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ABSTRACT 
Atmospheric simulations produced by the Canadian Climate Centre general circulation model 
(GCM) were examined to detect Rossby normal modes such as the familiar “5-day” and “16- 
day” waves. Space-time spectral analysis of the simulated geopotential fields showed a 
concentration of power near the scales and frequencies predicted for the two gravest Rossby 
modes of both zonal wavenumbers one and two. By filtering the time series of simulated 
geopotential and wind fields in narrow bands around these spectral peaks, the vertical and 
meridional structures of these prominent oscillations were revealed. These structures were in 
good agreement with those theoretically predicted for the Rossby normal modes. The overall 
amplitudes of these modes appear to be realistic and even the day-today evolution of the 
modal amplitudes in the GCM is similar to that observed in the real atmosphere. 

A more complicated picture emerged when the same analysis was applied to the lower 
frequency “16-day” wave (i.e., the second gravest symmetric Rossby mode). The spectra 
produced from the GCM fields hiled to reproduce the peak in power in westward propagating 
zonal wavenumber one variance near 15-20 days that has been observed by Speth and 
Madden (1983). Examination of the geopotential field after it had been filtered to include only 
low frequency westward-propagating zonal wavenumber one variance did reveal at least one 
isolated episode when the meridional structure displayed some resemblance to the second 
gravest symmetric Rossby mode of theory. However, amplitudes are much stronger in the 
winter hemisphere than in the summer. A similar hemispheric asymmetry in the “16-day’’ 
wave has been found in observations. 

The strength of the gravest symmetric zonal wavenumber one Rossby mode (“5-day” wave) 
was examined in a series of GCM simulations performed with climatological sea surface 
temperatures and in simulations that had anomalously warm sea surface temperatures 
imposed in the tropical Pacific. There is a clear tendency for the 5-day wave to be stronger in 
the simulations with warm Ocean temperatures, in agreement with observations of the 
interannual variability of this mode in real data. 

The excellent simulation of the gravest Rossby modes in the model suggests that the forcing 
and dissipation mechanisms for the modes in the GCM may also be realistic. An attempt was 
made to examine the forcing and dissipation of the modes in the model through a diagnostic 
study of the energetics of the simulated fields. The interaction with topography acts as a net 
sink for the modal energy. The dissipation arising from the parameterized mechanical friction 
in the GCM is much more important for these modes than that due to radiative heating and 
cooling. 

1. Introduction 

Spectra of observed atmospheric pressure and 
temperature fields are known to include substan- 
tial westward propagating variance at very large 
scales (e.g., Pratt and Wallace, 1976; Speth and 
Madden, 1983). Much of this westward propa- 

gating variance can be identified with the Rossby 
wave normal mode oscillations of the atmosphere 
(see Madden, 1979, and Salby, 1984, for reviews). 
Particularly evident in the data is the gravest 
symmetric zonal wavenumber one Rossby mode 
or “5-day wave” (e.g., Eliasen and Machenhauer, 
1965, 1969; Madden and Julian, 1972, 1973). 
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Other Rossby modes that have been detected 
in atmospheric data include the gravest 
antisymmetric wavenumber one mode (the “10- 
day wave” of Hirota and Hirooka, 1984), the 
second gravest symmetric wavenumber one mode 
(the “16-day wave” of Madden, 1978) and the 
gravest symmetric wavenumber two mode (the 
“4-day wave” of Hirota and Hirooka, 1984). 
Detailed studies of the behaviour of a large 
number of the Rossby modes in global tropo- 
spheric analyses have been presented recently by 
Lindzen et al. (1984) and Ahlquist (1985). 

In contrast to the large number of 
observational papers dealing with the Rossby 
normal mode oscillations of the atmosphere, 
there has been relatively little work concerned 
with the simulation of these modes in 
comprehensive general circulation models 
(GCMs). Hayashi (1974) showed that the five day 
wave was present in a GFDL grid point model. 
Tsay (1974) briefly discussed the appearance of 
the five day wave in a simulation produced with 
the NCAR GCM. Hayashi and Colder (1983a) 
examined the transient planetary waves simu- 
lated by a GFDL spectral GCM and found oscil- 
lations resembling the “5-day” and “ 16-day” 
Rossby modes. The present paper reports on a 
much more detailed examination of the normal 
mode oscillations appearing in the simulations 
produced by a state-of-the-art tropospheric/lower 
stratospheric GCM, namely the one developed at 
the Canadian Climate Centre (Boer et al., 
1984a,b). 

Analysis of the structure and climatology of 
normal modes is of interest for a number of 
reasons. The first of these is simply to validate 
the model through a comparison of the observed 
and simulated modal structures, frequencies, 
amplitudes etc. This validation of the normal 
mode component of GCM simulations is impor- 
tant both in climate modelling applications and 
in numerical weather forecasting. It is known 
that much of the forecast error in numerical 
prediction is associated with the misrepresenta- 
tion of the external Rossby modes (e.g., Lambert 
and Merilees, 1978; Desmarais and Derome, 
1978; Daley et al., 1981). The problems with the 
external Rossby modes in numerical prediction 
are largely caused by errors in the initial 
conditions, but could obviously be exacerbated if 
the model employed tended to a climatology with 

unrealistic structures or amplitudes for these 
modes. Another important motivation for the 
study of normal modes in GCMs is the possibility 
of performing diagnostic studies of the forcing 
and dissipation of the modes using the detailed 
results available from a model simulation. 

The plan of the present paper is as follows. 
Section 2 briefly reviews the theory and observa- 
tions of atmospheric normal modes. Section 3 
presents a description of the Canadian Climate 
Centre GCM and of the simulations analyzed in 
the present investigation. Also considered in 
Section 3 are the modifications introduced into 
the theory of atmospheric normal modes by the 
numerical limitations of the GCM. The results 
obtained for the structures and time dependence 
of the Rossby modes in a control simulation are 
described in Section 4. Section 5 then considers 
the changes found in the modes in model simula- 
tions with anomalously warm sea surface tem- 
peratures imposed in the tropical Pacific (i.e., in 
GCM experiments designed to simulate the at- 
mospheric circulation during the mature phase of 
a tropical El Niiio event). Section 6 discusses the 
energetics of the Rossby normal modes appearing 
in the GCM simulation. The conclusions are 
summarized in Section 7. 

2. Review of theory and observations of 
atmospheric normal modes 

2.1. Theory 
The study of atmospheric normal modes began 

with early efforts to determine the frequencies 
and structures of the linear free oscillations of an 
unforced, adiabatic, inviscid atmosphere (see 
Salby, 1984, for a review of the early history). 
The normal modes of nondivergent barotropic 
equations linearized about a motionless mean 
state were obtained by Haurwitz (1940). The 
corresponding three-dimensional primitive equa- 
tion problem was first solved completely by Dikii 
(1965) and Dikii and Golitsyn (1968). They ex- 
amined the “classical” problem of the free oscil- 
lations of the primitive equations linearized 
about a motionless mean state with temperature a 
function only of height. In this simple case the 
perturbation fields take the form of zonally- 
travelling waves modulated by a structure separa- 
ble in height and latitude. The vertical structure 
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of each mode is equivalent barotropic. In an 
isothermal mean state the vertical amplitude 
structure is just that of a Lamb wave (Lamb, 
1932). The meridional structures of the modes 
can be obtained as the eigensolutions of Laplace’s 
Tidal Equation (LTE) for a barotropic Ocean of 
some mean depth h. The appropriate value of the 
“equivalent depth”, h, depends on the vertical 
temperature structure assumed for the mean 
state. For realistic temperature structures the 
equivalent depth computed for the terrestrial 
atmosphere is about 10 km (Dikii, 1965; Salby, 
1979). For the discretized equations used in a 
GCM, a slightly smaller value of h would appear 
to be appropriate (see Subsection 3.3 below). The 
horizontal structures and modal frequencies ob- 
tained as solutions of LTE have been discussed 
by Dikii (1965), Dikii and Golitsyn (1968) and 
Longuett-Higgins (1968). The classical theory 
predicts the existence of an infinite number of 
branches to the dispersion relation. Some of these 
branches are associated with the relatively low 
frequency, westward propagating Rossby modes, 
others represent Rossby-gravity, Kelvin and 
gravity normal modes. The Kelvin modes all 
have predicted periods less than 33 h and the 
gravity modes have periods less than 14 h. Most 
theoretical and observational work has focused 
on the Rossby modes, but discussions of the 
higher frequency normal modes can be found in 
Matsuno (1980), Hamilton (1984) and Hamilton 
and Garcia (1986). 

