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Abstract Turbulence structures and exchange of momentum and heat in the nocturnal stable boundary
layer (SBL) show distinct features under different stability conditions prompting interest in their connection.
Here eddy covariance data collected at four different heights on a 62-m meteorological tower over a large
open flat terrain are used to characterize different SBL states and associated turbulence structures. In a SBL
characterized by strong near-surface winds, turbulent eddy sizes scale with their observational heights and
the SBL experiences enhanced turbulent mixing of momentum and heat throughout (a state hereafter
referred to as a “coupled” state). Conversely, in a decoupled SBL, weak winds occur near the surface and
turbulent eddies are depressed and detached from the boundary leading to suppressed vertical mixing and
layered SBL profiles. Because the transport of momentum and heat to the surface across SBL layers is
determined by turbulent eddies, cross-layer correlation and the aforementioned SBL coupling states can be
delineated by distinct turbulence structures.

1. Introduction

Although it is a consensus that the performance of Monin-Obukhov similarity theory (MOST) in the stable
boundary layer (SBL) varies substantially with changes in stability regimes and vertical eddy structures, the
mechanisms responsible for such variations remain a subject of inquiry (Mahrt, 2009, 2014; Sun et al.,
2016). Unsurprisingly, efforts to examine turbulence structures and the resulting heat and momentum turbu-
lent flux exchanges in both weakly stratified SBLs with continuous turbulence and strongly stratified SBLs
with weak and intermittent turbulence have been conducted in a number of studies (Cheng & Brutsaert,
2005; Yagüe et al., 2006).

In a weakly stratified SBL with relatively strong vertical mixing, turbulence statistics can be described by
MOST provided the Ozmidov length scale is much larger than z, the distance to the ground (Katul et al.,
2014). In a strongly stratified SBL, however, turbulence is largely suppressed by thermal stratification in the
vertical, and turbulent eddies are usually confined to thin horizontal layers resembling pancakes, leading
to the so-called “z-less” scaling (Nieuwstadt, 1984). In such regimes, the vertical flux divergence is large
and leads to a non constant turbulent flux across different SBL layers (Babić, Večenaj, & DeWekker, 2016,
Babić, Večenaj, Kozmar, et al., 2016). The considerable vertical flux divergence in strongly stratified SBLs
results from intermittent turbulent events that can lead to nonstationary or enhanced vertical advection of
momentum and scalar fluxes thereby invalidating MOST assumptions (Sun et al., 2012). The origin for these
intermittent events can be partly attributed to formation of low-level jet (Karipot et al., 2008; Oldroyd et al.,
2014), gravity wave (Sorbjan & Czerwinska, 2013), density current (Sun et al., 2002), solitary wave (Ferreres
et al., 2013), and other complicated wave-like motions (Cava et al., 2015). Elevated turbulence sources such
as low-level jets result in turbulence intensity that increases with z. Hence, upside-down structures transport
momentum and heat from elevated levels toward the ground (Acevedo et al., 2012). These frequently
observed turbulent events in a strongly stratified SBL are collectively termed submeso motions (Mahrt,
2009). Such disturbance-modulated turbulence causes fluxes that deviate from predictions by MOST formu-
lated with a suite of background state parameters (Liang et al., 2014; Sun et al., 2012).

In low wind conditions, the SBL is vertically layered with turbulence generated by local wind shear. In high
wind conditions, however, the SBL is vertically connected across layers and turbulence is primarily controlled
by the SBL bulk wind shear (Acevedo et al., 2016; Sun et al., 2012). Such layered and nonlayered SBLs are
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sometimes referred to as decoupled and coupled states, respectively (Vickers & Mahrt, 2006), and this label-
ing is adopted here for consistency with nomenclature used in prior studies. Modeling studies suggest that a
distinction between the coupled and the decoupled state is associated with the large-scale geostrophic wind.
When the geostrophic wind is weak, the SBL is decoupled and characterized by weak or not fully developed
turbulence. Cooling near the surface becomes localized and enhanced due to weak vertical mixing that then
leads to further stable stratification and more turbulence suppression. However, when the geostrophic wind
is strong, the SBL layers become coupled and fully turbulent, and the surface cooling is largely reduced by the
enhanced turbulence transporting warm air from the upper levels to the surface (Acevedo et al., 2012;
McNider et al., 1995). As a result, turbulent heat fluxes in a SBL with strong geostrophic winds are large
enough to compensate the radiative cooling occurring at the surface. Those results suggest that different tur-
bulence structures are likely responsible for the formation of coupled or decoupled states, which is the com-
pass of the work here.

