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ABSTRACT

A global energetics analysis is presented for the FGGE SOP-1 and SOP-2 with ECMWF and GFDL data

sets. Both global integral properties and spectral characteristics are examined.

There is a large discrepancy between the present FGGE analysis and previously available estimates concerning
the level of available potential energy and kinetic energy. This discrepancy is attributable to an earlier restriction
of data coverage. There is a significant seasonal difference in the energy reservoir of the Northern Hemisphere,
whereas the difference is minor in the Southern Hemisphere. This leads to a seasonal contrast of the globally
integrated energy budget which comes mostly from the Northern Hemisphere. Both the global energy level
and the intensity of the general circulation are more pronounced during SOP-1 than during SOP-2.

One major focus of attention in this study is an energetics comparison of ECMWF and GFDL data sets.
There is a twofold difference in the intensity of the general circulation as measured with these two data sets.

. The energetics diagnosis indicates that the operational modes of the general circulation as described by these -

two data sets also differ considerably. The contrasts between SOP-1 and SOP-2 and between the ECMWF and

GFDL versions of the data sets are apparent in the pattern of energy flow in the wavenumber domain.

1. Introduction

An energetics diagnosis with observed aerological
data in the framework of primitive equations has long
been hampered by inadequate coverage of the reporting
upper air stations, restricting studies in this approach
mostly to a diagnosis of ensemble energetics properties
of limited spatial extent or case analysis of distinct
synoptic systems. The availability of Level III data sets
from the First GARP (Global Atmospheric Research
Program) Global Experiment (FGGE) relieves the
energetics study for the FGGE period from this dif-
ficulty. The four-dimensional assimilations of an un-
precedented volume of meteorological data during this
period—both conventional surface based data and new
types of satellite data—provide adequate global grid
coverage, making a comprehensive energetics diagnosis
of global scale feasible. Yet, it is also expected that the
global circulation models and techniques employed in
data assimilation may exercise certain influences on
the data sets produced.

In this study, the global energy budgets during the
first and second special observation periods (SOP-1
and SOP-2) of FGGE are evaluated successively with
two separate sets of FGGE Level 1IIb data. The data
were produced by the European Centre for Medium
Range Weather Forecasts (ECMWF) with a slightly
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modified version of the operational assimilation system
(Bengtsson et al., 1982; Williamson and Temperton,
1981), and by the Geophysical Fluid Dynamics Lab-
oratory (GFDL) with a FGGE data assimilation system
(Miyakoda et al., 1982). For reference purposes, limited
use is also made of the Level Illa data set, produced
by the World Meteorological Center Washington with
the National Meteorological Center (NMC) operational
data assimilation system (McPherson et al., 1979).
These versions of FGGE data will be referred to here-
after as ECMWF, GFDL and NMC data sets, respec-
tively. Through observational evaluation of FGGE en-
ergy budgets, we should add useful information to the
existing knowledge of atmospheric energetics for a
more comprehensive understanding of the global-scale
circulation. An intercomparison of different versions
of data sets in an energetics context may also make
relevant references to FGGE research which involves.
these data sets.

Standard spectral and grid-point methods are utilized
in computations of energetics in the zonal domain.
Following a description of the data preparation and
the analysis scheme, the evaluated energy budgets are
presented in terms of global integrals, vertical profiles,
meridional variations and spectral components. Gross
energetics features of SOP-1 and SOP-2 are presented
separately and contrasted to each other. In comparing
energetics that are computed with different data sets,
major attention is focused on the differences in the
operational mode of the general circulation as described
by ECMWF and GFDL data set versions. The effort
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is warranted because of the major FGGE task of ob-
servation, analysis and assimilation that went into pro-
ducing these data sets and the expected usage of these
data sets in the future.

2. Data preparation

The ECMWF, GFDL and NMC data sets for the
periods | January-5 March 1979 and 30 April-7 July
1979 were obtained from the World Data Center A
for Meteorology at Asheville, North Carolina. The
ECMWEF and GFDL dataona 1.87° X 1.87° latitude-
longitude grid and the NMC data on a 2.5° X 2.5°
grid were interpolated to the 4° X 5° grid with 46
latitudes from 90°S to 90°N and 72 longitudes from
0 to 355°E. The interpolation to each of the 4° X 5°
grid points was done by a bilinear interpolation of four
surrounding values of the original data sets at individual
pressure levels. Adequacy of the interpolation was ex-
amined by comparing the fields of meteorological pa-
rameters in the original data and the interpolated data,
and by interpolating back the obtained 4° X 5° grid
values to the original smaller grids. Thirty randomly
selected synoptic cases of interpolation-reinterpolation
are visually examined to confirm that the patterns of
the parameters remain unchanged.

