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Abstract In very stable boundary layers (VSBL), a “cocktail” of submeso motions routinely result in
elevated mean wind speed maxima above the ground, acting as a new source of turbulence generation. This
new source of turbulent kinetic energy enhances turbulent mixing and causes mean wind profile distortion
(WPD). As a results, this transient distortion in the wind profile adjusts the classical log-law. Addressing how
WPD-induced turbulence regulates flow structures, turbulent fluxes, and transitions in stability regimes across
layers remains a challenge. Eddy covariance data measured at four levels on a 62-m tower are employed to
address these questions. It is shown that the WPD initiates large turbulent eddies that penetrate downward,
leading to enhanced vertical mixing and comparable turbulent transport efficiencies across layers. As a
consequence, turbulence intensity and fluxes are increased. As the WPD is intensified, turbulent fluxes and
turbulent flux transport caused by large eddies are also enhanced, leading to a transition from very stable to
weakly stable regimes. Due to the influence of WPD-induced large eddies, the large-eddy turbulent Prandtl
number does not deviate appreciably from unity and the partitioning between turbulent kinetic and potential
energies is linearly related to the gradient Richardson number.

1. Introduction

Very stable boundary layers (VSBL) at night are commonly characterized by low winds and weak vertical mixing,
permitting build-up of air pollutants near the surface and causing air quality concerns (Liu et al., 2020; Tritscher
et al., 2020). Additionally, several hazardous weather events such as fog and frost/icing that influence safety (e.g.,
air and road transportation) and impact agriculture (e.g., nighttime freezing conditions that damage crops) are
related to the presence of VSBL. The VSBL remains a “thorny” issue for numerical weather prediction (NWP)
models largely because of their reliance on Monin—Obukhov similarity theory (MOST). The VSBL is charac-
terized by weak and intermittent turbulence that does not conform to the assumptions leading to MOST (Liang
etal., 2014; Salmond & McKendry, 2005). Furthermore, the suppressed turbulent eddies and the shallow bound-
ary layer could become an exclusively subgrid feature in NWP models. Therefore, a description of the dominant
time scale impacting the vertical structures of the mean flow and turbulent statistics as well as the associated
turbulent transport and flux exchange remain a subject of active research (Acevedo et al., 2016; Lan et al., 2018;
Mahrt, 2008; Mortarini et al., 2018; Sun et al., 2012; Van De Wiel et al., 2007).

In the VSBL where mean wind speeds increase with height z from the ground, turbulent kinetic energy (TKE) is
primarily generated by local shear at z, which then acts to energize the horizontal contribution of TKE. However,
thermal stratification acts to suppress the vertical contribution of TKE. Moreover, suppressive buoyancy forces
can be sufficiently large to result in spatial and temporal intermittent turbulence (Cava et al., 2019). The asso-
ciated turbulent eddies are often confined to thin layers, causing weak vertical mixing and vertically layered,
decoupled stable boundary layer (Lan et al., 2018). As a consequence, turbulent statistics are weakly corre-
lated among different layers in the atmosphere, and vertical gradients in TKE become large in magnitude (Lan
et al.,, 2018). In this regime, sensible heat fluxes often become too small to balance surface radiative cooling
(Acevedo et al., 2016; Oldroyd et al., 2014; Van De Wiel et al., 2012) and hence thermal gradients are gradu-
ally enhanced by the radiative cooling at the surface, resulting in a more stratified SBL with stronger buoyancy
destruction of TKE (Cava et al., 2019). Such feedback may persist until occurrences of externally or internally
forced nonstationary disturbances enhance turbulence (Katul et al., 2014; Mahrt, 2008; Mortarini et al., 2018;
Sorbjan & Czerwinska, 2013). For example, wind meandering induces directional shear (Mortarini et al., 2019),
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drainage current and density current lead to flow acceleration (Sun et al., 2002), and internal gravity wave results
in buoyancy oscillations (Sorbjan & Czerwinska, 2013). These disturbances may coexist as a complex mix over
some time-averaging interval (e.g., 30 min), challenging the classic concept of the SBL and making the funda-
mental features of the SBL difficult to represent in turbulence models (Mahrt, 2014).

