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Abstract

Atmospheric turbulence measurements made at the U.S. Army Corps of Engineers Field Research
Facility (FRF) located on the Atlantic coast near the town of Duck, North Carolina during the
CASPER-East Program (October—November 2015) are used to study air—sea/land coupling in the
FRF coastal zone. Turbulence and mean meteorological data were collected at multiple levels (up
to four) on three towers deployed at different landward distances from the shoreline, with a fourth
tower located at the end of a 560-m-long FRF pier. The data enable comparison of turbulent fluxes
and other statistics, as well as investigations of surface-layer scaling for different footprints,
including relatively smooth sea-surface conditions and aerodynamically rough dry inland areas.
Both stable and unstable stratifications were observed. The drag coefficient and diurnal variation
of the sensible heat flux are found to be indicators for disparate surface footprints. The drag
coefficient over the land footprint is significantly greater, by as much as an order of magnitude,
compared with that over the smooth sea-surface footprint. For onshore flow, the internal boundary
layer in the coastal zone was either stable or (mostly) unstable, and varied dramatically at the land-
surface discontinuity. The offshore flow of generally warm air over the cooler sea surface produced
a stable internal boundary layer over the ocean surface downstream from the coast. While the
coastal inhomogeneities violate the assumptions underlying Monin-Obukhov similarity theory
(MOST), any deviations from MOST are less profound for the scaled standard deviations and the
dissipation rate over both water and land, as well as for stable and unstable conditions.
Observations, however, show a poor correspondence with MOST for the flux-profile relationships.
Suitably-averaged, non-dimensional profiles of wind speed and temperature vary significantly

among the different flux towers and observation levels, with high data scatter. Overall, the
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statistical dependence of the vertical gradients of scaled wind speed and temperature on the Monin-

Obukhov stability parameter in the coastal area is weak, if not non-existent.

Keywords Air-sea/land interaction « Coastal zone < Internal boundary layer « Monin-

Obukhov similarity theory
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1 Introduction

Quantifying the momentum, heat and mass exchange between the atmosphere and underlying
surface is a central problem of atmospheric boundary-layer (ABL) research. Parametrization of
air—sea/land fluxes (i.e., flux-gradient relationships) is of obvious relevance for the modelling of
coupled atmosphere—ocean/land systems, including climate modelling, weather forecasting,
environmental impact studies, and many other applications, e.g., offshore wind farms, as well as
predicting electromagnetic signal propagation, including the presence of electromagnetic ducting.

Traditionally, the flux-gradient and flux-variance relationships in the surface layer are
described by Monin-Obukhov similarity theory, hereinafter MOST (Monin and Obukhov 1954),
which assumes horizontal homogeneity of the underlying surface, including surface fluxes as well
as aerodynamic and thermal roughnesses (e.g., Monin and Yaglom 1971; Stull 1988; Sorbjan
1989; Garratt 1992; Kaimal and Finnigan 1994; Wyngaard 2010). While this assumption is
reasonable in many situations, and enables focusing on one-dimensional processes, it is violated
in the coastal zone where the horizontal gradients are sharp. A coastal zone is the interface between
water and land footprints. The ocean has a relatively smooth surface (compared with land) and a
very large heat capacity, which enables heat storage for extended periods, and permits turbulent
mixing to larger depths, with consequences for the diurnal cycle over water. In contrast, dry inland
areas are aerodynamically rough in general and have a low heat-storage capacity, thus exhibiting
a stronger diurnal cycle of the sensible heat flux. Thus, the failure of the horizontal-homogeneity
assumption is obvious, and the roughness discontinuity of surface properties between the ocean
and land leads to the formation of a distinct internal momentum boundary layer (IBL) for onshore

and offshore flow.
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While there is a long history of experimental investigation of MOST for a stationary
atmospheric surface layer over horizontally-homogeneous surfaces, and the relevant literature is
voluminous (see, for example, the surveys in Monin and Yaglom 1971; HOgstrom 1988; Stull
1988; Sorbjan 1989; Garratt 1992; Kaimal and Finnigan 1994; Andreas 2002; Wyngaard 2010),
considerably fewer experimental studies exist for coastal margins. In most cases, observational
studies in coastal zones are associated with measurements of the turbulent transfer coefficients
(drag coefficient, Stanton and Dalton numbers) and other variables over coastal waters (offshore
areas), with the focus on any differences with open-ocean conditions, deviations from MOST,
fetch-limited conditions, the dynamics of the surface wave field over shoaling water, etc. (e.g.,
Katsaros et al. 1987; Geernaert 1988; Smith et al. 1992; Mahrt 1999). A number of important
results from air—sea-interaction research in coastal zones were obtained during the Risg Air Sea
Experiment (RASEX) in 1994 based on the measurements made at two offshore towers and one
tower on the coast on the island of Lolland, Denmark. The RASEX campaign formed one of the
first large datasets of detailed information on the effects of coastal processes on momentum, mass,
and heat exchange (e.g., Mahrt et al. 1996, 1998, 2001a; Vickers and Mahrt 1997, 1999).

Compared with open-ocean situations, the RASEX data represent fetch-limited conditions,
with the RASEX drag coefficient reported by Mahrt et al. (1996) to be significantly larger for short
fetch conditions, particularly at high wind speeds. According to Vickers and Mahrt (1997), the
neutral drag coefficient observed in the RASEX data depends on the wave age, the frequency
bandwidth of the wave spectra, and the wind speed. In contrast to the aerodynamic roughness
length, which is dominated by the wave state, the thermal roughness length in the coastal zone
shows a significant dependence on the wave state only for young seas (Mahrt et al. 1998).

Additionally, the thermal roughness length observed in the RASEX data is related to the
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occurrence of an IBL. According to Mahrt et al. (1998), the development of thin IBLs for offshore
flow substantially reduces the heat transfer and thermal roughness length, but has no obvious
influence on the momentum roughness length. Based on the mid-latitude coastal-zone observations
from different field campaigns, Vickers and Mahrt (2010) additionally found that the roughness
lengths for momentum and sensible heat appear to be smaller than those given by the widely-used
Coupled Ocean—Atmosphere Response Experiment (COARE) bulk flux algorithm (Fairall et al.
2003) in conditions of weak to moderate wind speeds.

Offshore flow is traditionally described in terms of IBL development (Garratt 1987, 1990;
Garratt and Ryan 1989). For offshore flow of warm air over cooler water, the turbulence in the
stable IBL is suppressed by a combination of stable stratification and reduced sea-surface
roughness (Fairall et al. 2006; Mahrt et al 2016), resulting in surface fluxes substantially less than
that predicted by MOST (Mahrt et al. 1998). Formation of the IBL creates a decoupled boundary-
layer system, where the flow at greater heights becomes partially decoupled from the surface
(Smedman et al. 1997a, b; Mahrt et al. 2001b), and may form a low-level wind-speed maximum
(Smedman et al. 1995; Vickers et al. 2001).

