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ABSTRACT

The analyses of complete data sets (level II-b) of the First GARP
Global Experiment during January 1979 at the European Centre for ‘
Medium Range Weather Forecasts are examined from climatological and
diagnostic points of view. Comparison with long time averaged ‘
climatology is performed. Some differences are discussed in

relation to the data coverage.

The tropical velocity potential field for the monthly mean wind is
presented. Effects of the initial guess and the initialization are

discussed.

The kinetic energy budget in zonal wavenumber domain is computed,

and results are compared with other studies. Interesting differences
of energetics between the hemispheres are found. It is shown that
the energetics of the ultralong wave has large latitudinal and
temporal variations in the northern hemisphere.

1. INTRODUCTION

The main objective of 4-dimensional assimilation is to provide the
best initial state for the numerical prediction of the atmospheric
flow. Accordingly, the analysis must depend in some degree on the
particular prediction model. This dependency is usually established
by the use of the forecast fields obtained from the prediction model.
The quality of the analyses is evaluated through the final product

of the numerical prediction.

Four-dimensional data assimilation has been used at the European
Centre for Medium Range Weather Forecasts (ECMWF) for the analysis
during the First GARP Global Experiment (FGGE), Lorenc (1980). The
products will be used not only for prediction experiments but also
for many other research purposes. The analysis have been extensively
tested from the prediction point of view and reported elsewhere
k(e.g. Bengtsson and Kgllberg, 1980). To use the analyses for other
research purposes, namely for various diagnostic studies, it is
essential that the analysed variables are physically consistent. In
this sense, an analysis scheme with some dynamical constraint and
properly balanced initial guess fields becomes important, while
excessive dependency of the analysis on the particular prediction
model is not favourable.
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The purpose of this study is to examine the validity of the use of
analysis for budget studies. Two kinds of studies can be noted
here, namely the long time average characteristics of the analyses

and special event case studies.
In this paper, we have performed monthly averaged budget calculations.
We concentrate on the January mean but similar calculations are in

progress for other months, and will be reported later.

2. ANALYSIS OF THE FGGE DATA

The analysis scheme used is documented in detail by Lorenc (1980).
Several special observations are incorporated by agssigning proper
observational errors (Bengtsson and Kallberg, 1980). Major differ-
ences with conventional (non-FGGE) observation networks are the
enhanced cloud winds from four satellites covering nearly the entire
globe (SOOS - 5OON) providing mostly low (~850 mb) and high (~200 mb)
winds, southern hemisphere drifting buoys, satellite soundings and
several types of special tropical observations. The major improve-
ment in analyses is expected over the tropics and over the southern

hemisphere.

At the ECMWF, several different types of archived analyses are
available (uninitialized/initialized; spectral coefficient/grid
point; p-surface/o-surface; packed/unpacked). In this study,
packed grid point uninitialized pressure-surface fields are used.
This type of field is compact enough to handle long sequences of
analyses and fit of the analysis to the observations is best.
Other types of files go through modifications by one or combined
procedures of p to o interpolation, initialization, o to p inter-
polation and spectral truncation, and can be significantly different
from original analysis. Initialized fields are useful in the
sense that the variables are physically balanced. However,

since the initialization procedure (nonlinear normal mode initial-
ization) depends strongly on the forecast model and the physics
included, the use of initialized fields is avoided. 1In fact, it
is shown later that the initialization has some difficulties in

keeping analysed large scale divergence in the tropics.
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The analyzed variables are surface pressure (ps), geopotential

height (z), east-west component of the wind (u) and north-south
component of the wind (v). Humidity is also analysed but is not
examined in this study. The analyses of these variables are avail-
able at standard pressure levels (15 levels from 1000mb up to 10mb)
on an N48 grid (1.875 latitude/longtitude grid resolution). Analyses
have been archived every 12 hours (6 hours during special Observing
period), and all the averages computed in this study are from 12 hour
interval analyses. It is noted that all other variables that appear in
this paper (e.g. temperature, divergence, omega, etc.) are computed
from analyzed variables (the so called III-b archived FGGE format
files include uninitialized zZ, U, v, pg and initialized temperature
and vertical motion fields).

3. JANUARY MEAN FIELD

To make comparison, the normal January climatology used at ECMWF
(obtained from NCAR) for northern and southern hemispheres, and the
tropical climatology (seasonal mean fields) by Newell et al (1972)
are presented together with the January 1979 mean fields. The
southern hemisphere normal climatology and tropical mean fields are
based on sparse observations such that the difference can be due to
the FGGE data coverage as well és to the year to year variations.

It is also noted that the tropical climatology is based on time

averaged observations and not on average of the analyses.

3.1 Northern hemisphere

Several large deviations from normal are'noted as follows.

(1) Very weak Icelandic low.
(ii) Intense Aleutian low.
(iii) Intense Siberian high.

(iv) Weak subtropical highs.

These anomalous states over the high latitudes are the results of

intense blocking which persisted over Alaska (first half of the month)
and over Greenland (last half of the month).
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As a result of the blockings, ridges over Alaska and northern
Atlantic are very intense.

These somewhat anomalous states during January 1979 should be kept
in mind when interpreting some of the results shown later.

3.2 Southern hemisphere

Due to the large amount of surface observation by drifting buoys
(average 150 buoys), a quite detailed pressure distribution has been
obtained. The lows located around 60°S are 3-4 mb lower than the
normal climatology compiled from less observations. The subtropical
highs are higher by 2-4 mb and as a result, the pressure gradient in
the middle latitude zone is larger. The high located off the east
coast of South America (4008, 45OW) has not been depicted in the
(normal) climatology.

