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Abstract

High frequency turbulent data from sonic anemometers and other ancillary information col-
lected at multiple levels on several meteorological flux towers located at two coastal sites
are used to study velocity and scalar (temperature and humidity) structure—function param-
eters over heterogeneous surfaces in an area of complex coastal terrains. Understanding of
such parameters has important applications for studies on wave propagation in a turbulent
atmosphere. One observational site was located on the Outer Banks near the town of Duck,
North Carolina, with data from the CASPER-East Program (October—-November 2015). The
second site was located near the town of Ferryland, Newfoundland, Canada, with data from
the C-FOG (Coastal-Fog) field campaign (September—October 2018). These measurements
allowed studies of structure parameters and other statistics for different footprints, including
relatively smooth sea surface conditions and aerodynamically rough dry inland areas for
both stable and unstable stratifications. The coastal land cover discontinuity for onshore and
offshore winds leads to a thin internal boundary layer (IBL) that could often be resolved by
the instrumented towers. The drag coefficient, Bowen ratio, and diurnal variation of sensible
heat flux were found to be coastal IBL markers. Our study shows that lower values of the
dimensional structure parameters are associated with higher altitudes, smooth surfaces (i.e.,
over water, outside onshore IBL) and stable stratification (e.g., nocturnal boundary layer),
ceteris paribus. In particular, observations showed that the structure parameters over land
footprint areas (inside the onshore IBL) can be an order of magnitude larger than over the
sea surface due to the change of aerodynamic and thermal properties of the surface. This
study also discusses the applicability of Monin—Obukhov similarity theory (MOST) for the
velocity and scalar structure parameters in the coastal environment for both stable and unsta-
ble conditions. While surface inhomogeneities and the complexity of the coastal landforms
nominally violate assumptions underlying MOST, our observations show that the nondimen-
sional structure parameters obey MOST reasonably well for all measurement levels, stability
condition, and wind direction. In addition, we suggest a new variance-based hybrid scaling for
the structure parameters that overcomes some of the shortcomings of the traditional approach
(e.g., self-correlation and ambiguity of the dimensionless temperature structure parameter
for near-neutral conditions).
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1 Introduction

The primary effects of atmospheric turbulence on wave propagation arise from the spatial
and temporal fluctuations of the refractive index of air, n, which is a function of temperature,
humidity, pressure and is explicitly dependent on wavelength of a propagating wave, A, a
phenomenon known as dispersion. Changes of the refractive index by atmospheric turbulence
is quantified by the structure—function parameter (or just structure parameter) of the refrac-
tive index, C ,%, (defined shortly). Assuming that air pressure fluctuations make a negligible

contribution, C,% is directly linked to structure parameters of conserved scalars (tempera-
ture, C%, and specific humidity, C;) and velocity because they dictate the fluctuations in the

refractive indices of various types of waves propagating in the turbulent atmosphere (Tatarski
1961; Wesely 1976; Kohsiek 1982; Gur’yanov et al. 1987; Andreas 1988, 1989; Fairall 1991;
Kaimal and Finnigan 1994; Peltier and Wyngaard 1995; Petenko and Shurygin 1999; Moene
2003; Moene et al. 2004; Beyrich et al. 2005; Meijninger et al. 2006; Hoedjes et al. 2007;
Wyngaard 2010; Li et al. 2012; Wood et al. 2013; Petenko et al. 2014; Ostashev and Wilson
2015; Wainwright et al. 2015; Gibbs and Fedorovich 2020a, b; Fiorino et al. 2021; Wang
et al. 2020, 2021; Basu and Holtslag 2022 among others).

The refractive index structure parameter is a key parameter for understanding and accu-
rately modelling and predicting the effects of turbulence on the propagation of waves, such as
electromagnetic (optical, infrared, radio) and acoustic waves. In particular, C,zl is of obvious
relevance for telecommunications (including laser communication), imaging systems, adap-
tive optics, ground-based astronomy, micrometeorology (e.g., scintillometry, remote sensing
by Doppler LiDAR), and many other important applications. With knowledge on the structure
parameters and other atmospheric turbulence characteristics, it is possible to assess the wave
propagation performance. Atmospheric turbulence significantly impacts wave propagation
(e.g., laser beams) leading to phenomena like beam broadening and spreading, beam distor-
tion and degradation (e.g., signal loss), scintillation (twinkling), beam wander, and image
blur, among other effects (e.g., Fussman 2014; Fahey et al. 2021). Note that the refractive
index structure parameter is frequently referred to as the “optical turbulence strength”.

Along with C 3, the structure parameters of a velocity component and a conserved scalar
are widely used in wave-propagation studies but their specific combination that affects a wave
depends on the wave’s nature. Optical and infrared waves propagating over land are primarily
affected by temperature and, to a lesser extent, humidity fluctuations, although over oceans
or water-saturated soils, Cﬁ is dominated by Cg or at least the effects of humidity cannot be

neglected (Kaimal 1973; Wesely 1976; Kohsiek 1982; Andreas 1988; Fairall 1991; Moene
2003). For radio wavelengths, the humidity field is also required to produce an estimate of
the refractive index structure parameter (e.g., Frehlich et al. 2010). Sound (acoustic) waves
are mechanical waves and the index of refraction of sound waves is affected by both velocity
and scalar structure parameters (Kaimal 1973; Ostashev and Wilson 2015).

There are various methods for estimating C,% in turbulent atmosphere, including direct
measurements between two points (e.g., Gur’yanov et al. 1987) and estimates by scintil-
lometers and sonic anemometer/thermometer plus fast-response gas analyser. Scintillometry
is a common method for measuring C2 by detecting the intensity fluctuations of a light
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beam transmitted across a path (e.g., Moene et al. 2004 and references therein). Scintillome-
ters measure a path-averaged value of the refractive index structure parameter, C%. Sonic

anemometers provide point measurements of the structure parameters of a velocity com-
ponent and sonic-temperature structure parameter, C%. To evaluate the moisture structure

parameter, C2, high-speed open-type gas analysers are required. Because C? is generally

a function of C %, C;, their cross-structure parameter, and A, it is possible to estimate C,%

from measurements of the scalar structure parameters and vice versa (see Sect. 2.3 below).
Methods for estimating the structure parameters from sonic anemometer data include, among
others, the two-point structure function method based on the definition of C,ZL and spectral
analysis assuming a —5/3 Kolmogorov power law in the inertial subrange. A comparison of
C % estimated by sonic anemometer and scintillometer shows generally good agreement (e.g.,

Beyrich et al. 2005; Meijninger et al. 2006; Hoedjes et al. 2007; Wood et al. 2013; Perelet
et al. 2022).

Turbulence measurements in a coastal zone considered in this study may provide valuable
information on wave propagation near the surface over different footprints for both stable
and unstable stratifications. There is a long history of studying coastal zones with a focus
on small-scale turbulence, and the literature on the subject is voluminous with numerous
global coastal zone classifications (e.g., Garratt 1987, 1990; Garratt and Ryan 1989; Mahrt
et al. 1998a, 2016, 2021; Vickers and Mahrt 1997, 2010; Sun et al. 2001; Vickers et al.
2001; Geernaert 2002; Fairall et al. 2006; Grachev et al. 2011, 2018a, 2021; Ortiz-Suslow
et al. 2018, 2021; Ortiz-Suslow and Wang 2019; Petenko et al. 2020; Alappattu et al. 2022;
Krishnamurthy et al. 2023; Bardoel et al. 2025; Potter et al. 2025, and references therein).
Turbulent measurements in a coastal zone can provide valuable information on statistics
needed for many applications as stated above, but the measurements are onerous due to the
complexity of coastal environments. Limited available small-scale turbulence observations
in coastal zones have been a bane for validation and calibration of models for structure
parameters.

This study seeks to advance our understanding of the structure parameters under conditions
that strongly violate the fundamental assumptions underlying the MOST (over heterogeneous
surfaces in an area of complex coastal landforms), and when the non-dimensional profiles of
wind speed and temperature fail to predict fluxes correctly, e.g., vertical turbulent fluxes may
contradict local gradients (Grachev et al. 2018a, Figs. 14 and 15). The structure parameters
are derived here from sonic anemometer/thermometer and fast-response open path infrared
gas analyser based on the spectral approach. The data were collected (i) at the North Car-
olina’s Outer Banks coastal zone near the town of Duck during the Coupled Air-Sea Processes
and EM Ducting Research (CASPER) program in October—-November 2015 (e.g., Grachev
et al. 2018a; Wang et al. 2018) and (ii) near the town of Ferryland on the Avalon Peninsula,
Newfoundland, Canada during the C-FOG (Coastal Fog) field program in September—Octo-
ber 2018 (e.g., Bardoel et al. 2021; Dorman et al. 2021; Fernando et al. 2021; Grachev et al.
2021; Perelet et al. 2021).

The paper is organized as follows. Section 2 provides a formal background of the struc-
ture parameter and coastal IBLs. Section 3 introduces CASPER-East and C-FOG observation
sites, instrumentation and the datasets. The main findings based on experimental data col-
lected at these two coastal sites are described in Sect. 4 (coastal IBL markers, time series, and
similarity functions of the structure parameters). Concluding remarks are given in Sect. 5.
Some material presented in the current study, e.g., description of the observation sites, instru-
mentation, and data sets (Sect. 3), is partially repeated here from Grachev et al. (2018a) and
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Grachev et al. (2021). These studies used the same CASPER-East and C-FOG datasets but
to address different problems.
2 Background Information

In this section, we define the structure parameter of a velocity component and a conserved
scalar and describe Monin—Obukhov’s framework for structure parameters.

2.1 Structure Parameter Formulation

Historically the structure parameter of some fluctuating atmospheric variable o was defined
in terms of the second-order structure function Dy (r) (Tatarski 1961; Kaimal and Finnigan
1994; Wyngaard 2010):

Do (r) = [/ (x) — o/ (x + 1)1, (1

where o (= u, v, w, T, g, and n) denotes the longitudinal, lateral, vertical velocity com-
ponents, temperature, specific humidity, and refractive index of air, respectively, and r is
the distance separating two measurement points of « along the x axis. Here the prime [']
denotes fluctuations about the mean value, and an overbar is an averaging operator. In the
atmospheric boundary layer, the relationship for D, (r) at small size scales is based on Kol-
mogorov’s (1941) fundamental theory of locally isotropic turbulence. Assuming turbulence
is locally isotropic and that r lies within the inertial subrange of spatial scales of turbulent
fluctuations, (1) based on Kolmogorov’s (1941) similarity hypotheses may be expressed as:

Dy(r) = C2r%3 )

where C, é is the structure parameter, which is assumed constant within the inertial subrange
associated with the Richardson-Kolmogorov cascade.

