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Abstract Similarity between temperature and water vapour was investigated in the
Fourier domain by using their coherency spectra, defined as the correlation coeffi-
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cient between their Fourier modes, and the relative efficiency of their vertical trans-
port. The class-averaged values of these indices were computed from the turbulence
measurements over sparse grasslands on the Tibetan plateau during the intensive
observations of GEWEX (Global Energy and Water Experiment) Asian Monsoon
Experiment (GAME). It was found that the energy-containing eddies at scales up to
100z (z being height) are characterised by well-maintained similarity between these
scalars. The scalars are highly correlated with each other, and their transport efficien-
cies are almost equal within this scale range. In contrast, similarity was not always
maintained at scales larger than 1000z. Detailed analyses showed that this breakdown
of similarity occurs occasionally or sporadically, suggesting that it is caused by events
whose average return period is not much smaller than the current averaging time,
i.e. 30 min. We speculate that entrainment of drier and warmer air at the top of the
atmospheric boundary layer caused the scalar dissimilarity at this scale range.

Keywords Energy-containing range · Entrainment · Evaporation · Land-atmosphere
interaction · Sensible heat flux

1 Introduction

Similarity between scalars, hereafter termed scalar similarity, is an approximation
frequently used in the study of atmospheric surface-layer (ASL) turbulence, and it is
fundamental to a number of modelling and measurement techniques. These measure-
ment techniques include the Bowen ratio method (e.g., Brutsaert 1982), some versions
of the variance technique (e.g., Wesely 1988), and the bandpass covariance technique
(e.g., Hicks and McMillen 1988; Högström et al. 1989; Asanuma et al. 2005).

Within the context of Monin–Obukhov similarity (MOS), scalar similarity in its
strict definition refers to the equality of the dimensionless moments (e.g., Hill 1989;
Dias et al. 1995). While this is a “global” definition of scalar similarity with respect to
integral characteristics of the scalar field, scalar similarity can also be addressed with
respect to “local” turbulence characteristics in the Fourier domain.

In the last 15 years, “global” scalar similarity between temperature, T, and specific
humidity, q, in the unstable ASL has been intensively investigated through their sec-
ond-order moments (Tillman 1972; Wesely 1988; Albertson et al. 1995). Through these
investigations, there is now a growing consensus in the micrometeorological commu-
nity that temperature is not similar to water vapour, and there has been abundant
observational evidence where the dimensionless variance of q fluctuations tends to be
consistently larger than that of T, while the latter obeys MOS (Weaver 1990; Padro
1993; DeBruin et al. 1993; Katul et al. 1995b; Roth and Oke 1995; Tamagawa 1996; An-
dreas et al. 1998; Liu et al. 1998; Asanuma and Brutsaert 1999b; Choi et al. 2004, among
others). This observed dissimilarity has been attributed, for example, to entrainment
at the top of the atmospheric boundary layer (ABL) (DeBruin et al. 1993; Choi et al.
2004), surface heterogeneity (Katul et al. 1995b; Roth and Oke 1995; Andreas et al.
1998; Asanuma and Brutsaert 1999b), and differences in their roles in the turbulence
field, i.e., active vs. passive role (Katul and Hsieh 1999; Asanuma and Brutsaert 1999a).
See Katul and Hsieh (1999) and DeBruin ėt al. (1999) for more detailed discussions.

In contrast, “local” scalar similarity of ASL turbulence in Fourier space has re-
ceived much less investigation. When “global” scalar similarity breaks down, this
breakdown is also expected to be observed in the Fourier space. If a specific phenom-
enon is responsible for “global” scalar dissimilarity, this dissimilarity should be most
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pronounced at the scale associated with that phenomenon. Therefore, investigation
into “local” scalar similarity should provide definite explanations as to the causes of
“global” scalar similarity or dissimilarity.

Earlier studies (Phelps and Pond 1971; McBean and Miyake 1972) have noted that
the active role of T and the passive role of q in the turbulent field leads to marked
“local” dissimilarity. Katul and Parlange (1994) used orthogonal wavelet decompo-
sition to demonstrate that, while q attains isotropy during the energy cascade, the
active role of T does not allow the anisotropy of T fluctuations to decay. According
to them, this results in marked dissimilarity at the higher frequencies. More recently,
evidence of scalar dissimilarity at the lower frequencies has emerged. For example,
Watanabe et al. (2000) showed the dissimilarity between cospectra of the vertical
transport of T and q in the lower frequency range, and argued that T and q are less
likely to be similar at larger scales as mesoscale disturbances do not act equally on the
fluctuations of T and q. In the same vein, Dias et al. (2004) presented remarkable evi-
dence of T fluctuations at meso-γ scales (∼O(103) m) where noticeable q fluctuations
are absent. Furthermore, Tamagawa et al. (Dissimilarity between temperature and
specific humidity fluctuation observed over Tibetan plateau in GAME, 2006, In prep-
aration, hereafter referred to as T06) also identified a striking dissimilarity between T
and q induced by convective cumulus activities. Since the lower-frequency part of ASL
turbulence is mostly influenced by larger scale phenomena that are often perceived
as unsteadiness in the analyses of measured turbulence time series, evidence through
a more systematic approach is needed in order to draw general conclusions.