In the present paper each Rossby niode will be 
labelled with two indices, (s,n). where s is the 
zonal wavenumber and n is a meridional mode 
number such that there are n-l zero crossings in 
the modal pressure field from pole-to-pole. The 
theoretically predicted structures for the pressure 
perturbations associated with the first three 
gravest Rossby modes of s = 1 and s = 2 for a 
9.36 km equivalent depth are displayed in Fig. 1. 
The structures for the horizontal wind 
perturbations are similar to those shown in 
Kasahara (1976). 

More sophisticated theoretical studies of the 
Rossby normal mode oscillations of the 
atmosphere have been conducted by Geisler and 
Dickinson (1976), Schoeberl and Clark (1980) 
and Salby (1981a,b). They all examined the 
forced linear response of an atmosphere with 
specified dissipation and mean zonal wind struc- 
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Fig. I. Meridional dependence of the gmpotential 
associated with the three gravest Rossby modes of zonal 
wavenumber one (top) and two (bottom). The normaliza- 
tion is the same as in Lindzen et al. (1984). 

ture. These studies showed that maxima in the 
response occurred for forcing at frequencies close 
to those predicted for the classical normal modes. 
The vertical and meridional structures of the 
solutions forced at these frequencies do resemble 
those of the classical normal modes, particularly 
in the troposphere. The agreement of the modal 
frequencies and structures in the calculations 
including mean winds and those in the classical 
theory is best for the higher frequency (i.e., 
gravest) Rossby modes and tends to break down 
seriously as modes with smaller phase speeds are 
considered. On the basis of his calculations, Salby 
(1984) suggested that the first few gravest Rossby 
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modes of zonal wavenumbers one, two and three 
might be present in the atmosphere in a recog- 
nizable form. Table 1 shows the theoretically 
predicted periods of some of these modes. 

2.2 Observations 
Various studies have identified many of the 

Rossby normal modes in the atmosphere. In this 
section a brief review will be given of some 
observational investigations that have employed 
techniques similar to those that were applied to 
the GCM output in the present study. 

Eliasen and Machenhauer (1965, 1969) ex- 
panded daily 500 mb geopotential analyses in 
terms of spherical harmonics (some of which 
approximate the horizontal structures of the 
classical normal modes). By plotting time series 
of the phase determined for each day, for each 
harmonic, Eliasen and Machenhauer were able 
to demonstrate that the very large scale waves 
tended to propagate westward with reasonably 
uniform phase speeds. Dikii and Golitsyn (1968) 
showed that Eliasen and Machenhauer’s ob- 
served phase speeds were in good agreement with 
those predicted by the classical theory. 

Recently Lindzen et al. (1984) have performed 
a similar analysis, but expanding 500 mb analyses 
into the actual classical modes of a ten km 
equivalent depth atmosphere (and using both the 
geopotential and horizontal winds to define the 
modal structure). They plotted time series the 
daily values of both the amplitude and phase 
for the first few gravest modes of zonal 

Table 1. Theoretically predicted periods of some of 
the largest scale Rossby normal modes in the 
atmosphere from Salby (1981b); the final column 
gives the names that have been used in the literature 
for the modes 

Mode Period range Name 
(days) 

(1.1) 3.3-5.6 
(1.2) 9.1-1 1 . I  
( 1 3  14.3-20.0 
(2,1) 3.84.5 
(2.2) 6.7-7.7 
(2.3) 1 1.1-20.0 

5-day wave 
10-day wave 
16-day wave 
4-day wave 

wavenumbers one, two and three. They found 
fairly regular phase propagation at speeds similar 
to those predicted by theory, but with amplitudes 
that varied significantly over time scales of the 
order of the wave period. 

Many studies have employed space-time spec- 
tral analysis to examine the characteristics of 
large scale transient waves in time series of global 
or hemispheric analyses. Speth and Madden 
(1983) computed space-time spectra of geo- 
potentials from several years of NMC analyses 
at various pressures and latitudes. They found 
distinct peaks in the spectra of westward propa- 
gating wavenumbers one, two and three that 
were near the predicted frequencies for each of 
the three gravest Rossby modes (i.e., the (l,l), 

modes). Speth and Madden also examined the 
vertical and meridional modulation of the 
geopotential variance in the frequency bands 
associated with the “5-day” and “ 16-day’’ waves 
(i.e., the (1,l) and (1,3) modes). They concluded 
that these structures are consistent with the iden- 
tification of the spectral peaks with Rossby 
normal mode oscillations. 

Hirota and Hirooka (1984, 1985) applied 
space-time spectral analysis to global strato- 
spheric geopotential fields constructed from 
satellite radiometer data. They then resynthesized 
the geopotential field associated with the west- 
ward propagating zonal waves within narrow 
frequency intervals near the theoretically predict- 
ed frequencies of the (l,l), (1,2), (2,l) and (2,2) 
Rossby normal modes. The meridional structures 
of the resynthesized geopotentials displayed a 
striking resemblence to the corresponding classi- 
cal modes. Earlier, Rodgers (1976) had presented 
a similar analysis (although only for the (1,l) 
mode) of satellite radiance observations with the 
same results. 

The identification of the relatively high fre- 
quency (l,l), (1,2), (2,l) and (2,2) modes in data 
has been a fairly straightforward matter. The 
published evidence suggests that the lower fre- 
quency (1,3) and (2,3) Rossby modes are not 
manifested so clearly in the atmospheric circula- 
tion, particularly around the solstices. Madden 
(1978) found that the spectral signals associated 
with the (1,3) mode were weaker in the summer 
hemisphere than in the winter hemisphere. 
Hirota and Hirooka (1985) found clear evidence 

( 1 3 ,  ( 1 3 ,  (2,1), (2,2), ( 2 3 ,  (3,1), (32) and (3,3) 
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for coherent global (1,3) and (2J) modes at 
Stratospheric levels only near the equinoxes. 
Daley and Williamson (1985) hake examined 
both tropospheric and stratospheric data during 
January 1979 when a prominent, westward-prop- 
agating, zonal wavenumber one distiirbance with 
period near 20 days was observed in the Northern 
Hemisphere. They found (at most) only a weak 
corresponding signal in the southern hemisphere, 
and they questioned whether the observations of 
the long period travelling wave in the northern 
hemisphere should be interpreted '3s a normal 
mode oscillation. 

3. The GCM simulations 

3.1. The model 
The Canadian Climate Centre GCM employed 

in this study has been described in detail by Boer 
et al. (1984a,b), and so only a brief summary of 
the main features of the model will be given here. 
The GCM is cast in the usual spectral formula- 
tion with triangular truncation at wavenumber 
20. The geopotential and horizontal wind fields 
are evaluated at ten sigma levels (0.010, 0.032, 
0.080, 0.150, 0.235, 0.360, 0.550. 0.750, 0.880 and 
0.970), with temperature and vertical velocity 
carried at half levels. In addition the surface 
pressure is explicitly calculated at each time step. 
The usual rigid lid boundary condition da/dt is 
imposed at zero pressure. 

The model is forced by radiative heating com- 
puted with realistic radiative transfer algorithms. 
Both the long-wave and short-wave radiation 
codes consider the effects of water vapour, ozone, 
carbon dioxide and clouds. Ozone: and cloud 
distributions are specified from climatological 
values. The solar zenith angle in the shortwave 
heating calculation undergoes both diurnal and 
annual variations. Parameterizations are included 
of small scale physical processes, such as moist 
convection and surface drag. A somewhat 
unusual feature of this GCM is the inclusion of 
parameterized vertical momentum fluxes 
associated with subgrid scale gravity waves. In 
the version considered here the sea surface tem- 
peratures (SSTs) are imposed, while the surface 
temperatures over land areas are computed from 
the surface energy budget. 

3.2. The experiments 
In the present study, the most detailed analysis 

was performed using a 120-day segment (Novem- 
ber I-February 28) from the middle of a five year 
control simulation with climatological SSTs (Boer 
et al., 1984b). In this run the wind, temperature, 
geopotential, precipitation, radiative heating and 
surface flux fields were saved to tape every 6 h. 

