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Utilizing experimental data of the atmospheric surface layer in the Gobi Oasis of Jinta in a comparative study, we demonstrate
that under the condition of unstable stratification, the normalization variances of temperature in the oasis and Gobi Desert meet

@, (zl ) =a,(-z/ A" while normalization variances of both humidity and CO, in the oasis meet o (z/A)=

a,(1-Bz/ A)™";  the normalization variance of temperature in the oasis is large due to disturbance by advection, whereas
variance of CO, in the Gobi Desert has certain degree of deviation relative to Monin-Obukhov (M-O) scaling, and humidity
variance completely deviates from variance M-O scaling. The above result indicates that under the condition of advection, hu-
midity variance meets the relation O'fm = Dzo_sz + O'fB and it is determined by relative magnitude of scalar variance of ad-
vection transport. Our study reveals that, if the scalar variance of humidity or CO, transported by advection is much larger than

local scalar variance, observation value of scalar variance will deviate from M-O scaling; when scalar variance of advection
transport is close to or less than local scalar variance, the observation value of scalar variance approximately meets M-O scal-

ing.
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For the turbulent scalar transport in the atmospheric surface
layer (ASL) under the condition of homogeneous surface
and steadiness, classic Monin-Obukhov similarity theory
(MOST) (Monin et al. 1954) has authentically disclosed the
dynamic and thermal mechanisms of the scalar transport.
Moreover, Monin-Obukhov (M-O) scaling also has effec-
tively described the structure characteristics of turbulence
(Stull, 1988). Based on MOST and M-O scaling, a flux-
variance (FV) (Hill, 1989) scaling has been developed and
used to estimate turbulent flux and explore similarities in
sources and sinks at the ground surface (Katul et al., 1995;
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Finnigan, 2008; Townsend, 1961; Asanuma et al., 1999; De
Bruin et al., 1999; Guo et al., 2009). Turbulent transport
theory under ideal conditions is growing mature, but a the-
oretical framework that interprets scaling properties for het-
erogeneous surface is lacking (Finnigan, 2008; Detto et al.,
2008). In the past half a century, amounts of experiments
have revealed some properties of the M-O scaling under
various complex conditions. Dynamic and thermal process-
es together determined the generation and development of
turbulence (Hu et al., 2007). M-O scaling of temperature is
more efficient than that of humidity and CO, due to the sen-
sitivity of scalar to land surface changes (Katul et al., 1995).
The variances of horizontal and longitudinal wind velocities
more deviate from M-O scaling than the variance of vertical
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wind velocity (Detto et al., 2010). The turbulence phase
difference of scalars and their flux distribution difference
strongly influence the turbulent characteristics of the scalars
of humidity and CO, The phase differences among the sca-
lar fluctuations and relevant flux distributions strongly af-
fect the turbulent characteristics of the scalar, such as hu-
midity, CO,, etc. (Hill, 1989; Asanuma et al., 1999; De
Bruin et al., 1999). The scalar turbulent fluctuations linked
with eddy sizes that are comparable to the scales of source
heterogeneity result in the deviation from M-O scaling
(Detto et al., 2008). In the direction of the wind from scalar
sources, the advection transport allows random plumes to
occasionally arrive at the point of measurement, resulting in
complex and highly non-stationary patterns in time traces of
scalar concentration (Detto et al., 2010). In addition, in the
very stable boundary layer, the scaling properties of vectors
and scalars are commonly complicated by other non-
turbulent mechanisms so that the applicability of MOST is
doubted (Mahrt, 1989; Mahrt et al., 1998; McNaughton et
al., 1998; Lamaud et al., 2006). Based on these findings, it
is proposed that the global statistics of scalar fluctuations
may be decomposed into a local component that tracks most
likely MOST scaling and a non-local component introduced
by exogenous factors, such as the heterogeneity and advec-
tion variability, which force the scalar away from the equi-
librium state of turbulence (Detto et al., 2010).

Under the idealized conditions of atmosphere and land
homogeneity, the M-O theory is comparatively more valid.
However, the surface in nature is variable, and turbulent
transfer under complex conditions has already become an
urgent issue (Zhang et al., 2001). There are significant dy-
namic and thermal differences between the complex vegeta-
tion system of oasis and the flat gravel surface of Gobi De-
sert (Hu et al., 1988), and their material and energy are in-
terchanged by means of advective and turbulent flows. Two
sets of experimental data taken from over the heterogeneous
surface in an oasis and the Gobi Desert, as well as the ho-
mogeneous surface of the Qinghai-Tibet Plateau, are ap-
plied to compare and analyze the M-O scaling of wind ve-
locity variance and scalar variances of temperature, mois-
ture and CO,, thereby revealing the structure characteristics
and physical mechanisms of turbulence under different con-
ditions of surfaces. The influence of advection on the scalar
variances is also analyzed by spectral analysis. Finally,
based on several assumptions, a possible physical mecha-
nism for the influence of advection on M-O scaling is dis-
cussed under the condition of heterogeneous surface of the
oasis and Gobi Desert.

1 Theory
1.1 Local similarity scaling in surface layer

In the oasis and Gobi Desert, the main characteristics in-
clude the advection transportation of heat and material,
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thermal convection of the Gobi Desert and stable boundary
layer of the oasis in the daytime, due to their typical com-
plex surfaces. The MOST mainly is applied to the homoge-
neous surface (Sorbian, 1989), but the local MOST is ap-
plied to the atmospheric boundary layer of the heterogene-
ous surface that undergoes advection. Moreover, the local
MOST is also typically applied to describe the stable
boundary layer and convection boundary layer (Shao et al.,
1990; Hu et al.,, 1993a). So this study utilizes the local
MOST.

Under ideal conditions, the local M-O scaling of wind
velocity and scalars, such as temperature, can be written as

ofu.=g (1), (i=uv.w). m

o./

where ¢ refers to turbulent variance; the subscript i refers to

=p, (z/4), (s=06.,q.p.), )

S

the vectors u, v and w of wind velocity; s represents scalar
as potential temperature ¢, humidity ¢ and CO, concentra-
tion p,, etc.; ux is the friction velocity, which is defined as

— g\l
u, :(u’w’ +v'w' ) ; and s, represents the turbulent

characteristic quantity of the relevant scalar, which is de-
fined as s, = —w's'/u* . CO, variance is simplified as o, in

this paper. The local M-O length 4 is

A=—2 (3)
Kgw'e!

