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ABSTRACT

The energetics of atmospheric motions are studied in the frequency domain using the two versions of the
FGGE IIIb dataset, processed at GFDL and ECMWF. It is demonstrated that the frequency spectra of kinetic
energy (KE) and available potential energy (APE) can be approximated by a power law. On a log-log diagram,
a slope of minus one results for both KE and APE in the period range of 7 to 35 days, when integrated over
the Northern Hemisphere.

The conversion from APE to KE is the major source of eddy kinetic energy for all the low and high frequency
bands discussed. Through nonlinear interactions, motions of high frequencies (with periods shorter than 10
days) gain APE from, and lose KE to the motions of low frequencies (with periods longer than 10 days but
shorter than the annual cycle). The nonlinear energy exchanges are relatively more important for the energy

balance of low frequency modes. It is also shown that both high and low frequency transients extract APE from
and supply KE to the time-mean flow. The intercomparisons between the two versions of FGGE data indicate
an overall agreement between the energy cycles derived from the GFDL and ECMWF datasets, despite the

differences in calculated values of spectral estimates.

1. Introduction

Early in his study of the general circulation, Lorenz
(1955) introduced the concept of available potential
energy (APE) in discussing the flow of atmospheric

energy. He partitioned kinetic energy (KE) and avail-

able potential energy into zonal and eddy components
and formulated equations governing their mutual ex-
change. This energy partition permitted a meaningful
physical interpretation of the atmospheric energy cycle
(e.g., Oort 1964; Lorenz 1967; Hayashi 1987). The
energetic role of atmospheric disturbances has been
studied extensively. The wavelike nature of the global
distribution of the wind and temperature suggests the
appropriateness of a further decomposition of KE and
APE into a spectrum of spatial scales by one-dimen-
sional Fourier analyses around latitude circles (Saltz-
man 1957). Decomposition of the total energy into
barotropic and baroclinic components has been pro-
posed by Wiin-Nielsen (1962). Chen and Wiin-Nielsen
(1976) studied the energy conversion between diver-
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gent and nondivergent flows based upon the primitive
equations. Recently, energy decomposition was further
pursued in terms of three-dimensional normal mode
functions by Tanaka (1985).

Low frequency motions in the atmosphere have at-
tracted special attention in the meteorological com-
munity in recent years. The term “low frequency” is
used here to distinguish this class of disturbances from
the synoptic systems of relatively high frequency (pe-
riods 1 to 10 days) and from those of annual or inter-
annual time scales. In the middle latitudes, Blackmon
et al. (1977) observed that the principal storm tracks
over the oceans coincided with sites of elongated max-
ima in the variance of band-pass filtered (periods 2.5-
6 days) geopotential height fields at the jet stream level,
where baroclinic wave activity is most intense. How-
ever, regions of frequent blocking corresponded closely
to the variance maxima of low-pass filtered data (pe-
riods longer than 10 days) located over the North At-
lantic and Pacific oceans and over the Siberian Arctic.
Furthermore, simultaneous and lagged correlation
maps suggested that the band-pass filtered data were
characterized by wavelike fluctuations in the upper
level flow with wavelengths on the order of 4000 km.
Similar maps with low-pass filtered data, however, in-
dicated geographically fixed patterns, most notably, the
PNA (Pacific-North America) pattern (Blackmon et
al. 1984a,b). Theoretical work on Rossby wave dis-
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persion along a great circle on a sphere provides a basis
for interpreting these correlation patterns as resulting
from wave trains with a ray path starting in the tropics,
turning eastward to become tangent to a latitude circle,
and curving back into the tropics. Such wave trains
constitute the response of the atmosphere to a sustained
geographically localized forcing (Hoskins and Karoly
1981). Low frequency oscillations of great interest are
also found in the tropics. Madden and Julian’s work
(1971, 1972), dealing with the equatorial sea level
pressure field and zonal wind clearly demonstrated a
dominant mode of a 40-50 day period. They showed
that these low frequency oscillations are primarily as-
sociated with changes in the zonal component of the
wind, but with a phase speed different from theoretical
Kelvin waves. Yasunari (1980, 1981) emphasized the
relationship between the low frequency oscillations and
the Northern Hemisphere summer monsoon. Krish-
namurti et al. (1985) noted a zonal propagation of
divergent waves at 200 mb with a maximum amplitude
in the middle latitudes throughout the FGGE year.
From these studies it is evident that fluctuations with
periods longer than about 10 days exhibit a structure
and evolution quite different from their high frequency
counterparts. It has been widely accepted that baro-
clinic instability is energetically the main source of
synoptic disturbances found in the general circulation.
From the view of energetics, time scales of these low
frequency motions are so long that the classical theory
of linear baroclinic instability is no longer valid. It is
therefore of interest to investigate the energetics of the
atmospheric transients as a function of time scale.
Energetics in the wavenumber domain (Saltzman
1957; 1970) utilize a decomposition according to spa-
tial scales. However, spectral analyses in space and/or
time by Vinnichenko (1970), Wilson (1975), and
Hayashi and Golder (1977) indicated there was no
simple relationship between the kinetic energy spectra
in the wavenumber and frequency domains. The
scheme proposed by Hayashi (1980) decomposes me-
teorological time series into Fourier components so

