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Abstract

Turbulence statistics such as flux-variance relationship is critical information in measur-
ing and modeling carbon, water, energy, and momentum exchanges at the biosphere-
atmosphere interface. Using a recently proposed mathematical technique, the Hilbert-
Huang transform (HHT), this study highlights its possibility to quantify impacts of non-5

turbulent flows on turbulence statistics in the stable surface layer. The HHT is suitable
for the analysis of non-stationary and intermittent data and thus very useful for better
understanding of the interplay of the surface layer similarity with complex nocturnal
environment. Our analysis showed that the HHT can successfully sift non-turbulent
components and be used as a tool to estimate the relationships between turbulence10

statistics and atmospheric stability in complex environment such as nocturnal stable
boundary layer.

1 Introduction

The atmospheric surface layer is important despite its small portion in the total atmo-
sphere because turbulent exchanges of carbon, water, energy, and momentum are15

significant in this layer. One of the most critical tools for understanding turbulent ex-
changes at the biosphere-atmosphere interface is the surface layer similarity. In terms
of modeling aspect, for example, atmospheric models calculate fluxes of carbon, water,
energy, and momentum at the ground surface using the Monin-Obukhov (MO) similar-
ity. The MO similarity is also used in most large-eddy simulation (LES) studies for20

the surface boundary conditions. In terms of flux measurement and analysis, the sur-
face layer similarity is essential for the estimation of tower footprint climatology, qual-
ity assurance and gap-filling of the observation data (e.g., Foken and Wichura, 1996;
Schmid, 1997; Choi et al., 2004; Dias et al., 2009). Indeed, the surface similarity is
not only the basic theoretical tool to interpret tower flux data, but also enables us to25

measure surface fluxes through flux-gradient and flux-variance relationships. Yet, in
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the stable boundary layer (SBL), the validity of the MO similarity is still an open-ended
question due to interactions with non-turbulent motions and unique features of noctur-
nal turbulence, despite the unlikely success of local scaling in the stable boundary layer
due to non-local processes like turbulence-wave interaction (Finnigan, 1999).

Nocturnal turbulence is characterized by intermittency and nonstationarity with its5

interplay with non-turbulent motions such as gravity wave and density current. Thus,
extensive researches have been carried out for several decades to improve our under-
standing of mass and energy exchanges at the soil-vegetation-atmosphere interface
in the stable surface layer. (e.g., Collineau and Brunet, 1993; Nappo and Johansson,
1999; Cuxart et al., 2002; Sun et al., 2002; Cheng et al., 2005; Grachev et al., 2005;10

Mahrt, 2008a). In spite of many pioneering studies, however, the paucity of our under-
standing of nocturnal turbulence and inconsistent data processing, however, hinder us
from better predicting nocturnal diffusion and the soil-vegetation-atmosphere interac-
tions in the nocturnal boundary layer.

Our understanding of turbulence mainly relies on the averaging process (e.g.,15

Reynolds averaging), which in turn depends on the spectral gap between turbulent
and non-turbulent motions. The gap is, however, not obvious in the SBL where vari-
ous scales of motions are not easily separated and intra-wave frequency modulation
(i.e., signals that vary over time) occurs. Because of this property of nocturnal tur-
bulent processes in the stable boundary layer, our interpretation entirely depends on20

filtering techniques that sometimes lead us to contradictory conclusions on the issues
regarding the SBL. For example, Pahlow et al. (2001) showed that the concept of z-
less turbulence was not satisfied in the SBL. Basu et al. (2006) nevertheless supported
z-less turbulence by applying a wavelet-based filter to the same data used in Pahlow
et al. (2001). Smedman et al. (2004) showed that the presence of a nocturnal jet is25

related to the breakdown of the MO similarity. Cheng et al. (2005) revealed that the
surface layer similarity (e.g., MO similarity) was valid under the stationary low-level jet.

