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ABSTRACT

A deep understanding of turbulence structure is importaninf/estigating the characteristics of the atmospherimide
ary layer, especially over heterogeneous terrain. In thsgunt study, turbulence intensity and turbulent kinetergy (TKE)
parameters are analyzed for different conditions witheesfo stability, wind direction and wind speed over a valiegion
of the Loess Plateau of China during December 2003 and Ja208#4. The purpose of the study is to examine whether the
observed turbulence intensity and TKE parameters satisfiyitd-Obukhov similarity theory (MOST), and analyze thedvin
shear effect on, and thermal buoyancy function of, the TkdSpite the terrain heterogeneity. The results demondtrate
the normalized intensity of turbulence follows MOST for stihbility in the horizontal and vertical directions, as el the
normalized TKE in the horizontal direction. The shear dff#c¢he wind speed in the Loess Plateau region is strong itewin
and could enhance turbulence for all stability conditiobsring daytime, the buoyancy and shear effect togethertitores
the generation of TKE under unstable conditions. At nighg tontribution of buoyancy to TKE is relatively small, and
mechanical shearing is the main production form of turbcgen
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1. Introduction Many observational experiments have demonstrated that

. . the relationship between turbulence intensity and atmo-
Turbulent transport is one of the most important charac-; - i . . .

i . spheric stability, determined according to Monin—Obukhov
teristics of the atmospheric boundary layer. The exchahge o .~ ° . .

simjlarity theory (MOST), can effectively describe the cha
momentum, heat, water and other substances between land - .
. . acteristics of the turbulent exchange over a uniform homoge

and atmosphere mainly takes place in the form of turbulen

diffusion (Louis, 1979; Powell et al., 2003; Martins et alNeoUs underlying surface (Businger et al,, 1971; Nieuwistad

2009; Mahrt, 2010). Therefore, the characteristics of the &984; Sorbj,an, 1987). I-_|0wever, the compl@gty gnd diversit
. .~ 0f the earth’s surface brings tremendous difficulties arad-ch
mospheric turbulence near-surface layer become the impar-

tant characterization parameters of the land—atmosphere | hges to the understanding of the turbulence exchange pro-

. : ) . R esses between land and atmosphere (Kaimal, 1973; Panof-
teraction (Monin and Yaglom, 1971; Louis, 1979; Te|xe|raectk etal., 1977; Li et al., 2003; Hammerle et al., 2007). The

L S
al,, 2008). An accurate description of the IanOI_atm()Sph%rjrbulent exchange of an inhomogeneous underlying surface

turbulence exchgnge process depends on the understaqlslnr%t only related to the characteristics of the land sarfac
of the characteristics of atmospheric turbulence (Muschi . o
ut also the changes of turbulence intensity itself (Mahrt e

ski et al., .20.04’ Acevedo etal., 2007; Teixeira et al., 200 l., 1998; Mahrt, 2007). Currently, the parameterizatibn o
However, it is clear that, for atmosphere turbulent flows, we . )
. . eterogeneous or complex underlying turbulence is recog-
cannot directly describe the exchange process (Massman an - ! :
i . njzed as one of the most difficult problems in the microm-
Lee, 2002; Moraes et al., 2005). Instead, previous Stue eorology research field (Mahrt et al., 1998; Andreas and
ies (Nieuwstadt, 1984; Sorbjan, 1987) have concentrated on gy " '

. - . Icks, 2000; Moraes, 2000; Al-Jiboori et al., 2001). For eom
understanding the statistical properties of atmosphebeitu plex terrain, Moraes et al. (2005) showeg)/u, and ay/u,

lence. that dependence witl/L just for wind speed higher than
the thresholdJ > 1 m st and—1< z/L < 0 (where,o is
* Corresponding author: YUE Ping the standard deviation of velocity, is the friction velocity,
Email: jgyueping@126.com z/L is the stability parameter, in whichis the height of the
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sensor above the ground ahd= —u®T, /kg(WT{), Ty is the tion and wind speed at the observation site are classifiet, an
mean virtual temperature, is the Karman constang,is the verify the applicability of MOST in research on the complex
acceleration due to gravity, andT, is turbulent heat flux). underlying surface of the Loess Plateau. In addition, the ef
Martins et al. (2009) found that both of the parametgral,.  fects of shear and buoyancy contribution on turbulent kinet
anday/u. follow MOST in convective and stable conditionsnergy (TKE) are studied through the classification of wind
for a limited range of/L. directions.