that energy conversions can be viewed through spectral

windows of different frequency ranges. The present
study, to our knowledge, is the first attempt to make
a comprehensive documentation of atmospheric ener-
getics in the frequency domain. In section 2, the for-
mulation of energetics in the frequency domain is
briefly reviewed. The datasets used in this study are
discussed in section 3. The remainder of this paper is
devoted to discussions of the energy cycle in the fre-
quency domain and the contrast between different
datasets.

2. Scheme of analysis

The formulation of energy equations in the fre-
quency domain was discussed by Hayashi (1980) and
Sheng (1986). The APE equation used in the present

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoOL. 47, No. 10

study, however, is a variation of Hayashi’s (1980)
scheme. A brief derivation is presented in appendix A
for reference. First, definitions of K(n) and 4(n), the
KE and APE associated with frequency f,, are given
as

K(n) = % [Po(u, u) + Po(v, )], n>0 (1)
%P,,(a, 8) n>1

A(n) = (2)
%P,,(()*, 0*). n=0

A list of symbols, definitions, and variables is given in
appendix B. For K(n) and 4(n) the energy equations
may be written as,

0= (K(m)- K(n)) + <K(0)- K(n))

+ (A(n)- K(n)) + F(n) — D(n) (3)
and
0= (A(m)-A(n)) + (A4(0)- A(n))

— {A(n)- K(n)) + G(n), (4)
where
(A(n)- K(n)) = —Py(w, a), (5)
]
F(n) = —g[b; Po(u, z)
d d i
+ 3 Pa0,2) + 1= Pulo z)] . (6)
0
G(n) = [C T]P (6, h) (7)
D(n)=—[P,,(u, Fu)+Pn(v>Fv)]a (8)
<K(m)-K(n)>
=—[ ( uu)+P,,(u,% ’u')
+P( auu)+P,,(,i ’v')
+P(v —v'v' | + P, (v —w’v')] .
+ Er—li [Po(u, u'v') — P(v, u'u')], (9)

(K(0)- K(n))
a - a
= —[P"(u, -& uu) + P,,(u, 'é; vu)

] é
+ P, (u,b-;wu) + P,,(v,&-uv)
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9 ]
+ P,,(v, 3y vv) + P,,(v, 5 wv)]
t
+ %d’[Pn(u, uv) — Py(v, uu)]

— (K(m)-K(n)), (10)
(A(m)- A(n))
= ~—7[P,,<0, éa; u’0*’) + P,,(o, % v’a*')
+P,,(0,iw'0*’)], (11)
dp
and

(A(0)- A(n))
a % a 3%k
= —7[P,,(0, P ) + P,,(e, 5;1)9 )
+P,,(0,£—7w0*)]—(A(m)-A(n)). (12)

These terms are interpreted as follows:

(A(m)+ A(n)) Transfer of APE into frequency f,
by nonlinear interactions of tran-
sient disturbances.

(A(0)- A(n)) Transfer of APE into frequency f;,
from the time mean flow.

(A(n)- K(n)) Baroclinic conversion from APE to
KE at frequency f,.

(K(m)-+K(n)) Transfer of KE into frequency f, by
nonlinear interactions of transient
disturbances.

(K(0)- K(n)) Transfer of KE into frequency f
from the time mean flow.

F(n) Convergence of energy flux asso-
ciated with frequency f,.

G(n) Generation of APE associated with
frequency f,.

D(n) Dissipation of KE associated with

frequency f,.

In Egs. (5)-(12) the estimations of energy conver-
sions involve the use of frequency cross spectra, which
are computed by the Fourier transform method dis-
cussed in Madden and Julian (1971).

3. Data preparation

The datasets used are the Level IIIb data from the
First GARP (Global Atmospheric Research Program)
Global Experiment (FGGE), processed at the Geo-
physical Fluid Dynamics Laboratory (GFDL) with a
FGGE data assimilation system (see Miyakoda et al.
1982), and by the European Centre for Medium Range
Weather Forecasts (ECMWF) with a slightly modified
version of the operational assimilation system
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(Bengtsson et al. 1982). For both datasets the period
covers the entire FGGE year from 1 December 1978
to 30 November 1979. Variables are interpolated onto
a grid over the Northern Hemisphere with 25 latitudes
and 64 longitudes, corresponding to a 5.625 X 3.75
degree mesh. The datasets contain the once daily stan-
dard variables of geopotential height, temperature,
wind, and pressure velocity at 100, 200, 300, 500, 700,
850, and 1000 mb levels at 1200 UTC.