At this level the main extra data sources are the satellite temperat-
ure soundings and the cloud winds. Zonal assymetry is more pro-
nounced than in the (normal) climatology; specifically, the troughs
around 40°W and 90°W are very distinct. Dominance of zonal wave-
number 5 is noted, which is also clear in the surface pressure field
(Fig. 3).

3.3 Tropics

3.3.1 850 mb wind field

In general, the major large scale features are similar to climatology
(Fig. 5). The following differences are noted.

(i) Larger equatorial westerly zone (exténding
from 60°E to 160°W) '

(ii) Distinct trough located off the east coast
of South America, separating the south
Atlantic subtropical high into two.

(iii) Weaker subtropical highs in the northern
hemisphere and the trough at the west coast
of Africa. These differences are more likely
due to year to year variations.
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Zonal winds (Fig. 6) are much larger than in Newell's mean,
partly due to the duration of averaging and the data coverage.
The differences are largest over the equatorial eastern Pacific
and the equatorial Atlantic, where conventional data coverage is

very poor.

A strong equatorial westerly jet (~15 m/sec) exists in the area
between Australia and New Guinea. The jet is strongest at 850 mb and
becomes weaker above and below. This jet is observed only in

January and is much weaker in February.

Magnitudes of the meridional wind of the ECMWF analysis (Fig. 7)
are also larger than the climatology. The largest differences are
observed over ocean areas, particularly over the southern hemisphere

and Indian ocean.

Three areas of strong cross equatorial northerlies are noted,

over the Amazon basin, the east coast of Africa (in very narrow zone,
somewhat resembling the Somali jet in the summer monsoon season

but reversed in direction) and Indonesia. The westerly jet over
southern New Guinea corresponds to the zone of strong convergence

in the meridional wind field.

3.3.2 200 mb wind field

Major flow patterns at this level (Fig. 8) are also very similar
to Newell's. Some differences are again observed over the ocean

areas.

(i) The trough over Mexico extends to the southern
hemisphere (IOOOW).

(ii) Very sharp trough with strong tilt from north west
to south east is located at 140°-120°W, 40°S- equator.

(iii) Weak vortex is located at the equator in the

Indian ocean.
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For the zonal winds (Fig. 9), the area of easterlies in the tropics
is somewhat smaller in the ECMWF analysis and mostly located over
the continents (corresponding to the northern part of anticyclonic
vortices located over the continents). The magnitudes are smaller
than in Newell's analysis. The pattern over the south-eastern
Pacific shows interesting detail with weak easterlies at BOOS, a
westerly jet at 1598 (corresponds to the trough extending from
Mexico), and a weak westerly zone at 10°N separating the jet from
the subtropical jet at 30°N.

Meridional winds (Fig. 10) at 200 mb are2-3 times larger than in
Newell's analysis, and differences are again large over the southern
hemisphere ocean areas. Two zones (tilted from southwest to north
east) of southerly cross-equatorial flow exist off the west and

east coast of South America. Very strong cross equatorial souther-
lies are shown in the movie of infrared cloud imagery during the
special observation period over the similar area (Fleming and

Bohan, 1980, presented at the International Conference on

Preliminary FGGE Data Analysis and Results, Bergen, Norway).

3.4 Zonally averaged zonal motion field

Fig. 11 shows the latitude-height cross section of zonally averaged
zonal wind, both for the ECMWF analysis and for Newell's.

In the northern hemisphere, differences between the two are very
small. In contrast, the westerly jet in the southern hemisphere is
about 8 m/s stronger in the ECMWF analysis and the westerly area

extends much higher into the stratosphere.
The tropical easterly belt in the ECMWF analysis is observed only
below 600 mb and above 100 mb. The mean zonal wind in the middle

to upper troposphere is a weak westerly.

These differences are more likely the results of improved data

coverage over the tropics and over the southern hemisphere.

3.5 Time variability of u and v

To examine time variability, standard deviations of wind components

from time averages are computed. Only the zonal mean is shown here.
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The standard deviations of u and v (Fig. 12) in the northern hemis-
phere for the ECMWF and Newell's analyses are again not too different.
Large differences are observed in the southern hemisphere where
standard deviation of v in the ECMWF analysis is much larger, indica-
ting more aplitude in transient disturbances. On the other hand,

time variability of the winds in the tropical upper troposphere

is smaller (especially in u-field) in the ECMWF analysis, despite

the use of large amounts of cloud wind observations, which are
entirely missing in the Newell's analysis. The cause of this smaller
variability is not clear at this stage but it can be related to

the difference in the types of observations, year to year variations,
and in the analysis methods used.

3.6 Momentum transport

Following Newell's analysis, zonal mean momentum fluxes are
computed for the ECMWF analysis. The transport is separated into
three components, i.e.

[T9] = [§] [%] + [@° 571 + [0V (1)

The square bracket and over bar stand for the zonal and time

average respectively, and star and prime are the deviation from

the corresponding means. The three components are named as flux

by the mean meridional motion (the first term on the right of Eq. 1)
by the standing eddies (2nd term) and by the transient eddies

(3rd term).