Fairall et al. (2006) examined observations obtained in 2004 during the New England Air
Quality Study (NEAQS-04) of shallow, stable boundary layers in the cool coastal waters of the
Gulf of Maine, between Cape Cod and Nova Scotia. Direct comparisons of the NEAQS-04 flux
observations with the COARE bulk flux algorithm (Fairall et al. 2003) shows a significant
reduction of the transfer coefficients for momentum, sensible heat, and latent heat associated with
lighter wind speeds, more stable surface layers, and lower IBL heights. Grachev et al. (2011) used
the data collected on board the R/V Ronald H. Brown in 2006 during the Texas Air Quality Study

(TexAQS) campaign to compare turbulent fluxes measured over different footprint surfaces,
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including relatively smooth water surfaces (coastal waters of the Gulf of Mexico, nearby bays and
harbour areas of south-eastern Texas) and aerodynamically rough urban/suburban inland areas
along ship channels and rivers (up to 12 km from downtown Houston). According to Grachev et
al. (2011), the COARE bulk flux algorithm (Fairall et al. 2003) reasonably describes the air—sea
turbulent fluxes measured over the coastal waters of the Gulf of Mexico, although the bulk
algorithm overestimates the sensible and latent heat flux by approximately 10%. Thus, the data
collected during the TexAQS 2006 field campaign show that air—sea fluxes measured over the
Gulf of Mexico are less influenced by coastal effects compared with those measured over the Gulf
of Maine during the NEAQS 2004 campaign (Fairall et al. 2006).

Application of the bulk aerodynamic method to spatially-averaged fluxes over
heterogeneous surfaces was examined by Mahrt (1996) for a wide spectrum of horizontal spatial
scales. Mahrt's (1996) interpretative literature survey is based mainly on qualitative scaling
arguments and limited data, which lead to a tentative unified picture of the qualitative influence of
surface heterogeneity. Geernaert (2002, 2007, 2010) proposed extending MOST to accommodate
non-stationarity and spatial heterogeneity over the coastal ocean. A more general form of the flux-
profile relationships has been derived for both wind speed and scalars, which takes into account
the flux divergences present in inhomogeneous regions, such as coastal zones (Geernaert 2002).
Using this theory, Geernaert (2007) further introduced a more general equation to predict the duct
height for accommodation of weak horizontal variations of wind speed, temperature, humidity,
and IBL depth, whereas Geernaert (2010) derived an extended representation of the normalized
drag coefficient and normalized Stanton and Dalton numbers to account for non-stationarity and

the spatial variability of bulk quantities.
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Electromagnetic wave propagation near the surface is significantly affected by variations
of local meteorological conditions and ABL structure, because atmospheric refractivity is directly
related to basic meteorological parameters. As a radio ray bends downwards (or upwards) when
the atmospheric refractivity decreases (or increases) with height, a beam bending towards the
surface may become "trapped" in a shallow, near-surface layer called a duct, which is a region of
negative refraction gradient (e.g., Brooks et al. 1999; Brooks 2001; Atkinson and Zhu 2005, and
references therein). A duct is a waveguide that significantly enhances the range over which the
electromagnetic signal can travel. The work described herein was conducted as a part of the
Coupled Air-Sea Processes and Electromagnetic Ducting Research (CASPER) program, which is
a five-year multi-disciplinary effort to better understand ducting in the coastal zone, and which
requires understanding of flow and turbulence, as well as air—sea exchanges in the coastal marine
ABL. To this end, comprehensive measurement and numerical modelling programs were
conducted during October—November 2015 as a part of the CASPER-East field study, with the
U.S. Army Corps of Engineers Field Research Facility (FRF) located on the Atlantic Ocean near
the town of Duck, North Carolina (Alappattu et al. 2017; Wang et al. 2017) selected as the coastal

anchor location.

2 The CASPER-East Observation Site and Instrumentation

The CASPER-East field program involved measurements on the coastal shelf of North Carolina
using a research vessel, covering either side of the air—water interface, as well as measurements at
a coastal site emphasizing spatial heterogeneities of the ABL at multiple scales. Of particular

interest is the development of the IBL over inhomogeneous regions, surface wave and swell



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

effects, and non-stationary conditions. These effects contravene the underlying assumptions of
MOST, and thus the basis of coupled environmental forecast models and evaporative-duct models.
The CASPER-West campaign is to be conducted in September—October 2017 off the coast of
California, again concentrating on evaporative ducts in the coastal shelf, as well as IBLs in the
coastal zone. General information about the CASPER program and related field experiments can
be found in Alappattu et al. (2017) and Wang et al. (2017).

We present data of atmospheric turbulence collected at the FRF site located near the seaside
town of Duck, North Carolina (north of Kitty Hawk, North Carolina), during the CASPER-East
field campaign from 8 October through 9 November 2015. The facility situated in the Outer Banks
stretches from the Atlantic Ocean to Currituck Sound (Fig. 1). The Outer Banks is a 320-km-long
string of low, narrow sandy reefs (peninsulas and barrier islands) separating the Atlantic Ocean (to
the east) from a system of wide, shallow sounds and the forested, low-lying mainland of North
Carolina (to the west). An overview of North Carolina's coastal barrier islands, sounds, estuaries,
tides, waves, storm surge and other relevant information can be found in the U.S. Geological
Survey publications by Dolan and Lins (1986) and Dolan et al (2016).

The centrepiece of the FRF site is a pier (Fig. 1) whose deck is 7.7 m above the sea surface,
and is designed to remain above storm waves. The pier deck is 6 m wide and extends 560 m from
the dunes to a nominal water depth of approximately 7 m. The FRF pier is oriented along ~72° (in
an east-north-east—west-south-west direction) and a shoreline is aligned approximately in a north-
north-west—south-south-east direction (bearing ~—18°).

Turbulent and mean meteorological data were collected at multiple (from two to four)
levels on three towers deployed on land and a fourth tower located at the end of the FRF pier,

hereafter called the "Pier tower"” (Fig. 1). Figure 2 shows an overall view of the three shore flux
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towers named "Video" (or "Tall"), "Sand Dune Top" (SDT), and "Sand Dune Foot" (SDF) towers,
and located at progressive distances from the shoreline (from the beach in close proximity to the
water extending to the coastal sand dunes). All towers were instrumented with fast-response three-
axis R.M. Young (Model 81000) sonic anemometers which sampled the velocity and sonic
temperature at 20 Hz, as well as slow-response Campbell Scientific temperature/relative humidity
(T/RH) probes (Model HC2S3) and air-pressure sensors (Model CS106) sampling at 1 Hz. The
Pier and the SDT towers were also instrumented with LI-COR Inc. fast-response (20 Hz) open-
path infrared gas analyzers (Model LI-7500A) for direct measurements of the turbulent water
vapour flux (latent heat) and other relevant turbulent statistics.

Two pre-existing FRF towers (Pier and Video) were locally available for use. The Pier
tower was instrumented with three levels of sonic anemometers and three levels of the slow-
response T/RH probes (see Table 1). The LI-7500A gas analyzer was mounted on the same boom
as the sonic anemometer at Level 1 (Fig. 3a). An additional sonic anemometer was installed on 30
October at ~0.2 m below the pier deck ("Level 0"). On the shore, the sonic anemometers and the
slow-response T/RH probes were placed at four levels on the 43-m (120 ft.) tall FRF observation
"Video" tower (Fig. 3b). The Video tower base ("ground level” for this tower) is 5 m above sea
level (a.s.l.).