The purpose of our study is to seek more concrete evidence of the scalar dissimilar-
ity in the unstable ASL through Fourier analysis. A focus is made on scalar similarity
at the lower frequencies, or the larger scales. The approaches of Phelps and Pond
(1971) and Mcbean and Miyake (1972) are taken, where dimensionless correlation
coefficients composed of the spectra and cospectra of T, q, and the vertical wind speed
component, w, are used as a measure of scalar similarity. These correlation coefficients
are independent of integral moments, which in turn are a function of the integration
time or distance. Therefore, the results given in this study can readily be compared
with those of future studies. Furthermore, in order to minimise statistical uncertainties,
these correlation coefficients are computed as a class average of multiple data runs.

2 Spectral measure of scalar similarity

2.1 Coherency spectra

“Global” similarity between T and q has been studied by using their correlation coeffi-
cient, defined as rTq ≡ T ′q′/(σTσq), where σT and σq are the standard deviations of T,
and q, respectively. Hereafter, standard micrometeorological notation, will be used.

Using a second-order closure model, Warhaft (1976) showed that the ratio between
the eddy diffusivity of T, and that of q can be expressed in a form that includes rTq.
Hill (1989) argued that rTq = ±1 indicates a perfect similarity, i.e., perfect propor-
tionality, between their fluctuations. Observations over a heterogeneous surface have
shown that the transfer efficiency ratio, rwT/rwq, tends to converge to unity as rTq → 1
(Roth and Oke 1995; Asanuma and Brutsaert 1999b). Here, rwT and rwq are defined
analogously to rTq. Moreover, Katul and Hsieh (1999) successfully showed that a sec-
ond-order closure model yields a dissimilarity expression between the fluctuations,
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rwT/rwq = 1/rTq, even when the similarity of the mean gradients of these scalars
is satisfied. For typical observations in the ASL, rTq < 1, and this expression fully
explains the inequality between the normalised variance of T and q observed in the
literature (see also Katul et al. 1995b; Bink and Meesters 1997; Katul and Hsieh 1997,
DeBruin et al. 1999 for details).

A spectral analogue of rTq is the spectral correlation coefficient, which is for-
mally given by the coherency spectrum, or spectral coherency, defined as follows (e.g,
Priestley 1981).

RTq(n) ≡ STq(n)
√

STT(n) Sqq(n)
(1)

where n is the normalised frequency, and STT(n), Sqq(n) and STq(n) are the spectra
of T and q, and the cospectrum between them, respectively. A note should be made
as to the difference between RTq(n) and the coherency function (e.g., Bendat and
Piersol 1971; Ohtaki 1985). Interpretation of the coherency spectrum is analogous to
that of its real-space counterpart. It is a dimensionless covariance between the Fourier
modes of T and q, and is a measure of the phase alignment between them (Yeung
1996); the coherency spectrum has been used as an indicator of scalar similarity in
ASL turbulence by Phelps and Pond (1971) and McBean and Miyake (1972).

Recently, the coherency spectrum has been widely used in the turbulence com-
munity to systematically investigate spectral profiles of the correlation between two
scalars (e.g., Tong and Warhaft 1995; Pope 2000, p. 247; Ulitsky et al. 2002). A series of
numerical studies (Yeung and Pope 1993; Yeung 1996, 1998, 2001; Yeung et al. 2000)
used the coherency spectrum to investigate correlation of two passive scalars in the
differential diffusion problem of isotropic turbulence, where the scalars have differ-
ent molecular diffusivities. Of these, Yeung and Pope (1993), using direct numerical
simulation (DNS) results, showed that the correlation between scalars has a strong
dependence on the scale. This was followed by Yeung (1996), who demonstrated that,
in the absence of mean scalar gradients, decorrelation between the scalars arises first
at the smallest scales as a result of different molecular diffusivities. This decorrelation
then propagates “backward”, in opposition to the energy cascade, which results in
reduced coherency spectrum at all scales. When mean scalar gradients exist, prop-
agation of the decorrelation balances with the coherency imposed primarily at the
larger scales by the mean gradients. As a result, higher coherency is maintained at the
larger scales. These results can be interpreted in more general terms, i.e., that the spec-
tral profiles of coherency spectra are determined as a result of the balance between
correlations and decorrelations imposed internally or externally at different scales.

2.2 Inference from T ′q′ budget equation

Correlation and decorrelation factors in the unstable ASL can be inferred from the
prognostic equation of T ′q′. For the horizontally homogeneous ASL, it is written as
follows (Wyngaard et al. 1978).