Further analysis was performed on simulated 
fields from a series of model experiments that 
were originally conducted at the Canadian 
Climate Centre to gauge the response of the 
GCM to tropical Pacific SST anomalies (some of 
this work is described in Boer, 1985). A control 
simulation with climatological SSTs was run for 
ten years. Then a number of simulations extend- 
ing from October through February were per- 
formed with SST anomalies imposed in the 
equatorial Pacific. The SST anomaly in each case 
was introduced with gradually increasing ampli- 
tude through the month of October, attained its 
full value at the end of October, and was held 
constant thereafter. The SST anomalies imposed 
were based on a standard SST anomaly (SSSTA) 
which was an idealization of the composite SST 
anomaly of Rasmusson and Carpenter (1983) 
representing the mature phase of a typical El 
Niiio/Southern Oscillation event. Four such El 
Niiio simulations employed in the present study 
had two times the SSSTA imposed, and another 
had four times the SSSTA. The period analysed 
in each case was December 1-February 17. The 
model fields in the ten year control run were 
saved every 17.5 h, while in the El Nino experi- 
ments the fields were archived every 18 h (by 
choosing a segment 78.75 days long, the time 
series for the control run have 105 values, while 
those for the El Niiio experiments include 108 
values). 

3.3 The normal mode oscillations ofthe GCM 
The free oscillations supported by the 

discretized equations governing the evolution of 
the circulation in a GCM differ in some respects 
from those allowed by the governing equations 
for a continuous atmosphere. This issue has been 
addressed by various authors (e.g., Williamson 
and Dickinson, 1976). It seems clear that the 
horizontal resolution in a typical GCM (such as 
the Canadian Climate Centre model) is adequate 
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to represent the structures of the first few gravest 
Rossby modes. More significant distortions of the 
free oscillations are introduced by the finite verti- 
cal resolution and upper boundary conditions 
employed in GCMs. 

As part of the present project, the equation 
governing the vertical structure of the modes in 
the classical linear theory was solved numerically 
using centred differencing on a numerical grid 
with levels at IOOO, 970, 880, 750, 550, 360, 235, 
150, 80, 32, and 10 mb (corresponding roughly to 
the sigma surfaces in the GCM). Boundary 
conditions were imposed that required the verti- 
cal velocity to vanish at 1OOO mb and for the 
pressure perturbations to vanish at zero mean 
pressure. The mean temperature structure em- 
ployed in these linear calculations was based on 
global average temperatures computed on various 
pressure surfaces from the 120-day segment of 
GCM simulation discussed above. The 
discretized vertical structure equation with the 
rigid lid boundary condition has 11 eigen- 
solutions, each with an associated equivalent 
depth. The structure of the gravest solution 
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Fig. 2. The vertical structure of the geopotential varia- 
tions in the external mode of the classical theory when 
the governing equations are discretized on a level 
structure similar to that employed in the Canadian 
Climate Centre general circulation model. The units on 
She amplitude axis are arbitrary. The equivalent depth 
associated with this mode is 9.36 km. 

(external mode) is shown in Fig. 2. The structure 
of the mode in this figure is quite similar 
to that of the free mode in a continuous atmos- 
phere with realistic mean temperature structure 
(e.g., Salby, 1979), although the external mode 
in the model grid may have a slight tendency 
to be more strongly intensified near the top level. 
The solution shown in Fig. 2 is associated with an 
equivalent depth of 9.36 km. This is close to (but 
somewhat smaller than) the values that have been 
obtained for the free mode of a continuous 
atmosphere (e.g., Dikii, 1965; Salby, 1979). The 
slightly smaller value of the equivalent depth in 
the model has only a very modest effect on the 
frequencies and meridional structures of the clas- 
sical normal modes. Calculations were performed 
of the eigenfrequencies of LTE corresponding to 
the modes listed in Table 1 when h = 10 km and 
when h = 9.36 km. The largest difference in the 
computed frequencies occurred for the (1,l) 
mode. In that case a period of 120.5 h was 
obtained for h = 10 km, and a period of 123.5 h 
with h = 9.36 km. 

The other eigensolutions of the discretized 
vertical structure equation correspond to internal 
modes with differing numbers of zero crossings in 
the vertical. These modes exist only because of 
the rigid lid boundary condition and have no 
counterparts in the theory for a continuous, 
unbounded atmosphere. The internal modes are 
all associated with much smaller equivalent 
depths than the external mode (for the present 
calculation these modes were found to have 
equivalent depths of 2.43 km, 0.79 km, 0.355 km 
etc.). The frequencies obtained for normal modes 
with the internal vertical structures will be much 
smaller than for the corresponding external 
modes. This means that the internal Rossby 
normal modes will all have very small predicted 
phase speeds in the classical theory, and so 
probably would not be identifiable in a full model 
simulation. On the other hand, the theory pre- 
dicts that there will be many of the internal 
gravity modes with phase speeds sufficiently 
large to be realizable under realistic conditions 
and that have periods of the order of a few days. 
Thus, in contrast to the very high frequency 
external gravity modes, the internal gravity 
modes in the model do have the potential to 
contribute substantially to the variability on 
meteorologically significant time scales. 
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4. Analysis and results for the control run 

4.1. Space-time spectra 
The model fields were saved at 6-h intervals in 

the 120-day segment of the control run analyzed 
as part of the present project. The fields were 
generated in the model in spectral form on sigma 
surfaces. For present purposes these values were 
interpolated onto latitude-longitude grids at 
pressure levels of 1000, 500, 250, 150. 70, 30 and 
10 mb. The least-squares linear trend over the 
120-day period was removed from the data at 
each grid point. The diurnal and semidiurnal 
harmonics were then filtered out of the time 
series at each grid point. 

The time series of the 6-hourly geopotentials at 
individual pressures and latitudes were Fourier 
analyzed into eastward and westward propagat- 
ing zonal waves using the method of Hayashi 
(1971). At a particular latitude and pressure the 
results can be expressed as a set of individual 
periodograms, one for each eastward and west- 
ward propagating zonal wavenumbex. Each of 
these periodograms includes values for 240 
Fourier frequencies (from periods of 120 days 
through to 12 h). Spectral estimates were con- 
structed by taking running means of the 
periodograms over three consecutive Fourier fre- 
quencies (i.e., a bandwidth of 0.025 day-'). 

The results for westward and eastward propa- 
gating zonal wavenumber one components of the 
250 mb geopotential height at six latitudes are 
displayed in Fig. 3. The ordinate in this figure 
represents power per Fourier frequency (i.e., 
power per frequency interval of 0.0083 day-'). 
These results can be compared to similar spectra 
computed from NMC analyses presented in Fig. 
6 of Speth and Madden (1983; hereafter SM). 
Note, however, that SM used 96-day time series, 
so that the present power estimates should be 
multiplied by 120/96 (= 1.25) in order to be 
comparable to SM's values. 

One striking feature that appears in the 
comparison of the present Fig. 3 with SM's 
results is a general deficiency in total variance of 
both eastward and westward propagating waves 
in the model. For example, at 60"N in SM the 
maximum spectral estimate for westward propa- 
gating wavenumber one is about 3000 m*, while 
the model results at 58.1"N have a maximum of 
1400 m2 ( x  1.25 = 1750 m2). The discrepancies 

between SM's observations and the model results 
are more pronounced at higher frequencies, par- 
ticularly at frequencies greater than about 0.1 
day-I. The Canadian Climate Centre GCM, like 
most such models, is known to be deficient in 
total transient eddy kinetic energy (Boer et al., 
1984b). The results in Fig. 3 show that this 
deficiency applies to the zonal wavenumber one 
component of the upper tropospheric flow at all 
frequencies, but is particularly pronounced at 
high frequencies. 

Obvious in the spectra of westward propagat- 
ing s = 1 variance in Fig. 3a are peaks at each 
latitude near a period of 5 days (i.e., frequency of 
0.2 day-'). This appears at virtually the same 
frequency as the peaks SM identified with the 
( 1  , I )  Rossby mode in their observational spectra. 
At 58.1°N, 36.0°N, 36.0"s and 58.1"s this peak 
is about 20 m2 tall, while at 19.4"N and 19.4"s 
the peak is about 5-10 m2 tall. If the width of 
these peaks is taken to be roughly 0.05 day-', 
then this leads to an estimated total power in 
this peak of about 100 mz in midlatitudes and 
less than half of this at low latitudes. The 
corresponding r.m.s. amplitudes would then be of 
the order of 10 m in midlatitudes and somewhat 
smaller in the tropics. This amplitude estimate is 
in rough agreement with observational values 
that have been quoted in the literature for the 
5-day wave (e.g., Madden and Julian, 1973; 
Ahlquist, 1985). The corresponding spectral peak 
in the results of SM appears to be some- 
what stronger, with perhaps two or three times 
the power seen in the GCM spectra of 
Fig. 3a. 

