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Summary 

The role of stationary (monthly mean) and transient (de- 
parture from monthly mean) waves within the atmospheric 
energy cycle is examined using global analyses from the Euro- 
pean Centre for Medium Range Weather Forecasts 
(ECMWF) for the period 1980-1987. Only January and July 
averages are considered. 

It is confirmed that planetary stationary waves are ba- 
sically baroclinic. Their contribution to the globally averaged 
energy cycle of the atmosphere is comparable to that of the 
transient waves. In January they contribute about 40% to 
the baroclinic conversion (CA) from zonal mean to eddy 
available potential energy. Local values for the northern 
hemisphere even show a predominant role of the stationary 
wave conversions over those originating from transient 
waves. Part of the available potential energy of stationary 
waves (AsE) is converted to kinetic energy by warm air rising 
and cold air sinking. Nonlinear energy conversion, which can 
be interpreted as destruction of stationary temperature waves 
by transients, is the second sink for Ase. The order of mag- 
nitude of these two processes is similar. 

Barotropic nonlinear conversions, though negligible in the 
global average, reveal large conversion rates between the 
mean positions of the polar and the subtropical jets. Their 
orientation is suggestive of a tendency to increase stationary 
wave kinetic energy Kse at its local minimum between the 
jets at the expense of the synoptic scale transients. 

While all terms of the energy cycle related to stationary 
waves reveal a predominance of the planetary scale (zonal 
wave numbers 1-3) transient waves are governed by synoptic 
scale waves (zonal wave numbers 4-9) only with respect to 
the baroclinic and barotropic conversions: a significant 
amount of transient wave energy (50% for the global average 
of ATE) is due to planetary scale waves. 

1. Introduction 

Both  s ta t ionary  (time mean) and  t ransient  (de- 
par ture  f rom time mean)  a tmospher ic  waves are 
a characterist ic feature o f  the general circulation.  
The existence o f  the former  is generally a t t r ibuted  
to diabatic and  orographic  forcing. The relative 
impor tance  o f  bo th  types o f  forcing is still under  
debate (see e.g. Simmons,  1982; White,  1982; Wal- 
lace, 1983; Held,  1983; Hayash i  and  Golder ,  1983; 
Heckley and  Gill, 1984; Jacqmin  and  Lindzen,  
1985; Nigam et al., 1986; Gal in  and  Kir ichkov,  
1986; B lackmon et al., 1987; F leming et al., 1987). 
Transient  waves are unders tood  as the result of  
baroclinic instabil i ty of  the zonal  mean  flow. It 
was shown both  in numerical  experiments (e.g. 
S immons  and  Hoskins ,  1978, 1980; Held and  Hos-  
kins, 1985) and  observat ions (e.g. Rande l  and  
Stanford,  1985 a, b) tha t  the t ransient  waves, par- 
t icularly those related to the synoptic-scale, un- 
dergo a life-cycle. This life-cycle can mos t  easily 
be unders tood  in terms of  the energy cycle pro- 
posed by Lorenz  (1955): A phase of  baroclinic 
growth,  in which zonal  available potent ia l  energy 
(AZ) is converted to eddy  available potent ia l  en- 
ergy (AE) p redominan t ly  by hor izonta l  heat  trans- 
ports,  is a lmost  ins tan taneous ly  fol lowed by a con- 
version of  A E  to eddy kinetic energy by warm air 
rising and  cold air sinking (Stein, 1986; H u a n g  
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and Vincent, 1988). This process is also called 
baroclinicl Later, the wave undergoes a phase of 
barotropic decay, when horizontal transports of 
momentum transfer energy from the wave to the 
zonal mean flow (KZ). 

Energy conversions corresponding to this cycle 
have also been observed for the predominantly 
planetary-scale stationary waves (Holopainen, 
1970; Lau and Oort, 1982), though these waves 
appear to be less efficient in converting available 
potential energy and kinetic energy when taking 
into account the size of the energy-reservoirs 
(Chen, 1982). 

Linear (wave-zonal mean) energy conversions 
by transient and stationary waves are not inde- 
pendent from each other but (as one would expect 
from the baroclinic adjustment theory proposed 
by Stone, 1978) mutually influence their strength 
in different latitudes (van Loon, 1979; Rosen and 
Salstein, 1982). Meridional fluxes of sensible heat 
due to stationary waves reduce the baroclinicity 
of the mean zonal flow and thus reduce the neces- 
sity for fluxes due to the transients, and vice versa. 

