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Abstract Due to strong mean wind shear, the stable boundary layer (SBL) becomes vertically coupled. In
a coupled SBL, large turbulent eddies enhance cross‐layer mixing and vertically mix turbulent kinetic
energy. However, large gradients in momentum and heat fluxes are frequently observed, degrading the
performance of Monin‐Obukhov similarity theory. It is shown that increased vertical gradients of mean
variables (i.e., wind speed and potential temperature) can cause flux gradients. This process is operated upon
by downward penetrating large eddies with altered phase difference, contributing unevenly to fluxes and
thus causing flux gradients. In the coupled SBL with small gradients in mean variables, large eddies are
vertically synchronized, contributing evenly to fluxes across layers and thus causing small flux gradients. As
turbulent production becomes weak and the cross‐layer difference in turbulent flux transport increases,
large eddies become less vertically synchronized, contributing unevenly to fluxes across layers and thus
causing large flux gradients.

1. Introduction

Significant efforts have been made to inquire about the vertical structure of the nocturnal stable boundary
layer (SBL), the energetics of turbulent eddies, and flux exchanges above uniform surfaces given their rele-
vance to improving weather and climate models (Acevedo et al., 2016; Mahrt, 2014; Sun et al., 2012). These
models rely on Monin‐Obukhov similarity theory (MOST) derived for stratified stationary flows above pla-
nar homogeneous surfaces in the absence of subsidence and mean pressure gradient at high Reynolds num-
bers (Monin & Obukhov, 1954). Applying these MOST assumptions to the mean momentum and mean
potential temperature budgets leads to momentum and kinematic sensible heat fluxes being constant with
height above the ground (Dyer & Hicks, 1970). The applicability of the constant‐flux assumption in the
SBL is often associated with the so‐called SBL coupling states. In the weakly stratified SBL with strong ver-
tical mixing, the turbulence Dougherty‐Ozmidov length scale is much larger than the measurement height,
and MOST appears to be applicable (Katul et al., 2014; Monahan et al., 2015). However, strongly stratified
SBL is characterized by intermittent turbulence, weaker vertical mixing, and frequent intrusions of submeso
motions (Mortarini et al., 2018; Sorbjan & Czerwinska, 2013). In this regime, the layers within the SBL are
weakly coupled and there is a broad recognition that MOST does not capture the flow statistics.
Amendments to MOST in such regime remain the subject of active research and are the focus here.

The relation between turbulent kinetic energy (TKE) profiles and near‐surface wind speed has been
proposed to characterize the coupling state of the SBL (Liang et al., 2014; Sun et al., 2012). Under low mean
wind speed conditions, turbulence is largely suppressed by thermal stratification in the vertical direction and
turbulent eddies are confined to thin layers. These eddies are presumed to be detached from the ground
(i.e., z‐less scaling), leading to a vertically layered as well as decoupled SBL. Under such conditions, the
flow statistics within the SBL are poorly correlated across layers, and considerable vertical gradients in
TKE and turbulent fluxes are observed (Lan et al., 2018).

As the near‐surface mean wind speed exceeds a site‐specific threshold, the sign of the vertical gradient of
TKE abruptly switches and the SBL becomes coupled (Acevedo et al., 2016; Lan et al., 2018). In such a
coupled SBL, the enhanced mechanical mixing allows large eddies with large vertical scales to develop.
Such eddies cause effective transport of warm air from aloft to be brought downward and cold air near
the ground to be brought upward, leading to enhanced sensible heat flux to the surface (Lan et al., 2018).
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An increase in the downward sensible heat flux then increase the buoyant destruction of TKE countering its
mechanical generation. The downward sensible heat flux is primarily determined by the small cross‐layer
temperature difference and the large turbulent heat diffusivity associated with large eddies (Acevedo
et al., 2016; Sun et al., 2016). These large eddies also enhance cross‐layer correlation among turbulent flow
variables leading to relatively small cross‐layer differences in TKE and velocity variances (Lan et al., 2018;
Mahrt et al., 2018). It is generally argued that MOST is applicable in such a coupled SBL. However, large ver-
tical variations in momentum and heat fluxes (i.e., flux divergence or convergence; hereafter flux gradients)
remain frequently observed in the coupled SBL, invalidating the applicability of MOST. For instance,
momentum and heat fluxes increase with height due to elevated shear‐generated turbulence (Mahrt et al.,
2018). Burst of momentum and heat fluxes caused by intermittent turbulence also lead to unequal fluxes
between layers (Jensen et al., 2016). It remains unclear as to what role large eddies play in regulating the ver-
tical gradients of momentum and kinematic heat fluxes even in a reasonable coupled SBL, which is the main
compass of the work.