Many studies have demonstrated that under ideal condi-
tions, ¢,(z/4) and ¢, (z/4) have the following forms

for unstable stratification (Panofsky et al., 1977; Padro,
1993; Katul, 1999):

0. (z/A)=¢,(1-c, 2/ 4)", )

-1/3

o (2l A)=a (1= 2/4) ", )
where ¢, ¢;, a, and S, are undetermined coefficients. The
corresponding functional relationship under the condition of
free convection is as follows (Wyngaard et al., 1971; Hog-
strom et al., 1974; Kader et al., 1990):

o (21 A)=c(-2z/4)", 6)

o (z/A)=a,(- z//l)fl/3 : 7

c in eq. (6) is an undetermined coefficient. When satisfying
7/ A4=-0.04, free convection begins to develop; when
satisfying —z/ 4> 0.04, the temperature variance function
satisfies eq. (7) (Wyngaard et al., 1971; Katul et al., 1995).
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1.2 Spectral analysis of turbulence

The power spectrum and cospectrum can subtly describe the
turbulent characteristics of different frequencies. In iso-
tropic turbulence, the power spectra of wind velocity and

other scalars satisfy the Kolmogorov —5/3 scaling law (Stull,
1988):

S, (k)= Celx", ®)
SS (K_) — Cyg;l/.“aKfSB , (9)

where S(x) represents the power spectrum corresponding to
wave number x; C is an undetermined coefficient; and ¢ is
the turbulent dissipation rate.

In addition, Oncley et al. (1996) defines a frequency cu-
mulative integral Ogive function of the cospectrum as

02, (1,)=[" co,, (). (10)

Co, , (f) is the cospectrum of E (Jiang et al., 2013), i.e.,
1= 2nnk ) 1 & 2nnk

Co_, =— k)cos — k)cos +
00, ()= S x(R)eos| L5y o 250

Mﬂ@mf?ﬂimﬂ@mf?ﬂ, an

NS

where N represents the data volume and # is the cycle index.
When sampling the interval equal to Af, the frequency is
f =n/(NAt).Eq. (10) is an integral equation from high- to

low-frequency, (o, fy). As a function of frequency f;, when
frequency f is sufficiently low, the Ogive function will tend
to be a constant representing the function Ogive’s tendency
to be converged. Oncley et al. (1996) treat the Ogive func-
tion as the point of convergence to judge the ergodicity of
the turbulence, and treat the corresponding time of fre-
quency fy at the point of convergence as the average time
scale of the turbulence. If Ogive converges at the point of
frequency fo, then eq. (10) can be used to describe the gen-
eral trend of the cospectrum from high- to low-frequency fj,
(o0, fp). The larger the absolute value of the Ogive curve
slope is, the greater contribution the corresponding fre-
quency to the cospectrum is. When the Ogive curve tends to
be gradual, this signifies that a smaller contribution of the
frequency band to the cospectrum has been made. Therefore,
the proportion of high- and low-frequency components in
the turbulent flux can be judged according to the Ogive
frequency accumulative integrals. This paper analyzes the
contribution of different frequency spectrum components to
turbulent flux based on frequency accumulative integrals
Ogive, and the results reveal the influence of low-frequency
advection on the turbulence.

Finally, in order to more effectively analyze the effects
of different frequency components (advection, large eddy or
average vertical velocity) in the turbulence on the turbulent
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flux, the cospectrum and power spectrum were applied to
determine the spectrum of the correlation coefficient in the

piecewise intervals [f, 2], [f2, 31 - [fu-1, ful:

R ()=][Co (NS s 7> £

12)
Previous researches have demonstrated that correlation co-
efficient increases as the frequency decreases from high- to
low-frequency, reaches its maximum around the frequency
of fz/U=0.1-0.01, and then subsequently begins to shock
(McBean et al., 1972; Ricardo et al., 2001).

1.3 Influence of advection on scalar turbulence

The following predictive equation of scalar variance shows
that the scalar variance may be transported by the advection
and diffused and dissipated by the turbulence as well (Stull,
1988):

o
+ Uj —=-25 u;
ot 6xj ax].

- r 2
Q-M—zg. (13)
ox. ‘

J

Over grids of different surfaces, Asanuma and Brutsaert
(1999) proposed that the mixture of turbulent scalar vari-
ances originating from two different surfaces A and B be-

comes o = %(o-fA +UfB>. Moene et al. (2006) suggested

that, when the characteristic quantity of turbulent scalars is
mixed through the entrainment process, there is a linear

relation s, = as. +bs;, among the mixed scalar variance
s.., as well as scalar variance s, at the mixing layer top

and entrained scalar variance s.,. All these mixture cases

demonstrate that the turbulent scalar transported by differ-
ent low frequency transport processes in the new turbulent
flow field retains some information from the original turbu-
lent flow field.

We first assume that the turbulent pulsation scalar
formed in the flow field of upwind direction of zone A is
s, , which meets eq. (5) or eq. (7). When the air mass

reaches zone B after advection transport, s, decreases into
Ds,, , due to turbulent diffusion and dissipation, in which D
is the decay rate. Meanwhile, a new turbulent pulsation s

has also been spurred in zone B. A simple linear accumula-
tive relation is valid, and the scalar pulsation becomes
s = Ds, +s; . Then the scalar variance is determined as

1 N
ol = WZ(DS; + 55, )12 =D’c’, + 03 +2DCov (s} sy),
i=1
(14)
where o, 1is the turbulent variance of the scalar s after
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being mixed; o,, and o, are the variances of s, and

sy, respectively; and Cov(s,sy) refers to the covariance
are spurred by two com-

’ ’ ’ ’
of s, and s;. If s, and sj

pletely different turbulent flow fields of zones A and B,

there is no correlation between s, and s;, namely
Cov(s,sy)~0. Here eq. (14) can be simplified as
Oon = D70, + 0. (15)

Given that both s, and s; are spurred by local turbu-

lence, they respectively meet the following local relations:
O /50 =0 (2/4). (16)
O /Sep = 0 (2/4).- a7

Furthermore, relations (15)—-(17) and the experimental
data can be used to determine the turbulent scalar variance
and its decay rate D transported by advection.