Near westward propagating periods of about 9 
days (i.e., frequencies near 0.11 day-I) peaks are 
apparent at 58.1"s and 36.0"s in Fig. 3a. This 
frequency corresponds to that anticipated for the 
gravest antisymmetric (1,2) Rossby mode (see 
Table I). Unfortunately this peak is not evident 
at other latitudes (i.e. at low latitudes or in the 
winter hemisphere). It is not surprising that the 
signal of the antisymmetric (1,2) mode would be 
small in low latitudes. In SM's results, however, 
the spectral peak corresponding to the (1,2) mode 
is seen in the midlatitudes of the winter 
hemisphere but not in summer. 

At still lower frequencies, the classical theory 
predicts the existence of the (1,3) Rossby mode 
with periods around 18 days. SM found that 
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Fig. 3. (a) Spectra of westward propagating zonal wavenumber one variance of the 250 mb height field in the 120-day 
control run at six selected latitudes. The power axis in each panel is labelled in squared metres per Fourier frequency 
and the labels on the frequency axis are in 0.1 day-I. (b) As in (a) but for eastward propagating variance. 
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poleward of about S O O N  in both summer and 
winter distinct peaks appear centered near 
periods of about IS-20 days which they identify 
with the (1,3) mode. The model results depicted 
in Fig. 3a do not display peaks at this frequency 
and actually show either a peak ,at very low 
frequencies (-40 days) or simply a red spectrum 
even at the lowest frequencies. 

Much of the very low-frequency power seen in 
the spectra of Fig. 3 may be attributable to 
topographically forced quasi-stationary waves. 
This component of the circulation is known to be 
strongly suppressed in the summer stratosphere. 
Fig. 4 shows the spectra of eastward and west- 
ward propagating variance of the wavenumber 
one component of the 30 mb height at 19.4"s. 
The red background is much less evident and the 
spectrum of westward propagating variance dis- 
plays 2 clear peaks centred at periods of about S 
and 20 days, corresponding to the predicted 
periods of the ( 1 , l )  and (1,3) symmetric Rossby 
modes. 

The spectrum of eastward propagating wave- 
number one variance in Fig. 4 is also interesting. 
Except for a red tail at very low frequencies, 
almost all the power is concentrated in 2 fairly 
narrow peaks. One of these is centred at about 
0.21 day-' (a period of 4.8 days), the other at 
about 0.41 day-' (a period of 2.4 days). These 
peaks are clear only in the stratosphere (e.g., 
compare with Fig. 3). At lower levels there may 
be variance associated with the same motions, 
but the spectral signal of such motions may be 
buried in the large background of eastward prop- 
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agating variance. The horizontal structures of the 
motions associated with these peaks can be re- 
vealed by the filtering procedures described in 
the next section. It turns out that the 2.4-day peak 
is associated with an antisymmetric meridional 
structure and a complicated vertical structure 
with zero crossings at two or more levels. This 
suggests that the 2.4-day wave may be identified 
with an internal gravity mode (it should be noted 
here that the structures of even such relatively 
high frequency eastward propagating modes will 
be somewhat distorted by the strong mean 
westerlies present in the model stratosphere). The 
meridional structure of the motions associated 
with the 4.8-day peak will be discussed at the end 
of the following section. It appears that this 
disturbance has an equatorially-trapped struc- 
ture, at least in the stratosphere, and may be 
identifiable as a Kelvin wave. The zonal 
wavenumber and frequency of this feature are 
comparable to those of the prominent internal 
Kelvin wave observed in the upper atmosphere 
by Hirota (1978). 

The motions in the GCM simulation respon- 
sible for the 2.4-day peak in the spectrum of 
eastward propagating variance in Fig. 4 have no 
known counterpart in the atmosphere. If they do 
reflect the presence of an internal normal mode, 
then they would clearly be spurious components 
of the circulation, depending for their existence 
on the upper boundary condition of the model. 
The artificial upper boundary condition may 
explain the presence of these motions in the 
simulation, but the question of why this 
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Fig. 4. Spectra of westward propagating (left) and eastward propagating (right) 30 mb heights in the 120 day control 
run at 19.4"s. The axis labels have the same meaning as in Fig. 3. 
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particular wavenumber one mode should be pref- 
erentially excited remains puzzling. In the model 
run used to produce Fig. 4, the radiation calcula- 
tions were performed ever 3 h and the model- 
generated fields were saved every 6 h. The same 
peak was found in spectra computed from the 
results of simulations with radiation calculations 
performed at 2.5-h intervals and with fields saved 
every 18 h. All other aspects involved in the 
numerical integration of the model (e.g., 
convective adjustment) are performed every time 
step (i.e., at 30-min intervals). Thus it seems clear 
that the 2.4-day wave (and the 4.8-day wave) are 
not directly excited by artificial periodic aspects 
of the GCM time-marching scheme. 

It would be very interesting to see if other 
GCMs display similar spurious modes. Various 
versions of the GFDL grid point model (e.g., 
.Hunt and Manabe (1968)) have produced simula- 
tions contaminated by a prominent zonally-sym- 
metric oscillation of about 11.5 hour period 
(corresponding to the gravest symmetric s = 0 
external gravity mode). No explanation for the 
prominence of this particular oscillation in the 
GFDL model has been advanced. 

Fig. 5 displays the spectra of eastward and 
westward propagating zonal wavenumber two 
variance of the 250 mb geopotential heights in 
the GCM at selected latitudes. This figure can be 
compared with the observational results shown in 
Fig. 6 of SM (but remembering that the model 
spectra should be multiplied by 1.25 to make the 
comparison). It is clear that the overall variance 
in both westward and eastward propagating s = 2 
waves is somewhat underestimated in the model 
at all latitudes (by about a factor of two at 60"N, 
less seriously at lower latitudes). The model 
spectra also appear to be redder than the ob- 
served spectra (although this problem is less 
pronounced for s = 2 than for s = I). There are 
peaks in the spectra of westward propagating 
variance at all latitudes located between about 
0.21 and 0.28 day-l (periods between about 3.6 
and 4.8 days). These peaks can be tentatively 
identified with the (2,l) Rossby normal mode or 
"4-day wave". Also evident, at least at 36"N and 
36"S, is a peak between about 0.1 and 0.15 day-l 
(6.67 to 10.0 days). This is roughly the period 
range anticipated for the gravest antisymmetric 
Rossby mode (2,2). 

At still lower frequencies, SM's observed 

spectra of westward propagating wavenumber 
two variance display peaks near about 20-day 
period, which might be identified with the (2,3) 
mode. By contrast, in the model spectra shown in 
the present Fig. 5a no such peak can be 
identified. 

4.2. Structure offltered f e lds  
In order to confirm the tentative identification 

of the peaks seen in the space-time spectra with 
actual normal modes, a more detailed examin- 
ation was made of the structure of the zonal 
wavenumber one and two variance in the model. 
The approach taken was to resynthesize the 
geopotentials associated with the westward 
propagating variance of a particular zonal 
wavenumber within some fairly narrow fre- 
quency interval near the frequencies predicted 
for the Rossby modes. The resynthesized fields 
are functions of latitude, longitude, pressure and 
time, but since only westward propagating 
components with a particular zonal wavenumber 
are included, all the information is actually 
contained in the geopotentials along any 
individual meridian of longitude. 

Fig. 6a shows the reconstructed zonal 
wavenumber one geopotential height at 36"N in 
the period range 4.44 to 6.32 days for 40 days 
during the control run. This and succeeding 
figures have been plotted with the seven refer- 
ence levels equally spaced on the pressure axis 
(resulting in a vertical coordinate that is roughly 
proportional to height) and the contours have 
been drawn by hand. At each level in Fig. 6a, 
there is an oscillation between negative and 
positive height anomalies with period roughly 5 
days. This is guaranteed by the filtering proce- 
dure. What is striking, however, is the tendency 
for these oscillations to be in phase at all levels, 
i.e., for the wave selected by the filter to have an 
equivalent barotropic structure. The amplitude of 
the geopotential oscillation in Fig. 6a obviously 
undergoes some substantial long period changes. 
The equivalent barotropic structure of the oscilla- 
tion is clearest when the amplitude is large; when 
the amplitude is relatively weak there is some 
substantial westward phasc tilt with height (e.g., 
around days 3240  in Fig. 6a). 

