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Analysing Coherent Structures of Humidity Time Series by the Spectral
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Abstract The spectral analysis of the wavelet transform coefficients (spavelet analysis) , a statistical method combi-
ning wavelet analysis and a high-resolution spectral technique, recently developed by Petenko (2001), can identify
coherent structures in time series and their durations and periods. Comparing with wavelet transformation and spec-
tral analysis respectively, in a way, the method describes the evolution of coherent structures by durations and peri-
ods of coherent structures, but cannot describe the frequency character of various coherent structures, which shows
there are coherent structures of some sizes in some time. By this method, more than two hundred data, which are
collected by an infrared gas analyzer (LiCor7500) for water vapor and carbon dioxide fluctuations at two locations
overlaying the different surfaces (water and land) during 16 — 22 November 2004, are analyzed. The conclusions
show that the distributions of durations of coherent structures in humidity time series at land and water are similar,
and the common relationship between durations and periods of coherent structures in all time series is that coherent
structures whose durations are smaller than 5 s occur intermittently and are often accompanied by coherent struc-
tures of larger durations while there are periods close to durations for coherent structures of duration 5 - 30 s; there
is a significant duration for every larger period than a certain period, which can result from the interaction of coher-
ent structures of different sizes.

Comparing this method with the method determining principal time scales of coherent structures using or-
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thonormal wavelets, the authors find that they agree with each other, which shows that the spectral analysis of the

wavelet transform coefficients can identify the principal coherent structures accurately. In addition, the fact that co-

herent structures of small durations occurring intermittently may be a reason that change of turbulent energy at

smaller scales is larger.
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1 5|8

AT G5 2 T A ORI 3] 74 S 2 1) R R
Wkzhaty . Fe i ) fn2s 8] BB [ A SRR,
B, b E 2= R REE A . X BRI A & — A
N8 EIHRIRE R R IG . S R IR IC S TP
KIRs Jo RAE IR W TE i 98 30 ) 45 A FREAE 1 v 3 3k
FEAE, Wghe ., A A A 3 B kA R
M BRI, R A A T A H I T B
BSOS PR S

Pl RO AR T — 2P U A T 258 10 7 12
eI, 2RMri. VITA & (variable inter-
val time averaging) . %4, (BT EAEAEN
— JRUBE it B N S S5 18 5 1 AN i S e i
/N3 T O S | AT IR S BT s /N AR B AN
AN AR T k{7 PE RUEE 2 ] E I, W LAy
AT A S T ROBE R B HJE, ZEXAE T 4544
FRIESEAT IR Al R 5 45 & & Fh g it oy k.
Petenko 5% " 45 £ /1N AR 4 7185 43 k32435 4 47
Fe i T/ REGE M (spavelet analysis) J7i%.
XA ITEAACAT AR BIAR 2548 1 HLd v DL E
AHTZE A B I/ INFR SR 2% A T S5 44 28 KLY
— PR . A ORI /N 2R G 3 Ak o i U
T B I ) 7 4 o A T 45

2 INEREBUESTTIE

TR BT o B F A, (R
(3 o M 7 i R BEAE I B R kAl AN BERS 2z it
R RAE R A ARF R R R PR, 2 B
AR AR AN NG . — L% 2 PR S
D7 AT DL A B L R R R A A I
OrFEARARA L, i HL . 350 B U RE A I A ]
AR ANRE DX AN [R] RUBEAH 25 4 ) A sl
fik o T/ NP AL IR RAT o B0 Jr SR AR 7 P S A 5
A BRI HER BRI T A A R Y
B /NP e 2 i VA T A MBS — AR T

SIS 3 A 105 L B R R S AR
FaE 100 R /NI AR A IR 220 S () 2 A T
REEABTZ5M W 3 A R3S . SCHRL6 7 32 8 /N
REGE ST WSS T /NI AR RN 5 43 B 2R3
Briop s s /B A S R S AH 2544 I LR,
A PERIE S M A T A A . 5N AR AN [
M /N R BGE 53 B 7 e A5 BAS [/ RO A T
ERE AN s S54GRS AR i RUEE N ) B R AH T
ZER A A
2.1 NI

