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Abstract  Three velocity components temperature and humidity are measured using three-dimensional sonic
anemometers krypton hygrometer and fast thermometers at two levels above a cotton field in California USA in August
2000 International Energy Balance Experiment EBEX-2000 . Turbulence spectra of velocity components —temperature
and humidity are calculated and analyzed under different stability. Characteristics of the turbulence spectral local isotropy
are analyzed under different stability and compared with Kansas Experiment and Changbai Mountains Experiment results.

Key words EBEX-2000 International Energy Balance Experiment 2000  turbulence spectra local isotropy

1 ;
> 1941 Kolmogorov *
-5/3 1954 Monin
Obukhov *
1917 Taylor
2003 -12-19 2004 - 02 -23
40275004 8780046 7001038

1952 . E-mail lshuhua@ pku. edu. cn



214

29

Chinese Journal of Atmospheric Sciences Vol. 29
z; z;
Kansas
20 50 L 0.1z Panofsky
AFCRC Air Force Cambridge Research Center
AFCRL 1979  Caughey " Minnesota
5
Kansas
6 18
20 60 1976 Conargo ITCE
International Turbulence Comparison Experiment
19 20
1968 AFCRL Air Force Cambridge Research 80 90
Laboratories ~ Kansas
Amiro® 1990
S
Kansas EBEX-2000
Kansas Kansas
78
+20% 2
’ 1971 Businger 2.1
0 Kansas EBEX-2000 International Energy Balance Experiment
Wyngaard "' c 2000 2000 7 23 8 22
San Joaquin Valley California
Monin-Obukhov 36°06'N 199°56'W 67 m
£1972 Kaimal " 1 km x 1 km
fetch length 600 m
98 % 0.9 m d=0.6
m
Kolmogorov 2.2
’ 8 17
4/3
Kansas 2000 7 23 7 31
u v 1973
9 AFCRL Minnesota Red 8 1 8 22
River Valley Minnesota 21
Model CSAT3 Model Fw05
B Willis  Deardorff Model KH20
" w6 z/ 87m 2.7m



EBEX-2000
No. 2 LIU Shu-Hua et al. Characteristies of Turbulence Spectra and Local Isotropy in EBEX-2000 215
20 Hz Subrange : Energy-Containing
19 5 9.7 m Ranges Dissipating Range
7.7m 5.7m 3.7m 1.2m 5 9.7m Pk e
7.7m 3. 7m 1.2 m 0.7m k, u
I0Hz 5 F, k = ae”k™ 8
a, u Kolmogorov
21 a,=0.51%7 a, =a, =43a, > 0.5
0.6 -5/3
3 3
3.1
uvow
4
F, k =F,k = ?Fu k, 9
E; k
Su vw T f u v
w Fuz'wT kl Suvaf ?
Taylor J‘ Fu vow kl dkl = J Su v ow f df‘ 10
r R, xr 0 0
ky =2xflu u
Ry xr =u) x uy x+r 1 l Sl f
E; k
f 2y (o)
Rij r uFuvw u - Suvuv f 11
1 —ik r
E;, k = s|[| Ry re ™ dr 2
2TE » kl Fn vow kl = ﬁu vow f . 12
R, r = JHE ke dk 3 n=flu n : :
i i 1 L »
Rij 0 E (fz)%
: = e . 13
Rij 0 — ,2 + 1/2 + w/Z — 2E 4 jSu vow f a, , ue i
3
. £\
R, 0 = MEﬁ ky dk, . 5 fSy f = are’mNT() . 14
% u
dk, 13 14
e N, b=0.87%
a R, r
ek
Taylor o, = u3z 15
R, & .
kzN
Ror =a xa x+r1 6 Dy = T 16
w, T%
R, & =a ta t+¢& 7 A k=04 u. T
r & N'r 2
S f S
Kolmogorov