Data collected by four eddy covariance (EC) systems situated on a 62‐m tower are analyzed, aiming to
address (i) the cross‐layer differences in momentum and kinematic heat fluxes in a coupled SBL (as defined
by the vertical gradient of TKE), (ii) the linkage between flux gradients and the background profiles of mean
wind speed and potential temperature, and (iii) the roles of large eddies in regulating flux gradients in a
coupled SBL. Theoretical arguments are then made to support the experimentally documented features,
demonstrating how large eddies are linked to turbulent flux gradients under varying turbulent production
regimes. The results reported here demonstrate that the background vertical profiles of mean wind speed
and potential temperature cause flux gradients in the coupled SBL. This process is operated upon by large
eddies that penetrate downward across layers, as indicated by the relation between cross‐layer phase differ-
ence of large eddies and flux gradients.

2. Experiment, Data, and Methodologies
2.1. Experimental Site, Instrumentation, and Post Field Data Processing

EC data were collected over a flat terrain at the Idaho National Laboratory site, southeast Idaho (43.59 °N,
112.94 °W; 1,500‐m above mean sea level; Figure S1 in the supporting information). The four EC systems
were mounted at 2, 8, 16, and 60 m on the tower and each of them consisted of a 3‐D sonic anemometer
(CSAT3, Campbell Scientific, Inc.) and an infrared CO2/H2O gas analyzer (IRGA, LI7500A, LiCor Inc.).
Sonic anemometers measured the three‐dimensional wind components (u, v, and w that denote longitudi-
nal, lateral, and vertical velocities, respectively). The sonic derived air temperature (T) was also used to
determine temperature statistics (i.e., potential temperature, θ) and sensible heat fluxes. The IRGAs mea-
sured density of water vapor (ρv) and CO2 (ρc) at high frequency. The measured time series acquired with
four dataloggers (CR5000, Campbell Scientific, Inc.) from the sonic anemometers and IRGAs were sampled
at 10 Hz and stored for postfield processing. The details about the site, general meteorological conditions
during this field campaign, and other instrumentations have been presented in prior studies (Finn et al.,
2015, 2016) and are not repeated here.

Detailed post field data processing procedures have been provided elsewhere (Lan et al., 2018; Liu et al.,
2016). Briefly, these procedures include (1) removing spikes/noise from the raw 10‐Hz time data and gap fill-
ing the time series with linear interpolation (Gao et al., 2016); (2) double rotation for the three‐dimensional
wind components (Kaimal & Finnigan, 1994); (3) calculation of averages, variances, and covariances using
the unweighted block average method; (4) sonic temperature correction (Liu et al., 2001; Schotanus et al.,
1983) and density correction (Webb et al., 1980); and (5) data quality check (Foken et al., 2005). To reduce
“contamination” from submeso motions on turbulent fluxes, coordinate rotation and calculation of turbu-
lent statistics are performed over unweighted 5‐min intervals. These 5‐min statistical quantities are then
averaged to 30‐min means to represent SBL states over a relatively long period (Lan et al., 2018).
Therefore, a coupled SBL is defined by requiring the 30‐min‐averaged stability parameter (ζl = z/Λ, where
z is the observation height from the ground and Λ is the local Obukhov length) to range between 0 and
100 and the near‐surface mean wind speed (U2m, where the subscript “2m” indicates that the measurement
height is 2‐m above the ground) to be larger than 4 m/s (the choice of 4 m s−1 will be further elaborated in
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section 3). In the following sections, each 30‐min run in the coupled SBL regime is divided into six 5‐min
runs (a total of 420 5‐min runs).