Do, \/0'

D= \/0' S5 Pis ( Z/A)]/ " (19)

Under the condition of steadiness, the following relation can
be obtained by integrating relation (13) from x; and x;,:

5000 (2N (18)

— —  x o olu's”
sf—sl'zzf L 25" 'ﬁ— ( - >—2,9Y . (20
X Uj " ax axj : /

According to relation (20), for horizontal advection
transport, turbulent scalar pulsation s, will satisfy the

following relation:

DQE 2 <D2 1)3
- T
=f'mi 2y o5 _ofu's )—25‘, , D
WV Ox  Ox |

where V is a one-dimensional horizontal wind velocity. It
can be learned that <D2 - 1) ~1/V in terms of relation (21)

and 0<D<]1, then D will increase with the increase of \7 .In
addition, it is estimated that, with stronger turbulent dissipa-
tion, the turbulent scalar variance decreases, and decay rate
D also decreases.

2 Experiments and data processing
2.1 Experimental locations

The Jinta Oasis, located in Gansu Province, China, is an
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artificial oasis irrigated by mountain snowmelt water from
the Qilian Mountains. It is situated between 39.1°-40.28°N
and 98.65°-99.13°E, with an area of 1652.2 km?>. The ter-
rain in the oasis-Gobi area is flat and the altitude difference
is only about 80 m. The oasis is less influenced by terrain,
as it is located relatively far away from the Qilian Moun-
tains. In the southernmost area of the oasis is lush vegeta-
tion irrigated by the reservoir of Yuanyang Lake. The lake
water is transported by several canals flowing northeast-
ward and northwestward. Patchy Populus euphratica and
Salix microstachya forests grow around the canals. The en-
tire oasis presents a regular triangle shape, and the observa-
tion area is located in the southernmost corner of the oasis
(Figure 1). In the experiment, a 20-m-high observation tow-
er is located in the oasis (40.01°N, 98.93°E). There is a step
farmland with three layers and fall of about 1-2 m located
below the tower, in which multiple crops such as cotton,
wheat, tomato, and maize are alternately planted. On the
southeast and northwest sides of the farmland, at a distance
of 400 m, windbreak is composed of two rows of trees with
heights of 10 m. At a distance of about 550 m between the
northeast and southwest, there are houses of 3 m in height.
Another observation tower is set in the Gobi Desert
(39.99°N, 98.97°E), which is located close to the oasis. The
two observation towers are 3.66 km apart from each other,
and the Gobi tower is about 590 m away from the nearest
farmland.

In order to compare the turbulent characteristics of the
homogeneous surface and more effectively analyze the in-
fluence of advection on the turbulence between the oasis
and Gobi Desert, this paper selects the observation data of
the surface layer in Naqu of the Qinghai-Tibet Plateau (Fig-
ure 1). In this area, the experimental area is flat and grass
grows uniformly with a height of about 10 cm. The obser-
vation point is about 5 km from the nearest mountainous
region.

2.2 Experimental apparatus

A set of eddy correlation systems was installed at the level
of 10 m in the oasis tower. This system consists mainly of
three-dimensional ultrasonic anemometers (CSAT3, Camp-
bell, USA), and an open circuit CO,/H,0 analysis meter
(Li7500, Li-Cor, USA). The other two sets of the same ob-
served systems were installed in the Gobi tower at the re-
spective levels of 10 and 1.84 m. Meanwhile, the wind ve-
locity, temperature and humidity sensors produced by
Campbell Co. were used to perform gradient observations
of the wind, temperature, and humidity. In the oasis tower,
the gradient observation was composed of four floors, re-
spectively at 2.0, 6.0, 13.2, and 19.10 m, and that in the Go-
bi tower was composed of six floors, i.e., 1.57, 2.8, 4.5, 8.0,
12.0 and 18.0 m. The observations were performed from
June 11, 2008 to June 26, during which all the heights of the
crops were lower than 0.6 m. All raw data of wind
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Figure 1 Sketch map of observation points.

velocity, temperature, humidity and CO, of 10 Hz were
collected using the CR3000 and two sets of CR5000 pro-
duced by Campbell Co., and averaged for 30 min. Apart
from cloudy skies on June 19 and 20, and dust on June 21,

sunny weather persisted throughout the experimental period.

In Naqu, at the Alpine Climate Environmental Observation
Research Station of CAS, a set of the same eddy correlation
system was applied. The turbulent characteristics observed
at the level of 3.08 m from July 23 to September 13, 2011
over the uniform surface can be regarded as the comparison
objects.

