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Abstract Turbulent characteristics in the stable boundary layer are evaluated by using data collected by the eddy
covariance approach at the Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL). The
influence of mesoscale motions in the averaging time is the chief reason for the large scattering of turbulent fluxes
obtained by using the eddy covariance technique. The time interval to define the turbulence ranges from several tens of
seconds to several minutes. The multiresolution cospectra of the heat flux reveal a gap scale from 112.4 s to 449.9 s for
strong stability when gradient Richardson number (Ri) is greater than 0.3. The motions at averaging time scales greater
than the gap scale lead to large random heat flux errors and may even change the sign of heat flux cospectra. The gap
scale for momentum flux occurs between 112.4 s and 224.9 s. In a weak wind regime in which the submeso velocity scale
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is greater than the mean flow, standard deviation of vertical velocity depends systematically on the submeso velocity scale

and increases with increasing submeso velocity scale at an average rate of approximately 0.1. The standard deviation of

vertical velocity correlates well with the generalized velocity scale, and approaches to zero with the generalized velocity

scale vanishing. The standard deviations of w, u, and v normalized by friction velocity equal 1.35, 2.54, and 2.21

respectively. Analysis of turbulent kinetic energy reveals that persistent turbulence exists even under condition of Ri > 0.3.

Stationarity time based on turbulent kinetic energy changes with stability ranged from 133.5 s to 856.2 s during December

7-11, 2008.

Keywords Sable boundary layer, Eddy covariance, Mesoscale motion, Friction velocity

1 3|8

VR D3 S T 9 IR R AN TV BT - AT R
KRAIEEL (Monin-Obukhov similarity theory, [
FRMOST) #) iz N 43 B UF 5L (Businger et al.,
1971; Kader and Yaglom, 1990; Pahlow et al., 2001).
2 2 400 MOST ki T = 22 51 ik

(Takeuchi, 1961; Wyngaard and Coté, 1971; Merry

and Panofsky, 1976; Sorbjan, 1986; Brutsaert, 1992;
Parlange and Katul, 1995; Mahrt et al., 1998), iX 265
DR N g B w2 AR IS R U 1) = NG 7/ 1. AU ) B e
HIXERE 2 RIEARE LI, WA LS R
FUED . MOST JESZAE TR PIIA) . e Ik
Z by MRS E L TR 2 B B X IR 2R
b REEZ 542 7 W, i S Ak 1R
FiR AR E LA AP RIS s, AR R
M e E2E (Zilitinkevich et al., 2007). J3—J7
ffi, EsmAELAE T, W, s, W
IR — i dAE, R, K5, IRBEWE. &
VSYLIRE (Vickers and Mahrt, 2006), JRAHWFFa
SE I TR R AE T ST B A FRBE VP A A
CES -3¢

AR, VFZWFFTR MOST 7ER e U L2 N
FHEEH 5] (Cuxart et al., 2000; Kustas and Jackson,
2004; Schwarz et al., 2004; Oncley et al., 2007;
Thomas et al., 2008). == EERIN A AL T b2 i
MWEAGTHWIC, HERREREEAME, RN
ANBEAR G- FH Ao i BE A R 2K Ri 518 (Grachev et al.,
2005; Luhar et al., 2009). RIEGIER T o8 AFEa . 58
FsEigeRl, R 30 min 5% 1 h (978, K=
ARG E o ML E TC B 52 by 3R RI N S Ri G
RNRRHAE, I H. 2 B A AR E 5 1 18 i i 3 K

(Yagiie et al., 20060, FHIFA{E B AR, Ri ik
(R RE CAnsE i) SEmAssE 44 T K i (Mahrt,
20100, 323X LEE AT ) RBEANE A R 3z 5)