2

The momentum fluxes by the mean meridional circulation (Fig.13 left)
show similar patterns for the two analyses. The differences are the
stronger fluxes in southern hemisphere for the ECMWF analysis, ’
particularly between 40°S and 60°S. The northern hemisphere stratos-
phere is also quite different. It is noted that in the ECMWF
analyses, combinations of persistency and climatology are used as
the initial guess for the analyses above 50 mb and no predicted
’fields are used. Dynamic control of the initial guess field are
considered to be somewhat limited in this sense and further evalua-

tion of the analyses seem to be necessary.

The significant difference of the momentum flux by the standing eddies
(Fig.13, right) in the northern hemisphere at 60°N may be due to the
blocking. It can also be related to the pronounced stratospheric
sudden warming events in the second half of January. The northward
fluxes at 30°N are similar. Winter to summer hemisphere transport
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Fig.14 Same as Fig.13 but zonally averaged momentum flux by the transient eddies.
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of momentum at the equatorial upper troposphere exist in both anal-
ses, but somewhat weaker in the ECMWF analysis. 1In the southern

hemisphere, southward flux at 30°S stands out in our analysis, but
the flux is smaller in other areas, indicating the quite different‘

character of standing waves between the two analyses.

The momentum flux by the transient eddies (Fig.14) shows interesting
differences at the equatorial upper troposphere, where the local
maximum of southward transport of momentum in Newell's analysis is
missing in the ECMWF analysis. To examine the difference of the
momentum flux in the tropics, the distributions of u'v' at 200 mb
are compared (Fig.15). Fair agreement of the signs and magnitudes
of the fluxes between the two analyses can be seen in the area where
the observations exist in Newell's. Major discrepancies are located
over the complete data void area in Newell's analysis (equatorial
Atlantic and Pacific). In other areas, the nature of the transient

disturbances are alike in the two analyses.

3.7 Divergent part of the wind

In order to examine forcing in the tropics, the velocity potential
field has shown to be very useful (Krishnamurti, 1971). The
velocity potential (y) is defined as,

2 1 ou 3V_Cosé
VX = 3 cosg (33 t 50 ) (2)

Here, a is the radius of the earth, ¢ is latitude and A is longitude.

vz is the Laplacian operator;

2 1 { 3 1 3 3 3
vV o= e {— =5) t 7 (cosy ——0}
a2 cos¢ A “coso A 3¢ | 3¢

3.7.1 Analysis and initialization

The analysis scheme used at the ECMWF has two constraints on wind
analysis, i.e. geostrophic constraint (relaxed toward the equator)
and the local nondivergence of the analysis increment (of the scale
less than 600 km). Therefore analyzed divergence is originated
from the initial guess divergence and the analyzed divergence of
the scale greater than 600 km.

To look at the magnitude of the contributions from the above two
sources of divergence, the analysis increment of the velocity potential
is computed. Fig. 16 shows an example of the pattern of X at 200 mb
(January 17 12GMT 1979, this date being arbitrarily chosen). The
analysis increment (Fig. 17, upper) is as large as or larger than
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the analyzed values particularly in low latitudes. 1In the lower
half of Fig. 17, the difference between the analyzed and initialized
y field is presented. It is evident that the initialization
procedure removes low latitude large scale divergences. The main
reason for this reduction seems to be due to the lack of diabatic
heating in the initialization. Furthermore, the first guess field
which is the six hour prediction with full physics from previous
analysis fails to recover the proper magnitude of divergence in low

latitudes. This problem seems to be related to the slow build up of
diabatic heating (mainly latent heating) in the prediction model.

The main reason for the use of uninitialized fields throughout
this study is based on the above examination of the divergence
field. It is noted that in high latitudes the effect of the
initialization is much smaller due to the fact that the divergence
is controlled mainly by the dynamics rather than by the diabatic

heating.

Fig. 18 (upper panel) shows the mean X-field at 200 mb during January
1879. A marked minimum is located at 1508, 175°E. Two other areas

of minimum are noted over South America and southern Africa,
corresponding to the areas of climatologically active convection

(and also corresponding to the anticyclonic circulations in flow field
as shown in Fig. 8). Three maxima are located in each hemisphere,
corresponding roughly to the surface high pressure areas (see Fig. 1
and 3).

The divergent component of the wind is defined as

R )
X a cosd 9\
13 ®
= = 9X
Yy T a3

the wind vector directing from X minimum to maximum. The vertical
circulations expected from the distribution of X are the three local
Hadley circulations located at around 120—1500E, 30°E and GOOW,
strongest circulation being the first one with rising over the
southwestern Pacific and sinking over Siberia. In the southern
hemisphere, circulations in east-west are more evident, all of

them rising over the continent and sinking over the ocean. The velocity
potential pattern at 850 mb (Fig. 18, lower panel) shows good
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negative correlations with 200 mb, supporting the existence of

above vertical circulations. Considering that the analysis does

not have any constraints on the vertical distributions of divergence
except through the initial guess field, it is remarkable that the
analysis scheme and the data (mostly cloud winds from satellites)

can produce such a consistent velocity potential field.

The velocity potential field during northern hemisphere winter is
presented by Krishnamurti et al (1974). Their computation is based
on the analysis during December 1969 by the U.S. National Meteor-
ological Center. The general pattern of the velocity potential
agrees with the FGGE analysis but some of the details are quite
different. This comparison is not conclusive since the NMC analyses
are based on poor data coverage in the tropics with no cloud motion

vectors.

For better qualification of the analysis of the divergence field,
some measure of convective activity is helpful. This is performed
by Julian using archived satellite infrared digitized data at the
National Center for Atmospheric Research. The details are reported
elsewhere in this report. His study shows that the agreement of
velocity potential minima and convective activity are remarkable

in the monthly average and even in the daily chart.