N FR B A3 b R R e /N
WEs, MRS STH RN o'y AR
a Vo BENAEZITEE T s /NS 2 — A RO 6
BT H, 7y s B s il /5 2 0R 357
PR SGEAREE a FARIEAAE, HILH o« 1R
INIERFH AL T i HAEFR KD HREW
FHTZEA A o (B0 —Ak, DA /N3 ] DA
175 i N 1 DN 3 2l NG O 3 = NP B A N 2
WA W, (a, ) K

Wotas D =a’[g@glc—D/alde, (1)

Hep, a ERFEEFE T, ¢ EEHEL g &5 S,
NIRRT AR

() = cos (Br)exp(—*/2), (2)
Hp, r=(—0/a, =3.5. ZREIXFEM /N AR e
o 5 @O BRE a —ZRANE g s 1.
2.2 &S

AN RO S BT 5 B S BRI R A A
(8] U1 5 R i 5 A B L AR S R AT R SR 15 31
1Y, HAR AR B .
PR ES) (), t=0, 1, ..., T—1, j&
flittsE SCh
Sp.o(f32) = y()" Se(f52) «| H,(f52) [ 7%
(3)

Hr, S, o(fs )& xOTELRPPHER [ (0<f<
1/2) RIS, p flQ BFASE (0<<p<<T/2,
0<<Q<5), H,(f5 x) /& p By B BIHAS 19 55 % B



14 LT /N AR RS T i R B ksl i AR 45

No. 1

QUAN Li-Hong et al. Analysing Coherent Structures of Humidity Time Series by the Spectral . .. 59

K. p By A BIEAE U
P
IU%+ZMﬂUAJ):qUX 4

1

MR Burg S KRS0 2 REL 0, HARTE AN
P
H,(f3 2 =1+ 2 bexpQuijf). (5

=
(3) ) So (50002 “FIR" 5 e, WITEHRE,
Y(ORIEE . * B

Thomson 3% fili 11 2 1R &7 19 7o Z 03 Ak 1+ 7
YL AT DARDRA TS So(f520) «

Q-1

e (fre)L(fie,)s  (6)

q=0

So(fie)) =
Hr,

T—1
b(ﬁeﬂzzifgﬁ‘EjuMﬁqKﬁ@m(—zmﬁ)
=0

2
’

(7
a, ([ ep) R ABEMAAERN T, w, 254 BRI
AR5 RS A bR BSOR D (R AR BRI (A
¥ (3) 2RI A P 9 A 1 4 R e - 244
(So(f36,))=De, X, 195 Burg i1 Swe (f52):
S, o(f;x) =De, | H,(f32) |7 = S (f32),
(8)
Hrr, De, B7ole, T2,

3 SLBABNE

2004 4 11 J . 7EE K B AR 5 4 H i i H
“HFRE S EU 5 R Rk A2 SRR LA g
PBEENT s P ERRE RSB S e R R 2
PPN R A 27 [ o i S 2 M bt KA RAURE
ARG TR T — AR S KA S L8 G I 52
B, Ho AR RUERZE ik . AR VA L 3 b DL
B DA SRE R P LN R e i 5 R Bt 5 e LD
LI 37 B AEIT AU PR B VA R 11X JHC e e T i
TN TE PR AN [F BAR A, RIVRE EOUEI £ 70
FEVENLIN A3, 43 ARER T Bl i AR R SRR
T ELURIN A5 CLATR FRB Mo 0 5 78 B 1 LS4 )
AP, B TRAEA S, AME 8K
AR FVEVE S B S (R RR S b X
RO TEZKIL, I R = TR K . ZEPAS UL A5,
st T Y VK SIH 18  A XGTR SRR 2K PR AR Atk Bk 311X
(LiCor7500) #FH4E 8 m /NG b, SREESR Ny
10 Hz, ARSCFEZESMHrAYE 2004 4511 A 16~22 H

AR KPR SR A TRk s & . It 150 24
AN BERE IX BOULIN I 3R b M DX AR T o s 42 il
. RAUEHEPR.