2.3 Data processing

Incorrect data were first deleted due to other reasons such as
circuit pulse and dust. To eliminate the interference of the
entrainment between the upper and lower layers in the ad-
vection effect research, when the turbulent flow filed the
layers before and after the sunrise and sunset, the data ex-
cluded the data of 06:00-09:00 and 19:00-21:00 (Beijing
time). In addition, the Gobi Desert has some stronger unsta-
ble stratification at night, which may be caused by cold ad-
vection and intermittent turbulence, and such data have also
been excluded. Subsequently, the remaining data are cor-
rected with the plane-fitting method. Separation between
CSAT3 and Li7500 with time intervals of about 0.1 s is
corrected through maximum correlation for 5 min, whereas
ultrasonic temperature is corrected into absolute tempera-
ture (Schotanus et al., 1983; Kaimal et al., 1991). The hu-
midity and CO, pulsation caused by air density fluctuation
were not modified or corrected, because moisture and CO,
are the components of air, their pulsations are also composi-
tions of air density fluctuation, and the turbulent pulsation
of air temperature is actualized by air molecule pulsation. It
is clear to question the correction of the M-O scaling of
humidity and CO, derived from the temperature pulsation,
and the preliminary analysis reveals that such correction
will cause the prediction to deviate from relations (4)—(7).
Webb (1980) proposed that the average vertical velocity
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occurs when moisture runs over the surface after evapora-
tion, while such vertical velocity may transport heat and
mass, especially for moisture and CO,. Therefore, Webb
correction is ultimately used to estimate the vertical velocity
and correct the covariance relevant to the turbulent flux.
However, Webb correction involves the composition of
surface energy balance, but it does not belong to the com-
position of turbulent flux (—u-s). Therefore, in this study
we did not perform Webb correction. Finally, the remaining
data are 506 runs from 607 runs of the data from the oasis,
in which there are 65 runs of unstable stratification. We also
estimated displacement height d of 0.57 m by using the re-
maining data of the oasis (Martano, 2002). The respective
data at 10 and 1.84 m in the Gobi tower are 607 and 515
runs, and the selected data are 479 and 405 runs, among
which there are 303 and 312 runs of unstable stratification
for each. Given the possible influences of the altitude height
of the observation site and net radiation in Naqu on the re-
sults, the same correction process was repeated after the
data collected during 05:00-09:00 and 18:00-21:00 (Beijing
time) were excluded.

3 Results

3.1 Temperature and humidity distribution character-
istics of the oasis and Gobi Desert

Boundary layers in the oasis are characterized by local cir-
culation caused by the thermal difference between the oasis
and its surrounding Gobi Desert, the temperature inversion
in the internal boundary layer of the oasis, and the humidity
inversion in the internal boundary layer of the Gobi Desert
(Su et al., 1987; Hu et al., 1988; Hu et al., 1993b; Chen et
al., 2012). Early research on the boundary layer of Jinta
revealed that the heights of the internal boundary layer at
daytime in summer can reach up to 500-800 m (Wei et al.,
2005). Meanwhile, cold-wet tongues existing in the Gobi
Desert close to the oasis also verified the height of the in-
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ternal boundary layer of the Gobi Desert (Ao et al., 2005),
ranging from O to 600 m. To understand the observational
conditions and stratification characteristics of the surface
layer in the oasis and Gobi Desert, the vertical profiles of
the scalars and vertical wind velocity are first analyzed.
Figure 2 is the daily average vertical profile of tempera-
ture and humidity for each time in the oasis and Gobi Desert.
The results show that there were mostly stable stratifications,
aside from unstable stratification around 04:00-06:00 (Bei-
jing time) in the oasis, which was caused by the influence of
hot advection originating from the Gobi Desert in the day-
time (Su et al., 1987; Hu et al., 1988; Hu et al., 1993b; Chen
et al., 2012). Meanwhile, the eddy correction system in the
oasis showed negative sensible heat fluxes (Su et al., 1987;
Hu et al., 1988; Zhang et al., 1992). The average tempera-
ture profile of the Gobi Desert shows that the atmosphere in
the daytime undergoes unstable stratification, and at that

September (2014) Vol.57 No.g 2247
night undergoes stable stratification, but the average humid-
ity profile in the Gobi Desert is relatively complex under the
influence of moisture advection from the oasis. There is
always a humidity high value area around 3 m, and the neg-
ative humidity gradient distribution can be found above 3 m.
Meanwhile, the positive humidity gradient distribution and
negative latent heat flux can often be found below 3 m. The
influences of advection on the local atmospheric stratifica-
tion were obvious, and it may be inferred that the observa-
tion heights in the two locations were respectively located
in the internal boundary layers of the oasis and Gobi Desert.
Moreover, after analyzing and comparing the average verti-
cal velocity of 30 min, it is concluded that there is down-
ward vertical velocity in the oasis in the daytime and up-
ward average velocity in the Gobi Desert (Chen et al., 2012),
thus verifying the local circulation occurring in these areas
(figure omitted). This is consistent with the early observa-
tions and simulation results (Wen et al., 2005).
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Figure 2 Average profile figure for each time of the temperature ((a), (b)) and humidity ((c), (d)) of the oasis and Gobi Desert.
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Figure 3 M-O scaling of vertical velocity w at level of 10 m (a) in the
oasis, at 10 m (b) and 1.84 m (c¢) in the Gobi Desert, and at 3.08 m (d) in
Naqu.

3.2 Turbulent M-O scaling in the oasis and Gobi De-
sert

3.2.1 M-O scaling of velocity
The velocity variance represents the turbulent kinetic ener-
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gy and quantifies the turbulent intensity, thus we first ana-
lyze the M-O scaling of the velocity, the results of which
are shown in Figure 3.

The primary cause of the turbulent development in the
atmospheric boundary layer is the fact that the unequal
heating of the sunlight on the ground leads to convection
bubbles and causes turbulence. Then the vertical velocity
variance becomes a basic characteristic quantity represent-
ing the turbulent development intensity. Figure 3 shows the
M-O scaling of the vertical velocities at the levels of 10 m
in the oasis, 10 and 1.84 m in the Gobi Desert, and 3.08 m
over the homogeneous surface in Naqu. The M-O scalings
of the velocities fitted by non-linear regression are shown in
Table 1. Although the surfaces of the oasis and Gobi Desert
are significantly different, and their atmospheric stratifica-
tion influenced by the hot advection of the Gobi Desert is
also relatively complex, the M-O scalings of the two obser-
vation points are fairly consistent with that in Naqu. Each
figure shows that no matter whether unstable or stable strat-
ification is present, the observation value of the vertical
velocity variance is less deviated from the M-O scaling
curve. The results indicate that the variation of the surface
only has an influence on the magnitude of the vertical ve-
locity normalized variances, and does not change the func-
tion form of the M-O scaling. This signifies that the surface
condition cannot change the basic physical characteristics of
the turbulence.