In turn, C§ may be related to the one-dimensional inertial subrange wavenumber spectrum
of the corresponding variable «:

Fy(k) = coC2k™3, 3)

where k is the wavenumber and co a constant. According to Wyngaard et al. (1971) the
proportionality coefficient in (3) c¢p = 0.25 (see also Kaimal 1973; Kaimal and Finnigan
1994; Wilson and Fedorovich 2012; Maronga et al. 2013, 2014; Gibbs et al. 2016 among
others). However, Gibbs and Fedorovich (2020a, b) recently demonstrated that the coefficient
originally presented by Wyngaard et al. (1971) is too large by a factor of two, i.e., this
coefficient should be ¢y = 0.125 (see Gibbs and Fedorovich 2020a, b and references therein).
Gibbs and Fedorovich (2020a, b) remarked that this disparity lies in the fact that different
methods (direct and spectral) are used to evaluate structure parameters in observational,
modelling and numerical (e.g., LES) studies (Gibbs et al. 2016). Specifically, this depends
on the limits of integration (from O to + co or from — 0o to + 00) used in a particular program
for the relationship between the structure function and the one-dimensional spectral density
of turbulent fluctuations.

Spatial scales and the wavenumber spectrum Fy (k) in (3) should be converted, respec-
tively, into frequency scales and the frequency spectrum Sy () because most measurements
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including C2 are performed in the frequency space (e.g., by traditional sonic anemome-
ter/thermometer measurements). The frequency Sy (f) and wavenumber F (k) spectra are
related to each other through fS,(f) = kFy(k) (Kaimal and Finnigan 1994). By using
Taylor’s frozen turbulence hypothesis, k = 2m f /U (where f is frequency and U the mean
wind speed), the wavenumber spectrum in the inertial subrange (3) can be re-written in terms
of frequency as follows:

Sa(f) = coCa(U /20)* [, )

In the current study, Eq. 4 is used to estimate structure parameters from sonic anemometer
data (Sect. 4). Note that the variance a(f is the integral of the spectrum S, () over the entire

frequency range from O to oo (or the integral of the spectrum Fy, (k) over all wavenumbers):
2 _ % o0
Oy = { So(fHdf = { Fy (k)dk. 5)

The main contribution to o2 is associated with the energy-containing range where energy
is produced by buoyancy and shear (e.g., Kaimal and Finnigan 1994), whereas the structure
parameter C, 5 is linked to the contribution to a(f in the inertial subrange (cf. Equation 3-5).
However, the magnitude of C2 in the inertial subrange is inextricably linked to the spectral

maximum associated with the energy-containing turbulent eddies (i.e., linked to o.2). For
example, in Kaimal’s (1973) model, this is realized through the frequency scale fy (see
Fig. 1 and Eq. 3 in Kaimal 1973). In other words, it can be assumed that Cg[ is strongly

correlated with o(f mainly due to this reason (also see below Sect. 4.4). Recall that according
to the Richardson-Kolmogorov’s concept, turbulent energy in the inertial subrange cascades
down from the energy-containing to smaller scales where it is dissipated and the turbulence
production and dissipation terms balance each other under the equilibrium conditions (e.g.,
Kaimal and Finnigan 1994). For example, higher production rate of the turbulent energy (i.e.,
higher o(f) is associated with higher dissipation rate and, therefore, this requires the higher

energy cascade rate in the inertial subrange (i.e., higher C g). Note that Hogstrom et al. (2002)
reported that large-scale detached eddies originating from the upper layers of the atmospheric
boundary layer can impact velocity variances (mainly 03} /u?) and the low-frequency parts
of the appropriate velocity spectra at high Reynolds number during near-neutral conditions.

According to the similarity hypotheses presented in Kolmogorov (1941), the velocity
structure parameters yield Cgv o £2/3, here ay = u, v, w and ¢ is the dissipation rate of

turbulent kinetic energy (TKE). The frequency energy spectrum of the longitudinal velocity
component, S, (f), in the inertial subrange has the form (cf. Equation 4):

Su(f) = ag (U /2m)*3e23 f =513, (6)

where ok is the Kolmogorov constant with a value estimated ax ~ 0.5-0.6 (e.g., Kaimal
and Finnigan 1994); a value ax = 0.55 is adopted in our study. Note that, in contrast to Eq. 4,
Eq. 6 does not directly depend on the value of the proportionality coefficient ¢y in Eq. 3
(one can say that this coefficient is included in ok ). If the turbulence is locally isotropic, the
longitudinal and transverse (lateral and vertical) velocity structure parameters are related as:

C? =% =@/3)c2 (7)
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According to the Obukhov-Corrsin law for a passive scalar, the scalar structure parame-

ters yield C 5 ¢ X No eV 3, here N, ¢ 1s the dissipation (destruction) rate for half the scalar

variance and « g denotes the temperature or specific humidity respectively (os = T or q).
Similarly, the frequency energy spectrum of the temperature (or ecific humidity), S7(f),

in the inertial subrange may be written as (see Eq. 4):
St(f) = Bx (U/2m)**Npe™ 1P f 5, ®)

where B is the Kolmogorov (Obukhov-Corrsin) constant for a passive scalar; a value Sx =
0.8 (e.g., Kaimal and Finnigan 1994) is used here.

2.2 Monin-Obukhov Similarity Functions for the Structure Parameters

Monin—Obukhov similarity theory (MOST) is the commonly accepted approach for describ-
ing near-surface turbulence in the stratified atmospheric boundary layer (ABL). At present,
in almost all numerical models (from local and mesoscale to global circulation and climate
models), turbulent fluxes are parametrized using MOST or/and a bulk flux algorithm. Accord-
ing to MOST, any properly scaled statistics of turbulence at reference height z are universal
functions of a stability parameter ¢ = z/L defined as the ratio of z and the Obukhov length
scale, L (Obukhov 1946):

kgz w'T,’
T, ul

*

¢ = , 9

where u., is the friction velocity, T, is the virtual temperature, g the acceleration due to
gravity, and « the von Kdrman constant. In particularly, nondimensional structure parameters
of the longitudinal velocity component, C,f, and temperature, C%, can respectively be written
as:

C2,2/3
¢Cu2(§) = uu2 ’ (10)
x
C2 .23
vcr2(§) = =5, (11)
%
where T, = —w’T’/u, is the temperature scale (e.g., Kaimal and Finnigan 1994). It is often

assumed perfect scalar similarity conditions (Hill 1989) when Monin—Obukhov similarity
functions for the structure parameters of temperature (11) and humidity are identical (or at
least very similar), i.e., 9c12(¢{) = @cq42(¢). While this assumption is a useful theoretical
starting point, in reality it is not always accurate.

Nondimensional structure parameters of the lateral (v) and vertical (w) velocity compo-
nents or specific humidity (g), can be written similarly to (10) and (11), respectively. By

using relationships Cl% o €2/3 and C% o Nre~1/3 the universal function (10) and (11) can
be expressed as ¢,2 00 (p3/3 and gc12 @ <pNT<p;1/3, where:
KZ€
g (0) = 5 (12)
Uy
KkZNT
= , 13
onT () 0T (13)

are the nondimensional dissipation rate of TKE and the nondimensional dissipation (destruc-
tion) rate for half the temperature variance, respectively.
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The exact forms of the universal functions (10) and (11) are not predicted by MOST
and must be determined from measurements. However, MOST does predict the asymptotic
behaviour of these functions under very stable and extremely unstable stratification (free
convection regime). In the neutral case (= 0), these functions are constant. In the free-
convection asymptotic limit (— —o0), the stress becomes insignificant, and the friction
velocity, uy, ceases to be a scaling parameter; that is, ¢c,2 X [¢ |2/3 and wcr2 X | |72/3. In
the very stable case (> 1), stratification inhibits vertical motion and the turbulence no longer
significantly communicates with the surface. In this case, MOST predicts that z ceases to
be a scaling parameter; that is, various quantities become independent of z (Obukhov 1946;
Monin and Obukhov 1954). This limit requires that z cancels in Eqgs. 10 and 11 for > 1,
which leads to relationships ¢cu2 o £2/3 and gera o £2/3, respectively. This approach has
been termed the "z-less" concept (i.e., height-independent).

In this study we use the following functional forms of (10) and (11) suggested by Kaimal
and Finnigan (1994, their Eq. 2.46 and Eq. 2.47) with one exception which will be explained
shortly:

|4 +05] ¢, <0

cuz(0) = {4(1+5;>2/3 , >0 (14
_[s5a+64]¢D7, ¢ <0

(pCTz(C)_{S(1+3§ 2/3) , 520 (15)

In the original Kaimal-Finnigan’s second Eq. 2.47, ¢c12 = 5(1 + 3¢), the exponent "2/3"
was "missed" for stable stratification. Here we follow the widely used form ¢c72(¢) which
provides blending between neutral and very stable (z-less) cases for > 0. Now (15) satisfies
both MOST theoretical predictions for the free convection and very stable asymptotic limits.
Note that the formulations for ¢c,2(¢) and ¢cr2(¢) suggested by Kaimal and Finnigan
(1994) were derived directly from data by Wyngaard et al. (1971). Further discussion on the
Monin—-Obukhov similarity functions for the structure parameters can be found in Andreas
(1988), Moene et al. (2004), Hartogensis and De Bruin (2005), Li et al. (2012), Wood et al.
(2013), Braam et al (2014), Kooijmans and Hartogensis (2016), Perelet et al. (2022), and
references therein.