2.2. Ensemble Empirical Mode Decomposition (EEMD) and Phase Difference

Due to the nonlinearity and nonstationary of turbulence time series in the SBL, EEMD, which is adaptive
without requiring a priori assumptions and “extra” ad hoc postprocessing (Huang et al., 1998; Huang &
Wu, 2008), is employed for our analysis. Specifically, it uses a sifting process to decompose a time series
x(t) into a finite number of intrinsic mode functions (IMFi) as well as an overall residual (r(t)) given as

x tð Þ ¼ ∑n
i¼1IMFi tð Þ þ r tð Þ: (1)

To reduce the influence of nonturbulent submeso motions, the EEMD is applied to 5‐min time series of
turbulent fluctuations (i.e., u′, w′, and θ′). For each 5‐min run, nine amplitude‐frequency modulated IMFi
(i.e., n= 9) are extracted with one overall residual r10 that still contributes to the total variance or covariance.
Each oscillatory component (i.e., each IMF) has its mean frequency (ω) estimated as follows:

ωi ¼ ∫
∞
0 f Si fð Þdf
∫
∞
0 Si fð Þdf

; (2)

where Si(f) is the Fourier spectrum of IMFi(t) (Huang et al., 1998; Wei et al., 2017). Taking advantage of the
additivity of the time domain IMFi, the sum of certain oscillatory components can be interpreted as a signal
for turbulent eddies with specific scales (Gao et al., 2017).

Statistically, the influence of turbulent eddies on covariances (i.e., vertical fluxes) depends on not only the
magnitude of fluctuations (i.e., w′ and θ′ for heat flux) but also the phase difference between these two time
series (Gao et al., 2017; Li & Bou‐Zeid, 2011). The instantaneous phase difference between these two time
series can be calculated based on Hilbert transform

Φ tð Þ ¼ tan−1 Im HCSxy tð Þ½ �
Re HCSxy tð Þ½ �

� �
; (3)

where HCSxy(t) is Hilbert cross‐spectrum. In the supporting information, how the phase difference between
two time series influences flux gradients is described and the method used to calculate the Hilbert transform
is introduced (Texts S1 and S2 and Figure S2).

3. Results and Discussion
3.1. Small Cross‐Layer Differences in TKE But Large Flux Gradients in a Coupled SBL

The relation between TKE and U2m is commonly used to categorize whether a SBL is decoupled or coupled
(Acevedo et al., 2012, 2016; Lan et al., 2018). Using the same dataset, Lan et al. (2018) found that whenU2m is
smaller than 4.0 m/s, the SBL at this site is vertically decoupled as reflected by the large cross‐layer-
differences in TKE and velocity variances shown in Figure S3. Conversely, when U2m is larger than 4.0
m/s, the SBL becomes vertically coupled with small vertical gradients of TKE and velocity variances
(Figure S3). The near‐surface wind speed of 4.0 m/s is thus considered as the threshold for the transition
between decoupled and coupled SBL states for this site. Moreover, the coupling depth was found to vary
between 16 and 60 m (Lan et al., 2018). Therefore, data collected at 60 m are excluded from the analysis.
Here the cross‐layer difference is defined as

ΔS ¼ Supper−Slower
Slower

����
����*100%; (4)

where S denotes an arbitrary variables to be analyzed, including TKE, velocity variances (i.e., σu
2, σv

2, and
σw

2), covariances (i.e., u′w′ , and w′θ′ ), and third‐order turbulent flux transport (i.e., w′u′w′ and w′θ′w′ )
for reasons to be described later. As shown in Figures S4 and S5 for coupled SBL states only (i.e., U2m