The detailed vertical structure of the oscillation 
in Fig. 6a does resemble that of the idealized 
external mode shown in Fig. 2, particularly when 
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Fig. 5. (a) Spectra of westward propagating zonal wavenumber two variance of the 250 mb height field in the 120-day 
control run at six selected latitudes. Axis labelling as in Fig. 3. (b) As in (a), but for eastward propagating variance. 
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Fig. 6. (a) Time-height section of the geopotential heights at the Greenwich meridian and 36" N during 40 days of the 
control run. Filtering has been applied to select only westward propagating zonal wavenumber one variance with 
periods between 4.44 and 6.32 days. Negative anomalies are shaded and the contour interval is 10 m. (b) as in (a), but a 
time-latitude section of the filtered 250 mb height. The latitudes marked 8, 25, 42, 58 and 74 degrees actually 
correspond to 8.3,24.9,41.5,58.1 and 74.7 degrees (these are points on the Gaussian grid appropriate for a triangular 
20 spectral model). 

the wave amplitude is strong. The amplitude of 
the oscillation in Fig. 6a tends to grow slowly 
with height, with some extra intensification at 
the top level. However, in contrast to the ideal- 
ized modal structure, the simulated geopotential 
variations in Fig. 6a do sometimes display a local 
amplitude maximum near the tropopause. Such 
differences in detail might be attributable to the 
effects of mean winds and dissipation in 
distorting the idealized modal structure. In any 
event, the filtered fields are remarkably like those 
anticipated for an atmospheric normal mode. 

Fig. 6b shows the time-latitude section of the 
reconstructed 250 mb heights when the same 
filtering was applied. In this and subsequent 
figures the reconstructed fields are plotted only to 
74.7 degrees latitude. At higher latitudes the 
behaviour of the filtered fields tends to be rather 

uncorrelated with the results at lower latitudes. 
Of course, the rationale for resolving motions into 
zonally-propagating waves breaks down near the 
poles. 

The filtered fields in Fig. 6b reveal a modal 
structure (i.e. with the oscillations occurring in 
phase at all latitudes). The modal nature of the 
oscillation is clearest where the wave amplitude is 
strongest; when the wave amplitude is relatively 
weak some significant meridional phase propaga- 
tion is apparent (e.g., days 32-40 in Fig. 6b). The 
geopotential oscillations in this figure have 
minimum amplitude in the tropics and a relative 
maximum in the midlatitudes of the northern 
hemisphere. The behaviour in the southern 
hemisphere is more complicated; sometimes 
there is a midlatitude maximum and at other 
times the amplitude is largest at the highest 
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latitude shown. On the whole, it does seem 
reasonable to identify the meridional structure of 
the filtered geopotential with the idealized (1.1) 
Rossby mode (Fig. I) .  Similar horizontal 
structures are seen when the same filtering is 
applied to the simulated geopotential at other 
pressure levels. 

The modal structure can be seen in other fields 
produced by the GCM as well. Figs 7a and 7b 
show the reconstructed meridional and zonal 
winds at 36”N when the same “5-day” wave filter 
is applied. The roughly equivalent barotropic 
nature of the oscillation is apparent, particularly 
when the wave amplitude is strong. It is also 
noteworthy that the filtered meridional and zonal 
wind oscillations are roughly a quarter-cycle out 
of phase throughout most of the simulation. This 
is also consistent with the expected behaviour of 
an atmospheric normal mode. 

Fig. 8a and 8b present time-height and time 
latitude sections of the geopotential after filtering 

designed to pick out the (2,l) Rossby mode (“4- 
day” wave). The time-height section of the fil- 
tered geopotential at 36” N shows an equivalent 
barotropic structure resembling that of a classical 
normal mode. The filtered 250 mb heights shown 
in Fig. 8b reveal a meridional structure clearly 
identifiable with that of the idealized (2,l) mode. 

The gravest antisymmetric modes can also be 
detected in appropriately filtered time series of 
the geopotential. While a disturbance resembling 
the (1,2) mode can be isolated by filtering, the 
results are more dramatic for the (2,2) mode. Fig. 
9 shows the time-height and time-latitude sec- 
tions of the s = 2 geopotential heights filtered 
between periods of 6.67 and 10.0 days. This 
period range corresponds to the spectral peaks 
identified with the (2,2) mode in Fig. Sa. Both the 
equivalent barotropic vertical structure and the 
antisymmetric meridional modal structure are 
clearly revealed in these filtered fields. The 
typical amplitude of the oscillation shown in Fig. 
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Fig. 7. (a) As in Fig. 6a but for the meridional wind. The contour interval is 0.25 m/s. (b) As in (a), but for the zonal 
wind. The contour interval is 0.5 m/s. 
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Fig. 8. (a) Time-height section of the geopotential heights at the Greenwich meridian and 36"N during 24 days of the 
control run. Filtering has been applied to select only westward propagating zonal wavenumber two variance with 
periods between 3.75 and 4.62 days. The contour interval is 5 m. (b) As in (a), but a time-latitude section of the filtered 
250 mb heights. 
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Fig. 9. (a) Time-height section of the geopotential heights at the Greenwich meridian and 36"N during 28 days of the 
control run. Filtering has been applied to select only westward propagating zonal wavenumber two variance with 
periods between 6.67 and 10 days. The contour interval is 10 m. (b) As in (a), but a time-latitude section of the filtered 
250 mb heights. 

9 is about twice that of the gravest symmetric 
modes shown in Figs. 7 and 8. This is consistent 
with observations (e.g., Ahlquist, 1985). 

As noted earlier, the space-time spectra of the 
simulated geopotentials do not seem to display 
isolated peaks identifiable with the (1,3) mode or 
"16-day'' wave, except possibly in the strato- 
sphere. Nonetheless, it is of interest to examine 
the structure of the variations seen in the appro- 
priate period range in the GCM simulation. Fig. 
10 shows the time-height and time-latitude sec- 
tions of westward propagating wavenumber one 
geopotential heights in the period range from 12 
to 30 days. The time-height section in Fig. 10a is 
plotted for 58.1"N near where the amplitude of 

the (1,3) mode is expected to be maximum. The 
vertical structure of the filtered geopotential in 
Fig. 10a is roughly equivalent barotropic, but it 
displays much more intensification in the strato- 
sphere than does the idealized modal structure of 
Fig. 2. The time-latitude section in Fig. 10b is 
quite interesting. While there are some rather 
irregular variations in this filtered time series, 
there is at least one brief episode when it seems 
possible to identify patterns that have some 
resemblence to the idealized (1,3) mode. Note in 
particular the period between days 48 and 70. 
During the time between about days 48 and 60, 
there are negative values in the high latitudes of 
both hemispheres and small positive values at 
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Fig. 10. (a) Time-height section of the geopotential heights at the Greenwich meridian and 58. I ”  N during 60 days of 
the control run. Filtering has been applied to select only westward propagating zonal wavenumber one variance with 
periods between 12 and 30 days. Contours at 50, 100 and 200 m. (b) As in (a), but a time-latitude section of the 250 mb 
heights for the entire 120-day simulation analyzed. The contour interval is 25 m. 

lower latitudes. Then this pattern reverses for 
about the next ten days, with positive values a t  
high latitudes and small negative values in 
between. This pattern does resemble that of the 
classical (1,3) mode. However, very large distor- 
tions in the idealized modal structure are clearly 
present in the model simulation. In particular the 
signal in the northern (i.e. winter) hemisphere is 
much larger than that in the southern 
hemisphere. As noted in Subsection 2.2, a similar 
kind of asymmetry has been observed in the “16- 
day” wave in boreal winter (Daley and 
Williamson, 1985). Finally, it is worth empha- 
sising again that even this very distorted version 
of the (1,3) mode structure is apparent for only a 
short fraction of the whole 120-day record. 