Besides the linear interactions there are also 
nonlinear interactions of both kinds of waves, 
which do not only appear to be important for 
"blocking" (see e.g. Hansen and Sutera, 1984; 
Ponater, 1985; Metz, 1986; Kung and Baker, 
1986; Holopainen and Fortelius, 1987) but which, 
as Opsteegh and Vernekar (1982) demonstrated 
using a primitive equation model, are essential to 
obtain the correct positioning of the stationary 
waves of the northern hemisphere. Lau and Oort 
(1982) looked upon these nonlinear interactions 
from an energetical viewpoint. Their result for the 
northern hemisphere was that in winter transient 
eddies damp stationary temperature waves by 
transporting heat down the local temperature 
gradient. This process is, in the global integral, 
equivalent to a transfer of available potential en- 
ergy from the stationary to the transient wave part 
of this reservoir. According to Lau and Oort, non- 
linear interactions between transient and station- 
ary waves of kinetic energy give low transfor- 
mation rates when integrated hemispherically. 
However, the low value obtained is the result of 
large local contributions of opposite sign, thus 
leading to uncertainty about the sign of the global 
value. 

The investigations mentioned above only used 
hemispheric data from the real atmosphere or were 

based on numerical simulations. With the data 
available here (see section 3), It was possible to 
carry out global investigations and interhemi- 
spheric comparisons. The goal of our investigation 
is to check the above-mentioned results with a 
comparatively long dataset and to obtain a closer 
insight into the energy cycle of the atmosphere by 
addressing the following questions: 
- How important are baroclinic stationary waves 

with respect to the global energy cycle? Are 
there indications for a different role of these 
waves on the two hemispheres? 

- Can an association between the zonally aver- 
aged contribution to the different terms of the 
energy cycle be detected? Is such an association 
different for stationary and transient waves? 
What is the role of the nonlinear conversions? 

2 .  M e t h o d  

The framework of the classical energy cycle is well 
known. We expanded the formulation of Arpe et 
al. (1986) to be able to distinguish between sta- 
tionary (monthly mean) and transient (departure 
from monthly mean) waves. This so-called" Mixed 
Space-Time Domain" formulation of the energy 
cycle (Oort, 1964) is illustrated in Fig. 1. Formulae 
used are depicted in the appendix. Generation 
terms and dissipation terms have been computed 
as residuals corresponding to the budget equations 
also shown in the appendix. The time derivations 
of the different reservoirs in these equations have 
been estimated using the reservoirs of the preced- 

GZ "- ~ DZ 

GSE DSE 

~ ca 

~ CEs 

CATE-A/S~ 
/ 

\ 
CKTE-KSE 
\ 

GTL CE T ~ DTE 

Fig. 1. Diagram of the global atmospheric energy cycle in 
the Mixed Space-Time Domain. Arrows indicate orientation 
of conversions corresponding to the definitions in the ap- 
pendix 
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ing and of the following month, i.e. December and 
February for the January values, and June and 
August for the July values. 

When considering the energy cycle for limited 
parts of the atmosphere, boundary fluxes would 
have to be computed. However, the local or zonal- 
ly averaged integrands of the different terms gen- 
erally indicate distinct physical processes or de- 
scribe the state of the atmosphere. This is making 
them a useful tool for diagnosis of the atmospheric 
general circulation. For some of the terms of the 
energy cycle, like CE and the nonlinear conver- 
sions between stationary and transient waves, 
there are different possible formulations of the 
integrands (Ponater and Frenzen, 1988; Kung et 
al., 1983; Lau and Oort, 1982) which, of course, 
lead to different distributions of the integrand val- 
ues. These distributions are associated with dif- 
ferent physical aspects of the conversions, but 
should lead to the same global integrals. We will 
limit our investigation to the formulations noted 
in the Appendix. 

Our approach to the energy cycle of stationary 
and transient waves will include a separation for 
waves of different zonal wave numbers. Long 
waves (zonal wave number 1-3), synoptic (wave 
number 4-9) and short scale waves (wave number 
t0-15) will be distinguished, Contribution of 
single wave numbers are not considered. Fur- 
thermore, no attempt is made to separate standing 
waves and travelling waves of different phase 
speed, which are all part of the transient waves. 
Generally, fast moving travelling waves are of syn- 
optic or shorter scale in midlatitudes, while slowly 
moving ones are predominantly of planetary scale 
(e.g. Kung, 1988). An investigation of the ener- 
getics of the fast and slowly moving disturbances 
has been carried out by Sheng and Derome (1989). 

