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Main objective: 
Understanding the space-time nature of land-atmosphere interactions

Site: Department Of Energy
Southern Great Plains 

Main strategy:
Using optical fibers and Distributed Temperature Sensing (DTS)

Span 1 mile transect 
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Why this setup?
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First step
Initial smaller setup 200m – 2016 - MOISST site

Site in OK, near OSU
Similar landscape but smaller and with 

existing DTS for soil moisture 
measurements

Campaign lasted for two weeks and 
installations stayed there over the 

summer (May to August)

Started acquiring and using data

Several issues: 
Tensions, breaks, animals
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Second step
Full installation SGP site – Summer 2017

Initial envisioned setup
1.5km 

DTS 
Ultima 

z=0 

z=-2cm 

z=4m 

Latent heat flux 
Scintillometer Scintec 

BLS 900 

Local turbulent fluxes 
Existing Eddy-covariance 

Net radiation 
8 Net Radiometers 
Kipp & Zonen CNR4 

Soil temperature and  
soil heat flux (passive)  
Soil moisture (active) 
DTS Fiber optics 

Soil heat storage 
(passive) 
DTS vertical Fiber optics 

z=-4cm 

z=-8cm 

z=-2m 

Moisture and temperature profiles 
Existing SGP ARM CF measurements 
At 5, 15, 25, 35, 60, 85, 125 and 175 cm 

z=-20cm 

Air temperature and  
sensible heat flux 
DTS Fiber optics 

δ z
δ y

z=3m 
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Second step
Full installation SGP site – Summer 2017

Final setup
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Second step
Full installation SGP site – Summer 2017

Depth and heights changed a bit 
Also installation had to adjust 

(no pulleys – too much tension – and a lot of issues…)
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Second step
Full installation SGP site – Summer 2017

Spans two land cover types (alpha alpha and prairie) 
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How does it work?
Span fiber linked to DTS (in a shelter), and need some reference temperature bath 

for gradient reconstruction
Based on Ramann scattering

Can know T(x,t)
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How does it work?

Example of response - 1Hz resolution, 0.25m resolution
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What have we learnt?

1. Taylor frozen hypothesis

Can replace space with time (eddy-covariance) 
Could be source of incorrect surface energy balance closure (~10 to 20%)
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What have we learnt?

1. Taylor frozen hypothesis
Is turbulence really frozen, i.e. U does not depend on eddy size

Or is varying?

Use DTS to compute U(k) with k wavenumber, based on phase difference

Convective velocity (wavenumber dependent)

Usually assumed to be constant

Cheng et al. 2017 GRL

1 Hz (the output was at every twentieth time step since the time step in LES was 0.05 s). In total, 2000 s of data
were used for the analysis. Temporal !uctuations were compared to spatial variations along the streamwise
directions, at the "rst model level where the subgrid-scale contribution to the !uxes was smaller than 3% of
the total resolved !uxes, to avoid any subgrid-scale in!uence on the results.

2.2. Calculation of Convection Velocity

For each one-dimensional wave number k1, the convection velocity was computed using the phase spectrum
method as

U k1! " # !!
k1$!t

; (2)

where U(k1) is the wave number-dependent convection velocity, !! is the phase difference of Fourier trans-
form of velocity between time t and t+!t. The phase spectrum method was used to calculate wave number-
dependent convection velocity (see Buxton and Ganapathisubramani [2011] and Buxton et al. [2013] for
details), because large eddies may in!uence the estimate of smaller eddies in space-time correlation and
amplitude estimates [Zhao and He, 2009]. Here the phase difference of the Fourier transform of the space-
time temperature data was used to represent the convective velocity, as Taylor’s hypothesis can be applied
to any scalar.

