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Energetics of the lower tropospheric eddies in wave number domain
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ABSTRACT. Lower tropospheric energetics and energy processes of zonal waves for three consecutive
northern summer monsoon seasons of 1994, 1995 and 1996 are presented. Fourier technique is used. The features of the
tropical and extra-tropical regions are very well reflected by the data set used for this study. The results do not show
marked year to year variations in the pattern of energy processes. The character of energy processes differs significantly
from one latitudinal region to other. Wave to zonal mean flow interactions and wave lo wave inleractions are almost
opposite in character over R1 (10° S-10° N) and R2 (10° N = 30° N). L (n) interaction indicates that R1 acts as source of
kinetic energy to the waves over R2. Particularly, standing waves 1 and 2 over R1 are the major source of kinetic energy
to the waves over R2. Extra-tropical region R3 (30° N - 50° N) is dominated by transient waves while tropical regions
R1 and R2 are dominated by standing waves. Medium and short waves have significant contributions over extra-tropical
region whereas tropical regions are dominated by long waves. The pattern of energy processes over R3 is somewhat
similar to the energy processes over R1. This is because both the regions have anti-cyclonic lateral shear.
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land and ocean show a marked contrast.

wind direction, humidity and circulation features over

Zonal asymmetry between land and ocean in the
tropics plays a dominant role in the dynamics of the
tropical atmosphere. During northern summer (June -
August), the lower tropospheric temperature, pressure,

(119)

warmer than the oceans causing lows over land and highs
over ocean. Zonal wind is westerly over land and easterly
over ocean while meridional wind is southerly over land
and northerly over ocean. Lands are humid and oceans are
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Fig. 1. Seasonal (June-August) wind field at 850 hPa
relatively dry. These contrasting features persist can compute kinetic energy of waves and exchange of

throughout northern summer and are mainly responsible
for the generation of standing eddies. The low-level jet,
heat low over Pakistan, oceanic anticyclones and cyclonic
circulation over Indian sub-continent are the major
standing eddies which are seen throughout the northern
summer in the lower troposphere in the tropics.
Performance of summer monsoon mainly depends upon
the intensity of some of these standing eddies. Intensity of
the eddies is directly related to the wind speed or the
kinetic energy. One of the methods of studying the
energetics of the eddies is through one dimensional
Fourier analysis (Space-spectral analysis). The advantage
of the Fourier technique is that the observed field gets
decomposed into various independent harmonics called
zonal waves which are nothing but the eddies in the zonal
mean flow. Further, the first few components (harmonics)
approximate the total field and thereby reduce the number
of independent components. The other advantage of this
technique is that with the help of Fourier coefficients we

kinetic energy among the waves and between the waves
and zonal mean flow.

The energetics of the upper tropospheric zonal waves
have been extensively studied by many workers (e.3-
Saltzman, 1970; Unni-nayar and Murakami,1978;
Krishnamurti and Kanamitsu, 1981; Murakami, 1981;
Awade er al., 1982,1984,1986; Bawiskar e al., 1989,
1995 and Bawiskar and Singh, 1992). A very little work
has been done relating to the energetics of the lower
tropospheric zonal waves, possibly due to the orography
as the lower tropospheric data around the mountains are
tentative. However, the area coverage of such tentative
data is very small (less than 109%) as compared 1o the data
coverage of complete latitude circle, and that too for
latitudes between 25° N and 35° N (around Himalayas)
and such it may have marginal effect on the kinetic energy
of the zonal waves. Recently, Krishnamurti et al. (1992)
variance is described by first 6 to 7 zonal harmonics.
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Fig. 2. Latitudinal variations of seasonal (June-August) and zonal
average of zonal wind at 850 hPa

Bawiskar er al. (1998) showed that kinetic energy of wave
number 1 has 30-40 day dominant mode by using 850 hPa
wind data for the year 1991. In this paper we have
presented the energetics of the lower tropospheric zonal
waves using 850 hPa wind data.

