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Abstract. Turbulence statistics such as flux-variance rela-
tionship are critical information in measuring and modeling
ecosystem exchanges of carbon, water, energy, and momen-
tum at the biosphere-atmosphere interface. Using a recently
proposed mathematical technique, the Hilbert-Huang trans-
form (HHT), this study highlights its possibility to quantify
impacts of non-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 use-
ful for better understanding the interplay of the surface layer
similarity with complex nocturnal environment. Our analy-
sis showed that the HHT can successfully sift non-turbulent
components and be used as a tool to estimate the relation-
ships between turbulence statistics and atmospheric stability
in complex environments such as nocturnal stable boundary
layer.

1 Introduction

The atmospheric surface layer is important despite its small
portion in the total atmosphere because turbulent exchanges
of carbon, water, energy, and momentum are significant in
this layer. One of the most critical tools for understanding
turbulent exchanges at the biosphere-atmosphere interface is
the surface layer similarity. In terms of the modeling aspect,
for example, atmospheric models calculate fluxes of carbon,
water, energy, and momentum at the ground surface using the
Monin-Obukhov (MO) similarity. The MO similarity is also
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used in most large-eddy simulation (LES) studies for the sur-
face boundary conditions. In terms of flux measurement and
analysis, the surface layer similarity is essential for the esti-
mation of tower footprint climatology, quality assurance and
gap-filling of the observation data (e.g.,Foken and Wichura,
1996; Schmid, 1997; Choi et al., 2004; Dias et al., 2009). In-
deed, the surface similarity is not only the basic theoretical
tool to interpret tower flux data, but also enables us to mea-
sure surface fluxes through flux-gradient and flux-variance
relationships. Yet, in 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 nocturnal 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 its interplay with non-turbulent motions
such as gravity wave and density current. Thus, extensive
researches have been carried out for several decades to im-
prove our understanding of mass and energy exchanges at
the soil-vegetation-atmosphere interface in the stable surface
layer. (e.g.,Collineau and Brunet, 1993; Nappo and Johans-
son, 1999; Cuxart et al., 2002; Sun et al., 2002; Cheng et al.,
2005; Grachev et al., 2005; Mahrt, 2008). In spite of many
pioneering studies, however, the paucity of our understand-
ing of nocturnal turbulence and inconsistent data process-
ing hinder us from better predicting nocturnal diffusion and
the soil-vegetation-atmosphere interactions in the nocturnal
boundary layer.

Our understanding of turbulence mainly relies on the av-
eraging process (e.g., Reynolds averaging), which in turn
depends on the spectral gap between turbulent and non-
turbulent motions. The gap is, however, not obvious in the
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SBL where various 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 interpreta-
tion entirely depends on 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 is 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 sta-
tionary 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 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 turbu-
lent motions (Einaudi and Finnigan, 1981). Also 300-second
autoregressive filter has been applied to detect wave compo-
nents (Cheng et al., 2005). Wavelet decomposition has been
applied successfully to some extent to calculate cut-off fre-
quencies 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. The underlying basis of
the wavelet and Fourier analysis is not adaptive, and thus
sometimes misleads us to interpret intermittent and nonsta-
tionary data incorrectly. Wavelet transform is not sufficient in
resolving the intra-wave frequency modulation albeit its suc-
cessful 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, 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 application of wavelet basis set when
compactness in frequency space (e.g., ramp structure of tur-
bulence) is important (Stull, 1988; Brunet and Collineau,
1994; Howell and Mahrt, 1994). Ideally, the technique is
needed not only to extract different physical processes di-
rectly 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, em-
pirical orthogonal function (EOF) and wavelet analyses be-
cause of its intuitive, direct,a posterioriand adaptive proper-
ties (see Fig. 1 inHuang et al., 1999). Accordingly, the HHT

offers better chances to explore intermittent, nonstationary,
and nonlinear 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 func-
tion of 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 purpose
in analyzing nocturnal turbulence. For a proper assessment
of its interactions with phenomena such as gravity wave, den-
sity current and a low-level jet in the SBL, we have applied
the HHT to nocturnal turbulence data. We examined sev-
eral possibilities of interplay of the surface layer similarities
by investigating the responses of turbulence statistics in the
nocturnal surface layer.

2 Hilbert-Huang transform and its application to
tower data

The basics and theoretical background of HHT are well doc-
umented in several papers (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 data into several components of in-
trinsic 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 characteris-
tic time scale is defined by the time lapse between the lo-
cal maximum and minimum; and (3) if the data were totally
devoid of maxima and minima but included only inflection
points, then they can be differentiated 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 sig-
nal to have intra-wave frequency modulation (Huang et al.,
1998) and relatively long averaging time in the HHT enables
us to estimate the high-order statistics like skewness by re-
ducing random error. Such high-order 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 to timeseries data using the sifting as fol-
low (Huang et al., 1998) (Fig. 1):
(1) The local maxima and minima in time domain are identi-
fied.
(2) Once the local extrema in timeseries data 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, the data are gradually
adjusted from the last extrema to the end points.
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Fig. 1. Example of empirical mode decomposition from sifting pro-
cess (from Eqs. 1 to 6). 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.