The three data sets interpolated to the 4° X 5° grid
include twice daily standard data of geopotential height,
humidity, temperature and wind at 1000, 850, 700,
500, 400, 300, 250, 200, 150, 100, 70 and 50 mb at
0000 and 1200 GMT. The fields of vertical velocity
w are also available for ECMWF and GFDL versions
from respective four-dimensional analyses of the FGGE
observations. In the case of the NMC version, however,
a kinematic field of w was estimated with the inter-
polated field of wind at the 4° X 5° grid points with
an assumption of w = 0 at the surface and a quadratic
correction at the top of the atmosphere. The 4° X 5°
grid data of individual observation times, thus prepared
from the three data sets separately for the two data
periods, constitute the basic input data for computa-
tional analysis.

3. Scheme of analysis

For the global energetics analysis, the computations
in this study are based on standard methods of spectral

_energetics after Saltzman (1957, 1970) and energy

variables that are directly computed at grid points.

The one-dimensional wavenumber equations of ki-
netic energy and available potential energy by Saltzman
(1957, 1970) may be written as

oKy Y
7 = 2:] M(n) + C(PM: KIW) - D(KM), (l)
Mg(t”) —M(n) + L(n) + C(n) — D(n),

n=123 --- 2

VOLUME 40
0Py
o Z R(n) — C(Ppg, Kap) + G(Ppp),  (3)
n=1
aP(n)

= R(n) + S(n) — C(n) + G(n),

n=1273,---, 4)

where all quantities represent integrals over the total
mass of the atmosphere. The variables in Egs. (1)-(4),
listed in Table 1, follow definitions by Saltzman (1970).
The equations of eddy kinetic energy and available
potential energy may be obtained by summing Egs.
(2) and (4) from n = | to N where N is the maximum
wavenumber: -

0K
~p = ~M(Kg, Ky + C(Ps, Kp) = D(Kg),  (5)
dPg
=/ = R(Pu, P5) = CPe, Ke) + GPp. (6)

The kinetic energy equation averaged with respect
to longitude may be written with pressure as the vertical
coordinate:

ok dwk
—=_-V. o —
P Vi % V-Vé - D, N
where
k = Va(u® + v). A (8)

The production term may be written as a summation
of three process terms

w¢ —

\'A) V¢ V-Vo o wa. 9
If Egs. (7) and (9) are integrated with respect to latitude
(i.e., for the global average), the first term of the right-
hand side of the respective equation will vanish. Like-
wise, if Eqs. (7) and (9) are integrated with respect to
latitude and pressure (i.e., over the entire mass of the
atmosphere), the first two terms of the right-hand side
of these equations will vanish. It is also noted here
that the conversion term in Eq. (9) may be considered
as a summation of conversion by mean meridional
circulation and conversion by large-scale eddy con-
vection, 1.e.,

—oa = —2"a" — Wd. (10)

In Egs. (1)~(7), dissipation terms of kinetic energy
and generation terms of available potential energy are
obtained as residual terms to balance the respective
equations after other terms are evaluated with the data.
For computation of spectral energetics, a program
package obtained from the NASA Goddard Laboratory
for Atmospheric Sciences (GLAS) was modified for
use in this diagnosis. The GLAS program package is
a refined version of the source program utilized by
Baker et al. (1977, 1978) in diagnoses of the NCAR
general circulation model. To compute available po-
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TABLE 1. Symbols, definitions and' variables.
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S

pressure

time

eastward wind component

northward wind component

horizontal wind vector

kinetic energy per unit mass

mass of the atmosphere

specific volume

vertical p-velocity [=dp/d!]

geopotential

horizontal del operator along an isobaric surface
zonal average of an arbitrary function ¢
departure of ¢ from zonal average
departure of g from global average
zonal wavenumber

K kinetic energy

Ky zonal mean kinetic energy

Ke zonal eddy kinetic energy

~ o~
=

qe e 3 xS

S EESTESE T

K(n) K at wavenumber n

P available potential energy

Py, zonal mean available potential energy

Pe zonal eddy available potential energy

P(n) P at wavenumber #

M(Kg, Ky) conversion from Ky to Ky,

M(n) conversion of K(n) to Ky

C(Pys, Kar) conversion from Py, to Ky,

C(Pg, Kg) conversion from Pg to K

C(m conversion of P(n) to K(n)