2. Data

Daily u and v data at 850 hPa for the period from 1
June to 31 August (92 days) for three monsoon seasons
of 1994, 1995 and 1996 are utilised for this study. The
data were provided by National Centre for Medium Range
Weather Forecasting (NCMRWF), New Delhi at 1.5° x
1.5° Lat/Long. interval for the global area between 10° S
and 50° N,

3. Seasonal features of monsoon 1994, 1995 and
1996

3.1. Seasonal wind field

Fig. | gives seasonal (mean of 1 June to 31 August)
wind field at 850 hPa for the years 1994, 1995 and 1996.
The seasonal wind pattern is almost identical for all the
three years. In the latitudinal belt between equator and
25°N the westerlies are prominently seen in the Arabian
Sea and over the Indian landmass. These westerlies,

which are the component of Soi ali jet, are the major
agents transporting warm and moist air over Indian
landmass. If we consider the complete global belt

between equator to 25° N, the longitudinal coverage of
westerlies is from 30°E to 120°E (which is 25% of the

complete latitudinal belt) and rest of the belt is dominated
by the easterlies. When average of complete latitude
circle (zonal average) is considered the easterlies are only
reflected. But for a small belt between 6° N and 10°N the
average is marginally positive. Fig. 2 which indicates that
the westerlies over this belt are so strong that even their
longitudinal coverage is 25 %, the zonal average is
reflected by westerlies only.

3.2. Seasonal mean stream function

Fig. 3 presents stream function charts at 850 hPa for
northern summer monsoon seasons of 1994, 1995 and
1996. The stream function is computed from seasonal u
and v components of wind.

A promiftent cyclonic circulation is seen over NW
India. A line separating easterlies to the north and
westerlies to the south of this cyclonic circulation would
represent the seasonal position of monsoon trough. The
two oceanic anticyclones occupy nearly 75% of the total
area considered for this study. Another anticyclonic
circulation is seen in the Indian Ocean, which gives rise to
generation of low level jet and cross equatorial flow. The
major planetary circulations of northern summer monsoon
are very well depicted with respect to their position, which
indicates that the data used for this study adequately
represents seasonal picture of the northern summer
monsoon.

There is not much difference in the position of major
planetary circulations from one year to other years. There
are little changes in the shape and intensity of the eddies.
We find that anticyclonic circulation in Indian Ocean is
more intense during 1994 as compared to 1995 and 1996.

3.3. Classification of regions

The global area between 10° S and 50° N is divided
into three broad latitudinal belts. The division is based on
the latitudinal variation of zonal average of zonal wind
(Fig. 2). Zonal component is considered because this
component dominated the kinetic energy of zonal waves.
These regions are as follows:

Region 1 (10°S - 10°N) :  Zonal wind is easterly
(Fig. 2). There is steady weakening of easterlies in the
northward direction. This variation gives rise to anti-
cyclonic lateral shear.

Region 2 (10°N - 30°N) :  In this belt the easterlies
intensify northward up to 18° N and then gradually
weaken. The first half of this belt (10°N-18°N) gives rise
to cyclonic lateral shear and the second half (18°N- 30°N)
has anti-cyclonic lateral shear.
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Fig. 3. Seasonal (June-August) stream function at 850 hPa (Unit: 10° m’s™)

Region 3 (30°N - 50°N) : Zonal wind is westerly.
The westerlies strengthen in the northward direction and
give rise to anti-cyclonic lateral shear.

4. Methodology

Daily u and v data were decomposed into spectrum
of zonal waves, for example u is expressed as

N
Ea b % N
" a 2WnA
u(/..):-l+2a” Cos( ' )
2 g N )

+h Sin[

\

; ZTtn}»J

N

where,

2 & 21 nA
a, = — Y u(A)Cos
5 20 ( T J

2 & 2mnl
brl = — i }\.)Sln =
v 5

A is longitude

N = 240 (grid points)

11 is wave number

The Fourier coefficiemts a, and b, are used to

compute the kinetic energy of wave number n, K(n); the
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Kinetic energy of standing waves (SW) and transient waves (TW) at 850 hPa over R1, R2 and R3 (Unit : m’s?)
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Fig . 4. Kinetic energy of long (waves 1 & 2), medium (waves 3-5), short (waves 6-10) and remaining (waves 11-120) waves

exchange of kinetic energy between wave number n and
zonal mean flow, M(n) and the exchange of kinetic energy
between wave number n and all other waves, L{n).