oM, FRUEAAT T AR AT O R A

— BRSOy, LERR S TR i 4 A sk
T VR A B B 7 (Mahrt et al.,, 1998; Coulter and
Doran, 2002; van de Wiel et al., 2003), fFAEIG A
BRI Ri,, Ri < Ri W, J&T89%0E, DUELSm
N Ri>Ri I, JEURARE, Wil 2P EcE; 2
ARSI LR — B = WAL Ri=1/4. AL
W E—RA R HIEH T Ri < Rig, MM 58 E
1HIE, AHLEEIR Y 52 2 R (Sorbjan and Andrey,
20100, SR E B 14D 1] B L 1T B H 135 S I bt
BUAS AL B, AT p e )RR KT I i AR
ARG Y, XIS )RR REEZ 3 (An-
quetin et al., 1998; Mahrt, 2010). %1z 8} ] & i i o)
DIBE A EDU S R RS i I %
T A AR/ 9 o B IS T 9 R KA AL 100 m
# 600 m, JFHTTER TR BhEEEKE S (Ser-
afimovich et al., 2011), IXH, 38R KT ik
R ARF I S SRR A T R I3 . KRR
TAR/N I, T RIS Bl 1 R R 2R
SRR, R EEERIIA 4 L A B A () RO b X A
JATH () 2 #4541k (Hanna, 1986; Anfossi et al., 2005;
Mahrt, 2010). fEAGELSAET, T REZEI L
IHMIZEN I (Mahrt et al., 2009), H 1A
FARIESY, I AN 3 5 7 1) 1R 5 i AH G
(Acevedo and Mahrt, 2010), R T MOST £E1R £
s A e RN A (Mahrt et al., 2009). 5]
G REEG)MIEFRE 2 M, WIREER. =%
FIP % (Mahrt, 2007; Mahrt et al., 2009), $L4
TR SR BURHE RS | i R EIZ 3] .

F5: 9 MOST,  SRASGE N, i dit JRE 5 W00 vy 5
z K, NZREEMRM. F b, SRR
K H IR 30 min FE 22 BEACI [R] FR°734), 25 5015 2
() =4 NFERRUEZE (o, 03, 07,0 EEBETE Y u 5%
AR DU AR K I w5 RN 2 A
Vickersand Mahrt (2006) WAL, 5HAcE 54



13 R hE R 2R 2 T RBEIS B R 1 AR 1S i R R AIE
No.1  LIANG lJiening et al. Turbulence Influenced by Mesoscale Motions in the Stable Boundary Layer over Complex ... 115

NHERBEHE S REEE ok, I A Tl uE
h ROBE IS Bl e I AR TV, AT B e e Jmy i
REAE LS 5 s Mahrt (2010 FI % 7 v
BF9E T T 3 K (FLOSSIT,  Fluxes
Over Snow-covered Surfaces II from Nov 2002 to Apr
2003, Colorado) /i) v ] 3z 5 0) Be i 1 5t v
RFAE RS

] A O T s T 5 2 i A ) P R T 9 A
TFRE, AHBFFUHR TE AR B 2D o B A L Rt b
(1981) HIBFFUIR Y, AL F 2 Hh i o FA) I
FAR ST ANELEI, By B B SR PR 2 [ R
o EAEREE (2007) XFRE LRSS & 0 F
FOULIMT R I, BE J2 45 Rl B RO,
RS L1821 d SN & K S -3 54 T o
(1996) HFFCUAHLERIAINE S 505, 12 K<
i U A I HH AR R R T B, 3 SO ) et Tt P Rl
R, BE S MR FE s i A A AR ORI L
B, W EROBSAMAAE. ZRE5F (20100 Xt
B8 e B b R AT M 2 s SR AR BRI B
FasE AN B UGERETT % Coy,lues 0, un s
o, /u.) HATEE R 54 N B RO E R, JF HbE
F RS E S I DAT H O A H . XA (2007 11
WIETURIN, 75 78 e Jir AR U 8 A Y] 2 b XA e 2 3 0
TR PARMEZEAERSE S R A, RBG 58
FEETCR . H AT AR E 14 7 R i AR AE A U AR AN
g, WARIRLF R RSB IER], A1t
— W

o [ B R AL T A T B
PEAy, WA UK. T s R X AR i
FEIZ PRI AL, ST X 2R 2 R Gon UM
A R i DL DX A A 20 A 2 i X il T 25
Bk, HEMETT R B L. HE
RT3 i S DX A 3 A7 4 18 1) s Ot
TRA VWG, M RER IS L2210 8. Wen et al.
(2007) HHFFETE - i J i X K 2 b 2 fi el 1 H
R4k, Wang et al. (2010) X 22PN K22 T2 A%
EIREEMM % (Semi-Arid Climate and Environment
Observatory of Lanzhou University, fij#k SACOL)
HIBERL T AR, AR ™ B e AN A S
5 SKaRANZES:5: (20100 E SACOL M7
IR 2% 18 7 3 U A, AU 16 T i vl
PISRAFAET EAGAY, BER A& AR 40%LL L
Zuo et al. (2009) 73477 SACOL K TG H 2 X bR