3. Data 

The data consist of 7 years of initialized global 
00Z analyses of the ECMWF (1 dataset per day). 
The period covered is June 1980 to February 1987, 
but only January and July data are used for this 
study. Archived data consist of packed spherical 
harmonics of geopotential height, temperature, 
humidity, both horizontal wind components (or 
alternatively divergence and vorticity), and the 
verticat wind component for 13 pressure levels 

(1,000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 
70, 50, 30 hPa). From these data Fourier coeffi- 
cients are computed at 59 equidistant latitudes 
between 87~ and 87~ The maximum resolution 
depends on the truncation of the archived spher- 
ical harmonics, which has been reduced from T80 
to T 63 (triangular truncation) after April 20, 1983. 
While the changes in the archiving system (Arpe 
et al., 1986) are of no relevance to the results of 
our investigation, there have been several changes 
to the analysis procedure at ECMWF which 
clearly have an impact on the basic analysis-data 
itself. Of these changes (see Arpe et al., 1986; 
Trenberth and Olson, 1988 a, c for a listing) the 
major ones are those of the forecast model (al- 
tering the "first guess"), of the assimilation scheme 
(Rosen et al., 1985) and of the initialization (Tren- 
berth, 1987). Arpe et al. (1986) suspected that these 
changes are relevant to some terms of the energy 
cycle, for example that they might be the cause of 
an observed trend for the term CE. 

Considerable progress has been made in ob- 
taining better values for upper air data over the 
southern hemisphere and the tropics. Still there 
remains some uncertainty on the analysis data for 
these areas arising from comparisons of different 
data sets (Heckley, 1985; Rosen et al., 1987; Tren- 
berth and Olson, 1988 b). 

We believe that, in spite of the above-mentioned 
uncertainties, the time averages for the different 
terms of the energy cycle presented below are a 
good estimate of these processes in the real at- 
mosphere. 

4. Results 

4.1. The Global Energy Cycle 

The globally averaged energy cycle as depicted in 
Fig. 1 is shown in Fig. 2 for January and Fig. 3 
for July. Results agree well with observational es- 
timates of the global energy cycle carried out by 
Kung and Tanaka (1983) for the FGGE Special 
Observation Periods. The data used here are, to 
a major part, identical to those used by Arpe et 
al. (1986); thus, their results for the space-domain 
energetics can be compared to the present results 
by adding our stationary and transient compo- 
nents of the different reservoirs and conversion 
terms. From the distinction between these two 
components it becomes clear that the stationary 
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waves cannot be neglected compared with the 
transient ones. This holds for the reservoirs of 
available potential energy and kinetic energy as 
well as for the baroclinic and barotropic conver- 
sions CA, CE, and CK. With stationary waves 

being of maximum importance in northern hemi- 
sphere winter (e.g. Wallace, 1983), energies and 
conversion rates for the stationary waves for Jan- 
uary exceed the corresponding ones for July by 
between 50% (Ase, CEs) and 100% or more (CAs, 
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CKs). Long waves of zonal wave number 1-3 
clearly dominate all terms of the stationary sub- 
cycle (CAs, Ase, CEs, Kse, CKs). The result for 
the transient subcycle is not quite as simple: While 
conversions are governed by synoptic scale waves, 
long transient waves contribute as much to the 
reservoir of ArE as the synoptic scale transients. 
Long transient waves also play an important  role 
in the reservoir of Kre. 

One might suspect that this relation between 
conversions and reservoirs is caused by the non- 
linear conversion terms interconnecting the sta- 
tionary and transient parts of the cycle. Indeed, 
while there is almost no global net conversion 
between the two eddy kinetic energy reservoirs, 
the conversion CAre-ASe is playing an important 
role whithin the global energy cycle. It is directed 
from the stationary wave reservoir to the transient 
wave reservoir of available potential energy reach- 
ing the same order of magnitude as the baroclinic 
conversions of the stationary waves, CAs and CEs. 
Obviously the damping of stationary temperature 
waves by horizontal transient fluxes of sensible 
heat is an important  process in the atmosphere, 
even when global and temporal averages are con- 
sidered. 

In Fig. 2 and 3 the separation into the different 
wave number groups is done with respect to the 
wave numbers of the stationary waves for the non- 
linear conversions. The result of this separation is 
a clear dominance of the long stationary waves 
within CATE_ASE, which is consistent with the dom- 
inance of long waves in AsE. As the nonlinear 
terms are determined by both stationary and tran- 
sient waves (see formulae in the appendix) the 
question arises, if there is a similar dominance of 
a wave number group with respect to the transient 
waves, or if both are equally important. The latter 
would be consistent with the part of ArE due to 
long and synoptic scale waves almost being equal. 
Our approach to this problem is to compute the 
nonlinear conversions without any long (zonal 
wave number 1-3) or without any shorter transient 
components (zonal wave number greater than 3), 
respectively. The result (not shown in Fig. 2 or 3) 
is that long and shorter transient waves contribute 
about equally to stationary wave damping. The 
conversion rate for CAre-ASe in January is 

- 0,47 W/m 2 when all transient waves are consid- 
ered, compared with - 0.17 W/m 2 when only long 
transient waves are used and - 0 . 1 8  W/m 2 for 

shorter (wave number 4 and higher) waves (not 
shown in Fig. 2). For July these values are 
- 0.23 W/m 2 (total), - 0.07 W/m 2 (long transient) 
and - 0.11 W/m 2 (short transient). 