Note that (14) and (15) can be affected by self-correlation because the same variables (pri-
marily the friction velocity, u,) appear both in the definitions of the universal functions (10)
and (11) and in the Monin—Obukhov stability parameter (9). Self-correlation (also referred
to as fictitious, spurious, built-in correlation) may lead to spurious dependencies that are not
associated with real physics (e.g., Hicks 1978; Mahrt et al. 1998b; Andreas and Hicks 2002;
Klipp and Mahrt 2004; Lange et al. 2004; Baas et al. 2006; Grachev et al. 2012 and papers
surveyed therein). However, the self-correlation can be overcome, for example, by plotting
a universal function and/or stability parameter in a "hybrid" representation without u, (e.g.,
Grachev et al. 2018a, Fig. 13 and references therein). This method is based on the idea that
a combination of any Monin—Obukhov universal functions is itself a universal function. For
example, Grachev et al. (2018a) plotted universal function ¢,,¢,, ! versus = z/L, where ¢y,
and ¢,,(¢) are the nondimensional profile of wind speed and the nondimensional standard
deviation of vertical velocity component, respectively. "New" universal function ¢, ¢!, by
definition, is not affected by the self-correlation because this function shares no variables
with the MOST stability parameter (9) except a measurement height z (formally u. here is
replaced by o).
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In a similar manner, structure parameters can be normalized by appropriate variances
rather than u, and T:

B C.,72/3
foce = 980 =~ (16)

042

where @ =u, v, w, T, or q. The nondimensional standard deviations of wind speed components
in (16) are scaled as:
Yay () = “L;ﬂ (17)

*

here oy (= u, v, and w) denotes the longitudinal, lateral, and vertical velocity components
respectively. Similarly, standard deviations for scalars, air temperature, o7, and specific
humidity, o, are scaled as:

or

or€) = —, (18)
7]
and:
0g(£) = 2 (19)
! 10’
where T, = —w/T//uy and Q, = —w/q//u, are the temperature and specific humidity scales
respectively.

Plots of ‘new’ nondimensional structure parameters (16) versus the Monin—Obukhov
stability parameter (9) are also not affected by the self-correlation. In addition, variance-
based scaling for the structure parameters (16) has a number of advantages over the traditional
representation (10)-(11), which we will consider in Sect. 4.4.

2.3 Effects of Temperature and Humidity Fluctuations on C2

As discussed by Wyngaard et al. (1978), Hill et al. (1980), Wyngaard and LeMone (1980),
Andreas (1988), Fairall (1991), Frederickson et al. (2000), Moene (2003), Moene et al.
(2004), Frehlich et al. 2010; Li et al. (2012), Wilson and Fedorovich (2012), Maronga et al.
(2013), Wainwright et al. (2015) Wang et al. (2020); Fiorino et al. (2021) and others, turbulent
fluctuations in the refractive index of air, 7, have contributions from temperature, humidity,
and pressure. In addition, n also depends on wavelength of a propagating wave, A; this is
known as dispersion. Fluctuations of air pressure give a negligible contribution to refraction
fluctuations (e.g., Hill et al. 1980). Since the refractive index is generally a function of
temperature and humidity, the structure parameter for refractive index, C2, can be expressed
in terms of temperature and humidity as well, i.e., through the structure parameters of air
temperature, C%, specific humidity, C;, and their cross-structure parameter, Cry:

Cp = A’C} +2ABCry + B*C}, (20)

where coefficients A and B nominally depend on temperature, humidity, pressure, and,
A. Exact forms of A(T, g, P, 1) and B(T, g, P, A) can be found in Andreas (1988) and
Frederickson et al. (2000). In the current study, the structure parameters C % and Cg are esti-
mated from sonic anemometers and a high-speed hygrometer based on Eq. 4 with ¢y = 0.25
(spectral method) and their measurements discussed below in Sect. 4. Typically, little infor-
mation is available about the structure parameters of specific humidity, Cs, and evaluation
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of the temperature-humidity cross-correlation structure parameter, Cr,, remains a challenge
(Kohsiek 1982; Fairall 1991). A number of studies have shown, that Cr, = Rr4,/C C‘%,

where R, is the correlation coefficient between T  and g in the inertial sub-range (e.g. Moene
2003; Beyrich et al. 2005). Wyngaard et al. (1978) and Wyngaard and LeMone (1980) showed
that Cr, is directly related to the molecular destruction rate of Tg-fluctuations. Perfect cor-
relation or anti- correlation between T and g assumes that Ry, = %1 respectively. Although
many studies report that values of }RTq | generally close to one, Rt can vary widely depend-
ing on the conditions (e.g. Kohsiek 1982; Moene 2003; Beyrich et al. 2005; Liidi et al. 2005).
Estimation of Cr4 in Eq. 20 from sonic anemometer data using the spectral approach (similar
to C% and Cg) requires derivation of the appropriate Tg-cospectra that was not originally
part of the CASPER-East and the C-FOG programs.

Although humidity (and pressure) perturbations also contribute to optical turbulence (e.g.,
Wesely 1976; Andreas 1988; Frederickson et al. 2000; Moene 2003; Moene et al. 2004), in
many cases the largest contributor to C2 over land comes from temperature disturbances.

Thus, it is common practice to express C2 in terms of C%, assuming that the humidity-
related terms are neglected in Eq. 20, i.e., Cg ~ 0 and Cr4 ~ 0. The most popular relation is

the well-known Gladstone-Dale (or just Gladstone) relationship (e.g., Tatarski 1961; Moene
et al. 2004; Frehlich et al. 2010; Cherubini and Businger 2013; Maronga et al. 2013; Wood
et al. 2013; Basu 2015; Fiorino et al. 2021 and references therein):

P 2
2~ (7.93 X 10*5ﬁ> Cz, 1)

where T and P are mean temperature [K] and pressure [hPa], respectively. Formally, Eq. 21
is valid for dry air and the constant factor 7.93 x 107 is derived for wavelength A = 0.5 jum
(corresponds to the middle of the visible spectrum). However, it can be said that the effects
of humidity are included in C,% in the case if C% in Eq. 21 is derived from a sonic, because

a sonic anemometer measures the so-called ’sonic’ virtual temperature, 7s = 7(1 + 0.51q),
which is close to the virtual temperature, 7, = T (1 +0.61q), (e.g. Kaimal and Finnigan
1994; Ostashev and Wilson 2015), which is equivalent to using Ts = T, instead of the air
temperature 7 in CZ, (see also discussion by Wood et al. 2013 and Fiorino et al. 2021).

Equation 21 is often used together with the equation that relates C % and the mean temper-

ature gradient (Tatarski 1961). But here we do not consider Tatarski’s equation and further
discussion of relationships of this type can be found in Frehlich et al. (2010), Cherubini and
Businger (2013), Maronga et al. (2013, 2014), Basu (2015). Fiorino et al. (2021), Basu and
Holtslag (2022) and references therein. In addition, we note that, C,% can be also expressed
in terms of the sonic anemometer-derived velocity structure parameter (Fiorino et al. 2021),
which we consider further in Sect. 4.

The simplified formula between C,% and C % (21) is a widely used standard approximation

in C,% studies for average atmospheric conditions, however, in some cases (e.g., over oceans
or water-saturated soils) C2 is dominated by Cg or at least the effects of humidity cannot be

neglected. Assuming perfect scalar similarity conditions (Hill 1989) for the scalar universal
functions (11), i.e., 97, (§) = @cq2(¢) and |qu| = 1, and using the formula for the square
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of a sum, Eq. (20) reduces to (cf. Wesely 1976; Moene 2003; Moene et al. 2004):

s P\? _\2
Cir <7.93 x 10 5ﬁ> (1+0.031-Bo™ "), (22)

where Bo = Hg/H| ,is Bowenratio defined as the ratio of sensible heat flux, Hg = ¢, pw'T’,

to latent heat flux, H; = L, pW. Here, p is the mean air density, c, is the specific heat
capacity of air at constant pressure, L, is the latent heat of evaporation of water. Equation 22
can be considered as a modification of Eq. 21 corrected for humidity effects. Note that the
Bo-correction in (22) also avoids zero or very small values of C,% in the limit %—Z — 0 and

C% — 0 because [Bo~!| — oo in the near-neutral conditions.

2.4 Coastal Boundary Layers

This study mainly analyses and discusses behaviour of the structure parameters C, 5 in coastal
zones. The coastal zone represents the interface between the land and water, the two footprint
surfaces having completely different mechanical and thermal properties. The ocean has a
relatively smooth surface (compared to land) and a very large heat capacity, whereas dry
inland areas are aerodynamically rough in general and have low heat storage capacity. Thus,
the drag coefficient, Cp = (us/U )2, surface fluxes, as well as the diurnal cycle of surface
meteorology and energy fluxes over these different footprints differ considerably (Grachev
et al. 2011, 2018a, 2021; Bardoel et al. 2025, and references therein).

Moreover, modelling of turbulent mixing over different footprint surfaces requires dif-
ferent bulk flux schemes. Specifically, the COARE bulk flux algorithm (Fairall et al. 2003)
and the SHEBA bulk turbulent flux algorithm (Andreas et al. 2010a, 2010b) are the present
state-of-the-art parameterizations of the turbulent fluxes over statistically homogeneous sur-
faces where an interfacial value of specific humidity can be unambiguously established (e.g.,
oceans, lakes, ice, snow covered surfaces, or water-saturated soils). Development of simpli-
fied bulk algorithms over land is not as straightforward as for over water or snow/ice because
for dry and wet bare soils and simple ground-hugging plant canopies the surface is not near
saturation. In this case, u, and Hy can still be estimated using a traditional aerodynamic
method for the turbulent flow (similar to the COARE and SHEBA algorithms), whereas esti-
mating H; requires a different approach, e.g., based on the combination of surface energy
budget and aerodynamic transport equations (see Garratt 1992; Foken 2017; Cuxart and
Boone 2020; Grachev et al. 2022). Thus, to derive C g in a coastal zone from Egs. 14 and 15,
the COARE bulk flux algorithm (Fairall et al. 2003) can be used in the case if the upwind
flux footprint corresponds to sea surface and a hybrid bulk algorithm (Grachev et al. 2022)
for inland footprints.