This fact provides good basis for the validity of the divergence

analysis at least from a qualitative point of view.

The distributions of velocity potential in the vertical have not
been performed before simply because proper observations were not

available especially in the lower to middle troposphere.

To exhibit the vertical distributions in a physical way, the
kinetic energy of the divergent part of the wind is computed. Then,
the divergent kinetic energy is further separated into u-energy and
v-energy, i.e.



=
1
Mkfw

X
" (4)

<
Nk:m

KVX =
KuX and KVX are the measure of the strength of the east-west and
the local Hadley circulations, respectively. Furthermore, each
kinetic energy is expressed in terms of zonal Fourier component to
separate the space scales.

We present in Figs. 19 and 20 only two wave components (wavenumber 1
and 3), which have larger magnitude than other scales. In general,
divergent kinetic energy is very small compared to the total kinetic
energy (less than 5%). However, they are very important since all
the conversion from potential (available) energy to kinetic energy
takes place via the divergent part of the wind (Chen and Wiin-Nielsen,
1976). The large divergent kinetic energy is confined near the
tropopause, in the boundary layer (below 850 mb) and in the northern

hemisphere stratosphere. An interesting character of the divergent

kinetic energy is that the u-energy tends to have fairly large
north south scale, while v-kinetic energy is concentrated in rela-
tively narrow latitudinal bands (10o - 150). This is very clear in
the u-energy of zonal wavenumber 1, which has the scale of the
distance between the two poles. (This is also confirmed in the
successive February meaﬁ). There is some agreement of the location
of the maximum of total kinetic energy and divergent v-kinetic
energy in wavenumber 1, at 10°N, suggesting conversion of potential
to kinetic energy on this scale. Zonal wavenumber 3 indicates the
existence of the east-west circulations at 10°S. The KuX maximum
is situated at the middle of two maxima of KVX showing a very narrow
zone of forcing at 10°s.

4. KINETIC ENERGY BUDGET IN WAVENUMBER DOMAIN

We have examined several January averaged quantities of the ECMWF
analysis against available corresponding climatologies in Section 3.
From this examination, we are able to conclude that the analyses

are of good quality from a long time averaged point of view.
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In this Section, we discuss kinetic énergy budget calculations
applied to the ECMWF analysis. Two major objectives can be noted.
One is to examine further the physical consistency of the analyses,v
and the other to look into the energetics of the atmosphere in

some detail.

4.1 Separation of scales

In formulating energy budget eguations, there are several methods
to separate space scales of the motion field. Decomposition into
the zonal averages and the deviations from them is practical and
commonly applied (e.g. Oort, 1964), but it cannot reveal the differ-
ent energetical nature of the very large scales and smaller scales
which are known to be quite different. The space scale can be
expressed either by the zonal Fourier coefficients at each latitude
or by the spherical harmonic coefficients. The spherical harmonic
analysis is very attractive from a mathematical point of view and
also for describing the statistical character of the transient
disturbances (Baer, 1972). However, it seems to have some weakness
when applied to the atmosphere, which has large inhomogenuity in
the long time averages. Table 1 shows spherical harmonic spectra*

of the mean FGGE January analysis at 200 mb.

Only rotational part of the winds are considered. The
spherical harmonic component of the kinetic energy is

expressed as

2
m R(R+1) m
K, =—=—=%%(2-6_) [v,| ,
2 2a2 om %
where 6§ is a delta function, ¢ = 1 for m = o and
om om

60m =0 for m # o, and ¢ is a streamfunction defined as
2 = —12 v 3

V'V = T Cose {ax 59 (U Cosd’)}

It is noted that the contribution of the divergent part of
the wind to the total kinetic energy is very small as has

been discussed in Sect. 3.7.4.
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Table 1. Spherical harmonic kinetic energy spectra of the
rotational part of the wind at 200 mb for 1979
January mean analysis. The numbers in each column
indicate energies for the given zonal wavenumber
index (m) with increasing value of %£-m from bottom
to top, £ being the order of the Legendre polynomial.
Units are in m2 sec-2., Only the values for 1< m< 7
and o < ¢£-m < 7 are shown.

£-m m=1 m=2 m=3 m=4 m=5 =6 m=7
7 1.1 0.9 1.3 0.3 0.0 0.0 0.0
6 7.9 0.1 1.8 1.0 0.0 0.0 0.1
5 3.8 0.4 1.4 0.5 0.2 0.0 0.1
4 0.2 3.3 2.1 2.4 0.4 0.1 0.1
3 10.1 6.9 6.3 2.6 0.8 0.1 0.4
2 1.3 0.5 0.3 0.4 0.7 0.6 0.6
1 0.3 0.7 1.1 0.5 1.8 1.9 0.6
0 0.0 0.1 0.1 0.2 0.0 0.2 0.2
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The energy spectra spreads in many spherical harmonic components
and it is very difficult to see systematic distributions in zonal
wavenumber index (m) nor in the degree of the Legendre polynomial ().
There is a fair indication that the kinetic energy peaks appear

in the components of odd values of 2-m showing dominance of anti
symmetric mode with respect to the equator). This broad spectra
of the monthly means discourages us from using spherical harmonic
decomposition. Hence, we have decided to use zonal Fourier
decomposition, and tried to examine the latitudinal variations.
The zonal Fourier decomposition has an advantage that the dominant
mode can be easily identified in the original field, the disadvan-
tage being the variation of actual wave lengths with latitude for

the same wave number.