It should be noted at this point that adding the 
conversion rates computed using only long or 
shorter transient waves one does not end up with 
the result obtained when using all transient waves. 
This is due to the transient-transient correlations 
involved (see appendix). The physical background 
is that part of the total nonlinear conversion may 
be due to a combined action of planetary scale 
and shorter scale transient waves, e.g. a transient 
planetary wave of the temperature field interacting 
with a short scale "wave" in the meridional wind 
field. Such interactions have been left unconsid- 
ered in the previous computations. 

4.2. Zonally Averaged Cross-Sections and Local 
Values 

The results for the global integrals listed in the 
previous section give an impression of how the 
global energy cycle is working. They are also useful 
for comparison with results from other data 
sources for the observed atmosphere and with re- 
sults from other GCMs. However, they tell only 
little about the physical background and the in- 
terrelations of the terms of the energy cycle. More 
insight can be gained from zonally averaged and 
local values, a number of which will be investi- 
gated below. 

In this section, baroclinic conversions and 
available potential energy on the one hand and 
barotropic conversions and kinetic energy on the 
other hand are treated separately. The background 
of this is the lack of local interrelations between 
the baroclinic conversions CE s and CET and the 
kinetic energy reservoirs KsE and KrE. The lack 
of such interrelations corresponds to the results 
of Baker and Brin (1985) who found that flux 
convergences of geopotential height are the most 
important source for local kinetic energy. 

4.2.1. Available Potential Energy and Baroclinic 
Conversions 

To investigate and compare details of  the pro- 
cesses associated with baroclinic conversions of 
stationary and transient waves we start with a 
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comparison of the energy of the reservoirs Ase 
and ArE in the two months considered. For Jan- 
uary these zonally averaged energies are shown in 
Fig. 4. As expected the largest tropospheric con- 
tributions to AsE occur over northern hemisphere 
midlatitudes. The maximum is located at 45~ 
The northern hemisphere maximum for the tran- 
sient waves is located farther poleward (Fig. 4, 
bottom), with synoptic scale waves dominating 
between 35~ and 60~ and waves of zonal wave 
number 1-3 between 60~ and 80~ (not shown). 
This change in dominant wave number may be 
associated with the convergence of meridians and 
not with a change of the horizontal scale. Maxi- 
mum energy of AsE exceeds those of Are by more 
than 50%. Stratospheric energy is clearly domi- 
nated by the stationary waves. Transient contri- 
butions in this area are, as for the stationary part, 
almost exclusively of planetary scale. In the south- 
ern hemisphere, large values for Ase are only ob- 
served over Antarctica. Part of this area of max- 
imum values is not observed but is the result of 
extrapolation to pressure levels below ground. A re 
values are lower than their northern hemispheric 
counterparts. As in the northern hemisphere, syn- 
optic scale waves dominate in midlatitudes, while 
high latitudes are dominated by low zonal wave 
numbers. 

In contrast to ArE, which is revealing almost 
the same structure in July as in January, the max- 
imum values of Ase for July are still found over 
the northern hemisphere (with the exception of 
Antarctica), but concentrated to the lowest part 
of the atmosphere between 20~ and 60~ and to 
a location between 20~ and 40~ 200 to 400 hPa 
(Fig. 5). Arpe et al. (1986) stated that the latter 
"spot" is not due to low static stability like pro- 
posed by Oriol (1982) but is determined by a wave 
number 1 temperature wave. This maximum of 
stationary wave available potential energy at low 
latitudes is not a unique feature in the northern 
hemisphere in July: A weak relative maximum is 
located at about the same distance from the equa- 
tor in the southern hemisphere (Fig. 5, top); sim- 
ilar maxima are found in January (Fig. 4, top). It 
will be shown further below that these maxima 
are associated with linear conversions CA s and 
CEs. 

It is generally accepted that transient waves are 
reducing the meridional temperature gradient, 
predominantly by meridional transports of sen- 
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sible heat. In terms of the energy cycle this process 
is described by the conversion CAr, transferring 
energy from zonal (AZ) to transient eddy available 
potential energy (Are). Zonally averaged contri- 
butions to this conversion term are determined by 
the meridional temperature gradient and, simul- 
taneously, by the magnitude of the sensible heat 
transports. A comparison of zonally averaged con- 
tributions to CAr (Figs. 6 and 7, bottom) and Are 
(Figs. 4 and 5, bottom) reveals coincidence of max- 
ima of energy values and conversion rates. An 
exception to this is found in January, when the 
northern hemisphere maximum of ArE is much 
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farther northward than the maximum of  CAr. The 
northward extension of  the reservoir was found 
to be due to intense "'long" transient waves, but 
there is no associated maximum of  CAr. The co- 
incidence for CA s (Figs. 6 and 7, top) and Ase 
(Figs. 4 and 5, top) is found to be very similar to 
that observed for the transient waves with respect 
to mid-tropospheric values. We consider this an 
indication of  baroclinic processes associated with 
stationary waves comparable to those associated 
with transient waves. 

