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ARBRSTRACT

In order to determine nonlinear energy exchanges into individual triad interactions in the frequency domain,
spectral formulas are derived by use of the cross-spectral technique. First time attempt has been made to understand
the problem of maintenance of low frequency waves for tropical weather system by using this technique. The TOGA
basic level 111 daily wind analyses on a 2.5 degree square grid around the global zone from 20°S—30°N  at 200 hPa for
92—day periods covering June, July and August of 1988 are used. Kinetic energy is gained at high frequencies and lost
at low frequencies. In the planetary scale dynamics over tropics, barotropic nonlinear energy transfer plays a negative
role. Low frequency wave of period 45 day loses maximum amounti of energy when it interacted with frequencies of
periods 92 day and 30 day. 45 day cycle is also the main source of energy for other frequencies. Distrubances of period
15 day gain maximum amount of energy. The major contribution comes from the triad interaction of the frequencies
<7,1,6>. North of 20°N low frequency waves of period 30 to 92—day pain energy through nonlinear triad
interaction with the maximum gain at 22.5°N. The study may help to investigate the rapid loss of predictability of low

frequency modes over {ropics,
Key words: Cross—spectral technique, Low frequency mode
LINTRODUCTION

Observations have shown the presence of low frequency molions on the time scale of
roughly 30 to 50 days. There are several regional and global aspects of these oscillations that
have been emphasized in recent literature. Among these one observational aspect relevant to
this problem is the energy exchange in the frequency domain. The maintenance of low fre-
quency modes has to be addressed via detailed computations of energetics in the frequency
domain using daily analysed data sets over global tropics covering many years. These studies
are somewhat analogous to the estimates of energetics in the zonal wavenumber domain. In
the frequency domain, the kinetic 1o kinetic energy exchanges can occur among long term
mean flows and other frequencies, or among triads of frequencies.

Sheng and Hayashi (1990a, 1990b) studied the energetics in the frequency domain using
two versions of the FGGE III b data set, processed at GFDL and ECMWF. They also ap-
plied the analysis of spectral energetics in the frequency domain to several observed datasets
and those simulated by a GFDL general circulation model. Their results showed that in the
tropics the kinetic energy is transferred from transients of longer time scales to those of shert-
er time scales. But over the Northern Hemisphere the direction of transfer of energy is from
high frequency to low frequency wave. Yasunari (1980, 1981) emphasized the relationship be-
tween the low frequency oscillations and the Northern Hemisphere Summer monsoon. The
results of energetics calculations, performed by Sheng (1986) show that the low frequency




92 Advances in Atmospheric Sciences Vol.13

modes on the time scale of 30 to 50 days receive a substantial amount of kinetic energy from
the high frequencies.

A rapid loss of predictability of low frequency modes in real data long—term integrations
has been noted at ECMWF and at NMC. Once starts integrating the model, high frequency
modes develop and amplify by gaining energy from the low frequency modes via the
nonlinear wave—wave energy exchanges. As the high frequency modes amplify, the low fre-
quency modes degenerate and get contaminated by the high frequency modes.

The computation of energy exchanges in the frequency domain carried ont by T.N.
Krishnamurti et al. (1990) for the control and the anomaly experiments in their study of
predictability of low frequency modes showed that the energy exchange from the higher to the
lower frequencies is very small. Observational energetics however, do imply the maintenance
of low frequency modes crucially depending on this energy exchange. Ways to parameterize
this energy exchange in the frequency domain require further observational studies.
Interactions in frequency domain by use of the cross—spectral technique for 200 hPa during
monsoon 1988 are studied in this paper. The computations are carried out to identify the
dominant triad interactions and related dynamical mechanism responsible for maintenance of
low frequency waves over global tropical belt. The computations are carried out to identify
the preferred latitude and frequency for triad energy interactions.

