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[1] We investigated the turbulence structures in the surface
layer over a flat and homogeneous prairie on the Tibetan
plateau. In general, turbulence statistics show similar results
to those reported in the literature from other normal sites.
However, further scrutiny of turbulence data from different
heights and (co)spectra analysis revealed that 1) height-
dependent turbulence statistics of vertical wind velocity; 2) a
spectral gap with the absence of k�1 power law in
mid frequencies in the spectra of lateral wind velocity;
and 3) the deviation of heat flux cospectra in low
frequencies from Monin-Obukhov theory. These results
not only provide the evidence of interactions between active
and inactive turbulence but also shed light on different
views on the fundamental mechanism of such interactions in
the atmospheric surface layer. INDEX TERMS: 0315

Atmospheric Composition and Structure: Biosphere/atmosphere

interactions; 1610 Global Change: Atmosphere (0315, 0325); 3307

Meteorology and Atmospheric Dynamics: Boundary layer

processes; 3322 Meteorology and Atmospheric Dynamics: Land/

atmosphere interactions; 3379 Meteorology and Atmospheric

Dynamics: Turbulence. Citation: Hong, J., T. Choi,

H. Ishikawa, and J. Kim (2004), Turbulence structures in the

near-neutral surface layer on the Tibetan Plateau, Geophys. Res.

Lett., 31, L15106, doi:10.1029/2004GL019935.

1. Introduction

[2] Recently, several studies have identified some
features that are inconsistent with Monin-Obukhov theory
and proposed alternative theories of the turbulence structure
in the atmospheric surface layer (ASL) [Hunt and Morrison,
2000; Högström et al., 2002; McNaughton and Brunet,
2002; McNaughton, 2004]. The main assumption in the
Monin-Obukhov theory is the insignificant role of the
large-scale motions in the boundary layer on the flow near
the ground. That is, in Townsend’s [1961] term, ‘active
(local)’ eddies in the inner layer do not interact with
‘inactive (non-local)’ eddies in the outer layer. Experimental
results, however, show that inactive motions play an
important role in the ASL and transport processes are
sensitive to outer-layer scaling parameters such as bound-
ary-layer depth. Some examples include relatively low
correlation coefficient for longitudinal (u) and vertical

wind velocity (w), the increase of sw/u* with height
(where s is standard deviation; u* is friction velocity), the
dependency of the spectra of horizontal wind components on
boundary-layer height, and the inequality between local
production and local dissipation in turbulent kinetic energy
budget.
[3] A consensus exists for the fact that the outer layer has

important effects on the ASL but the proposed mechanisms
of how such an interaction might occur are currently
disagreeing. Following Hunt and Morrison [2002],
Högström et al. [2002] suggests the turbulence in the
ASL is determined by detached eddies whose origin is
non-local. On the other hand, McNaughton and Brunet
[2002] and McNaughton [2004] describe it as a self-
organizing ensemble of coherent structures initiated by
ejections from the ground. A basic assumption in the
model of Hunt and Morrison [2000] is that the spectra of
lateral and longitudinal (v) wind velocity obey k�1 power
laws at mid frequencies. They view the ASL as a layer
where the large eddies from the outer layer is continuously
deformed by shear at the surface. Thus, the spectra must
have continuous properties, and the matching leads to the
k�1 power laws. McNaughton and his colleagues, however,
argue that there are two disjoint components to the spectra,
representing different kinds of turbulence in the surface
and outer layers. Further resolution of these differences
will depend on further comparisons against in-situ field
experiments.
[4] The objective of this study is to provide an experi-

mental evidence to better understand the available mech-
anisms to account for the ASL turbulence as well as to
report the characteristics of turbulence structure on the
Tibetan plateau during monsoon seasons. Here, we analyze
turbulence statistics and spectral properties of wind compo-
nents and air temperature observed over the Tibetan plateau.
We compare our results with those reported in other studies
and briefly discuss how our findings support or detract the
validity of current turbulence models of the ASL in the
literature.