The traditional averaging method in analyzing turbulence is either a block average
or to use a recursive filter. Such an approach, however, offers ambiguous turbulence

9679

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/9677/2009/bgd-6-9677-2009-print.pdf
http://www.biogeosciences-discuss.net/6/9677/2009/bgd-6-9677-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 9677–9699, 2009

Surface layer
similarity in the NBL:

the application of
HHT

J. Hong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

statistics if different processes are overlapped on scales. This is a major challenge in
analyzing turbulence structures in the nighttime conditions. To overcome this issue,
various approaches have been suggested. For example, phase averaging operation
was proposed to separate gravity wave components from turbulent motions (Einaudi
and Finnigan, 1981). Also 300-second autoregressive filter has been applied to de-5

tect wave components (Cheng et al., 2005). Wavelet decomposition has been applied
successfully to some extent to calculate cut-off frequencies as well as to detect gravity
wave in the SBL (Brunet and Collineau, 1994; Vickers and Mahrt, 2003; Terradellas
et al., 2005).

The phase averaging is, however, possible only for monochromatic stationary waves.10

The underlying basis of the wavelet and Fourier analysis is not adaptive, and thus
sometimes misleads us to interpret intermittent and nonstationary data incorrectly.
Wavelet transform is not sufficient in resolving the intra-wave frequency modulation
albeit its successful application for frequency-time information in several cases (Huang
et al., 1998; Shen et al., 2005). On the other hand, by adjusting the averaging times,15

one can attempt to test the similarity relationship. In case of the short averaging time,
however, red noise and random error are unavoidable, necessitating cautious applica-
tion of wavelet basis set when compactness in frequency space (e.g., ramp structure
of turbulence) is important (Stull, 1988; Howell and Mahrt, 1994; Brunet and Collineau,
1994). Ideally, the technique is needed not only to extract different physical processes20

directly in time domain, but also to get accurate time-frequency information in spite of
intermittency and nonstationarity in the data.

A new mathematical technique called Hilbert-Huang transform (HHT) was recently
proposed (Huang et al., 1999). This HHT has several advantages compared to Fourier,
empirical orthogonal function (EOF) and wavelet analyses because of its intuitive, di-25

rect, a posteriori and adaptive properties (see Fig. 1 in Huang et al., 1999). Accord-
ingly, the HHT offers better chances to explore intermittent, nonstationary, and nonlin-
ear nocturnal turbulence data (Huang et al., 1998, 1999; Lundquist, 2003). In particular,
it has been empirically known that intrinsic mode function, which is a basis function of
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the HHT, is closely related to physical signal (Huang et al., 1999; Duffy, 2005; Shen
et al., 2005). As far as we know, the HHT has not been noticed for the filtering pur-
pose in analyzing nocturnal turbulence. For a proper assessment of its interactions
with such phenomena as gravity wave, density current and a low-level jet in the SBL,
we have applied the HHT to nocturnal turbulence data. We examined several possibil-5

ities of interplay between the surface layer similarities by investigating the responses
of turbulence statistics in the nocturnal surface layer. We also attempted to take the
stability changes into account for the observed patterns of heat and CO2 fluxes in the
stably stratified boundary layer.

2 Hilbert-Huang transform and its application to tower data10

The basics and theoretical background of HHT are well documented in several pa-
pers (e.g., Huang et al., 1998, 1999; Lundquist, 2003; Duffy, 2005), and below we will
concisely explain the core of this method.

2.1 Empirical mode decomposition

The Hilbert-Huang transform consists of two main steps. The HHT decomposes data15

into several components of intrinsic mode function (IMF) using sifting process. This
first step is called empirical mode decomposition (EMD). This EMD is based on three
assumptions: (1) the data have at least one maximum and one minimum; (2) the char-
acteristic time scale is defined by the time lapse between the local maximum and min-
imum; and (3) if the data include only inflection points, then they can be differentiated20

once or more times to reveal these local maximum and minimum (Huang et al., 1998).
IMF represents the oscillation mode imbedded in the data and the modulation of both
amplitude and frequency is permitted. In particular, IMF is suitable for expressing
no band-limited signal. Relatively long averaging time in the HHT enables us to esti-
mate the high-order statistics like skewness by reducing random error. Such high-order25