Figures 4 and 5 show the respective M-O scalings of
longitudinal velocity u and horizontal velocity v at the same
heights with vertical velocity w in the oasis, Gobi, and Naqu.
The M-O scaling functions of longitudinal velocity u and
horizontal velocity v, as well as their relevant correlation
coefficients R and dispersion variances S, are listed in Table
1. Figures 4, 5 and Table 1 indicate that for unstable strati-
fication, in both the oasis and Gobi Desert, both the vari-
ances of longitudinal velocity u and horizontal velocity v
basically meet the M-O scaling. However, their function
relations with smaller correlation coefficients and larger
dispersion variance are worse than that of vertical velocity.
In general, the correlation coefficients of the longitudinal
and horizontal velocity M-O scaling, which respectively are
R=0.54 and R=0.64, are lower in the oasis than in the Gobi
Desert. Moreover, the correlation coefficients of the veloci-
ty M-O scaling, which respectively are R=0.84 and R=0.83,
at the level of 10 m are larger than that at 1.84 m, with
R=0.61 and R=0.64 in the Gobi Desert. The correlation co-
efficients of the velocity M-O scaling at the level of 1.84 m
in the Gobi Desert are consistent with those at the level of
3.08 m in Naqu, which respectively are R=0.60 and R=0.64.
These phenomena show that the effects of the surface dy-
namic heterogeneity on velocity M-O scaling are different.
Because the surface of the oasis is more non-uniform than
that of the Gobi Desert, the correlation coefficients of the
M-O scaling fitting curve in the oasis are lower than those
in the Gobi Desert. In addition, the observed area is farther
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Table 1 M-O scaling of velocity components under the condition of unstable stratification

Location/height (m)

M-O scaling

Correlation coefficient Dispersion variance

Oasis /10 @,=1.3[1-2.8(z—d)/4]"? R=0.88 5=0.23

) . Gobi /10 @,=1.1(1-3.6z/4)"? R=0.98 $=0.16
Vertical velocity w . 13

Gobi /1.84 @,=1.1(1-3.5z/4) R=0.86 5=0.16

Naqu /3.08 @,=1.1[1-3.8(z—d)lA] "? R=0.86 5=0.16

Oasis /10 @,=2.6[1-0.8(z—d)/A]" R=0.54 5=0.67

o . Gobi /10 @,=2.1(1-5.72/4)"? R=0.84 5=1.23
Longitudinal velocity u . "

Gobi /1.84 @,=3.5(1-3.82/4)"" R=0.61 5=0.99

Naqu /3.08 @,=2.8[1-7.2(z—d)/A] ? R=0.60 §=2.37

Oasis /10 @D,=2.5[1-1.7(z—d)/A]"" R=0.64 5=0.75

. ) Gobi /10 @,=2.1(1-7.1z/4)"" R=0.83 5=1.38
Horizontal velocity v . "

Gobi /1.84 @,=2.9(1-12.1z/4)"" R=0.64 S=1.41

Naqu /3.08 D,=2.8[1-6.2(z-d)/A] " R=0.64 $§=2.12

away from the ground, and thus the influence of terrain on
the turbulence flow is less significant in the Gobi Desert.

3.2.2  M-O scaling for temperature

Because of the differences among the temperature and hu-
midity characteristics of the upwind airflows at the two ob-
servational sites, the normalized variances have been classi-
fied and compared in terms of different wind directions be-
fore analyzing the M-O scaling of the temperature, humidity,
and CO,. The results show that the airflows, whether blow-
ing from the sector receiving wind at 45°-315° or forest
patches of Populus euphratica and red grahame in the
northern area of the oasis, are both hot and dry. As far as the
observation site in the Gobi Desert is concerned, it is easily
affected by the local oasis-Gobi Desert circulation because
of the proximity of its location to the oasis and being sur-
rounded from three sides by the oasis. The M-O scaling of
the temperature, humidity, and CO, does not vary consist-
ently with the different wind directions. Therefore, in the
following analysis of scalar variance the data are not classi-
fied in terms of different wind directions.

We also observed that the characteristic quantity s=of the
vertical turbulent flux varies positively and negatively with
the direction of the flux, and the scatter plot of the normal-
ized variance should be in the first and third quadrants of
the coordinate system. This is because the variance is posi-
tive and the normalization processing by using m similar
theory should not change the turbulent properties. Moreover,
in order to compare and analyze the properties of the scalar
variances close to the condition of neutral stratification,
—0y/0 and o,/0- are respectively selected when the tempera-
ture variance is in the unstable and stable stratifications,

with o, / g.|and o, / o

plex humidity and CO, variance.

Figure 6 shows the M-O scaling for temperature in the
oasis and Gobi Desert. Under the condition of unstable
stratification, the respective M-O scaling fitting curves of
temperature at the level of 10 m in the oasis, and 10.0 and
1.84 m in the Gobi Desert are —ay/0:=3.6[—(z—d)/A]™">,

being used for relatively com-

—040:=1.1(=zA)™" and -0y/0:=1.0(=z/4)""*. The M-O
scaling of temperature in the Gobi Desert is characterized
by a high correlation coefficient, R=0.86 at the level of 10
m and R=0.90 at 1.84 m, and small dispersion (respectively
$=0.26 and $=0.23), which is more coincident with the M-O
scaling fitting curve of —oy/6:=1.2[(z—-d)/A]""" (R=0.86 and
$=0.64) in Naqu. The oasis is characterized by relatively
larger magnitudes of —a,/6, lower correlation coefficient of
M-O scaling fitting curve, and larger dispersion due to the
influence of the thermal advection from the Gobi Desert.
The dispersion variance even reaches as high as $=6.00, in
spite of the correlation coefficient of R=0.70, as the magni-
tude of ¢, is integrally ten times the size of that of the

Gobi Desert. With regard to the condition of stable stratifi-
cation, all the M-O scaling fitting curves of the temperature
in the oasis and Gobi Desert exhibit a large dispersion. In
the oasis, the cross points between the M-O scaling fitting
curves and axis of ordinates from the stable to unstable
stratifications are different and discontinuous, and all ¢4/0
are less than the constant values predicted by the M-O scal-
ing under the condition of stable stratification. Inferred in
light of the vertical profile of the Gobi Desert humidity
shown in Figure 2, the low-level air in the Gobi Desert is
affected by the cold wet advection from the oasis, which
strengthens the instability of the Gobi Desert stratification,
in turn possibly causing the turbulence to undergo more
sufficient development, and characterizes the M-O scaling
of temperature at 1.84 and 10.0 m in the Gobi Desert with a
small dispersion under the condition of unstable stratifica-
tion.

