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ABSTRACT

The characteristics of the turbulence spectrum, turbulence variance, and turbulence flux at Qamdo over
the Southeastern Tibetan Platean measured during the TIPEX experiment from 18 May to 30 June 1998
are analyzed by the eddy correlation method. During periods of intense convection, most of the spectra
of the 3D winds, temperature, and humidity follow a power law with a slope of ~2/3. The normalized
variances of the 3D winds in relation to z/L satisfy the similarity law but the normalized variances of
temperature and humidity are related to z/L by a ~1/3 power law only in unstable conditions. In near-
neutral stratification, ou/u. and o, /u. at Qamdo and Gerze are nearly constant in rugged terrain and
ow/u. at Qamdo and Gerze is similar to the value found in plains, which indicates that the, effects of
landform on vertical turbulence is not significant over the southeast and western Tibetan Plateau. During
the dry period, the sensible heat dominates, comprising 81% of the heat intensity, with the other 19%
being latent heat; during the wet period on the other hand, the latent heat accounts for about 64% of
the available energy and the sensible heat only around 36%. The maximum intensity of the heating of air
occurs in the middle of the Plateau during the summertime.
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1. Introduction

Atmospheric dynamic and thermal effects over the
Tibetan Plateau are dominated by surface-atmosphere
interactions. The First Plateau Meteorological Exper-
iment (QXPMEX) in 1979, substantially advanced our
understanding of the radiation balance of the Plateau
(Zhang et al., 1988). Unfortunately, however, its lim-
ited facilities available for sounding made it diflicult
1o intensively observe and explore the structure of the
Plateau’s boundary layer and its turbulen transfer,
particularly in the western and southeastern Plateau.
As a result, the eddy correlation method was never
used there. The second Tibetan Plateau Meteorologi-
cal Experiment (TIPEX) was conceived to remedy this
deficiency by focusing on measuring directional pro-
cesses of turbulence transfer. TIPEX established sites
for measuring the planetary boundary layer (PBL)
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structure at Gerze, Damxung, and Qamdo in the west-
ern, middle, and southeastern regions of the Plateau,
respectively (Zhou et al., 2000). Advanced instrumen-
tation was used to systematically measure 3D winds,
temperature, and water vapor, along with the com-
ponents of the radiation balance and profiles of soil
temperature. Bian et al. (2001) and Li et al. {1999)
reported the detailed measurements and analysis of
the turbulence in the near-surface layer over the south-
eastern and the western Tibetan Plateau. This paper
presents the characteristics of the turbulence spectrum
and variances of 3D winds, temperature, and specific
humidity, and it compares the heating intensity from
the middle and western parts of the Plateau by the
eddy correlation method. Both of these allow an un-
derstanding of the turbulence structure and boundary
layer parameterization of the Plateau.
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2. Turbulence spectrum

The spectra of atmospheric turbulence can reveal
laws of motion and test data quality. Although spec-
tral structures over a variety of underlying surfaces
have been studied both by theory and experiment
(Zhou et al., 1991; Panofsky et al., 1982), observations
of the turbulence structure over the Tibetan Plateau
have not yet been published.

We generated the turbulence spectrum of each vari-
able in all of the 16384 samples by using fast Fourier
transformation (FFT) and the Hamming window fil-
ter. An example is the spectral analysis of horizon-
tal wind (u), vertical velocity (w), temperature (T,
and specific humidity (g) at 1500 LST 20 May 1998,
with the usual dimensionless frequency f{nz/L) on
the abscissa and the scheme-normalization parame-
ters of Kaimal et al. (1972) on the ordinate (Fig.
1). The various elements have a maximum at low
frequencies and a clear inertial domain at high fre-
quencies. The energy dissipates with a power law and
a slope of -2/3 (solid line), which indicates that the
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system is generally isotropic. The maximum longitu-
dinal spectral frequency f,, reaches ~ 0.005, and the
maximum frequency f,, of the vertical velocity spec-
trum ranges between 0.05 and 0.08, which is close to
the fmw = 5fmu = 2fme» from the HEIFE Experiment
{Wang et al., 1993). Tf the f, of the vertical spectrum
is assumed to be 0.065, the maximum dominant vor-
tex would have a vertical scale of Ly, = 2/ fq ~ 30 m.
The fi, of the temperature spectrum is on the order
of 0.06, slightly smaller than the one for specific hu-
midity (0.08). Of the various spectra, fn, is lowest for
the horizontal wind. Specific humidity and tempera-
ture have the weakest and strongest energy specira,
respectively, which suggests the occurrence of turbu-
lence during the dry periods. The slight upward bend
at the inertial end of the spectrum for specific humid-
ity may be an instrumental artifact.