9681

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/9677/2009/bgd-6-9677-2009-print.pdf
http://www.biogeosciences-discuss.net/6/9677/2009/bgd-6-9677-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 9677–9699, 2009

Surface layer
similarity in the NBL:

the application of
HHT

J. Hong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

statistics are necessary for assessing the transport terms in the budget equations.
By virtue of the definition of IMF, the procedure of EMD can be simply done using

the sifting as follow (Huang et al., 1998) (Fig. 1):

(1) The local maximum and minimum are identified.

(2) Once the local extrema are identified, two envelope curves are constructed by5

linking the local maxima and minima using a cubic spline fitting. To avoid er-
ratic behavior near the end points, the data are gradually adjusted from the last
extrema to the end points.

(3) The mean of these envelope curves, m(t) is computed.

(4) The mean m(t) is subtracted from the data, x(t):10

x(t) −m1(t) = h1(t) (1)

(5) h1 is considered as the data and the sifting processes ((1)–(4)) are repeated.

h1,k−1(t) −m1,k = h1,k (2)

Then, the first IMF, c1 is designated as

c1 = h1,k (3)15

when

SD ≡
∑T
t=0m

2
i ,k∑T

t=0 h
2
i ,k

< 0.1 . (4)
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(6) The first IMF is removed from the original data, x(t)

x(t) − c1 = r1 . (5)

The sifting process is repeated to the residual, r1 as depicted above and we will
get

r1 − c2 = r2, . . ., rn−1 − cn = rn . (6)5

This procedure is stopped if cn or rn becomes a monotonic function so that we
cannot extract IMF anymore (Fig. 2). In our turbulence data, at most 15 IMFs
were sufficient enough to express the original data completely.

2.2 Hilbert transform

The second step after EMD is the application of the Hilbert transform (HT) to individual10

IMFs. The Hilbert transform of f (t) (f̂ (t)) is given as a convolution of the data and 1/πt.

f̂ (t) =
1
π

∫ ∞

−∞

f (τ)
t − τdτ (7)

Mathematically, the HT is just a phase shift of the original signal by −90◦ and thus has
been used for detecting internal gravity wave. The HT can, however, provide more
important information if we build analytic signal, z(t) (Gabor, 1946). In particular, the15

HT is useful in computing instantaneous attributes of the data (i.e., amplitude and fre-
quency) because 1/πt is a spectral representation of the Dirac-delta function (Bendat
and Piersol, 2000).

z(t) = f (t) + i f̂ (t) = A(t)eiθ(t) (8)

z(t) is a time-varying signal whose amplitude and phase is A(t) and θ, respectively.20

Instantaneous frequency ω is given to:

ω(t) =
1

2π
·
dθ(t)
dt

(9)
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Phase angle θ(t) was corrected by adding multiples of ±2π when jumps between suc-
cessive θs are greater than π (Sorensen et al., 2001).

For constructing the analytic signal of the discrete data, which is general data format
from micrometeorological experiments, we applied the Fast Fourier transform (FFT) to
the original data, replaced the FFT coefficients in negative frequencies with zeros, and5

then executed the inverse FFT of the adjusted FFT coefficients (Claerbout, 1976).

3 Field observation

Field experiment have been conducted to monitor and to understand the energy and
water cycles in the central Tibetan Plateau since 1998. We used the observation data
sets from the BJ site at Naqu (31.37◦ N; 91.90◦ E, 4580 m above m.s.l.) on the Plateau10

from June to December 2002. The study site was flat (<2◦) and homogeneous with
fetches of several kilometers, except for northerly winds. During the pre-monsoon pe-
riod, sensible heat fluxes were dominant and the height of convective boundary layer
was relatively higher (>2.5 km) than that during the monsoon period (>1 km). Con-
vective storms occurred frequently during the monsoon seasons. Soil surface was15

sparsely covered with short grass (canopy height of <0.05 m and leaf area index of
<0.5). Two Kaijo Denki sonic anemometers (DA-600 with TR-61A probe, Kaijo Denki
Co., Ltd., Japan) and an open-path gas analyzer (LI7500, LI-COR, Inc., USA) were
operated at 20 and 3 m simultaneously above the ground and the sampling rate was
10 Hz. For the comparison, one CSAT3 sonic anemometer (Campbell Scientific, Inc.,20