While previous studies have identified these two coupling states in SBLs and examined their connections with
the geostrophic wind, less effort has been devoted to exploring (i) how turbulence structures (i.e., turbulent
transport efficiency and turbulence scale) vary between these two distinct coupling regimes; (ii) how the SBL
states affect turbulent exchange which, in turn, modulate the SBL mean profiles; and (iii) how such distinct
turbulence scales influence cross-layer correlation. The main objective here is addressing these three ques-
tions using field experiments and multiscale data analysis. Data collected from four eddy covariance (EC) sys-
tems mounted on a 62-m tower are analyzed to contrast turbulence structures in SBLs with distinct coupling
states. Comparison between turbulence structures across various SBL layers is experimentally examined
under coupled and decoupled SBL states identified by conventional methods.

The manuscript is organized as follows: Section 2 introduces the site, instruments, and postfield data proces-
sing procedures. The results are provided in section 3, and conclusions are presented in section 4.

2. Experiment, Data, and Methodologies
2.1. Experimental Site and Instrumentation

The EC data were collected in a field campaign with 4 EC systemsmounted on a 62-m tower over a flat terrain
in the Idaho National Laboratory site, southeast Idaho (43.59oN, 112.94oW; 1500 m above mean sea level;
Figure 1). The Idaho National Laboratory is located within a broad, relatively flat plain on the western edge
of the Snake River Plain in southeast Idaho. Analyses of the historical meteorological data for the past dec-
ades showed that the boundary layer is usually dominated by southwesterly winds during the day and north-
easterly winds at night (Finn et al., 2015). Under these two prevailing wind conditions, the 62-m tower has a
relatively flat, uniform fetch extending many tens of kilometers upwind (Clawson et al., 2007; Finn et al.,
2016). This site is covered predominantly by sagebrush and grass with a displacement height of near zero
(Finn et al., 2015). The four EC systems were mounted at 2, 8, 16, and 60 m on the tower. Each EC system con-
sisted of a 3-D sonic anemometer (CSAT3, Campbell Scientific, Inc.) to measure three-dimensional wind com-
ponents and sonic derived air temperature and an infrared gas analyzer (IRGA) to measure density of water
vapor and CO2. A closed-path IRGA was mounted at 2 m (Model LI7200, LICOR Inc.), whereas three open-path
IRGAs were mounted at the other three heights (Model LI7500, LICOR Inc.). Data were sampled at a frequency
of 10 Hz using four dataloggers (CR5000, Campbell Scientific, Inc.) and stored for postfield processing.
Additional information about this field campaign and other instrumentations are documented elsewhere
(Finn et al., 2015).

2.2. Postfield Data Processing

A postfield EC data program was used to process the 10-Hz time series data from each EC system so as to
obtain 30-min time-averaged statistics (Gao et al., 2016, 2017; Liu et al., 2016; Zhang & Liu, 2014). Briefly,
spikes/noise were removed from the raw 10-Hz time data when Automatic Gain Control (i.e., AGC) values
of the IRGAs exceeded a threshold primarily due to raindrops, dusts, and condensed water drops on the win-
dow of the IRGAs. Linear interpolation was used to replace data points with magnitude exceeding 5 times of
the mean standard deviations. Sonic temperature correction was also performed using procedures described
elsewhere (Liu et al., 2001; Schotanus et al., 1983). Corrections for the air density fluctuations were made for
fluxes of CO2 and latent heat, and data points were removed when they failed the quality check following the
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method by Foken et al. (2005). Sensible heat and latent heat fluxes were obtained by calculating the mean
covariance between vertical velocity fluctuations and air temperature fluctuations and between vertical
velocity fluctuations and water vapor density fluctuations, respectively. Note that the 30-min statistical
quantities and fluxes are computed following the procedure detailed in Sun et al. (2012). First, coordinate
rotation is performed over unweighted 5-min intervals. Second, turbulent statistics and fluxes are
calculated based on fluctuation quantities (i.e., u0, w0, and T0) over 5-min period, then averaged to 30-min
means. Therefore, these 30-min means are able to represent SBL states over a relatively long period of
time and, to some extent, reduce the influence of a sudden increase or decrease in wind speeds as well as
the contamination of submeso motions. One to be noted is that in strongly stable conditions, the energy
and fluxes that computed by the fluctuating component may not purely contributed by turbulence even
with short averaging periods (i.e., 5 min). Nonetheless, our analysis shows that the results are insensitive to

Figure 1. Project Sagebrush field site: (a) the location of the micrometeorological tower (red star) at Idaho National
Laboratory (shaded; adapted from Finn et al., 2015); (b) photo showing the 64-m micrometeorological tower with the 4
EC systems; (c) number of the selected runs in each hour for the coupled (red), transition (green), and decoupled (blue)
states, respectively.
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the choices of averaging time (not shown). To avoid the transition period between daytime and nighttime,
only nighttime data during the period from 1900 to 0600 from October 3 to November 11 in 2013 after
passing quality check were used. Since extremely large values of the local nondimensional stability
parameter ζl (ζ l = z/Λ, where z is the observation height and Λ is the local Obukhov length) are usually
associated with sampling errors (Mahrt & Vickers, 2003), 30-min time series with ζ l greater than 100 or
smaller than zero were excluded. Based on the above data selection criteria, 245 thirdty-min runs that are
fairly evenly distributed over the entire nighttime period were used (Figure 1c).