L{n) conversion of K from all other wavenumbers to
K(n)

R(Py, Pg) conversion of Py, to Py

R(n) conversion of Py, to P(n)

S(n) conversion of P from all other wavenumbers to
P(n)

D dissipation of k

.D(I(M) dissipation of KM

D(Kg) dissipation of K

D(n) dissipation of K(n)

G(Py) generation of Py,

G(Pg) generation of Pg

G(n) generation of P(n)

-V.Vk horizontal flux convergence of kinetic energy

—dwk/dp vertical flux convergence of kinetic energy

-V-V¢ production of kinetic energy by cross-isobaric
motion

-V-V¢ horizontal flux convergence of potential energy

—dwe/dp vertical flux convergence of potential energy

—wa baroclinic conversion from P to K

—-w'e baroclinic conversion by eddy convection

-w"a’ baroclinic conversion by mean meridional

circulation.

tential energy, the global mean static stability parameter
is obtained at each level for each observation time.
Values of the eddy variables are obtained as spectral
sums over wavenumbers from n = | to 30. Values for
the shorter wavenumbers do not contribute to spectral
sums. The difference between the truncated energy
value and the grid-point value by high-frequency noise
is negligible. For the computation of variables involved
in Egs. (7) and (9), input data from the 4° X 5° grid
are used in direct computation at the individual grid
points. :

Energy budgets are computed for each observation
time during the data periods. Averages of computed
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variables during the first data period are taken as values
for SOP-1 and those during the second data period as
values for SOP-2. The data periods used in this study
are several days longer than the officially defined SOPs.
For the convenience of the computational process and
a general preference for longer data periods, no attempt
was made to shorten the data periods. Energy variables
in this paper are presented as integral values for the
mass of the atmosphere between specified pressure lev-
els as indicated by the physical units employed. The
limits of integration for the vertical totals are from the
surface to 50 mb.

4. Global energy balance

In examining the global energy balance, it will be
beneficial to first evaluate the energy flow according
to Lorenz’s (1955) basic resolution of kinetic energy
and available potential energy. In Fig. | the gross energy
balances during SOP-1 and SOP-2 are presented as
computed with both ECMWF and GFDL data set ver-
sions. In evaluating the energy balance in Fig. 1, C(Py,,
K,,) is obtained by

CPu Ko = = | V-Vodm = Qe Kn, (1)

utilizing the relationship stated in Eqgs. (9) and (10).
Substituting the indirectly obtained C(Py,, K}4) for the
directly computed value removes the dependence of
C(Pyy, K)y) on the w field, which seems overly influ-
enced by the data assimilation processes as will be
discussed later. The values of G(P,,) which would result
from direct computation of C(Pyy, Kjs) with the zonal
mean field @ are given in parentheses in Fig. | after
the G(P,,) values that are obtained with C(Pys, Kjs) by
Eq. (11).

Despite considerable differences of computed energy
balance between ECMWF and GFDL data sets and
between SOP-1 and SOP-2, there is overall agreement
on the direction of energy flow among them. Fur-
thermore, the basic flow pattern agrees with previous
observational estimates of the atmospheric energy cycle
(e.g., Oort, 1964; Smagorinsky et al., 1965; Manabe
et al., 1970; Newell et al., 1970; Saltzman, 1970, Saltz-
man and Fleisher, 1960; Wiin-Nielsen, 1968). As
shown in Fig. 1, the largest portion of energy trans-
formation proceeds from P, via Pg to Kgz; whereas
some K is further transformed to K. The dissipation
takes place both in Kz and K,. However, beyond this
agreement, the numerical variations shown in the en-
ergy diagrams of Fig. | are considerable.