4 SR

4.1 SREEEFSI4HE

ATt b T 5% ORI 853 ) s S VB B ) 3] e
R TS WL A5 P 245 SR S e 1 1 R AR [ 3 B
R A AeE, R A A RS . FEORAR
FEXRT PR TR ZAE TS TS O I0 A5 A5 7 358 B ik 50
AL A A FBA LA AR, i 0L Ik B o HL S A
R, T HREAFAEAR B B R 254 s (R TER
] TS ASCADUL I 25 SR e W] — 38 A B W i) 22 ) -
Fii b1 14 00 B8 Kk Sl e B R X A /0N o A A T B R
Gk, FAEBRRERMAET 5 (100 s Z£4) 5 1
5 F P R Wk 2l A 5 B AR 3 L AR R A [ AR
WeSPERFEAEAR T 454 . IX e U2 5 i i
JEAA BYIRZ M o B T i ok 20 (4 de DRI e g A
BT 8 m, Jif i DU et A 45 AR AR - s e iy 2 R b
fiE s By b BRI 25 SR 52 K A S i AR I, PR i BE bk
SFI R PR S fli b R A BRI TR (=
LI 1A 3, D,

4.2 INEREHE ST

BRA BRI 16384 A~ 45, B/ i K
TR AR, ASCR i AT R & T R
FERIAH 4544, T BRI T 45 ] A 8 4
B i A o (RIS, E TR 01 B I A 3 8 R AR A
Fe AR LA R 450 (100 s Z247) . Rk, %
P S A R e R A5 . AT
SR RBERT 1 s 0 10 2 B RUNF 1 s R
g T,

P 215G /IR BGE g R (K 2)
FW, TCIE L S A S bl A T R I R AL 10
~20 s REEMAM T 45 Bl 2, HIRERE 5~
10 s F1 20~30 s AHT45449, /NF 5 s AIRF 30 s
FAVRH T 285400 H B AE 3 LA/

AN B A3 HT RE S A5 B 254 1) RUBE 5 ]
WIZEIMER CanlE 3 i) . /N R B o0 Bt &
([l 3b) H s A by 22 78 AH T 25 44 & 25 1) 0] B B ]
RUAE 4549 B0 R, AR BRI A T 4540 I +F
SEmf], BUAHT-25F it ) RO, RIEFRRRE S
JAMAARSE . | 3b st 11 s 2245 B R IAEAE— A



P 31 &

60 Chinese Journal of Atmospheric Sciences Vol. 31
2
5k Island
1 -
E l
: b,
=
0 -
1 1 1 L 1 1 L 1
0 100 200 300 400 500 600 700 800
t/s
0.1
[ Land
0 -
5
N -0.1F
=
-0.2F
03 1 1 L 1 1 L 1
0 100 200 300 400 500 600 700 800

tls

Bl 1 2004 4F 11 A 17 H 03~04 B (JULRTAT. TED BT 800 s & LAl L3RR ¢ w751
Fig. 1 Time series of humidity ¢ in island and land for the first 800 s during 0300 = 0400 LST 17 Nov 2004

- 5k Island
[ ] F# Land

w
W
L

HILKEL Frequency
— —_ [\ [\ w
A SN A

W
1

10-15 15-20 20-25 25-30 >30
JRE Duration/s

<5 5-10

B2 Rl RS TRROEEAH T 4540t BE
Fig. 2 Probability of coherent structures of various durations

in island and land

ROE 2 s A BIRTE54 . 15 s ZeAq R0 L A AH
TE R 15 s Zify s b mdgfeRi b
ABAEIHTRIGR S Z I RINT 5 s A 45
oy JE IR A O ROBE R I RUEE 5~30 s A 4514
AHHREEAZRAWY . XEWRE 5~30 s 1
TELPRIES B, /N T 5 s B T4

