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An improved flux-gradient relationship between momentum @, ({) and sensible heat ¢;,({) is obtained by the use
of the observational data over an alpine meadow in the eastern Tibet Plateau, in Maqu of China during the period June to
August, 2010. The empirical coefficients of Businger—Dyer type function for the cases of unstable and stable stratification
are modified. Non-dimensional vertical gradients of wind and potential temperature are calculated by three fitting func-
tions; that is, the log-linear, log—square, and log—cubic functions, respectively. It is found that the von Karman constant
approaches 0.4025 and the Prandtl number is about 1.10 based on the measurements in near-neutral conditions, which are
within reasonable range proposed in previous studies. The revised flux-gradient profile functions of —1/5 power law for
momentum and —1/3 power law for sensible heat are best fitted in unstable stratification conditions. Meanwhile, 2/5 power
law, instead of linear functions, is more appropriate in stable stratification cases for momentum and sensible heat. Com-
pared with results from previous studies in which traditional functions are used, the momentum and sensible heat fluxes
estimated by the revised profile functions in the current study are much closer to the observations for the unstable and stable
stratification conditions.
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1. Introduction

Turbulence exchanging process in the atmospheric
boundary layer plays an important role in the atmosphere—land
interaction. Accurate representations of the eddy fluxes are
essential to all numerical simulations of the atmosphere.[!=3]
Generally, the fluxes are either estimated with the Bowen ra-
tio energy balance method,*! or calculated by flux-profile
method. The Bowen ratio method uses the difference between
potential temperatures and the difference between specific hu-
midity values at two levels, as well as the surface energy bud-
get. But this method cannot provide the momentum flux. Fur-
thermore, the Bowen ratio method becomes computationally
unstable and results in spurious large values when the Bowen
ratio is in the vicinity of —1. In the profile method, fluxes of
momentum and heat in the atmospheric surface layer are esti-
mated by non-dimensional vertical gradients of wind and tem-
perature based on Monin—Obukhov similarity theory, and the
artificial calculation with the Bowen ratio method is avoided.
These gradients are usually expressed as functions of the atmo-
spheric stability parameter z/L, where z is the measurement of
height and L is the Obukhov length. However, there are many
different forms and empirical constants in the formulation of
the non-dimensional profile derived from in situ experiments.
For example, based on the Kansas data over the field of wheat
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stubble, Businger et al.l%! proposed that the power law could
represent the unstable stratification and log—linear relationship
for stable case. However, the constants and coefficients of the
flux-profile functions might not be accurate due to the signifi-
cant flow distortion at the Kansas tower. New empirical coef-
ficients were given by Dyer!’! through reviewing and revising
that of Businger ef al. Beljaars and Holtslag!®! (hereinafter
B & H 1991) proposed new form of formulation for nocturnal
surface after re-evaluation of the data gathered at Cabauw dur-
ing the MESOGERS-84 experiment. Guilloteau!®! suggested
that the scheme of Hogstrom!!9! (hereinafter H 1996) under
unstable stratification and that of B & H 1991 across a wider
range of stable stratification were the most accurate. But, no
consensus has been reached so far on the values of the exper-
imentally determined constants or functions. Differences in
the land use and land cover type of experimental sites, dura-
tion selected for the experiments, data qualities, profile fitting
methods, etc. all contribute to the discrepancies among various
studies. Therefore, it is necessary and important to develop ap-
propriate coefficients and functions according to specific sur-
face characteristics. Great efforts have been made to achieve
this goal for various underlying surface condition.!!!~14]

In recent years, ecological and environmental vulnerabil-
ity in the source region of the Yellow River has been inten-
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sified. Most areas of this region have become ecologically-
environmentally fragile due to climate changes.!'>! The Maqu
region, one of the greatest wetlands in the Tibetan plateau, is
located in the upper reach of the Yellow River. This is the
major area of Yellow River runoff collection, which plays a
vital role in protecting soil erosion and land desertification. It
also has unique environmental and ecological characteristics,
which provides an ideal location to investigate the ecological
and environmental response to land surface process and cli-
mate change, and better understand water and energy budget
and carbon cycle in alpine wetland ecosystem. For this reason,
the Yellow River Source Region Climate and Environment Ob-
servation and Research Station (YRSRORS), affiliating to the
ChinaFlux, was established in 2005.