2. Materials and Method

2.1. Site Description

[5] Field observations 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 Tibetan plateau from July to September
1998 (hereinafter BJ98 data), and from June to December
2002 (hereinafter BJ02 data). The study site is flat (<2�) and
homogeneous with fetches of several kilometers, except
for northerly winds. During the pre-monsoon period,
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sensible heat fluxes are dominant and CBL height is
relatively higher (�2.5 km) than that of monsoon period
(�1 km). Convective storms occur frequently during mon-
soon seasons. Soil surface is sparsely covered with short
grass (canopy height of <0.05 m and leaf area index of
<0.5). A CSAT3 sonic anemometer (Campbell Scientific,
Inc., USA, hereinafter CS) was installed at 3 m above
the ground in 1998. In 2002, two Kaijo Denki sonic
anemometers (DA-600 with TR-61A probe, Kaijo Denki
Co., Ltd., Japan, hereafter KD) were operated at 20 and 3 m
simultaneously. For the comparison, one CSAT3 sonic
anemometer was also installed at 20 m. The path lengths
of CS and KD were 0.115 and 0.2 m, respectively. The
sampling rate of BJ98 and BJ02 data were 20 Hz and 10 Hz,
respectively. Detailed information is available in KoFlux
website (http://www.koflux.org).

2.2. Data Processing

[6] We used a COMPAQ DEC workstation with tools for
post data processing, following Hong and Kim [2002].
Averaging time was 30 minutes, and we applied triple
coordinate rotation following Kaimal and Finnigan
[1994]. The effect of different rotation methods was
negligible at this studied site. We discarded the data if
1) wind speed was <1.5 ms�1; 2) the rotation angle to make
v0w0 = 0 was >3�; 3) wind direction was bad with flow
distortion; 4) perturbations from means were 10 times larger
than standard deviations; 5) u0w0 was positive; 6) wind
speed distributions were not Gaussian; and 7) the non-
stationarity ratio by Mahrt [1998] was larger than 3. An
overbar is the time averaging operator, and prime values
indicate perturbations from means. Friction velocity, scaling
temperature (T*), and Monin-Obukhov length (L) is calcu-
lated from surface fluxes at 3 m, respectively as:

u2
*
¼ �u0w0

T* ¼ �w0T 0=u*

L ¼ �
u3
*
T

kgw0T 0
v

ð1Þ

where, k is the von Karman constant (=0.4), g is the gravity
constant (=9.81 ms�1), and T and Tv are air temperature and
sonic temperatures, respectively. We computed the turbu-
lence statistics (e.g., turbulence intensity, skewness, and
kurtosis) following Hong et al. [2002]. We selected the data
where jz/Lj < 0.05 (where z is the measurement height, 3 m)
for near neutral conditions. In this dynamic sublayer,

turbulence statistics are nearly constant with z/L (Figure 1).
The harmonic averages (L) of BJ98 and BJ02 (from 43
and 30 half-hour data, respectively) were about 1291 m and
�90 m, and the sensible heat flux averaged about 12 and
100 Wm�2, respectively. The effect of linear detrending
was negligible on turbulence statistics and patterns of
(co)spectra.
[7] We computed power (co)spectra using a Fast Fourier

Transformation with a Hamming window. For smoothing,
we applied a 3-point overlapping block average to the first
15 coefficients of (co)spectra to reduce the erratic behavior
in the low frequency range [McNaughton and Laubach,
2000]. The non-overlapping average then followed to all
other coefficients with increasing width exponentially
[Kaimal and Finnigan, 1994]. For matching normalized
frequencies in averaging (co)spectra, we applied cubic
spline interpolation with bisection. For a comparison with
Kansas (co)spectra, we adjusted amplitudes and peaks to
best fit the observed (co)spectra in the inertial subrange
and peak range following McNaughton and Laubach
[2000].

3. Results and Discussion

3.1. Bias in Sonic Anemometers

[8] To quantify instrumental bias, we compared two
sonic anemometers (CS and KD) installed at 20 m (BJ02)
(Figure 2). Since the mean wind speed from KD was
typically 5% less than that from CS, we normalized
turbulence statistics by the corresponding wind speeds from
each sonic anemometer.

Figure 1. sw/u* as a function of z/L.