Mz, o, /u Mo, /uAERGEREELIER K. L
T 7R T 9 e M R R 1A SR i AL K —
SERRAL, SR B — AT ST 0 L i PR Rk
ITRAN T B e Jg X 2 AR, BTl e
JE AT R AR D 3 5 R i R A2 30t Jej s
TR S AT TR, 2 RO LR RUE
BB, BET AT b R R R I A A R
SEIL TR AR AL, A ST T AR — 254)
AW AR

2 Mz

2.1 MMEEENE

2R AT R S ER B, (SACOL)
A7 T35 AR 1965.8 m A S5 (35.946°N,
104.137°E), F&ME T M A 2 o Jr s, 8
MR, TRV TR LE A BT R X
SAIRUL, HAE B S (38 o SN E by
[FIALM I H (The Coordinated Enhanced Observing
Period, f&j#K CEOP), IH-HAZ MubIiil &l )4k
P E] BRIl 2 — o G A, B
25200 m, K4 600 m, tibE )+ w5
R GR HURFAE . Hh R ARG R AR R, 52 AN
SR/ o RS S H Y 0.24 m, £ZE2) 0.10 m.
KT SACOL MIF4N42Z WCHk (Huang et al.,
2008)
2.2 MMALEE

REMMIE R 32.5m, 43 57E 1 m. 2m. 4m,
8 m. 16 m. 32 m /% %3 X0k (014A-L, Met
One). IRANGYE (HMP45C-L, Vaisalla) 15 /E#%,
FCUIIA 5 S RBR AL, 7E 8 m Ak 2e e X
ALK 2% (034B-L, Met One). 437 ks 4 41 /MG
JEALIESS (IRTS-P, Apogee). CS105 S AL B3l
TE525MM-L Y & & KRR R . KSR
BRI o W B A 9% R G R H = 4 5 XU X
(CSAT3, Campbell) & = 4 Kk, 412kl
(FWO05, CSD W& ks, FFERLaM Rt
¢ (LI7500, LI-COR) Jl#& CO, / H,O WKJE k3]
KFEAA 10 Hz, VB SR 3 mo W3S
EWIRE, BATRI R AT

H T RBCE ZRE SRRk, X BAEH SACOL
2008 4 12 HI AR ENAH OO A, TR e iF 2%
w12 6 B Belll, 234 h 5 T
AR, AR Y. I B GO 5 R 5 )



xR ¥ 7%

116 Chinese Journal of Atmospheric Sciences

Vol. 37

TR S, PRI R S TR AT AT
3 WMRAE

3.1 RENAX AR AT E HA

WBNAH ICVE AL I M <2 18] ) ot R B A i,
R ZE AR R ZE,  BLAO i i R & Rl 10
B 25, 5 BRI A b B E . b B
o, HCSR A BT (block time average) 7k
(Finnigan et al., 2003), X[ 34 s, HkshiaE
s TR N

s'=s—s, D
Horh s 5TER NG © RO, o e pEsiE Y, B
LR, BRI G AR AN Bk s[RI
v XNV, DLERUERATE RN RS, A%
T REEIZENAEm . — ok, ¢ BB AR E 1Y
e, fEsARsE N © L.

K72 s's R 7 25 w's' (w' $5 3 B RIE 1F ik 5
B, 76 ¢ FFY, B8R 2 s s Rt T 2 ws' .
s AEFEH 7 ) FHE & F R o8

F, =pyw's’, 2
Hr, py RT2AAEE, w ETEHNXN®E. Eins)
AHIR BORML BE A, S 1 Jo) 9T k) a6 OS2 380 02 1 R
#£. Kaimal and Finnigan (1994) #&H T Ahv1-F3%
JA SR B 07, A FI SR A 30 min (P KRS
/NG YT E . Finnigan et al. (2003) FJH £
MRt S BORMITFTIA N - 25 J 1N G T 1K 30 min
B SIS S RN AL Tk, S
FrHhE B £=30 min.