In addition to the spectral peaks identifiable 
with the Rossby modes, there are also peaks in 
stratospheric s = 1 spectra a t  eastward propa- 
gating periods of about 2.4 and 4.8 days (see 
Subsection 4.1 above). The s = 1 component of 
the 30 mb geopotential filtered between periods 
of 4.0 and 5.22 days is shown in Fig. 1 I .  This 
oscillation displays a meridional structure that is 
equatorially trapped, like that anticipated for a 
Kelvin mode (although there are some large 
amplitudes at very high latitudes in the northern 
hemisphere as well). The external Kelvin normal 
mode in the atmosphere is predicted to have a 
period of about 33 h (Matsuno, 1980; Hamilton, 
1984; Hamilton and Garcia, 1986), and so cannot 
be identified with the 4.8-day spectral peak seen 
in the model results. Both the rel.atively long 
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Fig. 11. Time-latitude section of the 10 mb heights along 
the Greenwich meridian during 20 days of the control 
run. Filtering has been applied to select only eastward 
propagating zonal wavenumber one variance with 
periods between 4.0 and 5.22 days. The contour interval 
is 5 m. 

period and short meridional trapping scale seen 
in Fig. 1 1  would be consistent with an identifica- 
tion with an internal Kelvin mode. The internal 
structure of this disturbance is not really evident 
in filtered time-height sections (not shown), but 
the vertical structure in the troposphere may be 
masked by the large eastward propagating vari- 
ance in other types of motions at  these frequen- 
cies. As noted earlier, the scales associated with 
this oscillation are similar to those observed for 
prominent internal Kelvin waves in the 
atmosphere (e.g., Hirota, 1978). 
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4.3.  Time series of mode amplitudes and phases 

The filtered time-height and time-latitude sec- 
tions presented in the previous section all reveal 
fairly regular oscillations that display a slow 
amplitude modulation. In the filtered time series, 
the amplitude variation is constrained to occur on 
time scales no shorter than the inverse of the 
filtering bandwidth employed. Another approach 
to studying the day-to-day evolution of the ampli- 
tude of the modes was suggested by the 
observational work of Eliasen and Machenhauer 
(1965, 1969) and Lindzen et al. (1984; hereafter 
LSK). 

Following LSK, the time series of 500 mb 
heights and horizontal wind fields in the 120 day 
control simulation were “minimally filtered” by 
removing all eastward propagating Fourier 
components (but retaining westward propagating 
waves of all frequencies). Then these fields at 
each 6-h save interval were resolved into the 
appropriate classical structures for the (1, l), (1,2), 
(2,1), and (2,2) Rossby modes appropriate for a 
9.36 km equivalent depth atmosphere. This re- 
sulted in 120-day time series of amplitudes and 
phases for each of these modes. 

The results for the s = 1 and s = 2 modes 
during the first 60 days are shown in Figs. 12 and 
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13 (the last 60 days are quite similar). These 
diagrams can be directly compared with the 
corresponding observations presented in LSK 
(note that LSK use a different notation to label 
individual modes). The phases obtained in this 
kind of analysis tend to be rather irregular when 
the modal amplitudes are small. Thus, following 
LSK, the phases in Figs. 12 and 13 are not plotted 
when the amplitudes fall below 0.2 of their 
maximum value. The dashed lines in the top 
parts of each of Figs. 12a, 12b, 13a and 13b show 
the phase propagation for the modes predicted by 
the classical theory with a 9.36 km equivalent 
depth. 

The results in Figs. 12 and 13 display the fairly 
regular westward phase propagation and the sig- 
nificant irregular amplitude variations that have 
appeared in the earlier observational studies of 
Eliasen and Machenhauer (1965, 1969) and LSK. 
The amplitude variations typically take place on 
time scales of the order of the wave period and 
the amplitudes range over about an order of 
magnitude. The amplitude ranges seen in the 
present GCM results are quite comparable to 
those presented in the observations of LSK. 

Table 2 compares the maximum amplitudes 
obtained in the present analysis of model results 
with the observational values quoted by LSK. It 
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Fig. 12. Amplitude (in term of geopotential) and phase of the projection of the 500 mb geopotential height and 
horizontal wind onto the classical (1 , l )  Rossby mode during the first 60 days of the control run. The phases are not 
plotted when the amplitude drops below 20% of its maximum value. The dashed line shows the phase propagation 
predicted for the ( 1 , l )  mode in the classical theory. (b) As in (a), but for the (1,2) mode. 
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Fig. 13. (a) As in Fig. 12, but for the (2, I )  mode. (b) As in Fig. 12, but for the (2,2) mode. 

Table 2 .  Maximum 500 mb height amplitudes ob- 
tained for the classical modes of Fig. i in the 120- 
day segment of the control run of the GCM,  com- 
pared with the maxima found by Lindzen et al. 
(1984) in a year of observations; the final column 
gives the root-mean-square values of the modal 
amplitudes in the simulation; all values in metres 
and multiply the dimensionless eigenfunctions shown 
in Fig. I 

Present 
Mode maximum Lindzen et al RMS 

(1,1) 42.4 34 18.0 
(1,2) 48. I 65 25.7 
(1.3) 80. I 76 37.2 
(2,1) 55.6 40 18.6 
(292) 79.5 65 33.5 
(2.3) 79.8 74 47.8 

should be noted that the present GCM results are 
for a 120-day period, while LSK's values repre- 
sent the maxima observed during an entire year. 
The maximum amplitudes in the simulation are 
quite comparable to those from the observations. 
Also quoted in Table 2 are the root mean square 
amplitudes of the Rossby modes during the 120- 
day segment analyzed. These values are in rough 
agreement with the observed mean amplitudes 
obtained by Ahlquist (1985). 

5. Comparison of results in control and El 
Niiio simulations 

Hamilton (1985) examined the strength of the 
spectral signal associated with the (1, 1) Rossby 
mode observed in northern hemisphere sea level 
pressure data in a series of 17 individual years. 
He then demonstrated a statistically significant 
correlation between the strength of the ( I ,  1 )  
mode and the sea surface temperature averaged 
over a large region of the tropical Pacific Ocean. 
In particular the observations suggest that the 
five day wave tends to be stronger (weaker) in the 
warm (cold) phase of the Southern Oscillation. As 
noted in Section 3, the Canadian Climate Centre 
GCM has been run through a 10-year control 
simulation and through a number of winter simu- 
lations with enhanced SSTs in the tropical 
Pacific. The history tapes from these model ex- 
periments were employed to study the effect of El 
Niiio conditions on the strength of the simulated 
(1, I )  Rossby mode. 

The geopotential fields in the 78.75 day seg- 
ments from each of the ten control winters and 
five El Niiio experiments were subjected to 
space-time spectral analysis in a manner similar 
to that described in Section 4. The (I,]) mode 
was then isolated by resynthesizing the 
geopotential variations associated with westward 
propagating zonal wavenumber one with periods 
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between 4.375 and 6.057 days. Then an estimate 
of the global amplitude of the mode was made as 
follows. First, at each save time the quantity v 
was computed as 

v = j-x/$’ cos 8 d8 

where 8 is the latitude and 4’ is the filtered 
geopotential at the Greenwich meridian. The 
geopotential amplitude for the mode was then 
taken to be the r.m.s. value of v throughout the 
entire 78.75-day interval. A height amplitude 
was then obtained by dividing this geopotential 
amplitude by g. 

Fig. 14 shows the height amplitudes computed 
at the 1000, 500 and 250 mb levels in each of the 
15 cases. There is an obvious tendency for the 
amplitude to be larger in the El Niiio simulations 
than in the control simulation. The differences in 
the mean values of the amplitudes in the ten 
control winters and those in the five El Niiio 
winters is statistically significant at the 95% 
confidence level at both 1000 mb and 250 mb, 
when judged with a standard t-test. 

