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ABSTRACT
In order to better understand planetary wave–synoptic wave interactions in the atmosphere, and to develop
a tool for further studies, the authors have applied a wavenumber-dependent external forcing to a general
circulation model (GCM). The forcing constrains various length scales of the GCM to be close to those in the
evolving analyses of the European Centre for Medium-Range Weather Forecasts and the National Centers for
Environmental Prediction. The forcing acts either on the planetary waves (PW, defined as zonal wavenumbers
0–5), the synoptic waves (SW, defined as zonal wavenumbers 6–20), the synoptic waves plus the zonal mean
(SW0), or the synoptic waves plus the zonal mean and wavenumber 1 (SW01). The form of the forcing is a
linear relaxation to the (evolving) analyses with a time constant of 8 h. This forcing is applied only to the
temperature and vorticity equations of the GCM, which has a spectral truncation of T42.
Control integrations of length 30 days have been run starting on 15 December, 1 January, and 15 January for
each of the 12 winters in the period 1982/83–1993/94. This set of 36 integrations was repeated for PW forcing,
SW forcing, SW0 forcing, and SW01 forcing.
The effectiveness of the SW forcing is measured by the mean zonal error variance of each wavenumber,
normalized by the zonal variance in the analyses. This ratio is generally less than 0.2 when the analysis variance
is large.
The systematic error of the pentad-mean 500-hPa height is very small in the PW-forced experiments compared
to the control. The error reduction is very modest in the SW-forced experiments, and the zonal mean bias is
increased compared to the control. Implications regarding errors in the GCM formulation of the planetary wave
system are discussed. Dramatic reduction in the systematic error occurs only for the SW01 experiment, indicating
the importance of wavenumber 1 errors in the GCM. The very modest reduction of the random pentad mean
height error in the SW forced experiments compared to the control reflects the instrinsically chaotic nature of
the PWs.
The 5-day mean streamfunction tendency due to bandpass transient SW–SW interactions in the control experiment tends to extend the Pacific jet too far east, and the Atlantic jet too far equatorward. The SW forcing
reduces the systematic error in this transient–mean flow interaction, but systematic errors remain in the Atlantic,
where the mean flow is in error. The PW-forced experiments show very low systematic error in this interaction,
indicating 1) the strong steering effect of the PWs on the SWs, and 2) the ability of the GCM to simulate SWs
realistically. The random error of the SW–SW transient–mean flow interaction emphasizes the intrinsic lack of
predictability of the SWs.
The 5-day mean streamfunction tendency due to bandpass transient PW–SW interactions in the control experiment tends to support excessive meridional flow in the eastern Pacific, and to force the Atlantic jet too far
equatorward. The reduction of the systematic error of this interaction from its value in the control experiment
is marginal in the SW, SW0, and SW01 experiments, but is much greater for the PW-forced experiment, emphasizing the steering of the SWs by the mean PWs. The reduction in the random error of the PW–SW tendency
from its control value is also significant for the PW-forced experiments at high latitudes.

1. Introduction
Observational studies of the large-scale low-frequency atmospheric variability have emphasized the importance of both teleconnection patterns that emerge from
single-point correlations (Wallace and Gutzler 1981)
and from more complex methods (Horel 1981), and the
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development of persistent anomalies, particularly blocking high pressure systems (Dole and Gordon 1983). Specific theoretical explanations of these phenomena have
invoked the extratropical response to changes in tropical
forcing (Hoskins and Karoly 1981), barotropic/baroclinic instability of the three-dimensional time-mean
flow (Frederiksen 1982; Simmons et al. 1983), and transitions between large-scale multiple equilibria (Charney
and deVore 1979; Charney and Straus 1980; Rambaldi
and Mo 1984; LeGras and Ghil 1985; Benzi et al.
1986b). It has become clear that the mutual interactions
between planetary- and synoptic-scale motions play a
very large role in the evolution of the larger scales (Eg-
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FIG. 1. Systematic error of 500-hPa height for the Northern Hemisphere from the control experiment. (a) Days 1–5.
(b) Days 6–10. (c) Days 10–15. (d) Days 26–30. Contour interval is (a) 10 m, (b) and (c) 20 m, and (d) 40 m.