4 H AT TR T LSS AR R 254 — AN 2 Bl
B, AR R SUZ A T45H .

FER R RS, 80 HBR AR/
FATE5H . 35 AT Ak R 1 2R AT, B
Jes BT R BLS LA 4 BARIER
SRR TRA RN Z J5 SR A AE . i B 4
3G IOBOR B 2 . U R AR AR ETE R . A
AEFRECH 0~100 s, a2 B 4 i, A
A I A RUE A TS, B
TEAS P IAR 2 . XA Bl e AN R ROEEAH T
R Z B A AR A G R A A SO T it — 2
T
4.3 SHETHEMERERALR

ANBRBOE T TR A B A AR A5 A R A
JAMRI A AT U IE S/ NEAE P Ul AR 454 3
REER LS WBIE. XA T2 0 Szilagyi 4
SEH Y. DA AR T4 R X e TRk

NI R F-J5 AT LA S s A 25 h ) RUBE
FIEE T IE S/ NE A TESS PRk 1 R BRI AR
FAEh o H/NE R B -5 f B RE R B I — AR A 2.
H



&3 2004 4F 11 H 22 H 08 BHBEEREF 5] (a) TNk 25k
g 43 HT (D)
Fig. 3 (@) Time series of humidity 0800 LST 22 Nov 2004, and (b)

its spavelet analysis (spectral analysis of the wavelet transform coeffi-

1 LA /N R B 5 4 BT T T N HE ks A T 4544
No. 1 QUAN Li-Hong et al. Analysing Coherent Structures of Humidity Time Series by the Spectral . .. 61
0.10 ; . . : . . . 0.4
(@)
0.05r 0.2
g | =
& 0 b
s E}
-0.05f . -0.2
_0.10 1 1 1 1 1 1 1 _0‘4 1 1 1 1 1 1 Il
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
tls t/s
180 -
30 =
- (b) : (b)
i 1.88069x10° 160 2 0.00283886
251 1.6456x107 - 0.002484
i 1.41051x107 Y= 140 F 0.00212914
- 1.17543x107 ” - 0.00177429
- 9.40343x10°® = o 0.00141943
o 20F B 3OS0 g 120 0.00106457
s [ 70171x10° s - 0.000709714
'% - g:;gégéxig's g 100 0.000354857
5 sk s
A 15 i g 80F
o[ i
- o = ————
sk s
! — 2wk
il .. S TR TN ST T SN TN IR S|
5 10 15 20 25 50 100 150 200
FA# Period/s FA Period/s

4 2004 4F 11 A 21 H 11 FHREERSR]F S (@) R H/NE R 4L
TR 4387 (b)
Fig. 4 (a) Time series of humidity 1100 LST 21 Nov 2004, and

(b) its spavelet analysis

(@

cients)
0.6 T T T
0.4
s 0.2
2 o0
-0.2
0400 200 300
301 .
I 5.02806x10 (b)
r 4.39955x10‘:
- 3.77105x107
251 3.14254x10°>
L 2.51403x10°
r 1.88552x10°7
C 1.25702x10°
2 Ul 6.28508x10°
.S N
A 15 -
®wT Y
K jof
sk
TS ARV TETENEEN ETETETEEN EYRTETETEN BT

10 15 20 25
FAM Period/s

200 500 600 700 800
t/s

0.50
0.45} -
0.40f -
0.35} ;
0.30f 1

< 0.25F 1
0.20f -
0.15} -
0.10f -
0.05} 1

0 : : S
o 2 4 6 8 10

5 /NERBOEHT (b) 5IES/MNIZESIA—LRER (o PUIKIRIRIFF] (a) FIT45H0 R/ s

Fig. 5 Identification of coherent structures in humidity time series (a) using spavelet analysis (b) and ortholormal wavelet (¢)



P 31 &

62 Chinese Journal of Atmospheric Sciences

Vol. 31

i=1, -, M, M= log,N, )]