In this study, the functional relationships between non-
dimensional wind, temperature gradients, and the stability pa-
rameter are established based on the observations over Maqu
of China in summer 2010. We only consider the situation
where the stability parameter is within a range of |z/L| < 4.0.
The rest of this paper is organized as follows. In Section 2, de-
tails of experiment and data processing are presented. In Sec-
tion 3, the von Karman constant is recalculated and the profile
functions of non-dimensional vertical gradients for wind and
temperature are given. A comparison with previous results is
made in Section 4. In Section 5, some conclusions are drawn
from the present study.

2. Experiment and data
2.1. Maqu data

2.1.1. Experimental site and environment

Profiles of wind speed, air temperature and humidity, and
fluxes of momentum, sensible and latent heat have been mea-
sured at the Maqu observation site. One experiment, focused
on instrumental and observational practices, was carried out
from November 2005 to January 2008 prior to the formal ob-
servation. The data used in this work were measured during
June to August 2010. The experimental site is situated at
33°52.77' N, 102°09.27' E with the altitude of 3423 m, which
is right in the eastern edge of the Tibetan Plateau. The ter-
rain around this site is flat with homogeneously distributed
plateau meadow. The mean height of meadow is about 20 cm
(Fig. 1(a)), and the soil type consists of alpine meadow soil,
alpine scrubby meadow soil, and swamp soil. The aerody-
namic roughness length is about 0.035 m.!'®! On the north-
western side of the site there is a mountain about 2 km far from
Magqu. During the study period, the dominant wind direction
was east, and other directions were distributed nonuniformly.

2.1.2. Micrometeorology measurement

A 24-m high observation tower with sensors for
wind (WindSonic, Gill), temperature and relative humidity

(HMP45C, Vaisala) was installed to catch aerodynamic char-
acteristics and profiles on the surface. The observation heights
are 2.35 m, 42 m, 7.17 m, 10.13 m, and 18.15 m above
the ground (Fig. 1(b)). Accuracies of measurements are
40.02 ms~! at 12 ms~! for wind speed; +0.2 °C for temper-
ature and +2% at 20 °C for relative humidity. The turbulent
measurements for the wind velocity components (¢, v/, w')
and temperature (T') were acquired at a sampling rate of 10 Hz
by a three-dimensional (3D) sonic anemometer/thermometer
(model CSAT3, Campbell Scientific Inc., Logan, UT, USA). A
data logger (model CR3000, Campbell Scientific Inc., Logan,
UT, USA) recorded the eddy covariance signals for archiving
and on-line computation of the turbulence statistics by eddy-
covariance technique. In this study all fluxes were computed
by block averaging over 30-min in the dataset, which is suf-
ficient to capture all flux scales over a short vegetable field.
In addition, an open-path CO,/H;0O gas analyzer (model LI-
7500, LI-COR, Inc., Lincoln, NE, USA) was used to measure
the CO,/H,0 fluxes.

Fig. 1. (color online) The experimental site with plateau meadow (a)
and the tower for fluxes and profiles measurements (b).

2.1.3. Data qualities control and selection

The hypothesis of eddy-covariance technique is that the
atmospheric turbulence is in a steady state and homogeneous
in the atmosphere. Hence, the steady state test and the similar-
ity test of turbulent covariance could be used as the standard
for the data quality analysis and control measured by eddy-
covariance method. The flux calculations are based on the
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two-rotation method to nullify the average cross-stream and
vertical wind components. The planar fit method was also
used for tilt correction. The WPL correction is adopted for the
influences of air density variation. Sonic temperature was con-
verted into actual temperature according to Schotanus ez al.!l!”!
The non-stationarity test was performed to minimize the ef-
fect of diurnal trends or weather patterns on flux computations.
The fluxes data are classified into three categories as 0 (good),
1 (average), 2 (bad) according to the standard from Foken et
al."81 Only those best samples (category 0) were utilized in
this work. More detailed description of data-processing can
be found in Ref. [19] by Wang et al.