Average energy variables of SOP-1 and SOP-2 may
be taken separately for ECMWF and GFDL data sets
and compared in Table 2 with earlier observational
estimates on an annual basis by Oort (1964), Oort and
Peixoto (1974) and with that for the winter by Saltzman
(1970). Although Oort and Peixoto’s values are in the
mixed space~time domain (see Oort, 1964) and some
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(@ SOP-1
GiPw DIKm)
1.8 (1.0 0,4 3.2 (5.3 1.2
<
Pm | -0.2 Km Pu 0.9 Km
48.1 |[C(PgqKM]| 7.9 51.8 7.9
R(PM,PE) M(KE. Km)
MFE \ E. KM 2.3 | 0.3
2.0 0.6
Pe |crekp)| Ke Pe Ke
57 21 7.0 6.2 3.8 7.4
-01 1.5 1.8 . 3.5
G(PE) D(KE)
Tb(ECMWF) Mb(GFOL)
() SOP-2
1.9 (.2 0.8 2.8(.n 1.2
Pm 03 | Km Pm | 10 Km
37.2 6.9 445 7.0
1.6 | 0.5 1.8 { 0.2
PE Ke Pg Ke
3.8 16 6.1 5.2 2.5 6.8
-01 11 0.8 2.3
Ib(ECMWF) Ib(GFDL)

FiG. 1. Global energy balance during SOP-1 and SOP-2 with ECMWF and GFDL
data sets. Energy is in units of 10* J m™* and transformation in W m™,

discrepancy may be éxpected with regular analyses in  ysis and earlier estimates on the level of atmospheric
the space domain, it may be readily noted that there energy. Both for the ECMWF and GFDL versions,
is a large discrepancy between the present FGGE anal-  the present analysis shows significantly larger Py, and

TABLE 2. Average energy variables of SOP-1 and SOP-2 with ECMWF and GFDL data sets compared with previous estimates by
Oort (1964), Oort and Peixoto (1974) and Saltzman (1970). Energies are in units of 10° J m~? and transformations in W m™2,

SOP-1 and SOP:2 average Annual mean Annual mean after Winter mean

after Oort QOort and Peixoto after Saltzman
Energy varnables ECMWF GFDL (1964) (1974) (1970)
Py 427 482 40.0 335 355
" Pg 48 5.7 15.0 15.6 11.3
Ky 74 7.5 8.0 3.6 10.0
Ke 6.6 7.1 7.0 8.8 14.3
G(Pu) 1.9 30 31 1.5 3.0
G(Pg) -0.1 1.3 -0.8 0.7 -1.6
R(Py, Py) 1.8 2.1 3.0 1.5 53
C(Pu, Ky - 0.1 1.0 0.1 0.2 0.0
C(Pg, Kp) 1.9 3.1 22 22 3.0
M(Kg, Ky) 0.6 0.3 0.4 0.3 0.5
D(Kyy) | 0.6 1.2 0.5 0.1 0.5
D(Ky) 1.3 29 18 1.9 26

D(Ky) + D(Ky) 1.9 4.1 2.3 1.9 3.1
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smaller P than previously estimated; in particular,
the FGGE Py is only Y2 to 5 of the previously given
Pg. The FGGE K, and K are both around 7 X 10°
J m™ either by the ECMWF or the GFDL version,
but it is difficult to compare them with earlier estimates
as the latter vary greatly. As will be discussed later (see
Figs. 2--5), spectral components of available potential
energy and kinetic energy have characteristic latitu-
dinal-seasonal distributions through the Northern and
Southern Hemispheres. The earlier estimates were
based on the observational network of the Northern
Hemisphere; the coverages of the upper air stations
were also much more sparse than in recent years and
more restricted to the land areas of the middle latitudes.
Thus, the energy levels and transformations of previous
estimates are representative of the Northern Hemi-
sphere middle latitudes whereas the values of the pres-
ent study represent the global mean situation.

In comparing energy budgets computed with the
ECMWEF and GFDL data sets, however, the situation
is clearly different. Both data set versions are global
grid data for the same periods which have been pro-
duced from comparable original observations. In this
study both data sets have been subjected to identical
data preparation and computational analyses. Thus,
the noticeable differences between the computed ener-
getics should be directly attributed to the difference in
the four-dimensional data assimilation processes in-
volved in producing these data sets. Figs. 2-5 illustrate
latitudinal distribution of available potential energy
and kinetic energy in the wavenumber domain from
n = 0 to 6 during SOP-1 and SOP-2. Energy levels
computed with three data sets are plotted separately,
and filled dots indicate coincided values of all three
data sets. As shown in these figures, all three data sets,
including the NMC version, yield similar spectral en-
ergy levels P(n) and K(n) except in the Antarctic region
of the Southern Hemisphere. The difference of avail-
able potential energy among data sets (Figs. 2 and 3)
is mainly due to the difference in P(0) (i.e., Py) and
P(1) in the Antarctic region, where observations are
extremely sparse and data interpolation is heavily de-
pendent on the models and techniques employed. Since
the contribution of the Antarctic latitudes to global
kinetic energy is limited (Figs. 4 and 5), the difference
of the data sets in K, and K is minor.