Most of the spectra during unstable stratification
in daylight follow a power law with a slope of -2/3,
whereas many of the nighttime spectra for tempera-
ture and specific humidity do not, probably because
stable stratification suppresses turbulence motion.
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Fig. 1. Turbulence spectra of wind u (a), w (b), temperature {c), and specific humidity (d) at the Qamdo site.
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Fig. 2. Mean daily course of turbulence intensity (I) and
stability (z/L) in the dry (a) and wet (b) period where
the solid line denctes 1., dashed I,, and dotted ... z/L(c)
is represented by a solid {(dashed) line for the dry (wet)
period.

3. Turbulence intensity

Because the Qamdo area often experienced thun-
derstorm after 23 May, generally from early evening
into the night, we defined that date as the beginning
of the wet period. The difference in air temperature
between 0.5 m and 8 m is obviously greater in the
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dry period than in the wet period, while the difference
in specific humidity is just the reverse, i.e., there is a
distinct contrast in the two periods.

The averaged daily variation of turbulence inten-
sity (I) showed that the intensity was much larger in
the dry period than in the wet period with I, > [, >
Iy (Fig. 2). The stratification approached the unstable
state (z/L < 0) from 0800 LST while the turbulence
began to intensify. After 1500 LST, the turbulence
developed vigorously and reached a maximum around
1800 LST, after which the turbulence was suppressed
and the intensity reduced by the return to neutrality
or stability (z/L > 0} in the dry period. The tur-
bulence was enhanced in a rather smooth way with
no significant peak displayed, except that its intensity
was larger during the daytime in the wet period. For
this reason, the thermal effect was dominant in the
strengthening of turbulence at the Qamdo site.

4. Turbulent variance analysis

The variances of the 3D winds, temperature, and
specific humidity in the near-surface layer were then
normalized by frictional velocity (u.), scale temper-
ature {7,), and scale humidity (g.), respectively. By
similarity theory, these should be functions of stability,
and were expressed as

Ua/u*:qba(z/L): a=u,vw (1)
or/|Ty] = ¢ulz/L), (2)
0qflasl = dq(=/L) , (3)

where T’ = _W/u*) G = _W/u'*l and ¢'aa (bh and
¢q stand for the universal functions of the variance of
3D winds, temperature, and specific humidity, respec-
tively. The normalized variance of 3D winds for the
neutral stratification in the near-surface layer is known
to be approximately constant, i.e., 0, = Ay, 0, =B,
and o, = Cu,..

Panofsky and Dutton {1984} reported values for
A, B and C over different surfaces of a plain. The rela-
tion between variance of the horizontal winds and z/L
in unstable stratification generally follow & 1/3-power
law, i.e., 0y fus =(—2/L)!/3, but this is controversial.

In order to ensure the high quality of the variance
analysis of all variables and to eliminate the effects of
local landform, the data during and after rain events,
wind speeds less than 1 m s~!, and unrealistic wind di-
rections were removed. Figure 3 depicts the relations
between the normalized variances of the 3D winds and
z/L at the Qamdo and Gerze sites, indicating that the
relationship satisfies the 1/3-power law in the unstable
cases (z/L < 0) but tends to approach constants in
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Fig. 3. Relation between normalized variances of 3D winds and —z/L at the Qamdo and Gerze sites.

the near-neutral cases. This leads to the following fit-
ted curves:

Oufun=3.45(1 - 3z/L)}*,  z/L<0, (4)
0u/ty=3.15(1 — 32/L)/*, z/L <0, (5)
owfua=1.3(1 - 30z/L)**,  z/L<0, (6)

In their study of marine data, Hedde and Darand

(1994} showed that o, /u. and and oy/u. are not re-
lated to z/L by a 1/3-power law, but rather that
Ou/us = 2.0 and g, /u, = 1.3 for near-neutral stabil-
ity. On the other hand, Panofsky and Dutton (1984)
showed that ¢, /u. and 0, /u. were related to z/L by
a 1/3-power law. Thus the relations between variables
depend on the sites under investigation.
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Wyngaard and Cote (1974) suggested that the nor-
malized variance of vertical velocity was related to 2/L
as follows:

Oty =[1.6 — 2.9(z/L)?/*11/2 N
Panofsky and Dutton (1984) formulated the following

empirical similarity function for unstable stratification
over a homogeneous surface:

0oty = 1.25(1 — 32/L)1/3 . (8)
Thus the relationship pattern between o4, /%, and z/L
at both sites (Fig. 3) is very similar and close to that
of Panofsky and Dutton (1984) except the constant of
(6} differs locally from that of (8). Although Qamdo
and Gerze are located in the regions of the Plateau
that are different from plain regions, it is not only the
relations between o4/, and z/L but also the vari-
ances of the horizontal winds that demongtrate they
meet the similarity law.