Due to the operation problems of the observing system,
the thunderstorm weather, and the noise effects derived from
environmental factors, it is necessary to exclude abnormal
data, even if this will cause the loss of data. Two tests were
employed in this study: the absolute limit test and the abrupt
change test. The absolute limit test detected the unrealistic val-
ues in the time series. Each datum was compared with prede-
fined minimum and maximum values: a maximum of 25 ms~!
for mean wind speed, —20 °C and 20 °C for mean air tem-
perature, and 0 and 30 g-m~> for the vapor density. Since
the turbulence fluxes tend to be smaller at night under stable
condition, it is more difficult to carry out reliable turbulence
measurements. As a result, the friction velocity was utilized
as the criterion. When the friction velocity was smaller than
the critical value of 0.025 ms~!, the data point was regarded
as being invalid. In the abrupt change test, we specified two
thresholds: +3 times the standard deviations from the mean
of the entire observed height record and from the mean of the
continuous 2.5-hour measurements. When the data at a cer-
tain height or time were beyond the thresholds, the data were
excluded from the analysis.

2519 flux data as well as wind and temperature profiles
measured during summer (JJA) in 2010 were used in calcu-
lation. To ensure the effectiveness of the gradients-flux re-
lationship in the following analysis, inappropriate data were
excluded based on the following criteria according to Park et
al.'"? and Song et al ;3]

(1) Flux data with the absolute value of sensible heat flux
(H) less than 5 W - m~2 or greater than 400 W - m~2, and less
than —100 W - m~2 in stable stratification;

(ii) Flux data with friction velocity (us) less than
0.025 ms~! or greater than 1 ms™';

(iii)) Wind profiles data with mean wind speed at any
height less than 1.0 ms™! or the variance of wind direction
at adjacent level greater than 15°;

(iv) Temperature profiles with difference at adjacent level
less than 0.05 K

(v) Given the wind speed or temperature at any height
(%y,2) in either wind or temperature profile (x,), taking 3 times

the standard deviation

(4

k=1

1/2
(xmk _xn)2>

from profile data as the threshold, where %, is the mean value
of x,, if x,, ; lay beyond the range [X;, — 30,,%, + 30,], the pro-
file was rejected.

(vi) Badly fitted profiles with large fitting errors (FE),
which is defined as the ratio of the root mean square error of
the fitting to the range of value in the profile, i.e.,

1/2
FE = (; kél (x;’k _x"’k)2>

max (x,,’k) — min (xmk)

where x;h « 1s the fitted value with LCF fitting function relative
o X, p.

Through the above quality control and criteria screening,
1590 wind profiles, of which 1118 are for unstable stratifi-
cation and 472 are for stable stratification, as well as fluxes
data at the same moment were obtained for the determina-
tion of non-dimensional wind vertical gradient and monument
flux relationship; whereas 789 temperature profiles, of which
571 are for unstable stratification and 218 are for stable strat-
ification, and simultaneous flux data were obtained for the
non-dimensional temperature vertical gradient and the sensi-
ble heat flux relationship.

2.2. SACOL data

To examine the validity of the new flux-profile functions
based on Maqu data, the data provided by Semi-Arid Cli-
mate and Environment Observatory in Lanzhou University
(SACOL), which was established in 2005, are used for com-
parison.

2.2.1. Experimental site and environment

SACOL, situated at the semi-arid site of China-Loess
Plateau, about 1965.8 m above sea level, is on the southern
bank of the Yellow River in Gansu province Northwestern
China (35.57° N, 104.08° E), about 48 km away from the city
of Lanzhou. The site is located on a nearly north—south mesa
in the most common wind direction. The terrain where the
measurements were carried out is flat and covered mainly with
short grass that is usually less than 15 cm tall. SACOL consists
of a large set of instruments and measurements; for example,
boundary layer meteorological parameters, surface radiation,
surface fluxes, soil heat and water moisture, ambient air qual-
ity, aerosol optical, temperature and water vapor profiles, sky
conditions, etc.