The interpretation of the connection between 
tropical SSTs and the (1,l) Rossby mode seen in 
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Fig. 14. The geopotential height amplitude of the (1,l) 
mode determined at the 10o0, 500 and 250 mb levels 
during 10 individual winters of an integration 
performed with climatological SSTs, 4 winters with 
2 x a standard “El Niiio” SST anomaly imposed in the 
tropical Pacific and one winter with 4 x the standard 
SST anomaly. 

both observations and in the GCM simulation is 
complicated by the fact that the SST variability is 
related to changes in many aspects of the global 
scale circulation (e.g., Horel and Wallace, 1981). 
However, the most direct atmospheric effect 
would appear to relate to the geographical distri- 
bution of latent heat release. In particular, there 
is a strong eastward shift of the precipitation 
observed in the tropical Pacific region during the 
mature phase of El Niiio events (e.g., Rasmusson 
and Carpenter, 1982). This change in pre- 
cipitation is well simulated by the Canadian 
Climate Centre GCM (Boer, 1985). Hamilton 
(1985) suggested that the most reasonable inter- 
pretation of his observational results would 
involve the supposition that latent heat release 
represents a major excitation for the (1,l) mode. 
The observed interannual variations in the 
strength of the 5-day wave would then be related 
to the modulation of this forcing by the Southern 
Oscillation. 

It is interesting to note that Tokioka et al. 
(1 985) have performed a controlled experiment 
with the Japanese Meteorological Research Insti- 
tute GCM in which they added a warm SST 
anomaly in the tropical Pacific during boreal 
summer. They found an enhanced 5-day wave in 
the experiment with the SST anomaly, in agree- 
ment with the present results. 

6. Energetics of the modes in the model 

In the real atmosphere the external Rossby 
mode amplitudes must be controlled by some 
balance between forcing and dissipation 
mechanisms. The diagnosis of the dominant 
sources of modal excitation and dissipation from 
real data is a very difficult task. Thus the few 
comments in the literature relating to the ques- 
tion of forcing and dissipation have been largely 
speculative. For example, Garcia and Geisler 
(1981) suggested that varying zonal flow over the 
earth’s large scale topography could act as a 
significant forcing mechanism for the 5-day 
wave. Hamilton’s (1985) suggestion that latent 
heat release could be important for the 5-day 
wave has been noted above. Obvious sources for 
dissipation are infrared radiative cooling, and 
boundary layer friction (e.g., Salby, 1980). In 
addition, the nonlinear dynamical interactions 
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with all other scales of motion can act as either a 
source or sink for modal energy. 

The Canadian Climate Centre GCM has pro- 
duced an excellent simulation of the amplitudes 
and structures of the (l,l),  (1,2), (2,l) and (2,2) 
modes and has even captured the observed 
dependence of the (1,l) mode amplitude on tropi- 
cal SST. This leads one to hope that the actual 
balance of forcing and dissipation for these 
Rossby modes in the GCM may be realistic. As 
part of the present project, a simple diagnostic 
calculation of the energetics of the prominent 
Rossby normal modes was attempted. 

The basic premise of this analysis was that the 
application of a fairly narrow space-time spectral 
filter can select out motions associated with a 
particular mode. Table 3 gives the period ranges 
employed in the filters used to isolate the modes. 
The period ranges for the (l,l), (2.1) and (2,2) 
modes given in this table are just those employed 
to produce the filtered fields shown in Figs. 6 9 .  
The very clean results in these figures lend 
support to the idea that filtering can isolate 
variance connected with the individual modes. 

The development of the appropriate energy 
equations is presented in the Appendix. The first 
step was simply to define the modal energy as the 
sum of kinetic and available potential energies in 
the filtered fields (see eq. AS). Then it is 
straightforward to derive an equation relating the 
rate of change of the globally integrated modal 
energy to integrals of correlations of various 
filtered quantities (eq. AS). The correlation terms 
written explicitly in eq. (AS) are easy to interpret 
physically. Thus the correlation of vertical vel- 
ocity with geopotential along the lower boundary 
represents the role of mountain torques in 
generating or dissipating the mode. ’The correla- 
tion of diabatic heating with the vertical 

Table 3. Period limits for the filters applied to 
isolate the Rossby modes in the energetics analysis 
described in Section 6 

Mode Period limits (days) 

(1,1) 4.44-6.32 
(1 2) 8.W15.00 
(2,1) 3.754.62 
( 2 3  6.67-10.00 

derivative of the geopotential is the usual 
generation term for available potential energy. 
The correlation of velocities with the subgrid 
scale momentum forcing might be regarded as a 
measure of “frictional dissipation”. In addition, 
the energy equation includes contributions 
derived from the nonlinear advective terms in the 
momentum and thermodynamic equations. These 
have a rather complicated form and cannot be 
resolved simply into the usual categories familiar 
from simple zonal mean/eddy diagnostics. In the 
present study no attempt was made to compute 
these terms. 

In the GCM simulation analyzed in the present 
study, only selected fields generated by the model 
had been archived. One significant limitation 
was that the vertical distribution of latent heat 
release was not saved; only the precipitation 
rates at each time step were available. Another 
important problem was that the subgrid 
scale contributions to the momentum and 
thermodynamic equations were not saved; only 
the subgrid scale surface stresses and heat fluxes 
were available. As shown in the Appendix, the 
contributions of the subgrid scale terms to the 
energy balance of the modes can be divided into 
expressions involving only the surface fluxes and 
expressions involving only the fluxes in the in- 
terior of the atmosphere. When this separation 
is incorporated into the energy equation, the 
result is the eq. (A1 1). 

In the present study, the only contribution to 
the subgrid scale dissipation of energy computed 
was that involving the surface fluxes. The other 
“internal” dissipation term will be negative if 
downgradient subgrid scale fluxes dominate. 

The actual evaluation of the terms in eq. (A1 1) 
was further simplified by the use of model gener- 
ated fields that had been interpolated or extrapo- 
lated from sigma coordinates onto pressure sur- 
faces from lo00 mb to 10 mb. Thus the surface 
integrals in terms 1 and 2 of this equation were 
actually performed over the lo00 mb surface, and 
the volume integrals extended from lo00 to 10 
mb over the entire globe. 

The energetics analysis outlined above was 
applied to the 120-day segment of the control run 
that has been discussed extensively in Section 4 
above. The various terms in eq. (All)  were 
evaluated at each save time and then mean values 
of each term for the full 120 days were computed. 
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Table 4 summarizes the results for each of the 
four modes considered. Also given in Table 4 is 
the total energy in each mode averaged over the 
entire 120-day period. 

The largest dissipation term for each of the 
modes is that due to the subgrid scale fluxes (i.e., 
term 2 in eq. (All)) .  It turns out that the 
contribution to this term from surface heat fluxes 
is much smaller than that from surface stresses, 
and so it may be reasonable to refer to this term 
as the “surface friction”. As noted above, it is 
likely that the subgrid scale stresses in the interior 
of the atmosphere will be dominated by 
downgradient transfers, and so the total effect of 
all subgrid scale fluxes in the model is probably 

Table 4. Estimated contributions to the global 
energy budget of the 2 gravest Rossby modes of 
zonal wavenumbers one and two, averaged over the 
120-day segment of the control run 

Topographic Total 
Mode Radiation interaction Friction energy 

(1.1) -31 - 12 -1074 704 
(1.2) -813 - 229 -4728 2536 
(2,l) -2 - 15 -137 322 
(2.2) -161 - 175 -2404 1095 

The column headed “radiation” gives the estimates 
of the term 3 in eq. (Al l ) .  The “topographic 
interaction” is the estimate of term 1 in ( A l l ) .  The 
“friction” is the estimate of term 2 in (A1 1). Values for 
all these quantities are quoted in gigawatts. The final 
column gives the estimated total energy in each mode 
(see A5) averaged over the 120-day period. The total 
energy is given in units of I O l 5  J .  

even more strongly dissipative than indicated by 
the values given in Table 4 for surface friction 
alone. 

The effects of radiative transfer on the modes 
is dissipative, but is less important than the 
frictional terms in this regard. It is interesting 
(and somewhat surprising) that the radiative dis- 
sipation of the ( 1 , l )  and (2,l) modes is so much 
less effective than that for the (1,2) and (2,2) 
modes. 

The topographic interactions act, on average, 
as net sinks for the energy of each of the modes. 
It is still possible, however, that the topographic 
interaction with the overlying flow could act 
sporadically to excite normal modes in the man- 
ner envisaged by Garcia and Geisler (1981). The 
rather small average effect of topography seen in 
the present results is consistent with the GCM 
experiments of Hayashi and Colder (1983). They 
found little difference in their results for the “16- 
day” wave in model simulations with and without 
topography . 