USA) was also installed at 20 m. The effects of different coordinate rotations were neg-
ligible at the site and we applied double coordinate rotation following Kaimal and Finni-
gan (1994) every 30 min. Detailed site information is available at Hong et al. (2004).
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4 Results and discussion

The likely impact of non-turbulent motions on surface layer scaling may be 1) the mod-
ification of the flux-variance and flux-gradient relationships; 2) significant contribution
by turbulent transport terms in turbulence kinetic energy (TKE); and 3) heterogeneities
in sources of momentum and scalars manifested by correlation coefficients among5

scalars and the vertical wind. In this study, we scrutinized the flux-variance relation-
ships and correlation coefficients between wind and scalar concentrations to better
understand the influence of non-turbulent motions on surface layer scaling.

Figures 3 and 4 present the flux-variance relationships with the atmospheric stability
(z/L) calculated using the 300-s recursive moving average and the HHT described in10

Sect. 2, respectively. It is evident that the HHT noticeably filtered out scatters in the
flux-variance relationships, compared to the general data processing method. Surpris-
ingly, similar to the vertial wind component (w), streamwise wind component (u) is also
scaled with the atmospheric stability in stable conditions. Furthermore, the scatters
in σu/u∗ disappeared even in unstable conditions (not shown here). The scatters are15

closely related to nonstationarity, wind meandering, and non-turbulent flows or inactive
eddies (e.g., Högstrom, 1990; Mahrt, 2008a).

Our interpretation is that the dominant eddy size is relatively small in the SBL and the
HHT has a potential to separate coherent inner-scale turbulent motions that are follow-
ing the surface layer similarity and contributing to covariance such as fluxes from outer-20

scale turbulence or non-turbulent fluctuations of relatively longer period. The surface
layer is defined as the layer where shear-generated turbulence is predominant over
buoyancy-generated turbulence. McNaughton et al. (2007) emphasized such property
by naming it as the surface friction layer. In our case, z/L was generally of the or-
der of 1. Accordingly, turbulence was mainly generated by friction against the ground25

surface in the stable surface layer, and thus inner-scale turbulence followed the MO
similarity at the site after filtering out several low frequency contributions.

Another aspect of surface layer scaling in the nocturnal boundary layer is z-less
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stratification in strongly stable conditions. Within the framework of the MO scaling,
Monin and Yaglom (1971) and Wyngaard and Coté (1971) suggested that turbulence
statistics become independent of height z such that z is no longer a scaling parameter
in this regime. Wyngaard and Coté (1971) named this detached turbulence as z-less
stratification. Previous studies reported that turbulence structure showed the properties5

of z-less stratification up to z/L∼1 in general (e.g., Cheng and Brutsaert, 2005; Basu
et al., 2006; Yagüe et al., 2006; Mahrt, 2008b). That is, as z/L increases, ψm =

ln
(
z
z0

)
− ku

u∗
linearly decreases as a negative value, but σw/u∗ is nearly constant if

z-less turbulence is valid (Dias et al., 1995; Grachev et al., 2005).
Our results corroborate the findings of other previous studies over flat and homo-10

geneous terrains. In our site, we obtained σu/u∗'2.5 and σw/u∗'1.5 in near neu-
tral conditions (z/L → 0) but these values gradually increased with increasing z/L.
σθ/θ∗ decreased with z/L. σc/c∗ was also nearly constant when z/L was small and
then gradually decreased as z/L increases. Interestingly, unlike heat fluxes, σc/c∗
was nearly constant in near-neutral conditions. A plausible explanation is that verti-15

cal gradient of CO2 concentration (∂c/∂z) was not zero differently from ∂θ/∂z∼0 in
near-neutral conditions. In this respect, our results on the normalized turbulence statis-
tics consistently support the validity of z-less stratification only up to z/L∼0.5, which
is similar to those reported by Cheng and Brutsaert (2005). We also note that such
a deviation from z-less turbulence occurred with increased contribution of turbulent20

transport term (Fig. 5). The TKE budget equation over homogeneous terrain can be
written as:

