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ABSTRACT

The parameterization of surface turbulent fluxes over the Gobi Desgert in arid regions is studied by using
rationally screened observational data. First, the characteristics of Monin-Obukhov similarity functions
are analyzed and their empirical formulae are fitted. The results show that fitted curves of changes of
similarity functions of wind speed and temperature with stability parameter differ little from the typical
empirical curves and are within the ranges of scatter of the empirical curves, but their values in the neutral
condition are different from the iypical velues to some extent. Furthermore, average values of momentum
and scalar {sensible heat) roughness lengths as well as changes of scalar roughness length with friction
velocity are determined by utilizing the data. It is found that the uverage values of scalar roughness length
are about one order smaller than that of the momentum roughness length and decrease with increasing
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friction veloeity, but they are evidently larger than their theorctically forecasted values.

Key words:

Gobi, surface turbulent flux, parameterization, similarity functions, scalar roughness length

1. Introduction

In most of the present atmospheric numerical mod-
els. especially in meso/micro-scale models, the han-
dling of lower boundary physical processes such as sur-
face momentum and sensible heat fluxes is put into a
land-surface process wmodel that is coupled with the
atmospheric numerical models. In most of the land-
surface process models (Monin and Qbukhov, 1954),
surface momenturn and sensible heat fluxes are cal-
culated by using the flnx-profile relationship (Carl et
al., 1973) based on Monin-Obukhov (M-O) similarity
theory {Businger ct al,, 1971), which can usnally be
expressed as (Monin and Obukhov, 1954)

Kz OV

uy Dz ) (1)
Kz Of )
505 ¢n, (2)

where & is the von Karman constant and gencraily
equals 0.4; z the height; u. the friction velocity, 8. the
characteristic temperature scale; V and @ the mean
horizontal wind speed and potential temperature, re-
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spectively; and ¢m and ¢p the M-O similarity func-
tions of wind and temperature. In an atmospheric
numerical model, formulac (1}-(2) need to be wrilten
from their differential {forms into their integral forms

vV 1 z—d
— =1 - .
o=y (n = w) , (3)
90, 1( z—d

9* = . (ln 270 —_ u')h) , (4)

where #, is surface potential temperature; v, and ¥,
are integral forms of ¢ and ¢y, respectively; d the
displacement, height, neglected in the Gobi; zp and
zTo are the roughness lengths of momentum and sen-
sible heat respectively (the latter is also called scalar
roughness length). Concerning the group of equations
consisting of formulas (3)—(4), the parameterization of
surface turbulent fluxes can he achieved while ¢,, and
¢n as well as zp and 27q are given.

When M-Q similarity theory was established by
Monin and Obukhov (1954), the M-O similarity func-
tions were only qualitatively known in theory to be

A
i e



112 ADVANCES IN ATMOSPHERIC SCIENCES

functions of the M-O atmospheric stability parame-
ter ({¢ = z/L, where the M-O length L can be ex-
pressed as L = (T/xg)/(u2/6.}, but their thorough
forms were not known. The semi-empirical formulae
of similarity functions ¢y, and ¢y were {irst found by
Businger et al. (1971) using data of the Kansas ex-
periment. After that, many works {(Carl et al.,, 1973;
Bradley et al., 1981; Kai, 1982; Dyer and Hicks, 1970)
conducted extensive research on similarity functions.
Among many sets of empirical functions fitted by ex-
perimental data, there are great differences in the func-
tions’ form (Businger et al., 1971; Carl et al., 1973;
Kai, 1982). However, popularly accepted forms of the
similarity functions are as follows

