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ABSTRACT

Based on the HEIFE 1988 and 1990 pilot observations, an analysis on the turbulence structure of Gobi surface
layer, mainly on the similarity formulations of wind and temperature variances. the spectra and cospecira
characteristics, is presented. The phenomenon of downward water vapor flux over Gobi desert in daytime is confirmed

in both observations, this and the well-known ‘oasis effect’ are two sides of a local mesoscale circulation.
Key words: HEIFE, Gobi, surface layer, turbulence structure, turbulence transfer

I. INTRODUCTION

In the ‘atmosphere—land surface interaction processes experiment at Heihe River Basin
(HEIFE)’ there are five stations located in the oasis, Gobi, and desert area. The surface differ-
ence of these areas causes apparent differences in their boundary layer structures and in charac-
teristics of turbulence transfer of energy, water vapor, etc. The study of these characteristics and
their interrelation is a special feature of HEIFE, when compared with similar experiments car-
ried out in other countries. A bird’s—eye view to the whole experimental region is mainly a large
area of Gobi and / or desert, with some oases dispersed along the river and irrigation canals.
The surface state of the oases is complicated due to the network of cropland and windbreak
trees and the scattered residential areas. Comparatively, the Gobi surface is simpler, and it is ea-
sier to arrange observational study in the first stage. So the HEIFE Pilot Observation (POP) in
1988 and Pilot Intensive Observation (PIOP) in 1990 were all carried out at Gobi Station. In ad-
dition to testing the whole observation system and methodology, we have made a preliminary
study of the turbulence transfer characteristics over Gobi desert based on the POP data. A pecu-
liar phenomenon of downward water vapor flux over Gobi desert in the daytime was noticed
(Wang et al., 1990). Here we present a further analysis on both POP and PIOP, mainly on the
characteristics of turbulence structure and turbulence transfer in the Gobi surface layer.

The turbulence transfer of momentum, heat and water vapor is a fundamental aspect in the
investigation of atmosphere—surface interaction, and it is closely related to the structure of sur-
face layer even the whole boundary layer. For an atmospheric entity C its vertical flux F can
be evaluated through measuring time series C(f) and the vertical velocity W({¢), and doing
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multiplication and average,
F=wC=w'c’, )

where v/ and ¢’ are the fluctuation parts of W(#). and C(f) respectively. This is equivalent to
integration of the cospectrum of w’c’, C,(f ), over frequency (f ) domain,

W ={"C (f )df . @

According to surface layer structure analysis the energy containing eddies are the carrier of vari-
ous turbulence transportation. A correct calculation of flux through (1) or (2) requires that the
measured time series of W(¢) and C(r) keep fidelity in both amplitude and phase in the whole
energy containing region. Referring to turbulence spectra characteristics this corresponds to a re-
quirement of the frequency response range in the process of measurement and averaging:

100 <2 <510, 3)
u

where /' is natural frequency, z measuring height, and ¥ the mean wind speed.

Calculating flux through (1) or (2) is the so—called eddy correlation method. Besides some
conditions such as stationarity and horizontally homogeneous surface there are no essential as-
sumptions. Therefore where accuracy in the measurements is an important concern, this method
is an only clear choice; However, the instrument sensors are relatively expensive and often re-
quire trained personal to operate. There are also some difficulties in the management of huge
amount of turbulence data in common field conditions. Based on recent advances in mi-
crocomputer—control technology, a low cost, real time turbulence data acquisition and pro-
cessing system has been ~veloped and successfully operated in HEIFE experiment. The specific
advantages of this system are a nearly immediate access to the measured and calculated quanti-
ties, better quality control of the data, and the ability for investigators to determine quickly if
correlations observed are statistically significant.

II. EXPERIMENT AND DATA

As the site and instrumentation are described in detail in Wang et al. (1990), only a further
brief introduction is given here. The HEIFE Gobi Station (100°06'E, 39°09'N, 1480m ASL) is
situated in the south part of Heihe River Basin, approximately 1.5—2 km to the south of Linze
oasis and 30 km to the north of Qilian Mountain. The surface is flat and open, particularly on
the south, and consists of coarse sand grains and small pebbles with very sparse scrup vegeta-
tion. Its geomorphic feature is consistent with conditions all along the south part of the basin.
Fig. 1 shows a land use map around the station.