∂T ′q′
∂t

= −w′T ′ ∂q
∂z

− w′q′ ∂T
∂z

− ∂w′T ′q′
∂z

− εTq (2)

where εTq denotes the molecular destruction of T ′q′. In the daytime ASL over the
land surface, the first and the second terms in the right-hand side of (2) represent pro-
duction, and therefore, these are correlating terms imposed mainly at the scale of z.
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The last term in (2) is a decorrelation at the scale of Kolmogorov microscale, η (e.g.,
Tennekes and Lumley 1972; Pope 2000). The third term is a transport term, and exper-
imental results (Wyngaard et al. 1978; Sempreviva and Hojstrup 1998) have shown
that it is negligible under neutral stratification, and gradually increases with increas-
ing instability, being around 20% of the production terms under moderately unstable
conditions. Therefore, as a rough view of nature, under near-neutral conditions when
the transport term is negligible, T–q correlation produced at the production length
scale, ∼z, cascades down to smaller length scales and then balances with the molecular
destruction term at the scale ∼η. Under unstable conditions, the transport term acts
as an additional correlating term. With this general view, it is expected that T and q
maintain higher correlation at the energy-containing scales.

It should be noted that any phenomenon omitted in (2) acts as an additional cor-
relating or decorrelating factor at its own characteristic scale. Moreover, factors that
do not explicitly appear in the prognostic equation of T ′q′ may have an indirect influ-
ence on T ′q′ by causing the scalars to evolve differently (Yeung and Pope 1993). Such
phenomena may include the variability of boundary conditions at the top and at the
bottom of the ABL, atmospheric radiation acting at a larger scale (Phelps and Pond
1971), and differences in the roles of the scalars in the turbulence field (Katul and
Parlange 1994), and so on.

2.3 Inference from similarity arguments

A spectral profile of coherency spectrum can also be inferred by extending the simi-
larity argument of Kader and Yaglom (1991), who extended the concept of directional
similarity to two-point statistics.

Directional similarity was first suggested by Betchov and Yaglom (1971) and
Zilitinkevich (1971), and later re-examined by Kader and Yaglom (1990) with ASL
measurements. The basic assumption of directional similarity (Betchov and Yaglom
1971) is the existence of three sublayers in the unstable ASL ordered with the stabil-
ity parameter, ζ ≡ z/L, where L is the Obukhov length. These sublayers are, from
the lowest, (i) the dynamic sublayer (D-sublayer, ζ ≈ −0.04), where buoyancy does
not affect the turbulence field, (ii) the dynamic-convective sublayer (DC-sublayer,
−1.2 � ζ � −0.12), where both buoyancy and shear stress affect the turbulence
field but in different directions, causing vertical and horizontal components of the
turbulent kinetic energy uncoupled with each other, and (iii) the convective sublayer
(C-sublayer, ζ � −2), where shear stress does not play an important role in generating
turbulence. See also Katul et al. (1995a) for a detailed explanation.

This three-layered structure was applied by Kader and Yaglom (1991) to derive pre-
dictions of the stability and frequency dependence of spectra and cospectra. Among
their predictions, the one that has been most tested successfully with observations is
a −1 power decay of the longitudinal velocity spectra in the energy-containing range
(see e.g., Katul et al. 1995c, 1998; Katul and Chu 1998; McNaughton and Laubach
2000; Högstrom et al. 2002). Most of the other predictions of Kader and Yaglom
(1991) have yet to be tested with observations from different sources.

The theory for temperature spectra by Kader and Yaglom (1991) can be extended
to a scalar in general. In the inertial range (1 � n � z/η), Kader and Yaglom (1991)
invoked so-called Obukhov–Corrsin scaling (Obukhov 1949; Corrsin 1951; Monin and
Yaglom 1971; see Warhaft 2000 for recent developments) that yields the −5/3 power
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decay of scalar spectra. This can be extended to any set of two scalars, a and b, as
follows:

Sab(n)

a∗b∗z
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

C(1)

ab n− 5
3 for D-sublayer, (3a)

f (2)

ab (ζ )n− 5
3 for DC-sublayer, and (3b)

C(3)

ab (−ζ )−
2
3 n− 5

3 for C-sublayer, (3c)

where C(1)

ab and C(3)

ab are constants, f (2)

ab (ζ ) is a dimensionless function of ζ , a∗ ≡ w′a′/u∗
in which u∗ is the friction velocity, and b∗ is defined analogously. Equation (3) gives a
form of STT(n) and Sqq(n) when a = b = T and a = b = q, respectively. With a = T
and b = q, (3) gives a form of STq(n). An extension of the Corrsin scaling to STq(n)

has already been discussed by Wyngaard et al. (1978) and tested with atmospheric
observations by Friehe et al. (1975).

In the energy-containing range (n � 1), Kader and Yaglom (1991) argued that
large-scale disturbances with length scale larger than z do not change at the scale of
z. This then led to an assumption that spectra and cospectra do not depend on z at
this frequency range. With this assumption, Kader and Yaglom (1991) derived a form
of STT(n), which can also be extended to any set of two scalars, a and b, as follows.