2.2.2. Measurements

In the work, boundary layer meteorological parameters
and surface fluxes data collected in SACOL are used. Wind
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speeds (014A-L, Met One), air temperatures and relative hu-
midity values (HMP45C-L, Vaisalla) at 1, 2, 4, 8, 12, 16, and
32 m, and wind direction (034B-L, Met One) at 8 m, with sig-
nals logged to a data logger (CR23X, Campbell), are recorded
with half-hour intervals. The skin temperature and air pres-
sure are measured using a Precision Infrared Thermocouple
Sensor (IRTS-P, Apogee) and a CS105 Barometric Pressure
Sensor (Vaisala). The surface fluxes of momentum, CO,, sen-
sible and latent are measured through eddy covariance sys-
tem with a three-axis Sonic Anemometer (CSAT3, Campbell)
and an opened path infrared CO, and H>O analyzer (LI7500,
LI_COR). These eddy covariance signals are logged to a data
logger (CR5000, Campbell) at 10 Hz and then all fluxes were
also computed for averaging 30-min. Details of SACOL can
be found in Ref. [20] by Huang ef al. and Ref. [21] by Wang
etal.

2.2.3. Data quality controls

To obtain the turbulent flux data accurately, the quality
controls are necessary. All the procedures for corrections and
quality controls are adopted:??) coordinating rotation using
the planar fit method, sonic temperature correction, WPL cor-
rection (correction for density fluctuations), time delay cor-
rection, frequency response correction, and integral turbulent
characteristics (ITC) test under the turbulence development
condition for the vertical velocity. Through the post-field data
processing, the SACOL data could be considered as reliable
inspection data. The period from August 1 to 15, 2008 was
selected to conduct the profile measurements and turbulence
measurements for this study with a total of 580 samples.

3. Results

Based on the similarity hypothesis of Monin and
Obukhov, the non-dimensional wind and potential temperature
profile functions in a horizontally homogeneous surface layer
are expressed as follows.

For momentum

Kz ou
on(0) = 2257, m
and for sensible heat flux
K700
on(8) = 0. 97 2

where % is the mean horizontal wind speed, 6 is the poten-
tial temperature, u, is the friction velocity, 0, is the tem-
perature scaling, k is the von Karman constant, { = z/L is
the stability parameter, and L is the Obukhov length given
by L = Ou?/xg6,. In this study, on the basis of Businger—

(6.7] improved flux-gradient rela-

Dyer type profile functions,
tionships suitable for Maqu are developed by using the above

selected data.

3.1. Calculations of vertical gradients

Due to the limited height in observation and possible sys-
tematic bias caused by using large interval in differential cal-
culation, the fitting function method is adopted in this study
for vertical gradient calculations. The vertical profiles of wind
and temperature are fitted by three fitting functions;[!?! that is,
the log-linear function (LLF), log—square function (LSF), and
log—cubic function (LCF). They are given below.

x(2) L = c1 +e2lnz+c3z,
x(2)Lsp = c1+c2lnz+c3 (Inz)?,

x(2)cp=c1+c2lnz+c3 (Inz)*+c¢4(In2)*,  (3)

where x(z) is the fitted value of wind speed or temperature at
the height of z, and c;—c4 are the constant coefficients. After
determining the coefficients using the observation data, the
mean vertical gradients at a given height could be calculated
through derivatives of the expressions. At the same height, the
differences between calculated gradients result from different
functions. However, for both wind and potential temperature,
the sensitivities of computed gradients to three fitting func-
tions vary with height adopted. As shown in Figs. 2 and 3, at
the level of 4.2 m, small differences among the three fitting
functions are obtained. This result indicates that the gradi-
ents are not sensitive to the selected function. On the contrary,

- O.;ﬁﬁ%}; b gt

R ———
::ﬁmH?fiﬂﬁﬁ@i@}jﬁf}ﬁf
: ZEOHHH%%Zﬁﬁﬁ;ﬁfiﬁi;ﬁ%f

B e ——
%ﬁ%ﬁ%ﬁﬁﬁﬁ;ﬁﬁéﬂg@f
s i
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Fig. 2. Daily variations of the wind vertical gradients at 2.35 m, 4.2 m,
7.17 m, 10.13 m, and 18.15 m with day in a period from 1st June to 5th
July 2010. The error bar represents the standard deviation of gradients
calculated by LCF function.
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Fig. 3. The same as Fig. 2, but for vertical gradient of potential temper-
ature.

at levels lower than 4.2 m or at the highest level of 18.15 m,
greater differences appear and may lead to inconsistency in

the gradient calculation. To reduce the uncertainty caused by
different functions in gradient calculation, the lowest sensitive
height of 4.2 m for gradient calculation is adopted.