The HEIFE POP was conducted mainly in the September of 1988. Besides a 20 m profile
tower (mean wind and temperature) and radiation measurements, a set of turbulence sensors, in-
cluding a three—dimensional sonic anemo—thermometer (Kaijo—Denki, DAT-300), a 12um
tungsten wire thermometer, and a fine wire (80 um) thermocouple psychrometer (Kaijo—Denki,
PY-100), have been used for eddy—correlation measurements. In the PIOP, carried out in Au-
gust, 1990, two sets of turbulence data acquisition system similar to that of 1988, including a
Lyman—Alpha hygrometer, have been operated. Besides, a tethered—sonde system and two ver-
sions of acoustic sondar were used simultaneously in probing the boundary layer structure.



94 ACTA METEOROLOGICA SINICA Vol. 6

=
uf

Gobi Station®

Gobi desert

1km

Fig. 1. Land use map around the HEIFE Gobi Station.

Sonic anemo—thermometer has been the essential instrument in the direct measurement of
turbulence fluxes. In order to extend data utility the sonic probe was carefully adjusted in most
hours so that the cross angle of 120—degrees between the horizontal components faces the pre-
vailing wind direction. The tilt angle of its vertical component was also checked constantly.
Low~—pass active filters (DC to 10 Hz) were used before the data digitization to reduce higher fre-
quency noise. A proper method was adopted to correct the probe ‘shadow effect’ in data pro-
cessing (Grant and Watkins, 1989).

The data acquisition and processing were performed with an L. M personal computer. In
most cases data were sampled at 10 Hz during 30 to 45—minute runs. With a well-done software
the data could be processed in about 10 minutes after each run, including eddy—correlation cal-
culations and spectral analysis, with a paper printing or data file output of the concerned statisti-
cal quantities, such as means, variances, correlations, stability parameter, momentum, heat, and
water vapor fluxes, and the power spectra of wind components, temperature, specific humidity,
and the cospectra of momentum and heat flux, etc. Some proper treatments for the original time
series, such as despiking, detrending, and some corrections to the sensors (including a time con-
stant correction for the thermocouple psychrometer (Tsukamoto, 1986)) were also
correspondently considered in the data processing procedure.

As checked by the analyzed results, the turbulence data collected in both POP and PIOP
are of high quality. In the following sections an investigation on the turbulence structure and tur-
bulence transfer characteristics is presented, mainly on a similarity analysis of the variances, the
characteristics of turbulence spectra and cospectra, and a re—examination of the phenomenon of
downward water vapor flux observed over Gobi desert in daytime. About 88 runs in POP and
135 runs in PIOP are selected in this analysis, in which various air stabilities and wind directions
are included. Some runs are discarded according to the following criteria:

(1) The mean wind azimuth deviation referring to the sonic coordinate system is larger
than 45 degrees; .

(2) Wind speed is lower than 1 m / s and normally with a very low value of |u'w’] evena
positive u’w’ (where »’ is along—wind fluctuation). These occurred mostly in the stability tran-
sient hours of morning and late afternoon, normally with an apparent nonstationarity.
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1. SIMILARITY ANALYSIS OF VARIANCES

According to Monin—Obukhov (M—O) hypothesis, various statistics of atmospheric
parameters, such as gradients, variances, and covariances, when normalized by appropriate pow-
ers of the scaling velocity #, and scaling temperature T, , become universal function of z / L.
As normally defined in the surface layer,

u, =(—uw), (4)

r, =9 - )
z _ /D) ©
L ui /kz

where L is M—O length, T mean temperature, 8’ potential temperature fluctuation, K Von
Karman constant. The relevant non—dimensional forms are mainly

kzou _ z :

u_ 2z —qam(L) , (wind shear) )
k_Zﬁ = (5) (temperature gradient) ®)
kze z T ..

-5 = q)a(z) ) (dissipation of turbulent kinetic energy) C)
u *

aw z . . »

P qow(z) , (standard deviation of w' ) (10)

Ty z i .