a(l-bi¢)™% (<0

¢m = (5)
a1(1 + 1) —~( >0,
az{l —bs()™% (<O
O =g = (6)
ag(1 + ex() —¢ >0,

where allof a|, by, ¢1, aa, bs, and ¢o are empirical con-
stants. Though inost people prefer the set of empirical
conslants given by Dycr (1974) after synthesizing re-
sults of several investigations, differences among the
sets of ecmpirical constants, in fact, are rather large.
In the sets of empirical constants collected by Sorbjan
(1989), a1 is between 1.0 and 1.06, by between 15.0 and
28.0, ¢; between 9.0 and 16.0, ap between 0.74 and 1.2,
by between 4.7 and 5.2, and c2 between 4.7 and 6.2.
In general, the differences among sets of empirical for-
mulae of similarity functions, on the one hand, result
from complex terrains of observational sites and errors
of observational data, and on the other hand, may be
related to researchers’ methods for processing data.
There have been many works to determine the
roughness length of momentum by using observational
data. Similarly, in some papers (Zou, 1992; Chen,
1993; Zhang ot al., 2002a) the momentum roughness
length over the Gobi Desert in Northwestern China
has been studied. However, so far there have been
few observations and research on the scalar roughness
lengths (zrg and 240). In past atmospheric models
or data analyses, the scalar roughness lengths were
mostly replaced by the momentum roughness length.
Undoubtedly, this gave rise to fairly large errors for
caleulating surface fluxes. Both Garratt (1992) and
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Brutsaert (1982) held that the transportation mech-
anism of momentum is different from that of scalar
roughness length and there is a great distinction be-
tween the momentum roughness length and the scalar
roughness length. Especially over the land surface, the
former is generally much larger than the latter.

2. Observational data

'The data were observed during the intensive obser-
vational period (IOP) from 25 May to 17 June 2000
(“Dunhuang experiment” for short} in Dunhuang in
Gansu Province, which is a part of the “Field Ob-
servational Experiment on Land-Atmosphere Interac-
tion in Arid Region of Northwestern China” (Zhang
et al., 2002b). During the IQP, a micrometeorological
composite observational station was installed in the
Gobi near Dunhuang oasis, a Portable Atmospheric
Mosonet (PAM) station was installed in Dunhuang oa-
sis, and an automatic meteorological station (AMS)
was installed in the transition area between the oasis
and the desert.

The data, which are analyzed in this paper, were
observed in a micrometeorological composite observa-
tional station in the Gobi. The station is situated
at 40°10°N and 9M°31'E with an elevation of 1150 m
above sea level, in the Shuangdunzi Gobi to the west
of Dunhuang casis. and the nearcst distance of about
7 km to the edge of Dunhuang oasis. lts geographic
location and observational site are shown in Fig, 1.
Its field is even and pebbly desert. In the Dunhuang
region, the mean annual precipitation is about 39 mm
and potential annyal evaporation comes to 3400 mus.
The main wind direction of the observation station is
east, and it generally accounts for more than 50% of
the observed winds.

At the site, the main observational itcms include
gradients of wind, temperature, and humidity on a
tower, radiation components al the surface, temper-
atures at the surface and in the soil, heat fluxes in
the soil, water content and air humidity in the sail,
and fluctuatious of wind, temperature, and humidity
observed by supersonic instruments. The wind, tem-
perature, and humidity on the tower are observed at
the four levels of 1. 2, 8, and 18 m high; the sensors of
supersonic fluctuation systemn are 2.9 m high. Surface
temperature is indicated by the average of the tem-
perature values observed by using three sensors that
are placed at angles 120° from each other and whose
observational precision is within 0.02°. Observational
precisions of the other instruments are shown in the
references (Zhang and Hu, 1992; Wang ei al., 1992}
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Fig. 1. Geographic location (z) and skeich map of the observational site (b} of Dunhuang Gobi

Micrometecrological Central Station.

3. Method of analysis

In order to determine similarity functions ¢, and
¢n, the differential equations, i.e., formulae {1} (2)
need to be transformed into difference equations, and
by some mathematical manipulations the following
formulac can be obtained

wAV

Om = w, n(zin fz) 0
[7aY:]

' Diilen =) ®

where A is the difference symbol and the subscript ¢
denotes vertical stratification. By using the gradient
of hourly-averaged wind speed and potential temper-
alure as well as surface turbulent flux, the similarity
functions ¢y, and ¢y can be determined.