> 4.0 m/s), a clear pattern of variations in turbulence statistics with U2m is absent, indicating that the
near‐surface mean wind speed is not the predominant control describing the vertical profiles of TKE,
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variances, and fluxes in the coupled SBL. As shown in Table S1, the relative differences in TKE and velocity
variances are small, whereas the relative differences in momentum and kinematic heat fluxes are 3–5 times
larger than their TKE and variances counterparts. In addition, the relative differences in third‐order
turbulent flux transport are unexpectedly large (i.e., at least one order larger than their flux counterparts).
Clearly, these features demonstrate that even in the coupled SBL with comparable variances between
layers, the gradients of momentum and heat fluxes can vary from small to substantially large. The large
flux gradients indicate that MOST may not be applicable in the coupled SBL. What mechanisms cause
such large gradients in momentum and kinematic heat fluxes in the coupled SBL? Under what conditions
the flux gradients are small so that MOST is applicable in the coupled SBL? These questions motivate
exploring the underlying causes for the flux gradients experimentally in the coupled SBL (U2m > 4.0 m/s).

3.2. Large Eddies and Their Roles in Regulating Cross‐Layer Turbulence and Flux Divergences or
Convergence in a Coupled SBL

While near‐surface mean wind speed does not explain the flux gradients in the coupled SBL, the flux gradi-
ents show dependence on the vertical gradients of mean wind speed and potential temperature (Figure 1). As
shown in Figure 1, the flux gradients increasemonotonically with the gradients of the twomean variables. In
a previous study using the same data set, we found that in the coupled SBL, strong shear and weak stratifica-
tion allow large eddies to develop, thereby leading to high cross‐layer correlations among turbulent fluctua-
tions and enhanced cross‐layer momentum and heat transport (Lan et al., 2018). These results lead us to
hypothesize that the increased vertical gradients of mean wind speed (potential temperatures) alter the

Figure 1. Variations of the gradients of momentum flux (m/s2; a–c) and kinematic heat flux (K/s; d–f) with the vertical gradients of mean wind speed (m/s) and
potential temperature (K/m), respectively. Panels from left to right correspond to the results between 16 and 8 m, between 8 and 2 m, and between 16 and 2 m,
respectively. The red circles and error bars refer to the bin averages and corresponding standard deviations, respectively.
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dynamic (thermal) attributes of large eddies when these eddies penetrate downward across layers thereby
contributing unevenly to fluxes and thus causing flux gradients.

To test this hypothesis, we first examine the effect of large eddies on flux gradients and at what frequencies
flux gradients are sustained. Specifically, the scale dependence of cross‐layer differences in momentum and
kinematic heat fluxes is evaluated using the cross‐layer differences in the cospectra of momentum and kine-
matic heat fluxes calculated as follows:

ΔCOuw fð Þ ¼ COuwupper fð Þ−COuwlower fð Þ
COuwlower fð Þ

����
����; (5)

ΔCOwθ fð Þ ¼ COwθupper fð Þ−COwθlower fð Þ
COwθlower fð Þ

����
����; (6)

where COuw and COwθ are cospectra of momentum and kinematic heat fluxes, respectively, that vary with
frequency f (Figure 2). Large cross‐layer flux differences occur at the midfrequency range between 0.013
and 0.1 Hz, as indicated by several peaks in the cospectral differences and the largest slope of the correspond-
ing Ogive functions; whereas the cospectral differences are fairly small at the low‐frequency range (i.e.,
f < 0.013 Hz) and drop dramatically at the high‐frequency range (i.e., f > 0.1 Hz). Therefore, we define large
eddies as turbulent eddies with scales ranging from 0.013 to 0.1 Hz that contribute significantly to the ver-
tical transport of momentum and heat. In the following analysis, we exclude motions with frequencies smal-
ler than 0.013 Hz to minimize the effects of horizontal advection (i.e., through submeso motions) or
horizontal flux divergence.