Additionally, two 6-m tall towers (SDT and SDF) were erected on the shore between the
FRF Video tower and the sea surf line (Fig. 2). The SDT tower (Fig. 3c) was located at the top of
a sand dune of elevation (with bushes) ~2.5 to 3 m above the sea shore (Figs. 2 and 3d), giving a
tower base (“"'ground level" for this tower) elevation of <7 ma.s.l. The SDT tower was instrumented
with three levels of sonic anemometers, with one LI-7500A sensor mounted at Level 1, and two

levels of T/RH sensors (Fig. 3c). The SDF tower (Fig. 3d) was located on the shoreline at the foot
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of the sand dunes in close proximity to the water, with the exact distance from the sea surf line
variable depending on the flow and tidal regimes, and instrumented with two levels of sonic
anemometers and two levels of T/RH sensors (see Table 1). The SDF tower base (“ground level"
for this tower) is elevated to =5 m a.s.l. In addition to the fixed tower sites, eddy-covariance data
and lidar observations were collected in the coastal zone aboard a mobile platform from the bow
tower of the R/V Atlantic Explorer (Wang et al. 2017). Measurements of bulk and skin sea-surface
temperature offshore the town of Duck made aboard R/V Hugh R. Sharp during CASPER-East
are discussed by Alappattu et al. (2017).

The mean wind speed and wind direction are derived from the sonic-anemometer data, with
the rotation of the anemometer axes in a streamline coordinate system based on 30-min-averaged
20-Hz measurements of the velocity components. We use the most common method, which is a
double rotation of the anemometer coordinate system, to compute the longitudinal, lateral, and
vertical velocity components in real time (Kaimal and Finnigan 1994, Sect. 6.6). The
measurements of the air temperature and relative humidity at several levels provided by the T/RH
probes are used to evaluate the vertical temperature and humidity gradients based on 30-min-
averaged 1-Hz data. Turbulent covariance and variance values are derived from the sonic
anemometer/thermometers through frequency integration of the appropriate cospectra and spectra
computed from 27.31-min data blocks (corresponding to 2%° data points) from the original 30-min
data files. The dissipation rate of turbulent kinetic energy (TKE) and destruction rate for half the
temperature (humidity) variance are estimated using the standard techniques based on the
assumption of an inertial subrange according to Grachev et al. (2015, 2016). Other details of the
turbulent measurements, turbulent data processing, accuracy, calibration, and data-quality criteria

can be found in Grachev et al. (2013, 2015, and 2016).
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Note that ABL observations, including turbulence measurements in the coastal zone near
Duck North Carolina, have been previously reported during the Shoaling Waves Experiment
(SHOWEX) for October—November 1997, March 1999 and November—December 1999. The data
collected by a Long-EZ research aircraft over Atlantic coastal waters off the Outer Banks near
Duck North Carolina were analyzed by Sun et al. (2001) and Vickers et al. (2001). Mahrt et al.
(2001b) compared the aircraft data with sonic-anemometer data collected from buoys and a tower
at the end of the FRF pier. Moreover, Friebel et al. (2009) described long-term turbulent
measurements of the drag coefficient carried out at the FRF pier in Duck North Carolina from
October 2005 through December 2007. These studies contain additional information about the

FRF site, as well as the ABL structure and turbulent exchange in the coastal zone near Duck.

3 Measurements over Different Surface Footprints

We present time series (Sect. 3.1) and the dependence on wind direction (Sect. 3.2) of turbulence
and mean meteorological data collected at multiple levels on three towers deployed on land at
progressive distances from the shoreline (from the beach in close proximity of the water to the
coastal sand dunes), and the fourth tower located at the end of a 560-m-long pier described in

Sect. 2.

3.1 Data: Time Series

Traditional time series provide a general overview of weather conditions, turbulent fluxes, and

other relevant variables, and can provide additional useful information which cannot be generally
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derived from various scatter plots. Figure 4 shows the time series of 30-min-averaged basic
meteorological variables observed over water at the Pier tower. Time series of wind speed and
direction, air temperature, and relative humidity observed at the coastal towers are very similar to
those presented in Fig. 4, and thus are not shown here. The (Atlantic) coastal zone climate is
distinctly maritime, with relatively small diurnal temperature and humidity variations (Fig. 4c, d).
Additionally, the coastal zone is subject to thermally-driven flows, such as sea breezes (or onshore
breezes) and land breezes (or offshore breezes). The occurrence of sea—land breeze systems
(thermal circulation) was observed with wind speeds typically not exceeding 4-5 ms?, e.g., for the
Day-of-Year (hereafter abbreviated as DOY) 293-296.5 (Fig. 4), with onshore flow during the day
(sea breeze) and offshore flow during the night (Fig. 4b). The slow variation of the wind direction
with a period of about 3—4 days for the DOY 297-311 is presumably due to synoptic-scale weather
patterns.

The turbulent fluxes of momentum z (or the magnitude of the wind stress), sensible heat

H,, and latent heat H, can be estimated by the eddy-correlation method according to

r=1,=pul=—puw , (1)
Hy =c,poW ¢ (2)

and
H =Lpwdq 3)

where u, =+—u'w is the friction velocity, p is the mean air density, @ is the potential

temperature, g is the air specific humidity, c, is the specific heat capacity of air at constant

pressure, and L, is the latent heat of evaporation of water. Here, u and w are the longitudinal and

vertical velocity components, respectively, ['] denotes fluctuations about the mean value, and the
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overbar is an averaging operator. In Eq. 1, 7, =—puw represents the longitudinal (or
downstream) component of the wind stress. Note that the traditional MOST assumes stress and
velocity vectors aligned in the same direction, so that the lateral (or crosswind) stress component

r,=-pvW =0 by definition, where v is the lateral velocity component. Thus, u, should be

computed based on the downstream component of the wind stress 7z, only for the purposes of
verification and validation of MOST (Sect. 4).
Time series of u,, Hy, H,_ defined by Egs. 1-3, and the Monin-Obukhov stability

parameter ¢ =z /L (Monin and Obukhov 1954) for the 30-min-averaged turbulent data collected

over the water (Pier tower) and land (Video and SDT towers), are shown in Figs. 5 and 6,
respectively. The Monin-Obukhov stability parameter is defined as the ratio of z to the Obukhov

length scale L (Obukhov 1946),

_Z_ IKQgWo,
c=L u? g,

: (4)
where 6, is the virtual potential temperature, g is the acceleration due to gravity, and « is the von
Karman constant, which is included in the definition of L simply by convention; a value of x = 0.4
is adopted here. Below, the Monin-Obukhov stability parameter, the friction velocity u, , and the

temperature scale 6, (defined shortly) are estimated based on the turbulent fluxes measured at
each observational level (local scaling).

According to data shown in Fig. 5, the temporal patterns of the turbulent fluxes and ¢ at
each site are similar to one another, while also linked to the wind speed plotted in Fig. 4a. Periods
of stable and unstable stratification are both observed over the water (Fig. 5g) and over the land

(Fig. 5h). The traditional sign convention for the Monin-Obukhov stability parameter is used,
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where £ > 0 corresponds to a stable boundary layer (SBL), and £ < O represents a convective
boundary layer (CBL). Although the temporal development of various turbulent fluxes in Fig. 5
are very similar at both the Pier and Video towers, there are noticeable differences between these
two locations associated with the different aerodynamic and thermal properties of the underlying
surfaces. According to Figs. 5a and 5b, the amplitude of the 30-min-averaged values of the friction
velocity observed at the Pier tower is generally less than that at the Video tower, which may be
attributed to the relatively smoother water surface compared with that of land.