4.2 The energy budget eguations in wavenumber domain
and the computational method

The equations of energetics in wavenumber domain was first derived
by Saltzman (1957). The temporal change of the wave components

of kinetic energy at any latitude are written as follows.

ﬁ%ﬂl = 2 M(m) + C(o) + F(o) + W(o) + D(o)
m=1 (5)
9—%—@— -~ M(m) + L(m) + C(m) + F(m) + W(m) + D(m)

In the above equations, K(m) is the kinetic energy of wavenumber m,
m = o being zonal average, M is energy exchange between the zonal
motion and the waves, C is the conversion from available potential
energy, L is the kinetic energy exchanges between the waves, F is
the boundary flux convergence both in the horizontal and in the
vertical, W is the pressure work at the boundaries and D is
dissipation. The complete forms of the energy conversion terms

on the right hand side of Eq.(5) are described in the Appendix.

The energy conversion terms are evaluated in the box surrounded by

the grid points between the two standard pressure levels (Fig. 21).

As can be seen in the Appendix, the conversion terms consist of

several pairs of terms related by the continuity equation. TFinite
differences in the north-south and in the vertical require some caution
to avoid any fictitious generation of mass and energy, which causes

serious errors in the evaluation of some of the terms. The grid
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system (Fig. 21) is chosen for this reason.

The temperature is computed from the thickness between the two
pressure levels. No vertical interpolation is involved. The
vertical velocity (w) is computed from analyzed (uninitialized)

u and v assuming w = o at 1000 mb. No constraint on w is applied

in the calculation. Moreover, no particular care is taken over

the high topography area (u,v and z are analyzed even if the pressure
surface is below the ground). The upper limit of the wavenumber is
set to 30 in all the calculations.

The dissipation terms are computed as residuals knowing the time
tendency of the kinetic energy from the analyses 12 hour apart.

This residual was found to be as large as other terms even in the
monthly average, with both negative and positive signs. This
suggests uncertainties in evaluating some of the conversion terms
due to time and space truncation errors (including the effect of
waves shorter than wavenumber 30), and to the physically incon-
sistent analysis. To find the terms responsible for these uncer-
tainties in the evaluations of the conversion terms, 12 hourly
values of each term are mapped and checked particularly when the
residuals become large positive. It was found, in most cases, that
the terms related to the divergence are the source of the problem.
This is in fact expected from a somewhat crude way of computing
vertical motion as noted earlier. This indicates that although a
long time averaged large scale divergence field seems to show very
reasonable distributions as discussed before (3.7.2), individual
analyses are not accurate enough in magnitude and in the correlation
with other variables to give reasonable estimates of the energy
conversions. To overcome these problems, use of initialized vertical
motion is very attractive but still not adequate in low latitudes
(see 3.7.1). Thus, since it is not so simple to obtain accurate
vertical motion fields, we have decided to eliminate all the terms
related to the divergence (terms with w as well as the pressure work
term at the boundaries which relates to the divergent part of the
wind) and included them in the residual term. This implies that in
Egn. 5, part of the terms, M,L and F (terms related to the vertical
advections), and the terms C, W are combined with the term D

(see Appendix).
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4.3 Kinetic energy budget during January 1979

In order to examine the energetics in the tropics as well as in

high latitudes, we have selected the layer between 250 mb and 200 mb,
where tropical activity is greatest (see Figs. 12-14, 19-20). A
Fig. 22 shows energy diagrams for the northern hemisphere (QOON -
ZOON), tropics (200N - 20°S) and for the southern hemisphere

(20°s - 90°9).

In the northern hemisphere, zonal-wave interactions (M) are smaller
than the wave-wave interactions (L). The zonal motion receives
kinetic energy from waves as a total (some waves receive energy from
the zonal but not significantly). The wave-wave interaction shows a
large output of energy from baroclinic waves (wavenumber, m = 7

to 10) to long (particularly wavenumber 1) and short waves (with
some exceptions). The residual terms indicate input of energy to
baroclinic waves suggesting conversion from potential energy to
kinetic energy in this scale. A large output of kinetic energy in
wavenumbers 1 and 2 is noted. The overall energy exchanges

are in very good agreement (although details are not quite the same)
with similar studies performed by various people, which are summ-
arized by Saltzman (1970).

The most striking difference from the northern hemisphere is that

the zonal-wave interaction is larger than the wave-wave interactions.
This is physically quite convincing since the ultralong waves in

the southern hemisphere are not as active as in the northern hemi-
sphere due to the weaker forcing by surface irregularities.

This also suggests the importance of surface conditions in generating

and maintaining the ultralong waves.

Zonal wave interactions are much simpler than in the northern
hemisphere. All the waves supply energy to the =zonal motion, peaking
at m = 5 (the dominance of which has been noted in Fig. 4). Wave-
wave exchanges are not so simple but in general, conversions from
baroclinic waves (m = 7 to 10) to other waves are taking place.
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4.3.3 Tropics (Fig. 22, centre)

The tropical energetics is quite different from those in high lati-
tudes. The energy spectrum is more simple having its maximum at m=1
and decreasing nearly monotonically as scale decreases (the numbervin
the boxes of Fig.23 is the energy of each wave in mzsec_zunit).This is

considered to be due to the weak baroclinic wave activity in the

tropics. The zonal motion (weak westerlies, ~ 13 m/s) is maintained
by the waves (except by m = 2). The sources of kinetic energy for
smaller scales (m = 6) are the ultralong waves (m = 1, 3 to 5)

which are maintained by C+F+D, most likely by the conversion from
potential energy suggested in Figs. 16, 20 and 21. The energy
conversion to medium scale waves (m = 7 to 11) suggests development
of waves by barotropic instability.