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

h1,k−1(t)−m1,k(t)=h1,k(t) (2)

Then, the first IMF,c1 (Fig. 2) is designated as

c1(t)=h1,k(t) (3)

when

SD≡

∑T
t=0mi,k(t)

2∑T
t=0hi,k(t)

2
<0.1 (4)

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

x(t)−c1(t)= r1(t) (5)

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

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

This procedure is stopped ifcn 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.
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Fig. 2. Example of empirical mode decomposition and intrin-
sic mode functions obtained by sifting original timeseries data de-
scribed from Eqs. (1 to 6) from the 20 Hz sampled longitudinal wind
components.

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 .

f̂ (t)=
1

π

∫
∞

−∞

f (τ)

t−τ
dτ (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 buildanalytic 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 the 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) andθ , respectively. Instantaneous frequencyω is given
to:

ω(t) =
1

2π
·
dθ(t)

dt
(9)

Phase angleθ(t) was corrected by adding multiples of
± 2π when jumps between successiveθs are greater thanπ
(Sorensen et al., 2001).
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Fig. 3. Standard deviation ofu, w, T , CO2 concentration and

temperature normalized by scale parameters (u∗, c∗ =
w′c′

u∗
, and

T∗ = −
w′T ′

u∗
) and withz/L calculated using the 300-second recur-

sive filter. Hereu andw are longitudinal and vertical wind com-
ponents, respectively andT is air temperature.z is a measurement
height andL≡ −u2

∗/[k(g/T )T∗] is the Obukhov length.

For constructing the analytic signal of the discrete data,
which is general data format from micrometeorological ex-
periments, 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 FFT of
the adjusted FFT coefficients (Claerbout, 1976). Each IMF is
used to build analytic signal and the HHT is completed after
the Fourier transform of each IMF.

3 Field observation

Field experiments have been conducted to monitor and to un-
derstand 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 Plateau from June to December 2002. The study site
was flat (with a slope of<2◦) 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 convective 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).
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Fig. 4. Same with Fig.3 except calculated after removing seven
IMFs to contribute at low frequency. The solid line is provided by
Kaimal and Finnigan(1994) (= 1.25(1+0.2z/L)).

Turbulence data from two sonic anemometers (DA-600 with
TR-61A probe, Kaijo Denki Co., Ltd., Japan) and an open-
path gas analyzer (LI7500, LI-COR, Inc., USA) at 20 and
3 m above the ground were analyzed in this study. The sam-
pling rate of the fast response sensors was 10 Hz. For the
comparison, one CSAT3 sonic anemometer (Campbell Sci-
entific, 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 followingKaimal and
Finnigan(1994) every 30 min. More detailed site informa-
tion is available inHong et al.(2004).

4 Results and discussion

The likely impact of non-turbulent motions on surface layer
scaling may be (1) the modification 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 among scalars and the
vertical wind. In this study, we scrutinized the flux-variance
relationships and correlation coefficients between wind and
scalar concentrations to better understand the influence of
non-turbulent motions on surface layer scaling.

Figures3 and 4 present the flux-variance relationships
with the atmospheric stability (z/L) calculated using the
300-second recursive moving average and the HHT de-
scribed in Sect. 2, respectively. It is evident that the HHT
noticeably filtered out scatters in the flux-variance relation-
ships, compared to the general data processing method.
Surprisingly, similar to the vertial wind component (w),
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streamwise wind component (u) is also scaled with the atmo-
spheric stability in stable conditions. Furthermore, the scat-
ters inσu/u∗ disappeared even in unstable conditions (not
shown here). The scatters are closely related to nonstation-
arity, wind meandering, and non-turbulent flows or inactive
eddies (e.g.,Högstrom, 1990; Mahrt, 2008).

Our interpretation is that the dominant eddy size is rel-
atively small in the SBL, and the HHT has the potential
to separate coherent inner-scale turbulent motions that are
following the surface layer similarity and contributing to co-
variance such as fluxes from outer-scale turbulence or non-
turbulent fluctuations of relatively longer period. The sur-
face layer is defined as the layer where shear-generated tur-
bulence is predominant over buoyancy-generated turbulence.
McNaughton et al.(2007) emphasized such property by nam-
ing it as the surface friction layer. In our case,z/L was gen-
erally of the order of 1. Accordingly, turbulence was mainly
generated by friction against the ground surface in the sta-
ble 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 stratification in strongly stable con-
ditions. Within the framework of the MO scaling,Monin and
Yaglom (1971) and Wyngaard and Coté (1971) suggested
that turbulence statistics become independent of heightz

such thatz 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 turbu-
lence structure showed the properties 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, 2008). That is,
asz/L increases,σu/u∗, σw/u∗, σT /T∗ are nearly constant
if z-less turbulence is valid (Nieuwstadt, 1984; Dias et al.,
1995; Grachev et al., 2005; Basu et al., 2006; Hong, 2010).