The intensity of the general circulation may be mea-
sured by the generation of available potential energy,
the conversion of available potential energy to kinetic
energy or the dissipation of kinetic energy. For the
length of periods in this study we may expect

G(Py) + G(Pg) = C(Py, Kpy) + C(Pg, Kg)
= D(Ky) + D(KE). (12)

Since the terms G(P,y), G(Pg), D(K,s) and D(Kf) are
obtained as residual terms of the respective energy
equations, and the summation of G(P,) and G(Pg)

ERNEST C. KUNG AND HIROSHI TANAKA

2579

and that of D(K,,) and D(Kg) are dependent on the
summation of C(Py;, Kyy) and C(Pg, Kg), the intensity
of the general circulation is explicitly determined by
—V-V¢ in terms of total conversion through the re-
lationship expressed in Eq. (11). The intensity mea-
sured with GFDL data sets is 4.1 W m~2 and that with
the ECMWF data set is 1.9 W m™2 (Fig. | and Table
2). The former is approximately twice the latter, and
this large difference is significant in view of its con-
sistency through SOP-1 and SOP-2 and the compat-
ibility of the two data sets in the source observations.

The twofold difference in the intensity of the energy
cycle as shown with the ECMWF and GFDL data
versions implies some fundamental differences in these
data sets and thus in their description of the general
circulation. For example, as compared in Figs. 6 and
7, the latitude—height cross sections of @ indicate that,
for both SOP-1 and SOP-2, the pattern of the mean
meridional circulation is quite different as obtained
with ECMWF or GFDL data sets, both for the position
of mean meridional cells and their strength. Vertical
profiles of the globally integrated —w"a" are shown in
Fig. 8. Although this term is not used in evaluation
of the energy balance and is substituted with an indirect
estimate by Eq. (11), it is of interest to note the large
contribution of this term in the GFDL version com-
pared to the negligibly small contribution in the
ECMWF version. The eddy conversion —«'e/, with
which C(Pz, Kg) has been evaluated, shows in Fig. 9
that conversion of available potential energy to kinetic
energy by synoptic-scale eddy convection is signifi-
cantly more intense with the GFDL data than with
the ECMWF data through most of the pressure layers.
The baroclinic conversions computed with the NMC
data set as shown by the vertical profiles in Figs. 8§ and
9 indicate that the cell conversion —@”"a” is essentially
nonexistent and the eddy conversion —o'e’ 1s the
weakest among the three data sets.

Another important contrast of the ECMWF and
GFDL data sets comes forth in observing the vertical
profiles of the kinetic energy balance during SOP-1
and SOP-2 in Figs. 10 and 11. The well-recognized
bimodal character of the kinetic energy production
—V-V¢ and dissipation D (e.g., Kung, 1967, 1969,
1977; Smagorinsky et al., 1965; Smith and Adhikary,
1974) is clearly observed with the GFDL data sets.
During the past decade, a number of independent in-
vestigations on kinetic energy balance within the
framework of primitive equations were conducted with
aerological data which sampled regional phenomena
of limited horizontal extent (e.g., Chen and Bosart,
1977; Fuelberg and Scoggins, 1980; Holopainen and
Eerola, 1979; Kung and Chan, 1980). Those works
collectively indicate that the cross-isobaric flow in the
upper troposphere and the lower boundary provides
the production mechanism by which the released
available potential energy can appear as kinetic energy
during the conversion process, and that the production
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FIG. 2. Latitudinal distribution of available potential energy P(n) from
n = 0-6 during SOP-1 with ECMWF, GFDL and NMC data sets.

—V - V¢ in its vertical distribution is roughly balanced
by the dissipation D. Vertical profiles with GFDL data
sets in this analysis seem to suggest that these are indeed
characteristics of the global kinetic energy balance
rather than simply regional phenomena. Vertical pro-
files of the kinetic energy balance by ECMWF data
sets, however, show only a very small production and
dissipation above the lower boundary. The less intense
energy process given by the ECMWF version (Fig. 1
and Table 2) is thus associated with an obvious bias
toward a geostrophic balance of the flow in the free
atmosphere. This is a significant departure from the

GFDL version which yields energetics features com-
monly observed in the framework of primitive equa-
tions.