Inertial

17



29

216 Chinese Journal of Atmospheric Sciences Vol. 29
wT =-u,T, 1
16 D, Kolmogorov - 2/3
15 16 ]3 ]4 Su vw T f _5/3
fSu vow f au v ow 2/3 w
= ; 18
u’, 27k e Kansas
X 2
fS0 f a : 1
Tz (1;71/3® = ZTckT 2/3fm' 19
* € N
Su f ST f 18
19 o, D, 18 1 uvwT M,
nS n 32 Amaz Taylor Amoz - Z = d / nma
D, = 2nkf] s 20
18 19 1
a, Sy n [u.\’ u v
Dy = D, a S, n ( T, ) . 21 )
A 21 Dy EBEX-2000
3.2
Kansas
u Kansas
1 22 ~2200 m 2
2
2 u v
w T ¢ 3~160 m*
3 FFT 4~810 m
2" = 32768
Su vw Tgq f
4 Kansas 5~200 m " 1.2
~8l m 1~50m*
5
13 14 e N, 2 2.7m uvow T
6 @, = chelu’ Dy =kNy/ u. T 8.7m
7 S fluh " Kansas
2 -1/3
SSe [ 1T Dy D, 1 8.7m wowT
8 moving average Table 1 Peak frequencies and peak wavelength of v v w T
block average spectra at 8.7 m
10 100 o d L
-0.82 -0.60 -0.01 0.13 0.34 0.60
1000 . 0.01  0.02 / 02 0.5 2.0
4 A /M 810 405 / 40.5 16.2 4.05
T 0.01 0.02 / 0.25 0.3 1.0
4.1 A /M1 810 405 / 32.4 27 8.1
Kl e 0.1 0.2 0.3 0.7 1.0 7.0
OlMOgOrov A /m 81 40.5 27 12 8.1 1.2
-2/3 - / / 0.15 02 0.3 1.5
1 8.7 Apr/m / / 54 40.5 27 5.4
m u v w L Monin-Obukhov



2 EBEX-2000

No. 2 LIU Shu-Hua et al. Characteristies of Turbulence Spectra and Local Isotropy in EBEX-2000 217
1000E 4y (z-d)/L 1000F ) (z-d )L
r A00.13 - AH0013
i * 034 i * 034
1065 1 0.05
100 % -0.01 Loo- X oy % 001
_ : m ® -0.60 P . Y ® -0.60
i [ = N < -0.82 2. -
S o s = L
oL oLy
S 010 S 00k
= - > s
o X “
= I o~ N
0.01 e 0.01}-
0.001 ol gl v verend e el vl 0.001 vl el v el el
0.001 0.0 0.10 1.00 10.00 100.00 0.001 0.01 0.10 1.00 10.00 100.00
S(z-d)u Sz-dYu
1.00 () 10.005— (d) (z-d WL
F O0.13
) e 034
0.10k i 1 0.65
- ) . ® 001
~ N 100k @ -0.60
23 . s UF & -0.82
,,S: 0.01 §_ .Mhﬁ@h S -
] o oy C
S — S
Z 0001 (z-d )L =
< £ 0.13 < ool
N 0.34 S
i L1065 C
0.0001 - % 001 :
g #® -0.60 I
- & -0.82
0.00001 R Lol vl vl Rt 0.01 | Ll MEEIRATI BT AT RS R
0.001 0.01 0.10 1.00 10.00 100.00 0.001 0.01 0.10 1.00 10.00 100.00
Flz-dYu S(z-d)u
1 8.7m au b v cw dT