3. Data

Nine representative 30 min periods (28 May 05:15–05:45 A.M. CST, 28 May 02:05–2:35 A.M. CST, 5 June
5:15–5:45 P.M. CST, 2 June 9:15–9:45 A.M. CST, 29 May 11:50 A.M. %12:20 P.M. CST, 2 June 9:55–10:25 A.M.
CST, 29 May 9:00–9:30 A.M. CST, 28 May 09:45–10:15 A.M. CST, and 28 May 1:15–1:45 P.M. CST) were selected
when wind direction was along (parallel to) the optic cable (eight periods were within 10° of the cable and
one was within 13°). First, a smoothing "lter was applied to remove the white noise generated by DTS at high
frequencies. The smoothing "lter calculated the moving average of two nearby temperatures in both time
and space. Therefore, the effective DTS spatial resolution was 0.56 m. The effective temporal resolution
was 3 s. A “spatial average” "lter was then applied to calculate the mean temperature of every six spatial
points. The temperature resolution was 0.16°C and 0.22°C before and after transect, respectively, which
was calculated from the calibration baths using the standard deviation of bath temperature. The data that
were treated only with “spatial average” "lter are called “averaged data”, while the data that were treated
with both smoothing and “spatial average” "lters are called “smoothed and averaged data.” The tempera-
tures of the lowest transect at 29 May 11:50 A.M. to 12:20 P.M. CST are displayed in Figures 2a and 2b.

The normalized power spectrum of temperature in temporal (frequency spectrum) and spatial (wave number
spectrum) domains were then calculated (Figure 2c). The wave number spectrum was divided by the mean
velocity so that it corresponds to the frequency spectrum (equation (1)) [Wyngaard and Clifford, 1977]. Both
the normalized frequency spectrum and normalized wave number spectrum were close to Kolmogorov%5/3
spectrum [Kolmogorov, 1941] in the inertial subrange (Figure 2c). There is a sharp jump in the right tail of the
frequency spectrum because of the smoothing "lter and thus due to the loss of signal at higher wave
numbers. As we elaborate on later, it is noteworthy that the measured wave number spectrum is higher than
the frequency spectrum at the equivalent wave numbers in the inertial subrange.

4. Results

The wave number-dependent convection velocities, computed using equation (2), normalized by the
maximum convection velocity, were calculated under different stability conditions using the DTS data
(Figure 3). Across stability conditions, convection velocities exhibit a k1

%1/3 decrease at the higher wave
numbers of the inertial subrange. The latter result emphasizes that Taylor’s hypothesis does not apply in
the higher wave number part of the inertial subrange and that smaller eddies are convected at smaller velo-
city than expected by Taylor’s hypothesis. The results shown here are in agreement with observations
[Atkinson et al., 2015; Chung and McKeon, 2010; Del Álamo and Jiménez, 2009; Krogstad et al., 1998] that low
wave number components convect at larger velocities and are also consistent with "ndings that larger eddies
are better candidates for applications of Taylors’s hypothesis [Higgins et al., 2012;Mizuno and Panofsky, 1975].
Taylor’s hypothesis may thus be a good approximation for larger (i.e., energy-containing) eddies but not for

Geophysical Research Letters 10.1002/2017GL073499
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What have we learnt?

1. Taylor frozen hypothesis
Results from DTS

Cheng et al. 2017 GRL

1 Hz (the output was at every twentieth time step since the time step in LES was 0.05 s). In total, 2000 s of data
were used for the analysis. Temporal !uctuations were compared to spatial variations along the streamwise
directions, at the "rst model level where the subgrid-scale contribution to the !uxes was smaller than 3% of
the total resolved !uxes, to avoid any subgrid-scale in!uence on the results.