Additionally, values of both latent and sensible heat flux display marked differences when

measured over water (Fig. 5c, e) as compared with over land (Fig. 5d, f). The average latent heat
flux H _observed over land at the SDT tower (Fig. 5f) is somewhat lower than H, measured over
water at the Pier tower (Fig. 5¢). Furthermore, the pronounced diurnal cycle evident in the sensible
heat flux H, observed at the Video tower (Fig. 5h) is less conspicuous at the Pier tower, which

can be attributed to the different specific heat capacities between water and land as discussed in

Sect. 1.

3.2 Data: Dependence on Wind Direction

The complexity of the coastal environment of the Outer Banks near Duck, North Carolina (Fig. 1)
makes interpretation of the coastal ABL data difficult. The surface heterogeneity produces a
complex vertical structure, including the formation of IBLs and roughness sublayers where
turbulence parameters become functions of the wind direction and, therefore, surface footprints
(cf. Klipp 2007). Here, the drag coefficient and the sensible heat flux in the coastal zone are

examined as a function of the wind direction (Fig. 6). Recall that the pier is oriented ~72° from
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north (see the solid vertical lines in Fig. 6), perpendicular to the shoreline. Thus, onshore wind
directions range from 342° through 162° clockwise (see the dash-dot vertical lines in Fig. 6). Based
on the data collected at the FRF pier over a twenty-seven month period between October 2005
through December 2007 (18,927 30-min data points), Friebel et al. (2009) reported that, during
this period, the prevailing wind direction at Duck North Carolina is from the north-east (Ibid., Fig.
4) due to typical storms that frequent the eastern seaboard.
Figure 6 shows the drag coefficient C as a function of the true wind direction at all tower
locations. The drag coefficient is defined as
Co=1/pU?=(u,/U)*, (5)
where the momentum flux z is based on the longitudinal wind-stress component (see Eq. 1), and
U is the mean wind speed at the measurement height z derived from a sonic anemometer (for

further details regarding C, and an aerodynamic roughness length z, closely related to Cp, see,

e.g., Grachev et al. 1998; 2011). According to Fig. 6, the drag coefficient is very sensitive to the
change in wind direction, which results in the sampling of very different upwind surface
characteristics. As might be expected, the observed drag coefficient over a rough land surface

differs widely from that over the sea surface. Of all of the towers, the Pier tower instrumentation

captures relatively low values of C, (Fig. 7a) for all directions, except during offshore flow (wind
directions between 210° and 320°), while for onshore flow, C, =~ 1.0 x 10°-1.3 x 1073, suggesting

close agreement between measured air-sea fluxes and estimates based on the COARE bulk flux
algorithm for open-ocean conditions (Fairall et al. 2003, Figs. 2, 5, 10).

The interpretation of atmospheric turbulence measurements largely depends on the upwind
'flux footprint' over which the turbulent fluxes and other statistics are sampled. Generally, the flux

footprint is a surface area at some distance along the upwind fetch contributing to the effective
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sources and sinks of a measured signal (Burba 2013; Leclerc and Foken 2014; and references
therein). Existing footprint models (e.g., Horst and Weil 1992, 1994; Kormann and Meixner 2001;
Kljun et al. 2004, 2015; Klaassen and Sogachev 2006; Wilson 2015; Glazunov et al. 2016) seek to
describe the spatial extent and position of the surface area contributing to a sampled turbulent flux,
depending on the measurement height, upwind and crosswind distance, thermal stratification, and
surface roughness. Thus, in the case of an inhomogeneous surface, such as a coastal zone,
instruments mounted at different levels on the same tower may have very different flux footprints
corresponding to either a relatively smooth sea surface or aerodynamically rough dry inland areas.
This sharp change in the surface characteristics due to the sea—land transition leads to the formation
of a thin IBL resolved by the tower. As mentioned above, according to CASPER-East
observations, the drag coefficient and diurnal variation of the sensible heat flux can be considered

as indicators for different types of surface footprints.

The average C,, values over land footprints can be an order of magnitude larger than over
the sea surface due to the change in aerodynamic properties of the surface. The SDT and Video
tower data show elevated C, values for offshore wind directions between ~150° and 250° (Fig.
6e, g). Our results in Fig. 6 are mostly in reasonable qualitative agreement with our previously
reported values of C, over land/sea areas (e.g., Grachev et al. 2011, and references therein).

Moreover, the drag coefficient also increases dramatically where a nearby obstruction is

immediately upwind of a sonic anemometer, or when an instrument is within a deep roughness
sublayer. At the SDT tower (Fig. 6e), the largest C, values are associated with the sonic

anemometer at level 1 and correspond to upwind locations of the pier deck. The pier deck is 7.7 m

a.s.l. and the sonic anemometer, which is mounted approximately at the same level (7.04 m a.s.l.),
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can be affected by wake effects from the pier deck for onshore east-south-east—south-east wind
directions.

Another noteworthy case is associated with the behaviour of the drag coefficient observed
at the Video tower for onshore flow between =350° and =40° (Fig. 6g). Values of C, ~ 103
measured by the two upper sonic anemometers (levels 3 and 4) correspond to sea-surface

footprints, whereas C, observed at the two lower levels 1 and 2 are associated with the rough

inland footprints. This sharp vertical change in C, due to the different surface types creates a

decoupled boundary-layer system and, in this case, the IBL height is located between the sonic

anemometers at levels 2 and 3 (9.4 and 17.9 m above ground level (a.g.l.), respectively, see Table

1). One can assume the remarkable behaviour of C, at levels 1 and 2 in the sector from ~350° to

~40° (Fig. 7d) is due to the influence of the coastal cliff canyon visible at the right-hand side of
the Video tower in Fig. 2, which imposes rough boundary-layer characteristics on the flow (Klipp
2007).

The influence of individual obstacles, such as a sharp-edged coastal cliff, is apparent for
measurements made within the roughness sublayer at the SDF tower, especially for the sonic
anemometer mounted at level 1 (see Figs. 2 and 3d). Turbulent shear flow near the coastal cliff is
particularly complex and unsteady. Flow regimes are strongly dependent on the wind direction,
and the structure of airflow around a surface obstacle can include a front recirculation zone, flow
separation, a corner stream zone, or a wake region (e.g., Coceal and Belcher 2004; Klipp 2007,
and references therein). Although this makes interpretation of the turbulent observations at the
SDF tower difficult, some universal functions obtained above and within the roughness sublayer

are relatively insensitive to local obstructions (see Sect. 4).
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The plot of sensible heat flux H¢ versus the wind direction (Fig. 6) also shows a strong
directional dependence. Positive values of Hg for all four towers are predominantly observed
during onshore wind directions, particularly in the sector between 342° and 72° (the prevailing
wind sector), which represents unstable or CBL conditions. A negative sensible heat flux Hg <0
associated with the SBL is mainly observed for offshore wind conditions (Fig. 6). These results

are generally consistent with the previous observations at Duck, North Carolina reported by Friebel

et al. (2009, Fig. 6).