ger and Schilling 1983; Colucci 1985, 1987; Kung and
Baker 1986; Miyakoda et al. 1986; Haines and Marshall
1987; Lau 1988; Nakamura and Wallace 1991; Tracton
1990; Tanaka 1991).
In recent years there has been a convergence of the
various phenomenological concepts and theoretical
ideas. The highly simplified theory of multiple equilibria has evolved into the notion of distinct large-scale
regimes (Reinhold and Pierrehumbert 1982; Vautard and
Legras 1988), with some support from diagnostic stud-

ies using atmospheric analyses (Benzi et al. 1986a; Hansen and Sutera 1986; Molteni et al. 1990; Cheng and
Wallace 1993; Kimoto and Ghil 1993). In particular,
cluster analysis of the large-scale atmospheric flow
(Molteni et al. 1990; Cheng and Wallace 1993) has identified regimes in terms of discrete regions in the phase
space in which the density of atmospheric states is in
some sense large. These regions in phase space correspond to a combination of teleconnection patterns in
physical space, and involve patterns that resemble large-
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FIG. 2. Systematic error of 500-hPa height for days 26–30. (a) PW-forced experiment. (b) SW-forced experiment. (c)
SW0-forced experiment. (d) SW01-forced experiment. Contour interval is 20 m.

scale blocks in certain regions. Transitions between regimes may in some cases be related to barotropic instability (Molteni and Tibaldi 1990). More generally,
the interactions between synoptic and planetary scales
not only play a role in these transitions (Reinhold and
Yang 1993), but are intrinsic elements necessary to the
existence of the regimes themselves (Reinhold and
Pierrehumbert 1982; Branstator 1992). These interactions have also been shown to modulate the tropical
influence on midlatitudes (Held et al. 1989).

The importance of these concepts in practical extended-range forecasting has been made quite explicit
by Palmer (1988), O’Lenic and Livezey (1989), Tracton
et al. (1989), Molteni and Tibaldi (1990), and Molteni
and Palmer (1991). Forecast models generally have a
hard time predicting the development of persistent
anomalies and transitions between atmospheric regimes
(Tracton et al. 1989; Palmer et al. 1990; Tibaldi and
Molteni 1990). Incorrect representations of both diabatic
and orographic forcing, as well as a tendency for the
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FIG. 3. Zonal mean of the systematic error in 500-hPa height as a function of time and latitude. The time
labels the first day of the running-mean pentad. (a) Control experiment. (b) SW-forced experiment. Contour
interval is 10 m.

model to relax strongly to its own erroneous climatology
are all thought to play a role (Molteni and Tibaldi 1990).
It would be valuable to understand how forecast models
handle the mutual interactions between synoptic and planetary waves in the context of transitions between different
regimes, and to compare these interactions with those that
occur in the atmosphere. Since these mutual interactions
are so strong, diagnosis of model forecasts and comparison
with analyses can only identify discrepancies. In order to
understand the errors in the interactions more fully, it is
necessary to be able to specify the evolving configuration
of either the synoptic or planetary components in the model context. Detailed examination of the remaining (free)
component, and of the interactions between the specified
(realistic) component and the free model component would
then help to understand how these interactions are
(mis)represented in the model.
The purpose of this paper is to present some basic
results of a method that attempts to so specify the evolving synoptic or planetary waves. We apply a linear
wavenumber-dependent forcing by relaxing the planetary waves (wavenumbers 0–5, referred to as PW) and
(separately) the synoptic waves (wavenumbers 6–20,
referred to as SW) toward the time-dependent set of
fields given by the analyses of the European Centre for
Medium-Range Weather Forecasts (ECMWF) and the
reanalyses of the National Centers for Environmental
Prediction (NCEP) (Kalnay et al. 1996). In this paper
we utilize this technique to give an overall indication
of 1) how the SW components affect the slowly varying
PW flow, and 2) the strength of the control exerted on