Coastal surface heterogeneity produces a complex vertical layered structure when turbu-
lent parameters including the fluxes and the structure parameters become functions of the
measurement height (e.g., Mahrt et al. 2018, 2021; Ortiz-Suslow et al. 2021) and/or wind
direction (i.e., surface footprints). In particular, sharp changes in the surface characteristics
due to the sea-land transition in a case of onshore (or offshore) winds leads to the formation
of a thin internal boundary layer (IBL) resolved by a tower (Figs. 1 and 2). An overview
of various formulations to predict the IBL height as a function of the fetch can be found
in Savelyev and Taylor (2005), Bardoel et al. (2025). A sketch of the IBL in Figs. 1 and 2
represents an idealized concept of an equilibrium IBL (Garratt 1990, 1992), although the
actual structure of the vertical layers may be more complex. For example, Mahrt et al. (2018)
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Internal Boundary Layer

Fig. 1 Sketch of a thin coastal internal boundary layer (IBL) for onshore winds from the Atlantic Ocean during
CASPER-East. Note the FRF Video tower (on the left) and a part of the 560-m-long FRF pier. The IBL height
is sketched here and located between sonic anemometers at levels 2 and 3 of the FRF Video tower (9.41 and
17.94 m AGL respectively)

considered a three-layer structure, which includes a shallow “new” boundary layer near the
surface, an overlying “regional boundary layer”, and the transition layer between these two
layers (Mabhrt et al. 2018, Fig. 5). Krishnamurthy et al. (2023, Fig. 1b) and Bardoel et al.
(2025, Fig. 1a) identified a transition sub-layer above an IBL. In such conditions, the drag
coefficient and diurnal variation of the sensible heat flux, among other parameters such as
the Bowen ratio, the ratio of sensible heat flux to latent heat flux, and carbon dioxide flux,
can be considered as indicators of different surface footprints such as water and land surfaces
(coastal IBL markers) discussed further in Sect. 4.1.

Turbulent statistics over heterogeneous surfaces are strongly dependent on an upwind
"flux footprint’ over which the turbulent fluxes and other statistics are sampled (Kljun et al.
2004, 2015; Burba 2013; Leclerc and Foken 2014). In this case, turbulent parameters become
functions of the wind direction, and the structure of the air flow can include a front recir-
culation zone, flow separation, a corner stream zone, and a wake region etc. (e.g., Coceal
and Belcher 2004; Klipp 2007; Grachev et al. 2018a and references therein). In addition,
the coastal zone is generally complicated by momentum or/and thermal IBLs that appear
quite distinctly for onshore and offshore winds. Thus, the wind direction is a main general
parameter for interpretation of atmospheric turbulence measurements in such conditions (see
Sect. 4.1).
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Level4

External Boundary Layer

Level3

Internal Boundary Layer

Fig. 2 Sketch of a thin coastal IBL for onshore winds during the C-FOG (Coastal-Fog) field campaign in
September—October 2018. Picture also shows the UND tower and instruments located at The Downs site in
Ferryland, Newfoundland. The IBL height is sketched here and is located between levels 2 and 3 of the tower
(5 and 10 m AGL respectively)

3 Observation Sites and Instrumentations

In this section, we describe two observation sites located on the Atlantic coast (i) near the
Duck, Outer Banks, North Carolina (October—November 2015, during the CASPER-East
Program) and (ii) near the Ferryland, Newfoundland, Canada (September—October 2018
during the C-FOG or Coastal-Fog field campaign). Instrumentation at each site was used to
investigate C2. Various measurements made during CASPER-East and C-FOG have been
described previously (see overview papers by Wang et al. 2018 and Fernando et al. 2021
respectively), and below only the relevant information on observation sites, instrumentation,
measurements, and data processing are given.

3.1 The CASPER-East Duck Observation Site

CASPER-East took place at the U.S. Army Corps of Engineers Field Research Facility (FRF)
located near the town of Duck, North Carolina (north to town of Kitty Hawk, NC); see Wang
et al. (2018). The facility situated in the Outer Banks stretches from the Atlantic Ocean
to Currituck Sound (Grachev et al. 2018a; Wang et al. 2018). This study focuses on Cé,
which was not considered by Gracheyv et al. (2018a). Although we use the same data set, an
additional prerequisite (described later in Sect. 4.2) is imposed on the spectral slope in the
inertial subrange to derive C2. Note that turbulence measurements in the coastal zone near

@ Springer



Structure-Function Parameters Aloft Coastal Zones Page130f39 29

Duck NC have been previously reported during the Shoaling Waves Experiment (SHOWEX)
in 1997-1999 (e.g., Sun et al. 2001; Vickers et al. 2001) and recently by Potter et al. (2025).
The Outer Banks is a 320-km-long chain of narrow barrier islands and peninsulas 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). The islands, largely composed of sand,
are generally low-lying, with some dunes rising to more than 30 m in height. The Outer
Banks has diverse vegetation from beach grasses, sea oats and hardy grasses on the dunes,
wax myrtles and bay grasses on the sound side to more protected lush maritime forests with
live oaks, pines, and various hardwoods inland.

Turbulence and mean meteorological data were collected at multiple levels on four mete-
orological flux towers (Grachev et al. 2018a, Figs. 1, 2, 3 and Table 1). The three shore
towers, named "Video" (or "Tall"), "Sand Dune Top" (SDT), and "Sand Dune Foot" (SDF)
towers, were located at various distances from the shoreline. Oceanfront sand dunes usually
reach a height of 3 m or so above the seashore. Fourth tower, called the "FRF Pier tower",
was located at the FRF pier. In this study, we use data from the FRF Pier, FRF Video, and
one 6-m tall SDT tower. The FRF Pier tower, was located at the end of the 560-m-long FRF
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Fig. 3 Time series of coastal IBL indicators: a 10-m neutral drag coefficient, C p,1¢, b sensible heat flux, Hg,
and c the Bowen ratio, Bo = Hg/H| , for 2015-year days 281-313 (8 October—9 November 2015) observed
during the CASPER-East field campaign over the water at the FRF Pier tower. The data are based on 30-min
averaging
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pier, i.e., "over water". The FRF pier is oriented along &~ 72° (in an ENE-WSW direction)
and a shoreline is aligned approximately in an NNW-SSE direction (bearing = -18°). Thus,
onshore wind directions range from 342° through 162° clockwise. The prevailing winds in
Duck NC blow predominantly from the northeast direction due to typical storms that frequent
the eastern seaboard.

The FRF Pier tower was instrumented with three levels of sonic anemometers at heights
9.9, 13.22, and 17.91 m above sea level (ASL) and three levels with ’slow’ T/RH probes at
9.80, 13.06, and 17.88 m ASL (Levels 1 to 3 respectively). The LI-7500A (LI-COR Inc.)
gas analyser was mounted on the same boom as the sonic anemometer at Level 1 with
measurement height 9.9 m ASL (Grachev et al. 2018a, Fig. 3a). The LI-COR made direct
measurements of water vapor (latent heat) turbulent fluxes and variables for relevant turbulent
statistics. An additional sonic anemometer was installed on October 30 at a measurement
height of 7.47 m ASL, i.e., below the pier deck ("Level 0"). On the "FRF Video" tower, the
sonic anemometers and the "slow’ T/RH probes were placed at four levels (Levels 1 to 4).
Turbulent data at this tower were collected continuously at 5.11, 9.41, 17.94, and 26.48 m
above ground level (AGL) whereas air temperature and humidity ’slow’ data were collected
at4.66, 8.93, 17.46, and 26.0 m AGL respectively. The Video tower base ("ground level" for
this tower) is 5 m ASL. The SDT tower had sonic anemometers (2.04, 4.70, 6.16 m AGL),
one LI-7500A at level 1, and two T/RH measurements at 1.93 and 6.0 m AGL.

All sonics used were three-axis R.M. Young (Model 81,000) sampled at 20 Hz whereas
slow response temperature and relative humidity (T/RH) probes and air pressure sensors were
sampled at 1 Hz. The FRF Pier tower was also instrumented with a LI-7500A (20 Hz). The
mean wind speed and direction were derived from the sonic anemometers, with rotation of the
anemometer axes to place the measured wind components in a streamline coordinate system
based on 30-min averaged 20-Hz raw data. We used the most common method, which is a
double rotation of the anemometer coordinate system, to compute the longitudinal, lateral,
and vertical velocity components (Kaimal and Finnigan 1994, Sect. 6.6). The measurements
of air temperature and relative humidity at several levels provided by T/RH probes were used
to evaluate the vertical temperature and humidity gradients based on 30-min averaged 1-Hz
raw data. Turbulent covariance and variance values were derived from sonic data 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 TKE and destruction rate for half the temperature (humidity) variance in the current
study were estimated as in Grachev et al. (2015). Data-quality control screening based on
objective and subjective methods (including restrictions on skewness and kurtosis) has been
applied to the original flux data to remove spurious or low-quality records. Details of data
processing, accuracy, calibration, and data-quality criteria can be found in Grachev et al.
(2011, 2015, 2018a, 2018b, 2021).