Sab(n)

a∗b∗z
=

⎧
⎪⎪⎨

⎪⎪⎩

D(1)

ab n−1 for D-sublayer, (4a)

D(2)

ab (−ζ )−
2
3 n−1 for DC-sublayer, and (4b)

D(3)

ab (−ζ )−
2
3 n− 1

3 for C-sublayer, (4c)

where D(1)

ab , D(2)

ab and D(3)

ab are constants.
The expressions of STT(n), Sqq(n) and STq(n) in (3) and (4) readily yield simple

expressions of RTq(n) in the inertial and the energy-containing ranges as below.

RTq(n) =
{

φR(ζ ) for DC-sublayer in inertial range, and (5a)

const. otherwise, (5b)

where φR(ζ ) ≡ f (2)
Tq (ζ )/

√
f (2)
TT (ζ ) f (2)

qq (ζ ) is a function of ζ , and is a constant in each real-
ization of RTq(n). In expression (5b) the value of the constant cannot be derived from
similarity arguments, and it may differ in different frequency ranges and in different
sublayers. It should be noted that (5) is not a consequence of the scalar similarity
between T and q, and no similarity form is assumed in the derivation of (5). When
their scalar similarity is assumed, all of the constants and the dimensionless functions
that appear in (3) and (4) take the same value for the cospectra and spectra of T and q.
Therefore, with the similarity assumption, RTq(n) is unity for any stability condition at
any n. This is a spectral analogue to the suggestion by Hill (1989) that the perfect T–q
similarity yields rTq = ±1. The assumption leading to the simple expression in (5),
however, is that spectra of T and q and their cospectra follow the same characteristics
of the scalar field, i.e., either n−1 or n−5/3 decay in the energy-containing and the iner-
tial ranges, respectively. In other words, (5) suggests that RTq(n) tends to be constant
for a frequency range where T and q follow the same dynamical characteristics of
eddies.

Equation (5) does not depend on the directional similarity. In fact, RTq(n) = const.
can be deduced from any spectral model for the frequency range where STT(n), Sqq(n)
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and STq(n) have the same functional dependency on n. Such spectral models include
Kaimal et al. (1972) and Peltier et al. (1996) among others.

2.4 Relative transfer efficiency of scalars

Scalar similarity in the Fourier domain can also be investigated with the ratio between
the transfer efficiency of the two scalars. In real space, a correlation coefficient, rwa,
where a is either T or q, can be regarded as a measure of the transfer efficiency. Thus,
the ratio of rwT and rwq expresses the relative efficiency of their vertical transfer (e.g.,
Roth and Oke 1995; Bink and Meesters 1997; Katul and Hsieh 1999). Similarly, their
Fourier counterparts, RwT(n) and Rwq(n), are defined analogously to RTq(n), and are
regarded as a measure of the transfer efficiency of T and q in the Fourier domain.
In this paper, their ratio is called the relative transfer efficiency and is denoted as
RTE(n) (Phelps and Pond 1971; McBean and Miyake 1972).

RTE(n) ≡ RwT(n)

Rwq(n)
= SwT(n)

Swq(n)

√
Sqq(n)

STT(n)
. (6)

An extension of the similarity arguments of Kader and Yaglom (1991) to derive
a formulation of RTE(n) is not as straightforward as that of RTq(n). The energy-
containing and inertial ranges of STT(n) and Sww(n) shown in Kader and Yaglom
(1991) are not exactly collocated with each other. Therefore, the extension given
herein is limited to a frequency range where the energy-containing ranges of the co-
spectra and the spectra appearing in (6) overlap with each other. Procedures similar
to that for RTq(n) yield the following expression of RTE(n) in the energy-containing
range,

RTE(n) = const. (7)

for D-, DC- and C-sublayers. Observations shown in Kader and Yaglom (1991) sug-
gest that (7) is valid, at least for n � 0.05. As is the case with (5), the values of the
constant in (7) may be different for different sublayers and cannot be derived through
similarity arguments. It should, again, be noted that (7) is not a result of an assumed
T–q similarity, but that it is a consequence of the fact that relevant cospectra and
spectra obey the same eddy characteristics.

It should also be noted that predictions of RTq(n) in (5) and those of RTE(n) in
(7) need to be interpreted with great caution. It has been pointed out that similar-
ity arguments such as MOS tend to idealise reality with respect to scalar similarity
(Hill 1989). For example, the linear nature of MOS implies rTq = ±1, which is rarely
observed in the real ASL. This failure of the similarity argument to predict scalar
similarity is mainly due to the fact that factors not considered in MOS often influence
scalar fluctuations. Such factors include horizontal advection, surface heterogeneity,
surface dynamics, entrainment at the top of the ABL, atmospheric radiation acting
at a large scale (Phelps and Pond 1971), differences in the role of the scalars in the
turbulence field (Katul and Parlange 1994), and so on. Since the similarity arguments
of Kader and Yaglom (1991) are an extension of MOS, predictions in (5) and (7) need
to be interpreted carefully.