2.2. Calculation of Convection Velocity

For each one-dimensional wave number k1, the convection velocity was computed using the phase spectrum
method as

U k1! " # !!
k1$!t

; (2)

where U(k1) is the wave number-dependent convection velocity, !! is the phase difference of Fourier trans-
form of velocity between time t and t+!t. The phase spectrum method was used to calculate wave number-
dependent convection velocity (see Buxton and Ganapathisubramani [2011] and Buxton et al. [2013] for
details), because large eddies may in!uence the estimate of smaller eddies in space-time correlation and
amplitude estimates [Zhao and He, 2009]. Here the phase difference of the Fourier transform of the space-
time temperature data was used to represent the convective velocity, as Taylor’s hypothesis can be applied
to any scalar.

3. Data

Nine representative 30 min periods (28 May 05:15–05:45 A.M. CST, 28 May 02:05–2:35 A.M. CST, 5 June
5:15–5:45 P.M. CST, 2 June 9:15–9:45 A.M. CST, 29 May 11:50 A.M. %12:20 P.M. CST, 2 June 9:55–10:25 A.M.
CST, 29 May 9:00–9:30 A.M. CST, 28 May 09:45–10:15 A.M. CST, and 28 May 1:15–1:45 P.M. CST) were selected
when wind direction was along (parallel to) the optic cable (eight periods were within 10° of the cable and
one was within 13°). First, a smoothing "lter was applied to remove the white noise generated by DTS at high
frequencies. The smoothing "lter calculated the moving average of two nearby temperatures in both time
and space. Therefore, the effective DTS spatial resolution was 0.56 m. The effective temporal resolution
was 3 s. A “spatial average” "lter was then applied to calculate the mean temperature of every six spatial
points. The temperature resolution was 0.16°C and 0.22°C before and after transect, respectively, which
was calculated from the calibration baths using the standard deviation of bath temperature. The data that
were treated only with “spatial average” "lter are called “averaged data”, while the data that were treated
with both smoothing and “spatial average” "lters are called “smoothed and averaged data.” The tempera-
tures of the lowest transect at 29 May 11:50 A.M. to 12:20 P.M. CST are displayed in Figures 2a and 2b.

The normalized power spectrum of temperature in temporal (frequency spectrum) and spatial (wave number
spectrum) domains were then calculated (Figure 2c). The wave number spectrum was divided by the mean
velocity so that it corresponds to the frequency spectrum (equation (1)) [Wyngaard and Clifford, 1977]. Both
the normalized frequency spectrum and normalized wave number spectrum were close to Kolmogorov%5/3
spectrum [Kolmogorov, 1941] in the inertial subrange (Figure 2c). There is a sharp jump in the right tail of the
frequency spectrum because of the smoothing "lter and thus due to the loss of signal at higher wave
numbers. As we elaborate on later, it is noteworthy that the measured wave number spectrum is higher than
the frequency spectrum at the equivalent wave numbers in the inertial subrange.

4. Results

The wave number-dependent convection velocities, computed using equation (2), normalized by the
maximum convection velocity, were calculated under different stability conditions using the DTS data
(Figure 3). Across stability conditions, convection velocities exhibit a k1

%1/3 decrease at the higher wave
numbers of the inertial subrange. The latter result emphasizes that Taylor’s hypothesis does not apply in
the higher wave number part of the inertial subrange and that smaller eddies are convected at smaller velo-
city than expected by Taylor’s hypothesis. The results shown here are in agreement with observations
[Atkinson et al., 2015; Chung and McKeon, 2010; Del Álamo and Jiménez, 2009; Krogstad et al., 1998] that low
wave number components convect at larger velocities and are also consistent with "ndings that larger eddies
are better candidates for applications of Taylors’s hypothesis [Higgins et al., 2012;Mizuno and Panofsky, 1975].
Taylor’s hypothesis may thus be a good approximation for larger (i.e., energy-containing) eddies but not for

Geophysical Research Letters 10.1002/2017GL073499
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What have we learnt?

1. Taylor frozen hypothesis
Could it be an artefact from sluggish DTS measurements

Cheng et al. 2017 GRL

Checked 
with LES

A real signal
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What have we learnt?