The sharp contrasts in energy transformations that
we observe with the ECMWF and GFDL versions are
traced to the specific four-dimensional data assimi-
lation processes involved in producing these data sets.
For the ECMWF data set (Bengtsson ef al., 1982; Wil-
liamson and Temperton, 1981) the adiabatic nonlinear
normal mode initialization of this version suppresses
the divergent component of the wind. As shown in
Figs. 6 and 7, vertical motion is generally underesti-
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FIG. 3. As in Fig. 2, but for SOP-2.

/

- mated and the underestimation is particularly severe
in the Hadley cell region. Further, the assimilation of
the ECMWEF data set assumes a geostrophic-type re-
lationship between height and wind in the middle and
high latitudes. In assimilating the GFDL data set, the
univariate optimum interpolation scheme utilized
contains no geostrophic constraint. The normal mode
adjustment between mass and wind fields for the GFDL

version is made for only selected frequencies so that
the basic characteristics of the atmospheric variables
can be retained, including ageostrophic components,

‘Hadley circulation, Kelvin and Rossby—gravity waves,

etc. In view of the differences in the assimilation pro-
cesses of these data sets, the revealed contrasts of energy
transformations appear natural.

Since this is a global analysis, the contrasts between
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FIG. 4. Latitudinal distribution of kinetic energy K(n) from n = 0-6
during SOP-1 with ECMWF, GFDL and NMC data sets.

SOP-1 and SOP-2 are interesting in that they reflect
seasonal differences due to global latitudinal variations
of the geophysical environment. The differences of en-
ergy levels between SOP-1 and SOP-2 shown in Fig.
1 are readily traced in spectral components in Figs.
2-5. In the middle to high latitudes of the Northern
Hemisphere during SOP-1, P(0) to P(3) possess a high

N B I ]

level of available potential energy, but during SOP-2,
the levels diminish. In the Southern Hemisphere, the
high latitudes show a higher energy level during SOP-
2 than during SOP-1 only for P(0) and P(1); the con-
tributions from other wavenumbers are not significant.
In examining the latitudinal distribution of kinetic en-
ergy we see that during SOP-1 both hemispheres possess
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SOP-2
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FiG. 5. As in Fig. 4, but for SOP-2.

high levels of K(0) and the Northern Hemisphere fur-
ther contributes significantly to K in the first two
wavenumbers # = [ and 2. During SOP-2, however,
K(0) is significant only in the Southern Hemisphere
and this is the sole significant concentration of kinetic
energy during SOP-2. The contribution to Kz at most
wavenumbers in all latitudes during SOP-2 is not as
outstanding as those of long waves in the Northern

Hemisphere during SOP-1. These characteristic lati-
tudinal-seasonal variations of energy components have
resulted in generally higher global integrals of available
potential energy and kinetic energy during SOP-1 than
during SOP-2. The generally high levels of available
potential energy and kinetic energy during SOP-1 are
reflected by the more intense energy cycle (Fig. 1) and
more pronounced vertical profile of production
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mb @ Mh(ECMWF)  SOP-1 formations with the GFDL data set averaged for SOP-
1::: ) 1 and SOP-2 in the specified layers. These global in-
150 tegral quantities over a reasonably long period shall
200 numerically approximate the global profiles of kinetic
::: energy balance. As shown in Table 3, the dissipation

in the 400-50, 700-400 and surface-700 mb layers

are, respectively, 2.06, 0.41 and 1.66 W m™2 with a
total of 4.13 W m™2. It is noteworthy that the genera-
tion and dissipation in the 400-50 mb layer seems
larger than, or at least in a similar magnitude as, in
the surface-700 mb layer in this global budget. As
indicated by model experiments (e.g., Smagorinsky et
al., 1965) and also implicitly recognized by earlier in-
vestigators (see Oort, 1964; Saltzman, 1970), the ver-
tical distribution of —w'e’ in Table 3 shows that the
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~V.V¢ and dissipation D (Figs. 10 and 11) during
this period than during SOP-2. In association with
kinetic energy production, the baroclinic conversions
by the eddies —w'a’ and by the mean meridional mo-
tions —w"a" are also significantly greater during SOP-
1 than during SOP-2 (Figs. 8 and 9).