As a globally unique and important geographical region, The remainder of the paper is structured as follows: First,
the Loess Plateau of China is an important part of the couhe observational data and the parameterization of tunoele
try’s arid and semi-arid landscape, and the heterogengityimtensity are introduced in section 2. In section 3, thasstat
the land surface is obvious (Huang et al., 2008; Yue et aigal characteristics of TKE and the contribution of shezt a
2011). The region features a gully—hilly crisscross patterbuoyancy to TKE are analyzed. Conclusions are presented in
and the underlying surface is highly undulating. Thereforsection 4.
the turbulence characteristics of the region are compgé;at
while the turbulent transport is more typical (Huang et al.,

2008; Yue et al., 2012; Zhang et al., 2013). There are signd- Material and M ethods

icant differences in the resulting turbulence charadiesis )

even at the same observation station, when airflow from dftl-  OPservations

ferent directions passes the observation point. This iatse The observations were made in a valley region of Dingxi,
of the different characteristics of the underlying suriaaad over the Loess Plateau in Northwest China (@8N,

the “memories” they impose (Martins et al., 2009; Liu et al104°37'E), elevation: 1896.7 m above sea level; Fig. 1a maps
2012). the topography of the study area, and Fig. 1b is a photograph

In fact, the factors affecting the inhomogeneity of thef the flux observation station]. The research area belongs
underlying surface of the Loess Plateau are not only topto-a semi-arid climate region, with an annual average tem-
graphic; the complexity of the vegetation in the region &oal perature of 6.3C, average annual precipitation of 419 mm,
regarded as a very important non-uniform factor (Zhang et ainnual average wind speed of 1.8 ni sand average annual
2013). However, changes in wind speed in the surface laygemshine of 2500 hours. The maximum potential evaporation
will also affect the structure and morphology of this kind ois greater than 1526 mm.
roughness element, even when the underlying surface con-The observational data for December 2003 to January
ditions are exactly the same. Thus, the dynamic roughn@894 provide half-hour records of velocity from a sonic
size can change (Yue et al., 2013; Zhang et al., 2013), whimhemometer (CSAT3, Campbell Scientific, USA) located at
makes it even more challenging to understand the regiohgightz= 2 m on the northern side of a 20 m tower. The sonic
characteristics of turbulent flow. To eliminate the influencanemometer is aligned with local gravity and its boom is di-
of the underlying surface vegetation on the charactesistic rected north. The three wind velocity components and irtua
turbulence, bare soil data for the winter season are usée@intemperature are sampled at 10 Hz. Basic quality control of
present study. To analyze the effects of topographic hetetioe raw 10 Hz data involve the detection of “soft” and “hard”
geneity on the characteristics of turbulence, the windadirespikes (Vickers and Mahrt, 1997; Schmid et al., 2003; Zuo

Fig. 1. (a) Topographical map; (b) the flux observation station.
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et al., 2009; Liu et al., 2012). Half-hour records occurring the distance from the near end of the area to the seasor;

during precipitation, and runs with frictional velocity.j of is the distance from the far near end of the area to the sensor