To examine the influence of large eddies on cross‐layer flux divergence or convergence in the coupled SBL,
EEMD is employed to extract time series signals of large eddies (0.1 < f < 0.013 Hz) for each 5‐min run of u′,

Figure 2. Cross‐layer differences in momentum flux (a) and kinematic heat flux (b) as a function of the natural frequency.
Red, green, and blue solid lines correspond to the results between 16 and 8 m, 8 and 2 m, and 16 and 2 m, respectively.
Color dash lines represent Ogive functions corresponding to the color solid lines. Two vertical dash lines indicate the
frequency range of large eddies (i.e., 0.013–0.1 Hz).
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w′, and T′. Equation (2) is used to calculate the mean frequency of each IMF. Results indicate that large

eddies are represented by the oscillatory components between IMF2 to IMF6 (xl ¼ ∑6
i¼2IMFi, the subscript

l indicates time series signal of large eddies). To ensure that the magnitude of fluctuations associated with
large eddies is statistically comparable across layers as expected in the coupled SBL, only the data runs

with ΔTKEl (ΔTKEl ¼ 1
2 Δσul

2 þ Δσvl
2 þ Δσwl

2
� �

, where the subscript l denotes large eddies) being less

than 10% are used (i.e., the well coupled SBL based on conventional definitions). As such, the cross‐layer
flux difference is primarily dependent upon the cross‐layer difference in the phase difference between two
quantities at the large eddy scales, as shown in Figure 3. Here we only show results between 16 and 2 m,
but the other results are alike (Figure S6). As the phase difference between w′l and u′l (or θ′l) in the upper

level is larger than that in the lower level, the magnitude of momentum flux (w′lu′l ) (or kinematic heat

flux, w′lθ′l ) in the upper level is smaller than that in the lower level (i.e., flux divergence), and vice versa
(i.e., flux convergence). The fitting curves in Figure 3 indicate that an enlarged cross‐layer difference in
phase difference leads to the increased flux divergence or convergence (i.e., the increased flux gradients);
whereas Figure 1 shows that the increased flux gradients are linked to the enhanced gradients in the
corresponding mean variables. These relations suggest that background profiles of mean wind speed and
potential temperature, when large in magnitude, alter attributes of the large eddies. The aforementioned
alterations are reflected by changes in phase differences as these large eddies penetrate downward,
leading to uneven contributions to fluxes across layers and thus flux gradients. The underlying physical
processes are explained below.

In the coupled SBL with strong winds, large eddies generated aloft with scales commensurate with the mea-
surement height effectively sweep and impinge the surface, transporting the warm air aloft downward (i.e.,

w′l < 0, u′l > 0, and θ′l> 0) and thus leading to negative momentum and kinematic heat fluxes (u′lw′l<0and

w′lθ′l<0). When the phase difference between w′l and θ′l is comparable across layers (i.e., when there is no
flux divergence or convergence), different vertical layers are dominated by the same large eddies, and the
cross‐layer fluctuations ofw′l, u′l, and θ′l are almost perfectly correlated, leading to negligible cross‐layer dif-
ferences in variances and fluxes. This is referred to as the “perfectly” coupled SBL (i.e., the no flux divergence
case in Figure S7 and Table S2). As large eddies penetrate downward indicated by negative time lags in tur-
bulence time series between layers (Table S3), vertical velocity fluctuations (i.e., w′l) at a lower level can still
be the same as those at the higher level in the SBL typically with small background vertical velocity. The
smaller lag in w′l across layers compared to u′l and θ′lmay be due to the pressure perturbations being coher-
ent vertically. On the other hand, when the background profiles of mean wind speed and potential tempera-
ture vary strongly across layers, this leads to different background wind and potential temperature to which
the attributes of large eddies are referenced and thus different u′l and θ′l as large eddies penetrate across
layers. As a consequence, such different u′l and θ′l yield flux divergence or convergence between these
two levels (i.e., the flux divergence case in Figure S7 and Table S2).