Warm air rising and cold air sinking, equivalent 
to a conversion from available potential energy to 
kinetic energy and quantitatively described by CE s 

and CEr (Figs. 8 and 9), is observed with almost 
the same structure of  zonally averaged contribu- 
tions in the troposphere as the parent reservoirs. 
This even holds for the ATe low zonal wave num- 
ber maximum in northern hemisphere winter. 
However, conversion rates due to these "~ 
transient waves are small compared to synoptic 
scale wave conversions. This result is not unex- 
pected in the light of  the global integral results 
discussed previously. 

A special note should be given about the lo- 
cations of  the observed "spots" of Ase around 30 ~ 
Maxima of  conversion rates CA s and CEs can 
indeed be found in the vicinity of  the maxima of  
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Ase. The relative maximum of AsE around 20~ 
250hPa in January (Fig. 4, top) corresponds to 
large conversion rates maximizing at 15~ im- 
mediately equatorward (Fig. 8, top). The same co- 
incidence can be seen for the 30~ maximum of 
Ase at the same level, where conversion rates are 
relatively large at its northern end. For July the 
conversions associated with the high energy at this 
latitude are found near 20~ These baroclinic 
conversions at low latitudes are only due to ver- 
tical heat transports, i.e. horizontal transports do 
not give any significant contribution to CA s (com- 
pare formula in the appendix). In an investigation 
for FGGE SOP-1 Huang and Vincent (1985) also 
found a maximum in stationary wave conversion 
CEs, which was associated with the South Pacific 
Conversion Zone (0~176 Contrary to our re- 
sults, they did not find similar conversion rates 
for CAs, which is probably due to different def- 
initions of the stability-parameter. 

Large values of Ase near the surface observed 
between 10~ and 70~ in July (Fig. 5) are not 
associated with a CA s maximum. The vertical de- 
crease of energy suggests that these structures are 
governed by diabatic effects. One might tentatively 
associate the high globally averaged values of Gse 
in July compared to January with this energy max- 
imum. 

Nonlinear stationary-transient energy conver- 
sions between Ase and Are support the hypothesis 
of local (zonally averaged) interdependence be- 
tween different parameters of the energy cycle al- 
most perfectly. Their maximum contributions to 
the global integral are found between 40~ and 
70~ in January (Fig. 10). This is the area where 
the high values of Are due to "long" zonal waves 
do not coincide with large conversion rates of CA r. 
It appears that at these latitudes the predominant 
energy conversion is not from the zonal reservoir 

AZ but from the stationary wave reservoir, i.e. by 
nonlinear interactions. Further support for this 
hypothesis is given by a computation of CAre-ASe 
using transient waves of wave number 1-3 only, 
confirming that these waves are the predominant 
contributor to the maximum of nonlinear con- 
versions. Without inclusion of the nonlinear in- 
teractions between stationary and transient waves, 
the idea of interdependence of conversions and 
reservoirs in the zonal averages would be incom- 
plete. 

Apart from this maximum of negative values 
of CAre-ASE, lOW negative conversion rates are ob- 
served all over the troposphere. In January there 
is also a maximum of conversions from Ase to 
A rE in the stratosphere immediately over the north 
pole (Fig. 10), apparently associated with the high 
energy values a few degrees south (Fig. 4). Strato- 
spheric energy values for the winter hemisphere 
are much smaller in July (Fig. 5), and as expected 
there is no local maximum of the nonlinear con- 
version. In July large values of C~re_Ase are ob- 
served over Antarctica only (not shown). The up- 
per troposphere maximum of Ase at 30~ (Fig. 5, 
top) is not associated with strong nonlinear in- 
teractions. Still, as in January, negative values are 
observed throughout the troposphere, showing 
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Fig. 10. Conversion CAr~-ASE (ATE~ AsE) in 10-6W/(m2*Pa), 
January 
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Fig. 11. Temperature in January 1987, 700hPa, in K 
(ECMWF analyses). Shaded areas depict local contributions 
to CArE-ASE greater than 50*10-6W/(m2*Pa) (dashed) and 
lower than - 50*10-6W/(mZ*Pa) (stippled) 
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that destruction of stationary temperature waves 
by transients is a process not limited to distinct 
areas. 