< 0.01 m s1, are rejected (Song et al., 2010). Following th€Schmid, 1994); andl is the maximum lateral half-width

above screening process, we have available to us 320 sinudlthe source area), under conditions of stable atmospheric

taneous samples averaged for 30 min to stable stratificatistratification, are 9.9, 22.8, 71.4 m and 21.7 m, respegtivel

and 445 samples averaged for 30 min to unstable atmosphé&hi@er neutral conditions their values are 12.4, 29.3, 99.3 m

stratification. and 27.9 m, respectively, and under unstable conditions the
Figure 2 shows that the most frequent wind dire@re 13.6, 32.2, 114.9 m and 31.4 m, respectively. (2) In the

tion range are 105-150 (southeast) and 285310 (west- west-northwest direction, under conditions of stable atmo

northwest). Houses with different low heights of 3-5 m argpheric stratificatiors, d, eandXy, are 10.1, 20.4, 75.0 m and

distributed about 100 m away from the southeast direction

of the observation station. There is relatively flat operdlan ] o

to the northwest, with a length of about 500 m and width off "eauency —— Wind direction (")

300 m, without tall buildings and trees. Table 1 presents the 0

prevailing wind direction aerodynamic roughness lengith an 600 -

friction velocity at the Dingxi site for different stabiitcon-

ditions. 450+

2.2. Turbulence flux source areas 300 300

To analyze the effects of the inhomogeneity of the topog- 5 |
raphy on the characteristics of turbulence, the Flux Source
Area Model (FSAM) (Schmid, 1994) is selected in the (270
present study to calculate the distribution of the turbtlen
flux source areas of Dingxi under different stability condi- 150
tions in the dominant wind directions (Fig. 3). The location
of the observation point is used as the origin. The directiom?007 249
opposite to the horizontal wind speed is used asxthgis. 450
The direction perpendicular to theaxis direction is used as
the y-axis. When the contribution of the flux source area atgg( |
the observation height of 2 m at Dingxi station reaches 90%: 180
(2) In the southeast directioa, d, e andXy, (whereXy, is the
maximum source location, i.e., the upwind distance of theFig. 2. Wind rose at the 2 m level for the Dingxi site from De-
surface element with the maximal effect on a given seresor; cember 2003 to January 2004.

Table 1. Aerodynamic roughness and friction velocity in differeribd/directions.

Zy (m) U, (ms™)

Wind direction () Unstable Neutral Stable Mean Unstable Neutral Stable Mean
105-150 0.023 0.032 0.047 0.033 0.115 0.158 0.072 0.110
285-310 0.026 0.033 0.031 0.030 0.218 0.225 0.151 0.182

50+ 50 -
— Stable — Stabl
401 @) ~ Unstable 401 () ~ Unstable
30+ T — Neutral 30+ - Neutral
_ 20]Sensor = 4 . 201
~a *90%
E 104/ 7 l \‘/ \E, 10+
O e ; g o
0] N\ xem S 5 -10]
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Fig. 3. Turbulent source areas in the prevailing direction undiéerint stability conditions.
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22.4 m, respectively; under neutral conditions they ar&,12cording to the southeast and west-northwest wind direstion
25.0, 99.6 m and 28.6 m, respectively; and under unstableDingxi. Equations (1-3) and (4—6) are the optimal univer-
conditions they are 14.0, 27.4, 114.6 m and 28.6 m, respeai functions in the southeast and west-northwest dinestio
tively. This shows that the contributing ranges of flux seuraespectively:

area in the dominant wind direction are as follows: stable

conditions> neutral conditions> unstable conditions. At Gu /U, = { 7(1-32z/L)Y3 z/L<0 1)
the same time, the tensile range in the crosswind direcfion o ae 3.7(1+5.8z/L)Y3 z/L>0"
the flux source area in the direction of southeast wind is sig- 3.3(1-3.4z/L)Y3 z/L<0
nificantly greater than that in the west-northwest directio oy/u, = {3 3(14862/L)Y3 z/L>0° (2
and this difference is mainly caused by topography. '
G/ = 1.3(1-2.8z/L)Y® z/L<0 3)
s 1.3(1+3.8z/L)% z/L>0"
3. Results G/t {2 9(1-3.62/L)13 z/L<0 @
u * 1/3 9
3.1. Normalized standard deviation of the velocity fluctu- 29(1+6.2z/L)"° z/L>0
ations G /U, = { 32(1-5.3z/L)3 z/L<0 5)
v * 9
The normalized velocity variance component of wind 32(1+7.3z/L)Y% z/L>0
speed reflects the turbulence intensity, and it can effelgtiv 1.4(1— 3.1z/L)1/3 zZ/L<0 5
describe TKE and turbulent transport characteristics ef th Ow/ U = 1.4(1+4.6z/L)% z/L>0" 6