Fig. 1  Normalized spectra of velocity components and temperature for different atmospheric stability at 8.7 m a for u b for v

c forw d forT

-2
u v 8.7m Cava
2.7 m B Nansen Ice Sheet
w u
8.7 m 2.7 m 2 2.7m uovw T
2 Table 2 Peak frequencies and peak wavelength of v v w T
2.7Tm wuovw T T spectra at 2.7 m
A 8.7m z-d /L
-0.82 -0.60 -0.01 0.13 0.34 0.60
N 0.01 0.01 0.01 0.05 0.2 1.0
A /M 210 210 210 2.5 11.5 2.1
2.7m Py 0.005  0.005 / 0.1 0.2 0.3
A /M1 420 420 / 21 11.5 7
[ 0.1 0.2 0.6 0.6 1.0 2.0
u v P 21 11.5 3.5 3.5 2.1 1.2
la b 2a b Mo / / / 0.3 0.6 1.5
Apr/m / / / 7 3.5 1.4




29

218 Chinese Journal of Atmospheric Sciences Vol. 29
LOOE () (z-d)/L 10-005— (b) (z-d V1.
- ,ﬁ”% TRy, 0.13 - a013
i ' 0.34 r ® 034
i 0.65 . 1 0.65
i .01 100 -0.01
-0.60 s i -0.60
1. 0-10F 0.82 g - -0.82
k= o S
= : < ol0
S S
o 23 "
=001 -~ -
u 0.01}1
0.001 PRI RN RTIT AR ETIT S ST N SEERTIiT BT EAT| 0.001 sl vl TERETT BT RTEIT NSRRI B AR R TIH|
0.0001 0.001 0.01 0.10 1.00 10,00 100.00 0.0001 0001 0.01 0.10 1.00 10,00 100.00
S(z-dVu flz-dYu
1.00 - (©) IU.(){)E— (d) (z-d VL
- o S0 0013
B I e & 0.34
0.10 * £10.65
- 1.00f e ¥ -0.01
- - Y - F e & -0.60
2. g 4. i “ﬁ‘s < -0.82
a0 0.01 = & i .
cia o . -i':',-f_
= = 010
3 i (z-d )L = -
o 0.001F 3
-~ - A00.13 - i
C & 034 ot by,
i 1 0.63 001}
0.0001 |- ® 001 -
E @& -0.60 B
L <@ -0.82
0.00001 ol el vl vl sl v e nnl 0.001 oot el el el vl vl
0.0001  0.001 0.01 0.10 1.00 10,00 100.00 0.0001 0.001 0.01 0.10 1000 10.00  100.00
S(z-d)u flz-dVu
2 2.7m a u b v c w dT
Fig. 2 Normalized spectra of velocity components and temperature for different atmospheric stability at 2.7m a Foru b forv ¢ forw d for T
u v -3
-3 2
w S foef S Sfoef
Cava
25
Hogstrom u
u -5/3 2
u
0.001 Hz
I v » 8.7m 2.7m
2.7 m
SBL
3 u
-2 2.7 m



2 EBEX-2000

No. 2 LIU Shu-Hua et al. Characteristies of Turbulence Spectra and Local Isotropy in EBEX-2000 219
1.00 2.7m u v w T q
E S5a b u v
<« B —» : ¢ C > «— D —b 8.7m 2.7m
- A, : i w 8.7m
S %
= 0.10F 4 ; ; 2.7m 8.7 m
< - EY :
| Py
L 5 A S 00 00
- 2l et 2.7m
L a | #
AAAA 8.7 m
0oL v il nnd el caal
0.0001 0.001 0.0! 0.10 1.00 10.00
f
6 12 00 8.7 m
3 u A B 2.7m u v w T q
¢ b u v 8.7 m

Fig. 3 Three regions of u spectrum in stability atmospheric boundary

layer. A Buoyancy wavenumber B buoyancy subrange C intrval D 2.7m
inertial subrange
2.7m
4 00 00
8.7m 2.7 m u v w T w
q 8.7m 6e
2.7m 2.7 m
8.7m
u w o 4.2
v Kolmogorov
2.7m 8.7m S, f S, f S. f
8.7m w v 27m S f/S, f =S, f/S, f =4/3
EBEX-2000 0.9 m
2.7 m
8.7 m 7
8.7m 2.7m
2.7m S, f1S, f =4/3 7
8.7m 2.7m 4/3
8.7 m 4/3
4/3
Kaimal "*
2.7 m lower limit for isotropy
%
S,
SIS, f 4/3 S, f IS, f
2.7m 4/3 8.7 m
f=0.02 2.7m