3.2.3 M-O scaling properties for CO,

During the experimental period, the decreased amount
of CO, in the oasis, along with the sink of CO, (Hu et
al., 1993), was less than 25% than the CO, density of the
Gobi Desert. Figure 7 shows the M-O scaling of CO, in the
oasis and Gobi Desert. As shown in the results, under
the condition of unstable stratification, the CO, variance

IOC*

at 10 m in the oasis meets the M-O scaling of o, /
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with the MOST, which is characterized by having a higher
correlation coefficient and smaller dispersion. However, the
CO, variance at 1.84 m in the Gobi Desert deviates slightly
from the M-O scaling, and the CO, variances at 10 m the
Gobi Desert are consistent with the prediction of the M-O
scaling, except for 24 points deviating from the M-O scaling.
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The CO, variance in Naqu, in spite of having a homogene-
ous surface, clearly deviates from the M-O scaling, due to
the influence of the cow and sheep in the area. Therefore,
the dotted line presents the fitting curve in accordance with
the humidity variance (for details see the analysis in Section
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(b) and 1.84 m (c) in the Gobi Desert, and 3.08 m (d) in Naqu.

3.2.4), along with the relevant correlation coefficient and
dispersion variance. Under the condition of stable stratifica-
tion, the dispersion of CO, variance in both the oasis and
Gobi Desert is large and irregular, which is in accordance
with the results of the temperature variance. However, in
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contrast with temperature, the normalized variance of CO,
deviates from the constant value at the stable stratification
predicted when the M-O scaling at the unstable stratification
extends to that of the neutral stratification.

3.2.4 M-O scaling properties for humidity

According to the humidity vertical profile of the oasis
and Gobi Desert shown in Figure 2, as the source of
water vapor, the local circulation carries the water vapor
from the oasis to the Gobi Desert, and the humidity in the
oasis is 1.0-1.5 times that in the Gobi Desert. Figure 8
shows the analysis results of humidity variance. Under the
condition of unstable stratification, the relation of

o,/|a.|= 21[1-82(z~d)/4]"" between the humidity

normalization variance of o, /

q.| and the stability param-

eter of —(z—d)/A can be fitted (Figure 8(a)). This is fully
consistent with the M-O scaling for the CO, normalization
variance in the oasis. The comparison of the humidity with
the CO, normalization variances at the level of 10 m in the
oasis shown in Figure 9 further suggests that, although the
vertical turbulence of CO, and water vapor in the oasis face
opposite directions, their M-O scalings are coincidental. It
may be assumed that the Gobi Desert humidity normaliza-

C]*
the oasis, if not affected by the water vapor advection. Fig-
ure 8(b) and (c) shows that both humidity normalization
q.| atthe levels of 10.0 and 1.84 m in the
Gobi Desert have an upward dispersion from the M-O
scaling. In order to compare the degree of the dispersion,

the dotted line draws out the M-O scaling curve for the
humidity variance, referring to the CO, relations of

. /|p.| =3.3(1—18.6z//1)7l/3 and o /|p.|]= 2.60-
8.1z/4)"* in the Gobi Desert. By comparison, these hu-

tion variance of o, /

possesses a similar form as that of

variances of o, /

midity variances are generally larger than the predicted
values of the M-O scaling. Under the condition of stable
stratification, both the results of the humidity variance and
CO, variance are opposite to the results of the temperature
variance, and the observation values clearly deviate in the
upward direction from the constant value at the stable strati-
fication predicted when the M-O scaling of the unstable
stratification extends to that of the neutral stratification.

By synthesizing the deviations of the temperature, hu-
midity, and CO, from M-O scaling, it is indicated that, un-
der the condition of unstable stratification, the M-O scaling
is valid for the temperature of the oasis although its nor-
malized variance, —oy/0:, is great; however, the humidity
normalized variances of the Gobi Desert not only are great,
but also deviate far from the prediction of the M-O scaling.
The M-O scaling is valid for the humidity of the oasis, the
temperature of the Gobi Desert, and the CO, at the two ob-
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servational sites. Under the condition of stable stratification,
all the scalars deviate from the prediction of the M-O scal-
ing, for both the heterogeneous surface of the oasis-Gobi
area and the homogeneous surface of Naqu. In order to
eliminate the interference of unknown factors and reasona-
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Figure 8 The M-O scaling for humidity at the level of 10 m (a) in the
oasis,10 m (b) and 1.84 m (c) in the Gobi Desert, and 3.08 m (d) in Naqu.
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Figure 9 Comparison between humidity and CO, normalization vari-
ances at 10 m in the oasis.

bly analyze the influence mechanism of advection on the
turbulence, the following section will only use the data col-
lected under the condition of unstable stratification.

3.3 Spectrum characteristics of turbulence in the oasis
and Gobi Desert

The objective of this section is to reveal the basic character-
istics of the oasis and Gobi Desert turbulence spectrum, and
analyze the mechanism of the M-O scaling. The following
section makes a comparison among the characteristics of the
power spectra. The correlation coefficient spectra and Ogive
functions of the cospectra are shown to be related to the
vertical velocity, temperature, humidity, and CO, under the
condition of typical unstable stratification with stronger
turbulence development at 12:00-13:00 (Beijing time) on
June 12 in the oasis and Gobi Desert. In order to perform
the comparative analysis with the results of the homogene-
ous surface, we also list the same spectra and functions un-
der similar conditions at 11:00-12:00 on August 7 in Naqu.

S(w) & S (s)

10* 10°* 10% 10" 10° 10
f (Hz)
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Figure 10 presents the power spectra of the vertical ve-
locity and scalars, such as temperature, humidity, and CO,
at the level of 10 m in the oasis and Gobi Desert, in which
the stability in the oasis is (z—d)/4=—0.01 and that in the
Gobi Desert is z/4=—0.46. The results suggest that all of the
power spectra of the turbulent variables in the inertial range
conform to the “-5/3” power law.