It is indicated in the FGGE III-b data manual that
caution should be taken in using temperature and ver-
tical velocity fields generated by the ECMWF analyses.
In a preliminary test, the rate of baroclinic conversion
was calculated with kinematic velocity and temperature
derived from the hydrostatic relationship, and the re-
sults were compared with the rate calculated from the
original temperature and vertical velocity. For a 10-
day period tested, the difference was minor between
the hemispherically averaged values (less than 4 percent .
for each of the 10 days). In order to make close com-
parisons between the GFDL and ECMWF datasets, it
was decided to use the original ECMWF temperature
and vertical velocity fields throughout this study.

In Egs. (3) and (4), the generation of available po-
tential energy and the dissipation of kinetic energy are
obtained as residual terms to balance the respective
equations after the other terms are evaluated from the
data.

4. Spectral distributions of APE and KE

Figure 1 shows the spectra of available potential en-
ergy A(n) and kinetic energy K{(») as functions of fre-
quency after integrations over the mass of the Northern
Hemisphere for the GFDL data. The abscissa corre-
sponds to the logarithm of frequency and the ordinate
to the energy density multiplied by the frequency, fol-
lowing Zangvil (1977). The areas under the curves are
proportional to the transient energy, and the units are
in J m ™2, The most noticeable feature of the spectral
APE is a pronounced peak at the period of one year,
which contains about 70 percent of the transient APE.
Toward higher frequencies no significant energy peak
can be found, except for a broad maximum around
the period of 10 days. The spectrum of kinetic energy
indicates a very similar distribution, although the tran-
sient KE of the annual cycle is only 20 percent of the
total variance.

If the APE spectrum is further separated into zonal
and eddy parts, it is easy to see that almost the entire
APE of the annual cycle resides in the zonal part, with
the ratio of zonal APE to eddy APE roughly 7 to 1. At
the high frequency end, the opposite is true, with a
negligible ratio of less than 1 to 30 (Fig. 2). On the
other hand, as shown in Fig. 3, kinetic energy has less
contrast at the annual time scale, with the ratio of zonal
KE to eddy KE roughly 2 to 1. At high frequencies,
however, this ratio drops down to less than 1 to 50.
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FIG. 1. Spectral distributions of APE and KE for the GFDL data.
The abscissa is frequency in a log-scale with the Nyquist frequency
equal to 0.5 day . The ordinate is energy density multiplied by the

frequency, in units of J m 2,

These features clearly indicate that both APE and KE
residing in the annual cycle are associated mostly with
zonally symmetric fields, while energy with higher fre-
quencies is characterized by zonally asymmetric dis-
turbances of smaller scales.

Figure 4 shows the spectral APE and KE on a log-
log scale. Both spectra have a slope of approximately
minus one (—1) for frequencies far removed from the
annual cycle and from the high frequency end. A least
square fit of the KE spectrum gives a slope of —1.13
for the period interval from 7 to 35 days. The APE
spectrum, on the other hand, follows a slightly steeper
slope of approximately —1.19. It is seen that both curves
follow the slope of minus one quite well, up to a period
of 7 days, where the energy starts to decay at a faster
rate. The minus one slope has been previously reported
by Vinnichenko (1970), and by Kao and Lee (1977),
who used a much shorter time series of 90 days for this
frequency range.

There has been considerable interest in the slope of
the atmospheric energy spectrum in the high wave-
number regime from both practical and theoretical
points of view. Spectra of APE and KE for the extra-
tropics were calculated by Wiin-Nielsen (1967), Julian
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et al. (1970) and Charney (1971) from a variety of
data sources. It was shown in all these investigations
that it was possible to write the kinetic energy spectra
in the form of

K(k) = bk™, (13)

where K (k) is the kinetic energy per unit wavenumber,
k the zonal wavenumber, with b and ¢ empirical con-
stants. The value of ¢ as it appears in Eq. (13) has been
found to vary between 2.5 and 3.2, depending on the
data sample, with a tendency toward a value of 3 for
the spectral region 8 < k < 16. A value of ¢ ~ 3 has
also been found by Manabe et al. (1970) for data gen-
erated by a general circulation experiment.