1. Taylor frozen hypothesis
Then develop a theory based on eddy diffusion at small scale

Cheng et al. 2017 GRL

Departure is 
eddy size 

dependent.

Diffusion of 
coherence
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What have we learnt?

2. Stable boundary layer
Challenging to model – too many scales

Plateau in energy spectrum

Cheng et al. 2020 JGR-Atmos/BLM

Journal of Geophysical Research: Atmospheres 10.1029/2019JD032191

Figure 1. (a) Schematic of TKE (temperature) spectrum E(k1) in horizontal wavenumber k1 in the stable atmospheric
boundary layer. (b) The scatter plot between the ratio of the buoyancy scale Lb to the Dougherty-Ozmidov scale LO and
z!L of the lake EC data. z is measurement height above the surface, and L is the Obukhov length.

To summarize, the major hypotheses in this study that are different from Weinstock (1978) are equations (9),
(10), and (21), where we do not assume that the k1 and k3 spectra are the same or that u and w spectra are
similar for small k1 in the equilibrium range. Unlike Weinstock (1978) that treats turbulence as “approxi-
mately isotropic,” we have included a separate discussion of isotropic and anisotropic turbulence in k1 for
the equilibrium range. Based on our findings, we expect the following three regions (schematic in Figure 1a)
of turbulence spectra in horizontal wavenumber k1 of the equilibrium range in the stable ABL: the isotropic
inertial subrange at k1 ! max(kO, ka); the transition region at kb < k1 < max(kO, ka); and the buoyancy
subrange with the "5!3 power law scaling at k1 < kb. How E(k1) varies with the stratification factor Frh is
introduced below. As Frh increases from strong stratification (Frh ! 0 and LO ! 2"z) toward weaker strat-
ification (i.e., N decreases), LO and Lb increase, Lb

LO
= Fr"1!2

h decreases, and the transition region between
LO and Lb shrinks. When LO > 2"z, the transition region is denoted by Lb and z. A "5!3 scaling is expected
at scales larger than Lb, a shallower slope between Lb and z, and a "5!3 scaling at the length scales much
smaller than z. As Frh approaches or exceeds 1, LO or Lb could even exceed the largest scale of the equilib-
rium range. The spectrum in the equilibrium range will consist of two regions: a "5!3 scaling at the length
scales much smaller than z and a shallower scaling at the length scales larger than z. Besides, we assume that
the potential temperature spectrum E#(k1) has similar three regions as E(k1) in the stable ABL, since their
similar spectral slopes have been reported (Kaimal, 1973; Kaimal et al., 1972; Smedman, 1988). To confirm
our theoretical approximation, we now turn to results from field observations and DNS.

3. Field Observations and Numerical Results
3.1. Observations of the Stable ABL
High-frequency (20 Hz) velocity and temperature were recorded at four different heights (1.66, 2.31, 2.96,
and 3.61 m above the water surface) with eddy covariance (EC) systems in the stable ABL over Lake Geneva
during August–October 2006 (Bou-Zeid et al., 2008). Wind velocity measurements had errors (mean velocity
deviation from the truth) on the order of 0.021 m/s with a maximum of 0.054 m/s under zero wind conditions
(Vercauteren et al., 2008). Wind velocity had a standard derivation of 0.001 m/s from instruments. Mean
temperature measurements were corrected by the relative mean offsets of instruments. The instruments
had a standard deviation of 0.002! for temperature measurements. Eighteen periods of 15 min in the stable
ABL were selected (Table 1). The mean of 1.118 vm

U !Fr1!2
h in the selected 18 periods was 1.22, and the mean

of 1.118 vm
U was 0.087, thus satisfying equation (14). The Kolmogorov scales ($) in these periods were of the

order of 0.001 m. Details of the experiment setup and data can be found in Bou-Zeid et al. (2008), Vercauteren
et al. (2008), Li and Bou-Zeid (2011), and Li et al. (2018).