N
WG, )= D¢G—2m)gtn) (10
m=1
TEBUNEREG m ERER T, j 2rEE T, g
BTG S . /NE ¢ IAXTFR/NE (dbd ., db6,
b8

oL
~

B Sb /NI 2R B0 S0 Hr 75 A 2 3 E I
[P (& Sa) /NBRBE 0T & Se S [R]— 4%
PE RS/ N AR AT 2 p, BESE R AZAE. T
TS REERT 1 s, BRI B T 1 s B9°F
Y, e B R 1024 S ad. M EIETBEA K
YA E 70 P I e B RE 8 B RBE (9 38 RT3 oK
RORJUE E BRI R T HA ROE Y RERE . i
RRIE G FHBIRIRE AR LA 4b 45 2R
SIS AAAE— D R R T 25 R 745 A4
JE AR . o T AR R 98 324 L R
Ba . 1FRNE Sc BIEER. 1E 2's FRJE E p Al
KAEL W 16 s RUZRA TR R stk k. 5
K 5b g RUEE—2. sk d B B /NI R 08 70 i 07
IEARLF U 1 IR P8 P R E AR A . T
TESS/INB S A B ORI » IR A T 454 RO R
REAZ 2"(n = 1, 2, 3, =), ANREEIEMEIREAH T
LR RS o i /INBE R B AT 5k I AT i BR
il BE S AER MU A AR U

44 ARESEAHPNXABRERREEEN
N FR B A 5k I FURE 5 A B P IR G AR

20 .

18_(3) *

16
14+
121
10+ *

SEFa T Wavelet flatness factor

—O N A O o
*

<
0

WH Wavenumber

107! 10° 10!

AT LA R f B /N RE A8 Ak B b v 22 A AR R -
IINPBE B AR v 2 S
&zzﬁ%ﬁﬂM%JY%%W@jWﬂ“,
D
Hrp, U R FEHRE, £ AREESR, WG, N
INBEFREL, B Haar /N3], HIERENIEN
CE:SE(]&‘)/E(]%;), (12)
AR N TC R NRE AR EZS . B T R R AL A
YR/, Hdr,

ooy |2
E%>:HW04H>¢

27In(2)
RNBEEE . d, = f0U, Wk = 21/(2dy),

SRR SN

Fk) = (W Gy )Y /WG, )P (14)

Kl 6 R TCENEEEIrfEZE Ceo MR T8
I J0 K50 ) 18 T B s 3 R AR R/ N R i
TRREE AL LA A . R R 3 A R A 45 F 3 i
FITTHR ELBE R, BT AT BE i TR/ N R B
TR AS TS B A 2K

5 Zig

AR S3 BT Y T A TR DX A [ LD A5 i O
WL B 73551 A2 1 it /K T ) ST RRAIE . 7EAX
], Filidts b A0 B8 P SR A LU B B Bk 8 H 8
JIN T 8 L AP e B AT B A 43 18] Bk sl b A
PNER S UM R SRt SR

INBCRBGE T IR A & T /N AN o P
GO0 AT LR A T 2540 1) RUBE
1117 ELids m] LA A7 AR S5 AL 4 JRT 9T LA e RUBE R 38 22

45

(13)

(b) R
4.0

3.5
3.0 +
2.5 *

2.0 *

1.5

1.0 ' .
1072 107! 10° 10!

WH Wavenumber

K6 /NBEHT R R ARIE R Ce () FIPPRAIA T (b) BEHEN AL

Fig. 6 Dimensionless wavelet standard variance Cg (a) and flatness factor (b)



14 LT /N AR RS T i R B ksl i AR 45

No. 1

QUAN Li-Hong et al. Analysing Coherent Structures of Humidity Time Series by the Spectral . .. 63

)Y 28 mI AR ot 220 A 435 4 114 v A R
ARSI TT 15068 P E 22 2 it i B2 Rk sl s ] 1y 57 i
137008, SR .

(1) Bl Ay Erim B A Fe81 v, 10~20 s #Y
HTEM L . S 20~30 s Hil 5~10 s AR
S58L, NT 5 s KT 30 s A TE5H ELi b

(2) /NF 5 s AT A5 LR U S FERUER
1115 HLIF AN ] 500 e ot B A ) B A A
RREE AT 2548, T 5~30 s FAH T 2544 1) J
HREMS.