3.2 The C-FOG Ferryland Observation Site

Bardoel et al. (2021), Dorman et al. (2021), Fernando et al. (2021), Grachev et al. (2021), and
Pereletet al. (2021) describe the C-FOG program and the Ferryland observation site, measure-
ments, data processing, data accuracy, and instrument calibration in detail. Here we provide
some relevant information about the surface meteorology and turbulence data collected at a

supersite located near a small town called Ferryland (in the Island of Newfoundland) during
the C-FOG field campaign.
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The town of Ferryland is located approximately 80 kms south of St. John’s on the south-
eastern coast of the Avalon Peninsula and is exposed to the Northwest Atlantic where
extensive fog development is frequently observed along the coast of Newfoundland (Dorman
et al. 2017). The topography of the area is complex with high rock cliffs, islands, tombolo,
rocky shorelines, valleys, and other features including inlets and bays. The study area is
located on a long peninsula just east of Ferryland and the location is dubbed "The Downs".
The Downs can be thought of as a sloping land covered in grass and largely treeless, and its
seascapes range from cobbled and sandy beaches to sheer rocky cliffs. The centrepiece of
the University of Notre Dame (UND) turbulence program was a 16.2-m tower erected at The
Downs (47°01’17.1"N and 52°52'19.5"W) to examine air-sea/land coupling in the coastal
zone with and without fog (Grachev et al. 2021). Surface meteorology, turbulent fluxes of
momentum , sensible and latent heat and and other relevant turbulent statistics were mea-
sured continuously on the tower at four levels, at 2, 5, 10 and 15 m AGL (see also Fernando
et al. 2021, Table 2 for measurement instruments deployed during C-FOG for The Downs
site). The UND tower base ("ground level" for this tower) is approximately 32 m ASL. Each
measurement level was instrumented with identical fast response three-axis sonic anemome-
ters, sampling the wind velocity and sonic temperature at 20 Hz (R.M. Young Model 81,000)
and Rotronics HC2S3 temperature and relative humidity probes (T/RH, sampling frequency
= 1 Hz). The HC2S3 probes were housed in ventilated radiation shields. A fast-response
(20 Hz) open path infrared gas analyser (LI-7500A, LI-COR Inc.) was collocated with a sonic
anemometer at 5-m height for direct measurements of water vapor and carbon dioxide turbu-
lent fluxes and other relevant H;O and CO, turbulent statistics. In addition, an optical sensor
Viisdla Present Weather Detector, PWD22, mounted on a boom at an intermediate level
between 2-m and 5-m instrument levels, and is used for direct measurements of visibility,
precipitation intensity, and precipitation type. Measurements were collected by a data-logger
(Campbell CR3000) and successively parsed into 15-min data files. For the C-FOG study
we use a 15-min averaging time instead of the conventional 30-min benchmark. A shorter
interval can provide more detail on rapid fog changes in this study. Other details regarding
the observation site, the instrumentation, and the data can be found in Bardoel et al. (2021),
Dorman et al. (2021), Fernando et al. (2021), Grachev et al. (2021), and Perelet et al. (2021).

4 Measurements of the Structure Parameters at Coastal Zones

In this section, we analyse observations from two sites located on the Atlantic coast (near
the town of Duck, North Carolina and near the town of Ferryland, Newfoundland, Canada)
to investigate the horizontal and vertical structure of the structure parameters C in a coastal

internal boundary layer (IBL).

4.1 Turbulent Indicators (Markers) of a Coastal IBL

As discussed in Sect. 2.4, behaviour of various turbulent statistics in coastal zones (including
the structure parameters Cg) are strongly dependent on an upwind flux footprint. In this
section, we consider different indicators for different surface footprints in more detail for
subsequent analysis of C2. The wind direction is a main general parameter for interpretation
of atmospheric turbulence measurements in such conditions. The time series of the wind
direction observed during the CASPER-East field campaign can be found in Grachev et al.
(2018a, Fig. 4b). The CASPER-East data presented in this study were collected during 8
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Fig. 4 Time series of coastal IBL indicators: a 10-m neutral drag coefficient, C p,1¢, b sensible heat flux, Hg,
and c the Bowen ratio, Bo = Hg/H| , for 2015-year days 281-313 (8 October—9 November 2015) observed
during the CASPER-East field campaign over land at the FRF Video tower (panels a, b, and ¢) and the SDT
tower (panel d). The data are based on 30-min averaging

October through 9 November 2015, corresponding to the year day (YD) from 281 through
313 with respect to January 1, 2015 UTC. Similar wind direction plots from the UND tower
located at The Downs measurement site in Ferryland during the C-FOG field campaign from
1 September through 6 October 2018 (YD 244-279 with respect to January 1, 2018 UTC)
are shown in Gracheyv et al. (2021, Fig. 3b).

As mentioned, the drag coefficient allows the determination of whether the upwind flux
footprint corresponds to a relatively smooth sea surface or aerodynamically rough dry inland
areas. To compare measurements taken at different levels above the surface for different
stratifications, the drag coefficient adjusted to a standard height of 10 m and neutral condi-
tions, Cpp10, is widely used in the boundary layer studies (e.g., Fairall et al. 2003; Andreas
et al. 2012; Vickers et al. 2013 and where the definition of Cp, 19 can be also found). Our
observations show that the average drag coefficient Cpy10 over land is generally larger than
over the sea surface due to the change in aerodynamic properties of the surface. For onshore
winds, the vertical profiles of Cp,190 measured at the coastal tower allows us to determine
the position of the coastal IBL. Time series of the 10-m neutral drag coefficient are presented
in Figs. 3, 4 and 5 (panel a). According to our data, the magnitude of Cp,19 observed over
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Fig. 5 Time series of coastal IBL indicators: a 10-m neutral drag coefficient, C p,1¢, b sensible heat flux, Hg,
and ¢ the Bowen ratio, Bo = Hg/H , for 2018-year days from 244 through 279 (from 1 September through
6 October 2018) observed at four levels of the UND tower located at The Downs measurement site during the
C-FOG field campaign. The data are based on 15-min averaging

water at the FRF Pier tower (Fig. 3a) during CASPER-East can be an order of magnitude
less than measured over land at the FRF Video tower during CASPER-East (Fig. 4a) and at
the UND Ferryland/Downs tower during C-FOG (Fig. 5a); Cpp10 ~ 1073 vs. Cppio ~ 1072
respectively.

Figure 4a shows notable cases of a thin convective IBL resolved by the FRF Video tower
for onshore winds in the direction sectors from the north to the north-east during the YD
283-286; 299-300; 303-305, among other cases. The sharp vertical change in Cp, 1o may be
attributed to the fact that sonic anemometers at levels 1 and 2 are located within the IBL which
is associated with a rough inland footprint, whereas the upper sonic anemometers (levels 3
and 4) belong to the external boundary layer which is associated with relatively smooth sea-
surface footprints. In this case the IBL height is located between sonic anemometers at levels
2 and 3 (9.41 and 17.94 m AGL respectively) as sketched in Fig. 1. Similar behaviour of
Cpn1o is associated with the presence of an IBL and can be found in the time series of the
C-FOG field campaign (see sketch in Fig. 2). According to Fig. 5a, values of C p,;10 measured
by two upper sonic anemometers (levels 3 and 4) are located outside the IBL and correspond
in general to sea-surface footprints (Cp,10 ~ 10_3), whereas Cp, 19 observed at the lower
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level 1, is located within the IBL and associated with the rough inland footprints (level 2
shows mixed behaviour). The high values of Cp,19 ~ 10~ which are observed at level 1
during the YD 247, 265.5, 270, 278 among other cases (Fig. 5a) for onshore are likely due to
the influence of individual upwind obstacles such as a sharp-edged coastal cliff (see Grachev
et al. 2021). Additional examples of Cp, 10 behaviour over different footprint surfaces in the
Houston/Galveston region and the nearby coastal zone can be found in Grachev et al (2011,
Figs. 11a and 14a).

While variations of Cp,1¢0 are associated with mechanical properties of the underlying
surfaces, variations in the sensible heat flux, Hg, are due to the change in the thermal properties
of the footprint surfaces (e.g., heat capacity and thermal conductivity). In other words, Cp,10
and Hg (among others) can be considered as aerodynamic and thermal markers of a coastal
IBL respectively. These IBL markers are associated with two distinct IBLs: the aerodynamic
IBL and the thermal IBL, which often form simultaneously in coastal zones, resulting in
a complex, inhomogeneous atmospheric boundary layer. Time series of Hg measured over
the water (FRF Pier tower) and over land (FRF Video tower) during CASPER-East are
shown in Fig. 3¢ and Fig. 4c, respectively. Similar time series of Hg observed at the UND
Ferryland/Downs tower during C-FOG are presented in Fig. 5b. According to Figs. 3, 4 and
5 (panel b), there is a pronounced diurnal cycle evident in Hg observed for rough inland
footprints (mainly on levels 1 and 2 Figs. 4, 5), whereas for Hg measured over sea surface
(Fig. 3b) such a cycle is only marginally observed (see also discussion in Grachev et al.
2018a, 2021).

The Bowen ratio, Bo = Hg/H|, can be considered as another marker of a coastal IBL.
Generally, the latent heat flux, Hy,, over water bodies is higher than the sensible heat flux, Hg,
and hence |Bo| < 1. Over dry inland regions, it is vice versa, |Bo| > 1. Typically, the Bowen
ratio ranges from about 0.1 over tropical oceans, through 0.5-1 over wet soils/grassland to
5.0 over semiarid regions, and 10 over deserts. In some sense, the Bowen ratio indicates how
wet a flux footprint is. Examples of Hg and H;, over wet and/or water-saturated soils and over
dry bare or lightly vegetated soil surfaces can be found in Grachev et al. (2020, Figs. 6, 8a,
and 8b) and Gracheyv et al. (2022, Figs. 4 and 6). Time series of the Bo are shown in Figs. 3, 4
and 5 (panel c). The magnitude of Bo over water at the FRF Pier tower (Fig. 3c) is generally
less than that over land at the SDT tower (Fig. 4c) and at the UND Ferryland/Downs tower
(Fig. 5¢).

Although we have considered the main indicators of a coastal IBL here (Cpp10, Hs, and
Bo), other parameters can also provide useful information. For example, air temperature and
relative humidity (T/RH) have a pronounced diurnal cycle over land similar to Hg, whereas
over water at the FRF Pier tower such a cycle in T/RH data is practically not observed.

To summarize, we note that a coastal IBL in a case of onshore winds (Figs. 1 and 2) is
associated with encountering aerodynamically rough dry inland footprint areas and hence
with high Cpp10 ~ 1072-1071, strong diurnal variations of Hg and T/RH, and |Bo| > 1
among other things, while the external boundary layer corresponds in general to relatively
smooth sea-surface footprints and, therefore, Cp; 10 ~ 1073, |Bo| < 1, and the absence of
strong diurnal variations of Hg and T/RH due to high heat capacity and thermal conductivity
of the ocean. Note that coastal IBLs for onshore winds (sketched in Figs. 1 and 2) and related
analysis of the IBL indicators can be used for testing of potential IBL height predictions (e.g.,
Garratt 1990, 1992; Savelyev and Taylor 2001, 2005; Fairall et al. 2006; Krishnamurthy et al.
2023; Bardoel et al. 2025 among others) and footprint models (e.g., Horst and Weil 1992,
1994; Kormann and Meixner 2001; Kljun et al. 2004, 2015; Burba 2013; Wilson 2015). It
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Fig. 6 Time series of the structure parameters of a the longitudinal velocity component, CL%, b the temperature,
C %, and c the specific humidity, C,?, for 2015-year days 281-313 (8 October-9 November 2015) observed

during the CASPER-East field campaign over the water at the FRF Pier tower. The data are based on 30-min
averaging

should be also noted that this study mainly focuses on the behaviour of C2 in coastal zones
and the IBL concept considered here is only an analytical tool and not a research goal.