The momentum roughness length zy and scalar
roughness lengths z7p and zy can be calculated by
using formulae (3) -(4). After only a little bit of mathc-
matical manipnlation, formulae (3)-(4) can be written
asg

) = 2 X exp [— (ZI:’+1’[)"1)] , (9)

o[58

In the above two formulae, as long as the means of

(10)

surface temperature, means of wind, temperature, and
humidity at any level in the surface layer, and turbu-
lent momentum and sensible heat fluxes are observed,
the momentum and scalar roughness lengths can be
obtained.

4. Screening of the data

It is the premise of M-O similarity theory that the
atmosphere is steady, i.e., possessing temporal station-
arity and spatial horizontal homogeneity. Therefore,
strictly speaking, to analyze and study parameters re-
lated to M-O similarity theory, observation of data
must satisfy the conditions that the outside forcing be

g
i 2



114

basically stationary and the underlying surface basi-
cally homogencous.

First, to avoid weather processes destroying the
stationary condition of atmosphere, data observed on
cloudy and rainy days are removed. Second, to elim-
inate the influence of precipitation on changes of soil
moisture factor 3, those data obviously affected by
precipitation (within two days after rainfall) are also
canceled. In addition, to eliminate the influence of the
unsteady state caused by abrupt changes of solar radi-
ation aronnd sunrise and sunset, those data observed
within 3 hours before sunrise and shows after sunset
arc cut out.

The terrain of the observational site is roughly flat
and uniform, but the Dunhuang Second Water Factory
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is no more than 200 m south of the station (as shown
in Fig. 1}. Figure 2 shows the histogram of the change
of momentum roughness length z and similarity func-
tion of wind speed ¢, with wind direction. Clearly,
when a south wind blows, the momentum roughness
length is much larger than in other wind directions,
and at most nearly 2 orders larger. Similarly, when
a south wind blows, the similarity function of wind
speed is strikingly larger than in other wind directions
as well. This shows that the Dunhuang Second Water
Factory interferes with the dynamical field of the ob-
servational station and makes the momentum rough-
ness length in the wind directions affected by it very
large. This can cause large errors in the determined
similarity functions and roughness lengths.
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Fig. 2. Histogram of the change of momentum roughness length zp (a) and similarity function of wind

speed dm (b) with wind direction.
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Fig. 3. Variation of M-O similarity function ¢ (a) and ¢, (b) with M O stability paramcter; among
the rest, the curves demonstrate empirical relationships given in the reference (Dyer, 1974),
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In Fig. 3, the variation of the M-O simiiarity func-
tion ¢y, and ¢, with the M-O atmospheric stability
parameter is given. In the figure, the curves present
the empirical relationship given in the reference {Dyer,
1974}. The figure shows that although the same ten-
dencies of change as the empirical relationships are
taken on by fitting the data, the scatter of the data is
very large, and sometimes the fitted curves distinctly
deviate from the empirical formulae. This mainly re-
flects the great impact of obstacles near the observa-
tional station on fitted formulae of similarity functions.
As & consequence, to remove the impacts on the ob-
servation of the buildings near the station, those data.
in the wind direction range from 130° to 190° are cut
off.

Meanwhile, in averaging roughness lengths, to
avoid the bad effect caused by the imprecision of the
empirical formulas of similarity funciions ¢,, and oy,
only those data in which the atmospheric stability pa-
ramcters calculated from them are between -0.1 and
0.1 are adopted.