One common consequence of these disturbances is a nonstationary wind profile distortion (WPD), which
triggers a burst of turbulence. The WPD refers to the occurrence of a maximum mean wind speed in the
atmospheric surface layer, indicating that the mean velocity profile is not monotonically increasing with height
(Mahrt, 2007). Although the exact definition and the cause-and-effect relation about WPD have not been estab-
lished, the potential mechanisms causing WPD have been proposed in previous studies. For instance, drainage
flows can generate WPD even with very gentle topographic slopes (Mahrt, 2017). In addition, wave-like
motions can effectively alter wind profile, enhancing both wind speed shear and directional shear (Mahrt
et al., 2020). Variations in horizontal pressure gradients related to baroclinic systems also influence wind
speed, and thus, impact wind profiles (Mahrt et al., 2014). It was also observed that the occurrence of WPD is
transient because the mechanism producing this wind speed maximum is not self-sustaining and must collapse.
Previous work on the extreme shallow SBL (of about 3 m) in the Antarctic area demonstrated that system-
atic and periodic intermittent bursting results from unstable wave growth triggered by a free-shear-generated
Kelvin—Helmholtz instability (Petenko et al., 2019; Stefanello et al., 2020; Van Der Linden et al., 2020). Subse-
quently, momentum is exchanged across layers due to the downward turbulent transport, leading to a vertically
coupled SBL.

Although the WPD can exhibit a variety of forms, it is often manifested as a mean wind maximum observed in
the lower layers of the VSBL (Cava et al., 2019; Mahrt, 2007, 2008). The occurrence of WPD is accompanied by
a positive second derivative in the mean wind profile, leading to an inflectional instability that is conducive to the
generation of free shear turbulence at elevated layers instead of the ground (Mahrt, 2007; Nappo, 2002). Since
wind shear is the main source of turbulence in the SBL, turbulent eddies are first activated in the elevated layers,
forming an “upside-down” structure that transports momentum and heat from higher layers downwards toward
the surface (Acevedo et al., 2012). Such intermittently enhanced vertical transport associated with WPD violates
the constant-flux assumption and degrades the performance of MOST (Cava et al., 2019; Mahrt, 2008; Mortarini
et al., 2018). Despite the already recognized roles of the WPD in turbulence production, how the WPD modifies
turbulence structures, turbulent fluxes, and transitions of stability regimes across layers in the VSBL remains a
formidable challenge and motivates the work here.

Data collected as part of Project Sagebrush are analyzed to address the study objective. This project aimed to
study plume dispersion under a variety of atmospheric stability and wind conditions (Finn et al., 2016). The
turbulence data were collected by four eddy covariance (EC) systems on a 62-m tower and are analyzed to (a)
investigate how WPD affects the turbulent transport efficiency; (b) determine the scale of turbulent eddies that
are predominantly caused by WPD; and (c) examine how WPD-induced large eddies regulate the flux, the tran-
sition of the SBL, and the eddy diffusivity.

2. Experimental Site, Data, and Methods
2.1. Site, Instruments, and Data Processing

The field experiment was conducted at the Idaho National Laboratory (INL) site, Idaho (43.59°N; 112.94°W;
1,500 m above mean sea level) (Finn et al., 2016). The terrain surrounding the site is flat. The data collected
from 29 September to 9 November 2013 are used here. Velocity and air temperature were measured at 10 Hz by
four sonic anemometers (CSAT3, Campbell Scientific, Inc.) mounted at 2, 8, 16, and 60 m on a 62-m tower. The
sonic anemometers measured the velocity components (i.e., u, longitudinal; v, lateral; and w vertical velocities)
and sonic-derived air temperature (7). The details about the site and instruments as well as data post-processing
procedures are documented elsewhere (Finn et al., 2015, 2016; Gao et al., 2016; Lan et al., 2018, 2019; Liu
et al., 2016). Throughout, the following convention is used: ' =u—u, w =w—-w, and T' =T — T with
primed quantities denoting deviations from the 30-min mean state indicated by the overline.

Briefly, the following post-processing was conducted: (a) physically impossible values and spikes in the raw
10-Hz time series are removed and gaps are filled with linear interpolation; (b) double rotation is performed
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to the sonic anemometer wind velocities; (c) sonic-derived temperature
correction and density correction are employed to determine the actual air
temperature and air density (Liu et al., 2001; Schotanus et al., 1983; Webb
et al., 1980); (d) means, variances, and covariances are calculated with the
block average method; and (e) data quality check is then conducted. Specif-
J ically, turbulent statistical quantities (e.g., mean, variance, and covariance)
are first calculated from coordinate rotated fluctuation time-series using
Reynold's averaging over 5-min intervals. These 5-min statistical quanti-
ties are then averaged to obtain 30-min means to better represent the SBL
statistics over a time scale that is generally used to characterize turbulent
fluxes (Lan et al., 2018). For example, to obtain the mean wind profiles,

—e— WSBL/IWS coordinate rotation is performed over 5-min intervals, then the mean wind

©— VSBL/IWS speed is calculated based on the rotated horizontal wind components (i.e.,
—e— VSBL/WPD at 8m . , o . .
I : I I I I U = \/i?* + 0%, where u is streamwise wind speed and v is lateral wind

Figure 1. Mean wind speed profiles in the stable boundary layer (SBL).
WSBL/IWS: weakly stable boundary layer where wind speeds increase with