Looking at the northern hemispheric horizontal 
contributions to this term for the 700 hPa-level 
(Fig. 11) (chosen because of its maximum zonally 
averaged values in Fig. 10), it is possible to gain 
some insight into the processes leading to the zo- 
nally averaged structure. Local regions of positive 
and negative values are found, coinciding with 
regions of relatively warm (eastern parts of the 
oceans) and cold air, repectively. This structure 
can easily be understood considering the horizon- 
tal heat transports by the transient waves (see, e.g. 
Lau and Oort, 1982, their Fig. 10 or Kushnir and 
Esbensen, 1986, their Fig. 1 c). Heat is transported 
against the local temperature gradient by transient 
waves. Because of the prevailance of the meri- 
dional component of this gradient over the com- 
ponent of the gradient associated with the sta- 
tionary waves, heat transports are predominantly 
directed towards the pole. Poleward heat trans- 
ports against the zonal mean temperature gradient 
are contributing to CAr. With respect to CArE_AS E 
they lead to the positive and negative contribu- 
tions observed in Fig. 11, positive if this heat trans- 
port is directed into relatively warm regions, neg- 
ative if it is directed into relatively cold ones. 
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Fig. 12. Kinetic energy of the stationary waves (Kse , top) 
and of the transient waves (Kre, bottom) in J/(mZ*Pa), Jan- 
uary 
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Fig. 13. Kinetic energy of the stationary waves (Ks~  in 
J/(m2*pa), July 

4.2.2. Kinetic Energy and Barotropic Conversions 

For January, analyses show an intense maximum 
of stationary eddy kinetic energy at 30~ 200 hPa 
(Fig. 12, top) associated with the zonal wind speed 
maximum of the subtropical jet. Minor maxima 
are found near the equator and at 55~ We as- 
sociate the latter with the polar jet. The high 
stratospheric values of KsE correspond to the polar 
night jet. While for Kse there is a relative minimum 
between the polar and subtropical jet maximum, 
KrE (Fig. 12, bottom) shows a broad area of high 
values. There are also large Kre values associated 
with the southern hemisphere subtropical jet and 
the northern hemispheric polar night jet. As for 
ArE, polar and stratospheric waves of/<rE are 
predominantly of planetary scale. 

For July, the distribution of KTE is very similar 
to that in January, except that the maxima are 
displaced northward by some 10 ~ in both hemi- 
spheres (not shown). For the stationary wave part 

(Kse) the energy distribution looks very different: 
A band of high values is observed at the tropo- 
pause level almost over the entire globe (Fig. 13). 
Comparatively weak maxima are observed at the 
location of the zonal mean jets (30~ 45~ and 
at 15~ Another maximum is found where one 
would except the polar jet according to the Jan- 
uary results. However, no distinct maximum of 
KSE is found at the location of the polar night jet 
at 60~ In contrast to the northern winter situ- 
ation this jet is almost perfectly zonal (reservoir 
KZ not shown) with a small transient wave com- 
ponent. 

The zonally averaged contributions of the non- 
linear conversion CKrE-KSE between stationary and 
transient waves of kinetic energy show only one 
strong positive maximum in January (Fig. 14). 
Comparing its location with respect to the zonally 
averaged values of Kse (Fig. 12), it is found 
that this maximum of the nonlinear conversion 



134 U. Ulbrich and P. Speth 

90S 

~ o ~  / / 

60S 3DS 0 30N 60N 90N 

sos ~os ; 36N' 66N g0N 

Fig. 14. Conversion CKrE-xse (KrE--' KsE)in 10-6W/(mZ*Pa), 
January 

CKre-xse is placed between the two maxima of Kse 
which we had assigned to polar and subtropical 
jet previously. With over 40*10-6W/(m2*pa) in 
January and over 20*10-6W/(m2*pa) in July 
these zonally averaged values are of the same order 
of magnitude as the local contributions to the 
linear conversion CKs (not shown). The fact that 
these conversions are found where Kse is at a local 
minimum and Kre is at a maximum can be con- 
sidered an indication of a physical mechanism 
forcing the atmosphere to a more uniform state. 
Indeed, the time series of zonally and vertically 
averaged Kse (not shown) indicates that separate 
strong maxima for polar and subtropical jet are 
only found for one or two months during north- 
ern winter. The hypothesis of such a mechanism is 
further supported by the fact that the positive (from 
transient to stationary) maximum of CKrE-XSE is 
only due to shorter (wave number greater than 3) 
transients, which indeed dominate Kre at this lat- 
itude, interacting with planetary stationary waves 
which dominate Kse. As it is suggested by the 
global integral values considered in the previous 
section, the result is different when long transient 
waves within this interaction are the only ones 
used for computation. These waves are extracting 
energy from the stationary waves over the entire 
atmosphere, with maximum conversion rates ob- 
served in the tropics. Thus, the effect of long tran- 
sient waves on long stationary waves is similar in 
both nonlinear stationary-transient interactions 
for available potential energy and for kinetic en- 
ergy. 