IT— =¢ H(Z) . (standard deviation of 0 ) 0]

The forms of universal function ¢, and ¢, have been concerned in many studies since based
on these relationships th shear stress (1 = p( — u’w’)) and sensible heat flux (H = pC, w’#) can

be rather easily evaluated through measurements of the variances of vertical velocity and temper-
ature. A free convection asymptotic analysis shows that o,/ u,0c(—z/ L) /? and ¢,/ |T,|oC
(—z/ L)"'’3 and based on observation data the propotional constants are 1.90 and 1.96
respectively (Wyngaard, 1973). In addition, at neutral stratification, o,/ u. and
gs/ u, should become constant. Panofsky and Dutton (1984) summarized some observations
in uniform terrain and presented a mean value, g,/ 4, =1.25. They also recommended an em-
pirical form for unstable situation:

o 1/3
)

s =‘Pw=1'25(1—3% , (z/L<0) (12)

»

u

which is commonly referred in the literatures. In stable air considering the low accuracy in deter-
mining ¢, and ., and other factors, Panofsky and Dutton still recommended ¢,,/ 4. being
a constant 1.25, i.e. its neutral state value.

For ¢, there are not so many references. Based on mixing length concept Panofsky and
Dutton (1984) introduced a formula for unstable and neutral stratification,
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<p9=c<ph=c(1—16%)“” , (z/ L <0) (13)

where ¢~ 5 when compared with some observation data. However, this form is inconsistent with
the asymptotic analysis of free convection.

Figs. 2 and 3 show the variations of 6,/ u. and o5/ |T.| versus stabiiity obtained from
HEIFE observations at Gobi Station. The data distribution for both POP and PIOP are quite
similar so only the latter is presented. Compared to some observations in the literature, data
points in Figs. 2 and 3 show a less scatter, particularly, in unstable side. It is apparent that under
z/ L<—0.35both o,/ u, and o,/ |T,| arein good agreement with the predictions of free con-
vection. Panofsky—Dutton formula, Eq. (12) is also plotted in Fig. 2 (dashed curve), which is ob-
viously higher than our observations. Particularly in the range of —0.1 <z / L <0 the calculated
values of Eq. (12) are 5—10% larger. Whereas in the stable side, the observe 1 data points of
o,/ u, show a little increasing with stability, as confirmed by some other experiments, for ex-
ample the recent results by Shaw and Hacker (1990). The solid curve in Fig. 2 represents a best

fit of the present data, which can be summarized by
1/3

. 1.90(—z/L)""" (z/ L <0.35)
e 1.14(1-15z/L0)" (—035<z/L<0) (14)
1.14140.6z /L) . (z/L>0)

For neutral stratification the present data show that o,/ u, =1.14, a constant smaller than the
commonly recognized Panofsky’s value 1.25. In fact, the latter was a simple average of about 10
observations conducted over both sea and land. The individual values of those observations
were ranged from 1.10 to 1.40. Recently, based on an experiment in Lovsta, Hogstrom (1990) in-
dicates that the near—neutral value of o,/ #, increases with height above ground (several sec-

ond and third moments, such as w'2 s u’2 w'  and v'2 w’ are not, as expected, constant in the sur-
face layer, but very logarithmically with height). In Lovsta data the mean values of o, / u, at 3,
6, and 14 meters were 1.14, 1.23, and 1.33 respectively. Hogstrom found that this is due to the
so—called ‘inactive’ turbulence. The present result of HEIFE Gobi Station (with mounting
height z=2.45 m ) was quite consistent with that of Lovsta 3 m data.

The best fit function form for 6, / |T. | in the present study is
-1/3

. 0.96(—z/L) """, (z/L< —0.30)
[¢] _
7.~ T |300-252/0) 7, (—0.30<z/L<0) (15)
30 . /L>0)

As in many other experiments the data points in near neutral and stable stratification show a
larger scatter; It is difficult to make a proper simulation. However the recent result by Shao and
Hacker (1990), derived on a local similarity analysis, is quite similar to Eq.(15).

A similar analysis for the along—wind and cross—wind components was also conducted.
The non—dimensional values of ¢,/ u, and o,/ u, are about 2.65 and 2.22 respectively at
near neutral conditions, which are very near the result of Panofsk and Dutton. Along with the
increasing of instability (when z / L <—0.1); the data points show a very large scatter; The sur-
face similarity is no longer valid. This is due to the influence of boundary layer structure of high-
er altitude, and is consistent with the results of turbulence spectral analysis presented in the next
section.