High-frequency (10 Hz) velocity and temperature were recorded at 3.5 m above ground with EC in Dome
C, Antarctica (Vignon, Genthon, et al., 2017, Vignon, van de Wiel, et al., 2017). The temperature gradient

CHENG ET AL. 8 of 20
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What have we learnt?

2. Stable boundary layer
Challenging to model – too many scales

Plateau in energy spectrum

Cheng et al. 2020 JGR-Atmos/BLM

Journal of Geophysical Research: Atmospheres 10.1029/2019JD032191

Figure 2. Normalized temporal wavelet spectra of TKE in four representative 15-min periods of the EC data over Lake
Geneva. E!! is wavelet spectrum in frequency, U0 is mean streamwise wind velocity, z is measurement height above
lake, u! is the friction velocity, ! = 2"# is angular frequency, and L is the Obukhov length. “H1,” “H2,” “H3,” and
“H4” denote observation heights 1.66, 2.31, 2.96, and 3.61 m above the lake, respectively. “kO,” “kb,” “kBW ,” and “ka”
are the wavenumber corresponding to the Dougherty-Ozmidov scale, the buoyancy scale, LBW , and the distance to the
wall, respectively.

A stably stratified Ekman flow is often used to represent an idealized stable planetary boundary layer
(Ansorge & Mellado, 2014). The bulk Richardson number RiB = g$!

U2
g

%re#"%0
%re#

evolves with time, where $! is the
turbulent Ekman layer length scale given by $! = u!## , %re# is the reference potential temperature at far dis-
tance and %0 is the surface temperature, which changes with time as a result of the imposed cooling buoyancy
flux. We can use the Obukhov length scale L (Obukhov, 1946) to measure the near-surface stability, which is
then scaled with the inner variables to obtain L+ = " u3
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Using u! computed from the neutrally stratified case before B0 is applied, we define the initial L+(t = 0) as a
measure of the strength of stratification. At t = 0 (i.e., after the neutral Ekman layer is simulated for # t = 3,
which is sufficient to obtain a distinct region that follows the logarithmic law similar to Shah & Bou-Zeid,
2014; Gohari & Sarkar, 2017), the surface buoyancy flux B0 is imposed. u!#Ug for the neutrally stratified
Ekman flow is 0.05370, which compares favorably with studies in the literature (e.g., u!#Ug = 0.05350 for
Re = 1000 in Spalart et al., 2008; see their Table 2). B0 is defined as u3

!
&L(t=0) , where L(t = 0) = '

u!
L+(t = 0).

L+(t = 0) = 1, 600 determines the magnitude of the buoyancy flux applied and stability strength measured
by L+ changes with time. The stability strength can also be understood from the ratio of turbulent Ekman
layer depth $! to L(t). For example, L(t=0.2## )

$!
% 0.6 is considered stably stratified (Gohari & Sarkar, 2017).

Table 2 shows more details of the setup. Note that dimensionless numbers ReD and L+ are sufficient to com-
pletely specify the dynamics of Ekman layer flows considered in this study. The buoyancy scale is computed
from DNS as Lb = 2"U#N, where U is root-mean-square of the horizontal velocity, N is computed from the
local vertical temperature gradient, and g is the acceleration of gravity.

3.3. Turbulence Spectra in Horizontal Wavenumber
The stability of the atmosphere can also be characterized by z#L, where z is the measurement height above
the surface, L = " u3