5
U(

6 717 8 9 10 1 12 speed; the tilde is used to indicate 5-min means, the overline is used to
ms™) represent the 30-min means). The 5-min wind speed is then averaged to
obtain 30-min means so that the wind speed can represent the SBL profile

over a relatively long period of time and, to some extent, reduce the influ-

heights; VSBL/IWS: very stable boundary layer where wind speeds increase ence of a sudden increase or decrease in wind speeds. The aggregation of
with heights; VSBL/WPD: very stable boundary layer with wind profile the statistics to 30 min ensures that contributions of internal gravity waves
distortion at 8 m. The shaded areas represent one standard deviation of the are minimized as demonstrated elsewhere (Sun et al., 2004; Terradellas

averaged wind profiles.

et al., 2005). To avoid the transition period between daytime and nighttime,

only nighttime data from 1900 to 0600 local time are used. Since extremely

large values of the local nondimensional stability parameter ({ =z/L,
where L is the Obukhov length) are usually accompanied by negligible sensible heat flux and thus associated
with large sampling errors, 30-min segments with ¢ greater than 100 are excluded. Consequently, a total of 398
30-min segments is used for the analysis.

2.2. Classification of SBL States

Since one of the main goals is to explore transitions in stability regimes due to WPD, several definitions are intro-
duced. The SBL refers to the stable boundary layer, where the sensible heat flux near the ground is negative. The

SBL can be categorized into three distinct regimes based on the relations between Vyg g = % (u’ Z+vt+w 2)

at the four levels and near-surface wind speed at 2 m (i.e., U,,,) as employed in prior studies (Acevedo et al., 2016;
Lan et al., 2018; Sun et al., 2012). Using the same data set here, such relations were previously explored in
Lan et al. (2018), leading to the following three SBL categories: (a) under weak near-surface winds (i.e.,
Uom < 1.6 ms™!), Vg increases with height and dVigg/dz is large, suggesting that the SBL matches a classical
“upside-down” representation where the main source of turbulence is elevated and turbulence collapses near the
surface due to strong stable stratification; (b) under strong near-surface winds (i.e., Upn > 4 ms™"), Vixg become
comparable across layers indicating well-mixed conditions (i.e., dVikg/dz is small); and (c) under moderate
near-surface winds (i.e., 1.6ms™ < Usm < 4ms™"), dVixe/dz is reduced as compared with the case with weak
near-surface winds, suggesting that the SBL experiences a transition in stability. The regime III is excluded from
the analysis here. Although these thresholds are not universal and may be site-specific, they are surprisingly
similar to those found in previous studies (Acevedo et al., 2016; Mortarini et al., 2016; Sun et al., 2012). Conse-
quently, the SBL with U,,, less than 1.6 ms™! refers to the very stratified and vertically decoupled SBL (VSBL),
whereas the SBL with U,,, greater than 4 m s™! refers to the weakly stratified and vertically coupled SBL (WSBL).
Additionally, it can be seen that nonstationarity is the salient feature of the VSBL (Figure S1 in Supporting
Information S1).

The average wind profile shows that the mean wind speeds in the WSBL increase with z (labeled as WSBL/IWS
in Figure 1 where IWS stands for increased wind speeds, red line). In the VSBL, however, mean wind speeds can
either increase with z (labeled as VSBL/IWS in Figure 1, blue line) or show an elevated maximum meaning that

LANET AL.

3of 15

35U8217 SUOWIWIOD aA1Iea.1) 3|qedt|dde ayy Aq pautenob ale sspie YO ‘9sn JO 3N 104 Aelq i auluQ AS|IA UO (SUOIIPUOD-PUe-SWIS)0D" AB | 1M AReid 1 puluo//:Ssdny) suonipuoD pue swie | 8yl ass *[2z0z/TT/80] uo Aiqiauluo A|Im ‘AiseAlun uosog Aq G959€0Arz202/620T OT/I0p/wod A 1m Arelqipuljuosgndnbe//:sdny woly papeojumod ‘0Z ‘2202 ‘966869TZ



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036565

the wind profile experiences a distortion (WPD) (labeled as VSBL/WPD in Figure 1, black line). To quantify the
extent of the WPD, each individual wind profile is first normalized by the maximum wind speed occurring at 8§ m,
followed by calculating the mean (black solid line in Figure S1 in Supporting Information S1) and the three-folds of
SD (shaded areas in Figure S1 in Supporting Information S1). The departure of each normalized wind profile from
the mean is determined by simply subtracting the mean (red markers in Figure S1 in Supporting Information S1).
If the difference is greater than three times of the SD, the case is considered as the VSBL/WPD case (red markers
outside the shaded area). The numbers of cases for the three categories are provided in Table S1 in Supporting
Information S1. Note that analyzing the WSBL/IWS cases is not the main focus here but only acts as reference
for exploring the VSBL (i.e., VSBL/IWS and VSBL/WPD). There are 80 thirty-minute data blocks with WPD
occurring at 8 m. The influences of the WPD occurring at 8 m on turbulence structures and fluxes are discussed
in the following sections. Since the overall depth of the SBL is shallower than 60 m (Lan et al., 2018), the WPD
occurring at 16 m are not considered. Following Mahrt (2007), the second vertical derivative of wind profiles