planetary boundary layer (Martins et al., 2009). According
to MOST, the variance of near-surface layer wind speed c@ihe observations indicate that,/u., g,/u. and gy/u; in
be expressed by the universal functigiiz/L) of the stabil- the semi-arid region of the Loess Plateau are functiozglof
ity parameter /L) in horizontally homogeneous and steadynder convective conditions and follow a 1/3 power law, and
flow after it is nondimensionalized by the characterist@lsc that the dispersion in the vertical direction is smallenttizat
parameter [i.e.g@(z/L) = gi/u. = c1(1+ cpz/L)%, where in the horizontal direction. Founda et al. (1997), Al-Jikioo
c1, C2, andcg are universal constants] (Businger et al., 197&t al. (2001), Moraes et al. (2005), Martins et al. (2009) and
Nieuwstadt, 1984; Sorbjan, 1987). Many experimental reiu et al. (2012) reported that, under convective condgion
sults (Panofsky and Dutton, 1984; Al-Jiboori et al., 2001, /u, behaves similarly to that over flat terrain. Zhang et
Martins et al., 2009) have shown that the nondimensional \a: (2001) also found that the values @f,/u. tend to fol-
locity variance withz/L agrees with the 1/3 power law undetow similarity relations, irrespective of the terrain, wrdin-
unstable stratification conditions. However, there is n@ag stable conditions. According to Panofsky and McCormick
ment on the behavior @, /u, with z/L, even for flat terrain, (1960), theg,, is connected with the rates of shear and buoy-
such as the Kansas experiment (Nieuwstadt, 1984; Panofaky production of TKE. Because the turbulent exchange in
and Dutton, 1984; Smedman, 1988). There are two possitie vertical direction is stronger and the turbulent adaipta
reasons for this phenomenon: One view is that the ordersityfis faster, the difference of the variance of veloaity/u.
gi/u, andz/L themselves are relatively small when the strain different wind directions is relatively small. The diffe
ification is stable; plus, there are also many uncertaimées ences of the ratio in the horizontal direction are more obvi-
lating to the turbulent velocity variance itself (Panofslyd ous, which is mainly caused by the heterogeneity of the un-
Dutton, 1984). Another view is that the dimensionless tuderlying surface at the observation station. Panofsky artel D
bulence velocity component is almost unrelated to the atnton (1984) hypothesized that, over heterogeneous tethan,
spheric stability under weakly stable conditions (Niewatlst vertical fluctuations near the surface layer are produced by
1984; Smedman, 1988). small-scale eddies that rapidly adjust to the terrain chang

In theory, the difference in the topography of uniform terand their hypothesis was verified by Moraes et al. (2005) and
rain and the density and structure of the roughness length anartins et al. (2009) for convective and weakly stable cendi
other physical properties is very small, meaning the turbtiens.
lence can be regarded as isotropic, and the impact of changesRecent studies show that, for stable conditiomg/u.,
in wind direction on the characteristics of turbulence can lw, /u, and gy, /u. satisfy the 1/3 power law. Theoretically,
ignored (Zhang et al., 2013). However, observational tesulhe atmospheric turbulence will be restricted when the atmo
(Nieuwstadt, 1984; Smedman, 1988; Martins et al., 2008pheric stratification is stable, so the standard deviation
Liu et al., 2012) indicate that the constant values of the navind velocity will decrease witlz/L increasing. However,
malized speed variances witfiL andg(z/L) also have sig- many observational results have demonstrated that the stan
nificant differences, because of the different underlyimg s dard deviation of wind velocity increases with the enhanced
face vegetation states, even under conditions of uniform tatmospheric stability (Ma et al., 2002; Yue et al., 2011)isTh
rain. For complex terrain, the effects of topography onuurbis because intermittent turbulence and other movements may
lence characteristics cannot be ignored (Panofsky etod7;1 be triggered when the atmospheric stability of the boundary
Founda et al., 1997; Martins et al., 2009). Figures 4 anddyer increases to a certain extent (Zeri and S4, 2011). The
present the changes @ /u., oy/u, andaoy/u, with z/L ac- results reported by Al-Jiboori et al. (2001) and Moraes et al
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Fig. 4. Dimensionless wind velocity variance at Dingxi with stéhi(southeast direction).