4.2 Temporal and Directional Variability of the Structure Parameters over Different
Surface Footprints

Here, we consider the time series of dimensional structure parameters measured at different
towers and different observation levels at the coastal zones described in the Sect. 3. The time-
series data allow us to analyse diurnal variations and compare the structure parameters over
different footprints, including relatively smooth sea surface conditions and aerodynamically
rough dry inland areas under stable and unstable conditions measured over the same time
periods.

Figures 6 and7 show the 30-min averaged structure parameters Cg observed during the
CASPER-East field campaign over the water (FRF Pier tower) and over land (FRF Video
and SDT towers) respectively. Appropriate time series of wind speed, wind direction, air
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Fig. 7 Time series of the structure parameters of a the longitudinal velocity component, CL%, b the temperature,
C %, and c the specific humidity, C,?, for 2015-year days 281-313 (8 October-9 November 2015) observed

during the CASPER-East field campaign over land at the FRF Video tower (panels a, b, and ¢) and the SDT
tower (panel d). The data are based on 30-min averaging

temperature, relative humidity, friction velocity, u., sensible heat flux, Hg, latent heat flux,
Hj, the drag coefficient, the Bowen ratio, and the Monin—Obukhov stability parameter,
¢ = z/L, observed at the FRF Pier, FRF Video, and SDT towers for this time period can be
found in Grachev et al. (2018a, Figs. 4, 5 and 6) and Figs. 3, 4.

Similar plots of 15-min-averaged C, 2 values measured in the C-FOG field campaign are
shown in Fig. 8. The time series data from the C-FOG experiment shown in Fig. 8 provides
additional evidence of the temporal behaviour of the structure parameters at a coastal zone
over different footprint surfaces for both stable and unstable conditions. Plots of the 15-
min-averaged surface fluxes, basic meteorological variables, and other relevant variables as
observed during the entire C-FOG field campaign can be found in Grachev et al. (2021,
Figs. 3, 4 and 5) and Fig. 5.

Because our estimates of structure parameters C, 5 are based on Eq. 4, data without the
Richardson-Kolmogorov cascade should be filtered out. In the current study, the following
prerequisite is imposed on the data: the data points where the spectral slope in the inertial
subrange (in the frequency domain ~ 0.9-2.7 Hz) deviated more than 20% of the theoretical
-5/3 slope were excluded from the analysis (cf. Hartogensis and De Bruin 2005, where +
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Fig. 8 Time series of the structure parameters of a the longitudinal velocity component, C,%, b the temperature,
C%, and c the specific humidity, Cg, for 2018-year days from 244 through 279 (from 1 September through 6

October 2018) observed at four levels of the UND tower located at The Downs measurement site in Ferryland,
Newfoundland during the C-FOG field campaign. The data are based on 15-min averaging

20% was also used). According to our data, the frequency domain &~ 0.9-2.7 Hz is certainly
within the inertial subrange. Estimates of the fraction of the total dataset that passed through
the QC screening, for example, for C-FOG data can be found in Grachev et al. (2021, p.402).

According to our data, the structure parameters of a velocity component Cgv (ay =u,v,
w) collected for the same time periods are highly correlated with one another (see also Eq. 7).
The structure parameters of the lateral velocity component, Cg, is not shown here because its
behaviour is very similar to the longitudinal and vertical velocity components, C 3 and C 3)
Although the structure parameters in Figs. 6 and 7 at different instrument levels at both the
FRF Pier and FRF Video towers observed for the same time periods are qualitatively very
similar, there are noticeable differences between these two locations that are associated with
the different aerodynamic properties of the underlying surface. According to Figs. 6a and.
7a, the amplitude of the 30-min averaged values of C,f at the FRF Pier tower is generally less
than that at the FRF Video tower. This may be attributed to the relatively smoother ocean
surface as compared to land. The difference is most clearly visible in C2 at the FRF Video
tower measured at different levels for the same time periods. This sharp change in the surface
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characteristics due to the sea-land transition for onshore winds leads to the formation of a
thin IBL resolved by the tower as discussed in Sect. 4.1.
The FRF Video-tower data in Fig. 7a show the sharp vertical change in C 3 for onshore

wind during the YD 283-286; 299-300; 303-305, among other cases. Lower CL% measured
by two sonic anemometers at levels 3 and 4 correspond to sea surface footprints whereas
the higher values of C2 observed at the two lower levels, 1 and 2 are associated with the
rough inland footprints. This sharp vertical change in C 3 is caused by a decoupled boundary
layer system, and in this case the IBL height is located between sonic anemometers at levels
2 and 3 (see Fig. 1). According to Fig. 7a, the average C,f over land footprints can be an
order of magnitude larger than over the sea surface due to the change in surface aerodynamic
properties. Similar behaviour of C 3 can be found in the time series for the C-FOG campaign
(Fig. 8a). For example, C 5 measured at Level 1 for &~ YD 269-271 increased dramatically,

as much as an order of magnitude larger than those measured at Levels 2—4 (Fig. 8a).
The two bottom panels in Figs. 6, 7 and 8 show the structure parameters for scalars, tem-
perature, C %, and specific humidity, C 5, respectively. According to these plots, the magnitude

of C% and Cg observed over water (FRF Pier tower, Fig. 6b, c) is generally less than that

over land during CASPER-East (FRF Video tower, Fig. 7b, ¢) and C-FOG (Fig. 8b, c). This
may be due to the more thermally homogeneous ocean surface compared to the land terrain
(i.e., thermal roughness is less for the water surface). Furthermore, there is a pronounced
diurnal cycle in C % which is observed over land (corresponding to inland footprints) during
CASPER-East (FRF Video tower, Fig. 7b) and C-FOG (Fig. 8b, e, g, for YD 250-255).
There is also a pronounced diurnal cycle of CZ measured in C-FOG (Fig. 8c). Nevertheless,

the diurnal cycle for C% and C; is weak for relatively smooth sea-surface footprint. This

corresponds to the observations in the CASPER-East field campaign at the FRF Pier tower
(Fig. 6b, c) and the SDT tower (Fig. 7c). Similar behaviour of C % and Cg was also observed

in C-FOG during YD 261-265 (Fig. 8b, c). In addition, according to our measurements,
the structure parameters C, 5 (in dimensional forms) decrease with increasing measurement
height. This is especially clear from Fig. 6 over the sea, when it can be assumed that for all
sensors at the tower footprint surfaces (sea roughness and temperature) are approximately
the same (i.e., the prerequisite "ceteris paribus" is met).

In addition to time series of the structure parameters C, 2 (Figs. 6, 7 and 8), their depen-

dence on wind direction can also shed light on coastal variability of CO%. Figure 9 shows the

structure parameters C(% (¢ = u, T, and q) as a function of true wind direction measured at
the FRF Video tower (Fig. 9a, b) and the SDT tower (Fig. 9c) as the most illustrative example.
According to Fig. 9, the structure parameters are very sensitive to the wind direction, because
a change in wind direction results in sampling of very different upwind surface characteris-
tics. Relatively small values of Cf ~1072-10"! m*3 572 and C% ~ 10731072 K?m~%3
measured by two upper sonic anemometers (levels 3 and 4) were predominantly observed
during onshore wind directions, particularly in the sector between 342° through 72° (the
prevailing wind sector) correspond to sea surface footprints whereas C,f and C % observed
at two lower levels 1 and 2 are associated with the rough inland footprints the influence of
individual obstacles such as a sharp-edged coastal cliff (Fig. 9a, b respectively). According
to our data presented in Fig. 9, values of C 3 and C %, are generally higher for offshore than

for onshore winds (this is especially noticeable for levels 3 and 4). The Cg values, on the
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Fig. 9 Individual 30-min-averaged data of the structure parameters of a the longitudinal velocity component,
C;, b the temperature, C% , and ¢ the specific humidity, Cg, plotted versus the true wind direction for 2015-year

days 281-313 (8 October—9 November 2015) observed during the CASPER-East field campaign over land at
the FRF Video tower (panels a and b) and the SDT tower (panel ¢). The FRF pier is oriented along ~ 72° in
an ENE-WSW direction (solid vertical lines), perpendicular to the shoreline which is aligned approximately
in NNW-SSE direction. Thus, onshore wind directions range from 342° through 162° clockwise (dash-dotted
vertical lines)

contrary, are higher for the onshore than for the offshore winds (Fig. 9c), i.e. higher for
sea-surface footprints than for dry inland footprints (e.g., compare qu values in the direction

sector between 342° through 72° with C; values in the sector from &~ 180° to =~ 270°).
Thus, although the CASPER-East and C-FOG observational sites represent different
coastal environments and landforms, the temporal variability of the structure parameters
is qualitatively similar when they are measured at the towers erected over land (FRF Video
tower in Duck NC and the UND tower in Ferryland, Fig. 7 and Fig. 8, respectively). Note
also, there is general consistency between our measurements of C % using a sonic anemome-
ter/thermometer and measurements of C % by other authors including direct measurements

between two points and estimates by scintillometers (e.g., Gur’yanov et al. 1987; Beyrich
et al. 2005; Wood et al. 2013; Aristidi et al. 2015). At the same time, the time series of the
structure parameters measured at both towers deployed on land (Fig. 7 and Fig. 8) differ
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from those obtained over the sea surface (Fig. 6). Note that according to Eq. (22), the value
C% = 1072 K?’m~?3 in these plots corresponds to Cﬁ ~ 7.9 m10~15=23 and C% =10""!
K?m—23 corresponds to C,% ~7.9ml1014-23 (forT =300K, P =1013 hPa, A = 0.5 wm,
and dry air).

In summary, the lower values of the dimensional structure parameters are associated
with higher altitudes, smooth surfaces (e.g., over water) and stable stratifications (nocturnal
boundary layer); that is, for those cases where the level of turbulence is lower.