5 06 00 8.7 m £=0.07 2.7m



29

220 Chinese Journal of Atmospheric Sciences Vol. 29
1.00— —
[ (a) 1.00 ()
S S
o i o 0.10 §
< f, o L
N r
0.10 povvd vl v sl el sl 0.01 T R R R TTT] B AN T 117 S S R TTT| A SR T |
0.0001  0.001 0.01 0.10 1.00 10.00 0.0001  0.001 0.01 0.10 1.00 10.00
S f
1.00 = X
0 LOOE (g
o A8Tm r A8Tm
C 327m L 327m
I A“..ﬁ? % - a,
0.10 o Ay
= B nﬁ )
S F S o
n.‘f’i - o 010 a u':'
L ~ - @ &
[ Q’:‘Aaﬁ’fn
0.01 i - .
n o
E i L
0.001 L [1X1] § ST B A TTTY B e MR TTIT R |
0.0001  0.001 0.01 0.10 1.00 10.00 0.0001  0.001 0.01 0.10 1.00 10.00
7 s .
1000.00 (©
i ARTm
B 327m
- el
i
)
& 100.00 -
= -
10.00 .
0.0001  0.001 0.01 0.10 1.00 10.00
S
4 00 00 8.7m 2.7m au b v cw dT eq
Fig. 4 Comparison of normalized spectra of velocity components temperature and specific humidity for stability atmospheric boundary layer at 2.7 m and
8.7 m at 00 00 BT Beijing time aForu bforv cforw dforT e forgqg
4/3 .
Kansas

Kansas



2 EBEX-2000
No. LIU Shu-Hua et al. Characteristies of Turbulence Spectra and Local Isotropy in EBEX-2000 221
1.00— 00—
- (a) LOF (b)
- AfTm - A8Tm
R 12.7m R 127m
S S
;,;‘ 0.10 = ;,j' 0.10 —
< - = :
0.0] L ||||l||| 1 rll'lu[ Ll |||“|| 1 IICIIIi - ||||?| U.U] 1 II\II“l 1 I||||||| L1 |IH||| 1 ||!||!|| 11 \JlINI
0.0001  0.001 0.01 0.10 1.00 10.00 0.0001 0,001 0.01 0.10 1.00 10.00
S S
0,105‘*((:) 0.10:—(d)
o AgTm _
0.01E L
S I 5
o 0001 o 0.01— !1
R E b r ,-,-
: : n
0.0001 = L
0.00001 | el vl el 000t v evd e vl nd el
0.0001  0.001 0.01 0.10 1.00 10.00 0.0001  0.001 0.01 0.10 1.00 10.00
/ r
1000.00 F (e)
- A8Tm
i “'f.‘. 3_'-"‘ 2'7 m
R L
M3
- (.;l’?
a
100.00 - g
o - E
he] -
= B
o
=~ L
10.00
1.00 MR RATIT S R R TTTT] B SN TIT R TTs R W R TI
0.0001  0.001 0.01 0.10 1.00 10.00
7
5 06 00 8.7m 2.7m au b v cw dT e q
Fig. 5 Comparison of normalized spectra of velocity components temperature and specific humidity for strong stability atmospheric boundary layer at
2.7 mand 8.7 m at 06 00 BT Beijing time a Foru bforv ¢ forw d for T e forgqg
4/3 I 8