Figure 3. Variations of divergence (or convergence) of momentum flux (a) and kinematic heat flux (b) between 16 and 2
m with cross‐layer differences in the phase between vertical velocity (w′) and horizontal velocity (u′) or potential tem-
perature (θ′). The red fitting curves are calculated with the unweighted bin‐averaged method with a bin‐width of 1°.
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Further analysis shows that the cross‐layer difference of the u′ and θ′ spectra at low‐frequency range
increases with the enlarged cross‐layer phase difference, while the cross‐layer difference ofw′ spectra energy
is insensitive to the cross‐layer phase difference (Figure S8). It confirms that under the influence of down-
ward penetrating large eddies, the distorted background profiles of mean wind speed and potential tempera-
ture can lead to distinct fluctuation patterns in u′ and θ′ between layers and thus flux divergence or
convergence. This reasoning is supported by a scaling argument provided in the next section.

3.3. Scaling Arguments

For stationary and planar‐homogeneous atmospheric surface layer (ASL) flows, budget equations for
momentum and kinematic heat fluxes can be expressed as (Stull, 1988)

∂u′w′
∂t

¼ 0 ¼ −w′
2 ∂u
∂z

−
∂w′u′w′

∂z
−
1
ρ
∂u′P′

∂z
þ g

θ
u′θ′; (7)

∂w′θ′
∂t

¼ 0 ¼ −w′
2 ∂θ
∂z

−
∂w′θ′w′

∂z
−
1
ρ
∂θ′P′

∂z
þ g

θ
θ′θ′: (8)

The terms on the right‐hand side (RHS) of equations (7) or (8) include the production term associated with
the mean profile of horizontal velocity (or potential temperature), the third‐order turbulent transport of
momentum flux (or kinematic heat flux), the pressure decorrelation term due to the interaction between
pressure and velocity (or temperature), and the buoyancy term associated with thermal stratification.
Note that the molecular destruction term is ignored as its magnitude is much smaller than the other terms
(Katul et al., 2013, 2014; Li et al., 2018). The Rotta (1951) model retaining the linear component is then
employed to parameterize the pressure decorrelation terms

−
1
ρ
∂u′P′

∂z
¼ −C

u′w′

τu
; (9)

−
1
ρ
∂θ′P′

∂z
¼ −C

w′θ′

τθ
; (10)

where C is a proportionality coefficient, τu and τθ are the relaxation time scales delineating how fast a turbu-
lent eddy loses its coherency (Li, 2019; Li et al., 2018). To simplify the calculation,C, τu, and τθ are considered
as constants. Substituting equations (9) and (10) into equations (7) and (8), respectively, and then taking the
derivative with respect to z yield

∂u′w′
∂z

¼ τu
C

∂
∂z

−w′
2 ∂u
∂z

� �
þ ∂
∂z

−
∂w′u′w′

∂z

 !
þ ∂
∂z

g

θ
u′θ′

� �" #
; (11)

∂w′θ′
∂z

¼ τθ
C

∂
∂z

−w′
2 ∂θ
∂z

� �
þ ∂
∂z

−
∂w′θ′w′

∂z

 !
þ ∂
∂z

g

θ
θ′θ′

� �" #
: (12)

These two equations indicate that the gradients in turbulence production (i.e.,
∂
∂z

−w′
2 ∂u
∂z

� �
and

∂
∂z

−w′
2 ∂θ
∂z

� �
), turbulent flux transport (i.e.,

∂
∂z

−
∂w′u′w′

∂z

 !
and

∂
∂z

−
∂w′θ′w′

∂z

 !
), and buoyancy destruc-

tion (i.e.,
∂
∂z

g

θ
u′θ′

� �
and

∂
∂z

g

θ
θ′θ′

� �
) contribute to flux gradients. Here each of the turbulence production

and turbulent flux transport terms is first calculated in two bulk layers between 16 and 8 m and between
8 and 2 m. These two values for each term in the two bulk layers are then used to calculate the gradient
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for each term as shown in Figure 4. However, note that the turbulence production and turbulent flux
transport terms shown in Figure 5 are calculated between 16 and 2 m for consistency with the prior
analysis.