Local northern hemispheric values of  this non- 
linear conversion are depicted in Fig. 15 for Jan- 
uary 1987, 200hPa. Positive values are found 
downstream of the jet maxima over the Atlantic 
and the Pacific ocean, while negative values prevail 
over the jet entrance regions. The distribution of 

Fig. 15. Wind velocity in January 1987, 200hPa, in m/s 
(ECMWF analyses). Shaded areas depict local contributions 
to CKrE-~Se greater than 50*10-6W/(m2*Pa) (dashed) and 
lower than - 50*10-6W/(rn2*Pa) (stippled) 

positive and negative local values is consistent with 
results obtained by Hoskins et al. (1983) and Wal- 
lace and Lau (1985) using the E-vector method. 
They find "a tendency of the transient eddies to 
extend the strong westerly flow further across the 
Atlantic" (Hoskins et al., 1983), and a similar pat- 
tern associated with the Pacific storm track. Such 
a tendency can be interpreted as a "strenghtening" 
of stationary waves if westerly forcing takes place 
where westerly flow is comparatively intense, i.e. 
close to the local jet maxima, while it means weak- 
ening of stationary waves if it occurs close to local 
minima of the westerly flow. Thus, both their and 
our results support the idea of nonlinear station- 
ary-transient interactions are strengthening sta- 
tionary waves in the areas east of the continents. 
However, positive and negative contributions lead 
to a zero net conversion in the zonal average for 
30~ (Fig. t4), while apparently the positive zonal 
mean values north of this latitude (Fig. 14) are 
associated with a poleward bend of the areas with 
positive signature (Fig. 15). 

5. Concluding Remarks 

An investigation on the atmospheric energy cycle 
was carried out with special respect to the role of 
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stationary and transient waves ("Mixed Space- 
Time Domain"). We found significant contribu- 
tions to all terms of the globally averaged energy 
cycle due to stationary waves. Their zonally av- 
eraged contributions even exceed those of the tran- 
sient waves in northern hemisphere winter (Jan- 
uary). Intense stationary waves in the southern 
hemisphere are only found near Antarctica. Con- 
versions and reservoirs associated with stationary 
waves are governed by planetary scale waves 
(zonal wave number 1-3). The assumption that 
the terms of the energy cycle associated with tran- 
sient waves are dominated by synoptic scale waves 
only holds for the conversions. Planetary scale 
transients are an important part of the reservoirs 
of KrE and Are, even contributing some 50% to 
ArE. Part of the relative importance of these waves 
in the reservoirs compared to the conversions may 
be due to the nonlinear stationary-transient con- 
versions. The conversion from Ase to Are proved 
to be large even when the global average was con- 
sidered, while globally averaged conversion rates 
for CxrE-KSe are about zero. 

A closer look at the role of transient waves of 
different wave number within the nonlinear con- 
versions revealed that about half of the conversion 
CARe-ASe is due to the planetary scale waves, half 
due to the shorter scale transients. This is, indeed, 
the relation of the different scales in the reservoir 
ArE. Such a coincidence is not found for kinetic 
energy: while long transient waves extract energy 
from the reservoir Ks~, the opposite orientation 
of this conversion is observed when transient 
waves shorter than zonal wave number 3 are con- 
sidered. Comparable effects have also been found 
by Holopainen et al. (1988) in the context of tran- 
sient eddy geopotential tendencies. 

We believe that conversions due to nonlinear 
stationary-transient interactions are not sufficient 
to explain the discrepancy between conversions 
and reservoirs with respect to long transient waves. 
Another possible cause that is to be ruled out is 
the nonlinear interaction between different wave 
numbers within the transient wave reservoirs. 
Lambert (1987), Kung and Tanaka (1983) and 
Chert (1982) all found fluxes from long waves to 
shorter scale waves of available potential energy 
due to nonlinear energy conversions. On the other 
hand, these investigations give some indication for 
energy flow from shorter to long waves of kinetic 
energy. One might suggest that normal modes of 

the atmosphere (e.g. external Rossby waves) are 
a major part of the transient long waves of avail- 
able potential energy and kinetic energy. The dom- 
inant modes are travelling (consequently tran- 
sient) waves of planetary scale. Tanaka (1985) and 
Kung and Tanaka (1988) carried out a three-di- 
mensional normal mode energetics analysis for the 
FGGE year. They found about as much energy 
in the barotropic mode (vertical index zero) as in 
the baroclinic modes when kinetic energy is con- 
cerned, while for available potential energy the 
energy is almost completely contained in the baro- 
clinic modes. It is not possible to compute explic- 
itly the baroclinic conversion from available po- 
tential energy to kinetic energy using their scheme. 
Thus normal modes remain a possible background 
for the observed association of high energies and 
low conversion rates for low zonal wave numbers. 