∂e
∂t

= −u′w ′
(
∂u
∂z

)
+
g

θ
w ′θ′ − 1

ρ
∂
∂z
w ′p′ (10)

− ∂
∂z
ew ′︸ ︷︷ ︸

transport

−ε

The observed correlation coefficients of w with u, temperature, and CO2 concentra-25
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tion (ruw , rwθ and rwc, respectively) show the typical values reported from other studies
in the stable boundary layer (Fig. 6). ruw was about −0.35 in near neutral conditions
and sharply decreased to zero at z/L∼1. Such a low efficiency of momentum trans-
fer is likely related with an increased role of inactive eddies causing reduction in ruw
(Högstrom, 1990; McNaughton and Brunet, 2002; Hong et al., 2004).5

We note that rwθ had larger magnitudes than rwc over a wide range of z/L. Un-
like ruw . rwθ was significant at large z/L, indicating that heat was transferred more
efficiently than CO2 when z/L>0.5 at the site. Such a different transfer efficiency re-
sults from different source/sink distributions between temperature and CO2 that are
closely related to radiative effect under strongly stable conditions, connection with free10

atmosphere through entrainment processes, meter-scale surface heterogeneity and
horizontal advection (Dias and Brutsaert, 1998; Choi et al., 2004).

We also note that temperature and CO2 fluxes had the extreme values around
z/L∼0.5, which coincides with the stability to deviate from z-less turbulence (Fig. 6).
Previous studies have reported such a maximum downward heat flux in the stable15

boundary layer (e.g., de Bruin, 1994; Basu et al., 2006; Mahrt, 2008a). de Bruin (1994)
pointed out that this maximum downward heat flux arises because of the combina-
tion of two parameters that are controlling heat fluxes. Under neutral conditions, heat
fluxes are small because of small temperature gradient albeit strong shear-generated
turbulence (i.e., large aerodynamic conductance but small gradient production). Under20

strongly stable conditions, heat fluxes are also small because of the suppressed turbu-
lent motions regardless of large temperature gradient (i.e., small aerodynamic conduc-
tance but large gradient production). Therefore, turbulent fluctuation cannot contribute
to covariance (i.e., fluxes) despite finite turbulent fluctuations (σw , σθ>0), and rwθ ap-
proaches zero under near neutral and strongly stable conditions. In this regard, Malhi25

(1995) showed that the MO similarity predicts the maximum of downward heat flux
in the stable boundary layer and the observed heat and CO2 fluxes corroborate this
interpretation.
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5 Summary and conclusions

For better understanding of interplay between turbulence flows and non-turbulent mo-
tions in the stably stratified surface layer, we adopted the recently proposed method
called the Hilbert-Huang transform. The HHT was superior to traditional data process-
ing methods such that it better manifested intra-wave frequency modulation, nonsta-5

tionarity and intermittency in signal. Using this transform, we filtered out the long term
trends of wavy components, and the filtered signal was then used to examine turbu-
lence statistics in various atmospheric stability conditions.

The use of HHT elimiated large scatters and so the patterns of turbulence statistics
in the stable surface layer could be figured out corroborating the properties of z-less10

turbulence only up to z/L∼0.5. The turbulence in the surface layer was mainly gener-
ated by the friction due to the ground surface at the site. Furthermore, the modification
of wind shear due to the non-turbulent motions or inactive eddies was not substantial
in the nocturnal surface layer. Noticeably, our data also showed the different behav-
iors between heat and CO2, likely due to horizontal advection, surface heterogeneity of15

source/sink distributions between different scalars at the site, and radiative flux diver-
gence in the stable surface layer.