Since the gradients of the buoyancy term are small (Figures S4 and S5 and Table S1), the flux gradients are
primarily attributed to the cross‐layer difference in the turbulent production and the turbulent flux transport
as quantified by the first and second terms of the RHS of equations (11) and (12), respectively. Under the cir-
cumstance that the first and second terms of the RHS of equations (11) and (12) approach zero (i.e., no cross‐
layer differences for these two terms), no flux gradient occurs. As analyzed in the previous section, the ASL
without flux gradient is under the influence of large eddies with small cross‐layer differences in phase differ-
ences between w′l and u′l (or θ′l). These statements are clearly supported by Figure 4, which shows that
under the conditions with small cross‐layer differences in phase difference (|ϕ16m − ϕ2m|), the gradients in

both the turbulence production terms (
∂
∂z

−w′
2 ∂u
∂z

� �
and

∂
∂z

−w′
2 ∂θ
∂z

� �
in equations (11) and (12), respec-

tively) and the turbulent flux transport term (
∂
∂z

−
∂w′u′w′

∂z

 !
and

∂
∂z

−
∂w′θ′w′

∂z

 !
in equations (11) and

(12), respectively) are negligibly small. Figure 5 further shows that this condition is linked to a coupled

Figure 4. Variations of gradients in the turbulent production terms (a and b) and flux transport terms (c and d) with the
cross‐layer differences in the phase between vertical velocity (w′) and horizontal velocity (u′) or potential temperature (θ′).
Left (a and b) and right panels (c and d) show the terms associated with momentum and kinematic heat fluxes, respec-
tively. The red circles and error bars refer to the bin averages and corresponding standard deviations, respectively. To
emphasize the influence of large eddies on cross‐layer transport, the time series associated with large eddies are used for

calculating the gradients of the flux transport term (i.e.,
∂
∂z

−
∂w′u′w′

∂z

 !
and

∂
∂z

−
∂w′θ′w′

∂z

 !
in equations (11) and (12),

respectively), while the original time series are used for calculating the turbulence production term (i.e.,
∂
∂z

−w′
2 ∂u
∂z

� �
and

∂
∂z

−w′
2 ∂θ
∂z

� �
equations (11) and (12), respectively).
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SBL where the turbulence production is large (i.e.,−w′
2 ∂u
∂z

and−w′
2 ∂θ
∂z

in equations (7) and (8), respectively)

and the turbulent flux transport between layers is comparable (i.e.,−
∂w′u′w′

∂z
and−

∂w′θ′w′

∂z
in equations (7)

and (8) tend to be zero). Results between 16 and 8 m and those between 8 and 2 m are alike and shown in
Figure S9. These results suggest that sufficiently strong turbulence production term results in a well
coupled SBL that is strongly modulated by large eddies with vertically synchronized phases thereby
leading to a small flux gradient.

Conversely, an increase or a decrease in the first and second terms of the RHS of equations (11) and (12) (i.e.,
an increase or a decrease in the cross‐layer differences for these two terms) would yield an increased flux
gradient. It has been found in the last section that these increased flux gradients are caused by large eddies
with increased cross‐layer differences in the phase difference betweenw′l and θ′l (or u′l). This relation is also
supported by Figure 4, which shows that the increased cross‐layer differences in the phase difference
(|ϕ16m − ϕ2m|) correspond to the increased gradients in both the turbulence production and turbulent flux
transport terms. This condition occurs in a coupled SBL where the turbulence production is weak and the
gradient of turbulent flux transport is large (Figures 5 and S9). The weak turbulence production tends to
occur in a relatively more stratified SBL with weak shear and distorted mean profiles. As such, different
vertical layers are dominated by large eddies with distinct attributes in θ′l and u′l thereby contributing
unevenly to fluxes.