Boundary-Layer Meteorol

3 Observations

Observations subject to the analyses herein were collected with the Mobile Turbulence
Measurement System (MTMS) over the Tibetan (Xisang) Plateau during the intensive
observational period (IOP) of GAME (GEWEX Asian Monsoon Experiment)-Tibet
in the summer of 1998. Detailed descriptions of MTMS and its role in the GAME-
Tibet surface flux measurements can be found elsewhere Asanuma et al. (2005), and
they are briefly described below.

The main goal of the surface flux measurements during GAME-Tibet IOP was
to characterise the spatial and temporal distribution of surface energy components
over the north-south cross-section of the central Tibetan plateau. MTMS, a portable
and lightweight system for measuring surface sensible and latent heat fluxes, was
specifically designed to support this objective. MTMS was planned, (1) to provide
data that serves as a reference through which an indirect cross-comparison between
tower-based surface flux measurements can be made, and (2) to provide a dataset
serving as calibration and validation references for the surface heat fluxes computed
from the four automatic weather stations (AWSs). AWSs were equipped with a single-
level measurement of air temperature, humidity and wind speed. MTMS, assembled
at the Disaster Prevention Research Institute, Kyoto University, was equipped with a
sonic anemometer-thermometer (DA-100, Kaijo Inc.) and two capacitance hygrom-
eters, namely HumAir (AIR Inc.) and Humicap (Väisälä Inc.). These hygrometers
were deployed in MTMS to minimise power consumption for measurements over
the Tibetan plateau, where line-power supply was not available. These sensors were
mounted on a tripod at about 2 m above ground, and unprocessed data sampled at
10 Hz were stored in a specially-designed logger.

Table 1 gives details, noting that Amdo and BJ comprised a tower with the eddy cor-
relation equipment, whereas MS3608 is an AWS site. These three sites are basically
surrounded by short grassland, with the height of the grass never exceeding 0.1 m.
General fetch requirements for micrometeorological measurements are fulfilled at
all of the sites. A detailed site description of Amdo and BJ can be found elsewhere
(Tanaka et al. 2001, 2003 for Amdo site; Gao et al. 2004; Choi et al. 2004 for BJ
site).

Measurements from the sonic anemometer and HumAir, which has a better fre-
quency response than Humicap (Asanuma et al. 2005), were used in our study. Of the
periods listed in Table 1, those with unstable conditions were selected for the analysis,
and comprised 88 30-min runs. After relevant spectra and cospectra were computed,
an attenuated portion of q at higher frequencies was removed using an attenuation
detection algorithm given in Asanuma et al. (2005). In spite of its higher frequency
attenuation, the merit of using q data measured with capacitance-type hygrometers

Table 1 Sites and periods of measurements used in this study

Site Latitude & longitude Altitude Period
(m, a.s.l.) (BST, 1998)

Amdo 32◦14.5′N, 91◦37.5′E 4,700 31 July 1450–2 August 1350
BJ 31◦22.2′N, 91◦54.0′E 4,580 5 August 1710–6 August 1040

8 August 1140−8 September 1600
MS3608 31◦14.0′N, 91◦47.0′E 4,610 11 August 1640–12 August 1710
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is the temporal stability at the lower frequencies. These spectra and cospectra are
further analysed below.

4 Results

The coherency spectra, RTq(n), and the relative transfer efficiency, RTE(n), were
computed for each of the 88 unstable data runs. In order to minimise statistical uncer-
tainties pertaining to the lower-frequency part of these spectra and cospectra, class
averages were computed from the 88 data runs. Taylor’s frozen hypothesis, n = fz/u,
was used to normalise frequencies. As mentioned before, higher frequency portions
of the spectra and cospectra were removed before the analyses, and so the frequency
range under investigation is 10−4 � n � 10−1.

4.1 Coherency spectra

The solid line in Fig.1 is a class average of RTq(n) over all runs. The higher end of the
frequency range, at about n = 10−1, is the limit of unattenuated q data. It is observed
that RTq(n) remains almost constant at a maximum value in the frequency range
10−2 � n � 10−1, and is consistent with the inference from (2) that RTq(n) has higher
values at production frequencies; it is also in accordance with the prediction from the
similarity arguments (Eq. (5)). Therefore, this frequency range is taken as part of the
energy-containing range.

At the lower end of the energy-containing range, RTq(n) levels off toward the
lowest frequencies. In the frequency range 10−3 � n � 10−2, RTq(n) continues to

Fig. 1 Class averages of RTq
for all runs analysed (solid
line), and “lower-” and
“higher-” correlation runs
(open triangles). See text for
definitions of “lower-” and
“higher-” correlation runs
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Fig. 2 Same as Fig. 1, but the
averages were taken for each
of the three stability classes

C-sublayer
DC-sublayer
D-sublayer

class-average

n = fz/u
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q
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decrease and then becomes highly variable in the range n � 10−3. The sudden level-
off of RTq(n) at around n ∼ 10−2 does not contradict the data presented in earlier
studies (Phelps and Pond 1971; McBean and Miyake 1972).