!
&g
%0

w$%$
is the Obukhov length (Monin & Obukhov, 1954; Obukhov, 1946), u! is the fric-

tion velocity, and %$ the fluctuation from mean potential temperature %0. Note that we use air temperature
to approximate the potential temperature as our field observations were very close to the surface. Frequency
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Eddy covariance (time using Taylor hypothesis)
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Figure 5. (a) Normalized temporal wavelet spectra of TKE in Dome C data. (b) Normalized temporal spectra of temperature in the Dome C data. T! is scaling
temperature, and other variables have the same meaning as those in Figure 1. “E(t1),” “E(t2),” “E(t3),” and “E(t4)” denote the spectrum of four different 30-min
stable periods on 9 January 2015 respectively. kO, kb, kBW , and ka denote wavenumbers in the time period of “E(t1).” (c and d) Spatial spectra and spatial mean
of temporal spectra of temperature along fiber optics in two representative 30-min periods of DTS data. Only the buoyancy subrange and transition region are
resolved due to limited temporal and spatial resolution and temporal averaging. Variables have the same meaning as those in Figure 2. “spatial” denotes the
spatial spectra of temperature at height 1.75 m.“H1 mean,” “H2 mean,” “H3 mean,” and “H4 mean” denote the spatial mean of temporal spectra at four fiber
optics measurement heights, respectively.

region of the isotropic inertial subrange, suggesting that turbulence is still well defined rather than being
intermittent as shown in DNS results (Ansorge & Mellado, 2016; Flores & Riley, 2011).

In the DNS of stably stratified Ekman layer, the spectral bump (Figure 7) as RiB changes from 0.21, 0.65 to
0.98 in the DNS is not as clear as those shown in the atmospheric data. In the DNS, LO

!
= 4.3 at z+ = 65;

that is, the Dougherty-Ozmidov scale is very close to Kolmogorov scale (Waite, 2014). It may be argued that
around the kxz indicated by the scale of 1"Lb, the spectral bump appears consistent with the scaling analy-
sis above. However, because of computational limitations, current DNS can only achieve a narrow range of
inertial subrange compared to the observational data in the stable ABL, which is at a much higher Reynolds
number, and thus, current DNS does not appear to have sufficient scale separation (Kunkel & Marusic, 2006)
to correctly represent the three regimes highlighted above due to the limitation of current computational
capacity (Smyth & Moum, 2000). As stratification increases, the Dougherty-Ozmidov scale further decreases
(and the wavenumber kO increases), the spectra at highest wavenumbers become closer to the #5"3 scaling
and are less impacted by dissipative effects. However, a larger separation of scales between the inertial sub-
range and the dissipation range is required and not met with currently achievable DNS Reynolds numbers.
In LES, the subgrid-scale filter size has to be smaller than the Dougherty-Ozmidov scale. The spectra below
the Dougherty-Ozmidov scale are typically not resolved in LES (Beare et al., 2006; Khani & Waite, 2014;
Waite, 2011) except possibly in a few studies (Sullivan et al., 2016).

A schematic of the TKE and temperature spectra in horizontal wavenumber k1 in the stable ABL is shown
(Figure 1a). In the equilibrium range, the #5"3 power law scaling at k1 < kb is due to stratification effects,
while the #5"3 scaling at k1 " max(kO, ka) is due to isotropic turbulence. In the intermediate transition

CHENG ET AL. 13 of 20

Plateau confirmed by DTS
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What have we learnt?

2. Stable boundary layer
Theory: two main time scales

Ozmidov scale (stratification and dissipation) L0

Buoyancy scale (stratification and mean wind) LB

Can develop a theory based on Weinstock (1978) 
explaining why we have this spectrum

Cheng et al. 2020 JGR-Atmos/BLM
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Figure 1. (a) Schematic of TKE (temperature) spectrum E(k1) in horizontal wavenumber k1 in the stable atmospheric
boundary layer. (b) The scatter plot between the ratio of the buoyancy scale Lb to the Dougherty-Ozmidov scale LO and
z!L of the lake EC data. z is measurement height above the surface, and L is the Obukhov length.