4.3 Verification of Monin-Obukhov Similarity for the Structure Parameters

The CASPER-East and C-FOG datasets allow us to evaluate MOST predictions for the
structure parameters under conditions that violate the horizontal homogeneity assumptions
underlying MOST, such as coastal zones. Specifically, we compare data with relationships
(14) and (15) suggested by Kaimal and Finnigan (1994).

Figure 10 shows the normalized (according to (10) and (11)) bin-averaged dependencies
of the structure parameters of the longitudinal velocity component C, 5 (panels a and b), the

vertical velocity component C 5} (panels c and d), the air temperature C % (panels e and 1),
and the specific humidity C; (panels g and h) for CASPER-East over the water at the FRF

Pier tower. Similar plots for CASPER-East over land at the FRF Video tower (panels a-f) and
the SDT tower (panels g and h) are shown in Fig. 11, and similar plots for the UND tower
at Downs (Ferryland) during C-FOG is shown in Fig. 12. The data in Figs. 10, 11 and 12 is
plotted in log—log coordinates versus the local stability parameter, { = z/L evaluated at each
observational level (local scaling). The left panels in Figs. 10, 11 and 12 (panels a, c, e, and
g) present unstable (¢ < 0) conditions, whereas the right panels (b, d, f, and h) are for stable
(¢ > 0) conditions. The individual half-hour (Fig. 10 and Fig. 11) and 15-min-averaged
(Fig. 12) data of Cg for all measurement levels are also shown in Figs. 10, 11 and 12 as
background yellow dot-symbols. These data-points give an estimate of the available data at
all levels and the typical scatter of the data.

Figure 12 for the C-FOG data shows non-fog conditions only. Similar to the Grachev et al.
(2021) study, here we have imposed the visibility threshold to 6 km to separate turbulence
data into fog and no fog categories. In this study as well as in Grachev et al. (2021), by fog-
free conditions (i.e., clear sky days with high visibility) we mean that the visibility measured
by the PWD22 was greater than 6 km, based on the suggestion by Dorman et al. (2021).

According to Figs. 10-12 (panels a-d), the nondimensional structure parameters of the
velocity components measured in the coastal zone, on the average, follow MOST local scaling
for both stable (> 0) and unstable (< 0) stratifications. Furthermore, the data points for
different measurement levels collected at different towers collapse fairly well into a universal
curve, especially over the water at the FRF Pier tower during the CASPER-East field campaign
(Fig. 10 panels a-d). In general, our observations over land (Figs. 11 and 12) show larger
scatter of individual and averaged data-points for the nondimensional structure parameters as
compared with data collected over the water (Fig. 10), possibly due to complexity of coastal
landforms of the Outer Banks (North Carolina) and Ferryland (Newfoundland) compared
to the ocean surface. Thus, Figs. 10, 11 and 12 demonstrate similarities and differences in
behaviour of C2 over different footprint surfaces in coastal zones.

The dimensionless temperature structure parameter C% for near-neutral conditions || —
0 is ambiguous (Figs. 10, 11 and 12, panels e and f) because the temperature scale T is
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Fig. 10 The bin-averaged nondimensional structure parameters of the a, b longitudinal and ¢, d vertical velocity
components, e, f air temperature, and g, h specific humidity plotted in log-log coordinates versus the local
MOST stability parameter (9) for the 30-min averaged data collected over the water at the FRF Pier tower
during the CASPER-East field campaign. Plots in the left panels (a, c, e, g) correspond to unstable conditions,
or CBL, ¢ < 0; the right panels (b, d, f, h) represent stable conditions, or SBL, > 0. The black dashed lines
correspond to the Kaimal and Finnigan (1994) relationships (14) and (15) with ¢cy2 (£) = (4/3) and @cg2(2)
©cq2(8) = @cr2(¢). Individual 30-min averaged data-points for all measurement levels are shown as the
background yellow dot-symbols

small and asymptotically tends to zero as { approaches zero, whereas, in the near-neutral
case the value of C% is small but still finite. While the scatter is larger for the C% case, the
data essentially follow the MOST canonical curves except for near-neutral and very highly
stable/unstable cases. This behaviour of C % is very similar to the behaviour of o7 reported by

Grachev et al. (2018a. 2021). At the same time, our data for Cg (Figs. 10, 11 and 12, panels

g and h) systematically overestimate the empirical Kansas-type expressions by Kaimal and
Finnigan (1994) for temperature, Eq. (15).

Note that MOST is a conceptual framework that is only applicable under ideal conditions,
such as the assumptions of horizontal homogeneity, stationarity, and a constant flux layer.
These assumptions are obviously violated in coastal zones. Because of the surface hetero-
geneity (patchiness) at different scales, the surface sources and sinks for heat and moisture
are different that result in scalar dissimilarity between T and ¢ in such conditions (e.g., Katul
et al. 1995; Andreas et al. 1998; Detto et al. 2008 and references therein).
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Fig. 11 Same as Fig. 10 but for the data collected over land at the FRF Video tower (panels «a, b, ¢, d,e, and

f) and the SDT tower (panels g and /) during the CASPER-East field campaign

4.4 Variance-Based Hybrid Scaling for the Structure Parameters

As noted in Sect. 2.2, some plots in the framework of the Monin—Obukhov approach (e.g.,
Figs. 10, 11 and 12) can be affected by self-correlation, and one method to overcome self-
correlation is plotting a universal function in a "hybrid" representation without u.; that is,

7 2
225

- = fear(d), (23)

where o = u, v, w, 6, or ¢ and = z/L is the Monin—Obukhov stability parameter for local
scaling defined by (9). Figure 13 shows such plots of variance-based universal functions of
the structure parameters normalized according to (23) versus ¢ for the CASPER-East field
campaign over the water at the FRF Pier tower. Similar plots for data over land at the FRF
Video tower (panels a-f) and the SDT tower (panels g and h) are shown in Fig. 14. Figure 15
shows fca2(¢) versus ¢ for the data collected during C-FOG. Similar to Figs. 10, 11 and
12, the individual 30-min averaged (Figs. 13 and 14) and 15-min-averaged (Fig. 15) data-
points of normalized C2 for all measurement levels are also shown in Figs. 12, 13 and 14 as
background yellow dot-symbols. Recall that Figs. 13, 14 and 15 by definition do not contain
self-correlations because "new" universal functions fca2 = @ca2¢, 2 share no variables with
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Fig. 12 Same as Fig. 10 but for the data collected at the UND tower located at The Downs measurement site
in Ferryland, Newfoundland during the C-FOG field campaign. The data are based on 15-min averaging for
clear sky days with high visibility (i.e., fog-free conditions) when the PWD22 visibility was greater than 6 km

¢ except a reference height z (e.g., see Egs. 16-19). As such, plots in Figs. 13, 14 and 15 are
more objective those in Figs. 10, 11 and 12.

Similar to the traditional MOST, the exact forms of the universal functions (23) cannot be
predicted and must be determined from measurements, except for asymptotic cases of very
stable (>> 1) and very unstable (free convection, < —1) stratifications. In the very stable
case, stratification inhibits vertical motions and the turbulence no longer communicates sig-
nificantly with the surface. In this case, the dependence of z is expected to cease, leading to
Fean ) o 7213 o 213, According to MOST, in the free convection limit (< —1) the friction
velocity becomes insignificant, and u,. ceases to be a scaling parameter in (23). This assump-
tion leads to the fact that the universal functions fcy2(¢) become asymptotically constant
for <« —1. In the neutral case (= 0) the functions (23) are constant by definition. Thus, under
unstable conditions a function fc42() is an interpolation which provides blending between
two constants that may be close to each other; that is, fce2(0) = fca2(— —00).

According to Figs. 13, 14 and 15, the nondimensional universal functions (23) for variables
o = u, w, T, and ¢ measured in the coastal zones, on the average, follow this conclusion
for unstable (< 0) stratification. The behaviour of a function interpolating between two
asymptotic constants for < 0, however, is different for different variables. Specifically, the
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Fig. 13 The bin-averaged nondimensional structure parameters structure parameters of the a, b longitudinal
and ¢, d vertical velocity components, e, f air temperature, and g, h specific humidity based on the variance
hybrid scaling (23) plotted in log—log coordinates versus the local MOST stability parameter (9) for the 30-
min averaged data collected over the water at the FRF Pier tower during the CASPER-East field campaign.
Plots in the left panels (a, c, e, g) correspond to unstable conditions, or CBL, < 0; the right panels (b, d, f,
h) represent stable conditions, or SBL, > 0. The black dashed lines are based on the Kaimal and Finnigan
(1994) relationships for CO% and UC% where « = u, v, w, T, or g. Individual 30-min averaged data points for

all measurement levels are shown as the background yellow dot-symbols

nondimensional structure parameter (23) for humidity (¢ = g) weakly depends on stratifi-
cation for convective conditions, if it depends on ¢ at all (see Figs. 13, 14 and 15, panels
g). In other words, the asymptotic constants in the free-convection limit and the near-neutral
stratification are close to each other, i.e., fc42() & const for < 0. The nondimensional uni-
versal functions (23) for the velocity components, change weakly for < 0 (see Figs. 13, 14
and 15, panels a and c). The strongest variations of Eq. 23 are generally observed for the air
temperature (¢ = T'), and the asymptotic value in the free-convection limit fc7y(— —00) is
generally larger than for the neutral case fc72(0) (see Figs. 13, 14 and 15, panels e). For the
case of stable stratification > 0 (Figs. 13, 14 and 15, panels b, d, f, and h), the nondimensional
universal functions (23) for all variables generally increase monotonically with increasing
= z/L, consistent with the z-less prediction fcy2(¢) 4_2/ 3 (maybe with some exception
for @ = g case under very stable conditions).