3. Results and Discussion
3.1. Identification of the Coupling States Using Conventional Methods

Relations between turbulence intensity (VTKE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2 u02 þ v02 þ w 02
� �

vuut ) and mean wind speed have been

proposed in a number of studies to categorize different turbulence regimes (Liang et al., 2014; Sun
et al., 2012). To compare with these studies, a similar procedure is adopted here. The VTKE at the four
levels are presented as a function of the 2 m (i.e., near-surface) mean wind speed (U2m; Figure 2a). It
can be seen that VTKE at all four levels increase with increasing U2m but the growth rate decreases with
increasing z. The vertical gradient of VTKE shows remarkable differences over different wind ranges. When
U2m is weak (i.e., U2m < 1.6 m/s), VTKE increases with height and the vertical gradient of VTKE is large, sug-
gesting that the SBL perfectly matches the classical upside-down model where the main source of

Figure 2. (a) Turbulence velocity scale (VTKE) as a function ofmeanwind speed at 2m; (b) horizontal component of VTKE(σh)
as a function of mean wind speed at 2 m; (c) vertical component of VTKE (σw) as a function of mean wind speed at 2 m;
(d) mean wind speeds at 8, 16, and 60 m as a function of mean wind speed at 2 m. The error bars in a, b, and c denote
standard deviations. The symbols in a–c represent the bin-averagedquantities calculated by using awindowwidth of 0.5m/s.
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turbulence is elevated and turbulence collapses near the surface due to strong stable stratification (Mahrt,
2014). The vertical gradient of VTKE between 60 m and the lower three levels decreases with an increase
in U2m and abruptly switches sign when U2m exceeds 4 m/s. As U2m further increases, VTKE at 2, 8, and
16 m becomes similar, and VTKE at 60 m is lower than that at the other three levels, indicating that a rela-
tively well-mixed condition occurs between 2 and 16 m but this mixing does not reach 60 m. Therefore,
the SBL with U2m less than 1.6 m/s refers to the decoupled SBL, whereas the SBL with U2m greater than
4 m/s refers to the coupled SBL with its coupling depth likely between 16 and 60 m. It is to be noted that
these two thresholds are determined using bin-averaged quantities. At first, a window with a width of 0.5
m/s is used to calculate the bin-averaged VTKE. The switch of the sign of the VTKE gradient at 60 m and
the similarity of VTKE at the lower three levels occur when U2m is 4 m/s, which is defined as the threshold
separating the coupled regime and the other two regimes (Figure 2a). Then, a finer window width (0.2 m/s)
is used to calculate the bin-averaged quantities in low winds (U2m < 2 m/s). The threshold (1.6 m/s)
separating the decoupled and transition states is associated with the largest VTKE gradient calculated
by this finer bin width. Such threshold is similar to those found in previous studies, defining a wind mean-
dering regime with weak, intermittent turbulence (Mortarini et al., 2016; Sun et al., 2012). Since the bin-
averaged fitting curves are more fluctuating when the 0.2 m/s window width is used, Figure 2 only shows
the bin-averaged fitting curves with the 0.5 m/s window width. A transitional SBL is identified when U2m
is between 1.6 and 4 m/s. The variations of the horizontal turbulent intensity (σh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σu2 þ σv2

p
) and ver-

tical turbulent intensity (σw) with U2m behave similarly to VTKE (Figures 2b and 2c). Based on these two
thresholds, 41, 125, and 79 thirty-min runs are labeled as the coupled, transition, and decoupled cases,
respectively. In the decoupled state, the gradient of σw is larger than σh (i.e., the difference of σw between
30 and 2 m is 0.2 m/s but 0.13 m/s for σh). This result shows that the variations of VTKE between levels
mostly originate from differences in the vertical component of the turbulent intensity (σw) in the
decoupled state. As U2m increases, σh shows greater vertical differences than σw, suggesting that the dif-
ferences of horizontal turbulent intensity are mainly responsible for the vertical variations of VTKE in the
coupled state. These results are similar to findings from the FLOSS II experiment though the aforemen-
tioned experiment did not observe a transitional SBL (Acevedo et al., 2016).

Alternatively, the decoupled and coupled SBL states are also illustrated by direct comparisons of wind speeds
between the upper levels (U8m, U16m, and U60m) and U2m (Figure 2d). In a decoupled SBL, wind speeds are
generally low with occasional occurrences of large winds at all the levels. Wind profiles are frequently dis-
torted by the occurrences of possible low-level wind maxima and thus associated intermittent events, con-
sistent with previous studies (Conangla et al., 2008; Ferreres et al., 2013). Once the SBL becomes fully
coupled as a result of increased wind speeds, the intrusion of low-level windmaxima is absent and linear rela-
tions between U2m and the upper levels become more evident (Figure 2d). To sum up, the delineation
between coupled and decoupled SBL states at the study site appears to be reasonably captured by such
conventional measures.