Our results demonstrate that the HHT enables to effectively separate turbulent sig-
nals into inner- and outer-scale (or non-turbulent) turbulent flows and paricularly to sift
the contribution of inactive eddies that do not contribute to fluxes in the stable surface20

layer. Considering its capability to separate assorted flow components in the surface
layer, we expect that the HHT would have various application areas to shed a light
on the hidden nature of atmospheric turbulence. Furthermore, in terms of screening
the observation data, the HHT can provide a guideline to discriminate physical signals
from the observational errors. In order to better understand the interplay among differ-25

ent types of flows in the nocturnal surface layer, further elaboration is required based
on simultaneous observations by microbarographs with micrometeorological measure-
ments at a tall tower and remote sensing technique (e.g., wind profiler) with more solid
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theoretical establishment like the wavelet transform in the future.
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Fig. 1. Example of empirical mode decomposition from sifting process. The solid line in (a) is a portion of the

original vertical wind and the two dash lines are envelope curves, respectively. The dash line in (b) is the mean

of two envelop curves. The solid line in (c) is the data after the first IMF has been removed.

frequency is permitted. In particular, IMF is suitable for expressing no band-limited signal. Rela-

tively long averaging time in the HHT enables us to estimate the high-order statistics like skewness

by reducing random error. Such high-order statistics are necessary for assessing the transport terms

in the budget equations.95

By virtue of the definition of IMF, the procedure of EMD can be simply done using the sifting as

follow (Huang et al., 1998) (Fig. 1):

(1) The local maximum and minimum are identified.

(2) Once the local extrema are identified, two envelope curves are constructed by linking the local

maxima and minima using a cubic spline fitting. To avoid erratic behavior near the end points, the100

data are gradually adjusted from the last extrema to the end points.

(3) The mean of these envelope curves, m(t) is computed.

(4) The mean m(t) is subtracted from the data, x(t):

x(t) −m1(t) = h1(t) (1)

(5) h1 is considered as the data and the sifting processes ((1) - (4)) are repeated.105

h1,k−1(t) −m1,k = h1,k (2)

Then, the first IMF, c1 is designated as

c1 = h1,k (3)

4

Fig. 1. Example of empirical mode decomposition from sifting process. The solid line in (a) is
a portion of the original vertical wind and the two dash lines are envelope curves, respectively.
The dash line in (b) is the mean of two envelop curves. The solid line in (c) is the data after the
first IMF has been removed.
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Fig. 2. Example of empirical mode decomposition and intrinsic mode functions from the 20Hz sampled longi-

tudinal wind components.

when

SD ≡

∑T

t=0m
2
i,k

∑T

t=0 h
2
i,k

< 0.1 (4)110

(6) The first IMF is removed from the original data, x(t)

x(t) − c1 = r1 (5)

The sifting process is repeated to the residual, r1 as depicted above and we will get

r1 − c2 = r2, ...., rn−1 − cn = rn (6)

This procedure is stopped if cn or rn becomes a monotonic function so that we cannot extract115

IMF anymore (Fig. 2). In our turbulence data, at most 15 IMFs were sufficient enough to express

the original data completely.

2.2 Hilbert transform

The second step after EMD is the application of the Hilbert transform (HT) to individual IMFs. The

Hilbert transform of f(t) (f̂(t)) is given as a convolution of the data and 1/πt.120

f̂(t) =
1

π

∫
∞

−∞

f(τ)

t− τ
dτ (7)

Mathematically, the HT is just a phase shift of the original signal by -90o and thus has been used for

detecting internal gravity wave. The HT can, however, provide more important information if we

5

Fig. 2. Example of empirical mode decomposition and intrinsic mode functions from the 20 Hz
sampled longitudinal wind components.