(2005) showed that the ratio @fy/u., under stable condi- is obvious, but the vertical difference is small (Ma et al.,
tions, increases slightly with stability—a finding laterified 2002; Yue et al., 2011). Table 3 shows the normalized stan-
by Martins et al. (2009), only for & z/L < 1.5. dard deviation of velocity components under near-neutral

In the near-neutral regime, the differences of the nastratification for different areas. The values of normalize

malized standard deviation of wind speed in different dstandard deviation of velocity components are larger than
rections are significant, although the values for Dingxi atbose reported for other areas of flat terrain, and they are
approximately equal to a constant (Table 2). In the southeal®se to the values of rough mountain terrain reported by
direction, g, /u, > oy/u, > ow/uU.. In the west-northwest Mahrt et al. (1998). From Table 3 it can be concluded that

direction,oy/u. > ay/u, > gw/u,. Compared with previous the values of harizontal normalized standard deviationesf v

experimental results of near-neutral conditions, theediff locity increase with increasing surface roughness. Howeve

ence of the turbulence intensity in the horizontal dirattiat is difficult to perform a quantitative analysis becaus#hef



1296 TURBULENCE PARAMETERS OVER A HETEROGENEOUS TERRAIN VOLUME

102 T T T T T T T T E 102
(@) (b)]
1
10' 4 0 110
S PO 3
o 10°1 © Observation I > Observation _ 10° o
o /u=2.9(1—3.6z/L)" 0, /u=2.9(1+6.2z/L)"° ]
-0,/ u=4.01(1-2592/L)" ~- 0,/ u=4.01(1+5.352/L)"
R o /u=25(1-80z)" 11 o,/ u=2.5(1+7.52/L)" 1
10_ T T T T T T T T 10-
10’ 10° 10" 10” 10°  10° 107 10™ 10° 10
10° . . . r ; ; : : 10°
(c) ] (d)
10'4 {10’
> 3
\> ] b>
© 404 © Observation 4 > Observation R ET
——0,/u=32(1-5.32/L)" ] 0,/ u,=3.2(1+7.3z/L)
-0,/ u=3.85(1—3.73z/L)"° ~- -0,/ u=3.85(1+7.82z/L)""
RS o /u=2.2(1—12.0z/L)" 11 o /u=22(1+5.1z/L)" o
10_ T T T T VI"""' T LA T T T T T T = T T }
10° 10° 10 107 10 10° 10” 10" 10° 10’
102 T T | T T T T T T 9 102
(e) > Observation s > Observation (f) 1
o,/u=14(1—3.1zL) o, /u=1.4(1 +4.6z/L)"
1 o0,/ u=1.43(1-2.692L)" | |- o /u=143(1+2.082/L)" 1
104 0 /u=1.2(1—352zL)"° 1 - o, /u=1.2(1+3.52/L)" 110
> ] S
~ \3
o 10°4 110° o
10-1 1 I0 I1 I2 I3 I3 I2 I1 I0 101
10 10 10 10° 10°  10° 10° 10 10 10

—z/L z/L

Fig. 5. Dimensionless wind velocity variance at Dingxi with stélgi(west-northwest direction).