3.2. Issue of Von Karman constant x

It has been generally recognized that the von Karman con-
stant K may be a major cause for the discrepancy between flux
calculations with various analytical expressions for ¢, and @y,.
Its values in various experiments are different, varying in a
range from 0.35 to 0.42.1231 There are few papers in available
literature to explain the reason of the difference. So, the accu-
rate value of x is still an issue in argument. In this paper, Kk
is assumed to be constant and computed directly with data in
neutral stratification case ({ = 0), where @y, is unity by defi-
nition. Then, equation (1) can be simplified into
1 zdu

K w97 at {=0. “)

The neutral stratification, in which stress and buoyancy
effect are small, usually occurs in cloudy and windy days with
large uncertainty. Therefore, the data in typical neutral condi-
tion are not easily obtained. Here, we assume that |{]| < 0.01
would indicate the neutral stratification, and x is considered to
be equal to the mean value of (z/u, - 9%/dz) " for this range.
Figure 4 shows the scatter plot of (z/u, - dii/dz) " against ||
for neutral stratification using three fitting methods with the
values of averaging k of 0.4003, 0.3968, and 0.4104 from 34
samples. The von Karman constant of 0.4025 is obtained by
averaging the values from three fitting methods, which is rea-
sonable from the point of view of previous studies and com-
pared with the traditionally used value of 0.4.

0.8 0.8

0.8

0.7 (@ 0 itnaslilaeble 0.7 (®) o ;tr?st;fble 0.7 (©) ° fltlillsk;fble
T o6} - 0.6 0.6} . . .
$osf e - osf "o : osf., T L,
‘E 0.4 °— o _O_Qd).ng 28— — ] o4l o _ _°°°_°°_?g_ _d ou -2 - O_pio"_gg; —
E 0.3 0 9. °°' *o °. 0.3 o °. * o °. 0.3 o0 . ° cw ©

2:? LLF = 0.4003 2'? LSF = 0.3968 g'i LCF k=0.4104

2 4 6 8 10 12 2 4 8 10 12 2 4 6 8 10 12
I¢l/10-3 I¢]/10-3 |¢|/10-3

Fig. 4. Plots of (z/u; - dii/dz) against |{| in a range of |§| < 0.01 for neutral stratification with three fitting methods (the dashed line

shows mean value among 34 samples) (a): LLF, (b): LSF, (c): LCF.

3.3. Non-dimensional wind and temperature profiles func-
tions ¢, and @y

So far, Businger—Dyer type profile function given by
Eq. (5) for the unstable case is assumed to be satisfactory and

acceptable in general. However, quite different coefficients of

the universal function are obtained from previous studies. In
the current study, the following form of equation is used for

both unstable conditions and stable stratification:

o=ac(1+b:7)", )
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where x represents the momentum () or sensible heat (%), ay,
by, and c, are the empirical coefficients to be computed.
Using the flux and gradient data, the calculation process
for those coefficients are introduced below.
First, in Eq. (5), a, is determined in near-neutral stratifi-
cation where |£| < 0.02. As shown in Fig. 5, a, is considered

to be equal to ¢, at { = 0, which is in consistence with the
intercept of linear regression function between ¢, and ¢ in the
range mentioned above, with the values of 1.0484, 1.0565, and
1.026, averaged to be 1.0437 for momentum and of 1.1629,
1.2006, and 1.1106, averaged to be 1.1580 for sensible heat,
respectively.
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Fig. 5. Determinations of a, in near-neutral conditions for three fitting methods (the reference line is the linear fitting curve of scatter
plot in each panel), (a), (c), (¢): momentum, (b), (d), (f): sensible heat.

Second, b, was assumed to be 10 as an initial guess value
in this paper before calculation. This assumption is adopted
because b, is assumed to be the constant on the order of 10 in
most of earlier studies. The logarithm of Eq. (5) could then be

expressed as
10z
ln(px:cxlnTZ—i—lnax, (6)

where ¢, is converted into the slope of the expression and
yielded from selected data at the height of 4.2 m by three fitting
methods, and its values are —0.2189, —0.2108, and —0.2185
for momentum and —0.2892, —0.2837, and —0.3046 for sen-
sible heat in unstable stratification (Fig. 6), while in stable
stratification its values are 0.3776, 0.3703, and 0.3922 for mo-
mentum and 0.3968, 0.3615, and 0.4421 for sensible heat (not

shown). Note that through the above process, values of c, are
consistently good for three fitting methods. For simplicity, by
approaching to the mean fitted value among fitting methods,
¢y 1s identified as —1/5 for momentum and —1/3 for sensi-
ble heat in unstable stratification. These values are somewhat
smaller than that of Businger et al.!¥ In the stable stratifica-
tion, instead of the log—linear relationship, the values of ¢, for
momentum and sensible heat are both taken to be 2/5.