3.2. Turbulent Fluxes in Coupled and Decoupled SBL

The interactions between turbulent exchanges, the vertical SBL turbulent structures responsible for these
exchanges, and coupling states can be illustrated by the variations of momentum and kinematic heat fluxes
with the local stability parameter in coupled and decoupled states, as shown in Figure 3. It is obvious that
momentum flux decreases monotonically with the increasing stability. Since it directly reflects the shear-
produced turbulence, momentum flux is larger in the coupled SBL with higher wind speeds. It is greatly
damped in the transitional SBL and approaches zero in the decoupled SBL with extremely weak U2m

(Figures 3a–3d). Some notable upwardmomentum fluxes at 16 and 60m in the decoupled SBL are associated
with the occurrences of low-level wind maxima below these two levels. Besides, possible contamination of
submeso motions may partly account for the upward momentum fluxes (Vickers & Mahrt, 2006).

Variations of kinematic heat flux with stability show the occurrences of maximum downward heat flux under
moderately stable conditions (the turning point). This stability turning point, which marks the transition from
weakly to strongly stable regimes (Mahrt, 2016; Van De Wiel et al., 2007), increases with height. This increase
of the turning point with height implies that a stronger stratification is required to offset the greater shear-
generated mixing at higher levels with stronger wind speeds. Although the absolute value of kinematic
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heat flux decreases when the SBL becomes either much more weakly or strongly stratified (Figures 3e–3h),

the underlying mechanisms are distinct. Using the flux-gradient relation, the downward heat flux (w0T 0 )
may be approximated by

w0T 0 ¼ �Km Prt�1 dT
dz

¼ � κz
ϕm ζð Þ

� �
u� Prt�1 dT

dz
; (1)

where Km is the momentum eddy diffusivity (i.e., given by its MOST formulation), Prt
�1 is the inverse tur-

bulent Prandtl number (Prt
�1 = Kh/Km, where Kh and Km are the turbulent diffusivity for heat and

momentum, respectively), dT/dz is the mean temperature gradient, κ is von Karman constant, u* is the
friction velocity, and the quantity of κz

ϕm ζð Þ can be interpreted as reduction in the effective mixing length
with increasing stability (Katul et al., 2014). Due to lack of observations of high-resolution temperature
profiles, we adopt a qualitative description of Prt

�1, Kh, and Km proposed by Katul et al. (2014) to illus-
trate our analysis and present the relations between w 0T 0 and dT/dz in different SBL states (Figure 4).
For weakly stable conditions, it is known that Prt

�1 does not change with mild increases in the stability
parameter (ζ ) and the stability correction function for momentum (ϕm(ζ )) is constant and near unity
(Katul et al., 2014). Under such conditions, downward heat fluxes are low due to small dT/dz despite
the strong mechanically generated turbulence at high winds (Figure 4). As radiative cooling further
enhances dT/dz (i.e., the averaged temperature gradient between 2 and 60 m in the transition states
is 0.03 K/m), w0T 0 increases and reaches its maxima in the turning point primarily due to the increasing
dT/dz given that adequate mechanical mixing still maintains under moderate wind speed conditions
(Figure 3 versus Figure 4). After the turning point, Prt

�1 dramatically decreases (at a rate faster than lin-
ear) with the increased stability due to the larger drop of Kh than Km, which, in turn, suppresses the ver-
tical transport of heat and favors the increase in dT/dz (i.e., the averaged temperature gradient between
2 and 60 m in the decoupled states is 0.06 K/m). In the meantime, u*, as indicated by the momentum
flux, dramatically drops as stability increases (Figures 3a–3d). As a consequence, the suppressed

Figure 3. Variations of (top panels) momentum flux and (bottom panels) kinematic heat flux with the local atmospheric
stability parameter. Panels from leftmost to rightmost correspond to results at (a and e) 2, (b and f) 8, (c and g) 16, and
(d and h) 60 m. The vertical dashed lines denote the stability turning points for the kinematic heat fluxes, which are 0.011,
0.049, 0.057, and 0.312 for 2, 8, 16, and 60 m, respectively. The blue, green, and red symbols denote the decoupled, tran-
sitional, and coupled SBL states, respectively. The continuous black lines are the fitting curves calculated with the
unweighted bin-averaged method.
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turbulent mixing is mainly responsible for the drop of w0T 0 even though dT/dz is enhanced (Figure 3
versus Figure 4). The enhanced stratification further confines turbulent eddies to be within a thinner
layer, leading to the decoupled SBL.