Table 2. Aerodynamic roughness and normalized standard deviati#1Cies exist in the estimation of, because some early mea-
of wind speed. surement campaigns lacked an instrument capable of mea-
suring the shear directly (the two common definitionsuor

areu?, = (UW)?+ (Vw2 andu.g = \/[UW|). Obviously,
105-150 0.033 3.7 3.3 1.3 u,a > u.s, and, if chosen for normalization, must boogtu.
285-310 0.030 2.9 3.2 14 relative to the alternative choice.

Interestingly, the normalized standard deviation of ver-
differences in the terrain and vegetation, nonturbulefibai tical velocity of the Loess Plateau at Dingxi is very close
movement, observational apparatus error, and sensorthetghthat of the observational results of the Qinghai—Tibetan
(Panofsky and Dutton, 1984; Zeri and S&, 2011). In paplateau (Ma et al., 2002) and the Mongolian Plateau (Yue
ticular, according to Wilson (2008), the effects of the defet al., 2011). Al-Jiboori et al. (2001), Zhang et al. (200id a
nition and estimation of friction velocity cannot be igndre Moraes et al. (2005) also showed the normalized standard de-
Across the population of estimates of neutriglu,., inconsis- viation of vertical velocity over complex topography to be

Wind direction () Zo (M) Ou/Us Oy /Uy Ow/ Uy
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Table 3. Standard deviation of the velocity over difference landaaes for neutral stratification conditions.

Source Ou/Us Oy/Us Ow/ Uy Underlying surface
Panosfky and Dutton (1984) 3.20 2.90 1.25 Flat surface
Panosfky and Dutton (1984) 2.39 1.92 1.24 Rough terrain
Mahrt et al. (1998) 3.50 3.80 1.24 Rough mountain terrain
Mahrt et al. (1998) 2.45 1.90 1.25 Plains
Niu et al. (2012) 3.73 3.49 1.62 Nanjing suburb
Ma et al. (2002) 4.01 3.85 1.43 Tibetan Plateau
Yue et al. (2011) 2.50 2.20 1.20 Inner Mongolia grassland
Liu et al. (2003) 2.90 2.90 1.45 Wandering dune
This study 3.30 3.25 1.35 Rough terrain of Loess Plateau

close to that of uniform terrain for unstable conditionsg-Fi significantly under the conditions of high speed wind than
ures 4 and 5 present the function betwegfu. (i = v,v,w) low speed wind. The characteristics are consistent with the
and z/L of our dataset and the Qinghai-Tibetan Plateaasults of Martins et al. (2009).
and Mongolian Plateau for comparison purposes. The re- o o
sults show that they,/u. andoy/u. of the Loess Plateau at3-3. Statistical characteristics of TKE
Dingxi are less than those of the Qinghai Tibetan Plateau, TKE is a measure of turbulence intensity, and it is one
but larger than those of the Mongolian Plateau, which agrezfshe most important variables in micrometeorology (Niu et
with the notion that the topographic effects on horizontal., 2012). TKE involves the transfer of momentum, heat
wind speed are substantial. From the general topographicd moisture in the whole boundary layer. Research on
characteristics of the Qinghai-Tibetan Plateau, the Lo€BSE should concentrate on trying to understand the stedisti
Plateau and the Mongolia Plateau, the topographic relief mfoperties of turbulence. Due to the complex nonlinear na-
the Qinghai-Tibetan Plateau is more marked than that of ttuge of the atmosphere, unresolved scales can fundamentall
Loess Plateau, and the changes of the terrain on the Loiedlsience the resolved larger scales. Since explicitly abar
Plateau are more prominent to those of the relatively flagrizing the unresolved processes in not feasible, thisttat
Mongolia Plateau (Ma et al., 2002; Yue et al., 2011). Fromeed to be parameterized as a function of the unresolved flow
the results of the two prevailing wind directions at Dingxi(Teixeira et al., 2008). According to MOST, the TKE after
the difference in the normalized standard deviation of-hoits nondimensionalization by the friction velocity willlfow
zontal velocity is significant. The wind velocity fluctuatio the 1/3 power law
in the horizontal direction is mainly produced by quasi hor-
izontal turbulence with relatively large scale, and itsicgb e/u? = {al(l_ bZ/L)i//j Z/L<0
scale is generally several hundred meters or more, meaning a(1+cZ/L) zZ/L>0
its adaptability to the changes in terrain is slow. (hereeis TKE andu, is the friction velocity).
Figure 8 shows the scatter relationship between the di-