Third, after a, and ¢, are obtained, b, could be determined
through Eq. (5) by the least square regression. Based on all the
@y values calculated by Egs. (2) and (3), the values of b, are
determined to be —33.9471 and 36.4718 for momentum and
—8.9053 and 59.4843 for sensible heat in unstable and stable
stratification, respectively.

Finally, the profile functions for @y (§) and @, (&) are
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given as Egs. (7) and (8). For unstable stratification (§ < 0)

O (8) = 1.0437(1—33.9)71/3, (7a)
on($) =1.1580(1—8.98)"1/3, (7b)

and for stable stratification ( > 0)

Om(8) = 1.0437(1+36.50)%°, (8a)

Ing,

on(8) = 1.1580(1+59.5¢)%/. (8b)

The Prandt]l number, which is a dimensionless number defined
as the ratio of the eddy diffusivity for heat to momentum, that
is, Pr; = 04 (£)/om (&), Pry is 1.10 for near-neutral conditions,
which is in a range of the results given by Schumann and Gerz
(1995).124

Ing,

Ing,

—LOT  — _0.21852—0.2871

—1 0 1
In(—10¢)

00 ch’ o ©
y = —0.30462—0.0681 )
0 1 2 3
In(—10¢)

-1.5

Fig. 6. Determinations of ¢, in unstable conditions (—3 < { < 0) for three fitting methods (the solid line represents the least-squares
fit through the data points in each panel), (a), (c), (¢): momentum, (b), (d), (f): sensible heat.

4. Preliminary verification
4.1. Flux-profile relationships

To examine the validity of the obtained ¢n (&) and ¢y (),
we compare them with other empirical formulations in previ-
ous studies using the selected SACOL data. The profile func-
tions of the atmospheric stability parameter, such as Businger
et al.,'® Dyer,!”! Wieringa,!*>! Cheng and Brutsaert!! (here-
inafter C & B 2005) for stable stratification, H 1996 for un-
stable stratification, and B & H 1991 for stable stratification,
are taken as references. The comparisons are conducted by
calculating @,(&) and ¢@,(&) from different references. As
shown in Fig. 7(a), in unstable stratification (—5 < § < 0), the
fitted @ (&) values among the functions are consistent with

each other, and the general trend of the scatter can be well rep-
resented. However, it can be seen that the discrepancy among
different schemes increases with the increase of . In the weak
stable condition (0 < § < 0.5), the log-linear functions per-
formed better, as indicated by Businger ef al.!®! and Dyer,[”!
but the same functions severely overestimated the values when
£ > 0.4. If ¢, () is overestimated, then u, is underestimated
and so are the momentum fluxes. It is clear that with all the
C & B 2005, B & H 1991 and newly scheme, the growth
rate of calculated @n(§) decreases as { increases, which is in
agreement with the measurements. However, our new scheme
matches well the measurements in magnitude compared with
the others. On the other hand, as shown in Fig. 7(b), the val-
ues of ¢, (&) obtained by references are underestimated com-
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pared with observation, and this underestimation is gradually
evident in a range of { < 1. Note that the values of ¢,({) cal-
culated by C & B 2005 and our scheme accord well with each
other within 0 < § < 1, but the underestimation in the growth
rate of ¢,(§) computed by C & B 2005 is obvious. Although
little difference is found between B & H 1991 and our new
scheme when 1.5 < { < 3.5, the underestimation should not
be ignored in 0 < § < 1.2. In order to further assess the match
of results by those functions with measurements, the normal-
ized standard error of the estimation (NSEE) can be calculated
from

€))

where L; represents the results obtained from different empir-
ical functions, C; values are the corresponding results calcu-
lated by Eqgs. (2) and (3), and n represents the number of data
in each stability bin. It can be seen from Table 1 that, over
the entire stability range, new functions perform higher fitting
accuracy and lower dispersion than others, while the H 1996
for an unstable case and B & H 1991 for a stable case.