(i.e.,‘j}%) is used to quantify the WPD intensity. To simplify the calculation, the second-order difference is used

. . . . . . . . U U U
to approximate the derivative by ignoring the uneven vertical increment ( i.e.,>2 ~ —=> L0 _ AU ),
Az? Azjpos \Azje-g  Azgp

2.3. Definitions of the Single-Level and Cross-Level Wind Direction Change

Single-level wind direction change is defined as the difference in mean wind directions between two consecu-
tive time intervals (i.e., two consecutive 5-min data points). Note that wind direction is calculated as the angle
between rotated wind speed (i.e., u and v are defined as the lateral [easterly] and longitudinal [northerly] winds,
respectively). Therefore, the single-level wind direction changes at height z are calculated by

owp = WDy — WDy, (D

where the subscript ¢ represents time, and the overbar indicates that Swp is the averaged value of all the 5-min data
segments (i.e., 6 runs) in a 30-min segments.

Cross-layer wind direction change is defined as the net change of wind direction between two layers within the
same 5-min interval,

Awp = WDy — WDy, )

where subscripts h; and h; represent two different layers, and again the overbar represents the averaged Awp of all
the 5-min data (i.e., six runs) in a 30-min segment. Note that wind directions are first rotated to the range between
0° and 360° to ensure positive values. The maximum Swp and Awp are set to be 180°. For instance, if wind direc-
tions change from 320° to 60°, 6wp and Awp are determined to be 100°. Equations 1 and 2 are also used elsewhere
for the analysis of the same data set (e.g., Finn et al., 2018).

2.4. Ensemble Empirical Mode Decomposition

Ensemble empirical mode decomposition (EEMD) is used without pre-determined functions or treatments
to analyze nonstationary and nonlinear turbulence time-series (Huang & Wu, 2008). Compared to traditional
low-pass filter based on Fast Fourier Transform, the EEMD has several advantages. Due to the high adaptivity
and locality, the EEMD is capable of handling some of the nonlinear and nonstationary occurrences that are ubig-
uitous in turbulence data for SBL. In addition, the EEMD decomposes the original signal based on a data-driven
“sifting process,” which extracts signals based on objective frequencies rather than artificial frequency thresholds
in the low-pass filter. The EEMD is employed to analyze 30-min time series of turbulent variables. The EEMD
decomposes each 30-min time-series into 13 intrinsic mode functions IMF; (i.e., i = 1to 13) as well as one resid-
ual r:

x(t)= 3" IMF(0) + (o). 3)
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In the Fourier spectra, each of the components (i.e., IMF;) shows prominent spectral energy with a distinct corre-
sponding frequency, suggesting that each component represents the signal associated with turbulent eddies with a
unique scale. Therefore, the dominant frequency (@) associated with each IMF can be determined by:

_ S rS(ndf
W= —g—

< ; “
L SiHdf

where S;(f)is the Fourier spectrum of IMF;(¢) (Huang et al., 1998). Additionally, one advantage of the EEMD over
other decompositions is that the total covariance calculated from all IMF; is equivalent to the covariance calcu-

lated using the traditional eddy covariance method (i.e., w’ ;( = % (Z;:I IMF, ,IMFy . + Zjl.il IMF,s ( IMFy ; )
where s represents horizontal wind speed or scalars, and IMF,4 is the same as the residual mentioned above)
(Gao et al., 2017; Lan et al., 2019). Hence, signals of large eddies (or small eddies) can be extracted by summing

components with the mean frequencies smaller than (or larger than) a frequency threshold.

3. Results and Discussion
3.1. Wind Profile Distortion and Identification of Large Turbulent Eddies

A conventional quadrant analysis with a hole size of 1 is employed to determine the flux contribution and time
fraction associated with sweeps and ejections (Table S2 in Supporting Information S1). It can be seen that the
vertical transport of momentum and kinematic heat result largely from sweeps of turbulent eddies, indicative of the
significant role of downward penetrating large eddies in transporting momentum and kinematic heat fluxes. How

these downward penetrating eddies affect turbulent transport efficiencies of momentum (Rwu =w'u'/ (z)'wo‘u)>