Although traditional plots of the universal functions versus the stability parameter (9)
in Figs. 10, 11, 12, 13, 14 and 15 are useful general tools, additional detailed information
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Fig. 14 Same as Fig. 13 but for the data collected over land at the FRF Video tower (panels a, b, ¢, d,e, and
f) and the SDT tower (panels g and /) during the CASPER-East field campaign

can be obtained if the data collected in a coastal zone are divided into onshore and offshore
cases. Figure 16 shows bin-averaged dependencies of the variance hybrid scaling C2z%/3 /o2
(Eq. 23) for variables « = u, w, T, and ¢ plotted against z/L separately for onshore and oft-
shore winds measured over land at the FRF Video and SDT towers during the CASPER-East
field campaign at (as the most illustrative example). Recall that the onshore wind directions
range from 342° through 162° clockwise (dash-dot vertical lines in Fig. 9). According to
Fig. 16, the bin-averaged data of C2z%/3 /a2 observed during onshore winds (colour solid
lines) are generally not very different from those observed with offshore winds (colour dashed
lines), although the dashed lines are often slightly lower than the solid lines. Moreover, the
bin-averaged data observed at different levels for both onshore and offshore winds collapse
fairly well into a single universal curve (especially for the scaled C2).

Another advantage of the variance-based scaling (23) compared to the traditional MOST is
the absence of the ambiguity for the dimensionless temperature structure parameter fcr2(¢)
for near-neutral conditions || — 0 as compared with ¢c72(¢) (cf. Figures 10, 11 and 12 and
Figs. 13, 14 and 15, panels e and f). This is due to the fact that the temperature scale T in
(11) is small and asymptotically tends to zero as — 0, whereas, in the near-neutral case or
is small but still finite (see also discussion in Grachev et al. 2018a). This behaviour of o7 is
associated with a surface that is thermally inhomogeneous wherein local hot and cold spots
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Fig. 15 Same as Fig. 13 but for the data collected at the UND tower located at The Downs measurement site
in Ferryland, Newfoundland during the C-FOG field campaign. The data are based on 15-min averaging for
clear sky days with high visibility (i.e., fog-free conditions) when the PWD22 visibility was greater than 6 km

on the surface generate small-scale advection that enhances oy but not the surface fluxes,
i.e., T. This argument is less applicable for o, and ¢c42(¢), where | Q.| need not be small
in near-neutral conditions.

Finally, we also note that the variance-based hybrid scaling (23) can be potentially imple-
mented in a second-order turbulence closure like COAMPS (Coupled Ocean—Atmosphere
Mesoscale Prediction System) for C ,% parameterization, since in the model a scalar structure
parameter is related to relevant scalar variance (Wang et al. 2020 their Eq. 3). It should be
also noted that the hybrid scaling method is an addition (not an alternative) to MOST that
allows testing parameterizations and analyzing field data that are not affected by spurious
self-correlation.

5 Summary and Discussion

The study reported herein concerned the structure—function parameters (or just structure
parameters) of velocity, temperature, and specific humidity and other ancillary information
in the atmospheric boundary layer at two coastal sites; one on the Outer Banks between the
Atlantic Ocean and the Currituck Sound near the town of Duck, North Carolina (CASPER-
East Program) and the other located near the town of Ferryland, Newfoundland, Canada
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Fig. 16 The bin-averaged nondimensional structure parameters structure parameters of the a, b longitudinal
and ¢, d vertical velocity components, e, f air temperature, and g, h specific humidity based on the variance
hybrid scaling (23) plotted in log—log coordinates versus the local MOST stability parameter (9) for the 30-min
averaged data collected over land at the FRF Video tower (panels a, b, ¢, d,e, and f) and the SDT tower (panels
g and h) during the CASPER-East field campaign (same as Fig. 13 but separately for onshore and offshore
winds). Plots in the left panels (a, c, e, g) correspond to unstable conditions, or CBL, < 0; the right panels (b, d,
[, h) represent stable conditions, or SBL, > 0. The coloured solid and dashed lines correspond to onshore and
offshore cases, respectively. The black dashed lines are based on the Kaimal and Finnigan (1994) relationships
for Cg and 03 where ¢ = u, v, w, T, or ¢

(C-FOG field campaign). Turbulence and mean meteorological data were collected at multi-
ple levels (up to four) on several meteorological towers deployed on land at different distances
from the shoreline, with one tower located at the end of a 560-m-long pier i.e., "over water".
Overall, the data allowed the study of the structure parameters and other statistics for different
surface footprints, including relatively smooth sea surface conditions and aerodynamically
rough dry inland areas for both stable and unstable stratifications. Details regarding the obser-
vation sites, various measurements at these locations, turbulent data processing, accuracy of
measurements, calibration, data-quality criteria etc. in detail can be found in Grachev et al.
(2018a), Wang et al. (2018) for the CASPER-East and in Bardoel et al. (2021), Dorman et al.
(2021), Fernando et al. (2021), Grachev et al. (2021), and Perelet et al. (2021) for the C-FOG
programs.

A coastal zone is the interface between water and land footprints, signifying a transition
between surfaces with completely different mechanical and thermal properties. For onshore
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flow, this leads to the formation of a thin internal boundary layer (IBL) often resolved by the
towers used (see Figs. 1 and 2). The drag coefficient, diurnal variation of the sensible heat
flux, and the Bowen ratio, among other parameters, were considered as coastal IBL markers.
In particular, a coastal IBL in the case of onshore winds is associated with high values of
the 10-m neutral drag coefficient (Cp,10 ~ 10_2—10_1), strong diurnal variations of Hg and
T/RH, and |Bo| > 1.

Understanding the behaviour of the structure parameters is important for wave propagation
in the turbulent atmosphere. Time series of the dimensional structure parameters measured
at different towers and different observation levels at the two coastal zones were analysed
first. The lower values of the dimensional structure parameters were associated with higher
altitudes, smooth surfaces (e.g., over water), and stable stratifications (e.g., for nocturnal
boundary layer), ceteris paribus. The structure parameters over a land footprint could be an
order of magnitude larger than that over the sea surface due to the change in aerodynamic
and thermal properties of the surface. Another marked difference was the stronger diurnal
cycle evident in the scalar (temperature and specific humidity) structure parameters, C% and

Cg, observed over land due to the disparate heat capacities of water and soil. Specifically, a

diurnal cycle was observed in C % during CASPER-East and C-FOG as well as CZ in C-FOG.

The applicability of Monin—Obukhov similarity theory (MOST) to velocity and scalar
structure parameters in the coastal zones over different footprint surfaces and for both sta-
ble and unstable conditions was studied. Specifically, the MOST nondimensional universal
functions ¢cq (¢) for velocity components (¢ = u, w) and scalars (o« = T, ¢) were plotted
as a function of the stability parameter, = z/L at each observational level (local scaling) and
compared with the relationships (14) and (15) of Kaimal and Finnigan (1994). As we have
shown previously (Grachev et al. 2018a; 2021), under conditions that violate the horizontal
homogeneity assumptions underlying MOST (e.g., in coastal zones), different universal func-
tions behave differently. While the non-dimensional profiles of wind speed and temperature
fail to predict fluxes correctly, e.g., vertical turbulent fluxes may contradict local gradients
(Grachev et al. 2018a, at Figs. 14 and 15), the properly scaled standard deviations and the
dissipation rate generally obey MOST. According to current study, the nondimensional struc-
ture parameters of the velocity components measured at the Outer Banks (North Carolina)
and Ferryland (Newfoundland), in general, also follow MOST local scaling for both stable
(> 0) and unstable (< 0) stratifications (Figs. 10, 11 and 12). Furthermore, the data for
different measurement levels collected over water footprints collapse into a single universal
curve with surprisingly small scatter (especially for the scaled statistics of the velocity com-
ponents). Observations, however, showed a slightly poor correspondence (e.g., a bias and
relatively larger scatter) to the MOST nondimensional structure parameters for scalars, air
temperature, ¢c72(¢), and specific humidity, ¢c42(¢) when compared with Kaimal-Finnigan
parameterizations (see Figs. 10, 11 and 12, panels e, f, g, and h).

It can be assumed that that such different behaviour of various MOST universal functions
versus = z/L is associated with a combination of local and non-local turbulent transport in
the ABL. While the single-point statistics of turbulence such as the scaled standard devia-
tions and the structure parameters depend heavily on the small-scale turbulent mixing, the
non-dimensional profiles of wind speed and temperature are based on coarse-resolution mea-
surements in a layer of several metres thickness and, thus, are controlled by both small-scale
eddy diffusion as well as large-scale circulations. The larger-size eddies can transport momen-
tum and heat through the entire depth of the ABL (non-local mixing), or they may also be
constrained by IBL height and the coastal terrain geometry. It is evident that the non-local
transport in the ABL is overlooked by traditional MOST, e.g., large-scale coherent structures
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embracing the entire convective boundary layer (Golitsyn and Grachev 1986; Godfrey and
Beljaars 1991; Sykes et al. 1993; Grachev et al. 1997; Fairall et al. 2003; Zilitinkevich et al.
2006). Recall that MOST is based on the mixing length theory for the small-scale turbulence,
and it is reasonable to expect that the single-point statistics of turbulence generally obey
MOST even over inhomogeneous surfaces, such as coastal zones (see further discussion in
Grachev et al. 2018a). It should be noted that non-local effects in general also influence
measurements at one point (mainly on o, and o), but this influence is not as critical as in
the case of vertical gradients measured in a layer several meters thick.

A new variance-based scaling was suggested for the structure parameters, which remedies
some of the shortcomings of the traditional MOST approach, such as self-correlation and
ambiguity of ¢cr72(¢) for near-neutral conditions. This is based on the idea that a combination
of any traditional Monin—Obukhov universal functions is itself a universal function. Proposed
"hybrid" representation is not affected by the self-correlation because the new universal
function shares no variables with the MOST stability parameter = z/L. Specifically, a "new"
universal function is defined as the ratio fcq2(¢) = (£)/(¢), where (¢) is the nondimensional
standard deviation (¢ = u, v, w, T, or ¢g). Formally, if ui, Tf or Qi in ¢ are replaced
by a suitable 02, then fcq2 is recovered. Plots of fcg2 = C22%/3 /02 versus = z/L are
shown in Fig. 13, 14 and 15. In particular, the new universal function fcq2(¢) for < 0 is
an interpolation that provides blending between two constants that may be close to each
other fcu2(0) = fca2(— —00); that is, fce2() is weakly dependent on stratification for
convective conditions, if it depends on ¢ at all. In addition, the nondimensional structure
parameter for the air temperature fc72(¢) contains no flaws associated with the ambiguity
for near-neutral conditions ||— 0 as compared with the traditional MOST universal function

oct2(8).
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