The two special observation periods, as covered in
this study, do not represent exactly two observation
periods half a year apart. Still, it is useful to take their
average energy variables as an approximation to the 5
mean global energy budget, which is done separately P N
for the ECMWF and GFDL data sets in Table 2. Table
3 lists the vertical distribution of kinetic energy trans- ' FIG. 7. As in Fig. 6, but for SOP-2.
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TABLE 3. Averaged global energy transformations with GFDL
data set for SOP-1 and SOP-2 for specified layers in units of W m™2.

Pressure —
layer - _ M -
(mb) -V:V¢ op D —w'a'
100-50 0.18 -0.01 0.16 0.06
150-100 0.23 -0.04 0.19 0.08
200-150 0.44 -0.07 0.37 0.11
250-200 0.53 -0.05 0.48 0.09
300-250 0.39 0.01 0.39 0.17
400-300 0.40 0.06 0.46 0.51
500-400 0.15 0.10 0.25 0.53
700-500 0.07 0.10 0.16 0.86
850-700 0.30 0.00 0.30 0.52
SFC-850 1.38 -0.03 1.35 0.21
400-50 2.17 -0.11 2.06 1.03
700-400 0.22 - 0.20 0.41 1.39
SFC-700 1.68 -0.03 1.66 0.72
Total 4.08 0.06 4.13 3.14

eddy conversion actively takes place in most of the
troposphere with its maximum at the mid troposphere.
The vertical total of —w/'a’ is 3.14 W m~2, and is 77%
of the production —V V¢, indicating that approxi-
mately % of the kinetic energy drawn from the reservoir
of available potential energy is by the zonal eddies and
the remaining % by the mean meridional circulation.

5. Energy transformations in the wavenumber domain

Spectral characteristics of the global energy budgets
during SOP-1 and SOP-2 are presented separately for
the ECMWF and GFDL data sets from n = 0-15 in
energy diagrams in Figs. 12-15. The energy diagram
format follows that of Saltzman (1970) with the energy
level and wavenumber in each box and the amount
of energy flow between different energy components
accompanied by an arrow sign for direction. The values
for G(0), C(0) and D(0) are as listed in Fig. | for the
zonal means of available potential energy and kinetic
energy, whose evaluation involves both spectral energy
and grid variable computations as described in the
preceding section. In presenting the results, no specific
attempt has been made to adjust computational errors
in order to balance the wave interactions.

As has been discussed, there is close agreement of
energy levels as computed with ECMWF and GFDL
data sets, but there is a significant difference between
the present FGGE results and the previous observa-
tional studies (see Fig. 1 and Table 2). In observing

“the spectral distribution of P(n) and K(n), we again
see good agreement between the ECMWF and GFDL
versions. In comparing the present FGGE analysis with
Saltzman’s (1970) winter estimate, the differences are
in the long and mid-range waves. For P(n) from
n = 1-7, Saltzman’s diagram lists 30, 24, 15, 11, 8, 6
and 5 X 10* J m™2, respectively, and for K{(n) from n
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= 1-9, 1t is 24, 19, 20, 16, 14, 11,8, 9and 7 X 10*J

m~2, The significantly lower energy level in this wave
range in the present global analysis, as shown in Figs.
12-15, is apparently due to the inclusion of the tropics
and the Southern Hemisphere, where energy in this
wave range is less (Figs. 2-5). Contrasts of K(n) and
P(n) between the Northern and Southern Hemispheres
in these specific wavenumber ranges should be attrib-
utable to the difference in both hemispheres of land—
sea distribution and topography.

As discussed in the preceding section, the intensity
of the general circulation measured with the GFDL
data set is about twice that measured with the ECMWF
data set (Fig. | and Table 2). Comparing the trans-
formations of these two versions in the wavenumber
domain, it is seen in Figs. 12-15 that the conversion
C(n) and dissipation D(n) are stronger at all wave-
numbers with the GFDL version, and that their values
are still significant at the shorter wave range. It is par-
ticularly interesting to note that, from # = 11-15, D(n)
is noticeably larger with the GFDL version, whereas
it becomes negligible with the ECMWF version. Active
conversion and dissipation in the shorter wave range
is consistent with Saltzman’s (1970) estimate. The neg-
ligibly small values of the ECMWF version in this
range indicate that the energetically active synoptic-
scale processes at this range are dampened. With the
GFDL version, the eddy components of G(#) are con-
sistently positive, but with the ECMWF version, it
fluctuates between small positive and small negative
values with a zero value in the shorter wave range.
There is a better agreement between the ECMWF and
GFDL versions for the spectral distribution of R(n)
and M(n) which describes the transformation between
zonal and eddy components of energy. For S(#) and
L(n), which describe the interactions among waves,
however, the agreement between the two versions is
marginal.