1. FORMULATION
1. Freguency Cross Spectra

It is assumed that time series data u(¢) and w(f) are cyclic and discrete in time. These se-
ries are represented by a ime—Fourier series with discrete frequencies (n) as

u(t) = Z (Chcosnt + 5, sinnt). (A)

In particular, C; = u, (time mean) and Sj =0.
The sample frequency cospectra P, (u,v) is defined as

P, ) =3 (CiCy + 535} (8)

2. Kinetic Energy Spectra

The equations of motion and continuity in spherical pressure coordinate system in flux
form can be written as:
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and the other symbols have their usual meanings.
Kinetic energy per unit mass K(») for frequency n is defined by

K1) =3P, (i) + P, (10} )

where P, is the frequency cospectrum.
Following Hayashi {1980) and Sheng (1986) the final form of the kinetic energy equation
in the frequency domain is written as

0= <K K> P, (W) ~glZ P (UD+ £ P V.2)

+%P,(W,zn — D), )

where

_ d 9 K
<K=+ Kip)y>=—[P, (u,ax uu)+P,‘(u,ay vw)+ P, (u,ap wi)
ISP SO
,‘(v,ax uv) u V’By ¥v) "(V’Bp wv)]

T2 [P, ()~ P (v uv)]
and D(m)= — P (u,F,)— P,(vF,).

< A(n) + K(N)> = P, (W a) which denotes the baroclinic conversion from APE to KE at
frequency #. According to Fjortoft (1953) a transfer of kinetic energy from or into a frequency
n occurs when the frequencies of oscillations &, b and ¢ are respectively », (nx m), and m as
related by = (n £ m)Fm.

[i is important to point out at this stage that Eq. () corresponds to other time change of
amplitude of periodic oscillation with frequency n. Therefore, according to Hayashi (1982), it
indeed represents the generation, maintenance and dissipation of spectral energy.

Following Hayashi {1980), the nonlinear energy transfer spectra < K » K(x#) > can be
further partitioned into two parts as

<K+ K@n)>=<L{n>+ <K{)+ K(n)>

Here < L(n)> is the transfer of kinetic energy into frequencies excluding 0 (time mean), while
K(0) » K(rn) is the transfer of energy into frequency n by interaction between the mean flow
and frequency .

By definition, < L{n)> is given by
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<Lm)> = - P, (u,% wu'y+ P, (u,% vu')+ P, (u,% wu')
+ P, (v,% uvi+ P, (v,% vv'y+ P, (v,% w'v)]
+ t_a;l_tg [P, (v — P, (vt}

Where the prime denotes deviation from time mean for frequency spectra.
The interacticn between the time—mean and the time transient motions is given by

<K+ Kn)> =<K+ Kn)>— <Ln>
3.Explicit Expressions to Have Triad Interaction in the Frequency Domain

The theory of harmonic analysis shows that if X, ,X,,...,X,,....X, are equi—spaced val-
ues of any observed parameter X =f{(1) at the time epochs f,.45,....1, ...t , the data series
can be exactly represented by a finite a series of » harmonics fif,) = 2 (XOC, cosat, +

odd or even. The expressions for the Fourier coefficients are

XocC, =% Y X, coski,
A (k=1,23,-n)
X0S, =% Y X, sinkt,
a=1
Similarly, any time transient field X* = f*(z) can be expressed as:
Fr,)=3(XTC, cosnt, + XTS,sinnt,).

Following Chakraborty (1995), expanding all the quantities appearing in {7) followed by
evaluation of the different frequency cospectra P, we will obtain < L(r)>
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+%ﬂ . ¥TC,)
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ILL. DATA AND COMPUTATION

The TOGA basic level Il daily wind analyses on a 2.5 degree square grid around the
global zone from 20°5—30°N at 200 hPa for 92—day periods covering June, July and August
of 1988 are used. Stationary (92—day average field) and transient (departure from 92—day av-
erage field) components are obtained.
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The daily observed and transient wind fields are subjected to harmonic analysis. Ex-
panding the quantities appearing in (7) followed by computation of the different frequency
cospectra P, , the nonlinear triad interaction in frequency domain is obtained from the equa-
tions (C) neglecting the barcclinic terms.