The expressions (4)-(6) for the fitted curves of
dimensionless wind variance versus z/L further re-
veals that with z/L = 0 for neutral stratification,
Ou /e, Oy fUs, and oy /u. are close to constants, A, B
and C, respectively. Table 1 shows the values these
constants over rugged terrain in a near-neutral sirat-
ification case from TIPEX and other sources (Qi and
Wang, 1996; Panofsky et al., 1977). One can see that
A > B > C occurs and the observed A and B are big-
ger in a rugged region than on a plain. The values of A
and B are comparable from TIPEX sites and rugged
areas but lower than those from Rock Spring, PA. The
value of C is quite close to that from an uneven ter-
rain and Rock Spring PA, except for the Damxung site
which is located in middle of the Plateau. This fact
demonstrates that the landform around the observing
site has less impact on vertical turbulence compared
to its influence on horizontal turbulence motion.

The variances of nondimensional temperature and
specific humidity in unstable stratification cases can
be expressed as

or/IT] = B(=2/L)"'7*,
agflal = A(=z/L)7?

9
(10)
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where /3 is a constant. The relationships of o1 /|T.,| and
a./lgs| to z/L depend on stability. In unstable con-
ditions, or/|T,| and z/L are related by a 1/3-power
law, whereas in stable conditions, or/|T,| decreases
with increasing z/L, both being almost unrelated to
their universal functions (Fig. 4). Analogous results
for Nagqu, Tibet were found from the variance analy-
sis of data taken during the same period (Hirohike et
al., 1999). Using data at Qamdo (11) and Gerze (12)
under unstable stratification, we found that or/IT,|
and z/L were related in the following way:

or/|Tu| = 1.10(=z/L)~3
or/lg.| = 1.21(~z/L)7*/%.

The normalized variance of temperature has been
studied much less. From the concept of mixed length,
Panofsky et al. (1984) found that o1 /T, and z/L dur-
ing unstable stratification were related as follows:

or/|T.] = 5(1 - 162/L)/?. (13)

Measurements of turbulence during the Heihe Field
Experiment (HEIHE) allowed Wang et al. (1993) to
derive

or/|Tl =096(z/L) 3,  2/L<-035. (14)

Thus the relations between or/|T,| and z/L at Qamndo
and Gerze that we derived Eqs.(11) and (12) are sim-
ilar to those of Wang et al. (1993), but differ greatly
from those of Panofsky and Dutton {1984). Also, the
divergence augmented in a near-neutral condition may
be ascribed to weak convection and turbulence heat
fluxes that are too small and too variable to be mea-
sured precisely.

Note that from Fig. 4 one can see that the vari-
ations of ¢q/|g.| with z/L diverge considerably more
than o7/|T,| versus z/L. The best fit of a4/|g.| to
z/L for unstable stratification at the Qamdo (15) and
{16) Gerze sites are

oo/ 1| = 1.60(z/L)~1/3,
ofla«l = 1,37(z/L)v1/3 .

(11}
(12)

(15)
16)

Table 1. Dimensionless variances of 3D winds under near neutral stratification
Sites oufus=A oyfue=B Ow/ue=C reference
Qamdo 3.45 3.15 1.30 TIPEX
Damxung 3.40 245 115 Zhou et al. (2000}
Gerze 3.21 2.69 1.46 TIPEX
Wudaoliang 2.98 2901 1.35 Qi et al. (1996)
Erie, CO (rugged terrain} 2.65 2.00 120 Panofsky and Dutton (1984)

Rock Spring, PA (rugged terrain) 3.20 2.90 1.24 Same
Rock Spring, PA (mountain) 3.50 3.80 1.24 Same
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These curves, although nearly a 1/3 power law under
unstable conditions, display conspicuous scatter. The
relation of the similarity law does not hold under the
stable condition as the divergence is too great between
7a/lau] and z/L.

In their study of data over a plain, Hogstrom and
Semdman-Hogstrom {1974) indicated that o4/lg.| and
z/L during the convective conditions follow the 1/3
power law with a constant 3=1.04. It follows that the
results (15} and (16) from the measurements made in
the Plateau during an unstable case are compatible
with the relation between a,/l¢.| and z/L over plains
except with larger values of 3 over the Plateau.