The shape of the kinetic energy spectrum is of in-
terest because it seems to influence the limits of deter-
ministic forecasting (Lorenz 1969; Leith 1971). A sec-
ond factor that makes the power law of additional im-
portance is that the theoretical investigations by
Kraichnan (1967), Leith (1968), and Charney (1971)
suggest the observed slope of —3 in the energy spectrum
could be evidence for an inertial subrange characterized
by a constant flux of enstrophy (one-half of the vorticity
squared) and a vanishing flux of energy. In the context
of the frequency domain, however, to this point there
has been no theoretical attempt to relate the —3 slope
in the wavenumber domain to the —1 slope in the fre-
quency domain, and the physical significance of this
—1 slope is not clear.

Since the hemispherically mass integrated power
spectra are essentially red and show no significant peaks
in the frequency range beyond the annual cycle, a dif-
ferent approach is proposed to represent the energy
spectra. First, the entire frequency range is divided into
frequency bands according to a constant interval of
logf, ’

Afn = farr = Js (14)

where

Juri/fn=c or

Inf,iy — Inf, = const. (15)
Here c is a constant, independent of n. The energy
spectrum within each frequency band is integrated and
plotted. The advantages of this technique are the fol-
lowing:

(i) Contributions from each frequency interval are
proportional to the energy, rather than the energy den-
sity multiplied by frequency, as in Zangvil’s diagram.

(ii) Under the exact minus one frequency distri- .
bution, each frequency band has the same amount of

* energy, -
Jatt 4 Sn+1
—df =Alnf =Aln£=const, (16)
Ja f £ , f;l

where A is a constant. This type of frequency division
is actually a generalization of what Lorenz (1979)
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FIG. 3. As in Fig. 1, but for (a) eddy KE, and (b) zonal KE.
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FIG. 4. Spectral distributions of APE and KE for the GFDL data.
The abscissa is frequency and the ordinate is energy, both in log-
scale. The Nyquist frequency is 0.5 day~'. Also shown is a straight
line indicating a minus one slope. (a) APE; (b) KE.

adopted for presentation of his “poor man’s spectrum”
for which the ¢ in Eq. (15) was taken as 2. Figure 5
shows the spectral distributions of APE (a) and KE
(b), where ¢ = f,+1/f, is chosen as 1.5. The energy of
the time mean is also indicated by the leftmost bar. As
an indication of the minus one slope, nearly constant
levels of APE and KE are observed in the period range
from 6.8 to 34 days. -

5. Spectral energetics in the frequency domain

Upon integration over the mass of the Northern
Hemisphere the KE and APE equations take the form

0 = (K(m)- K(n))
+ (K(0): K(n)) + {A(n)- K(n)) — D(n)
+ boundary flux terms, (17)
0 = {A(m)- A(n))
+ (A4(0)- A(n)) — {A(n)- K(n)) + G(n)
+ boundary flux terms.

(18)
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As pointed out by Oort and Peixoto (1974), the
boundary flux terms at the equator can be neglected
for the annual mean case. In the present study the
boundary terms were also found to be negligibly small,
and attention is concentrated only on those terms of

FGGE GFDL
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351
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FI1G. 5. Spectral distributions of (2) APE, and (b) KE for the GFDL
data, plotted with a constant interval of log-frequency. In units of J
m 2, The leftmost bar indicates the energy of the time mean.
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interior contributions. First, estimates of the spectral
energetics from the GFDL data are presented.

Figure 6a shows the frequency distribution of
{A(n)- K(n)); ie., the conversion from APE to KE.
The total conversion (summation over all frequency
bands) amounts to 4.101 W m ™2, which is in good
agreement with the value obtained by Kung (1988)
for the FGGE year. Contributions are mostly concen-
trated in two frequency regions; i.e., the time mean
(35 percent) and high frequencies (period shorter than
10 days, 22 percent). It is important to note that the
situation is quite different for spectral energetics in the
wavenumber domain, where disturbances of high
wavenumbers (short waves) are energetically inactive
and, therefore, most conversion occurs within the first
10 harmonics (Saltzman 1970). This difference is con-
sistent with the fact that the energy spectrum decays
much slower with frequency (—1 slope) than with
wavenumber (—3 slope).

The kinetic energy exchange among different fre-
quencies, {K(m)- K(n)), is presented in Fig. 6b.
Theoretically, the summation over all frequency bands
should vanish, however, the numerical value turns out
to be 0.03 W m ™2, Energy is lost at high frequencies
through nonlinear energy exchange, while it is gained
at low frequencies, except for the annual cycle. The
transition frequency between the regions of energy gain
and energy loss corresponds to approximately a period
of 10 days. Figure 6¢ gives the nonlinear APE exchange
among different frequencies. Energy is gained at high
frequencies and lost at low frequencies. The transition
frequency between the gain and loss also corresponds
to a period of 10 days as was the case for KE.