IV. RESULTS

In the present study the energy reservoirs are regrouped as motions of the time mean,
92—day cycle, low frequency, which represents approximately the frequency range between
the synoptic time scale and the 92—day cycle, and high frequency, which represents the
synoptic time scales shorter than 15 days. The grouping is only subjective and is meant to
provide a simplified view of the energetics in the frequency domain. From the Table 1 it is
seen that over the global tropics energy is gained at high frequencies and lost at low
frequencies. The 15—day period is chosen because the transition frequency between the gain
and loss corresponds near to this frequency. It is noticed that high frequency wave of period
4—5 day again losing energy by triad interaction. Negative energy transfers are mostly corcen-
trated in the low frequency region of periods 45—day to 92—day. It is important to note that
the situation is almost similar for spectral energetics in the wavenumber demain at 200 hPa
where disturbances of low wavenumbers {long waves) lose energy by wave—wave interaction.
A major portion of the loss is received by the synoptic and sub—synoptic waves and a small
portion is transported away from the monsoon region (Chakraborty and Mishra, 1993). It is
seen that low frequency waves lose enormous amount of energy, part of which is received by
the high frequency waves and major protion is transported away from the tropical monsoon
region. This is an indication that the nonlinear interaction of KE in the extratropics takes the
opposite direction of that in the tropics. Sheng and Hayashi (1990), concluded that kinetic en-
ergy is lost from the high frequency band and KE is gained by the low frequency land in the
extratropics, the lower latitudes show sign reversal for both frequency bands. Therefore in the
planetary scale dynapics over tropics wave—wave interaction plays a negative role.

Apart from frequéncy 1 of 92—day period, the contributions of frequency 2 and 3 of pe-
riods 45 and 30 days are dominant in almost every energy triad interaction. In the present
study the lowest frequency corresponds to 92—day period. Therefore interaction of this fre-
quency with frequencies of periods higher than 92—day is not included. Therefore nonlinear
interaction of this frequency is not complete. Frequency 2 of period 45—day loses maximum
amount of energy when it interacted with frequencies of petiods 92—day and 30—day. The to-
tal energy loss of 45—day oscillation is found to be maximum as compared to those of other
frequencies. It is noticed that disturbance of period 15—-day gains maximum amount of
energy. The major contribution of this gain comes from the triad interaction of the frequen-
cies <7,1,6>. The role of 92—day period for energy transfer of slow and fast transient is quite
significant. The energy transfer of synoptic scale transient wave associated about with fre-
quency 19 depends crucially on interaction of 92—day period oscillation with fast transient
wave associated with frequency 20. We can say that the 45—day cycle is the main source of en-
ergy for other frequencies. It was found by Sheng and Hayashi (1990) that global average
nonlinear KE is transferred in a direction opposite to that in the tropics. The magnitude of
energy transfer in extra—tropics is greater than that in the tropics, therefore, the giobal aver-
age has the same sign as the extratropics. Therefore, barotropic nonlinear KE transfer is a
secondary process for maintenance of low frequency waves over tropics. It is speculated that
apart from barotropic energy conversion from time mean flow to the Jow freguency