No. 1 TURBULENCE STRUCTURE & TRANSFER IN HEIFE GOBI AREA 97

6.0 T 77 LA ) B LA T
5.0r .
4.0‘ . g ¢ . : . LTS . 4
__,._'_‘_._-_..1_.'__4_.__ i
R

v ]
]
-1 VTN S SO TN A S S SN 115 N 1 S S S W SN B U 0 W U7 N SR S WU Y U B
-10 -1 ~-0.1 -0.010.01 0.1 1 23

z/ L

Fig. 2. Variationsof ¢/ u, versus stability. Dashed curve is the simulation of Panofsky and
Dutton (Eq. 12). Slope 1 / 3 line is the free convection asymptotic. The solid line is the

best fit of this experiment (Eq.14).
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Fig. 3. Variationsof g,/ |T, | versus stability. Solid curve is the best fitted line of this
experiment (Eq. 15). (Data points in stable part are very scattered, the constant

value shown by dashed line is for reference).
IV. BASIC CHARACTERISTICS OF TURBULENCE SPECTRA

Figs. 4—7 show the power spectra of wind components w, u, v and temperature T of five
runs at different stabilities in the HEIFE PIOP. The abscissa is the commonly—used reduced fre-
uency n = (f z)/ u, the ordinate is the normalized spectra using Kaimal’s scheme (Kaimal et al.,
1972). The basic form of u—spectrum, for example, in the inertial subrange,

Fu(kl)zausz/skl—sn , (16)
(where k, is wavenumber in the wind direction, «, the Kolmogorov constant) could be, in

terms of natural frequency and the concept of surface layer similarity, rewritten as
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— (17

= —-—;——(pg
ui (27{)2/3 u 7[)2/3

The Taylor hypothesis £, = (2nf ) /u has also been used. Note that ¢, in Eq.(17) is the

universal similarity function of turbulence kinetic energe (TKE) dissipation rate presented in
Eq. (9). Furthermore if we take a, = 0.50 (see below), k= 0.40, then Eq. (17) can be simplified to

fSu(f) x, 32/332/3 2\ %3 o /3 —203
_ Z — n
. (2

u

f Su (f ) —2/3
s =027n (18)
u,o,
Similarly the v, w and T spectra in inertial subrange can be derived:
;8.0 _
T 3,5 = 0.36n v ) (19}
*gog
r8,0) —2/1
o =036n (20)
u. e,
fS (f) -2/ -
2 : 7 =0.38n ' (21)
T, oy,

where ¢, is the dissipation rate of non—dimensional temperature variance. With logarithmical
plotting the spectra normalized in this way collapse into one straight line of slope ~2 / 3 in the
inertial subrange. Figs. 4—7 show a result quite consistent with Eqs. (18)—(21), respectively. In
the non—dimensional spectrum calculations the following forms of ¢, and ¢, have bewn
adopted:

q)s :q)m —Z/L * (22)
Oy =0, (23)
where ¢,, and @, took the widely—used Businger—Dyer profile—gradient relationships:
a-16z/L) ", (z/L<0)
- (24)
1+5z/L, (z/ L>0)
(1-16z/L) """, (z/ L<0)
= (25)
1+5/L . (z/L>0)

The stability range was from z / L=-0.32 to 0.31 for the runs plotted. The data points are most
well-regulated in Fig. 4 in which with z/ L increasing the spectral curves shift gradually to
higher frequencies. As the variance analysis shown above, this also proves that the statistics of
the vertical wind w agrees well with surface similarity. Comparatively, the spectra of horizontal
wind ¥ and v are different. In unstable air the spectral points of different runs tend to cluster
in a random fashion. Turbulent energy occupied by their low frequency region is clearly higher
than that of w—spectra, representing the effeet of the higher altitude structure. Another feature
of the Gobi u— and v—spectra is that in stable cases there are mostly two peaks clearly ap-
pearring in its low frequency region. Calculations by using of profile data show that the second
peak is close to the Brunt—Vasala frequency, an effect of gravity waves induced by the local
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topography.