8

T I F 55 ]
-+ -Bugsinger et al. 1971 . 8
¢  Dyer 1974 Mg
6f +  Wieringa 1980 . § 6 |
- —  H 1996 (¢<0) &3 1
= ,| — —B & H1991 (¢>0) S
< 41 . C & B 2005 (¢>0)

Eq. (7b) and Eq. (8b)

9l
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. . g
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Fig. 7. Flux-gradient relationships of (a) wind and (b) potential temper-
ature with . The circles represent the mean value measured by Eq. (2)
and Eq. (3) with selected data. Error bars indicate the standard deviation
of the individual results contributing to the mean value. The number of
samples in each stability bin of A = 0.15 is shown above the error bar.

Table 1. Normalized standard errors of the estimation (NSEE) of ¢, () for momentum and sensible heat flux to the measurements calculated
by different empirical functions of Businger et al., Dyer, Wieringa, H 1996, B & H 1991, C & B 2005, and Eq. (7) and Eq. (8).

Businger et al. Dyer Wieringa B &H 1991 H 1996 C & B 2005 Eq. (7) and
1971 1974 1980 Eq. (8)
Unstable om(€) 0.5730 0.5737 0.5791 0.5732 0.5625
o (&) 0.5917 0.5861 0.5605 0.5564 0.5370
Stable om(€) 1.2582 1.3575 2.0088 0.6142 0.6857 0.5344
on(€) 1.1093 0.8076 1.8496 0.4482 0.4503 04111

4.2. Flux estimations

To determine whether the new gradient-flux relationship
is suitable for estimating fluxes, it is desirable to calculate
fluxes with it and compare them with direct measurements.
For this purpose, the scheme of H 1996 for the unstable strat-
ification and B & H 1991 for the stable stratification are used
in our comparison. The differences between the new scheme
and the references are significant, which would help illustrate
the superiority of the new scheme. Integrating Eqs. (1) and (2)
with respect to z, we can obtain

Uy = M(Z)K[lnzjm_‘/’m(z)+‘l’m (Z(Z”)]l (10a)
0. = [0(2)~ o(aan] x| 1n =~y (£)

ru(@)] (00

where 7o, and zgp are the roughness lengths for momentum
and heat, with zom = 0.035 m and zop = 0.120m; Wm (z/L)

and y, (z/L) are the stability functions obtained by integrating
Eqgs. (7) and (8) with respect to £, and the results are expressed
as Eq. (11) and (12):

4x—124
Vin (%) = 0.7In (x* — 0.62x+ 1) —O.9arctanxT
+1.8In (x> +1.62x+1)
4x43.24
— 1.8arctan =% 10,1282, (11a)

Vi (1) = (7= 1)~ 11S8In(y—1)+0.58In (s> +y+1)

2y+1
—2arct
arctan ——

+0.3657, (11b)

for unstable condition ({ < 0), where x = (1 —ymz/L)l/S,

y=(1—1z/L)"3, fn =33.9, %, =8.9; and

(5) =
+ 1.18 arctan

4x+3.24
24

-1

’ —2.5x* +0.81n (x* — 0.62x + 1)

x—1

4x—1.24
03100 (P +1.62x+1)

—1.9arctan +2.6539, (12a)
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Z y —1
Vh (Z) =1In o1 —2.9y*4+0.931In (y* — 0.62y+1)

dy—1.24
y378—0.361n (P +1.62y+1)

4y+3.24

+1.37arctan

—2.2arctan +3.3275, (12b)

for stable condition ({ > 0), where x = (1 +ymz/L)1/5, y =
(14+%z/L)', m = 36.5, and 1, = 59.5.