4 Verification and Validation of MOST in the Coastal Zone

The comprehensive CASPER-East dataset enables us to evaluate the classical universal functions
of MOST over inhomogeneous surfaces by comparing our data with that collected over flat and
homogeneous surfaces during the landmark 1968 Kansas field experiment (e.g., Businger et al.
1971; Dyer 1974; Kaimal and Finnigan 1994).

According to MOST, any properly-scaled statistics of turbulence are universal functions of
the Monin-Obukhov stability parameter (4). Specifically, the non-dimensional vertical gradients

of mean wind speed U and potential temperature & can be written as

o, (:){’:—Zj‘fj—‘j (62)
and
P ()= (%ij—f , (6b)
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respectively, where 6, =—-w'@’/u, is the temperature scale. The von K&rman constant x on the
right-hand sides of Eq. 6a, b is conventionally introduced solely as a matter of convenience to

ensure ¢, (0) = ¢, (0) =1 for neutral conditions, ¢ = 0. Similarly, the standard deviation of the

velocity components o, and air temperature o, are scaled as

2. (0)=32 (7a)
and
_ %
%&)=rg (7b)

respectively, where « (= u, v, and w) denotes the longitudinal, lateral, and vertical velocity

components, respectively. The TKE dissipation rate ¢in the MOST framework is expressed as

0. (¢)="% (®)

u

*

The exact forms of the universal functions are generally determined using field experiments,
although an asymptotic behaviour of these functions under very stable (¢ >> 1) and extremely
unstable stratification (free convection, { <<-1) conditions can be predicted using self-similarity
arguments (e.g., Monin and Yaglom 1971; Stull 1988; Sorbjan 1989; Garratt 1992; Kaimal and
Finnigan 1994; Wyngaard 2010). The data presented here were quality controlled prior to
evaluating similarity functions (6)—(8) to remove spurious or low-quality records using the same
filtering criteria as described in Grachev et al. (2016).

Figure 7 shows the normalized standard deviation of the vertical velocity component

@, =0o,1u, versus the local Monin-Obukhov stability parameter ¢ =z/L, in logarithmic

coordinates for turbulent data from the Pier, SDF, SDT and Video towers for all wind directions.
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The data were divided into unstable and stable conditions by evaluating the Monin-Obukhov
stability parameter at each observational level (local scaling), with the left panels (Fig. 7a, c, €, g)
presenting unstable (< 0) conditions and the right panels (Fig. 7b, d, f, h) stable ({> 0) conditions.
Similar plots of the normalized standard deviation of the longitudinal velocity component

@, =0, /u, versus ¢ are shown in Fig. 8. According to Figs. 7 and 8, both universal functions
@, (&) and @, (&) follow MOST predictions (local scaling) with surprisingly small scatter between
different towers. Furthermore, the data for different measurement levels at each tower collapse
fairly well onto a single universal curve, especially for ¢, (Fig. 7). In particular, as the universal
functions ¢, (&) and ¢,(&) are approximately constant for £> 0 according to Figs. 7 and 8, they

are consistent with the classical Monin-Obukhov z-less scaling (e.g., see Grachev et al. 2013 for

discussion). Similar results have also been obtained for the normalized standard deviation of the

lateral velocity component ¢, =0, /u,, with ¢, ~ 1.8 for | £ |— 0 (not shown). As expected, the

neutral asymptotic limits follow the sequence ¢,,(0) < ¢,(0) < ¢,(0), highlighting the anisotropy

of the airflow in the near-neutral regime. Our results are consistent with the classical findings of

®,(0) =2.39, ¢,(0) =1.92, and ¢, (0) = 1.25 determined by Panofsky and Dutton (1984) from

data collected over flat terrain (over land) for near-neutral stability. Note that the greater scatter of
points in Figs. 7c, d and 8c, d for the lower level at the SDF tower results from the proximity of
the level-1 sonic anemometer to the coastal terrain and local obstructions (see Figs. 2 and 3d).

The dimensionless standard deviation of the sonic temperature ¢, =oc, /|6, | as a function
of £ for all four towers is plotted in Fig. 9. According to Eq. 7b, ¢, for near-neutral conditions
| < |— 0 is ambiguous (Fig. 9) because the temperature scale 6, is small and asymptotically tends

to zero as S approaches zero (e.g., Grachev et al. 2008, their Fig.8). At the same time, o, is small
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in the near-neutral case but of still a finite value (e.g., Grachev et al. 2003, their Fig. 6b). This

behaviour of o, is associated with a thermally-inhomogeneous surface wherein local 'hot' and
‘cold’ spots on the surface generate small-scale advection, which enhances o, (see discussion in

Grachev et al. 2005, p. 221-222; Nadeau et al. 2013, p. 412). While the scatter is larger for the ¢,

case, the data qualitatively follow the MOST canonical curves except for near-neutral and very

highly stable cases; that is, ¢, decreases with decreasing ¢ for £'< 0 and remains approximately

constant for > 0. However, our measured ¢, sit systematically above the curves suggested by

Kaimal and Finnigan (1994).

It should be noted that our observations are consistent with previous measurements of the
non-dimensional standard deviations over different surface cover types, such as Arctic pack ice
with almost unlimited and extremely uniform fetch (e.g., Grachev et al., 2013, 2015), forests (e.g.,
Rannik 1998; Babi¢ et al. 2016a), rugged mountainous terrain (e.g., Nadeau et al. 2013; Babi¢ et
al. 2016b; Grachev et al., 2016; Stiperski and Rotach 2016), and urban areas (e.g., Wood et al.
2010). In other words, it is possible to argue that the above results for different terrain surfaces,
including our data, are generally in close qualitative agreement with those reported for flat and
homogeneous terrain where MOST applies (at least within the accuracy of the field turbulence

data of ~20-30%).

Figure 10 shows the averaged normalized dissipation rate of TKE ¢, as defined by Eq. 8,
where ¢ is estimated based on the common method that assumes the existence of an inertial
subrange associated with a Richardson-Kolmogorov cascade (see Grachev et al. 2016, Egs. 5 and

6). Data deviating by more than 20% from the theoretical —5/3 slope in the frequency range 0.49—

0.74 Hz, which is located within the inertial subrange, are excluded from the analysis. According
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to Fig. 10, the scatter among different observation levels for ¢, is somewhat greater compared
with the variables plotted in Figs. 7-9. As mentioned above, data for ¢, collected at the SDF tower

(Fig. 10c, d) show a systematic bias because the sonic anemometers at this tower are located too
close to a sand cliff (see Figs. 2 and 3d), and measurements are more affected by coastal terrain.
Previously, we evaluated the similarity of the single-point statistics of turbulence such as
the scaled standard deviations and the dissipation rate of TKE, with the normalized standard
deviations of the velocity components in the coastal zone agreeing well with the expected MOST
predictions (Figs. 7 and 8). Based on the multi-level measurements, we now investigate the
relationship between vertical gradients of mean wind speed and potential temperature and
turbulent fluxes, which are also known as the flux-profile relationships, and are defined by Eq. 6a,
b. All derivatives in (6) are evaluated with a forward finite-difference method in a layer Az using
the sonic anemometers and the slow-response T/RH probes for the wind speed and air temperature,
respectively; that is, dU/dz = AU/Az and d@/dz = AO/Az, respectively. Specifically, the
vertical gradients at an intermediate level n are based on linear interpolations of the mean wind
speed and potential temperature derived from the two adjoining levels n—1 and n+1; whereas the
gradients at the lowermost and uppermost levels are evaluated from the difference at the first two
and the last two levels, respectively. Thus, these non-dimensional vertical gradients of mean wind
speed and potential temperature are, in fact, bulk variables, as ¢, and ¢, are evaluated in a layer
several metres thick. In contrast, the non-dimensional standard deviations and the dissipation rate

according to Egs. 7 and 8, respectively, are local variables because they are measured at a single

level.