In order to further investigate this reduction in RTq(n), all of the analysed runs were
categorised into two groups: those in which RTq(n) decreases below 0.5 and those
in which it does not. Hereafter, these two groups are termed “lower-correlation”
and “higher-correlation,” respectively. Thirty-eight runs were categorised as lower-
correlation runs. The class averages calculated for each of these two groups are also
plotted with open triangles in Fig. 1.

The stability dependence of RTq(n) was also investigated. Class averages of RTq(n)

for the three stability classes, namely, −0.1 < ζ , −1.0 < ζ < −0.1, and ζ < −1.0, were
calculated, and are plotted in Fig. 2. Since these stability classes roughly correspond
to the aforementioned D-, DC-, and C-sublayers, respectively, they are hereafter
referred to as such.

In Fig. 1, it is obvious that the considerably-reduced values of the class average
of RTq(n) (solid line) in the frequency range n � 10−3, are caused mostly by the
38 lower-correlation runs. It is also noticed that the higher-correlation runs maintain
fairly higher correlation even at the lower frequencies. Differences between these two
groups are obvious and consistent. In other words, the higher-correlation runs main-
tain consistently higher correlation than the lower-correlation runs at all frequencies
in 10−4 � n � 10−2. A Student t-test (Devore 1991) with the confidence level of
99.9% suggests that the class-mean of the lower- and the higher-correlation runs are
significantly different from one another at n = 1 × 10−3.

It should be noted that the lower frequency part of the Fourier spectra and
cospectra, in general, is poorly sampled and shows considerable scatter. Therefore,
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Fig. 3 Histogram with respect
to the stability of all analysed
runs and “lower-correlation”
runs

class averages over multiple spectra and cospectra were computed in this study. The
clear distinction between the two groups indicates that the number of the data is large
enough to draw a statistically significant conclusion, and that the group separation
used above has a physical significance. Of course, this does not exclude possibilities
that a larger dataset may give a clearer insight.

In Fig. 2, on the other hand, the stability dependence of RTq(n) is not discernible
in the frequency range n � 10−3. The histogram (Fig. 3) shows that, although the
lower-correlation runs tend to favour near neutral stratification, the categorisations
in Fig. 1 (lower- and higher-correlation) and that in Fig. 2 (stability) does not seem
to have a strong mutual connection. Comparisons between Figs. 1 and 2 clearly show
that the reduction of RTq(n) in this frequency range is more plainly described by the
differences between the lower- and the higher-correlation groups than the stability.

Another prominent feature in Fig. 2 is that in the frequency range 10−3 � n � 10−2,
the RTq(n) curve of the C-sublayer is slightly different from that of the other two sub-
layers. For the C-sublayer, the frequency range of constant RTq(n) extends toward the
lower frequencies for about a half decade. The value of RTq(n) for the C-sublayer also
tends to be higher than that of the other sublayers within this frequency range. This
is in contrast with the fact that RTq(n) for the other two sublayers behaves similarly,
and can be explained with reference to the budget equation of T–q correlation (Eq.
(2)). As discussed before, the transport term in (2) is negligible in the D-sublayer,
but increases with increasing instability. Wyngaard et al. (1978) suggested that in the
C-sublayer the transport term can be of the same order of magnitude as the gradient
production. Since this transport term probably acts at production scales, it strengthens
the T–q correlation in the energy-containing range.

4.2 Relative transfer efficiency of scalar flux

Class averages of the relative transfer efficiency, RTE(n), were also investigated.
Since it has been pointed out that RwT(n) and Rwq(n) depend on stability (McBean
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and Miyake 1972), class averages of RTE(n) were computed for each of the three
stability classes and are shown in Fig. 4. It is first noticed that in the range 10−2 � n,
RTE(n) for each of the stability classes is � 1. The frequency range where RTE(n) � 1
exactly corresponds to the energy-containing range found for RTq(n) in Fig. 1. This
fact strongly supports the notion that the similarity between T and q is manifested in
the energy-containing range. This is also consistent with the prediction from the simi-
larity arguments in (7), and suggests that the constant in (7) for the energy-containing
range is, in fact, unity for all of the sublayers.

At the lower-frequency end of the energy-containing range, RTE(n) departs
abruptly from unity, and exhibits a striking dependence on stability in the range
10−3 � n � 10−2. Towards the lower frequencies, RTE(n) increases in the C-sublayer,
while it decreases in the D-sublayer. RTE(n) does not show any clear increasing or
decreasing tendencies in the DC-sublayer. In the frequency range n � 10−3, RTE(n)

loses a stability dependence, and the values of RTE(n) are highly variable. Even
though the scatter is large, they seem to have a rough tendency to be less than unity.