Figure 11 presents the Ogive function and correlation
coefficient spectra between the vertical velocity and one of
scalars, which corresponds to Figure 10. In the figure, (a)
and (b) are the Ogive function and correlation coefficient
spectrum for the temperature in the oasis and Gobi Desert,
respectively; (c) and (d) are the corresponding function and
spectrum related to CO,; and (e) and (f) are the correspond-
ing function and spectrum for humidity. In order to perform
a comparison, (a), (b) and (c) in Figure 12 present the Ogive
functions and correlation coefficient spectra for temperature,
CO, and humidity under the condition of stability
(z—d)/41=—1.22 in Naqu. A comparison of Figure 11 with
Figure 12 shows that the Ogive function and correlation
coefficient spectrum have the following characteristics:

(1) Under the condition of unstable stratification, the
Ogive function related to temperature and humidity in the
oasis and Gobi Desert is an increasing function with the
decline of frequency, and the Ogive function for CO, shows
a decreasing function with the decline of frequency. In the-
ory, the Ogive function tends to converge with the decline
of frequency (Figure 12) (Oncley et al., 1996). As shown in
Figure 11, all the Ogive functions are related to CO, in the
oasis and Gobi Desert, the temperature in the Gobi Desert
and humidity in the oasis converge and trend to a certain
constant value. Moreover, in the low frequency of conver-
gence, the Ogive function for temperature in the oasis is
characterized by fluctuation and the Ogive function for hu-
midity in the Gobi Desert presents a sharp oscillation. It is
then concluded that both the low frequency turbulent parts
related to the above temperature and humidity have signifi-
cant influences on their fluxes.

S(w) & S (s)

10* 10°* 10% 10" 10° 10
f (Hz)

Figure 10 Power spectra of vertical velocity and scalars, such as temperature, humidity, and CO, at the level of 10 m in the oasis (a) and Gobi Desert (b).
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scalars under the condition of stability z/4=—0.46 in the Gobi Desert.

(2) Under the condition of homogeneous surface in Naqu,
the correlation coefficient spectra for temperature and hu-
midity first increase with the decline of frequency and the
increase of Ogive function. When the frequency is less than
107 Hz, the Ogive function trends to converge, and the cor-
relation coefficient decreases with the decline of frequency
(Jiang et al., 2013; McBean et al., 1972). The correlation
coefficient for CO, is similar to the above variation trend
regardless of the minus sign. As far as the heterogeneous
surface is concerned, the correlation coefficient spectra for

the oasis humidity and Gobi Desert temperature first in-
creases with the decreased frequency and increased Ogive
function. When the frequency is less than 107> Hz, the
Ogive function for humidity in the oasis trends to converge,
and that for temperature in the Gobi Desert decreases at the
lowest frequency. At the same time, the correlation coeffi-
cient for humidity in the oasis first decreases slightly, then
increases with the decline of frequency, and the correlation
coefficient for temperature in the Gobi Desert varies slightly
with the decline of frequency. In addition, the values of the
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Figure 12 Ogive cumulative frequency spectra and correlation coefficient spectra of temperature (a), CO,(b) and humidity (c) at the level of 3.08 m in

Naqu, with the corresponding stability (z—d)/A=—1.22.

Ogive function and correlation coefficient spectrum related
to CO, in the oasis have a similar variation trend with hu-
midity of the oasis, except for the opposite minus. However,
the trend of the Ogive function and the correlation coeffi-
cient spectrum related to CO, are similar to the results ob-
served in Naqu. With regard to the temperature in the oasis
and humidity in the Gobi Desert, the relevant correlation
coefficient spectra fluctuate between the positive and nega-
tive values, with a decline of frequency occurring in the
range of 10'-1072 Hz. The corresponding Ogive function
increases with a smaller gradient. In addition, when the fre-
quency is less than 107> Hz, the gradient of its Ogive func-
tion increases rapidly and its correlation coefficient spec-
trum still fluctuates widely between positive and negative
values.

(3) The Ogive function for a scalar following the M-O
scaling first increases and then converges with the decline
of frequency, which signifies that the high frequency part
greater than 10> Hz has a larger contribution to its Ogive
function, and the low frequency part has a smaller contribu-
tion. On the contrary, the Ogive function for CO, is a de-
creasing function with the decline of frequency, and the
high-frequency part has a larger contribution to the Ogive
function, whereas the opposite is true for the low-frequency
part. The low-frequency integral part of the Ogive function
corresponds to the advection response, advection material
transfer, and energy flux. In terms of the definition of the
Ogive function, the low frequency part has a great contribu-
tion to the Ogive function, which signifies that the low fre-
quency has a significant influence on the covariance be-
tween the vertical velocity and turbulent scalar. In other
words, the low frequency has a great influence on the verti-
cal turbulent flux. The Ogive function tends to converge to
a constant value with the decline of the frequency. A rapid
convergence signifies that the influence of the low frequen-
cy on the covariance between the vertical velocity and tur-
bulent scalar is disappearing rapidly and converging slowly,
which in turn signifies that the same influence is continuous
and significant. Therefore, the low frequency has a great
contribution to the Ogive function in terms of temperature

and humidity, and a small contribution to the Ogive func-
tion for CO,, which signifies that the advection has a great
contribution to the sensible and latent heat fluxes and a
small contribution to the vertical flux of the CO,. The Ogive
functions related to the temperature of the oasis and the hu-
midity of the Gobi Desert present a fluctuation with the de-
cline of frequency, which shows that the advection has a
greater influence on the sensible heat flux in the oasis and
latent heat flux in the Gobi Desert.

3.4 Influence of advection from oasis on the humidity
variance in the Gobi Desert

Both the vector variance and scalar variance quantify their
turbulent intensity. Under the conditions of steady state and
homogeneous surface, the MOST reveals the relationship
among the turbulent intensities of vertical velocity and sca-
lar intensity and the concerned turbulent flux (Hill, 1989).
Over the heterogeneous surface, the causes of the scalar
variance deviating from the M-O scaling may provide some
clues to reveal the turbulent transporting mechanism.
Therefore, the following section will study the possible
mechanism of the local advection transporting the turbulent
scalar variance by using the observational data of the up-
stream and downstream in the oasis and Gobi Desert.

