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1. Introduction

Oue of the main purposes of FGGE (First GARP
Global Experiment) was to improve the medium-range
weather forecasting. Improving the data assimilation
system as well as the dynamical forecasting models was
the main objective of FGGE. The FGGE I1I-b datasets
were produced by two central institutions: the Euro-
pean Center for Medium Range Weather Forecasting
(ECMWTF) and the Geophysical Fluid Dynamics Lab-
oratory (GFDL). After the release of the FGGE III-b
datasels, numerous diagnostic studics have been con-
ducted to evaluate and compare the data assimilalion
systems of different institutions (e.g., Kung and Tanaka
1983; Lau 1984; Rosen et al. 1985; Holopainen and For-
terius 1986; Paegle et al. 1986; Bengtsson el al. 1982,
Hollingsworth el al. 1985).

By the results from those comparative studies, the
characteristics of different FGGF datascts by different
institutions became apparent. It was noted thal the
GIDL analysis of the FGGE data is noisy containing ex-
cessive small-scale structures and is unbalanced for the
mass and momentum fields. Arpe ct al. (1983) noted
that the ECMWF analysis was more faithful to the avail-
able data than the GFDL analysis in that the analyzed
data by the ECMWT better fit to the observation. The
poor fit in the GFDL is, to a large extent, attributed
to the small-scale irregularities due to the continuous
data insertion. On the other hand, the ECMWT anal-
ysis is criticized to have major defects in tropical data.
The vertical velocity is weaker in the ECMWF than in
the GFDI, (Kung and Tanaka 1983), and the divergent
wind is damped by a factor of two due to the adiabatic
version of the nonlincar normal mode initialization (NL-
NMI) (see Pacgle et al. 1986).

After ihe production of the original FGGE analysis,
the ECMWF has undergone many improvements in the
assimilation and initialization technique. ‘T'he day-to-
day operational experience has provided invaluable in-
formation on the performance of the system. There has
been a continuous process of modifications and iinprove-
ments, including a diabatic version of NLNMI. With
these accumulated knowledges about the defects in the
former analysis methods, both of the ECMW/" and GI'DL
conducted the FGGY [11-b re-analyses based on the in-
proved analysis techniques.

The main changes of the FCMWT re-analysis are
summarized by Uppala (1986). The resulls from the
new scheme show an intensified divergent and conver-
gent winds in low-latitudes and a better fit of the anal-
ysis field with the observed data (sce Uppala 1986). Al-
though the FGGL re-analysis lor the BECMWTE was re-
leased for public in the mid '80s, the completion and
the public release for the GFDL re-analysis was not
achieved until quite recent in "90s. The revised assimi-

lation system for the GFDL is described by Stern and
Ploshay (1992). The major improvement is summarized
by Ploshay et al. (1992) comparing the original and re-
analyses of FGGL 1II-b data in reference to those by
the ECMWF. It is noted by Stern and Ploshay (1992)
and Ploshay et al. (1992) that the new assimilation sys-
tem shows a significant reduction in the level of noise,
improved consistency between the mass and momentum
analyses; and a better fit of the analysis field to obser-
vations.

In order to assess the achievement of the FGGE
project, especially for the improvement in the data as-
similation system, Tanaka and Ji (1994) conducted com-
prehensive comparative studies between the FGGE orig-
inal analysis and the re-analysis produced by the two
central institutions of the ECMWF and GI'DL, using
the normal mode energetics developed by Tanaka (1985)
and Tanaka and Kung (1988). The normal mode encr-
gelics is an extension of the standard spectral energetics
by Saltzman (1957) to three-dimensional (3-D) spectral
domain. The almospheric energy spectrum is plotied
as a function of the 3-D scale index, and the nonlinear
energy inleractions among the different scales of motion
are examined. This diagnostic analysis is especially use-
ful in comparing the amount of high-frequency gravity
modes which are closely related to the divergent field
and are most sensitive o the assimilation technique em-
ployed.