() AAAE— D RE, HRTFHA SIS XA
RBERIARTEHTERS A I AR R 2 . XA BT
RE S 1 AN R RUBEAH 254 Z Al AR LA

BRI R BT TSR . HTIE S/ N
FHAFA5 AL JE k] RS 7 i A [R) AR ) Kl » 7521
5N R RGE T T R — B A R RN R R
T HTT I BE RS AR A 3 TP S 2 A T A5 . T EL
NI FR B S M 5 1A 2 AR AR b A RUBE S TR

ANBGET TG O RE AR 25 TP AR R T BE
A GUR D) TR )| i B A NV AN wh bV W = e
BOR s ATRESR IR /N AR T A5 AN i 2t B
B et s T A b E R A R AR R S T
(5 B 0 TRITARAEIVEt

S %3k (References)

[ 1] Wilczak ] M. Large-scale eddies in the unstably stratified at-
mospheric surface layer. Part 1. Velocity and temperature
structures. J. Atmos. Sci., 1984, 41 3537~3550

L2] #A4dE Wi, MEcrE 5 R AZE. bt B2l i,
1995. 288pp
Hu Fei. Turbulence, Intermittency and Atmospheric Bound-
ary Layer (in Chinese). Beijing: Science Press, 1995. 288pp

[3] Gao W, Shaw R H, Paw U K T. Observation of organized
structure in turbulent flow within and above a forest canopy.

Bound. -Layer Meteor. , 1989, 47. 349~377

(4] ZOOmg, PREZE. X A2 by bk 245 46 1) R I B F 58,
KERF, 1997, 21 (2): 223~230
Cai Xuhui, Chen Jiayi. Large eddy simulation of bubble-like
structures in the convective boundary layer. Chinese Journal
of Atmospheric Sciences (Scientia Atmospherica Sinica) (in
Chinese) ., 1997, 21(2): 223~230

[5] Chen Hongyan, Chen Jiayi, Hu Fei, et al. The coherent
structure of water vapour transfer in the unstable atmospher-
ic surface layer. Bound. -Layer Meteor. , 2004, 111; 543~
552

[ 6] Petenko IV, Bezverkhnii V A. Temporal scales of convective
coherent structures derived from sodar data. Mezeor. Atmos.
Phys. , 1999, 71. 105~116

[ 7] Petenko I V. Advanced combination of spectral and wavelet
analysis (‘ spavelet ” analysis). Bound. -Layer Meteor. ,
2001, 100; 287~299

(81 ikET . BE. WaBI. KA A b 1R 5 Kot 50 i
R, RGOKSCFEALAR . 2001, 1. 1~11
Zhang Hongsheng, Kang Ling, Zhang Aichen. Discussion on
data management system and calculation method of atmos-
pheric turbulence. Meteorological, Hydrological and Ma-
rine Instruments (in Chinese), 2001, 1. 1~11

[ 9] Szlagyi J, Parlange M B, Katul G G, et al. An objective
method for determining principal time scales of coherent eddy
structures using orthonormal wavelets. Adwvances in Water
Resources, 1999, 22(6): 561~566

[10] Li Xin, Hu Fei, Pu Yifen, et al. Identification of coherent
structures of turbulence at the atmospheric surface layer.
Advances in Atmospheric Sciences, 2002, 19(4): 687~698

[11] Thomson D J. Spectrum estimation and harmonic analysis.
Proceeding of the IEEE, 1982, 70(9): 1055~1096

[12] Gao W, Li B L. Wavelet analysis of coherent structures at
the atmosphere-forest interface. J. Appl. Meteor. , 1993,
32, 1717~1725

[13] Katul G G, Parlange M B, Chu C R. Intermittency, local i-
sotropy, and non-Gaussian statistics in atmospheric surface
layer turbulence. Phys. Fluids, 1994, 6(7); 2480~2492

[14] Xu Min, Jiang Weimei, Hu Fei, et al. The characteristics of
turbulent moisture on Huaihe river basin in China. Meteor.

Atmos. Phys. , 2002, 81; 53~65