To summarize the energy cycle presented above, the
energy reservoirs are regrouped as motions of the time
mean, annual cycle, low frequency, which represents
approximately the frequency range between the syn-
optic time scale and the annual cycle, and high fre-
quency, which represents the synoptic time scales
shorter than 10 days. This grouping is only subjective
and is meant to provide a simplified view of the ener-
getics in the frequency domain. The energy cycle is
schematically illustrated in Fig. 7. Available potential
energy is generated by diabatic processes almost entirely
in the components of the time averaged flow and the
variations of the annual cycle. Energy flows down to
shorter time scales by the eddy heat transfer process
measured by {A4(0)- A(n)) and {(A(m)- A(n)). Si-
multaneously, the potential energy is generally reduced
by conversion of this potential energy into kinetic en-
ergy in all frequency groups. An important part of this
conversion occurs in the group of high frequency tran-
sients, which corresponds to the unstable disturbances

FIG. 6. Spectral distributions of energy conversions estimated from
the GFDL data. In units of W m ™ (a) {A4(n)+ K(n)), the conversion
from APE to KE; (b) {(K(m)- K(n)), the nonlinear exchange of
KE; (¢) {(A(m)- A(n)), the nonlinear exchange of APE.
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FIG. 7. Schematic depiction of the atmospheric energy cycle in the frequency domain estimated

from the GFDL data. Numbers in boxes denote the energy storage in 10*J m~

energy are in W m ™2,

predicted by the theory of baroclinic instability.
Through the nonlinear momentum transfer process
measured by ( K(m)- K(n)}, the kinetic energy flows
into the low frequency group, although this contribu-
tion is relatively small in comparison with the baro-
clinic conversion term {(A(n)-K(n)). A smaller
amount of kinetic energy is also transferred into the
time-mean flow against frictional dissipation.

To test the sensitivity of the estimates of the energy
cycle with respect to the datasets prepared by different
four-dimensional assimilation systems, and to provide
a confidence limit for this analysis scheme, the spectral
energetics of the FGGE year are computed using the
ECMWEF dataset. The results corresponding to Figs. 5
through 7 are shown in Figs. 8 through 10 for the
ECMWEF data. It is readily seen that there is an overall
agreement in the spectral distributions of APE and KE,
despite variations in numerical estimates for several
frequency regions shown in Fig. 8 (as compared to Fig.
5). Overall, the frequency bands calculated for the
ECMWEF analysis indicate a consistently lower level of
energy density, usually a difference of 10 percent. In
view of the previous intercomparisons of energetics by
Kung and Tanaka (1983) for special observational pe-
riods of FGGE year, the difference shown in the present
study seems reasonable.

In comparing the directions of energy flow in the
frequency domain, general agreement between GFDL
and ECMWEF versions of the FGGE data can be seen.
One apparent discrepancy appears for the conversion

2 and fluxes of

term ( A(n)- K(n)) shown in Fig. 6a and 9a. For most
frequency intervals the estimates for the ECMWF
analysis are 30% smaller than those for the GFDL
analysis. More significant differences are found at the
annual cycle and the time-mean regions, where the
baroclinic conversion of the ECMWF data is only one-
third of that of the GFDL data. If the {A4(n)- K(n))
term is integrated over all the frequency bands, the
annual mean values of energy conversion from APE
to KE should be recovered. For the GFDL and
ECMWEF datasets, the results of 4.101 and 1.856 W
m 2 are obtained, respectively. These values are con-
sistent with the values calculated for the special obser-
vational periods of FGGE (Kung and Tanaka 1983).
It is known that the divergent component of the wind
in the ECMWF data is underestimated, especially in
the tropics. For lack of an independent estimation of
spectral energetics in the frequency domain, the dis-
crepancy in the distribution of (A4(n)- K(n)) is at-
tributed to the different four-dimensional data analysis
schemes used at GFDL and ECMWF. The wide dif-
ference in the baroclinic conversion rate between the
two datasets is also noticed in the energetics of the
wavenumber domain (Kung and Tanaka 1983).Ina
study of meridional circulation, they suggested that this
discrepancy is largely due to the contrast between the
divergent circulations, particularly the Hadley cells,
appeared in the two versions of the analyses. It is there-
fore important to remember that the energy balance
in the annual cycle and time-mean regions are subject
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F1G. 8. As in Fig. 5, but for the ECMWF data.

to serious uncertainty due to the inability to make an
accurate estimation of (A4(n)- K(n)). In comparing
Fig. 6b with Fig. 9b, attention should be given to the
much stronger KE exchange between the fast transients
and the slow transients for the ECMWF dataset. Ac-
_ tually, when integrating over the low frequency band
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FIG. 9. As in Fig. 6, but for the ECMWF data.
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FIG. 10. As in Fig. 7, but for the ECMWF data.

the energy gain is nearly doubled, from 0.157 (GFDL)
to 0.299 W m~2 (ECMWF). As a consequence of a
stronger (A (n)- K(n)) and a weaker {K(m)- K(n))
for the GFDL data, the nonlinear exchange of KE is
comparable in magnitude to the baroclinic conversion
. from APE to KE for the ECMWEF data, in contrast to
the GFDL data where ( K(m)- K(n)) plays a less im-
portant role.