ADVANCES IN ATMOSPHERIC SCIENCES

VOL. 20

1x10°

y=1.21¢z/)"?

1x10°

1%10'

o /T,

1x10° f

lussoss o

Diois o

1x10°  1x10”

SN TP T

1%10'

i

duviis s o

<107 1x10°

1x107 ™
1x10°

1x10°
i 113
y=1.37(-z/L)

1x10° k

1x10'

g q/] q"

1x10°

Gerze

J PR |

Lia | YT PP TU

100 1x10°  1x10"  1<10"  1x107  1x10*
-z/L

1x10"

1%

to z/L at the Qamdo and Gerze sites.
5. Features of heat source intensity

Since the Plateau surface heats the atmosphere
by turbulence exchange and radiation processes, the
heat balance equation for the underlying surface is ex-

essed
DI ™ B4 LE=R.-0Q,, (17)

where H is sensible heat and LE latent heat observed
by eddy correlation, R, net radiation measured, and
Qs soil heat flux obtained by soil flux plates and tem-
perature gradients. The terms (H+LE) and (R,—@Q;)
of Eq.(17) are both referred to as the heating inten-
sity. Here we use H+LF to reveal how net radiation
absorbed at the surface heats the atmosphere by
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Fig. 5. Mean daily course of heat source intensity for
the dry (solid line} and wet {dashed line} periods at the
Qamdo, Damxung, and Gerze sites.

transferring heat via turbulence and evaporation.
Figure 5 presents the mean daily variation of heat
source intensity {H+ LE) for the dry and wet periods
at the Qamdo, Damxung, and Gerze sites. It indicates
that the pattern of the simple daily course at the three
sites is quite similar and around midday, there is a no-
ticeable maximum and in early morning & minimum in
both periods, which are determined by the daily cycle
of solar radiation. Remarkably, H+LE during the wet
period is larger than in the dry period. The biggest
daily pesk of H+ LE associated with the Damxung
site reached 260 and 323 W m~? for the dry and wet pe-
riods, respectively. The peaks are 239 and 317 W m~2
for the Gerze site, and 210 and 305 W m~2 for the
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Qamdo site for the respective periods. On average,
from 0900 to 1900 LST, the surface transfers heat by
turbulence motion, and during the night the surface
absorbs heat from the air with small turbulence flux.

Table 2 summarizes the turbulence heat flux and
heating intensity measured simultaneously at the
TIPEX sites. It indicates that the sensible (latent)
heat fluxes constitute 81% (19%) for Gerze, 96% (4%)
for Damxung, and 82% (18%) for Qamdo of the heat-
ing intensity in the dry period. Thereafter, the la-
tent (sensible) heat transport makes up 48% (52%)
for Gerze, 47% (53%) for Damxung, and 64% (36%}
for Qamdo of the heating intensity in the wet period.
We can therefore say that the sensible heat is the main.
constituent of the heating flux during the dry period,
and that the latent heat increases to become a higher
proportion of the total heating during the wet period.
Further, the total heating is also greatly increased at
the three sites, in which it reaches >100 W m~? at
Damxung, during the wet period.

Table 2 also shows that after the monsoon onset,
the observed cloudiness and precipitation simultane-
ously increase significantly, and are accompanied by
storm weather. It follows that the intensification of
the surface heating is responsible for augmented quan-
tities of vapor transported in the form of latent heat
into the air from the ground. This increases the poten-
tial energy available to produce eddy disturbance over
the Plateau, triggering the growth of cloudy weather
and rainfall, which is a feedback between the surface
heating and the weather pattern. Zhu and Zhao (1987)
reported their study on the feedback.

In order to better understand the difference of heat-
ing source intensities on the Plateau, we examine the
average summer heat fluxes and surface energy budget
components obtained from TIPEX and QXPMEX, as
shown in Table 3. This demonstrates that although
there was a difference in observation techniques, fa-
cilities, and methods between TIPEX and QXPMEX,
the heat fluxes and energy components are to some
extent comparable and representatives of the different
sites on the Plateau.