Figure 2. Comparison of KD with CS. Two sonic
anemometers were installed at 20 m above the ground
in 2002. Friction velocity was calculated using surface
fluxes observed at 20 m and data of all stability categories
were analyzed. Data were discarded if u* < 0.3 ms�1 or
sw < 0.4.
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[9] There was little difference in kinematic sensible
heat fluxes (not shown), but su and sv from KD were
5 and 7% larger, respectively, than from CS. However, u0w0

from KD was 5% smaller than that from CS. Consequently,
the correlation coefficient for uw (ruw = u0w0

susw
) from KD was

relatively smaller, resulting in larger su/u*, sv/u*, and sw/u*
in comparison to CS. We obtained similar results with the
data measured at 3 m in 1998 (not shown). These consistent
biases were expected due to the longer path length of KD,
which reduced the correlation between u and w. We did not
apply the frequency response corrections because the ob-
served (co)spectra over the Plateau did not follow those
from Kansas data used by Moore [1986] (see section 3.3 for
details). We also note that inclination angles to make v = 0
from KD were on average 2� larger than that from CS. It is
likely that fluctuations of u and v contaminated data for w.
The random sampling errors of KD were larger because the
errors associated with the tilt angle increase with growing
convective boundary layer under unstable conditions
[Wilczak et al., 2001].

3.2. Turbulence Statistics

[10] Table 1 summarizes the observed turbulence statis-
tics over the Plateau. The magnitudes of su/u* and sv/u* are
comparable and range from 2.9 to 3.6. These values are
larger than those reported in the literature (e.g., 2.4–2.8
[Kader and Yaglom, 1990; Högström, 1990]). The turbu-
lence intensity, sv/U, is also comparable to su/U. The values
of sw/u* show consistent variation with z/L under all
stability conditions compared with other studies [e.g.,
Kaimal and Finnigan, 1994; Pahlow et al., 2001]
(Figure 1). The sw/u* varied from 1.12 to 1.46 under
neutral conditions, probably due to different path lengths
[Pattey et al., 2002] and/or errors from self-correlation
between sw and u* [Mahrt et al., 1998; Andreas and
Hicks, 2002]. Consequently, ruw is somewhat smaller
(<0.3) than those from other studies. As shown in
Figure 3, the relatively large values of su/u* and sv/u*
results from the notable contributions of eddies in the low
frequency domain. We speculate that large sv/u* might also
have resulted from large variations of wind speed and
direction for each 30-minute averaging period. The sw/u*

increases with height, implying the important role of
inactive motions in the ASL.
[11] The higher moments, skewness (measure of inter-

mittency) and kurtosis (measure of flatness), show a
nearly Gaussian probability distribution on the Plateau,
consistent with other studies at low altitudes [e.g., Hong et
al., 2002]. We note that both skewness and kurtosis of
vertical wind speed and temperature are relatively larger
compared to other wind components. Positive skewness of
w implies prevailing narrow updrafts over wider down-
draft motions on the Plateau. Such low-speed streaks
might have initiated inactive/active turbulence interactions
with increasing intermittency [McNaughton and Brunet,
2002].

3.3. Spectral Characteristics of Turbulence

[12] In Figures 3 and 4, we present the averaged power
spectra and (co)spectra of wind components and
temperature at two heights (3 and 20 m) under near-neutral
conditions. For comparison, we added the Kansas
(co)spectra. First, the slope of normalized spectra of all
wind speed components is �2/3 in the inertial subrange.
The ratios of Su( f ) to Sw( f ) and to Sv( f ) are approxi-
mately 0.8, indicating that the local isotropy is satisfied.
[13] Second, in the low frequency domain, the deviation

of (co)spectra from Monin-Obukhov theory is obvious on
the Plateau. The spectral gap is more evident in the