The form of temperature spectra is normally in between the vertical and horizontal wind
spectra. Twin peaks are also clearly presented in stable conditions. This is consistent with Fig. 3

and the relevant analysis.
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Fig. 4. Spectra of vertical wind component of 5

runs in different stabilities; Normalized by

Kaimal scheme.
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Fig. 6. Asin Fig. 4, but for cross—wind component.
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Fig. 7. Temperature spectra for the same runs as in Fig 4.

Other charateristics of turbulence spectra in the Gobi surface layer will be presented in an-
other paper, including the variability of peak frequency with stability, the determination of
Kolmogorov constants ( @, = 0.50 % 0.04, «=0.64 + 0.03), the fitting form of ¢, , etc. Generally

speaking, the most features are rationally consistent with the results of horizontal surface experi-

ments.

Figs. 8 and 9 show the cospectra of momentum (x’w’) and temperature flux (w’@’) of the

same runs. Compared to power spectra, the collapse in both high and low frequency ends is
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obviously faster, and with a nearly —3 / 4 slope in the high frequencies. The frequency region of
the latter coincides with the inertial subrange of the power spectra; this also shows that the large
wave number turbulence is nearly in a state of local equilibrium, and with a very little contribu- !
tion to the fluxes. The spectral collapse in both frequency ends for u'w’ seems faster than ‘
that of w'#, i.e., the peak region of the cospectra of temperature flux is flatter than that of the
momentum, but their frequency coverage is roughly the same. Cospectral analysis is helpful in
determining the flux contribution of different eddy frequencies. It can be seen from the figures
that in case of flux observation alone the sampling period can be shorter. Particularly in stable
conditions, since more contribution is due to high frequency eddies, an average time of 15 to 20
minutes could be good respresentative in the calculation of heat and momentum fluxes.
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Fig. 8. Cospectra of momentum flux for the Fig. 9. Cospectra of sensible heat flux for
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Fig. 10. Spectra of specific humidity (unstable.. - Fig. 11. Cospectra of water vapor flux for

cases). the same runs as in Fig. 10.

The spectrum of specific humidity derived from thermocouple psychrometer is normally



No. 1 TURBULENCE STRUCTURE & TRANSFER IN HEIFE GOBI AREA 101

with a larger scatter and bends upward in high frequency end, probably due to the time constant
difference of its dry and wet bulb (about 0.19 s for dry bulb and 0.7 s for the wet). Although
some compensation or correction has been adopted in the original data processing, matching
imbalance could still exist at some frequencies, particularly in the high frequency end. Fig. 10
shows the g—spectra of four unstable runs. Their peak frequency n20.01, about the same of the
temperature spectra. While n> 1, the spectrum curves bend up. However, as shown in Fig. 11,
the cospectra of w'q’ obviously drop down in this high frequency region, the bending up of the
g—spectra does not mean a notable effect in the eddy—correlation calculations of the water va-
por flux.

V. ENERGY BALANCE PROPERTY AND THE DOWNWARD WATER VAPOR FLUX IN DAYTIME

It was noticed in the Pilot Observation Period of 1988 that the water vapor flux in Gobi sur-
face layer was mostly downward in daytime, as shown in Fig. 12 for the last seven days of the
POP. The diurnal variations of net radiation (measured by radiometers) and sensible heat flux
(by eddy—correlation method) were similar to many other observations; the sensible heat was
comparatively larger in daytime, about 1/ 2 to 2/ 3 of the net radiation; Besides, there was a
rather peculiar phenomenon: the latent heat, or water vapor flux, was nearly all negative in the
day (0700— 1900 LT), and changed to positive in late evening. The averaged downward vapor
transportation in the day was about 12.4 g/ m* per hour.
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Fig. 12. Diurnal variation of net radiation (A\), sensible heat (+), and latent heat ( x ),
in 13—19 September 1988.