5. Analysis of the resulis

5.1 Fitting of the M- similarity functions
In Fig. 4, the variations of the M-O similarity

functions ¢ and ¢y, with M O atmospheric stabil-

ity parameter are given by using those data without

interference of the buildings. By making & comparison
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between Fig. 4 and Fig. 3, it is shown that after the
data interfered by the buildings are cul off, the scat-
ter of the fitted curves clearly becomes small. And
from Fig. 4, it is found for either ¢, or ¢ that the
scatter of their fitted curves in unstable atmosphere
arc smaller than those in stable atmosphere. This is
consistent with the results given in previous research.
In stable atmosphere, the eflectiveness of fitting ¢n, is
better than that of fitting ¢y,. In the two small figures
in the upper left part of Fig. 4a and b, the changes of
¢m and ¢y, with stable parameter near to the neutral
state are given; their fitted relationships are as follows,

om =083+1.9¢ , Kl <01, (11)
Gon=073+30¢ , [ <Ol . (12)

Ii is shown that in the neutral state, values of ¢
and ¢y, are equal to 0.83 and 0.73 respectively and the
value of ¢y, has some difference from the value deter-
mined by Businger et al. (1971). However, while the
scatter of our fitted curve is evidently larger than that
by Businger et al. (1971), it is understandable that
there is very little discrepancy between the two results.
The value of ¢, in the neutral state is rather close to
the typical value of 0.74 (Businger et al., 1971). Val-
ues 0.83 and 0.73 can serve as a; and as in formulae
(5) and (6) respectively. From this, curves of ¢ and
¢y in the whole range of stability parameter ¢ can be
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Fig. 4. Variation of M-O similarity function ¢m (a) and ¢y, (b) with M-O stability parameter, the data
observed in the “Dunhuang Experiment” and having removed the interference of the buildings, the two
small figures are magnified for the neutral state, the solid curves are fitted curves.
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fitted as shown in Fig. 4 and the fitted formulae are
as follows,

0.83(1 - 14.6¢)"% (<0

b = (13)
0.83(1 + 4.2¢) >0,
0.73(1 - 10.0¢)"% ¢ <0

¢h = (14)
0.73(1 + 4.8¢) (>0,

where the by, ba, c1, and e3 in formulae (5) and (6) are
14.6, 10.0, 4.2, and 4.3, respectively. There are only
minor differences between them and the typical values
(15, 9, 4.7 and 4.7) and the differences arc within the
scatter ranges of former empirical values,

5.2 Characteristics of scalar roughness

Considering momentum lengths zp and scalar
roughness lengths 27 in logarithmic form (M-O simi-
larity expressions) in atmospheric models or data anal-
ysis, to remove the impact of some extreme points
in averaging roughness lengths, a logarithmic average
method is adopted as follows

% =exp( Y Inzp)/n , (15)
i=1
Tro = cxp(Zln zro)/n . (16)
i=1
where the subscript 7 is a time series. In general,

the logarithmically averaged roughuness is obviously
smaller than the generally averaged ones. It means
that the effect of a few cxtremely large roughness
lengths on the mean of roughness length has been
partly removed. The logarithmically averaged momen-
tum lengths zp and scalar roughness lengths zpg are
given in Table 1.

It is thus clear that momentum roughness over the
Gobi Desert is a bit smaller than that observed in the
Tibetan Plateau regions (Liu et al,, 2002), but they
arc on the same order of magnitude. The mean of mo-
mentum roughness length is one order of magnitude
larger than that of the scalar ronghness length. It has
been known by some (Brutsaert, 1922) that on land-
surface momentum roughness length is by far larger
than scalar roughness length. The reason, which was
pointed out by Garratt (1992), is that on the one hand
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in formula (4), the skin temperature is usually replaced
by surface temperature; yet more importantly, mo-
mentum transport in the viscous sublayer near the sur-
face mainly depends upon effective drag produced by
viscosity shear and the roughness elemnent, but scalar
transports such as sensible heat merely rely on the
molecular viscous process, therefore, relatively speak-
ing, momentum can be more easily transported than
sensible heat. On account of this bottleneck effect,
the damping of trangport of momentum in the sur-
face layer is bound to be smaller than that of trans-
porting a scalar quantity such as sensible heat, so a
smaller scalar roughness length in formula (4) than
that of momentum in formula (5) is required. This
means that the Reynolds similarity supposition, which
assumes the momentum and scalar transport mecha-
nism is consistent, is no longer tenable (Zhang et al.,
2002b).