The frequency dependence of RTE(n) can also be discussed in connection with that
of RTq(n), which is also plotted in Fig. 4. Apparently, the departure of RTE(n) from
unity corresponds to the levelling-off of RTq(n). In the frequency range 10−3 � n �
10−2 where RTq(n) continues to decrease, RTE(n) suddenly increases or decreases
with decreasing frequencies, consistent with earlier observations by McBean and

Fig. 4 Class averages of
RTE(n) ≡ RwT (n)/Rwq(n) for
the D-sublayer (filled
triangles), the
DC-sublayer(filled circles), and
the C-sublayer(open triangles)
as well as those of RTq(n)

(solid line)
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Miyake (1972). They claimed that Rwq(n) depends on RTq(n) while RwT(n) does not,
which implies that RTE(n) depends on RTq(n). Their claim, however, refers to the
overall values of these dimensionless values, while the current observations show that
the scale dependences of RTE(n) and that of RTq(n) are mutually related.

5 Discussion

We have found that the value of RTq(n) is significantly reduced and has large run-to-
run variability in the lowest frequency range investigated, namely n � 10−3.

With the typical conditions found during the observations, the time and the length
scales corresponding to these frequencies are of the order of 103 s and 103 m, respec-
tively. Therefore, they are of the same order as the current data length. The current
findings prompt one to hypothesise that the reduction of RTq(n) at the lowest frequen-
cies is associated with a decorrelating event or events whose average return period
is of the order of 103 s. When these events are captured in a specific run, RTq(n) for
that run is significantly reduced in the lowest frequency range, while a run without
any occurrence of these decorrelation events maintains higher correlation even in the
lowest frequencies. The values of RTE(n) in the lowest frequency range, though highly
variable, tend to be slightly smaller than unity on average. This indicates that the sen-
sible heat transfer may be less effective than that of water vapour at these frequencies.

The differences in the transfer efficiencies between sensible heat and water vapour
at a scale ∼103 m is not irrelevant to the previous findings. Mahrt et al. (2001) noted
with aircraft data that a significant surface moisture flux extended to the larger scales
compared to the sensible heat flux. This is consistent with Fig. 6, which shows that the
ratio of the normalised cospectra, (SwT(n)/w′T ′)/(Swq(n)/w′q′), or “cospectral Bowen
ratio”, is significantly smaller in the lowest frequency range than in the energy-con-
taining range. Exactly the same tendency as Fig. 6 has been already presented by
Watanabe et al. (2000) with data obtained over a temperate deciduous forest in sub-
urban Tokyo. Therefore, all three sets of observations indicate that water vapour tends
to be transferred at larger length scales than does sensible heat. These identical obser-
vations over different land covers in different climates suggest that this tendency is
neither related to instrumental errors nor to local characteristics, but may be universal
at these lowest frequencies in the unstable ASL. In particular, the normalised cospec-
tral ratio is smaller with the lower-correlation runs than with the higher-correlation
runs in Fig. 6. This striking feature indicates that the decorrelation at the lowest fre-
quencies and the difference of the normalised cospectra between these scalars are
mutually related.

Several phenomena with a horizontal length scale ∼103 m can be a cause of the
decorrelation at the lowest frequencies. The horizontal advection induced by a surface
heterogeneity at this scale is a good example. Though all the observation sites listed in
Table 1 are located in homogeneous landscape at the scale of its flux source area (e.g.,
Horst and Well 1992; Schmid 2002), it is possible that the advection associated with
surface heterogeneity at larger scales caused the observed dissimilarity (e.g., Lang
et al. 1983). This seems unlikely, partly because the lower-correlation runs mentioned
in Sect. 4.1 occurred almost evenly among the three stations (Fig. 5) and did not have
preferences in the wind direction. The current study, however, does not deny the
possibility that advection of T and/or q at much larger scales, such as meso-β or larger
scales, generates additional fluctuations in these scalars (Kimme et al. 2002).
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Fig. 5 Same as Fig. 3 but
histogram with respect to the
observation site and period.
BJ1 and BJ2 denote the
periods starting 5 August and 8
August, respectively (see
Table 1)

Fig. 6 Same as Fig. 1 but for the ratio of the cospectra, SwT (n)/Swq(n), normalised with w′T′/w′q′

With lower air density due to the higher altitudes, and with strong heating from
the surface, the climate of the Tibetan plateau is characterised by frequent and strong
convective activities (Dr. N. Endo at Institute of Observational Research for Global
Change, Yokosuka, Japan, personal communication, 2004). T06 analysed turbulence
data collected at the Amdo site during the same experiment, and found a marked
dissimilarity between T and q at the same frequency range. They successfully demon-
strated that this dissimilarity is associated with evaporation of precipitating droplets
that causes fluctuations in T and q to negatively correlate with one another (e.g., Betts
1982). T06 was mainly focused on the data during the pre-monsoon season, when dry
convection is more frequent (Dr. N. Endo, personal communication, 2004), while the
current analyses are confined to the post-monsoon period, when moist convection is
dominant. Therefore, the current findings and those of T06 are complementary rather
than overlapping: The former is mainly under the influence of moist convection, while
the latter is associated with dry convection.