In this study the datasets used are both hemispheric
and cover the same period, and have been produced
from comparable original observations. Moreover,
identical data processing and calculation procedure
have been applied to estimate the spectral energetics.
Consequently any noticeable differences between the
energy cycles derived from the GFDL and the ECMWF
datasets should be noted as due to the difference in the
objective analysis schemes and the four-dimensional
assimilation processes involved in preparing these ver-
sions of the data.

6. Concluding remarks

The spectral distributions of the hemispheric energy
and energy transformation show some very interesting
characteristics for the FGGE year. The energy spectra
of KE and APE are observed to have no significant
energy peak for the entire frequency range other than
the annual cycle. Both KE and APE, however, show
broad spectral maxima around the frequency of 10 days
when the spectra are multiplied by the frequencies. The
feature of red energy spectra in the atmosphere should
be considered as the background spectra of climato-

logical energy spectra as a function of frequency. On
a log-log scale, the energy spectra of KE and APE decay
with frequency, having a nearly constant slope of ap-
proximately minus one for the frequency range be-
tween the 7- and 35-day periods. The latitude-pressure
variation of this slope was studied by Sheng (1986)
using a 5-year dataset from the ECMWEF. Although the
slope varies significantly as a function of latitude and
pressure, the value of minus one may be considered as
representative for the midlatitude troposphere. Since
the study of Kraichnan (1967), it has been recognized
that a minus three slope for the KE spectrum in the
wavenumber domain is an indication of the existence
of an inertial subrange for two dimensional turbulence.
However, a theoretical explanation for the minus one
slope in the frequency domain is not known at this
time.

The transient fluctuations have been conveniently
divided into low frequency and high frequency (syn-
optic time scale) groups at the time scale of 10 days.
The 10-day period is chosen because the nonlinear ex-
changes of KE and APE both change sign near this
frequency. This grouping is somewhat arbitrary but
seems physically sound for the purpose of interpreting
the energy cycle. The group of high frequency distur-
bances shows an energy cycle very similar to the classic
diagram given by Oort (1964 ). Namely, the mean dif-
ferential heating generates the time-mean APE and the
baroclinic transient disturbances transform the time-
mean APE into the synoptic scale APE. At the same
time the transient APE is converted into transient KE
by the vertical motions having a synoptic time scale;
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the KE of the time-mean flow is maintained by the
transients through the barotropic conversion of KE.

The following remarks on maintenance of low fre-
quency disturbances need to be stressed:

1) The importance of baroclinic energy conversion
in maintenance of low frequency variations has been
demonstrated. This is somewhat surprising, since low
frequency motions are observed to have an equivalent
barotropic vertical structure, and therefore, are com-
monly thought to involve a smaller conversion of en-
ergy from APE to KE. However, the observational
study by Krishnamurti et al. (1985 for the FGGE year
showed evidence of strong baroclinic energy conversion
for the 30 to 50 day filtered disturbances. The results
from the GCM simulation studied in Hayashi and
Golder (1983) indicate that baroclinic energy conver-
sion is the primary energy source for low frequency
oscillations in the extratropics. It is clear from our cal-
culation that baroclinic conversion is energetically im-
portant not only for disturbances of the synoptic time
scale but also for the slow transients. Although a dif-
ference in total conversion from APE to KE is observed
in the two versions of FGGE data, it is believed that
the uncertainty is mostly restricted to the motions of
the time mean and the annual cycle and therefore the
importance of {A(n)- K(n)) relative to other energy
conversion terms is established.