the SW by the PW. We are also using the wavenumber
forcing technique presented here to explore the role of
scale interactions in transitions between weather regimes. That work will be reported in a separate paper.
From a physical point of view, our procedure can be
compared to many earlier attempts to take into account
more rapidly evolving synoptic scales in a statistical
manner within the context of a model that explicitly
resolves only the planetary waves (e.g., Egger and Schilling 1983). Designing such a statistical closure scheme
in the case where there is strong interaction between
SW and PWs is a very difficult task. In this paper, we
avoid this problem by imposing the analyzed evolution
of the SWs (or PWs) on the model in a brute force
approach. In this procedure it is not necessary to specify
the functional relationship between the SWs and PWs,
and it has the advantage that the statistical behavior of
the forced waves, and the relationships with the unforced waves, will be correct.
The method we use is similar to techniques that have
been used in a variety of contexts. Davies and Turner
(1977) investigated different linear approaches to forcing the fields in a shallow water model toward prespecified time-dependent data that were interpreted as
observations. The types of forcing included both simple relaxation toward the time-dependent observations,
and diffusion of the model error. Variations of this
technique are sometimes referred to as dynamic relaxation, Newtonian relaxation, or nudging (Daley 1991),
and have been used in the context of the hydrologic
cycle (Krishnamurthi et al. 1988) and in research on
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FIG. 4. Zonal mean of the random error in 500-hPa height as a function of time and latitude. The random
error squared was averaged over longitude, and the square root taken. The time labels the first day of the
running mean pentad. (a) Control experiment. (b) PW-forced experiment. (c) SW-forced experiment. (d)
SW0-forced experiment. (e) SW01-forced experiment. Contour interval is 20 m.

improving operational forecast–analysis systems
(Macpherson 1991; Bloom et al. 1996). Klinker (1990)
used this type of linear forcing in an investigation of
the causes of the systematic error of the general circulation model (GCM) of the ECMWF. One of the main
goals was to isolate the effects of error propagation

from the Tropics on the midlatitude simulation from
the in situ midlatitude effects. This was accomplished
by adding terms to the GCM that strongly damped the
tropical errors, thus ensuring the model reproduced the
fields given by the analysis. A very similar technique
was used for a somewhat different purpose by Ferranti
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FIG. 4. (Continued)

et al. (1990), who were interested in the effects of the
Madden–Julian oscillation (MJO) on midlatitude medium-range forecasts.
In this paper we extend this type of linear forcing
into the wavenumber domain. Although superficially the
forcing we use is very similar to that used in the earlier
work described above, important, if subtle, differences

should be noted. The previous work can be categorized
either in terms of boundary value experiments (Klinker
1990; Ferranti et al. 1990), or analysis techniques, that
is, establishing a balanced state consistent with the observations (Davies and Turner 1977; Daley 1991; Krishnamurthi et al. 1988; MacPherson 1991; Bloom et al.
1996). In this paper, however, we extensively examine
the actual dynamical details of the flow evolution in
both the forced and unforced domains. This is achieved
in the context of a series of 30-day GCM forecasts, in
which various components of the circulation are forced
toward the evolving analyses. The mutual influence of
the SWs and PWs will be probed by examining the
systematic and random error components of the 5-day
mean flow in a number of experiments. Each experiment
consists of a set of 36 GCM forecasts of length 30 days.
The experiments are distinguished by the additional
forcing used, as follows: 1) no forcing (control), 2) PW
forcing, 3) SW forcing, 4) SW plus zonal mean, and 5)
SW plus zonal mean and wavenumber 1. The PW control of the synoptic waves will be approached by comparing the transient vorticity flux convergence due to
the SW–SW and PW–SW interactions in the forced runs
2–5 above with those in the control runs.
One way of conceptualizing the forcing we use is to
think of the GCM as two strongly interacting models,
one for the PW system and one for the SW system.
(Since the GCM utilized is a spectral model, as discussed in section 3, this concept is quite close to the
reality of the model code.) Then the PW-forced integrations become integrations of the SW system in which
the PWs are given by the analyses and not the PW