A= B (ensemble block time average) J&
I AL T FE A o (R0 T 1 S K 1) Ik )
A, BT PR R R O R U7 VE . RINTE] «
R P T ZEAE A BN ] o ERCE R B
T s/ INRFF IR 22 o o BRONIE I ], FEE 4%
PEREHI 1 he L] FonenBeryy, #iss
)3 B B R 7NN

F, = py[w's'], (3)
PRI R AN AR AL, prLAE Fy AT R AL
KINN

£ = palw's') @
e 1 RGEAREZE o, 205 FH R 7t ) 90 5
o, =[wwl'. (5)

FERE ZAE N, it EAslioh 3, RUED, i
g, P REEESN, W TR0 Bk

A REAR I DX 43 £ J2 5 R S 1 FE % 13 £ =5 b
MG REIEH), AR A B2 5 A
AT ST PRI ] 7 R 7 2805 SN ],
32 PRENZERFFIES

KH (1D 258 R, (D R () R
T HRGE AR B F = A 1 R UL, 7
o b, 5SS R 2E W s AR R e T rh R
FEZE R, & UL s (f) T R AR AL AAE
M Smeso:

SmeS():E_[S]’ (6)
Lk, R KRR
Umeso = [(umeso2 + vme502 )1/2 ]’ ( 7 )

Hor, L RRERN ¢ LY, [ #R8E o
BRSO

K RO K55 R ROBE R 8, ST SO
HU g,

Ugen =(U? +Upe0)?, (8)

o, U RS K, RIIE S~ ] o (PR
AHTH BT b BRI e Uen IR 504
YR RO I8 3l 1) s Ao PR AIE
4 HEROW
4.1 FE NGt R 8] x5 i 2 A 520

AR 2 45 AT IR Bl AH OG0 R 2 B0 HAR K1
BOECE, (HJ2, HATZEWITEA TR X 2 Ra
ZAET A TURFAE 3 A2 WD FER)Ah BEANIE 23
Ji&. Vickers and Mahrt (2006) HWIFYFRI, PH1EH™
% 2 3 BT 24 W) T) P AR G Rk /5 8 SR 3 A o
XF o K O BT AL, (H ¢ IR 25 4 0
MH I o ¢ KA, ANREALS i A 2 ok
ARSI 2« K, WIS 45 2008 25 1 32 2
W R IE g e E R . IR AR A s AR s 41
T S 8 N I REEIZ S A AL T
AP, i R T« AER UK. AT
G 560 7 St VAL P T~ 47 BT [ 0) it 0 v B 5 R
W, A REER r=5. 10, 20 30. 60, 100. 200.
300, 400, 600. 900 s, PI5 2008 4 12 F 7~16
H 00:00~06:00 CIE 5T, R RD B R w' T (20
1 h. B 1 (WSUSEED 4T smta e ts g
(Ri>0.25) T, JEHE & BE e mii ¥ e <
(AR AL o

FE— BV A w T B N, X2
D] Ay 3 )~ 350 BN TR AN BE Sl B AR AT R 23 (R DT ik - (H



1 4
No. 1

R hE R 2R 2 T RBEIS B R 1 AR 1S i R R AIE
LIANG lJiening et al. Turbulence Influenced by Mesoscale Motions in the Stable Boundary Layer over Complex ...

117

M RS o B, W T ASTEBE ¢ B8
K o REEIK, wT LSS B IR S AR
E, HREBENS, KRR TR R, Al
A RS2 B R 8™ B, 7o XN T
A <t )IES - SN & i S
o BEAT o (N, W/ T IOARHEZ RGN K (B 2),
AFRESR CBE 1 h (R sh ARG BB O — Al
KD AN ZE SR R K, R G ok T
Ri BARKIIE R 2 o> N, PR S 50

=, WA T I Py ZELE AR S R BT R
. Ri<03MW, z.7£200s % 300s Z[a; Ri>0.3
N, 7 REE 100 s 28200 s 2 Ja], HA® /N, 3t

~ 8.0

; o—e

M 701 d

IE /o/./.

|5 6of Ve

3 ./'

ésn- //

240—//

E

2 30 '

100 1000

Averaging time (s)
K2 SREENETE (Ri>0.25) w'T' FRHEZERA & S it i3 i ]
AL
Fig. 2 The change of standard deviation of heat flux ( w'7T’") with