Figure 11 shows the non-dimensional vertical gradient of mean wind speed ¢, according

to Eq. 6a versus ¢ =z/L for the data collected at the Pier, SDF, SDT and Video towers for
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unstable (£'< 0) and stable (> 0) conditions and for all wind directions. Similar plots of the non-

dimensional vertical gradient of mean potential temperature ¢, according to Eq. 6b versus Jare

shown in Fig. 12. The universal functions ¢, and ¢, are found to vary significantly among
different towers and observation levels. The scatter of 30-min values can exceed an order of
magnitude, and it appears that the observations in Figs. 11 and 12 do not generally support the

classical Businger—Dyer expressions for the non-dimensional profiles of wind speed ¢ and, more
egregiously, the air temperature ¢, . Other studies have also shown flux-variance similarity to be

more successful than flux-gradient similarity. For example, Rannik (1998) reached this conclusion
with eddy-covariance data collected over a pine forest and Nadeau et al. (2013) over a steep Alpine

slope.

Note that some of the plots, e.g., ¢, versus ¢ (Fig. 11), are affected by self-correlation

because the same variables (primarily the friction velocity u, ) appear in both the definitions of the

universal functions and the dependent variable ¢ on which a functional relationship is sought,
resulting, for example, in a weak trend of the data in Figs. 7 and 8 for ¢ > 0 (cf. Grachev et al.
2013, Fig. 15; Grachev et al. 2016, Fig. 10). However, the self-correlation can be overcome, for
example, by plotting a universal function or stability parameter in a "hybrid" representation
without u, (see Grachev et al. 2013, Fig. 16; Grachev et al. 2015, p. 1854; Babic et al. 2016a, Fig.
14; Stiperski and Rotach 2016, p. 116 for discussion), which is based on the idea that a combination
of any Monin-Obukhov universal functions is itself a universal function. For example, the terms

1

0.0, 0.0, ¢, among others plotted versus ¢ by definition are not affected by the self-

correlation because the "new" universal function shares no variables with £ (except a measurement

height z in some cases). To test the sensitivity of our results to self-correlation, Fig. 13 shows plots
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as presented in Fig. 11, but for the universal function ¢, ¢,' = [K_ZJE (formally u, in Eq. 6ais
O,

replaced by o, ) which do not contain flaws associated with self-correlation as found in Fig. 11.
According to Fig. 13, the scatter of the data around the empirical Kansas-type expressions reported
by Kaimal and Finnigan (1994) does not change substantially, so that the self-correlation likely
would not affect our overall results.

Although the scatter plots of universal functions presented in Figs. 7-13 are useful tools to
depict individual data points, overall trends, as well as the typical degree of scatter, additional
detailed information is obtained from bin-averaged data. Figures 14 and 15 show the bin-averaged

dependencies of the non-dimensional functions ¢,,, ¢,, ¢, , and ¢, observed at different levels
versus ¢ =z/L for the data collected over water at the Pier tower and over land at the Video

tower, respectively, for both unstable (¢ < 0) and stable (¢ > 0) conditions and, separately, for
onshore and offshore flow (see Sect. 3.2 for the definition of the onshore/offshore wind directions).
Note that the universal functions in Figs. 14 and 15 are represented in logarithmic-linear
coordinates (cf. plots of these functions in Figs. 7-12).

According to Fig. 14a and b, the bin-averaged data for ¢, observed at different levels
during onshore flow (colour solid lines) collapse fairly well onto a single universal curve, implying
the dimensionless vertical velocity variance to be a universal function of £ Therefore, one may

assume ¢, closely follows the canonical Monin-Obukhov predictions, which are generally valid
for flat and homogeneous terrain, although CASPER-East data for ¢, underestimates the

empirical Kansas-type expressions reported by Kaimal and Finnigan (1994, Eq. 1.33) for unstable

conditions in the range —1 < £'<-0.01 (Fig. 14a). However, our observations of ¢, better support
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the Kansas-type relationship for stable conditions (Fig. 14b), which is possibly due to the fact that
stable stratification inhibits vertical motion, and the turbulence no longer communicates

effectively with the surface (the z-less concept; see Grachev et al. 2013 for discussion). The bin-
averaged values of ¢,, for offshore flow (colour dashed lines) show larger scatter among different
observation levels, and generally exceed the values of ¢, observed for onshore flow (Fig. 144, b).

The bin-averaged curves for the normalized dissipation rate of TKE ¢, (Fig. 14c, d)
behave very similarly to ¢, (Fig. 14a, b) as evident in the good collapse of the coloured solid lines
in Fig. 14c, d onto a single universal curve, but the Kansas-type expressions reported by Kaimal
and Finnigan (1994, Eq. 1.35) overpredict the bin-averaged data for ¢, in the range -1 < < —
0.01. One may accordingly argue that ¢, generally follows MOST scaling, but with a larger scatter
of the individual 30-min-averaged data points than ¢,, (cf. Figs. 7 and 10). Note that data for ¢,
and ¢, collected at level 1 (Fig. 14) may in certain situations be affected by the pier deck and

other structures located on the pier (see Figs. 1 and 3a), especially for offshore flow. Some data
under very stable conditions (Fig. 14b, d) are beyond the limits of the applicability for similarity
theory in stable conditions (e.g., Grachev et al. 2013; Babi¢ et al. 2016a), and such data may also

be biased by the inclusion of non-turbulent motions.

The above results for ¢,, and ¢, at the Pier tower are also valid for the universal functions

observed over land at the Video tower for levels 3 and 4 in the case of onshore flow (Fig. 15),

because the two upper sonic anemometers (levels 3 and 4) correspond to sea-surface footprints,

whereas ¢, and ¢, observed at the two lower levels 1 and 2 are associated with the rough inland

footprints (see discussion in Sect. 3.2).
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Figures 14e—h and 15e-h show bin-averaged flux-profile relationships versus ¢ =z /L for
the Pier and Video towers, respectively. In contrast to the ¢, and ¢, functions (Figs. 14a—d and
15a-d), our observations in the coastal zone show poor correspondence to either the classical
Monin-Obukhov predictions or Businger—Dyer expressions (black dashed lines in Figs. 14e—h and

15e-h) for the non-dimensional profiles of mean wind speed ¢, and mean temperature ¢, . First,
the bin-averaged values of ¢, and ¢, measured at different levels (coloured solid and dashed
lines in Figs. 14e—h and 15e-h) do not collapse onto a single curve, even for onshore flow at the
Pier tower (Figs. 14e—h). Second, there are negative values of ¢, and ¢, due to negative wind-

speed and temperature gradients, implying that the vertical components of the turbulent fluxes are

counter to the mean gradients, which is incompatible with the requirement of MOST of positive

YW and thermal diffusivity k, =— wo
du /dz dé/dz

turbulent viscosity k, =— . Overall, the dependence

of ¢, and ¢, on & =z/L appears weak, if not non-existent. We note, however, that their
qualitative behaviour versus ¢ is better for ¢, than for ¢, , as the bin-averaged data for different

measurement levels at each tower for ¢, collapse better onto a single curve.