and heat (Ryt = W/ (owor), where o5 = \/s7 is the root-mean squared value of an arbitrary flow variable s)
across layers is further investigated (Figure 2). In the WSBL/IWS, turbulent transport efficiencies for momentum
flux (and heat flux) at different levels are close to the 1:1 line (blue circles in Figure 2). That means that momen-
tum and heat are transported by the same turbulent eddies across layers with comparable efficiencies. Such trans-
port across layers is performed by the well-developed turbulent eddies with comparable scales, as reflected by
the close peak locations in the mid-frequency range of the u, v, and w spectra at 16, 8, and 2 m (Figures 3 and 4a).
The vertical mixing induced by these turbulent eddies also contribute to the wu and wT cospectra with compara-
ble magnitudes at the same mid-frequency ranges across layers (Figures 4b and 4c). Note that the global wavelet
spectrum proposed by Torrence and Compo (1998) is performed to determine the unbiased and consistent esti-
mation of the true power spectrum for each 30-min segment, and Figures 3 and 4 show the averaged spectra of u,
v, and w and the averaged cospectra of wu and wT as a function of dimensionless frequency (n = fz/ U, where U
is mean wind speed, z is height, and f is natural frequency). The spectral energy density can be interpreted as the
contribution of turbulent eddies with different scales to the total variance (or covariance). Totally, there are 106,
80, and 212 30-min segments for WSBL/IWS, VSBL/WPD, and VSBL/IWS, respectively.

In the VSBL/IWS, the large scatter in both R, and R, demonstrate that flux transport is performed by turbulent
eddies that have different transport efficiencies across layers (black triangles; Figure 2). The u and v spectra in
the low-frequency range increase with heights, which is linked to the enhanced influence of submeso motions
(Figures 3c and 3d). Such features are similar to those found in previous studies, suggesting that submeso motions
are quasi-horizontal, characterized by negligible vertical fluctuations but significantly contribute to horizontal
velocity variance of TKE (Acevedo et al., 2016; Mahrt, 2014). Note that the normalized frequencies corre-
sponding to the peaks of the w spectra at 2, 8, and 16 m are close to or larger than 1 (Figure 4d), indicating that
the vertical length scale (L = U/ f) of turbulence eddies is less than the observation height, consistent with the
results reported by Sun et al. (2012). It also means that large eddies are suppressed and almost detached from
the ground (Figure 4d). Due to the vertically suppressed turbulent eddies, it is difficult to observe well-defined
cospectral peaks (Figures 4e and 4f).

In the VSBL/WPD, both R, and R, become less scattered (red stars; Figure 2), as compared with the VSBL/IWS
case. The large values for both the transport efficiencies and R? in the VSBL/WPD cases indicate that momentum
and heat are transported between layers by turbulent eddies with similar transport efficiencies and such transport
is also enhanced, as compared with the VSBL/IWS cases (Table 1). The signs of R, and R,r are determined
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Figure 2. Comparisons of turbulence transport efficiencies for momentum (top panels) and kinematic heat (bottom panels) fluxes between 8 and 2 m (a and b) and
between 8 and 16 m (c and d). Blue, green, and red markers represent cases in weakly stable boundary layer where wind speeds increase with heights (WSBL/IWS),
very stable boundary layer where wind speeds increase with heights (VSBL/IWS), and very stable boundary layer with wind profile distortion at 8 m (VSBL/WPD).

by the signs of momentum and kinematic heat fluxes, respectively. Therefore, the negative momentum and heat
fluxes confirm that the majority of both the momentum and heat is transported downward from 8 m to the surface
(Figures 2a and 2b). Although the upward transport of momentum caused by the WPD-induced turbulent eddies
is also evident by the positive R,, at 16 m, consistent with the mean wind profile (Figure 2c), heat is primarily
transported downward throughout the SBL (Figure 2d). However, the downward penetrating eddies are observed
more frequently than the upward moving ones, as reflected by the better agreement of R,,,, and R,,r between 8 and
2 m than those between 8 and 16 m. The significant influence of the WPD on the vertical structure of turbulence
is evidenced by the changes in the prominent peaks in the mid-frequency ranges of the w spectra (Figure 4g),
even though no obvious changes in their horizontal structures are present (Figures 3e and 3f). The less-than-one
normalized frequencies associated with the peaks of the w spectra imply that the WPD-induced turbulent eddies
that have comparable scales to the measurement heights interact directly with the surface. Such large eddies
enhance momentum and heat transport in the corresponding frequency ranges (Figures 4h and 41). It is apparent
that the significant influence of WPD on vertical turbulence structures primarily occurs at the mid-dimensionless
frequency ranges from 0.02 to 0.8, as indicated by the prominent peaks in the w spectra and the wu and wT
cospectra; whereas its impact is relatively small at the other scales. Contributions of the WPD-induced, down-
ward penetrating large eddies to momentum and heat fluxes across layers are examined next.
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Figure 3. Normalized averaged spectra of u (top panels) and v (bottom panels) as a function of nondimensional frequency (n = fz/U, where f is natural frequency,
z is height from the ground, and U is mean wind speed). The leftmost to rightmost panels represent weakly stable boundary layer where wind speeds increase with
heights (WSBL/IWS, Figure 1, red line); very stable boundary layer where wind speeds increase with heights (VSBL/IWS, Figure 1, blue line), very stable boundary
layer with wind profile distortion at 16 m (VSBL/WPD Figure 1, black dash line).