With this analysis scheme, Tanaka and Ji showed
that the Rossby mode energy levels are virtually same
for these FGGE datasets. However, a notable discrep-
ancy is found in the gravity-mode energy spectrum be-
tween the ECMWTI and GFDL analyses. They showed
that the gravity mode energy has increased by 50% for
the GFDL re-analysis compared with its original analy-
sis, whereas it has decreased by 10% for the ECMWTF re-
analysis. Hence, the discrepancy in the gravity mode en-
ergy between the ECMWF and GFDL has grown rather
than reduced by the re-analyses. Since the FGGE re-
analysis by the ECMWF is already 10 years old, it is
anticipated that the recent ECMWF analysis might have
improved substantially during the last 10 years. Ience,
another comparative energetics analysis is necded for the

old and recent ECMWF analyses using the same normal
mode energelics analysis.

The purpose of this study is Lo compare the ener-
getic characteristics of the latest ECMWF global anal-
ysis for winters of 1988/89 and 1993/94 with those of
the FGGE re-analyses. A special attention is payed
to the energy spectra of the Rossby and gravity modes
over the 3-D scale index. The difference in the high-
frequency gravity mode encrgy between the old and re-
cent FECMWE analyses is presented. Finally, an assess-
ment is made of how the data analysis is modified by
the latest assimilation systems.



2. Data and analysis scheme

The FGGE re-analyses by the ECMWF and GI'DL
for the Special Observing Period | (SOP-1) and the
ECMWT TOGA global analysis are oblained from the
National Center for Almospheric Research (NCAR). Twice
daily (0000 and 1200 UT) meteorological variables of
horizontal wind vector V = (mu,v), verlical p-velocity
w(= dp/dl), ltemperature T, geopotential height Z, and
relative humidity R are defined at 12 mandatory verti-
cal levels of 1000, 850, 700, 500, 400, 300, 250, 200, 150,
100, 70, and 50 hPa. For the GFDL dataset, the top two
vertical levels are given at 50 and 30 hPa rather than
the aforementioned levels. The ECMWF TOGA global
analysis during the winter Lthree months from Decem-
ber to February are examined for 1988/89 and 1993/94.
Those are uninitialized gridded data.

The analysis scheme of the normal mode energet-
ics has been detailed in Tanaka (1985) and Tanaka and
Kung (1988). The briel description of the scheme is
summarized here. First, the verlical structure functions
and the Hough harmonics are computed, using a refer-
ence stale of the global mean temperature. Applied to
a sequence of vertical, Fourier, and Hough transforms,
the primitive equations become a system of ordinary, di-
mensionless differential equations in terms of the spec-
tral expansion coefficients in the 3-D spectral domain:

d

i+ 10t Wntin = Butm F Cutm + D {1}

where the complex variables of Wap. butms Catm. and
d..tm represent respectively the expansion coefficients for
a dependent variable vector (u, v, Z), nonlincar term
vector for the momentum field, for the mass field, and for
the diabatic processes. The symbol a,4,, is a dimension-
less eigenfrequency obtained as a solution of Laplace’s

tidal equation with a basic state at rest. The subscripls
n, {, m are for the zonal wavenumber, meridional in-
dex, and vertical index, respectively. The vertical in-
dices m=0 and m #0 represent barotropic (external)
and baroclinic (internal) modes, respectively.
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An element of a tolal energy norm is simply defined
by an absolute value of the expansion coefficient:

1
Eutm = Ep,hm [2ttatm |, 2)

where the dimensional faclors p, and hi,, are respectively
a constanl pressure near the surface and an equivalent
height of m-th vertical index. The corresponding energy
balance equation is given by differentiating (2) with re-
spect to time and substituting (1) in the time deriva-
tives:

d

m’;ulm = Bt + Coam + Dt (1)

According to Eq. (3). the lime change of the element. of
the tolal energy, Eum. is caused by the three terms in
the right hand side: i) nonlinear mode-mode interaction
of kinelic energy Bum, i1) that of available potential en-
ergy Cuim, and iii) a net energy source and sink due to
the diabatic process Dy, which includes both genera-
tion and dissipation of energy. The diabatic process is
evaluated as the residual balance of Eq. (3).