9694

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/9677/2009/bgd-6-9677-2009-print.pdf
http://www.biogeosciences-discuss.net/6/9677/2009/bgd-6-9677-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 9677–9699, 2009

Surface layer
similarity in the NBL:

the application of
HHT

J. Hong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

10
-4

10
-3

10
-2

10
-1

10
0

10
1

0

4

8

12

16

σ u/u
*

10
-4

10
-3

10
-2

10
-1

10
0

10
1

0

4

8

12
σ w

/u
*

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
0

10
1

10
2

10
3

10
4

σ T
/T

*

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
0

10
1

10
2

10
3

10
4

z/L

σ c/c
*

Fig. 3. Standard deviation of u, w, T , CO2 concentration and temperature normalized by scale parameters (u∗,

c∗ = w′c′

u∗

, and T∗ = −
w′T ′

u∗

) and with z/L calculated using the 300-second recursive filter. Here u and w are

longitudinal and vertical wind components, respectively and T is air temperature. z is a measurement height

and L ≡ −u2

∗
/[k(g/T )T∗] is the Obukhov length.

build analytic signal, z(t) (Gabor, 1946). In particular, the HT is useful in computing instantaneous

attributes of the data (i.e., amplitude and frequency) because 1/πt is a spectral representation of the125

Dirac-delta function (Bendat and Piersol, 2000).

z(t) = f(t) + if̂(t) = A(t)eiθ(t) (8)

z(t) is a time-varying signal whose amplitude and phase is A(t) and θ, respectively. Instantaneous

frequency ω is given to:

ω(t) =
1

2π
·
dθ(t)

dt
(9)130

Phase angle θ(t) was corrected by adding multiples of ±2π when jumps between successive θs are

greater than π (Sorensen et al., 2001).

For constructing the analytic signal of the discrete data, which is general data format from mi-

crometeorological experiments, we applied the Fast Fourier transform (FFT) to the original data,

replaced the FFT coefficients in negative frequencies with zeros, and then executed the inverse FFT135

of the adjusted FFT coefficients (Claerbout, 1976).

6

Fig. 3. Standard deviation of u, w, T , CO2 concentration and temperature normalized by scale

parameters (u∗, c∗=
w ′c′
u∗

, and T∗= − w ′T ′

u∗
) and with z/L calculated using the 300-s recursive

filter. Here u and w are longitudinal and vertical wind components, respectively and T is air
temperature. z is a measurement height and L≡−u2

∗/[k(g/T )T∗] is the Obukhov length.
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Fig. 4. Same with Fig. 3 except calculated after removing seven IMFs to contribute at low frequency .

3 Field Observation

Field experiment have been conducted to monitor and to understand the energy and water cycles

in the central Tibetan Plateau since 1998. We used the observation data sets from the BJ site at

Naqu (31.37N; 91.90E, 4580 m above m.s.l.) on the Plateau from June to December 2002. The140

study site was flat (<2o) and homogeneous with fetches of several kilometers, except for northerly

winds. During the pre-monsoon period, sensible heat fluxes were dominant and the height of con-

vective boundary layer was relatively higher (>2.5 km) than that during the monsoon period (>1

km). Convective storms occurred frequently during the monsoon seasons. Soil surface was sparsely

covered with short grass (canopy height of <0.05 m and leaf area index of <0.5). Two Kaijo Denki145

sonic anemometers (DA-600 with TR-61A probe, Kaijo Denki Co., Ltd., Japan) and an open-path

gas analyzer (LI7500, LI-COR, Inc., USA) were operated at 20 and 3 m simultaneously above the

ground and the sampling rate was 10 Hz. For the comparison, one CSAT3 sonic anemometer (Camp-

bell Scientific, Inc., USA) was also installed at 20 m. The effects of different coordinate rotations

were negligible at the site and we applied double coordinate rotation following Kaimal and Finnigan150

(1994) every 30 minutes. Detailed site information is available at Hong et al. (2004).