In summary, most essential differences of energetics in the three

regions selected above can be summarized as follows.

i) Major kinetic energy source in high latitudes

is in the baroclinic waves

ii) . In the northern hemisphere, this energy source

is used mainly to maintain ultralong waves

iii) In the southern hemisphere, it is used to

maintain the zonal motion

iv) Major kinetic energy source in the tropics
is the ultralong waves forced by the organized
tropical convection (and probably by the middle
latitudes).

It is noted that the tropical energetics obtained here does not
quite agree with the one by Krishnamurti et al (1973) in the
conversion between the zonal and the ultralong waves (m =1 to 3
receive energy from the zonal in their study). We have repeated
the calculations by taking the same domain as Krishnamurti's

(15°N - 1598). In this domain, m = 1 still provides energy to

the zonal but less in magnitude (15 units vs 26 units). The m = 3
and zonal conversion reversed in sign (m = 3 receives 5 units).
Since the differences between the two studies can be due to various
other reasons (month to month, year to year change, data coverage

etc.), we have not tried to examine this diserepancy further.
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4.4 Latitudinal variation of the energetics

There are two major reasons to examine latitudinal variations of
the energetics. One is to understand the somewhat complex nature of
the ultralong waves in the northern hemisphere (Fig. 22) and the '
other is to look into the cause of the differences in detail of
the energetics among various studies, some of which are noted in

the previous section.

Fig. 23 shows latitude~time variations of the kinetic energy of m = 1
at 200 mb. The most apparent character of the wave is the very
narrow north-south scales (about 10° from minimum to minimum) with
maximum at around 10, 30 and 60°N. Tropical'wavenumber 1 has some-
what larger scale. The small N-S scale agrees with the synoptic
observations of the narrowness of the local westerly Jjet. Similar
figures for other waves (not shown) indicate that m = 2 also has
narrow N-S scale, but as m increases, there is a tendency that the
N-S scale increases. For the baroclinic waves (m=7-10) the N-S
scales are 20-30° latitude from minimum to minimum. The small N-S
scales of the ultralong waves suggest large latitudinal variatiouns

of the energetics in this scale.

Another noteworthy feature of the ultralong waves are their temporal
variations. The kinetic energy of m = 1 at BOON, for example,

goes through considerable variations from very intense state

(Jan 1 - 7) to almost non existent (Jan 23-27). Similar large
variations (not so clearly coherent with other waves) are observed
in other ultralong waves. The variations of the baroclinic waves

(m = 7-10) are more intermittent with a period of 4-5 days

(not shown). This analysis indicates the importance of examining

temporal variations of the energetics.

To examine the latitudinal variation of the energetics, monthly
averaged values of M,L,F and D for each wavenumber are plotted
against latitudes. The results for the zonal and for the first

few wavenumbers are shown in Fig. 24.
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Thick solid,

thick dashed, thin solid and thin dashed lines indicate zonal-
wave, wave-wave, flux and residual terms, respectively.




The zonal conversion (upper left figure) shows that the largest
contribution to the zonal motion is the flux convergence term,
negatively correlated with the smaller barotropic conversion term*
The distributions of these two terms indicate that the westerly
momentum is generally transported northward in the northern hemi-
sphere middle latitudes (southward in the southern hemisphere). The
signs of M and F depend on the gradient of the zonal mean westerlies.
The positive and the negative residual to the south and the north
of the westerly jet indicates generation and destruction of the
kinetic energy by the cross isobaric meridional circulation of

the tropical Hadley and the middle latitude Ferrel cells,

respectively.

The energetics of the waves show considerable variations with
latitude. In general, magnitudes of the flux convergence terms
are smaller than the scale interaction terms (L). By the careful
examinations of Fig. 24, we are able to divide the northern hemi-
sphere into three zones, which indicate quite different energetics

among them.

4.4.1 Polar region (QOON - 70°N. Fig. 25, left)

The energetics in this zone is very much different from the other
zones. The zonal motion provides large amount of energy tom = 1-6,
indicating barotropically unstable nature of the waves. Energy
exchanges between the waves show source of kinetic energy in m = 2
and 4, all other waves receiving energy from them. Since the actual
wavelength for the given wavenumber is much smaller than that in the
lower latitudes (about 14000 km for m = 1 at 7OON), it may not be
proper to use the word 'ultralong waves' in this zone. It is also
difficult to classify baroclinic waves from this point of view.

The relation with the evolutions of the stratospheric polar vortex
seems to be essential in this region, but this is beyond the scope

It may be misleading to call the term 'barotropic conversion',
because the part of the flux convergence term contains wave-
zonal interaction at the boundaries as shown in Appendix.

The term M is more properly named as the transport of the
westerly momentum up or down the gradient of the zonal
westerlies. Similar terminology applies to L and F.
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of this study. The use of the =zonal Fourier analysis may not be a
proper method to decompose the scales in these high latitudes. The

use of the spherical harmonics may be more appropriate.