D.R. Chakraborty and N.K. Agarwal 97

MNo.l

s or g - 9 91 10— €T 80 €] 000 11" o0f— 1T €1- 0l
(or'on) (661 (3'81) (') 991} 8'sD (v} (£'e1) @'z (1'1D) ©o) (o) (e @D (')
£f 0 0w ¥ £ W el— £ W 90T 0= IST  LO- IO 6
arey) (ersn 's)) L (9D (9'sD) v 5D (2D (271 (0D 9 () D &
68 1€ I— W w8 68— 80 9T L9~ 8¢~ 0T i% S6- 8
@r'on) (r'sl) (O1'81) (6'LD) (B'o1} s @'p1} (S'€1) T (€10 (To1) (1) Y 0 07 @)
1§ 1€ 68~ L 1 Lo— 1T g EI— &— 6 19 T~ 1I'E- Yo e 6T ¢
€1'02) @r'st) (gD OrLD (691} @'sD WD 5D T ¢y (oD @8 (1's) #'e) D O'D
€1 8- $T— 91— 6~ 9 £0 4§ 89 60 I£— 66 98 I~ LS 51 - £F 9
(r1°02) £1°61) (21°81) (F°LD) (01°91) (6°%51) (8'v1} (L'e1) (9'ZD) (¢'11) (Ko} (£6) @'® (') €0 K'Y 6D
T9- SE- 91" SI'= £  €0— 09— $£  L9— & IE LI~ £~ 65 0 €T - Le- %
6102) (P (£190) LD (19D OIS (6'v1) (B'e1) €TD) (D o) (We) (€9 @1 (') €0 &'
07— 89— FE  E0  6F S6 6 ST~ F[T 8S— [l6— 60 T6 IE- - I60- I§E— £1- 6T  F
G100 (s1'61) G181} (€1°L1) Zr'on) (L'sD) (O1'P1) (6'€D) (7T (‘1D (90 (§%6) (#'9) (') (@9} (1'%) 7 (&0
99l £0'- 6~ 800 T T € ¥ - ¥ I'T- 8- TU I 19— #I- LTI~ L§ - €
(oD QUs EUsD Gren Er9nD ErsD A1'eD 01 GZTD 3'11) LoD 06 69 D 9 @9 (1'% @
Ob— 09— 85— 8" pUL 6= L0 ST 69— §T— INT- 6 9T 9T TT- TWI- $E- $8T- 07— vi- T
O1°07) (L1'61) (8D (121 Gron) (£ ZrvD (TeD OI'TD (1D (oD {L'6) ('8 (') (o) (g9 &) (1°e) an
67— ST TO- 8I'- P& 1L ISI- T1 8%  f¥— 0T L¥ €9~ T 1%~ I's— TE €9 [FI— 9I- 1
(61°0Z} (8161 (LT'8D) (FULT) ST'91) (wr's 1} e D) (e} (LU'ZD (O1'1D) {6'01) (8'6) (L'B) (%) (s'9) (0 (%) (') (D
u
X Con Cen) () LD (oD CSTY CpD CED (T 1) Cond Ceb B ) 9 () ¢ (D) (D D &

184,01 JO SHUM 31 Ut (] 01 1 =w) BdU 00T 12 886
QUL SUONIRISIY] JEMN|UON ) an(] Sepuanbaly Suows aFueysxy AB1aug APUSIY 91 Jo uomsodworaq (v)] AqE

:_E Jawuing 0-.: 10j ﬁ.:Dm.:..D..T-._EOU pEU]




Vol.13

Atmospheric Sciences

m

Advances

9%

- w W 90— SI' ¥ 0 €I- sT— ob— OF
— eron (re) e (€10 #1'9) ©g) (GI'v) e (81 (6i'n

91— TI- T0'— 80 B L' 06— Lo— B0 90— 6¥— 6l
(107 ©Ugl {11'g) @Uo) €r'a ®r's) e Qg o @rn

9I— 09— - ¥O- 100 8- 10— £ 90— £ s0 1" 8l
(o) (Lo1) 6's) (o1°8) (L1 @I'9) (€r's) (1w (s1'6) (010 (L1'D)

$§ ¥l L0— 0L - 65— 00 11— 16— IU- [0 66 Ll
(£07) (61 (1'sv) (6'8) (o) (119 (Zi'e) (€19 {pl's) 1'D BTN

£ o 00 T 5E pO— 10 81— 90— EI'— 00— 60— 90— 81
(¥'or) (€61} ('8 (I'L1) &) (62} (o' (19 @y (e 617 61D

€ 80 K- 90 - LD- I 90 00 90 L0— L0— O—  SI
(c'or) (ve1) (g8 (Terd (9D @) 69 (©1'9) GI'vr @'y €1'0 G

#0091 80 €00— L0— 9T - W - 0w W - ¥l
(o'0p) (s's1) (p'31) {£'21) (T'91) (1's1) @ 89 (g9 O1'y 19 @'Y (D

