comparing the data obtained from the two anemometers and was validated,
with the exception of a limited number of data runs likely contaminated by sea-spray. The present data set
was mostly in near-neutral conditions, but unstable conditions (mostly 20:4 < z=L < 0) were also present.
Drag coefficients were still banded with respect to the stability, despite conversion to neutral stability condi-
tions. The stability banding of the data was discussed and explained based on interrelated tilt-stability
effects, as well as complex land-sea thermal interactions and their influence on thermal fluxes and empirical
stability functions. Only the near-neutral subset of the data set was used for the subsequent data analysis.
The wind drag coefficient was found to systematically change with the wind angle of approach relative to
the shoreline. The drag coefficients during longshore winds were on average CDN1051:2531023 and were
found to be much smaller than those during onshore winds CDN105231023

� 	
. The differences were

explained based on the idea of the apparent wave steepness. The onshore near-neutral subset of the data
was compared with the existing studies on the wind drag coefficient and the roughness outside the surf
zone. The drag coefficients over the surf zone measured during the Stradbroke 2012 study were found to
be on average CDN105231023 for �u1055211 m=s . This is almost twice the values predicted for the same
wind speed by existing linear drag coefficient formulations based on observations outside the surf zone.
The differences are attributed to different wave celerity and wave shapes in the nearshore region. The
observed Charnock coefficient was on average 0.110 which is an order of magnitude larger than open
ocean values. The results were also compared with the existing wave age-dependent parameterizations of
the Charnock coefficient. It was found that a wave celerity of the order of those observed in the inner surf
zone is required to explain the observed large roughness and drag coefficients in the present study using
existing wave age-dependent parameterizations.
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