To summarize, the major hypotheses in this study that are different from Weinstock (1978) are equations (9),
(10), and (21), where we do not assume that the k1 and k3 spectra are the same or that u and w spectra are
similar for small k1 in the equilibrium range. Unlike Weinstock (1978) that treats turbulence as “approxi-
mately isotropic,” we have included a separate discussion of isotropic and anisotropic turbulence in k1 for
the equilibrium range. Based on our findings, we expect the following three regions (schematic in Figure 1a)
of turbulence spectra in horizontal wavenumber k1 of the equilibrium range in the stable ABL: the isotropic
inertial subrange at k1 ! max(kO, ka); the transition region at kb < k1 < max(kO, ka); and the buoyancy
subrange with the "5!3 power law scaling at k1 < kb. How E(k1) varies with the stratification factor Frh is
introduced below. As Frh increases from strong stratification (Frh ! 0 and LO ! 2"z) toward weaker strat-
ification (i.e., N decreases), LO and Lb increase, Lb

LO
= Fr"1!2

h decreases, and the transition region between
LO and Lb shrinks. When LO > 2"z, the transition region is denoted by Lb and z. A "5!3 scaling is expected
at scales larger than Lb, a shallower slope between Lb and z, and a "5!3 scaling at the length scales much
smaller than z. As Frh approaches or exceeds 1, LO or Lb could even exceed the largest scale of the equilib-
rium range. The spectrum in the equilibrium range will consist of two regions: a "5!3 scaling at the length
scales much smaller than z and a shallower scaling at the length scales larger than z. Besides, we assume that
the potential temperature spectrum E#(k1) has similar three regions as E(k1) in the stable ABL, since their
similar spectral slopes have been reported (Kaimal, 1973; Kaimal et al., 1972; Smedman, 1988). To confirm
our theoretical approximation, we now turn to results from field observations and DNS.

3. Field Observations and Numerical Results
3.1. Observations of the Stable ABL
High-frequency (20 Hz) velocity and temperature were recorded at four different heights (1.66, 2.31, 2.96,
and 3.61 m above the water surface) with eddy covariance (EC) systems in the stable ABL over Lake Geneva
during August–October 2006 (Bou-Zeid et al., 2008). Wind velocity measurements had errors (mean velocity
deviation from the truth) on the order of 0.021 m/s with a maximum of 0.054 m/s under zero wind conditions
(Vercauteren et al., 2008). Wind velocity had a standard derivation of 0.001 m/s from instruments. Mean
temperature measurements were corrected by the relative mean offsets of instruments. The instruments
had a standard deviation of 0.002! for temperature measurements. Eighteen periods of 15 min in the stable
ABL were selected (Table 1). The mean of 1.118 vm

U !Fr1!2
h in the selected 18 periods was 1.22, and the mean

of 1.118 vm
U was 0.087, thus satisfying equation (14). The Kolmogorov scales ($) in these periods were of the

order of 0.001 m. Details of the experiment setup and data can be found in Bou-Zeid et al. (2008), Vercauteren
et al. (2008), Li and Bou-Zeid (2011), and Li et al. (2018).

High-frequency (10 Hz) velocity and temperature were recorded at 3.5 m above ground with EC in Dome
C, Antarctica (Vignon, Genthon, et al., 2017, Vignon, van de Wiel, et al., 2017). The temperature gradient
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What have we learnt?

2. Stable boundary layer
Theory: two main time scales

Implication:
Failure of Monin-Obukhov Similarity theory for stable 

(and especially very stable boundary layers)

!"
!#
= 𝑓(#

$
)

With L the Obukhov length

Missing an independent variable: LB
and slope of plateau

(As L0 scales with L – see Li et al. 2016)
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Figure 1. (a) Schematic of TKE (temperature) spectrum E(k1) in horizontal wavenumber k1 in the stable atmospheric
boundary layer. (b) The scatter plot between the ratio of the buoyancy scale Lb to the Dougherty-Ozmidov scale LO and
z!L of the lake EC data. z is measurement height above the surface, and L is the Obukhov length.