Ve Ll $s— sT SF 9 TE— Sl 8 OF  E5—- L9— 0T 91— £l
o) (9'61) (§'81) (LD} (€91 TSV (1I'+1) w9 (¢ & Ore a1 (i

L8 8T~ BT- 80 - T s LE €D v LE— - e9- ¢T T
(g'oz) (L'sD) @'eD (52D (o) (g's1) p1) ('en) (9'9) (L9) (%) (69 (o1'n) (I'mn

Ly ¥T— EE— 0 0T I Te— 1§ 80— EL 6C €T 9 19— RT- 1T
607) (86D (L81) ('L1) {691 (s (€D (e (7w 99 ¥ &9 (6D (01D

u

X oy Cen) (8D (L) (o) (e (v (D (D ) o (e (R (O (9 € (p [P

AN Q140 SHUR AN UL Q7 01 [ =) BJY (0Z 18 RRA] UOOSUOIY ARG 3yt 1o sU0nng

DIUT SUOIIBIAU] JESUI[UON 01 an(] $31ouenbazd Suower aBurydxd AT L MUy ML Jo uonsodwoaad (41 219EL




No.1 D.R. Chakraborty and N.X. Agarwal 99

transients, the boundary tertn, generation or the conversion term may be important for main-
tenance of low frequency waves in the tropics. Here in the last column of the Table 1, ¥,
stands for contributions from all possible triad interactions including frequency 46 of period 2
day. Although the calculations were done with a truncation at 46 frequencies, only the first 20
frequencies are displayed in Table 1.

Fig. 1(a) and (b) show the latitude frequency distribution of nonlinear kinetic energy
transfer, It is noticed that north of 20°N low frequency waves of period 30 to 92 days gain
energy with the maximum gain at about 22.5°N which is the mean latitude of movement of
tropical depression {Mishra et al., 1983). This is in agreement with the findings of Sheng and
Hayashi (1990) who showed that nonlinear interaction of KE takes place in the opposite di-
rection of that in the extratropics. They considered the extratropics are the area north of
20.625°N. The transport of energy by nonlinear interaction away from the region south of
20°N accounts for the latitudinally averaged energy loss of low frequency waves over
20°S—30°N. Table 2 is presented to support this statement, The positive energy transfer of low
frequency spread of transfer of KE by nonlinear interaction of high frequency waves is almost
over the whole latitudinal belt. Since the high frequency motions were not filtered out from
the analysed data, they would contribute lo a contamination of low frequency modes from
nonlinear energy exchanges. As we found the contributions of frequency 2 and 3 of periods 45
and 30 days are dominant in almost every energy triad interaction, it is very much essential
that the very large scale quasi—stationary waves and their fluctuations in the tropics are to be
satisfactorily simulated by different global models to improve the predictability in the tropics
for the very large scales namely zonal wavenumbers 1-3.

Table 2. Latitude—Frequency Distribution of Nonkinear Kinetic Energy Transfer in Units of 10 wkg™

Lat. 25°N 22.5°N 20°N 17.5°N 1N 12.5°N 1PN 75°N "N 25°N EQ.
Freq. No.
1 110 130 Ix 20 =26 =53 =37 —18 -13 =37 1.5
2 62 89 68 41 12 30 74 -8.8 -13 -11 ~3.7
3 3l 19 52 -47 —H6 -84 =79 =36 .70 -17 -2
4 20 11 11 4.5 -3z -9 -17 -4 0 -1 41
5 ~16 -%.3 4.3 95 -1.8 1.1 32z 3.7 1.1 =21 -2.6
& 8.1 4.1 -78 95 82 3.9 42 .64 1.7 24 1.3
7 -29 =35 -5l -6 4.0 5.1 -.26 94 1.2 -3 -5l
B 26 4.5 4.1 48 59 1.6 -4 26 1.3 A3 ~1.0
g =74 33 68 47 1.7 =33 -10 94 1.3 1.6 1.4
10 -97 19 46 6.6 1.3 10 31 .50 1.2 1.2 32
11 10 1.5 -4l 2.6 L3 29 1.7 30 93 1.2 1.1
12 23 1] 55 28 -2.2 -4l 24 -1.2 38 47 25
13 B.5 73 32 -20 -16 .20 -0 -008 -17 A7 2.7
14 44 -1.6 -.35 A2 .50 42 25 37 1.7 -16 33
15 1.6 -.10 40 35 80 1.3 03 .87 19 1.5 -1.2
16 -0 -8 -10 51 4.6 .52 =71 —11 14 1.3 —-1.1
17 1.4 1.2 3G —.63 34 4.0 62 —.61 57 —21 —.68
18 2.7 4.9 —41 -03 -38 -2 1.3 10 -.53 .68 .65
19 4.1 1.6 -27 —67 =25 -24 -64 —=06 .16 -4 14