The length scale of the decorrelation found in the lowest frequency range,
namely ∼103 m, is of the same order of magnitude as the height of ABL, hereafter
denoted as h. A more plausible explanation, therefore, concerns the effect of entrain-
ment at the top of ABL. It has been observed that since entrainment transports
warmer and drier air from above into the upper ABL (e.g., Coulman 1978a; Brutsa-
ert 1987), the entrained air has a negative T–q correlation (e.g., Deardorff 1974;
Wyngaard et al. 1978; Coulman 1978b). Therefore, T ′q′ is largest at the surface, and
decreases with increasing z, becoming negative in the middle of the ABL (Wyngaard
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et al. 1978). The effects of entrainment on the scalar statistics in the unstable the
ABL has been already expressed in the “top-down and bottom-up”(TDBU) diffu-
sion model (e.g., Wyngaard and Brost 1984; Moeng and Wyngaard 1984; Wyngaard
1984; Piper et al. 1995). Therefore, it is common knowledge that T–q decorrelation is
caused by entrainment in the middle of ABL. In the ASL, on the other hand, direct
evidence is lacking.

The influence of entrainment on the scalar statistics in the unstable ASL was
claimed quite recently by some investigators of the variance methods (e.g., DeBruin
et al. 1993; Choi et al. 2004), as described in Sect. 1. In addition, Sempreviva and
Gryning (2000) claimed that rTq observed in the ASL may be ordered by h/L. More
comprehensive evidence was presented by Mahrt (1991), who demonstrated with air-
craft data that T–q correlation decreases with increasing horizontal scale and becomes
negative at the mesoscale. He also commented that the negative T–q correlation is
caused by warm and dry downdraughts associated with entrainment as well as surface
variability under the surface energy budget constraint.

The current observations are consistent with these previous findings, and since the
current study clearly indicates that the T–q dissimilarity is located at the scale ∼h,
it presents more concrete evidence for the entrainment effect in the ASL. It should
be noted that Choi et al. (2004) used observations obtained at the same site during
the same period as the current study, and, therefore, the two results are mutually sup-
porting. It should be noted that Mahrt (1991), DeBruin et al. (1993) and Sempreviva
and Gryning (2000) analysed observations higher than 10 m above the surface, while
the present results and those of Choi et al. (2004) are based on the measurements at
z ≈ 1 m. It is striking that the entrained drier air can be sensed even at a few metres
above the surface, where the surface fluxes are most influential. This allows one to
hypothesise that, opposed to some expectations, the effect of entrainment does not
vanish under certain conditions even for z/h → 0.

Entrainment may also explain the reduced values of the cospectral Bowen ratio
(Fig. 6) found at the scale ∼h. Since the entrained air warms up and dries the ABL
on average, it discourages the vertical transfer of sensible heat, but encourages that
of water vapour.

Limitations of this study should be noted. Fourier transform is, in principle, incapa-
ble of handling unsteady signals, while the current results suggest that the decorrela-
tions at the lowest frequencies are sensed as unsteadiness with the current data length.
Another limitation stems from the fact that the dimensionless cospectra used in our
study are merely descriptors of the scalewise scalar similarity, but, in principle, do not
alone explain the causes of the correlation and the decorrelation between T and q.

6 Conclusion

The similarity between fluctuations in temperature, T, and specific humidity, q, in
the unstable atmospheric surface layer (ASL) was investigated with respect to their
correlation and their transport efficiency in the Fourier domain. Analyses were made
to give a class-averaged view from observations made over grassland sites on the
Tibetan plateau. The scale range of interest, expressed as a length scale, ranges from
10z to 104z, where z is the height above the displacement height.

The results in this study clearly show strong scale dependency of scalar similarity
between T and q. In the energy-containing range up to about 102z, the Fourier
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correlation coefficient is at its maximum and close to unity, and the transfer efficiency
of these scalars is almost equal to each other. Since the integral moments have their
largest contribution at these production length scales, this well-maintained scalar sim-
ilarity constitutes a basis for the similarity between the integral moments, as generally
observed.

In contrast, these scalars are occasionally dissimilar at the largest scales under
investigation, that is of the same order of magnitude as the height of the boundary
layer. The fact that this dissimilarity is occasional or sporadic suggests that it is caused
by events that have a return period of the same order as the current averaging time,
i.e., 30 min. This study confirms a previous observation by Watanabe et al. (2000) and
Mahrt et al. (2001) that the vertical transfer of water vapour tends to occur at slightly
larger scales than that of sensible heat. We speculate that this is probably a universal
feature in the unstable ASL. Entrainment at the top of the atmospheric boundary
layer most probably explains these findings.
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