Results of the energetics analysis presented in this
study are of the global variables. The energy spectrum
expressed as a function of Gy, represents the 3-D spec-
tral energy distribution. By summing the energy terms
with respect to all indices but a, the result describes
the zonal encrgy spectrum as in Saltzman (1957). 1t is
unique in the normal mode energetics that the energy
summation can be separately taken for Rossby and grav-
ity modes. Therefore, we can examine the energy levels
and the interactions separated in Rossby and gravily
modes.

Fig. 1. Spectral distributions of atiospheric to-
tal energy (Jn~2) in the frequency domain for ECMWF
(left) and GFDL (right) re-analyses for barotropic com-
ponent (m=0). The dimensiouless cigenfrequencies loil
in Bq. (1) are used in the abscissa to represent the
meridional scale of atmospheric motions. Rossby and
gravity modes are plotied in the low- and high-frequency
ranges, respectivery, for zonal wavenumbers n=1 to 6
(after Tanaka and Ji, 1994).
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Fig. 3. Zonal energy spectra (Jm~?) over n=1-
15 for ECMWF (dashed) and GFDL (solid) re-analyses
(after Tanaka and Ji, 1994). Dots, squares, and circles
denote Rossby modes and weslward and eastward grav-

ily modes, respectively.
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Finally, the nonlinear energy transformations of ki-
nelic energy B, available potential energy C.,, and
the diabatic process Dy, are presented for the recent
ECMWF analyses in Fig. 5. The results arc compared
for Rossby, westward gravity, and eastward gravity com-
ponents. It is evident that the basic characteristics of
the energy transformation are determined by the Rossby
modes, and the contributions from the gravily modes
are relalively small. The large positive values of C,ypm
indicate the encrgy supply from the zonal available po-
tential energy to the individual zonal wave. The nega-
tive values of By, show the barotropic conversions from
waves to zonal motion. The results are consistent with
the traditional zonal spectral energetics by Saltzman. It
is important to mention that the zonal wavenumber 1
obtains kinetic energy by the nonlinear interactions for
1993/94 as originally discovered by Saltzman. N

Figure 5 presents the energy interactions not only
for the Rosshy modes, but also for Lhe gravity mods. Al-
though the magnitude is substantially small compared
with that of Rosshy modes, the gravity mode cnergy
interaclions show interesting features. The wesiward
gravily modes obtain energy by nieans of the baroclinic
conversion, and lose the energy by the barotropic con-
version as in the case of Rossby nwdes. In contrast, the
eastward gravity modes obtain energy by the barotropic
conversion and lose the energy through diabatic process.
Those resnlts should be investigated further, comparing
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using another dataset produced by different assimilation
tequnicque.

Fig. 4. Asin Iig. 3 but for the winters of 1988/89
and 1993794,
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3. Results of the analysis

Figure 1 illustrates the energy spectra of the EOMWT
and GFDL re-analyses expanded in the 3-D NMFs (sce
Tanaka and Ji 1994). The energy clements of Ep
in Eq. (2) are plotied as functions of the scale index
{outm| for 50 meridional indices I, 7onal wavenumbers
n=1-6, and vertical indices m=0. The 50 meridional

indices include 26 Rossby modes in the low-frequency
side and 24 gravily modes in the high-frequency side.
These two kinds of distinct modes are connected by
the mixed Rossby-gravity modes (i.e., the largest-scale
Rossby modes) which have the highest-frequencies among
the Rossby modes. The largest-scale gravity modes are
referred to as Kelvin modes, which appear at the lowest-
frequency gravily modes.

As is shown by Tanaka (1985), clear energy peaks
appear at the intermediate meridional indices within the
Rossby modes. Separaled by these peaks associated
with each zonal wavenumber, the energy levels decrcase
toward the Rossby mode regime at the low-frequency
side indicating a -3 power law and toward the gravity
mode regime at the high-frequency side.