3.2. Effects of horizontal wind speed on normalized stan‘mensionless TKE of the dominant wind direction and the at-

dard deviation mospheric stability of the study area. Equations (7) and (8)

Moraes et al. (2005) found that, for unstable condition@r® the optimal functions of the TKE in the southeast and
there is good correlation between/u,. andoy/u, andz/L, west-northwest directions:

but only when the wind speed over the complex underlying e/u2 _J111(1- ZOZ/L)l/3 z/L<O0 )
surface is greater than a threshdld¢ 1 m s'1). Therefore, T 111(1492Z/L)Y3 z/L>0"
the variances of the horizontal wind components are influ- 13
: ; »  [105(1-28Z/L)Y3 z/L<0
enced by large convective cells. Anfossi et al. (2005) found e/u; = {10.5(1+ 1372/LY3 ZL>0" (8)

that there is a tendency for slightly higher valuesagf u,
with increasing stability for stable conditions over compl It can be seen that dimensionless TKE of the near-surface

terrain. Figures 6 and 7 present the change of turbulent at-Dingxi follows MOST under convective and stable con-
tensity with atmospheric stability in the southeast andtweslitions. Notably, the values of the dimensionless turbcgen
northwest wind directions under different wind speed cendntensity of the two prevailing wind directions are close to
tions at the Dingxi site. There is a close connection betweene another under neutral conditions, and the values ate 11.
Ou/U., 0y/u, andaoy/u, with z/L for all stability conditions, and 10.5, respectively. Even when compared with the result
and the variances of the turbulence intensity are affecyed d&f 12.85 for a city suburb under neutral conditions (Niu et al
the horizontal wind speed. Under unstable conditions, &ie 2012), the difference is relatively small, indicating tllag
creasing trend of turbulence intensity with stability ieases constant coefficierd has certain universality. However, the
more significantly under the conditions of high speed windifferences betweelmandc values are relatively large, which
than low speed wind. Under stable conditions, the increasflects the effects of the heterogeneity of the near-seidac
ing trend of turbulence intensity with stability increasesre the turbulence intensity (Yue et al., 2010).
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Fig. 6. Variations ofay/u., oy/u, and ow/u, with stability in

the southeast direction. Fig. 7. Variations ofoy/u., oy/u. and ow/u, with stability in

the west-northwest direction.

3.4. _|C_Z|(<)Etr|but|0n of the shear effect and buoyancy Onsystem is selected to be consistent with the average wind di-
rection. When assuming that the horizontal direction is uni
Each item of the TKE budget equation describes a diffeform, and descent is ignored, a simplified form of the TKE
ent part of the physical process of turbulent formation pxceequation can be obtained as
the turbulence dissipation rate. Comparing the interastio
among these parts helps to determine the ability of the wirflo  ge gwT, ——0U d(we) 19(wWp)
to maintain or change the turbulence flow. The coordinate 5t — ~ T, _UWE T 9z p 9z

£, (9)




SEPTEMBER 2015 YUE ET AL. 1299

. . ; . . . 10*
(a) > Observation 1/32 i o Observation b)
o,/u=11.1(1-20z/L)"] | ——o0, /u=11.1(1+92z/L)"

°
101 1 I0 I‘1 I2 I-3 I3 I2 I1 I0 101
10 10 10 10 10 10° 10 10 10 10
10%5 : : ; ; : : ; ; 10*
i (c) o Observation o Observation (d)
] e/ u’=10.5(1-28z/L)""] e/ u’=10.5(1+137z/L)" 110°