Our results corroborate the findings of other previous stud-
ies over flat and homogeneous terrains. In our site, we ob-
tainedσu/u∗ ' 2.5 andσw/u∗ ' 1.5 in near neutral condi-
tions (z/L→ 0) but these values gradually increased with
increasingz/L. σθ/θ∗ decreased withz/L. σc/c∗ was
also nearly constant whenz/L was small and then gradu-

ally decreased asz/L increases. In addition,ψm= ln
(
z
z0

)
−

ku
u∗

were well predicted by the formulation byCheng and
Brutsaert(2005), suggesting thatψmwas deviated from the
asymptotic behavior in strongly stable condition (Fig.5). In-
terestingly, unlike heat fluxes,σc/c∗ was nearly constant in
near-neutral conditions. A plausible explanation is that ver-
tical 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). Interestingly, such a de-
viation from z-less turbulence in large|z/L| occurred with
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increased contribution of turbulent transport term (Fig.6).
The TKE transport term is one component of the TKE(e≡

1
2

[
u′2+v2+w2

]
) budget equation which can be written over

homogeneous terrain as:

∂e

∂t
= −u′w′

(
∂u

∂z

)
+
g

θ
w′θ ′ −

1

ρ

∂

∂z
w′p′ −

∂

∂z
ew′︸ ︷︷ ︸

transport

−ε (10)

About the behavior of this transport term in the stable bound-

ary layer,Wyngaard and Coté (1972) reported that∂ew
′

∂z
is

zero in stable conditions but the normalized transport term
should increase linearly in z-less stratification (Dias et al.,
1995). In our study, the contribution the TKE transport did
not have any linear increasing patter and further study needs
to be done for better understanding the TKE transport in the
strongly stable conditions using the HHT.

The observed correlation coefficients ofw with u, temper-
ature, and CO2 concentration (ruw, rwθ andrwc, respectively)
show the typical values reported from other studies in the sta-
ble boundary layer (Fig.7). ruw was about−0.35 in near
neutral conditions and sharply increased to zero atz/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 thatrwθ had larger magnitudes thanrwc over
a wide range ofz/L. Unlike ruw, rwθ was significant at
large z/L, indicating that heat was transferred more effi-
ciently than CO2 whenz/L>0.5 at the site. Such a different
transfer efficiency results from different source/sink distribu-
tions between temperature and CO2 that are closely related
to radiative effect under strongly stable conditions, connec-
tion with free atmosphere through entrainment processes,
meter-scale surface heterogeneity and horizontal advection
(Dias and Brutsaert, 1998; Choi et al., 2004).
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wind meandering, and non-turbulent flows or inactive eddies
(e.g., Högstrom, 1990;?).

Our interpretation is that the dominant eddy size is rela-
tively small in the SBL, and the HHT has the potential to sep-
arate coherent inner-scale turbulent motions that are follow-
ing the surface layer similarity and contributing to covariance
such as fluxes from outer-scale turbulence or non-turbulent
fluctuations of relatively longer period. The surface layeris
defined as the layer where shear-generated turbulence is pre-
dominant 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
order of 1. Accordingly, turbulence was mainly generated by
friction against the ground surface in the stable surface layer,
and thus inner-scale turbulence followed the MO similarity
at the site after filtering out several low frequency contribu-
tions.

Another aspect of surface layer scaling in the nocturnal
boundary layer is z-less stratification in strongly stable con-
ditions. Within the framework of the MO scaling, Monin and
Yaglom (1971) and Wyngaard and Coté (1971) suggested
that turbulence statistics become independent of heightz

such thatz 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 turbu-
lence structure showed the properties of z-less stratification
up toz/L ∼ 1 in general (e.g., Cheng and Brutsaert, 2005;
Basu et al., 2006; Yagüe et al., 2006; Mahrt, 2008). That is,
asz/L increases,σu/u∗, σw/u∗, σT /T∗ are nearly constant
if z-less turbulence is valid (Nieuwstadt, 1984; Dias et al.,
1995; Grachev et al., 2005; Basu et al., 2006).