2) The present study suggests strong evidence of a
kinetic energy supply from the fast transients into the
slow transients. This kind of energy “decascade” is
viewed as a barotropic enhancement of low frequency
variability by nonlinear interactions with the high fre-
quency eddies. The synoptic case study of blocking
ridges by Green (1977) provides a substantiation of
such a notion in the real time frame. Recently, Mullen
(1987) studied the transient eddy forcing of blocking
flows and found that anticyclonic eddy forcing is lo-
cated about one-quarter of a wavelength upstream of
the blocking anticyclone. Other investigations of cy-
clone scale activities during selected blocking events
include Illari (1984), Dole (1986), and Holopainen
and Fortelius (1987). Lau (1988) showed that vorticity
transport by cyclone-scale eddies act to reinforce the
monthly mean anomalies. It is helpful to recognize
that the present energetics approach, which is based
on continuous time series, diagnoses the statistical re-
lationship between the high frequency and the low fre-
quency oscillations while the case study approach is
focused only on a selected class of atmospheric phe-
nomena such as blocking events. Fast transients, on
the other hand, are enhanced through the nonlinear
APE cascade. Lau and Holopainen (1984 ) studied the
geopotential tendency distributions and found that the
forcing at the 300 mb level due to the transient heat
transport is opposite to, but considerably weaker than,
the forcing due to eddy vorticity transport. However,
since the eddy forcing at lower levels such as 850 mb
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is dominated by eddy heat fluxes, the present investi-
gation indicates that the loss of APE in the low fre-
quency region due to the dissipation effects of high

~ frequency eddies cannot be ignored. Similar features

were also documented by Savijarvi (1977).

3) The role of the time-mean flow on low frequency
transients has been a renewed topic in recent years with
the traditional concept of “baroclinic instability”” and
“barotropic stability,” as termed by Smagorinsky
(1972) being challenged by recent investigations. Sim-
mons et al. (1983) showed evidence that barotropic
instability of the wintertime climatological mean flow
plays a role in several observed patterns of low fre-
quency eddies. The primary mechanism by which the
unstable normal modes extract kinetic energy from the
time-mean flow is through the eastward (downgra-
dient) flux of zonal momentum in the jet-exit regions.
The characteristics associated with this instability are
fundamentally different from those associated with the
classic barotropic instability problem of zonally sym-
metric flow studied by Kuo (1949). Wallace and Lau
(1985), using several observed and model simulated
datasets, calculated the barotropic conversion term and
examined the interactions between the transient eddies
and the longitudinally dependent mean flow. It was
shown that the high frequency transients feed kinetic
energy into the mean flow at the jet stream level, while
low frequency transients extract kinetic energy from
this mean flow. There is a strong compensation be-
tween the high and low frequency fluctuations such
that the conversions for the time filtered eddies are
about an order of magnitude larger than the net rate
of conversion for the transient eddies as a whole. As
indicated in Figs. 7 and 10, the positive barotropic en-
ergy conversion in the low frequency region appears
in neither of the datasets that have been analyzed, al-
though the magnitudes are smaller compared with the
high frequency region. It is speculated that the dis-
crepancy between the earlier and present studies is due
largely to the fact, apart from the difference in analysis
schemes, that the time-mean flows in the earlier in-
vestigations are representative of the wintertime av-
erage while the annual mean flow is used in the present
study.

The present hemispheric energy cycle should be re-
garded as essentially reflecting extratropical energetics.
Further investigations have been made of the energetics
in the frequency domain in the following areas:

(i) Latitude-pressure distributions of energy pa-
rameters, with emphasis on the contrast between the
extratropics and the tropics.

(it) Interannual variability of energy conversions.

(iii) Intercomparison between energetics observed
in the atmosphere and simulated in GCM experiments.
The results will be presented in a forthcoming paper
(Sheng and Hayashi 1990).
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APPENDIX A

Derivations of the Spectral Energy Equations
for KE and APE

To obtain the equation for spectral KE, the equations
of motion and continuity in a spherical-pressure co-
ordinate system are written in flux form as

ou 5] (5] d tang
—_—rm — | — + J— —_— _——
Y [axuu 3y uu+ap wi p uv]
) 0z
+ 2Q singv — g—-—- + F,, (Al)
dav d 8 0i] tan¢g
ot [6y uv dy v dp wv + a u}
. g oz
- 2Q —=—+F, (A2
singu 198 (A2)
RT " 9z
0 e t— A —
[pa]ﬂ gap (A3)
_u b Ad
w oy ta (A4)
where
a 1
5;( )_acos¢5X( ) (AS)
and
“a“( cosé( ). (A6)
ady acos¢ 6d) :

Taking the cospectrum operation between u and Eq.
(A1) yields

= — — + —_
0= { (u 3 uu) P,,(u, 3 Uu)

+P(u icou)--tﬂlgP(u uv)}
dp a

+ 2Q singP,(u,v) — P (u gz )

+ P, (u, F,). (A7)
Similarly, the mendlonal momentum equation can be

written as
d

0=- [P,,(v, uv) + P,,(v, — vv)
dy

tang

a
+P,,(v,$ )+—a—P,,(v uu)]
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+ P,(v, F,). (A8)
The spectral kinetic energy equation can be obtained
by adding Eq. (A7) to Eq. (A8):
0 = (K- K(n)) + (A(n)- K(n)) + F(n) — D(n)