In this region, the zonal motion still provides its energy to the
waves, mainly to m = 3. The role of wavenumber 3 as a drain on the
energy of the zonal motion is noted by Wiin-Nielsen et al (1963)

and Yang (1967). Conversions from all other waves are not signifi-
cant (except m = 4 providing energy to the zonal), On the other
hand, the wave-wave exchanges are significant. The kinetic energy
sources exist in the baroclinic waves (m = 5-10), providing their
energy to the ultralong waves (m = 1-4). Down the scale cascade

of the energy is small. The residual terms of the ultralong waves
are consistently negative. These energy exchange processes strongly
indicate that the ultralong waves are dynamically forced (contrasted

with thermally-forced) in these latitudes.

°N. Fig. 25, right)

This is the zone where the subtropical jet has its maximum intensity
(SOON). The zonal to wave interaction reverses its sign from those.
in the other two areas, the zonal motion being maintained by the
supply of kinetic energy from the waves. The wave-wave inter-
actions are quite different from those in the middle latitude =zone.
The kinetic energy source exists in two scales, i.e. the baroclinic
waves (m = 7-11, except 10), and the ultralong waves (m = 2-4)
except wavenumber 1. A large amount of energy is transferred to
wavenumber 1, which is consumed by the zonal-wave interaction,
conversion to potential energy, flux across the boundaries, dissi~-
pation, etc. These conversions indicate that the forcings in the
scale of m = 2-4, possibly by the heating and by the boundaries are
essential in this area. It is noted that the major part of the
Himalayas and some part of the Rockies are included in this zone,
which may be related to the forcing in these scales. The strong
sink of kinetic energy in wavenumber 1 is quite interesting. It
indicates that this wave is dynamically forced through the inter-
actions between the waves m = 2,3 and 4. The standing wavenumber 1
at 30°N corresponds to the strong jet centered around 150°E (see
Fig. 9). The velocity potential pattern (Fig. 18, upper) suggests
that there is a conversion from the potential energy to the kinetic
energy around this longitude in the monthly averaged field. In
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order to examine the differences of energetics between the standing
part and the total part, complete energetics (including divergence
related terms) are computed for the stationary part of the motion
field (based on monthly averaged field), and shown in Fig. 26.

It is noted that the vertical motion field over the high topography
area may have significant errors. Generation of kinetic energy by
the conversion from potential energy is clear in the area between
25°N to IOON, supporting the qualitative estimates from the velocity
potential field. The most significant difference with the total
part (Fig. 24b, second from top left) is the magnitude of the wave-
wave interaction terms (thick dashed lines), which indicate the
dominance of the role of the transient wavenumber 1, the large
temporal variations of the ultralong waves being noted in the
beginning of this section (Fig. 23).

We have shown in this section that the latitudinal and temporal
variations of the energetics of the ultralong waves are significantly
large. This implies that the disagreement with other studies in

the energetics in some of the wavenumbers should not be taken too
seriously. Rather, it is‘moré important to recognize the physical
consistencies of the energetics obtained in this study.

5. SUMMARY AND CONCLUSIONS

The January 1979 analyses by the 4-dimensional assimilation scheme
at the ECMWF using complete FGGE observations (II-b data sets) have
been examined from climatological and kinetic energy budget studies.

The comparisons with the long time averaged January (and seasonal)

climatologies indicate the following.

i) The northern hemisphere is somewhat anomaloué due
to the strong blockings persisting during the month.

ii) Significant differences in the flow fields
over the oceans indicate the impact of the
FGGE observations. The time variabilities
of the motion field over the tropics in the
upper troposphere are somewhat smaller than
the climatological means. The momentum transports
by the transient eddies are much smaller over

the similar area and levels.
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iii) In the southern hemisphere, surface highs and
lows are more intense. Upper level flow
patterns have more intense troughs and ridges,
again indicating the impact of the FGGE
observations. Momentum transports by the
standing eddies are larger and the pattern
different.

Since year to year variations can be significant, the above
comparisons may not be entirely interpreted as the difference due
to the observations coverage and the analysis scheme.

The analyses of the tropical divergence fields have been examined by
mapping the velocity potential field. From the comparison with the
initial guess field, a large part of the analyzed divergence has

been found to be produced by the observations. The initialization
procedure (nonlinear normal mode initialization) has a weakness

of reducing the analyzed divergence in the tropics due to the lack of

diabatic forcing.

The large scale velocity potential fields depict three local

Hadley circulations between the areas of active tropical convection
and the northern hemisphere continents, and the east-west circula-
tions between the continents and the oceans in the southern hemi-
sphere. The circulations have largest kinetic energy in the
planetary boundary layer and at the tropopause.

A kinetic energy budget in the zonal wavenumber domain is performed
on the analyses. The vertical motion field directly computed from
uninitialized winds causes undesirably large residuals in computing
the energy conversion terms. Other means of computing vertical
motion must be investigated. The current computation excludes all
the divergence related terms and includes them in the residual term.
The kinetic energy budget in the northern hemisphere agrees very
well with the results compiled by Saltzman (1970), showing the

role of baroclinic waves as kinetic energy sources for other scales
of motion. The wave-wave interactions are stronger than the zonal-
wave interactions also in agreement with Saltzman. Some differences
are observed in the exchanges of each individual waves. In the

southern hemisphere, the wave-zonal interaction dominates the wave-
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wave interactions indicating the less important role of the
ultralong waves and making clear contrast with the northern
hemisphere energetics. The energetics in the tropics is quite
different from those in high latitudes. The kinetic energy source
is in the very large scale and the medium scale disturbances are
maintained by receiving energy from very large scales. This result
is similar to the energetics in the tropics during the northern
hemisphere summer. Some discrepancies with the similar study by
Krishnamurti et al (1974) during the northern hemisphere winter

are found in the zonal-wave interactions of the ultralong waves,

suggesting the sensitivities of the results to the analyses.