A rough estimate of the mean dissipation time 
scale for the modes can be obtained by dividing 
the total energy quoted in Table 4 by the sum of 
the dissipation rates from surface friction, radi- 
ation and topographic interaction (since the in- 
ternal frictional dissipation is not included, this 
should lead to an overestimate of the time scale). 
This time scale turns out to be of the order of five 
to ten days for each of the modes. Rather similar 
estimates of the dissipation time scale can be 
obtained from the width of the peaks in the 
space-time spectra of the model fields shown in 
Figs. 3a and 5a. 

As noted earlier, the vertical distribution of the 

Table 5. Area weighted correlation coefficients between time series of precipitation and the time series of 
temperature interpolated onto various pressure levels 

Level (mb) (1,l) mode (1,2) mode (2,l) mode (2.2) mode 

970 
880 
750 
550 
360 
235 

0.01 1 0.023 
0.025 0.032 
0.045 0.026 
0.012 0.021 
0.054 - 0.022 
0.101 - 0.047 

0.019 
0.017 

-0.013 
-0.033 
0.008 
0.042 

0.014 
0.029 
0.004 
0.015 
0.005 

-0.060 

The space-time filters used to isolate individual modes have been applied before the correlation coefficients were 
computed. See text for details. 
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latent heat release was not archived from the 
GCM run. The correlations between the 
precipitation (which in the model is exactly pro- 
portional to the vertically-integrated heating) and 
the temperature at various levels IS shown in 
Table 5, for the different space-time filters. The 
correlations are all rather low (although it should 
be borne in mind that there are a large number of 
degrees of freedom that go into the calculation of 
these coefficients since they represent global 
averages). There does appear to be a general 
tendency for the precipitation to correlate 
positively with the filtered temperatures, 
presumably indicating a net positive energy 
source for the modes from latent heat release. If 
one makes an arbitrary vertical di:itribution of 
the total latent heat release ( e g ,  b j  assuming a 
constant heating rate per unit mass from 1000 mb 
to 350 mb), then term 4 in eq. ( A l l )  can be 
estimated from the precipitation and temperature 
data. If this is done then it appears that the latent 
heat release contribution to the modal energetics 
is comparable in magnitude to the surface dissi- 
pation (term I).  However, it must be emphasized 
that the results of such an analysis are quite 
sensitive to the assumed vertical structure of the 
heating. 

Hayashi and Colder (1983b) found that non- 
linear wave-wave interactions represented a very 
important excitation mechanism for westward 
propagating normal modes in a G F D L  GCM. 
The effects of non-linearities have not been as- 
sessed in the present study. 

7. Conclusions 

Simulations produced by a modern tropo- 
spheric/lower stratospheric GCM were examined 
to detect prominent motions that could be 
identified as normal mode oscillations. The 
results provided a clear indication of the presence 
of the 2 gravest external Rossby modes of both 
zonal wavenumbers 1 and 2. The presence of 
these modes was manifested as isohted peaks in 
the space-time spectra of model generated fields. 
The detailed vertical and meridional structures of 
these oscillations were investigated by filtering 
the simulated geopotential and wind fields in 
narrow bands around the spectral peaks. The 

vertical structures of the appropriately filtered 
fields were approximately equivalent barotropic, 
and the meridional structures resembled the ide- 
alized modes of classical theory (except possibly 
at high latitudes). The amplitudes of the oscilla- 
tions evident in the filtered time series undergo 
strong modulations, but typical amplitudes are in 
reasonable accord with observations. The day-to- 
day modulation of the amplitude of the modes 
was studied further by expanding the 500 mb 
heights and horizontal winds at  each available 
time into the appropriate classical modes. The 
resulting time series of amplitude determinations 
for each mode displayed variations on time scales 
of the order of the wave period, and ranging over 
about an order of magnitude. These features of 
the model simulation are in reasonable agreement 
with comparable observations published recently 
by Lindzen et al. (1984). 

The analysis of the model results failed to 
reveal any prominent component of the motion 
that could be clearly identified with the second 
gravest symmetric Rossby mode of wavenumber 
one (the “16-day” wave). At least during some 
brief periods, however, the low frequency west- 
ward propagating variance in the model 
simulation does resemble the idealized (1.3) 
Rossby normal mode, but distorted to have much 
larger amplitudes in the winter hemisphere than 
in the summer hemisphere. 

The present analysis revealed evidence for the 
existence of other prominent, coherent modal 
structures in the GCM simulation that could not 
be identified with external normal modes. It is 
not clear that these oscillations have any counter- 
part in the real atmosphere and they may owe 
their appearance in the simulation to the un- 
realistic upper boundary condition employed in 
the GCM. 

A simple diagnostic analysis of the energetics 
of the 2 gravest Rossby modes of s = 1 and s = 2 
was conducted. The major dissipation mech- 
anism for the modes appears to be the 
parameterized friction in the model. Topographic 
interactions and radiative transfer also act as 
sources of dissipation for the modes. It is possible 
that nonlinear dynamical interactions may play 
an important role in maintaining the modes in 
the GCM, as suggested by Hayashi and Colder 
(1983b), but this issue was not investigated in the 
present project. 
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9. Appendix. Filtered energy equations 

If the prime operator denotes the Fourier filter 
that selects the westward propagating distur- 
bances of a particular zonal wavenumber within 
some frequency range, the filtered primitive 
equations in log-pressure coordinates (e.g., 
Holton, 1975) can be written 

au’ I ay 
at a ae -+fU‘+-- - F,’ = NLT,  

84: 
at 
- + N’ W’ - Q‘ - .W = NLT,  

l a  
Po az 

+ - - (Po w’) = 0, 

where 0 and 1 are the latitude and longitude, I ( ,  u 
are the usual horizontal wind components, N is 
the Brunt-Vaisala frequency as defined in Holton 
(1975), 4 is the geopotential, F, and Fy are 
convergences of the Reynolds’ stresses in the 
northward and eastward directions associated 
with unresolved motions, 2 is proportional to 
the convergence of the temperature flux 
associated with the unresolved motions, Q is 
proportional to the diabatic heating rate, z is 
proportional to the logarithm of pressure, po is 
equal to exp(-z/H) where H is a mean scale 

height. The terms F,, F, and 2 are 
parameterized in the model in terms of the 
resolved variables (Boer et al., 1984a). The 
“NLT” in eqs. (AIk(A3) represents the resolved 
nonlinear advective terms. If the energy/unit 
mass in the mode of interest is defined as 

It is easy to show from (Alk(A3) that E is 
governed by 

Or, using the continuity equation 

Integrating over the entire model domain one 
obtains 

+ po(u’F; + u’F; + A 2’4’)dV (A8) w 
where “surface” and “top” refer to the earth’s 
surface and the top level of the model, respective- 
ly. For such large scale waves as the normal 
modes considered here, the effects of horizontal 
eddy transports on the unresolved scales are 
presumably small. The effects of the vertical 
transports can be written as the sum of surface 
terms and internal terms. For example, the 
subgrid scale forcing of the zonal momentum 
equation can be written as 
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where rx2 is the appropriate component of the 
Reynold’s stress tensor. So 

- 
3 

The stress a t  the top level (and hence term I )  are 
presumably negligible. If the subgrid scale verti- 
cal transfers in the model are dominated by 
downgradient fluxes, then term 3 is guaranteed to 
be negative. For the rather barotropic structures 
that are selected by the space-time filters (par- 
ticularly those for the ( l , l ) ,  (l,2), (2 , l ) .  and (2,2) 
modes; see Subsection 4.2) the “surface” term 2 
may be an important fraction of the entire 
mechanical dissipation. Similar manipulations 
can be applied to terms involving the subgrid 
scale terms in the meridional momentum and 
thermodynamic equations. Using these results 
and separating Q’ into radiative .and latent 
heating components, Q;d and Qih one obtains 

-- 
3 4 

+ “internal dissipation” + NLT, ( A l l )  

where q is proportional to the subgrid scale 
vertical temperature flux. Term 1 is the topo- 
graphic interaction, term 2 represents the 
“surface” dissipation, terms 3 and 4 are the 
forcing or dissipation associated with radiation 
and latent heating. The “surface” dissipation 
term should include most of the dissipation 
associated with the surface boundary layer in the 
model, but will also include some of the effects of 
the subgrid scale gravity wave drag 
parameterization, which may actually be dissi- 
pating the energy of normal modes in the upper 
troposphere or stratosphere of the model. The 
pressure work term at the top level has been 
ignored in eq. (A1 1). 
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