(A9)

where

(K- K(n)>

a aJ -
= [P,,(u,&uu)+Pn(u,5;vu)
a i)
+Pn s o + ntYs T
(u ap wu) P(v\axuv)
i} d
+ n| Y, T s A
P(v a vv)+P,,(v P wv)

tang

= [Palu, uv) - Pn(v,uu)]J, (A10)

(A(n)- K(n)) = =P, o), (A11)

] 3
F(n) = —g[a P,(u, z) + P P,(v, z)

+.£ P, z)], (A12)

D(n)=-[P,,(u,Fu)+P,,(v, Fv)] (A13)

In deriving Eq. (A9) the continuity equation (A4) and
the hydrostatic equation (A3 ) have been used. Follow-
ing Hayashi (1980), (K- K( n)} can be further par-
tioned mto two parts as

(K- K(n)) = (K(m)- K(n)) + {K(0)+ K(n)).
(Al14)
Here (K(m)- K(n)) is the transfer of kinetic energy .
into frequency f, by interactions among different fre-
quencies excluding f, (time mean), while {K(0)
-K(n)) is the transfer of energy into frequency f, by

interaction between the mean flow and frequency f,.
By definition, (K(m)- K(n)) is given by

(K(m)- K(n))y
= —[P,,(u, % u’u') + P,,(u, % v’u’)
+ P,,(u, 9 w’u’) + P,,(v, 9 u’v')
ap ax
+ P,,(v, 9 v'v’) + P,,(v, 9 w'v')
oy dp

anq&

— =2 [P,(u, u'v') — Py(v, u’u’)]J . (A15)
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The equation for spectral APE is obtained by starting
with the first law of thermodynamics:
a0 _ u 90 vae a0 [ 6

% acosen ade “op c,,T]h'
(A16)

The potential temperature 4 is split into an area mean
and a departure, i.e.,

8 = {6} + 6% (A17)
Substituting Eq. (A17).into Eq. (A16) gives
W___u_ar_var o
3  acosp ON add - dp
3{8} 0
- w—=+ | —|A. Al
ap [CDT] (AI)

By using the continuity equation, (A18) can be written
in the flux form:

af J
— = 0*_.___ 0*_____ 0*
at 6xu ayv ap“’
a{8} 0
—w—2+|—=1|n.
@ P [C,,T]h (A19)

Following Lorenz (1955), Oort and Peixoto (1974)
and Hayashi (1980), it is assumed that 4{0} /dp is time
independent:

a{6} _o{6}
ap dp
Multiplying Eq. (A19) by v = (RT/p8)(—3{8}/dp)~!
and taking the cospectrum operation with 6, the equa-

tion for A(n) is obtained as
0 =(A4-A(n)) — (A(n)- K(n)) + G(n),

where

9 g 9 o
(A~ A(n)) = —7[P,,(0,é;u0 )+P,,(0, P )

(A20)

(A21)

+ P,,(o, 9 wﬁ*)] , (A22)
dp

and

0
GM)={CTPMQM.
p

Finally (4- A(n)) is partitioned to give Eq. (4):

(A A(n)y'= (A(m)- A(n)Y + (4(0)- A(n))
(A24)

(A23)

where
7]
(A(m)- A(n)) = —-‘y{P,,(G, p u’0*’)

4
+ P, G,iv’ﬂ*’ + P8, —J0* ). (A25)
dy dap
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APPENDIX B
List of Symbols

available potential energy associated
with frequency f,

earth’s radius

specific heat at constant pressure,
1004 J/(kg K)

dissipation of kinetic energy asso-
ciated with frequency f,

frequency

discrete frequency of index n

frictional force in the x-direction

frictional force in the y-direction

convergence of energy flux asso-
ciated with frequency f,

generation of available potential en-
ergy associated with frequency f,

gravitational force per unit mass,
981 Nkg!

diabatic heating

kinetic energy associated with fre-
quency f,

frequency index

frequency cospectrum

pressure

pressure constant, 1000 mb

gas constant, 287 J/(kg K)

temperature

time

eastward component of velocity

northward component of velocity

curvilinear coordinate toward the
east

curvilinear coordinate toward the
north

geopotential height

specific volume

stability parameter

potential temperature

longitude

latitude

angular velocity of the earth

vertical pressure velocity

nonlinear transfer of APE into fre-
quency f,

transfer of APE from the time-mean
motion into frequency f,

conversion from APE to KE at fre-
quency f,

nonlinear transfer of KE into fre-
quency f,

transfer of KE from the time-mean
motion into frequency f,

horizontal mean

deviation from the horizontal mean

time mean

deviation from the time mean
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