3.3. Dissimilarity Between Momentum and Heat Transport Under Different Stability Conditions

The correlation coefficient between u0w0 and w0T0 (Ruw, wT) as well as the transport efficiencies of u0w0 (Ruw)

and w0T 0 (RwT; defined as the correlation coefficients between u0 and w0 and between T0 and w0, respec-

tively) allows examination of how enhanced stability decorrelates the transport of u0w0 and w0T 0

(Table 1). It is clear that momentum and sensible heat transport become more decorrelated in the

decoupled SBL, as evidenced by the smaller value of Ruw, wT. This reflects that u
0w0 andw0T 0 are transported

in a more similar way in the coupled SBL than in the decoupled SBL. This dissimilarity is also reflected by

the different behaviors of u0w0 andw0T 0 as stability increases. The magnitude of u0w0 decreases dramatically
with increasing stability. However, the magnitude (absolute value) of

w0T 0 increases with the increased stability in the coupled, weakly SBL,
which is mainly attributed to the increasing temperature gradient, but
decreases with the increased stability in the decoupled, strongly SBL pri-
marily due to the greatly suppressed turbulent mixing (Figure 3). The tur-
bulent transport efficiencies Ruw and RwT are not appreciably different in
the coupled states though |Ruw| > |RwT| across layers. This finding implies

that vertical motions (w0) largely regulate both momentum flux (u0w0 )
and heat flux (w0T 0 ) in the coupled state. For the decoupled states, the
data show that temperature fluctuations (T0) drive vertical velocity fluc-
tuations (w0), as reflected by |Ruw| < |RwT|. One noticeable feature is that
the reductions in RwT are not as prominent as those in Ruw when the SBL
changes from coupled to decoupled states. To determine the primary
factors governing the variation of RwT for the coupled and decoupled
SBL states, the following equation is used to quantify the relative contri-
butions from different terms:

Figure 4. Variations of kinematic heat flux with the temperature gradient across two adjacent observation heights. (a–d)
Results at 2, 8, 16, and 60 m, respectively. The blue, green, and red symbols denote the decoupled, transitional, and
coupled SBL states, respectively.

Table 1
Averaged Correlation Coefficients Between Momentum Flux and Kinematic
Heat Flux (Ruw, wT), Transport Efficiencies for the Momentum Flux (Ruw), and
Kinematic Heat Flux (RwT) in the Coupled, Transition, and Decoupled Cases

Coupled Transition Decoupled

Ruw, wT 2 m 0.45 0.38 0.24
8 m 0.43 0.36 0.23

16 m 0.42 0.38 0.25
60 m 0.18 0.16 0.13

Ruw 2 m �0.32 �0.27 �0.13
8 m �0.28 �0.16 �0.08

16 m �0.34 �0.18 �0.06
60 m �0.26 �0.11 �0.08

RwT 2 m �0.16 �0.22 �0.15
8 m �0.19 �0.22 �0.18

16 m �0.21 �0.23 �0.15
60 m �0.16 �0.19 �0.16
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� d RwTj j
RwTj j ¼ �

d w0T
0

��� ���
w0T

0
��� ��� þ dσT

σT
þ dσw

σw
; (2)

where� d RwTj j
RwTj j refers to the variation of the transport efficiency and�

d w0T 0
��� ���
w0T 0
��� ��� ,

dσT
σT
, and dσw

σw
represent the relative

changes in kinematic heat flux, standard deviation for temperature, and standard deviation for vertical velo-
city, respectively. Calculations confirm that the nearly constant RwT from coupled to decoupled states is lar-
gely attributed to the enhanced σT due to the increased dT/dz that actively regulates vertical velocity

fluctuations. For example, at 2 m, dσTσT
¼ 1:75, but �

d w0T
0

��� ���
w0T

0
��� ��� ¼ 0:67 and dσw

σw
¼ 0:84.

To elaborate further on this point, consider the stationary temperature variance budget for a planar homo-
geneous flow in the absence of subsidence (imposed by coordinate rotation here). This budget is given by

∂σT 2

∂t
¼ 0 ¼ �2w 0T

0 ∂T
∂z

� ∂w0w 0T
0

∂z
� 2ϵTT (3)

If the temperature variance dissipation rate scales as ϵTT ¼ CTTσT 2
τ , where τ is a relaxation time scale given by

the TKE and its dissipation rate and the flux transport term is momentarily ignored, then

σT 2 ¼ τ
CTT

w0T
0 ∂T
∂z

(4)

This analysis shows that dT/dz partly dictates σT
2 and the decline in w0T

0
and τ equally contributes to the σT

2

variations. This may be one reason why dσT
σT

exceeds
d w0T 0
��� ���
w 0T 0
��� ��� and

dσw
σw
. The large reduction in Ruw is mainly due to

the suppression of vertical turbulent fluctuation induced by the enhanced dT/dz.