29

222 Chinese Journal of Atmospheric Sciences Vol. 29
1.00 ™ (a) 10.00 E_ (b)
- A8Tm - A8Tm
- 127m - 3127m
- n B
! : 100k
“3; 0.10 8 i
2 7r 3 i
i 0.10-
0.01 Lol ol Lol el sl 0.01 ol vl Ll Ll sl
0.0001 0.001 0.01 0.10 1.00 10.00 0.0001 0.001 0.01 0.10 1.00 10.00
i I
1.00 §_ (© I.UO:— () .
- A87m - A87m
B [327m K 127m
010 =
S [ S
v 001 £ 010
-~ F ~ -
0.001 &= N
F %k
0.0001 TENEEATT! B W R ITIT BT A TTT EEEER I B SR 0.01 ol vl v el v vl vl
0.0001  0.001 0.01 0.10 1.00 10.00 0.0001 0.001 0.01 0.10 1.00 10.00
S S
10000 UD:— ()
B AgTm
B 327m
S i,
& 1000.00
~ r %i%
B A
I .
100.00 AT BRI B EATTIT B A ST TTT BN R
0.0001 0.001 0.01 0.10 1.00 10.00
r
6 12 00 8.7m 2.7m au b v cw dT e q

Fig. 6 Comparison of normalized spectra of velocity components

and 8.7 m at 12 00 BT Beijing time

S, SIS, f =4/3

4/3

a Foru bforv ¢ for

8

4/3

temperature and specific humidity for unstability atmospheric boundary layer at 2.7 m

w d for T e forgq

43 S, f IS, f

S, f1S, f =

w

4/3



EBEX-2000

2 EBEX-2000
No. 2 LIU Shu-Hua et al. Characteristies of Turbulence Spectra and Local Isotropy in EBEX-2000 223
00— —
10.00 () ]0.(}0E (b)
4/ 3
1.00 I 1.00
s s |
g g
v o
10 I
010L (v 010E
A (.13 A 013
| 0 034 T 1034
@ -0.62 & -0.62
% -0.82 ® -082
0.01 ool vl ] el el 0.01 sl v el el v el il
0.0001 0.001 0.01 .10 1.00 10.00 0.0001 0.001 0.m 0.10 1.00 10.00
I !
7 S, f/S. f a87m b 27m
Fig. 7 Characteristics of horizontal turbulence spectral local isotropy S, f /S, f under different atmospheric stability at a 8.7 mand b 2.7 m
lf].ﬂﬂE (@) 10,00 j (b)
4/3 a3
LOO | 1.00 |~
= = -
) I = e® ;
w B 123 - 2o g mAEET
= - = - ff -
S S st 110t
./)= L,;; fadiie
0108 gyt 010 L ayr
A 013 A (.13
I 11034 1034
| @ 06 | ® 062
& 052 ¢ -0.82
0.01 Lol | ol R 0.01 sl Lol | ol ol
0.001 0.01 0.10 1.00 10.00 0.001 0.01 0.10 1.00 10.00
S z
8 Se f1S. f a 87m b 2.7m
Fig. 8 Characteristics of vertical turbulence spectral local isotropy S, f /S, f under different atmospheric stability at a 8.7 mand b 2.7 m
S. f 1S, f
8.7 m 8.7m 2.7m
%
u v w
2.7m 8.7m
8.7m 413 0.02 Hz Kansas
2.7m 473 0.2 Hz Kolmogorov
-2/3 S, f -5/3



224

Chinese Journal of Atmospheric Sciences

29
Vol. 29

12

Kansas

2.7m

SBL

2.7m 8.7m

8.7m 2.7m

Kaimal

Lower Limit for

Isotropy

Taylor G 1. The spectrum of turbulence. Proc. Roy . Soc . London Ser. A
1938 164 467 ~ 490

Kaimal J C Finnigan J J. Atmospheric Boundary Layer Flows. Oxford
University Press 1994 32 ~ 66

Kolmogorov A N. The local structure of turbulence inilncompressible
viscous fluid for very large reynolds numbers. Doklady ANSSSR 1941
30 301~304