WAVES (1-2) 78%

A detailed computational procedure of K(n), M(n)
and L(n) is given by Bawiskar and Singh (1992). As the
total number of grid points along a latitude circle is 240,
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TABLE 2

Wave to zonal mean flow interactions {M(n)}for standing waves (SW) and transient waves (TW) at 850 hPa over R1, R2
and R3 (Unit : 10* m*s™)

Regions Waves 1994 1995 1996 Mean

SW ™ SW ™ SW ™ Sw ™

R1
(10°S-10°N) 1 -11.0 -0.5 -7.0 0.1 -14 -0.8 -8.5 0.4
2 0.3 0.2 -13 0.2 -0.2 0.0 -0.6 0.0
3-5 23 0.5 5.7 1.0 4.6 0.2 42 0.6
6-10 -1.2 -0.2 -0.2 0.0 -0.7 -0.1 0.7 -0.1
1-10 -103 0.1 -2.7 0.8 -3.6 -0.9 -5.5 0.2

R2
(10°N-20°N) ! 79 -0.6 34 0.4 3.0 0.1 438 0.3
2 1.7 -1.1 0.1 -1.0 0.6 -1.4 08 -1.2
3-5 0.7 0. 0.5 1.0 0.4 1.1 0.6 0.9
6-10 1.0 2.1 1.2 1.7 0.8 1.4 1.0 1.7

1-10 11.3 1.1 52 1.2 438 1.1 7.1

R3
(30°N-50°N) l -2.1 0.2 -1.7 -0.1 -1.8 0.1 -1.9 0.1
2 -2.0 -1.1 -0.8 -1.0 1.9 -0.5 -1.6 -0.9
3-5 0.6 -1.2 0.4 -0.8 -0.7 0.9 0.5 -1.0
6-10 -0.5 -3.7 -0.6 -3.3 -0.7 -4.2 -0.6 -3.7
1-10 -5.2 -59 -35 -5.2 -5.0 -5.3 -4.6 -5.5

we can have maximum 120 waves. It is found that first 10
waves contribute more than 90 % of the total eddy kinetic
energy (Fig. 4). Therefore, we have considered first 10
waves which are further classified in four categories; (i)
long waves (wave numbers land 2), (if) medium waves
(wave numbers 3-5), (iii) short waves (wave numbers G-
10) and (iv) all waves (wave numbers 1-10)

5. Results
5.1. Kinetic energy of waves, K (n)

Table 1 gives kinetic energy of standing and
transient waves for wave numbers 1,2,3-5 (medium
waves), 6-10 (short waves) and 1-10 (total) for the years
1994, 1995 and 1996 and mean of these three years over
R1, R2 and R3. Hereafter, standing waves and transient
waves will be referred to as SW and TW respectively.
Table 1 indicates following features:

(/) Wave-wise and region-wise distribution of kinetic
energy for three years has similar pattern.

(ify Over Rl and R2 the long waves are dominated by
SW

(iii)y The short waves over all the regions and medium
waves over R2 and R3 are dominated by TW.

(iv) Wave numbers 1-10 (total) indicate that R1 and R2
are dominated by SW and R3 is dominated by TW.
This is obvious because R1 and R2 are tropical
regions while R3 is extra-tropical region and it is
well known that extra-tropical region is dominated
by transient waves and tropical region is dominated
by standing waves. Thus, the features of tropical and
extra-tropical regions are very well reflected.

5.2. Wave to zonal mean flow interaction, M(n)

Table 2 gives results of the wave to zonal flow
interactions.  Negative (positive) M(n) means wave
number n is source (sink) of the kinetic energy to the
zonal mean flow. Table 2 indicates that:

(i) The pattern of M(n) for the three years is almost
similar.