The momentum roughness length as a parameter
of the surface geometry is & local characteristic pa-
rameter. According to the above mechanisim analysis,
scalar roughness length relates not only to the surface
geometry but also to turbulent dynamical character-
istics of the atmosphere, and is a dynamic parameler.
Based on some assumptions, the thecretical relation
has been derived by some research (Garratt, 1992) as
follows

210 = 2T Acxp|-7-3k(uaza/0) PP, (17)

where v is the molecular viscosity cocfficient; and Pr
is the Prandtl number, a parameter to characterize
the capability of molecular viscosity and is gencrally
0.71. Tt is thus clear that the scalar roughness length
theoretically is not only in proportion to momentum
roughness length but also closely connected with fric-
tion velocity.

In Fig. 5, the changes of observed sensible heat
roughness length zr¢ and its ratio to momentum
roughness length zry/2p with friction velocity are
given. It shows that sensible heat roughness length
210 remarkably goes down with increasing friction ve-
locity. Thus, the empirical formula is fitted in the form
of lormula (17) as

(18)

When friction velocity is fairly small, sensible heat
roughness length zpgcan reach the order of millimeters

210 = 20,520 exp[—26.1(z0u.) VY] .

Table 1. Logarithmically averaged values of inomentum and scalar roughness lengths

Momentum roughness (m)

Sensible heat roughness {m)

Roughness length 0.0019 + 0.00071

0.00043 + 0.00032
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Fig. 6. Theorctical curves of variations of scalar roughness lengths zrq with friction velocity (2zo=0.001 9

m)} in formula (17}.

and is commensurate with momentum roughness
length.  But in more cases, the sensible roughness
length is only on the order of 1074 m or even smaller,
and one order smaller than momentum roughness
length.

In Fig. 6, the theoretical curve of variations of
scalar roughness lengths zpg with friction velocity
{given that momentum roughness length is 0.001 9 m)
as given according to formula (17). Clearly, though
the theoretical curve roughly shows the same tendency
as the observational one, the theoretical values are evi-
dently smaller than the observed ones, especially when
friction velocity is rather small, the theoretical values
are nearly one order smaller than the observed ones.
‘This means that the theoretical expressions based on
some assuiptions actually underestimate the value of

the scalar roughness lengths.

6. Conclusion and discussion

By utilizing the data observed in “the Dunhuang
experiment”, better fitted formulas of M-Q similarity
functions ¢y, and ¢, are obtained, and there is only
a little differerice between the set of formulae intro-
duced here and the typical ones. What is more, most
of the empirical constants in the formulae are basically
within the scatter range of the former empirical val-
ues, but the value of ¢y, in the neutral state is a bit
smaller.

The logarithmically averaged values of momentum
length z; and scalar roughness length 29 are 0.001 9,
and 0.00043, respectively; the scalar roughness lengths
(zro) are one order smaller than momentum roughness
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lengths z, but they are both larger than the theoret-
ically forecasted values,

Scalar roughness length zrg is in proportion to mo-
mentum roughness length zp and also rclies on the
nature of atmospheric turbulent dynamics. The ob-
served data shows that scalar roughness length de-
creases strikingly with increasing friction velocity and
approaches the theoretical formula, but is evidently
smaller than the theorctical value when friction veloc-
ity becomes very small,

The interference of the nearby buildings during
the determination of momentum and scalar roughness
lengths as well as the M-O similarity functions is very
strong, so it is necessary to make a proper screening
of observed data in any analysis and research, yet it is
also just a premise that this research can be achieved
successfully Lo some extent.

Besides, in arid regions, the study of the water va-
por transport mechanism and distribution of specific
humidity requires higher precision, so great efiort in
the observational experiment is necessary for further
studies.
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