Looking at latitude-height distributins for con- 
versions and reservoirs, we found evidence of in- 
terdependence of zonalIy averaged values of the 
different terms of the energy cycle both for sta- 
tionary and transient waves. In most cases, con- 
versions and reservoirs had maxima at the same 
latitude and height or immediately adjacent. A 
very instructive example is found in January, when 
the northern hemisphere maximum of Are is only 
partly coinciding with the linear conversion CAr. 
In high latitudes, where no coincidence between 
this conversion and this reservoir is found, max- 
imum values of the nonlinear conversion CATE_AS E 
are found. Apart from its numerical value, this 
clearly displays the importance of this nonlinear 
term. Though the global integral for the other 
nonlinear term, CKre-Kse, vanishes, there appears 
to be a significant local physical effect. We argued 
that the atmosphere tends to come to a more uni- 
form state filling the minimum of Kse between the 
subtropical and the polar jet by a transfer from 
the transient eddy kinetic energy reservoir, which 
has its maximum at this place. 

Appendix 

List of Symbols, Definitions and Abbreviations 

cp = specific h e a t  a t  c o n s t a n t  p r e s s u r e  

g = g rav i ty  o f  e a r t h  

p = p r e s s u r e  
r = r a d i u s  o f  e a r t h  

R = ga s  c o n s t a n t  
t = t ime  
T = t e m p e r a t u r e  
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T v = virtual temperature 
u = zonal wind 
v = meridional wind 

co = vertical p-velocity 

m = latitude 
2 = longitude 

= stability parameter 
R 

% P l  

= time mean of x (stationary part) 
x' = deviation from time mean (transient part) 
{x} = global horizontal mean 
[x] = zonal mean 
x* = deviation from zonal mean 

A Z  = zonal available potential energy 

_ 
2g ( [~]  - {T})2 

A E  = eddy available potential energy = A s e  + A r e  
Ase  = stationary eddy available potential energy 

_ y [~-~] 
2g 

ATE = transient eddy available potential energy 

_ 7 [ ~ ]  
2 g  

K Z  = zonal kinetic energy 
1 

= 2 g  ( [ ~ ]2  + [~ ]2)  

K E  = eddy kinetic energy = Kse + KTE 

Kse = stationary eddy kinetic energy 

1 
= _ _  [ ~ 2  + ~-~3 2 g  

KT~ = transient eddy kinetic energy 
_ 1 [ ~ + ; - a ]  

2 g  

CA = conversion from A Z  to A E  
CAs  = conversion f romAZ to Ase  

_ [ a [~] [~,~,] 
g \ rc3~o 

+ [~* ~'7 Up ([~] - {~}) 

([~] _ {~)))) 
p ' cp  

C A r  = conversion from A Z  to A r e  
_ [ a [~] 

g \ r63~0 

+ [co' T']  (~p  ([T]  - {T}) 

p ' c  e 

C Z  = conversion from A Z  to K Z  

= _ ( [ ~ ]  - { ~ } )  ( [T~]  - {~o} )  g'p 

CE = conversion from A E  to K E  

C E  s = conversion from Ase  to KsE 
= - [ ~ *  L * ]  R 

g ' p  

CE r = conversion from Are to K re. 
R 

= - [co' %'3 - -  
g ' p  

C K  = conversion from K Z  to K E  
CKs  = conversion from K Z  to Kse 

1 [ r_ ,  - , .  a [~] 
- g ~LU v 3 ~ + Eu* v*]"  Eu] tgr~0 

+ [ ~ , ~ , ]  0 L ~  _ [~,  K,] tg_~ [V] 
r o~o r 

+ [~* ~*] -b)-p + [~* ~*l 

C K r  = conversion from K Z  to Kre  

- gi ( [ u - ~ ]  ~ + [u '  v'] ' [~] tg~r 

[~3 tg(p [~3 + [v'~'J ~ -  [~-~3 
f 

+ [o~' u'] ~ p  + [ ~ ]  

CAre-ASE = conve rs i on  f r o m  A T ~ t o  AsE 
_ ~ ( u, T-----; , l O T *  v~-~ , O ~l'* t 

r c o s  ~ a ~  + ~ )  
CKTE.KS E = conversion from KTE to Kse  

1 (u--~* 1 63~* - -  a~* 

g ~ rcos(0 63~-~ + u'v '* r63(o 
- -  - -  a ~ *  

+ u ' v ' * ' ~  *tgrp + v'v '*  
r 63~o 

r cos ~0 a) , }  

GZ = generation of A Z  
Gse = generation of As~ 
Gre = generation of ATe 
D Z  = dissipation of K Z  
Ds~ = dissipation of KsF 
Dre = dissipation of Kre 

Budget 

63AZ 

63t 

63 A se 
63t 

equations: 

- - -  G Z  - C A s -  C A T -  C Z  

- -  - Gse + C A s -  CEs + CATE_AS e 

~ATE 
63t - =  GTE + C A r -  C E r -  CATE_AS E 

63 KTE 
t - = - DTe + CEr  + CKT - Cxre-i~se 

aKsE 
63 t - = - DSE + CEs + CKs  + CKTE'KSE 

a K Z  
63~-- = - D Z -  C K  s - C K  T + C Z  
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