(/i) Waves over Rl (except medium waves) and R3
supply kinetic energy to the zonal mean flow
whereas waves over R2 (except few transient waves)
receive kinetic energy from the zonal mean flow. In
section 3.3 we have seen that R1 and R3 are having
anticyclonic lateral shear and R2 is having both
cyclonic and anticyclonic lateral shear. This shows
that kinetic energy exchange between waves and
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TABLE 3

Wave to wave interactions { L(n)} for standing waves (SW) and transient
waves (TW) at 850 hPa over R1, R2 and R3 (Unit 10° m’s™)

Regions Waves 1994 1995 1996 Mean
SW ™ SwW ™ SW ™ SwW T™W
R1
(10°8-10°N) 1 -12.4 -3.0 -8.9 -2.8 -123 4.2 -11.2 -33
2 4.5 -0.3 -4.6 24 -12 0.9 -34 -1.2
3-5 26 -0.1 4.0 0.1 55 0.2 40 -0.1
6-10 -3.5 0.2 0.7 0.6 -2.6 0.3 -23 03
1-10 -179 33 -10.2 -4.5 -10.6 -5.0 -129 4.3
R2
(10°N-20°N) 1 10.1 -6.3 32 22 6.3 -3.6 6.5 -4.0
2 6.8 -4.0 6.6 28 5.7 -4.6 64 -3.8
35 31 02 31 1.1 31 08 31 0.7
6-10 1.1 24 24 0.1 1.0 0.7 1.5 1.0
1-10 21.0 1.6 15.3 4.0 16.1 -6.7 17.5 -6.1
R3
(30°N-50°N) 1 0.8 -1.8 -0.4 23 0.5 -2.7 -0.6 -2.3
2 25 0.2 09 0.0 1.6 -09 1.7 -04
35 -0.5 0.1 -13 1.8 -1.5 1.7 -1.1 12
- -1.5 -2.4 0.4 -3.6 -0.7 -1.3 -0.9 25
1-10 -0.2 43 . -1.2

41 1 33 08 39

zonal mean flow is mainly controlled by the type of
lateral shear.

(iii) M(n) interactions over R1 and R2 are dominated by
SW and over R3, SW and TW have comparable
contribution.

(iv) The direction of M(n) interaction over R2 for
standing and transient long waves is opposite.

5.3. Wave to wave interaction, L(n)

Results of the wave to wave interactions are
presented in Table 3. Negative (positive) L (1) means that
wave number n is source (sink) of the kinetic energy to
other waves via wave to wave interactions. Secondly,
when the sum of L (n) for n = 1 to 10 is negative (positive)
over a particular region then that region is said to have
surplus (deficit) kinetic energy. Waves over a region of
surplus of kinetic energy supply the kinetic energy to the
waves over a region of deficit kinetic energy. Table 3
further indicates that :

(i) Like K (n) and M (n), the L (n) interaction have also
similar pattern for three years.

(ii) L(n) interaction is dominated by standing waves over
R1 and R2 and by transient waves over R3.

(iii) RI and R3 are the regions of surplus kinetic energy
and R2 is the region of deficit kinetic energy.

6. Concluding remarks

Our earlier studies (Awade er al., 1982 and 1984,
Bawiskar et al., 1989 and Bawiskar and Singh, 1992)
show that the energetics of zonal waves exhibit
contrasting character during normal and drought monsoon
conditions over India whereas the results of this study do
not show marked year to year variations in the pattern of
energy processes during three northern summer monsoon
seasons of 1994, 1995 and 1996. This is because all the
three years considered for this study are normal monsoon
years over India. The character of energy processes differ
significantly from one latitudinal region to other. Wave to
zonal mean flow interactions and wave to wave
interactions are almost opposite in character over Rl
(10°S-10°N) and R2 (10°N-30°N). L(n) interaction
indicates that waves over Rl act as source of kinetic
energy to waves over R2, The extra-tropical region R3
(30°N-50°N) is dominated by transient waves while the
tropical regions are dominated by standing waves.
Medium and short waves have significant contributions
over extra-tropical region whereas long waves dominate
tropical region. The pattern of energy processes over R3
are somewhat similar to the energy processes over Rl.
This could be due to the fact that both the regions have
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anticyclonic lateral shears. The features of the tropical and
extra-tropical regions are very well reflected in the study.
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