7

Fig. 4. Same with Fig. 3 except calculated after removing seven IMFs to contribute at low
frequency.
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Fig. 5. Normalized turbulent transport term in the TKE budget equation

unlike heat fluxes, σc/c∗ was nearly constant in near-neutral conditions. A plausible explanation is

that vertical gradient of CO2 concentration (∂c/∂z) was not zero differently from ∂θ/∂z ∼ 0 in190

near-neutral conditions. In this respect, our results on the normalized turbulence statistics consis-

tently support the validity of z-less stratification only up to z/L ∼ 0.5, which is similar to those

reported by Cheng and Brutsaert (2005). We also note that such a deviation from z-less turbulence

occurred with increased contribution of turbulent transport term (Fig. 5). The TKE budget equation

over homogeneous terrain can be written as:195

∂e

∂t
= −u′w′

(
∂u

∂z

)

+
g

θ
w′θ′ −

1

ρ

∂

∂z
w′p′ (10)

−
∂

∂z
ew′

︸ ︷︷ ︸

transport

−ǫ

The observed correlation coefficients of w with u, temperature, and CO2 concentration (ruw, rwθ

and rwc, respectively) show the typical values reported from other studies in the stable boundary

layer (Fig. 6). ruw was about -0.35 in near neutral conditions and sharply decreased to zero at200

z/L ∼ 1. Such a low efficiency of momentum transfer is likely related with an increased role of

inactive eddies causing reduction in ruw (Högstrom, 1990; McNaughton and Brunet, 2002; Hong

et al., 2004).

We note that rwθ had larger magnitudes than rwc over a wide range of z/L. Unlike ruw . rwθ

was significant at large z/L, indicating that heat was transferred more efficiently than CO2 when205

z/L > 0.5 at the site. Such a different transfer efficiency results from different source/sink dis-

tributions between temperature and CO2 that are closely related to radiative effect under strongly

stable conditions, connection with free atmosphere through entrainment processes, meter-scale sur-

face heterogeneity and horizontal advection (Dias and Brutsaert, 1998; Choi et al., 2004).

We also note that temperature and CO2 fluxes had the extreme values around z/L ∼ 0.5, which210

coincides with the stability to deviate from z-less turbulence (Fig. 6). Previous studies have reported

9

Fig. 5. Normalized turbulent transport term in the TKE budget equation.
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in Cheng et al. (2005)

such a maximum downward heat flux in the stable boundary layer (e.g., de Bruin, 1994; Basu et al.,

2006; Mahrt, 2008a). de Bruin (1994) pointed out that this maximum downward heat flux arises

because of the combination of two parameters that are controlling heat fluxes. Under neutral con-

ditions, heat fluxes are small because of small temperature gradient albeit strong shear-generated215

turbulence (i.e., large aerodynamic conductance but small gradient production). Under strongly sta-

ble conditions, heat fluxes are also small because of the suppressed turbulent motions regardless

of large temperature gradient (i.e., small aerodynamic conductance but large gradient production).

Therefore, turbulent fluctuation cannot contribute to covariance (i.e., fluxes) despite finite turbu-

10

Fig. 6. Correlation coefficients of w with u (ruw=
u′w ′

σuσw
), θ (rwθ=

w ′θ′
σwσθ

) and CO2 concentration

(rwc=
w ′c′
σwσc

).
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such a maximum downward heat flux in the stable boundary layer (e.g., de Bruin, 1994; Basu et al.,

2006; Mahrt, 2008a). de Bruin (1994) pointed out that this maximum downward heat flux arises

because of the combination of two parameters that are controlling heat fluxes. Under neutral con-

ditions, heat fluxes are small because of small temperature gradient albeit strong shear-generated215

turbulence (i.e., large aerodynamic conductance but small gradient production). Under strongly sta-

ble conditions, heat fluxes are also small because of the suppressed turbulent motions regardless

of large temperature gradient (i.e., small aerodynamic conductance but large gradient production).

Therefore, turbulent fluctuation cannot contribute to covariance (i.e., fluxes) despite finite turbu-

10

Fig. 7. Stability function for wind speed, ψm= ln
(
z
z0

)
− ku
u∗

. Solid line is the best-fit curve for

Eq. (21) in Cheng et al. (2005).
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