Table 1. Turbulence Statistics Under Near Neutral Condition

Observed on the Tibetan Plateau With the Standard Errora

Statistics BJ98 BJ02 (3 m) BJ02 (20 m)

su/u* 3.13 ± 0.09 3.61 ± 0.06 3.29 ± 0.11
sv/u* 2.89 ± 0.11 3.51 ± 0.08 3.46 ± 0.16
sw/u* 1.12 ± 0.02 1.36 ± 0.02 1.46 ± 0.03
ruw �0.30 ± 0.01 �0.21 ± 0.00 �0.22 ± 0.01
su/U 0.19 ± 0.01 0.18 ± 0.01 0.14 ± 0.00
sv/U 0.18 ± 0.01 0.17 ± 0.00 0.15 ± 0.01
sw/U 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.00
sku 0.08 ± 0.03 0.08 ± 0.02 �0.03 ± 0.05
skv �0.05 ± 0.05 �0.06 ± 0.03 �0.06 ± 0.05
skw 0.12 ± 0.02 0.16 ± 0.01 0.26 ± 0.02
skT 0.24 ± 0.10 0.34 ± 0.03 0.55 ± 0.06
kuu 2.81 ± 0.04 2.85 ± 0.03 2.88 ± 0.04
kuv 2.92 ± 0.06 3.00 ± 0.04 2.87 ± 0.07
kuw 3.67 ± 0.03 3.70 ± 0.02 3.59 ± 0.03
kuT 2.88 ± 0.10 3.13 ± 0.05 3.34 ± 0.09
aU is mean wind speed, and sk and ku means skewness and kurtosis,

respectively.

Figure 3. Normalized spectra of wind speed and air
temperature under near neutral condition. f is natural
frequency (s�1) and n (=fz/U) is the frequency normalized
by measurement height (z) and mean wind speed (U). All
spectra were normalized by �u*

2.
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v spectrum, due to the fact that the outer layer scaling
structures travel faster than the inner layer scaling structures
[McNaughton and Brunet, 2002]. The slope of the normal-
ized spectra of w in the low frequency region is nearly 9, as
explained by Högström et al. [2002]. Figures 3 and 4 again
show the height dependency of turbulence structure in this
spectrum analysis. It should be noted that the deviation of
heat fluxes from the Kansas cospectra is relatively larger
compared to momentum fluxes and v spectra do not follow
k�1 power law in mid frequencies. These findings are
consistent with those of McNaughton and Brunet [2002]
who attributed such deviations from Monin-Obukhov
theory to the interaction of inactive and active eddies in
the ASL.

4. Summary and Conclusion

[14] We report the characteristics of turbulence structure
on the Tibetan plateau during monsoon seasons. Despite its
unique environmental conditions, convective boundary
layer was not notably deeper and the differences in air
density and radiation intensity do not feature in our
analyses. However, we do observe some important features
that will shed light on different views of the ASL: (1) sw/u*
increases with height but the turbulence statistics are gen-
erally similar to the results from other sites; (2) the v spectra
show a spectral gap and they do not show the k�1 behavior
in mid frequencies as in Hunt and Morrison [2000] or
Högström et al. [2002]; (3) higher moments show the
evidence of narrow updraft as well as wider downdraft
motions; and (4) inactive eddies in low frequencies do not
affect momentum fluxes but caused heat fluxes to deviate
from Monin-Obukhov theory.

[15] McNaughton and Brunet [2002] and McNaughton
[2004] proposed a model to account for such breakdown
of Monin-Obukhov theory. They argue that the traditional
linearized model cannot account for the above-mentioned
features of the ASL and suggest that slow streaks (narrow
and upright motions) are the mechanism of inactive/active
turbulence interaction and thus Townsend’s hypothesis
and Monin-Obukhov theory are incorrect. Findings in
our study are very similar to those of McNaughton and
Laubach [2000] obtained from a stable internal boundary
layer over a rapidly transpiring rice canopy. Our results
are from an extensive prairie with significant upward heat
fluxes and thus extend the results of McNaughton and
Laubach [2000] to a more normal site, showing the
model of McNaughton and his colleagues apply more
generally.
[16] Cautions must be exercised in frequency response

corrections using Kansas (co)spectra due to low frequency
contributions by inactive eddies, because they enhance
integral turbulence statistics that vary with height, causing
underestimation of surface fluxes. Concurrent field mea-
surements of turbulence profiles near the surface and
boundary layer structure are needed along with surface flux
observation, particularly for the pre-monsoon period when
convective boundary layer height becomes much deeper.
Such efforts are currently in progress on the Plateau through
CEOP (Coordinate Enhanced Observation Period; http://
www.ceop.net).
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