3.4. Turbulent Transport Efficiencies and Structures Across Layers in Two SBL Coupling States

It is expected that turbulent transfer with comparable transport efficiencies of momentum and scalars at
different levels indicate a relatively well-mixed condition across layers and thus a coupled SBL. Therefore,
comparisons of transport efficiencies of momentum and scalars across layers can illustrate the role of tur-
bulence structures in regulating different SBL coupling states with stability. As indicated by the compar-
isons of Ruw (Figures 5a–5c) and RwT (Figures 5d–5f) between the three upper levels and 2 m, a
convergence of data points to the 1:1 line suggests comparable transport efficiencies throughout the
coupled SBL, whereas the large scatter in the decoupled SBL indicates that fluxes are transported by dif-
ferent turbulent eddies with distinct efficiencies across layers. In the decoupled SBL, turbulent transport of
momentum and heat at different levels can have opposite directions as evidenced by the data points
scattered across the different quadrants. The opposite transport directions may be partly caused by the
erratic fluxes induced by submeso motions.

To further illustrate the differences in turbulence structures between the coupled and decoupled SBLs,
fast Fourier transform is employed to determine the average u, v, and w power spectra as well as the
average uw and wT cospectra as a function of nondimensional frequency (n = fz/U, where f is natural fre-
quency, z is height, and U is mean wind speed; Figure 6). Note that for each data run, coordinate rotation
and calculation of fluctuation quantities are performed over the 30-min period. For the coupled cases, the
normalized u and v spectra at 2, 8, and 16 m show a similar peak energy that are greater than those at
60 m. This finding is consistent with the above results that turbulence intensities at 2, 8, and 16 m are
similar but greater than at 60 m in such regimes. The difference in the frequencies associated with the
peak u and v spectra energy across levels is attributed to the different horizontal scales of turbulent
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Figure 5. Comparisons of turbulence transport efficiency for (top panels) momentum and (bottom panels) kinematic heat
fluxes between the three upper levels and 2 m (left panels: 8 m; middle panels: 16 m; right panels: 60 m). The blue, green,
and red symbols represent decoupled, transition, and coupled SBL states, respectively.

Figure 6. Normalized averaged spectra and cospectra of (a and b) u, (c and d) v, (e and f) w, (g and h) u-w, and (i and j) w-T.
The left and right panels represent the coupled and decoupled SBL states, respectively. The magenta, red, green, and
blue lines represent spectra or cospectra for 2, 8, 16, and 60 m, respectively. Spectrum and cospectrum for each 30-min run
are normalized by the 2 m scaling parameters before averaging.
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eddies. Despite the small difference in w spectra at 60 m as a result of
the shallow coupling depth, the peak spectra energy for w are not only
comparable but also occur at almost the same frequency, suggesting
the possible influence of the same active turbulent eddies across layers.
In addition, the less-than-one frequencies for the spectra peaks indicate
that the vertical scales of turbulent eddies are larger than their observa-
tional heights (Sun et al., 2012). Therefore, those active turbulent eddies
do interact with the surface directly, transporting momentum and heat
with similar efficiencies across layers, and thus resulting in a coupled
SBL. Note that the vertical velocity spectra across the different heights
overlap in the inertial subrange suggesting that the surface scaling para-
meters can describe turbulence in the coupled SBL. Except for 60 m, the
uw and wT cospectra at 2, 8, and 16 m exhibit similar patterns with the
same peak values in the same frequency intervals.

For the decoupled cases, the u, v, and w spectral magnitudes increase with heights, consistent with the
observed features that turbulence intensity is enhanced with increasing heights. For the u and v spectra,
the increasing spectra energy at low-frequency ranges indicates the influence of quasi-horizontal submeso
motions (i.e., meandering) that greatly impact the horizontal flow field. The frequencies for the peak w spec-
tra are greater than 1 implying that turbulent eddies are detached from the surface. These distinct character-
istics of turbulent eddies across layers result in the absence of well-defined cospectral peaks with a similar
frequency. Moreover, the contamination of submeso motions is also evidenced by the oscillating signs at
low-frequency ranges of the cospectra (Cava et al., 2016; Mahrt, 2009).

As summarized in Table 2 about the frequencies (n) and length scales (L ¼ U=f, f is the natural frequency) asso-
ciatedwith the peak spectra energy, turbulent eddies have larger sizes in the coupled SBL and have larger hor-
izontal scales with heights as compared with the decoupled SBL. Only in the coupled SBL are the vertical
scales of turbulent eddies comparable to their observational heights. In the decoupled SBL, the vertical scales
of turbulent eddies measured at 8, 16, and 60 m are not only smaller than the observational heights but also
smaller than the distances between any two adjacent levels (i.e., turbulence appears to be governed by fine-
scale eddies).