To examine further the energetics of the ultralong waves, latitudinal
variations have been examined. The latitude-time variation of the
kinetic energy of the ultralong waves shows narrow north-south scale
(about 10° latitude from minimum to minimum) with large temporal
variations. As a result, energetics of the ultralong waves changes
significantly with latitude and time. The northern hemisphere is
shown to be divided into several zones according to the different
monthly averaged energetical nature of the motion field. Remarkable
differences of the properties of the ultralong waves are found
between the middle latitude =zone (700N - 4OON) and the subtropical
zone (4OON - 20°N). 1In the middle latitude zone, all the ultralong
waves are maintained by the baroclinic waves through the nonlinear
interactions, while in the subtropical zone, ultralong waves except
wavenumber 1 are alsoc the energy sources for other waves. These
energetics suggest that in the latter zone where nearly the entire
Himalayas and part of the Rockies are included, the ultralong waves
are externally (most likely thermally) forced and in the former

zone they are dynamically forced by the interactions with the
baroclinic waves. The wavenumber 1 in the subtropical zone has
considerable time variability and the transient part are largely
controlled by the nonlinear interactions among the waves.

The various climatological and energetics computations performed
in this paper clearly reveals that the analyses of the FGGE data
by the ECMWF 4-dimensional assimilation scheme are of good quality
and suitable for diagnostic studies. The quantitative evaluation
of the vertical motion field, however, still seems to have some
difficulties. Use of the initialized field or other means have to

be investigated depending on the purpose.

>
>
0



Applications of the analyses for relatively short time scale
events (namely case studies) are not repbrted here. DPreliminary
study of the stratospheric sudden warming performed recently seems
to indicate that the analyses are also physically consistent and
useful in this respect{
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APPENDIX

The conversion terms of the kinetic energy equation in the zonal

wavenumber domain (Fig. 5) are expressed as follows.

(1)  Zonal-wave interaction term (M)

M(m) = Ml(m) + Mz(m) + MB(m)

M, (m)= % {3%%91 Re [U(m) V(-m)] + ﬁ%%Ql Re [V(m) V(—m)]}

My (m) = 24208 {y(0)Re[ U(m) V(-m)] - V(o)Re[U(m) U(-m)]f

y(m =2 {22 me (u(m) w-my] + LD Re (V(m) W(-m)1}

(i1)  Wave-wave interaction term (L)

L(m) = Li(m) + Lz(m) + LS(m)
L.(m) = - > 2 wULuLU) ¢ (VYT
i k=1 acos¢ e o
- 2re (v(dg, U+ v(Eg VDI
Ly(m) = - 2tand po [ w(U,V,U) + ¥(V,U,0)]
k=1 @
Y = 3 g:1%) / 3V

(i11) Baroclinic conversion term (C)

C(o) = - -g W(o)" T(o)"
Clm) = - %? Re [W(m) T(m)]



(iv) Flux term (F)

F(m)

F (o)

Fy(0)

Fy(m)

Fo(m)

i

= )
= - acosé 33 2 cosg {

Fi(m) + Fo(m)

1 3
T acos¢ a¢ COS¢ {

V(0)K(0) + 2U(0) ; Re [U(k) V(-k)]
k=1

+2V(0) T Be [V(k) V(—k)]}
k=1

- é% {W(O)K(O) + 20(0) T Re [U(k) W(-k)]
k=1

¥ 2V(0) % Re [V(K) W(—k)l}
k=1

1 T Re [¥(U,U,V) + W(V,V,V)]}
k=1

-2 2 T Re [¥(U,U,W) + ¥(V,V,M)]

o poq

(v)  Pressure work term (W)

S W(m)

Wl(o) =

W,(0)
Wy (m)
Wo(m)
(vZ)

D(o)

D(m)

1l

Wl(m) + Wz(m)

-8 _ .2 cos¢ {V(o) Z(o)“}

acos¢ 3¢
-8 35 {0 2(0) "}

2g d

acos¢ 3¢ COS$ Re [V(m) Z(-m)]

—2g —5% Re [W(m) Z(-m)]

Dissipation term (D)

U(o) X(o) + V(o) Y(o)

2 Re [U(m) X(-m) + V(m) Y(-m)]
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(vit) Kinetic energy (K)

K(0) = & {U(0)? + V(o))

2 2
K(m) |U(m) |7 + |V(m) |
In the above expressions, ¥ is an operator denoting,

Y(A,B,C) = A(m) {B(-k) C(-m+k) + B(k) C(-m-k)}

Im and Re denote imaginary and real part respectively.
The meaning of the symbols used are as follows

U(m) : =zonal Pourier component of u
V(m) : =zonal Fourier component of v
W(m) : =zonal Fourier component of w
X(m) : =zonal Fourier component of the east-west

component of the frictional force per unit mass.

Y(m) : =zonal Fourier component of the north-south

component of the frictional force per unit mass

Z(m) : zonal Fourier component of geopotential height.
R : gas constant of dry air

g : acceleration of gravity

D I  pressure

w : dp/dt

The double prime denotes the deviation from a north-south average:

9
1 S
(sind>1 - sin¢2) ¢1

A cos¢ do

The values in the diagrams (Figs. 23 and 26) are obtained by

applying the above averaging procedures.

The divergence related terms are MB’ L3, C, F2 and W, which are
set to zero in most of the computations, except in the case of
the stationary part of the motion field.
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