Figure 8(a) shows the comparisons among the momentum
fluxes (T = pu?) measured by the sonic anemometer, those of
H 1996 for unstable conditions and B & H 1991 for stable con-
ditions, and the results of our new method for the SACOL data
measured during August 1 to 15, 2008. These comparisons
could be considered as an isolated test for different schemes.
It can be seen that the estimations of 7 by Egs. (10a), (11a),
and (12a) are much more consistent with the observations than
those by H 1996. Apparently, our new scheme greatly reduces
the overestimation by H 1996. It should be noted that the mo-
mentum fluxes with new scheme are almost identical to that
with B & H 1991 in 0 < z/L < 1.3, where reliable functions
are available.!”!l Moreover, the improvement for momentum
fluxes by present scheme against B & H 1991 becomes clearer
as { increases for stable cases. Although the improvement
is not the same significant under weak stable condition, the
difference between observed T and estimated one by our new
scheme is close to zero in strong stable cases (Fig. 8(b)). In
the unstable stratification, the mean relative error is less than
41%, and reduced by 18.22% compared with that of H 1996.
The absolute error decreases to about 1/3 of that of H 1996. In
contrast with B & H 1991 schemes for stable cases, the relative
error decreases by 20%.

More comparisons are conducted in this study to investi-
gate the ability for our new scheme to predict the sensible heat
fluxes. It could be seen that the computed sensible heat fluxes
with new functions are somewhat less than the measurements
in most stratifications. Nevertheless, the fluxes calculated by
H 1996 are greater than the measurements evidently, and the
obvious underestimations computed by B & H 1991 are found
(Fig. 9(a)). It is clear that under both stable and unstable sit-
uation, our new scheme performs better than the other two
schemes used here since a lager value of ¢y is determined. As
a result, the relative error decreases by 8.42% compared with
that of H 1996 for unstable cases, and 13.03% with respect to
that of B & H 1991 for stable cases (Fig. 9(b)). However, de-
spite the fact that there is no serious discrepancy between Hj
calculated by our new scheme and the measured one, the im-
provement is not so significant as that of T due to the fact that

the value of zqy, is determined empirically.
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Fig. 8. (a) Momentum fluxes measured by the sonic anemometer
(square) and estimated by the H 1996 for unstable scheme, B & H 1991
for stable stratification scheme (circle), and proposed scheme in this pa-
per (cross). The left y axis indicates the unstable cases, the right for
stable cases. (b) The mean relative error of momentum fluxes between
the observations and estimation schemes.
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Fig. 9. The same as Fig. 8, but for the sensible heat fluxes.

In general, according to the comparison between the
mean relative errors, it is indicated clearly that our new func-
tions in this study perform better and have a more accurate
prediction for momentum and sensible heat fluxes than other
reference empirical functions.

5. Conclusions

The flux-gradient relationships of momentum and sen-
sible heat are analyzed through curvilinear regression from
YRSRORS in summer over Maqu of China, which is char-
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acterized by flat terrain that is homogeneously covered with
plateau meadow.

It is found that k¥ = 0.4025 coincides with previous result
for this experiment, based on data in a range of |{| < 0.01 as
the neutral stratification. Furthermore, by analyzing our data
in near-neutral condition, the Prandtl number is determined to
be 1.10, but larger than the ‘classical’ value of unity or 0.74.14]

The non-dimensional profile functions are obtained us-
ing high-quality fluxes and micrometeorology measurements.
Coefficients of Businger—Dyer form functions in a range of
|z/L| < 4.0 are revised to obtain more realistic results. Anal-
yses in the unstable stratification for momentum and sensible
heat show that —1/5 power law and —1/3 power law seem
to be more appropriate from optimal regression in this study.
Compared with the ‘classical’ —1/4 and —1/2 power laws
used by H 1996, results from our new profile functions greatly
reduce the relative error of estimated momentum and sensible
heat fluxes from SACOL by 18.22% and 8.42%, respectively.
In the stable stratification, power-type functions are also taken
instead of ‘traditional’ log-linear functions. For both momen-
tum and sensible heat, 2/5 power law is suggested by curvilin-
ear regression, which evidently accords better with observa-
tion than the case of linear empirical functions. Furthermore,
the relative errors of computed momentum fluxes and the sen-
sible heat decrease by 20% and 13.03% respectively compared
with that of B & H 1991 scheme, which is used widely. How-
ever, the comparisons also indicate that improvement of the
estimated sensible heat fluxes is not so significant as that of
the estimated momentum fluxes.

The application of the flux-gradient relationships pre-
sented in this paper in numerical models is still under inves-
tigation. The analytical solutions could be solved by substitut-
ing the new flux-gradient functions into the Monin—Obukhov
stability parameter equation, and it may be imposed into
the model to simulate the energy exchange accurately in the

source region of Yellow River.
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