3.5. Cross-Layer Correlation in Two SBL Coupling States

Higher cross-layer correlations are expected to occur in the coupled SBLs as different vertical layers are
experiencing the same active turbulent eddies with vertical scales comparable to z. In the decoupled SBLs,
however, the cross-layer correlation is likely to be poor since turbulent eddies are vertically suppressed
and only generate weak mixing in a locally thin layer. To provide a visual comparison, two time series with
one in the coupled state and the other in the decoupled state are directly compared (Figure 7). For the
coupled case (0230–0300 MST on 14 October; the left panels in Figure 7), the simultaneous occurrences of
peaks and valleys are evident at different levels not only in the wind and temperature fields (u0, T0, and w0)
but also in the time series of instantaneous fluxes (u0w0 and w0T0). For the decoupled cases (0300–0330
MST on 22 October; the right panels in Figure 7), however, distinct fluctuating patterns occur at different
heights suggesting layered vertical structures in the strongly SBL.

To further illustrate turbulence structures in a manner that simultaneously identifies the temporal scale and
occurrence time location, the continuous wavelet transform is employed (Gao et al., 2016) to analyze the time
series of turbulence fluctuations (i.e., u0, w0, and T0) for the coupled and decoupled cases presented in
Figure 7. For an arbitrary series f(t), the wavelet coefficient can be determined by

W λ; tð Þ ¼ ∫þ∞
�∞f xð Þ�ψλ;t xð Þdx; (5)

where ψλ, t(x) is the mother wavelet expressed asψλ;t xð Þ ¼ 1ffiffi
λ

p �ψ x�t
λ

� 	
; t and λ are the location and scale para-

meters, respectively; andW(λ, t) is the wavelet coefficient as a function of time and scales. The Morlet wavelet,
which is symmetric and reasonably localized in the time and frequency domains, is used to process the
detrended and normalized 10-Hz time series for the 30-min runs. The temporal (x axis) and scale (y axis) dis-
tribution of the wavelet coefficient (i.e.,W(λ, t) in equation (5)) relative to u0 andw0 is shown in Figures 8 and 9,

Table 2
Nondimensional Frequency (n ¼ fz=U) and Length Scales (L ¼ U=f , f is the
Natural Frequency) Associated With Peak Velocity Spectra Energy in the
Coupled and Decoupled Cases

u v w

n L (m) n L (m) n L (m)

2 m Decoupled 0.11 18.2 0.50 4.0 0.97 2.1
Coupled 0.01 140.5 0.12 16.3 0.42 4.8

8 m Decoupled 0.10 76.8 0.86 9.3 1.69 4.7
Coupled 0.04 190.5 0.16 48.5 0.44 18.1

16 m Decoupled 0.10 154.8 0.41 39.4 1.17 13.7
Coupled 0.07 224.0 0.23 71.1 0.43 37.0

60 m Decoupled 0.20 304.6 0.94 64.1 1.30 46.0
Coupled 0.12 487.5 0.40 166.7 0.67 89.2
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respectively. Positive (and negative) wavelet coefficients are associated with positive (and negative)
fluctuations, respectively, in the time series shown in Figure 7. We focus on those organized structures
with time scales ranging from 50 to 300 s rather than the disorganized structures with time scales of less

Figure 8. The time and scale distributions of the wavelet coefficients (i.e.,W in equation (5)) for the 30-min, 10-Hz time ser-
ies of u0. Left panels and right panels represent the coupling and decoupling cases, respectively, for (a and e) 60, (b and f)
16, (c and g) 8, and (d and h) 2 m.

Figure 7. The 30-min, 10-Hz time series of (a and g) u0, (b and h) T0 , (c ad i) w0, (d and j) u0w0, and (e and k) w0T0 for the cou-
pling case (left panels) and decoupling case (right panels). The magenta, red, green, and blue lines represent 2, 8, 16, and
60 m, respectively. Fluctuations at 8, 16, and 60 m are shifted upward for readability.
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than 50 s. As the time scale increases, well-organized plume-like patterns are shown in Figure 8a (i.e., plume-
like shapes at about 400 s in Figure 8a). Large positive (red color) and negative (blue color) centers,
respectively, represent active eddies contributing to the peaks and valleys in the time series shown in
Figure 7. In the coupled case, the positive and negative centers at different heights not only occur almost
at the same time but also have similar time scales, whereas in the decoupled case the positive and
negative centers with similar time scales rarely occur simultaneously across layers. Note that a number of
organized structures appear at both 16 and 8 m simultaneously in the decoupled case (i.e., Figures 8f and
8g, between 600–900 s with the time scale of 100–300 s), but they fail to reach z = 2 m due to the strong
stratification in near-surface layer. These observed features further confirm previous findings (here and in
the literature) that in the coupled SBL, the whole SBL is dominated by the same active turbulent eddies
that interact with the surface, whereas turbulent eddies in the decoupled SBL are localized, detached from
the surface, and only occasionally affect some adjacent layers.