The contrast of SOP-1 and SOP-2 in energy trans-
formation in the wavenumber domain is conspicuous
in the energy diagrams of the GFDL version. During
SOP-1, except for the very long waves, eddy generation
of available potential energy, eddy conversion from
available potential energy to kinetic energy and eddy
dissipation are all more intense in all wavenumbers
than during SOP-2 (Figs. 13 and 15). During SOP-1,
the shorter waves from n = {1-~15 are still very active
with fairly large values of G(n), C(n) and D(n), whereas
during SOP-2, the intensity of transformations in this
range is much weakened. With the' ECMWF version
(Figs. 12 and 14), higher levels of eddy conversion and
dissipation during SOP-1 are also observed to a limited
degree with long waves. From the prior discussion con-
cerning the characteristically different seasonal vari-
ation in the energy reservoir of the Northern and
Southern Hemispheres, it could be inferred that the
more active eddy energy transformations during SOP-
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FIG. 12. Energy flow diagram in the wavenumber domain during SOP-1 with ECMWF
data set. Energy is in units of 10* J m~? and transformation in 1072 W m™.

{ are tied to the contribution of synoptic disturbances
in the Northern Hemisphere. Indeed, the computed
values of eddy conversion C(Pg, Kg) with the GFDL
data for the Northern and Southern Hemispheres are
4.3 and 3.2 W m~2 for SOP-1 and 2.4 and 2.7 W m™?
for SOP-2.

6. Concluding remarks

Several points revealed in the present global ener-
getics analysis may appear noteworthy. The present

study notes an overall agreement with previous studies
on the direction of energy flow in the wavenumber
domain. However, there is a large discrepancy between
the present FGGE analysis and previous estimates
concerning the level of zonal mean and eddy com-
ponents of available potential energy and kinetic en-
ergy, apparently due to the earlier restriction of data
coverage. Seasonal variation in the reservoir of available
potential energy and kinetic energy in the Northern
Hemisphere is much greater than in the Southern
Hemisphere. Consequently both the energy level and

o S—— 4 (TP
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FIG. 13. As in Fig. 12, but for GFDL data set.

the intensity of the energy cycle are more pronounced
during SOP-1 than during SOP-2.

" There is a twofold difference in the intensity of the
general circulation as measured with the ECMWF and
GFDL data set versions. The difference is traced to
the four-dimensional data assimilation processes of
these data sets. The zonal mean field of vertical motion
and vertical distributions of transformation variables
indicate a substantial difference in the operational
mode of the general circulation as described with these
two FGGE Level IIIb data sets. The GFDL version

shows energetics features commonly observed in the
framework of primitive equations, but the ECMWF
version leans toward a geostrophic balance of flow in
the free atmosphere. '

The often observed bimodal vertical profiles of ki-
netic energy production —V-V¢ and dissipation D
with maxima in the upper troposphere and the lower
boundary in the regional studies and the numerical
experiment appear to be global integral characteristics.
Approximately % of the kinetic energy produced is

through the process of eddy conversion —w'a’ with its
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maximum in the mid troposphere, the remaining %
is by meridional circulation.

Contrasts between the ECMWEF and GFDL versions
and between SOP-1 and SOP-2 are also apparent in
the pattern of energy flow depicted in the wavenumber
domain. The conversion C(xn) and dissipation D(n) are
stronger at all wavenumbers with the GFDL version.
In the shorter wave range of n = 11-15 they are still
significantly large with the GFDL version, whereas

~ they become negligibly small with the ECMWF version.

During SOP-1, G(n), C(n) and D(n) are all more intense
than during SOP-2 in most of the eddy wave range.
The present gross energetics analysis is intended to
be a basic analysis of the FGGE SOPs. It indicates the
usefulness of further studies of global and regional

- energetics with FGGE data sets. Recognizing specific

characteristics of the FGGE data sets, such an endeavor
shall be meaningful by enhancing our understanding
of atmospheric processes in reference to maintenance
and variations of the general circulation.
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