First, the data from the sector of wind direction
275°-345° at the Gobi Desert site where the upstream area
is located at about the same location as the oasis site are
selected (Figure 1). When both the oasis and Gobi Desert
are under the condition of unstable stratification, the humid-
ity variance o, spurred by the turbulent flow field of the

Gobi Desert is estimated by using relation (17) and the ob-
servation values of ¢:g, in which the parameter in
D (z/4) uses the coefficient of CO, normalized variance

o./|p..|=33[1-18.62/41"" in the Gobi Desert, because

the normalized variances of the humidity and CO, have the
same function relationship under the condition of smaller
interference of advection in the oasis. Therefore, the func-
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tion relationships of the humidity and CO, normalized vari-
ances in the Gobi Desert will be the same regardless of the
interference of advection. Then, based on the relation (18),
the water vapor variance of in the oasis Doy, after advection
transporting and attenuating can be estimated. Figure 13 is a
demonstration of the humidity variance, ,4, and the water
vapor variance of Do, that varies with the stability param-
eters of —(z—d)/A after the advection transportation and at-
tenuation. The results indicate that the humidity variance
after attenuating basically meets the function relationship of
D01,A~[(z—d)//1]’”3 . There is a certain amount of deviation
from the function relationship for the different attenuation
rates, but the results show an essential improvement com-
pared to Figure 8(b). Figure 14(a) and (b) shows that atten-
uation rate D varies with the wind velocity and stability
parameter of z/4, in which the predicted results of relation
(21) are valid. The attenuation rate, D, increases with the
increasing wind velocity and decreases with the increasing
stability parameter of z/4. In addition, we also estimated the

Do, by using the assumption of o7, =(07, +07) / 2, and

the result showed that attenuation rate D was greater than 1,
which clearly violates the attenuation law of physics.
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Figure 13 Variation of humidity normalization variance with (z—d)/A
before and after.
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Figure 14 Attenuation rate D of humidity variance originating from the
oasis varies with the average velocity (a) and the stability parameters of

(z=d)/1 (b).
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4 Discussion

In light of the “endogenous factor” and “exogenous factor”
scheme proposed by Detto et al. (2010) and the above re-
sults, the following inferences may be made. After advec-
tion carrying hot air from the Gobi Desert to the oasis, the
air in the oasis is affected by a strong turbulent pulse and
the temperature variance of the oasis is increased, which
may temporarily be referred to as the “exogenous factor”

0’ % . At the same time,

temperature variance of o, =4/6,...

the “endogenous factor” variance of

Gy =0 is the result of the local flow field and

thermal stratification. Affected by the thermal advection and
roughness of the surface, the atmosphere in the oasis with
more stable stratification and larger friction velocity of u-
has a relatively small turbulent characteristic temperature of
6+. Because opex is much larger than oy, in the components
of oy, the —oy/0- of air has a large magnitude. As a factor
generating the turbulent flow field, the temperature is af-
fected by advection while its variance still meets the struc-

temperature

ture of [—(z—d)/4]™"". On the contrary, the relatively cold air
from the oasis possesses a smaller temperature variance,
and the cold advection strengthens the instability of the Go-
bi Desert atmosphere. The temperature variance of the oasis
is relatively small in comparison to that of the Gobi Desert
local turbulence, so that the “exogenous factor” temperature
variance has little contribution to the temperature variance.
The result is that the Gobi Desert air still meets the theory
of (—z/4)™", even with a slight deviation. The water vapor
of the Gobi Desert originates from the oasis, and thus the
variance of o _ =

“exogenous factor” humidity o

V4., constitutes the greatest part of the humidity variance.

Under the condition of low humidity, however, the “endog-

99 . g0 . _ r 2 .
enous factor” humidity variance of o, =@, 18

caused by the local turbulent flow field, which has a smaller
magnitude. Therefore, the humidity normalization variance
of the Gobi Desert is far greater than the prediction of the
M-O scaling. Similar to temperature, the opposite dry-air in
the Gobi Desert can cause a relatively small deviation of the
humidity variance in the oasis, but cannot change its func-
tion relationship. Both the CO, normalization variances in
the oasis and Gobi Desert basically meet the M-O scaling,
due to the small difference between the CO, variance of the
two observation sites. However, the reason why the CO,
variance at the level of 10 m in the Gobi Desert deviates
from the M-O scaling may be the great difference between
the CO, in the oasis and Gobi Desert, thus there appears to
be a similar mixture process of humidity.
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5 Conclusions

Under the condition of complex surface in the oasis and
Gobi Desert, there exist large differences between the tem-
perature and water vapor of these two areas. In the oasis, the
temperature variance at unstable stratification meets the
function relationship of ocg[(z—d)//l]_” 3 due to the influence
of local advection, whereas the magnitude of —gs/0- in-
creases compared to its magnitude, under the condition of
homogeneous surface. Under the same conditions, the hu-
midity variance and CO, variance both meet the conditions
of relation (5). In the Gobi Desert, the temperature variance
meets relation (7) and the CO, variance meets relation (5),
while the humidity variance significantly deviates from the
M-O scaling. There exists little difference in terms of CO,
between the oasis and Gobi Desert, and thus the advection
has little influence on the M-O scaling for CO,. Almost all
water vapor in the Gobi Desert originates from the advec-
tion transport of the oasis, and as a result the characteristics
of the oasis humidity variance are partly preserved and have

a significant influence on the Gobi Desert humidity variance.

After discussion, the M-O scaling of the scalar turbulence is
determined by the magnitude of scalar variance transported
by advection, which is the relative size of “exogenous fac-
tor” variance and “endogenous factor” variance. If the “ex-
ogenous factor” scalar variance transported by the advection
is quite large, then the observation value of the scalar vari-
ance will deviate from the M-O scaling. When the “endog-
enous factor” scalar variance is very large, then the M-O
scaling for the scalar is valid.
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