It is necessary to indicate that the turbulence flux
of TIPEX measured by eddy correlation came with a
certain error of energy balance closure, while the tur-
bulence flux of QXPMEX obtained by the profile and
thermal equilibrium methods came without closure er-
ror. However the closure error (10%) between H+LE
and R, — (), at the Gerze site was smaller than the
other two sites, 16% and 38% for Qamdo and Damx-
ung, respectively. The error is high at Damxung, but
the closure errors at Gerze and Qamdo are acceptable
compared with many reports (Gu et al., 1999; Li et
al., 1999). There are several possible reasons for the
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Table 2. Turbulent heat fluxes (W m~2) during the TIPEX
Site Period H LE H+ LE
Gerze Dry 46.0 11.0 57.0
Wet 44.0 41.0 85.0
Damxung Dry 74.2 2.8 77.0
Wet 57.56 §0.0 107.5
Qamdo Dry 53.7 11.5 65.2
Wet 33.8 60.6 94.4
Table 3. Comparison of summer heat componenis from different sites in the Tibetan Plateau
Sites Above msl Latitude Longitude H LE Qs Ry, Source
(m} N) (E) Wm™%) (Wm™?) Wm?) Wm?)
Qamdo 3227 31°96' 97°16’ 41.2 34.2 10.2 106.1 TIPEX
Lhasa 3633 29942 61°08' 73.5 42.9 11.0 133.9 Chen and Wen (1984)
Damxung 4260 30°02 91°06" 65.9 26.4 7.7 157.4 TIPEX
Nagqu 4507 31029/ 92°03' L7 24.1 11.0 112.3 Chen and Wen (1984)
Shuanghu 4290 32038/ 89°00' 75.6 39.0 9.8 124.4 Chen and Wen (1984)
Shiquanhe 4278 32°30° 80°05' 68.8 312 9.7 109.7 Chen et al., ((1984)
Gerze 4200 32013 84°48' 45.0 26.0 14.0 92.5 TIPEX

closure are errors. The vapor turbulence measure-
ments are less accurate compared to their temperature
counterparts, erratic fluctuations may be affected by
the surrounding complicated topography, and dew oc-
curring on the surface of various sensors in the clear
sky night could produce accumulative errors in the
data.

The evidence indicate that H+LF or R, —(Js at
Qamdo, southeast Tibet and Gerze and Shiquanhe,
western Tibet is lower than over the middle of the
Tibetan Plateau from 91°E to 89°E during the sum-
mer. The sensible heat is a considerable proportion
of the heating intensity, and the latent heat exhibits
no significant difference between the eastern and west-
ern parts of the Plateau. It is noticeable that the
largest heating intensity is over the central Plateau
with (H+LE) or (R,—Q,) > 100 W m~2 which should
be considered in the boundary-layer parameterization
schemes [or the Plateau in numerical models.

6. Momentum flux

The daily mean course of momentum flux () and
wind speed {U) are shown in Fig. 6, which indicates
that they display noticeable daily cycles but that these
are in opposite phases in the two periods. The mo-
mentum transfer is enhanced with the increasing wind
during the afternoon. The daily peak appears at 1800
LST and the sub-peak at 2000 LST during the dry pe-
riod. The transfer is reduced to a great extent due to
the effect of overcast and cloudy conditions in the wet

period. The fluxes are exceedingly small from Q000 to
1000 LST in both periods. The pattern of the daily
course at Qamdo is roughly analogous to that at Gerze,
based on synchronous measurements (Li et al., 1999),
but the flux intensity is higher than at Gerze.

7. Conclusions

By applying the eddy correlation method to data
from TIPEX, the characteristics of turbulence transfer
parameters for Qamdo in the southeastern Plateau are
presented and compared with the results obtained in
the middle and western Tibetan Plateau. This study
provides a first understanding of the turbulence struc-
ture and transport characteristics for the summertime
near-surface layer of that part of the Plateau.

Most of the spectra of the 3D} winds, tempera-
ture, and humidity during the convection cases follow
a power law with a slope of 2/3. The normalized vari-
ances of the 3D winds in relation to z/L stable and un-
stable stratification satisfy the similarity law but the
normalized variances of temperature and humidity are
related to the stratification by a -1/3 power law only in
unstable conditions. Under stable stratification, their
relation to z/L is scatiered. In near-neutral strati-
fication, o, /u. and o,/u. are similar to those in a
rugged terrain and o,,/u, is similar to that in plains.
The evidence indicates that effects of landform on the
vertical turbulence are not significant and differ from
the effects of horizontal winds over the southeast and
western Tibetan Plateau.
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Fig. 6. Daily mean course of momentum flux (r) and
wind speed (U).

At the Qamdo site during the dry period, the sen-
sible heat dominates, comprising 81% of the heat in-
tensity with the other 19% being latent heat; in the
wet period on the other hand, the latent heat is larger
at 64% of the heating intensity while the sensible heat
fraction is less at 36%. On average, the intensity of the
heating of air in the southeastern and western Plateau
is lower than in the middle Plateau during the sum-
mer. The maximum heating intensity occurs in the
central area of the Tibetan Plateau.
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