It is possible that different the behaviour of various universal functions are associated with
a combination of local and non-local turbulent transport in the ABL. Estimates of the non-
dimensional standard deviations (7) and the dissipation rate (8) are based on a single level of
turbulence measurements, and depend heavily on small-scale turbulent mixing (high-frequency
turbulent motions). At these scales, the small eddies adapt quickly to changes in the large-scale
conditions (e.g., variations in the coastal terrain), and thereby maintain a dynamic equilibrium with
the specific TKE and the dissipation rate imposed by the large eddies. Because MOST is a

generalization of mixing-length theory for small-scale turbulence in non-neutral conditions, it is
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reasonable to expect that the scaled standard deviations (7) and the dissipation rate (8) generally

obey MOST, even in inhomogeneous regions such as coastal zones. At the same time, estimates
of the vertical gradients of mean wind speed and potential temperature in @, and @, (see Eq. 6)

are based on measurements in a layer Az several metres thick as mentioned earlier, since the

derivatives in (6) are bulk variables. The bulk vertical mean gradients are controlled by both small-
scale eddy diffusion and large-scale motions driven by pressure gradients, uneven surface heating,
etc, besides large-scale eddies may also be constrained by the IBL height and the coastal terrain
geometry. These larger-size eddies can transport momentum and heat throughout the entire depth
of the ABL (nonlocal mixing) and, under such conditions, vertical fluxes can be counter to local
gradients. It is thus evident that non-local transport in the ABL is overlooked by traditional MOST.

In a similarity-theory framework, the above statement can be formulated as a generalized
approach, with classical MOST as a special case (e.g., Johansson et al. 2001; Wilson 2008). A
more general formulation of similarity theory (‘'extended MOST") includes additional influences
on the flux-gradient relationships (or flux-variance, etc.) to the parameters considered in traditional
MOST,; for example, the Coriolis parameter, boundary-layer depth, upwind fetch, aerodynamic
and scalar roughness lengths, molecular viscosity, and thermal conductivity. According to
Buckingham’s Pi theorem, such extra parameters lead to more independent dimensionless 77

groups (see Grachev et al. 2015 for discussion)
r="1(z, 7, 7,..), (9)

where the first 77 group in (9) is based on the MOST governing parametersand z leadsto 7, =z/L

, Which is defined as the ratio of the measurement height z to the Obukhov length scale L (see Eq.

4). The other dimensionless groups contain the ABL (or IBL) depth h and fetch x (upwind
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distance), giving 7, =h/L and =, =xg/U?, respectively. One may suggest that in the case of
7 =¢@,, the normalized standard deviation of the vertical velocity component ¢, =0o,/u, is
insensitive to the dimensionless parameters 7, , 7, etc. In this case, Eq. (9) reduces to ¢, = f (7, )
, implying ¢, = o,,/u, is consistent with classical MOST predictions. At the same time, the =,

and m, groups, supposedly, cannot be neglected for 7 =¢,, and 7 =¢, in the coastal zone (cf.

Johansson et al. 2001), leading to a poor correspondence with MOST for the flux-profile
relationships.

A similar situation has already been described in the literature for the dimensionless
standard deviations ¢,, ¢,, and ¢,, which behave differently in the CBL (e.g., Panofsky et al.
1977; Sorbjan 1989; Johansson et al. 2001; Wilson 2008; Nadeau et al. 2013; Babi¢ et al. 2016b).
According to Panofsky et al. (1977), the normalized standard deviations of the horizontal velocity

components ¢, and ¢, in the surface layer under convective conditions are influenced by
boundary-layer scale eddies and, therefore, both should be a function of 7, =h/L, where h is the
height of the lowest inversion. At the same time, Panofsky et al. (1977) found that ¢, obtained

from the same experiments scales with 7z, = z/L in good agreement with MOST.

5 Summary and Discussion

We analyzed data of small-scale atmospheric turbulence collected at the U.S. Army Corps of
Engineers FRF during the CASPER-East Program from 8 October through 9 November 2015. This
site is located on the Outer Banks between the Atlantic Ocean and the Currituck Sound near the

town of Duck, North Carolina. Turbulence and mean meteorological data were collected at
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multiple (from two to four) levels on four towers (Fig. 1), with three towers, namely the "Video"
(or "Tall"), "Sand Dune Top" (SDT), and "Sand Dune Foot" (SDF) towers, deployed on land at
progressive distances from the shoreline (Figs. 1, 2, 3b, c and d). A fourth tower, called the "Pier
tower", was located at the end of the 560-m-long FRF pier (Figs. 1 and 3a). The CASPER-East
measurements facilitate a detailed analysis of the temporal and spatial structure of the ABL in the
FRF coastal zone, and provide insights into the nature of the air—sea/land coupling. In particular,
the observations enable comparison of the turbulent fluxes and other turbulence statistics, as well
as different scaling laws for turbulent mixing over a variety of footprints, including a relatively
smooth sea surface and aerodynamically-rough dry inland areas.

We first analyze the time series of 30-min-averaged turbulent fluxes and basic
meteorological variables. According to the results shown in Fig. 4, the occurrence of a sea—land
breeze system in the FRF coastal area during the field campaign was observed with wind speeds

less than 4-5 ms™. Both stable (¢ > 0) and unstable (¢ < 0) stratification was observed over the

water (Fig. 5g) and land (Fig. 5h). Although the time series of various turbulent fluxes are very
similar for sea and land footprints, there are noticeable differences associated with the different
aerodynamic and thermal properties of the underlying surfaces. For example, we find that the
friction velocity observed at the Pier tower is generally less than at the Video tower, because the
ocean has a relatively smooth surface (Fig. 5a and b). In addition, the 30-min-averaged drag
coefficient over land-footprint areas can be an order of magnitude larger than over the sea surface
due to the change in aerodynamic properties of the surface (see Fig. 6). Another marked difference
is a well-pronounced diurnal cycle in sensible heat observed at the Video tower (Fig. 5d) due to a

different heat capacity between the water and land. Generally, the drag coefficient and diurnal
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variation of sensible heat flux can be considered as indicators for different types of surface
footprints.

For onshore flow, the IBL in the coastal zone can be stable or (more usually) unstable (Fig.
6), and vary dramatically at the coastal land-surface discontinuity. Measurements from the Video
tower for onshore flow in the sector from =~350° to ~40° show an IBL height located between the
sonic anemometers at levels 2 and 3 (between 9.4 and 17.9 m a.g.l.), because the values of C, ~
10 measured by the two upper sonic anemometers (levels 3 and 4) correspond to sea-surface
footprints, whereas C, observed at the two lower levels 1 and 2 is associated with the rough,

inland footprints (Fig. 6g). Conversely, for offshore flow of generally warm air over a cooler sea
surface, a stable IBL develops over the ocean surface downstream from the shore (Fig. 6).