To summarize, the major hypotheses in this study that are different from Weinstock (1978) are equations (9),
(10), and (21), where we do not assume that the k1 and k3 spectra are the same or that u and w spectra are
similar for small k1 in the equilibrium range. Unlike Weinstock (1978) that treats turbulence as “approxi-
mately isotropic,” we have included a separate discussion of isotropic and anisotropic turbulence in k1 for
the equilibrium range. Based on our findings, we expect the following three regions (schematic in Figure 1a)
of turbulence spectra in horizontal wavenumber k1 of the equilibrium range in the stable ABL: the isotropic
inertial subrange at k1 ! max(kO, ka); the transition region at kb < k1 < max(kO, ka); and the buoyancy
subrange with the "5!3 power law scaling at k1 < kb. How E(k1) varies with the stratification factor Frh is
introduced below. As Frh increases from strong stratification (Frh ! 0 and LO ! 2"z) toward weaker strat-
ification (i.e., N decreases), LO and Lb increase, Lb

LO
= Fr"1!2

h decreases, and the transition region between
LO and Lb shrinks. When LO > 2"z, the transition region is denoted by Lb and z. A "5!3 scaling is expected
at scales larger than Lb, a shallower slope between Lb and z, and a "5!3 scaling at the length scales much
smaller than z. As Frh approaches or exceeds 1, LO or Lb could even exceed the largest scale of the equilib-
rium range. The spectrum in the equilibrium range will consist of two regions: a "5!3 scaling at the length
scales much smaller than z and a shallower scaling at the length scales larger than z. Besides, we assume that
the potential temperature spectrum E#(k1) has similar three regions as E(k1) in the stable ABL, since their
similar spectral slopes have been reported (Kaimal, 1973; Kaimal et al., 1972; Smedman, 1988). To confirm
our theoretical approximation, we now turn to results from field observations and DNS.

3. Field Observations and Numerical Results
3.1. Observations of the Stable ABL
High-frequency (20 Hz) velocity and temperature were recorded at four different heights (1.66, 2.31, 2.96,
and 3.61 m above the water surface) with eddy covariance (EC) systems in the stable ABL over Lake Geneva
during August–October 2006 (Bou-Zeid et al., 2008). Wind velocity measurements had errors (mean velocity
deviation from the truth) on the order of 0.021 m/s with a maximum of 0.054 m/s under zero wind conditions
(Vercauteren et al., 2008). Wind velocity had a standard derivation of 0.001 m/s from instruments. Mean
temperature measurements were corrected by the relative mean offsets of instruments. The instruments
had a standard deviation of 0.002! for temperature measurements. Eighteen periods of 15 min in the stable
ABL were selected (Table 1). The mean of 1.118 vm

U !Fr1!2
h in the selected 18 periods was 1.22, and the mean

of 1.118 vm
U was 0.087, thus satisfying equation (14). The Kolmogorov scales ($) in these periods were of the

order of 0.001 m. Details of the experiment setup and data can be found in Bou-Zeid et al. (2008), Vercauteren
et al. (2008), Li and Bou-Zeid (2011), and Li et al. (2018).

High-frequency (10 Hz) velocity and temperature were recorded at 3.5 m above ground with EC in Dome
C, Antarctica (Vignon, Genthon, et al., 2017, Vignon, van de Wiel, et al., 2017). The temperature gradient
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What have we learnt?

Current work:
1. Correcting Monin-Obukhov Similarity Theory (MOST) in unstable conditions, 

Large eddies are very important and need to be included
AS they lead to departure from z/L scaling 

Li et al. 2018 JAS
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What have we learnt?

Current work:
2. Investigating heterogeneity in ground heat flux (G) and soil moisture at ~0.1m 

resolution and implication for surface energy balance
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Data is part of the DOE ARM SGP site

Publicly available
https://adc.arm.gov

Any question please contact me 
pg2328@Columbia.edu

We hope people use the data 

https://adc.arm.gov/
http://Columbia.edu