10

averaging time (7) under strong stale boundary layer (Ri > 0.25)

W 7. bR PRI s g/ . X5 Vickers and
Mahrt (2006) 7& FLOSSIT 46 &bk di (ot
g —,

4.2 WBEDLRBEHREIZFNFE
42.1 & AREZ 4 Multiresolution decomposition,

MRD)

MRD i#43#r (Howell and Mahrt, 1997) X [}
B [T~ 380 B DX i U Blb 2 0 i ) AN [0 1 I i) R
FE b, SRAFFFUAS [R) R E (0 3 308 o 3 9 B 7 22 1) BT
Bko ZEH Ri > 0.3 ZERLUEAT MRD #2547, &3 2
Fyi il U’ FUSESGE S w T' [F MRD . w7 %
(K 3b) 75 2" Ar~2"Ar (At =0.055 s) Ju N FEAE
B b R B, X AN RIS FE P9 MRD #$EL7E 0 Bl

Wi BN ) RBE7E 21 Ar~2" Ar (49 112.4~4499 )
(KBS0 w' T* BEAT 3 DTk o I ]R3 K T B
PRAEZE B, RSB B ow' T HIRER LR 22
SR L) IR R R B b p/ TN SR S (1NN AN AN
TAHEBRIN, w' T WS IRRUEZE RN, I HA AR
Ko RS OC RGO () ARGl i RE R N R T S
B IF Ak . w T W75 27 Ar (£97.0 8) k5|
{8, BRASE A 1F I NP T B BTk e K AR e )L
PRI I REE . U'w' 1% (B 32) HOFRHEZE L w' T" 1%
TR, ANFHCZ M ZE SR, b s 55 1 ik
S5 R GOV ) B e S I B . SR T AR
WAL, ACERGE U BN K, HHb A %

1 B R RS ) A2 BRI ) A XE (1 AR 4k F
U'W 15 2" Ar~2"2 Ar (112.4~224.9 ) 5 5E 1)

(a)

T

I T 17T

SRS i f T/ T/H

L
1

1

111

.\!\f\§\+\+_+/¥/i/1/’l’ i I \ e

2 20
= ~
%, r
é(\l
=E 00 -]
£%
9z
&
s —20r-
1 IIIIIII| 1 IIIIIII|
2.0 ———rrrrr——rrrrr
L (b)
@:\ 1.0
> £ -
éf 0.0
=RS) r
L
= —1.0-
—2.0 il vl
102 107! 100

10! 102 103 104

Averaging time scale (s)
B3 aEGERE (Ri>03) MFUEME: (2 FEEEUw (107 m's™); (b) BdiE w7’ (10°Kms™)
Fig. 3 MRD of (a) momentum flux U’ w’ (107 m*s™) and (b) heat flux w7’ (10°Kms™)



xR ¥ 7%

118 Chinese Journal of Atmospheric Sciences

Vol. 37

TR, B TA) RUBE K 1 B 1 v ROBESZ 2t 1 2y i
NP, A Il ) R
o
422 i&ATFAEE A

T AR MOST [T, — MK P35~
M, KPR E) R By H IR . (H2,
TER AR E AN, 2 REEEasgm, <RI
B IER T, mvi e AR R R, XREEERS R
 MOST W HTEAGE AR % « MRD % 7341 )
W2 b REAZ Bl i A R~ BN TR RO, S b
NS 4 T B i Ry A N < Wt )
DL, o B RE BE ARtk . RGBS BE e 1
R, WER R AR . B 4 ORSOR R ED
#& SACOL 2008 4F 12 H 7~11 H 00:00~06:00 []
TULANEE e 284k, 3R 1 45 HAAH Y. #5 I B P sh 2 2
FREL Ri. 00:00~06:00, U5 ZFe5E PEZHTHE I,
TR RS BN, Al REE RN . 12 H 94 10
H A R B e MEAS LA, i 3l e — EL4E 7 IR K
*z 1 2008 £ 12 A 7~11 H 00:00~06:00 ZATEL Ri

Table 1 Gradient Richardson number Ri from 0000 BT to
0600 BT during December 7-11, 2008

H-H 01:00 02:00 03:00 04:00 05:00 06:00

12-07 0.102 0.172 0.081 0.216 0.206 0.242
12-08 0.020 0.031 0.059 0.186 0.064 0.623
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