10" 10 10" 10% 10®* 10*10* 10° 10° 10" 10° 10
-z/L z/L

Fig. 8. Changes of TKE with stability: (a, b) southeast directian;d) west-northwest direction.

whereeis TKE, t is time,g is acceleration due to gravityy respectively. In the west-northwest direction, the fittfog
is virtual temperaturey'T, is turbulent heat fluxy'w’ is tur- mulas are

bulent momentump is the air densitylJ is the wind speed, 0.415

zis the observational height/ is the vertical velocity fluc- e=4.737 (W—) (R* = 0.543
tuation,P’ is the atmospheric pressure pulsation, anglthe 0z

turbulence dissipation rate. In Eq. (9), the first item on thend

right represents the production of buoyancy, or the consump gw'T, 0161

tion item, which is determined by the vertical transmission e= 1'387( Y ) (Rz =0.376),

dlrect|or_1 of the heat f_qu. The second |tem. represents t.FEeSpectively. When the atmospheric stratification is stabl
production of mechanical shear, or the loss item. The th|{|qe relationship between TKE andw (dU /d2) still meets
item represents the turbulence transport of TKE. The fourtrlji‘e power function relationship, and there is a good correla

item comprises pressure-related quantities, which isiafte tion (Figs. 9e and g). Under conditions of a significant level

§ociate_d with o§cilllati(.)ns in the atmosphere. The fifth. itegd).l%o, the fitting formula in the southeast direction is
is the viscous dissipation of TKE, and as long as TKE is not

zero, it is always the loss item. ___gu\**8

When the stratification is unstable, there is a good cor- e= 1'068(11/"‘/5) (Rz =0580).
relation between TKE and mechanical shear and buoyanci¥
effects (Figs. 9a and b). Under conditions of significant Ie\T €

fitting formula in the west-northwest direction is

els of 0.1%o the fitting relationship equations in the soushea gy 933t
direction are e=1982 (U’W’E> (R =0.599) .
0.303
e= 3.681<W—> (R? = 0.645) However, there is almost no correlation between TKE and
0z (gw'T//Ty) (Figs. 9f and h). During the present study pe-
and riod, the shearing effect of wind speed in the research area

—— 0.303
e 3.683(9"¥TV) (R = 0.645)

\

is strong, and so the shearing effects of airflow could en-
hance turbulence under all stability conditions. The sigfa
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temperature during the daytime is relatively low, for ub&a China Meteorological Administration (Grant No. IAM20140&nd
conditions, and the buoyancy and shear effect of wind spea&d Ten Talents Program of Gansu Meteorology Bureau.
together constitute the production items of TKE. At night,
the ground temperature is lower than the air temperature, fo
stable conditions, the contribution of buoyancy to TKE is re
atively small, and the mechanical shear becomes almost tiaevedo, O. C., O. L. L. Moares, R. da Silva, V. Anabor, D. P.
only production item of turbulence (Clark et al., 2004). Bittencourt, H. R. Zinermann, R. O. Magnago, and G. A. De-
grazia, 2007: Surface-to-atmosphere exchange in a river va
. ley environmentJ. Appl. Meteor., 46, 1169-1181.
4. Conclusions Al-Jiboori, M. H., Y. M. Xu, and Y. F. Qian, 2001: Turbulence

Turbulent transport is one of the basic characteristics of ~ characteristics over complex terrain in west ChiBaund.-
the atmospheric boundary layer. Detailed knowledge of tur; Layer Meteor., 101, 109-126.

S : : Andreas, E. L., and B. B. Hicks, 2000: Comments on “Critieakt
bulence characteristics is important for understandingpat of the validity of Monin- Obukhov similarity during convec-
spheric phenomena, especially over heterogeneous terrain e conditions”.J. Atmos. <ai.. 59. 2605—-2607.

Turbulence intensity and TKE parameters are beneficial foknfossi, D., D. Oettl, G. Degrazia, and A. Goulart, 2005: An

describing the exchange of properties between the surface analysis of sonic anemometer observations in low wind speed
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