The comparison of the external modes of m=0 for
the ECMWF and GFDI. re-analyses shows similar en-
ergy spectra for the Rossby modes. However, a marked
discrepancy is found in the gravity-mode energy spec-
trum. The gravity mode spectrum for the GFDI, ex-
hibils a -3/5 power law with respect to the scale in-
dex 0,tm. The larger the modal scale is, the higher the
energy level is. The largest-scale gravily modes indi-
cate Ltheir energy levels higher than 200 Jm=2. In con-
trast, the gravity mode energy levels for the ECMWF
are lumped together near 10 Jm~2, and the power law
15 not recognized. The low-frequency (i.c., large-scale)
gravity modes are obviously damped for the ECMWF.
The energy level is one order of magnitude lower than
the results of the GFDL.
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Similar energy spectra are illustrated in Figure 2
for the winters of 1988/89 and 1993/94. For these recent.
ECMWT analyses, we can notice that the gravity mode
energy spectrum has modified so that the spectral dis-
tribution becomes similar to that of GFDL. The largest
energy levels for the westward gravity modes have in-
creased, exceeding 300 Jm=? which is ten times larger
than that of the re-analysis. The cnergy spectrum now
indicales some power law characteristics.

Figure 3 illustrates zonal energy spectra for re-analyses
by the ECMWT (dashed lines) and GFDL (solid lines)
for n=1-15. The results are compared separately for
Rossby and gravity modes. The Rossby mode encrgy
level for the ECMWVF is slightly higher than that for
the GFDIL, but the difference is relatively minor. The
gravity mode energy level is, however, substantially dif-
ferent between Lhese two re-analyses. The energy levels

by the GFDL are consistently higher, especially for large
n. For planetary waves of n <4, the eastward gravity
modes are greater than the westward gravity modes due
to the dominant Kelvin waves ai the baroclinic compo-
nents. The spectral features are basically same for for
the FGGE original analysis as documented in Tanaka
and Ji (1994).

Figure 4 compares the zonal energy spectra for the
winters of 1988/89 and 1993/94. Rossby mode cnergy
spectra are similar for all cases compared with the re-
analysis. The interannual variability seems to be quite
small for the Rossby components. On the other hand,
we can find by this result that the gravity mode en-
ergy spectra in the recent ECMWF analysis are still
lower than that of the GFDL reanalysis. It should be
noted that we can not concluded that one is superior to
the other becanse we do not know the true energy level
for the gravily modes in the atmosphere. Nevertheless,
indicaling the evident differences by different analysis
techniques should be meaningful.

Fig. 2. Asin Fig. 1 but for the winters of 1988/89
and 1993/94.
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4. Concluding remarks

This study conducted the energelics diagnosis of
the latest ECMWT global analysis for winters of 1988/89
and 1993/94, and the resuits are compared with the
FGGE I11-b re-analyses produced by the ECMWI® and
GFDL. The energy levels of the atmospheric Rossby and
gravily modes are examined by means of the norinal
mode energetics scheme.

As the result, we confirmed that the Rossby mode
energy levels are virtually same for these FQGE datasets
and recent ECMWI analyses. The Rossby modes ap-
pear to be less sensitive to the analysis technique. How-
ever, a nolable discrepancy is found in the gravity-mode
energy spectrum between the ECMWF and GFDL anal-
yses. For the external modes, the GFDI. analyses ex-
hibit a -3/5 power law in the gravity mode energy spec-
trum with respect to the 3-D scale index d,np,. The
gravity mode energy levels for the ECMWF re-analysis
are, however, lumped together at a very low level, and
the power law is not recognized. We find in Lhis study
that the gravity mode energy spectrnm in the recent
ECMWF has modified so that the low-frequency (i.e.,
largest-scale) eddy gravity modes are significantly an-
plified to reveal the power law as seen in the GFDL
data. However, the energy level of the gravity modes are
still substantially lower than that of the GFDL analysis.
Since we do not know the true energy spectrum for the
gravity modes, further comparative normal mode encr-
getics analysis is desired for other datasets, such as the
NMC and JMA global analyses.
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