In the observation period of August 1990, there were slight or moderate rains several times.
The phenomena of downward vapor transfer were not so obviously but still presented in more
than half daytime runs. For the situation of dry weather lasted continuously several days, the
diurnal variation of energy balance components was quite similar to that in Fig. 12. For in-
stance, Fig. 13 shows the hourly variation of net radiation (Rn), sensible (H) and latent heat
(LE), and ground heat flux (G, measured by heat flux plates at 5 cm deep) of August 20. The
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downward water vapor flux was confirmed by the profile measurements of specific humidity, as
plotted in Fig. 14, the vertical profiles of humidity and temperature of 11 and 12 h of the same
day. In the figure, humidity below 8 m (open circle) was measured by HUMICAP sensors on
the tower, the upper layers by psychrometer of the TS—3A tethered—sondor. It is shown that
there is no apparent humidity variation in the boundary layer below 500 m, however, for the
lowest several observation levels the humidity ‘inversion’ is clearly presented for both tower
and TS—3A measurements.
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Fig. 13. Hourly variation of the surface layer energy bud- Fig. 14. Profiles of temperature (right) and specific humidi-

get components (Rn net radiation, H sensible ty (left) at 11 and 12h, August 20, 1990. Open cir-
heat, LE latent heat, G ground heat flux) in Au- cles were measured by the tower, solid circle by
gust 20, 1990, which is a clear day; in 0800 — tethered—sonde system.

1800LT, the wind direction was mostly NNW
and wind speed 4—7m / s; the wind reversed to S

since 2000 LT and with a lower speed at night.

This phenomenon, in fact, has also been noticed in some observational studies conducted in
the same area a few years ago, and, in the ‘Qinghai—Xizang (Tibet) Plateau Experiment’ carried
out in late 1970s. Only this time did we use more advanced equipment, so the phenomenon
could be shown more clearly and quantitatively. A preliminary analysis indicates that the humid-
ity inversion is closely related to a local mesoscale circulation, a mountain—valley wind system
associated with the Qilian Mountain. The prevailing wind in the daytime is north to northwest,
as cited in Fig. 13 for August 20. The humid air over the irrigated river basin oasis is advected to
the Gobi desert. Therefore, in Gobi surface layer or to some height of the atmospheric
boundary layer, the upper air would be more humid than the lower, and a downward water va-
por flux would be formed. Because the Gobi surface in daytime is normally dry and hot, the
downward water vapor would be absorbed, without phase changing, by the sand—pebble sur-
face, and transferred to some depth in the ground by molecular and, probably, turbulent diffu-
sion. The transfer depth is related to the soil structure and the larger humidity and temperature
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gradient under the Gobi surface.

At night the wind is normally reversed. The dry air from the north side of Qilian Mountain
and the vast Gobi desert blows to this station. The water vapor absorbed by the sand soil in
daytime could be formed to release to the air and-formed a positive vapor flux.

Based on this analysis, the water vapor transfer normally does not join the energy balance
process in Gobi surface layer, the latent heat in Figs. 12 and 13 only means vapor transfer. The
three terms— net radiation, sensible heat, and ground heat flux are roughly in a balance as
shown in Fig. 13.

The phenomenon of downward water vapor flux over Gobi desert in the daytime, in fact, is
the another side of the well-known oasis effect. In daytime over oasis the air in the lower level is
often rather wet and cool, the higher level rather dry and hot. The water vapor transfers up-
wards, while the sensible heat transfers downwards. This is just the opposite to the Gobi situa-
tion. Moreover, sometimes the measured latent heat over oasis is even larger than net radiation
because the surface extracts more energy from the warmer air.

VI. CONCLUSION

In September of 1988 and-August of 1990, two observational experiments have been car-
ried out in the HEIFE Gobi Station. A data set on the surface layer turbulence has been collec-
ted, which is proved to be of high quality. An analysis on the surface layer structure shows that
turbulence statistics such as the variances of vertical wind component and temperature are in
good agreement with the surface layer similarity theory; the relevant forms of similarity function
are presented. The characteristics of the power spectra of wind components, temperature, and
humidity. and the cospectra of momentum and sensible heat flux are similar to that of flat and -
horizontal terrain. For the spectra of horizontal wind the low frequency region shows large scat-
ter in unstable stratification and two apparent peaks in stable cases. The phenomenon of down-
ward water vapor flux over Gobi desert in the daytime, which was clearly noticed in 1988, is con-
firmed in the PIOP of 1990. An analysis on its physical mechanism is given in Section V. As the
well-known oasis effect, this phenomenon is closely related to a local “Gobi desert—oasis” circu-
lation system. It is also proved through these two pilot observational studies that our turbulence
data acquisition system worXxs satisfactorily, the relevant real—time data processing software is
also well—done; this forms a good basis for the formal HEIFE experiment.
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