As a bridge between this analysis and the utility of MOST in the SBL, equations (7) and (8) closed using equa-
tions (9) and (10) in the absence of the gravitational terms are rearranged and lead to

Figure 5. Variations of the turbulent production term (a and c) and flux transport term (b and d) with the cross‐layer
differences in phase between vertical velocity (w′) and horizontal velocity (u′) or potential temperature (θ′). Left (a and b)
and right (c and d) panels show the terms associated with momentum and kinematic heat fluxes, respectively. The red
circles and error bars refer to the bin averages and corresponding standard deviations, respectively. To emphasize the
influence of large eddies on cross‐layer transport, the time series associated with large eddies are used for calculating

third‐order terms in equations (7) and (8) (i.e.,
∂wl

′ul′wl
′

∂z
and

∂wl
′θl′wl

′

∂z
), while the original time series are used for

calculating the turbulence production term.

10.1029/2019GL082228Geophysical Research Letters

LAN ET AL. 9



u′w′ ¼ τu
C

−w′
2 ∂u
∂z

−
∂w′u′w′

∂z

 !
; (13)

w′θ′ ¼ τθ
C

−w′
2 ∂θ
∂z

−
∂w′θ′w′

∂z

 !
: (14)

Clearly, the failure of flux‐gradient relations or MOST schemes is linked here to the large turbulent flux

transport terms. Hence, the ratiosRLLu ¼ −
∂w′u′w′

∂z
= −w′

2 ∂u
∂z

� �
andRLLT ¼ −

∂w′θ′w′

∂z
= −w′

2 ∂θ
∂z

�
) for large

eddies only have been computed and have been shown to increase with increasing magnitudes of
∂u
∂z

and
∂θ
∂z

(Figure S10). A naïve expectation is that when the magnitudes of
∂u
∂z

and
∂θ
∂z

increase, the production terms

−w′
2 ∂u
∂z

� �
and −w′

2 ∂θ
∂z

�
) proportionally increase resulting in a decrease in the ratios of the flux transport to

production terms. However, the analysis here suggests that a smallw′
2 (suppressed by thermal stratification

in the SBL) and the generation of flux transport terms associated with large eddies acting on the large mean
gradients lead to ratios RLLu and RLLT exceeding unity (Figure S10). These large RLLu and RLLT are, of course,
the main reason why flux‐gradient theory (or MOST) fails as discussed elsewhere (Li et al., 2018). The large

magnitudes of in
∂u
∂z

and
∂θ
∂z

are, to large degree, anchored by boundary conditions at the surface (friction velo-

city and radiative cooling) as well as the SBL aloft. Transport between layers in the SBL is primarily deter-
mined by the efficiency of large eddies to bring heat and momentum between surface and the state of the

SBL aloft. Large magnitudes of
∂u
∂z

and
∂θ
∂z

distort the phase relations across layers for u′l and θ′l but not

for w′l, leading to large flux gradients.

4. Conclusions

Using data collected by multilevel EC systems positioned on a 62‐mmeteorological tower over a large open
flat terrain, mechanisms for sustaining vertical gradients of momentum and kinematic heat fluxes in the
coupled SBLwith strong near‐surface shear andwell mixed TKE are analyzed. Cross‐layer cospectra indicate
that large turbulent eddies with scales from 0.013–0.1 Hz contribute significantly to flux gradients. In a well
coupled SBL with strong turbulence production, no flux gradients are evident. The argument put forth here
is that large eddies contribute evenly to vertical gradients in the turbulent flux transport and production
terms across layers. Such large eddies are linked to minimal cross‐layer alteration in phase differences
between vertical velocity and potential temperature (or horizontal wind). In a slightly layered SBL with
weak turbulence production, eddies crossing disjointed layers experience distortions to their phase angle
and thus contribute unevenly to fluxes. This finding is also supported by the different magnitudes of the tur-
bulent flux transport terms across layers.
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