As a proxy of cross-layer correlation, the simultaneous occurrences of such active turbulent eddies across
vertical layers is further quantified by calculating the average correlation coefficients of the 30-min wave-
let coefficients with the time scales of 200 to 300 s for u0, w0, and T0 between the 60 m and other three
lower levels in the coupled and decoupled SBL states. Clearly, the correlation coefficients of wavelet coef-
ficients for u0, w0, and T0 in the coupled cases are greater than those in the decoupled cases, indicating
that the coupled states show better cross-layer correlation since turbulent eddies have larger vertical
scales and generate stronger vertical mixing throughout the SBL (Figure 10). To further investigate the
dominant scales of turbulent eddies that modulate cross-layer correlation, we examine the correlation
coefficients across different scales (i.e., 50–100 s, 100–200 s, and 200–300 s). In general, for different scale
ranges, the comparisons of Ru, Rw, and RT between the coupled and decoupled cases are similar as those
shown in Figure 10. One interesting feature is found in the correlation coefficients of w0. Rw at time
scales ranging from 200 to 300 s shows a large difference between coupled and decoupled cases; while
at smaller scales, Rw is comparable between coupled and decoupled cases (not shown). It suggests that
turbulent motions with scales ranging from 200 to 300 s are primarily responsible for the cross-layer cor-
relation. It is also the reason why Figure 10 only presents the correlation coefficients with time scales
of 200–300 s.

Figure 9. The time and scale distributions of the wavelet coefficients (i.e.,W in equation (5)) for the 30-min, 10-Hz time ser-
ies of w0. Left panels and right panels represent the coupling and decoupling cases, respectively, for (a and e) 60, (b and f)
16, (c, g) 8, and (d and h) 2 m.
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3.6. A Schematic Overview

The relations between these two distinct end-member SBL states and the associated turbulence structures
can be summarized by a schematic diagram in Figure 11. In the decoupled SBL with weak surface shear
(Figure 11a), turbulence is primarily generated near the level where the low-level jet nose is located (analo-
gous to an inverted boundary layer). Turbulent eddies with moderate scales, which occur in elevated levels
below the jet nose, have limited influence on turbulence generation in the lower levels (analogous to
mechanical production of TKE scaling inversely with the distance below the jet nose). As a result, turbulent
eddies are confined within a thin layer, leading to the suppressed downward transport of momentum and
heat. In turn, such weak vertical mixing favors a buildup of more strongly stratified SBL due to radiative cool-
ing. It is in agreement with a previous study that investigated a complex nighttime case of how the develop-
ment of LLJ triggered wave-like submeso motions and strongly influenced turbulent mixing, resulting in a
layered SBL (Mortarini et al., 2018). Another variant on the decoupled end-member state is associated with
the occurrence of wind direction shear (Figure 11b). Although the LLJ is absent, the aloft wind direction shear
also enhances turbulence. These enhanced turbulent eddies are usually unable to penetrate further down-
ward, resulting in a suppressed downward momentum and heat transport, and thus an even more
decoupled, layered SBL. In the coupled SBL with strong surface shear (Figure 11c), the strong mechanical
shear (produced near the ground) favors the development of turbulent eddies with larger scales that
enhance vertical mixing of momentum and heat. Such stronger mixing can effectively prevent the buildup

Figure 10. Averaged correlation coefficients of wavelet coefficients with time scales of 200–300 s for 30-min, 10-Hz time
series of u0 , w0, and T0 between the 60 m and the three lower levels for the coupling and decoupling cases. (a–c) The
correlation coefficients of wavelet transform coefficients with time scales ranging from 200 to 300 s. The red, green, and
blue bars in each panel represent the correlation coefficients of wavelet coefficient series between 60 and 16 m, 60 and
8 m, and 60 and 2 m, respectively.
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of stable stratification induced by surface radiative cooling through effectively transporting the warm air aloft
downward and the surface cold air upward. As a result, the weakened stratification allows turbulent eddies to
further develop, maintaining a well coupled SBL across layers.

4. Conclusions

Two distinct SBL states and associated turbulence structures were observed and analyzed above a flat and
uniform ground surface. In the decoupled SBL state, turbulence is primarily generated aloft and collapses
near the surface. Momentum and heat fluxes exhibit different behavior as stability increases. With strong sur-
face shear, the mechanical mixing weakens the magnitude of mean temperature gradient and allows turbu-
lent eddies with larger vertical scales to develop. The magnitude of downward sensible heat flux is mainly
dependent on the small vertical temperature gradient and the large turbulent heat diffusivity. In such sce-
nario, turbulent eddies result in high cross-layer correlations among turbulent flow variables responsible
for heat and momentum transport. On the contrary, under weak surface shear conditions, the weak mechan-
ical mixing favors the buildup of strong stratifications, induced by the surface radiative cooling, which in turn
confines turbulent eddies within thin layers locally. Such suppressed turbulent eddies are responsible for the
limited downward heat flux, weakened vertical mixing, poor cross-layer correlation, and thus the formation of
decoupled SBL state with enhanced stable stratifications.
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