3.2. WPD-Induced Large Eddies Regulate Near Surface Fluxes

To investigate how large eddies affect momentum and heat fluxes, EEMD is now performed to extract large
eddies from each 30-min time-series of u’, w’, and T’. Figure S2 in Supporting Information S1 shows that
downward fluxes of momentum and heat are primarily contributed by large eddies that are characterized by the
time-series signals from IMF, to IMF;, as reflected by the large relative flux contribution and the corresponding
IMF ranges. Therefore, the time-series signals of large eddies are then constructed by summing the time-series
signals from IMF, to IMF; (x; = ZZ:Z IMF,, subscript / indicates large eddies) for the subsequent analysis. The
mean frequency for each IMF is determined by Equation 4 (Table S3 in Supporting Information S1). The results
indicate that the frequencies of these oscillatory components (i.e., IMF, to IMF;) range from 0.02 to 0.8, consist-
ent with the observed features in spectra and cospectra discussed in Section 3.1. The contributions to fluxes from
horizontal advection (e.g., submeso motions) and background turbulence are reduced by excluding motions with
frequencies less than 0.02 (i.e., IMF;) and larger than 0.8 (IMFg to IMF3). It is clear that as the WPD inten-
sity is enhanced, both the downward fluxes of momentum and heat associated with large eddies are increased
(Figures 5a and 5b). Moreover, differences in TKE, momentum fluxes, and kinematic heat fluxes between layers
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Figure 4. Normalized averaged spectra of w (top panels), and cospectra of wu (middle panels) and wT (bottom panels) as a function of dimensionless frequency

(n= fz/U, where f is natural frequency, U is mean wind speed, and z is height). The leftmost to rightmost panels represent weakly stable boundary layer where wind
speeds increase with heights (WSBL/IWS), very stable boundary layer where wind speeds increase with heights (VSBL/IWS), and very stable boundary layer with wind
profile distortion at 8 m (VSBL/WPD).

are largely reduced with the increasing WPD intensity (Figure 5d-5f; see more in Section 3.3). Further, both

the turbulent transport efficiencies for momentum (Rwlu, = wfuf / (o-w, oy, ) ) and heat <Rw,T, = w;TI’ / (O'w, or, ))

fluxes associated with large eddies become less scattered as the WPD intensity increases (Figure 6). Figure 6
also shows that stronger WPD intensities correspond to greater downward transport efficiencies. This feature

}Zl;l: \l/alues of Turbulent Transport Efficiencies for Momentum and Kinematic Heat Fluxes in the WSBL/IWS, VSBL/IWS,
and VSBL/WPD
2m 8 m 16 m
WSBL/IWS Ry —0.308 + 0.06 —0.292 +0.05 —0.327+0.10
Rur —0.152 + 0.06 —0.174 + 0.06 —0.189 + 0.08
VSBL/IWS R —0.112+0.11 —0.051+0.13 —0.007 + 0.09
Rur —0.022 +0.10 —0.003 +0.08 —0.007 £ 0.10
VSBL/WPD at 8 m R —0.0124 +0.28 —0.245+0.19 —0.106 + 0.22
Rur —0.097 +0.16 —0.085+0.19 —0.041 +£0.18
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Figure 5. Variations of turbulent fluxes caused by large eddies and stability parameters (left panels) as well as cross-layer differences in turbulence kinetic energy
(TKE) and fluxes (right panels) with the intensity of the WPD at 8 m using the data presented in Figure 1 (i.e., the VSBL/WPD case). (a) momentum flux (m?%s?); (b)
kinematic heat flux (K m/s); (c) local atmospheric stability parameter (z/L, where z is the height and L is the Obukhov length scale) at 8 m. Cross-layer differences in
(d) TKE (m?s?), (e) momentum flux (m?%/s?), and (f) kinematic heat flux (K m/s) between 16 and 2 m. The intensity of the WPD is quantified by the second derivative

of the wind profile (i.e., A:—z' IS Wm). Red lines in (a—f) denote the fitting curves as calculated by the unweighted bin-averaged method. In (d—f) the difference
z Sm

. .. . . Supper = Siow
in quantities between layers is defined as AS = ‘M

% 100%, where S denotes variables including TKE and covariances (i.e., v'w’, and w’6").

Slower

further confirms that WPD-induced large eddies penetrate downward and transport momentum and heat with
comparable efficiencies.