Our results corroborate the findings of other previous stud-
ies over flat and homogeneous terrains. In our site, we
obtainedσu/u∗ ≃ 2.5 and σw/u∗ ≃ 1.5 in near neu-
tral conditions(z/L → 0) but these values gradually in-
creased with increasingz/L. σθ/θ∗ decreased withz/L.
σc/c∗ was also nearly constant whenz/L was small and
then gradually decreased asz/L increases. In addition,

ψm = ln
(

z

z0

)

− ku

u∗

were well predicted by the formula-

tion by Cheng and Brutsaert (2005), suggesting thatψmwas
deviated from the asymptotic behavior in strongly stable con-
dition (Fig. 7). Interestingly, unlike heat fluxes,σc/c∗ was
nearly constant in near-neutral conditions. A plausible expla-
nation is that vertical 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 statistics consistently support the validity of z-
less stratification only up toz/L ∼ 0.5, which is similar
to those reported by Cheng and Brutsaert (2005). Interest-
ingly, such a deviation from z-less turbulence in large|z/L|
occurred with increased contribution of turbulent transport
term (Fig. 5). The TKE transport term is one component of

the TKE (e ≡ 1
2

[

u′2 + v2
+ w2

]

) budget equation which
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can be written over homogeneous terrain as:

∂e

∂t
= −u′w′

(
∂u

∂z

)

+

g

θ
w′θ′ −

1

ρ

∂

∂z
w′p′ −

∂

∂z
ew′

︸ ︷︷ ︸

transport

−ǫ(10)

About the behavior of this transport term in the stable bound-
ary layer, Wyngaard and Coté (1972) reported that∂ew′

∂z
is

zero in stable conditions but the normalized transport term
should increase linearly in z-less stratification (Dias et al.,
1995). In our study, the contribution the TKE transport did
not have any linear increasing patter and further study needs
to be done for better understanding the TKE transport in the
strongly stable conditions using the HHT.

The observed correlation coefficients ofw with u, tem-
perature, and CO2 concentration (ruw , rwθ andrwc, respec-
tively) show the typical values reported from other studies
in the stable boundary layer (Fig. 6).ruw was about -0.35

Fig. 6. Normalized turbulent transport term in the TKE budget
equation
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We also note that temperature and CO2 fluxes had extreme
values of aroundz/L∼ 0.5, which coincides with the stabil-
ity to deviate from z-less turbulence (Fig.7). Previous stud-
ies have reported such a maximum downward heat flux in
the stable boundary layer (e.g.,de Bruin, 1994; Basu et al.,
2006; Mahrt, 2008). de Bruin (1994) pointed out that this
maximum downward heat flux arises because of the combi-
nation of two parameters that are controlling heat fluxes. Un-
der neutral conditions, heat fluxes are small because of small
temperature gradient albeit strong shear-generated turbu-
lence (i.e., large aerodynamic conductance but small gradient
production). Under strongly stable conditions, heat fluxes
are small also because of the suppressed turbulent motions
regardless of large temperature gradient (i.e., small aerody-
namic conductance but large gradient production). There-
fore, turbulent fluctuation cannot contribute to covariance
(i.e., fluxes) despite finite turbulent fluctuations(σw,σθ >0),
andrwθ approaches zero under near neutral and strongly sta-
ble conditions. In this regard,Malhi (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.

5 Summary and conclusions

For better understanding of the interplay between turbulence
flows and non-turbulent motions in the stably stratified sur-
face layer, we adopted the recently proposed method called
the Hilbert-Huang transform. The HHT was superior to tra-
ditional data processing methods such that it better mani-
fested intra-wave frequency modulation, nonstationarity and
intermittency in signal. Using this transform, we filtered
out the long term trends of wavy components by minimiz-
ing large scatters contributing the variance only, and the fil-
tered signal was then used to examine turbulence statistics in
various atmospheric stability conditions.

The use of HHT eliminated large scatters and thus the pat-
terns of turbulence statistics in the stable surface layer could
be figured out corroborating the properties of z-less turbu-
lence only up toz/L∼ 0.5. The turbulence in the surface
layer was mainly generated 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 behaviors between heat and
CO2, likely due to horizontal advection, surface heterogene-
ity of source/sink distributions between different scalars at
the site, and radiative flux divergence in the stable surface
layer.

Our results demonstrate that the HHT enables to effec-
tively separate turbulent signals into inner- and outer-scale
(or non-turbulent) turbulent flows and particularly to sift the
contribution of inactive eddies that do not contribute to fluxes
in the stable surface 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 turbu-
lence. Furthermore, in terms of screening the observation
data, the HHT can provide a guideline to differentiate phys-
ical signals from the observational errors. In order to better
understand the interplay among different types of flows in
the nocturnal surface layer in the future, further elaboration
is required based on simultaneous observations by micro-
barographs with micrometeorological measurements at a tall
tower and remote sensing technique (e.g., wind profiler) with
more solid theoretical establishment like the wavelet trans-
form.
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