We focused primarily on the applicability of MOST in the coastal zone, with non-
dimensional terms according to MOST calculated from 30-min-averaged data and plotted versus

¢ =z/L for both unstable and stable conditions (Figs. 7-12). We then analyzed the dependence
of bin-averaged data scaled according to MOST versus ¢ for measurements over water and land

for both onshore and offshore flow (Figs. 14 and 15). Scatter plots of the individual 30-min-
averaged values of the scaled universal functions presented in Figs. 7-10 demonstrate that the non-
dimensional standard deviations (7) and the dissipation rate (8) generally obey MOST quite well
for all locations (maybe with the exception of the SDF tower due to local interferences), stability

conditions, and wind direction. However, the data scatter for ¢, (Fig. 10) is somewhat greater

compared with that for the normalized standard deviations (Figs. 7-9). The deviation of ¢, values

from the MOST canonical curves in near-neutral conditions (Fig. 9) is likely associated with an

inhomogeneous surface temperature (see the discussion in Sect. 4). Note also that, statistically, the
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dependence on ¢ s better for ¢, (Fig. 7) than for ¢, (Fig. 8). A more thorough analysis of the

bin-averaged data plotted in logarithmic-linear coordinates shows that ¢, calculated from the Pier
tower data (Fig. 144, b) collapses better onto a single universal curve for onshore than for offshore
flow. The bin-averaged data also show that the Kansas-type expressions reported by Kaimal and
Finnigan (1994, Egs. 1.33 and 1.35) overpredict the bin-averaged observations of both ¢, and ¢,
in the range —1 < {'<-0.01 (Figs. 144, c and 15a, c).

In contrast to the single-point statistics of turbulence, such as the scaled standard deviations
and the dissipation rate (Figs. 14a—d and 15 a-d), our observations for the non-dimensional
gradients of wind speed ¢, and temperature ¢, in the coastal zone (Figs. 13, 14, 14e-h, and 15e—
h), show poor correspondence to both the classical Monin-Obukhov predictions and Businger—
Dyer expressions (Kaimal and Finnigan 1994, Egs. 1.31 and 1.31). According to Figs. 11 and 12,

the individual 30-min-averaged values of ¢, and ¢, are found to vary significantly among

different towers and observation levels, and the scatter of measurements can exceed one order of

magnitude. Overall, the statistical dependence of ¢, and ¢, on ¢ appears weak, if not non-

existent. One may assume that these results (especially for onshore flow) should be generally
applicable for other similar sites located within a coastal zone.

We argue that such dissimilar behaviour of different universal functions may be associated
with a combination of local and non-local turbulent mixing in the ABL. The scaled standard
deviations (7) and the dissipation rate (8), which generally obey MOST, are based on single-level
turbulence measurements, and are mostly associated with those high-frequency turbulent motions
(small-scale eddies) that are somewhat uncorrelated with larger-scale motions. This small-scale

turbulence depends heavily on the local properties of the airflow, such as local (small-scale)
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gradients/fluxes and stratification, with less dependence on larger-scale forcing. In contrast, the
flux-profile relationships (6), where the vertical gradients of the mean wind speed and potential
temperature are based on coarse-resolution measurements in a layer of several metres thickness
("bulk gradients™), are controlled by both small-scale eddies, as well as mesoscale circulation in
the ABL. Thus, the classical relationships (6) are inappropriate for describing the non-dimensional
gradients of wind speed and temperature in a coastal zone because non-local transport is not

considered by traditional MOST. While the use of highly-resolved dU /dz and d&/dz in (6) may
lead to an improved correspondence of ¢, and ¢, with canonical MOST functions, further

investigations are needed to verify this hypothesis.
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Table 1. Instrumentation of the four FRF flux towers

Parameter

Instrument

| Measurement heights

Pier Tower

Velocity and sonic
temperature

R.M. Young (Model 81000) sonic
anemometer

9.9,13.2,and 17.9 m a.s.l. (Levels
1t03)”

Air temperature and
relative humidity
(T/RH)

Campbell Scientific T/RH probe
(Model HC2S3)

9.8,13.1,and 17.9 m a.s.l. (Levels
1to 3)

Water vapour and
carbon dioxide

Open path infrared gas analyzer
(Model L1-7500A), LI-COR Inc.

99 ma.s.l.

Video (Tall) Tower

Velocity and sonic
temperature

R.M. Young (Model 81000) sonic
anemometer

5.1,9.4,17.9,and 26.5 m a.g.l.
(Levels 1 to 4)

Air temperature and
relative humidity
(T/RH)

Campbell Scientific T/RH probe
(Model HC2S3)

4.7,8.9,17.5,and 26 m a.g.l.
(Levels 1 to 4)

Sand Dune Top (SDT) Tower

Velocity and sonic
temperature

R.M. Young (Model 81000) sonic
anemometer

2.0,4.7,6.2ma.g.l. (Levels 1 to 3)

Air temperature and
relative humidity
(T/RH)

Campbell Scientific T/RH probe
(Model HC2S3)

1.9and 6.0 ma.g.l.

Water vapour and
carbon dioxide

Open path infrared gas analyzer
(Model LI-7500A), LI-COR Inc.

20ma.g.l.

Sand Dune Foot (SDF) Tower

Velocity and sonic
temperature

R.M. Young (Model 81000) sonic
anemometer

2.0and 5.9 ma.g.l.

Air temperature and
relative humidity
(T/RH)

Campbell Scientific T/RH probe
(Model HC2S3)

1.9and 6.1 ma.g.l.

* An additional sonic anemometer was installed at the Pier tower on 30 October at a
measurement height of 7.47 m a.s.l. ("Level 0").
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Fig 1 Aerial view of the U.S. Army Corps of Engineers Field Research Facility (FRF) showing
the 560-m long pier together with the positions of the four towers (shown as stars) as part of the
coastal-zone experimental set-up during the CASPER-East field campaign. The facility is located
on the Outer Banks near the town of Duck, North Carolina and stretches from the Atlantic Ocean
in the east (lower-left portion of the picture) to the Currituck Sound west of the facility (upper

right). Photo credit: FRF.
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919

920

921  Fig 2 View from the Atlantic Ocean of the three instrumented shore towers, named (from left to
922  right) the Sand Dune Foot (SDF), Sand Dune Top (SDT), and Video towers. Photo credit:

923  Andrey Grachev.
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Fig. 3 View of the (a) Pier, (b) Video, (c) SDT, and (d) SDF towers and instruments during the
CASPER-East campaign. Photo credit: Andrey Grachev.
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humidity for the year days 281-313 (8 October—9 November 2015) observed over water at the

Pier flux tower. The data are based on 30-min averaging.
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957  Fig 5 Time series of (a, b) friction velocity u,, (c, d) sensible heat flux H., (e, f) latent heat flux

958  H_, and (g, h) Monin-Obukhov stability parameter ¢ =z/L for year days 281-313 (8 October—

959 9 November 2015) observed over water at the FRF Pier tower (panels a, c, e, and g) and over
960 land at the FRF Video tower (panels b, d, and h) and the SDT flux tower (panel f). The data are
961 based on 30-min averaging. The sign convention for the sensible heat flux generally indicates a
962  stable boundary layer (SBL) when H, < 0 and a convective boundary layer (CBL) when H, > 0.
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