3.3. WPD-Induced Large Eddies Lead to Transitions in the SBL Stability Regimes

Relations between single-level wind direction changes (6wp) or cross-layer wind direction changes (Awp) and Uy,
are now employed to characterize the SBL (Figure 7). Large éwp (and Awp) occurs in VSBL/IWS that is subjected
to the influence of horizontal meandering under weak wind conditions (black circles in Figure 7 under weak
winds). Both éwp and Awyp decrease with increasing Usp, indicating that wind directions are vertically aligned and
the atmospheric surface layer becomes vertically coupled under stronger wind conditions, signaling a transition
from VSBL to WSBL (cf., black circles and blue triangles in Figure 7). It is evident that both éwp and Aywp are
decreased once the WPD occurs (red stars in Figure 7) even though Uy, remains low. This finding confirms that
the VSBL becomes vertically coupled as a result of downward penetrating large eddies.
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Figure 6. Turbulence transport efficiency for momentum flux (left panels) and kinematic heat flux (right panels) caused by large eddies: comparisons between 8 and
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Figure 7. Variations of single-level wind direction change (wp) and cross-layer wind direction change (Awp) with the near-surface wind speed (Uay). () dwp at 8 m;
(b) Awp between 8 and 2 m; and (c) Awp between 8 and 16 m.
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Figure 8. The 1-hr, 10-Hz time series of horizontal mean wind speed (u, a and g), wind direction (WD, b and h), temperature (7, ¢ and i), fluctuation of vertical wind

speed (w', d and j), simultaneous normalized momentum flux ( w'v’ /W, and k), and simultaneous normalized kinematic heat flux (w'T’ /W, f and 1) for the VSBL/
IWS (23:15-23:45, left panels; 02:15-02:45 right panels) followed by VSBL/WPD (23:55-00:05, left panels; 02:55-03:05 right panels) occurs. The black, red, green,
and blue lines denote 2, 8, 16, and 60 m, respectively. Time-series of w’, w'v’, and w'T" at 8, 16, and 60 m are moved upward for readability. Note that the time used in
this study refers to local standard time (i.e., LST).

The influences of WPD on the vertical coupling in the VSBL are also evident from the time-series data shown in
Figure 8. In the VSBL/IWS, wind directions not only fluctuate rapidly but also differ largely across levels, show-
ing a vertically decoupled state (e.g., 23:15-23:45 in Figures 8a and 8b; 02:15-02:45 in Figures 8g and 8h) with
suppressed turbulent intensity and fluxes (23:15-23:45 in Figures 8c—8f). In the VSBL/WPD (e.g., 23:55-00:05
in Figures 8c—8f; 02:55-03:05 in Figure 8j—81), wind directions become vertically aligned and more uniform
across levels (Figures 8a and 8b) and fluxes become enhanced (Figures 8d—8f). As a consequence, thermal strati-
fications are weakened (Figure S3 in Supporting Information S1; mean temperature gradients are 4.4 and 2.6 K for
the VSBL/IWS and VSBL/WPD cases, respectively) by the enhanced heat transport and vertical mixing, which,
in turn, favors further developments of large eddies and their downward penetration (see Figures 4h and 4i). Such
weakened stratifications lead to enhanced vertical coupling, even though U, remains low.

3.4. Influence of Large Eddies on Eddy Diffusivity

The parameterization for turbulence in stable conditions is essential for improving weather, climate, and air
quality models. Here, the influence of WPD-induced large eddies on the applicability of K-theory, which is one
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Figure 9. Comparisons (a) between K-theory modeled and measured momentum fluxes (m?%s?) and (b) between K-theory modeled and measured kinematic heat fluxes

(K m/s) when the WPD occurs at 8 m.

of the cornerstones for turbulence parameterization, is analyzed. The K-theory assumes that turbulent flux of a
flow variable A is given by F = —K %, where K is the vertical eddy diffusivity coefficient here associated with

characteristic eddies, F is large-scale turbulent flux (i.e., w;'u;’, and w,'T,’, determined by IMF, to IMF;), and

24 i3 the mean vertical gradient for a flow variable A (i.e., U or T). Here, K-theory is applied only to the fluxes
pzroduced by large-scale eddies with K = 20‘5,{ 7;, where aﬁ,l is vertical turbulent kinetic energy contributed by
large eddies only and 7 is the associated time scale of large eddies determined from the dimensionless frequency
of the peak in the vertical velocity spectrum. Figure 9 shows the comparison between modeled momentum
and kinematic fluxes by such a K-theory representation and measured fluxes (produced by large scales) when
the WPD occurs at 8 m. One prominent feature of Figure 9 is that data points converge to the one-to-one line,
which suggests that momentum and kinematic heat fluxes can be approximated by the proposed K-theory for
large eddies when formulated from vertical velocity statistics alone. Thus, the eddy diffusivity for large eddies is
assumed to be the same for momentum and kinematic heat fluxes (K,, = Ky = 2aﬁ,l 7;). This finding agrees with

the data that the inverse Prandtl number is near unity when WPD occurs (Pr = ';” = 1; Businger et al., 1971;
Wieringa, 1980). !