20 16 97 .66 95 -14 =20 -4 -4 52 -.60 .39
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Fig. 1. A latitude—freq y plot of r kinetic energy interaction for summer monsoon,
1988 over tropics (20°5—30°N). The contours are labelled in units of 10 wkg™.

V.SUMMARY AND CONCLUSIONS

The TOGA basic level I1I daily wind analysed on a 2.5° square grid around global tropi-
cal zone from 20°5-30°N at 200 hPa for June, July and August of 1988 were used to calcu-
late the nonlinear kinetic energy exchanges into individual triad interactions in the frequency
domain by use of the cross—spectral technique. The energy transfer mechanism and the domi-
nant triad interactions responsible for maintenance of low frequency waves are identified. The
preferred latitude for nonlinear energy transfer of low frequency waves is also identified.

The results of the present study show that the energy is gained at high frequencies and
lost at low frequencies. It is seen that low frequency waves of period 45 day to 92 day lose
enormous amount of energy, part of which is received by high frequency waves and major
portion is transporied away from the tropical monsoon region. Therefore our results indicate
that the non—linear interaction of kinetic energy in the extratropics takes the opposite direc-
tion of that in the tropics. We can conclude from our results that in the planetary scale dy-
namics over tropics, barotropic nonlinear energy transfer plays a negative role. It is also
found that low frequency wave of period 45 day loses maximum amount of energy when it
interacted with frequencies of periods 92 day and 30 day and this 45—day cycle is the main
source of energy for other frequencies. It is further seen that disturbance of period 15 day gain
maximum amount of energy. The major contribution comes from the triad interaction of the
frequencies <7,1,6>. Latitude—frequency distribution of nonlinear kinetic energy transfer
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shows that nerth of 20°N low frequency waves of period 30 to 92 day gain energy with the
maximum gain at 22.5°N. The negative energy transfer over the region south of 20°N ac-
counts for the loss of energy of [ow frequency waves over the latitudinal beit 20°S—30°N. Our
results also show that the contributions of frequency 2 and 3 of periods 45 and 30 days play
dominant role in almost every energy triad interaction, therefore it is very much essential that
the very large scale quasi—stationary waves and their fluctuations in the tropics are to be satis-
factorily simulated by different global models. Predictabilily in the tropics even for the very
large scales namely zonal wavenumers 1-3 is about 2 days which is comparable to that for to-
tal field {Kanamitsu, 1985). This indicates that error in the very large scale dominates. The
present study may help to investigate the rapid loss of predictability of low frequency modes
over tropics.

Although the calculations with present data sets have provided resulis consistent with
earlier studies, we believe that until they are confirmed by the use of more accurate datasets
the results must be considered tentative, Since the high frequency motions were not filtered
out from the analysed data, they could contribute to a contamination of low frequency modes
from nonlinear energy exchanges. The results presented are, if not quantitative, only semi
qualitative. There is considerable room for further research in this area. 1t is proposed to in-
vestigate the energetics in the frequency domain in the following areas:

(1) Nonlinear triad interactions with emphasis on the contrast between the extratropics and
the tropics.

(2) Interseasonal variability of nonlinear triad interactions over tropics.

(3) Intercomparison between barotropic and baroclinic mechanism for maintenance of low
frequency waves during summer monsoon over global tropics.
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