Monin A’ S Obukhov A M. Basic laws of turbulent mixing in the ground
layer of the atmosphere. Trans. Geophys. Inst. Akad. Nauk USSR
1954 151 163 ~ 187

Kaimal ] C Wyngaard J C. The kansas and minnesota experiments.
Bound . - Layer Meteor. 1990 50 31 ~47

Barad M L. The vertical transfer of momentum and heat in the near

earth’ s surface. Transactions of the New York Academy of Science Ser.2

10

11

12

13

14

15

16

17

18

19

20

21

22

24

25

26

1964 26 830 ~ 844

Haugen D A Kaimal ] C Bradley E F. An experimental study of reynolds
stress and heat flux in the atmospheric surface layer. Quart. J. Roy.
Meteor . Soc. 1971 97 168 ~ 180

Kaimal J C. Measurement of momentum and heat flux variations in the
surface boundary layer. Radio Sci. 1969 4 1147 ~ 1153

Wyngaard ] C. On surface layer turbulence. Workshop on
Micrometeorology American Meteorology Society 1973 101 ~ 149
Businger J] A Wyngaard J C Izumi Y et al. Flux-profile relationships in
the atmospheric surface layer. J. Atmos . Sci. 1971 28 181 ~ 189
Wyngaard J C Coté O R Izumi Y. Local free convection similarity and
the budgets of shear stress and heat flux. J. Atmos. Sci. 1971 28
1171 ~ 1182

Kaimal J C Wyngaard J C Isumi Y et al. Spectral characteristics of
surface-layer turbulence. Quart. J. Roy. Meteor. Soc. 1972 98 563
~ 589

Kaimal J C Wyngaard J] C Haugen D A et al. Turbulence structure in
the convective boundary layer. J. Atmos . Sci. 1976 33 2152 ~ 2169
Willis G E Deardorff ] W. A laboratory model of the unstable planetary
boundary layer. J. Atmos . Sci. 1974 31 1297 ~ 1307

Panofsky H A. Matching in the convective planetary boundary layer. J.
Atmos . Sci. 1978 35 272 ~ 276

Caughey S ] Wyngaard ] C Kaimal J C. Turbulence in the evolving
stable boundary layer. J. Atmos . Sci. 1979 36 1041 ~ 1052

Caughey S J Palmer S G. Some aspects of turbulence structure through
the depth of the convective boundary layer. Quart. J. Roy. Meteor .
Soc. 1979 105 811 ~ 827

Kaimal J C.Turbulent spectra length scales and structure parameters in
the stable surface layer. Bound . - Layer Meteor. 1973 4 289 ~ 309

Dyer A J Garratt ] R Francey R ] et al. An international turbulence
comparison experiment ITCE 1976 . Bound .-Layer Meteor . 1982 24
181 ~ 209

Amiro B D. Drag coefficients and turbulence specta within three boreal
forest canopies. Bound . - Layer Meteor . 1990 52 227 ~ 246

Li Jie Liu S H Liu HP et al. Surface imbalance energy calculated and
analyzed with the data of EBEX-2000. Acta Meteorologica Sinica 2003
17 448 ~ 464

Hogstrom U. Analysis of turbulence structure in the surface layer with a
modified similarity formulation for near neutral conditions. J. Atmos .
Sci. 1990 47 1049 ~ 1972

Garratt ] R. The Atmospheric Boundary Layer. Cambridge Cambridge
University Press 1992 71 ~ 84

Liu SH Liu HP XuM et al. Turbulence spectra and dissipation rates
above and within a forest canopy. Bound .-Layer Meteor. 2001 98 83
~ 102

Cava D. Giostra U Tagliazucca M. Spectral maxima in a perturbed stable
boundary layer. Bound . - Layer Meteor. 2001 100 421 ~ 437

Hogstrom U Hunt J] C R Smedman A S. Theory and measurements for

turbulence spectra and variances in the atmospheric neutral surface layer.

Bound . - Layer Meteor . 2002 103 101 ~ 124