The consequences of the similarity between momentum and heat fluxes that are transported by large eddies are
further analyzed. Similar to the correlation Prandtl number proposed by Mahrt (1991), the K-theory model is
employed to parameterize momentum and kinematic heat fluxes, yielding:

Rug, _ oy 0T /0z )
Ry o1 0U/0Z

Figure 10 shows the comparison of transport efficiencies between momentum and kinematic heat fluxes. For the
VSBL/IWS cases, turbulence is largely suppressed by thermal stratification, leading to the weak transport of both
momentum and heat (black markers). For the WSBL/IWS cases, momentum and heat are relatively well-mixed
due to the enhanced turbulence. The magnitudes of downward heat fluxes are low due to small temperature gradi-
ents despite the strong mechanically generated turbulence, leading to the decreased temperature gradient, and thus
smaller values of the ratio of R,,7, and R,,,, (blue markers). In addition, the largest R? for the WSBL/IWS cases
suggests that momentum and kinematic heat transport become more correlated, implying the enhancement of
transport similarity between momentum and heat. Figure 9 indicates that the eddy diffusivity for both momentum
and kinematic heat by large eddies can be parameterized by the same equation (i.e., K,, = Ky = 203}1 7;). There-
fore, the linkage between the observed strong turbulent transport similarity in WSBL/IWS and the near-constant
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Figure 10. Comparison between turbulent transport efficiencies of momentum and those kinematic heat fluxes measured at
w1’

_— . . !
8 m. Turbulent transport efficiencies of momentum and heat are determined as R, = 24 and Ry, = , where the

O Ouy %, OT)
subscript “I” denotes large eddies. The slope of the linear regression () and the coefficient of determination (R?) are also
provided.

inverse turbulent Prandtl number can be established. This finding is consistent with results in Katul et al. (2014),
suggesting that the inverse turbulent Prandtl number (Pr~' = Ky /K,,) does not change substantially in weakly

Rumy

stable conditions. The ratio of Ry, 7,and R, tends to be a constant ( = S, where S ~ 0.48 as demonstrated in

wpuy
Figure 10, red makers), indicative of a relation between velocity and temperature gradients given as =g %.

o z
The broader implications of this outcome are the following. The large-scale TKE, = 0.5 (62, + 07, + 02, ) % o7,
(in Figures 3 and 4, the normalized spectra energy of u and v are comparable and much larger than the spectra

energy of w) while the large-scale turbulent potential energy TPE;, = 0.5 ( g /T) a% / (df/ 62), where g is the
gravitational acceleration. With these definitions, it directly follows that

TPE, 1

TKE, 282 &

Q]

— _ 2
where Ri, = (g/T) (6T / dz) / (0U / dz) is the gradient Richardson number set by the mean flow. Virtually

all models predict a sublinear increase in TPE/TKE with increasing Ri, when all scales are considered (Li
etal., 2016). The work here goes further to show that the leading effect is a near constant S set by the large scales.
Thus, it may be surmised that the partitioning of total turbulent energy (TPE + TKE) into kinetic and potential
energy at the large scale appears to be dictated by Ri, set by the mean flow.
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4. Conclusions

Data measured by four EC systems on a 62-m tower are used to examine the role of nonstationary wind profile
distortion (labeled as WPD) in regulating turbulence structures and fluxes in the very stable boundary layer
(labeled as VSBL) over a flat terrain. WPD is detected by the occurrence of a wind speed maximum at 8 m.
WPD initiates large turbulent eddies with dimensionless frequencies from 0.02 to 0.8. These WPD-induced large
eddies with vertical scales comparable to their observation heights penetrate downward, acting as well-organized
structures appearing across layers (vertical velocity spectra peaking at those frequencies). As a consequence,
such large eddies lead to vertically aligned wind directions, enhanced turbulent transport efficiencies, increased
fluxes, and reduced across-layer TKE and flux differences. Further, WPD-induced large eddies play a significant
role in regulating transitions from VSBL to WSBL with enhanced vertical mixing and coupling across layers.
The work here supports similarity in effective large-scale eddy diffusivities for momentum and heat given by
K, =Kuy = 203,, 7;, where o-,f,, is the variance of the large-scale vertical velocity and z; is inferred from the dimen-
sionless frequency of the large-scale vertical velocity. The similarity between momentum and heat diffusivities
at large scales implies that the partitioning between large-scale turbulent kinetic and potential energies is linearly
related to the mean gradient Richardson number. This gradient Richardson number is primarily set by the mean
flow, which is further affected by radiative cooling at the ground and mean wind speed maxima during the WPD.

Data Availability Statement
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