FIG. 5. Five-day mean streamfunction tendency due to SW–SW transient interactions, vertically integrated. (a)
Control experiment. (b) Results from analyses. Contour interval is 2.0 3 10 6 m 2 s21 per pentad.
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FIG. 6. Systematic error of 5-day mean streamfunction tendency due to SW–SW transient interactions, vertically
integrated, for days 10–30. (a) Control experiment. (b) PW-forced experiment. (c) SW-forced experiment. (d) SW0forced experiment. (e) SW01-forced experiment. Contour interval is 1.0 3 10 6 m 2 s21 per pentad.

system. Similarly, the SW-forced integrations are integrations of the PW system using the analysis SWs. Similar comments apply to the other experiments.
Our approach is analogous to the work of Kushnir
and Wallace (1989) in the frequency domain. They examined several forecasts in which the initial conditions
were modified by removal of the high-frequency component of the circulation. By comparing the resulting
behavior of the high-frequency transients with those in

the control run they concluded that the configuration of
these rapid transients was not primarily determined by
that of the low-frequency fluctuations.
The plan of the paper is as follows. Details of the
forcing are given in section 2. The GCM and the experiments are described in section 3, while the results
for the mean flow are presented in section 4. Section 5
contains the results for the transient interactions, and a
summary and discussion is given in section 6.
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very similar whether or not the forcing is applied to the
divergence, so we omitted it for the experiments shown
in this paper.1 The influence of the divergence forcing
on the slow planetary wave modes in the Tropics was
not studied extensively.
We used the ECMWF analysis of temperature and
vorticity twice daily for the winters of 1986/87–1991/
92. For the winters of 1982/83–1985/86 and 1992/93–
1993/94, NCEP reanalyses were used. These fields were
interpolated to the model’s vertical sigma surfaces, and
were expressed as coefficients of spherical harmonics.
This simple procedure is adequate only for relatively
slowly evolving features of the atmosphere, those with
a timescale of at least a day.
The modified form of (1), which includes the wavenumber dependence, is
]T n,m
1
5 · · · 1 Fn,m (T*n,m 2 T n,m ),
]t
t

FIG. 6. (Continued)

2. Forcing
The basic form of the additional forcing that is added
to the prognostic equations of the GCM for temperature
and vorticity is
]T
1
5 · · · 1 [T*(t) 2 T(t)],
]t
t

(1)

in which we choose the temperature equation for illustration. The temperature T* to which the predicted temperature T is forced is given as follows:
[(t 2 t (2) )T* (1) 1 (t (1) 2 t)T* (2) ]
.
[t (1) 2 t (2) ]

(2)

Here t (2) and t (1) refer to the most recent and next analysis times, respectively, and t is the current simulated
(model) time. The analysis is available every 12 h. Further, T* (1) and T* (2) refer to the corresponding analysis
temperatures. The damping time t is a constant, which
is taken in our case to be 8 h, following the work of
Klinker (1990). This formulation is applied to the prognostic equations for temperature and vorticity every time
step (i.e., every 20 simulated minutes) in the GCM. In
addition to temperature and vorticity, the GCM also uses
divergence, specific humidity, and the log of surface
pressure as prognostic variables. The forcing is actually
applied in spectral space and on the GCM’s vertical
(sigma) surfaces, but Eq. (1) still formally applies. It is
not necessary to apply the forcing to the prognostic
equation for the (log of ) surface pressure (Klinker
1990), and applying such a correction to the divergence
field will not be effective in forcing at least the zonalmean time average divergence (deWeaver and Nigam
1997). It turns out that our results (in midlatitudes) are

(3)

where we have made explicit the wavenumber dependence of the temperature field: n is the total (global)
wavenumber and m the zonal wavenumber. The spectral quantities T n,m and T*n,m are complex. The (real)
filter F n,m determines which horizontal scales will be
forced. In choosing this filter, the primary consideration was that the ‘‘planetary wave’’ (PW) category be
able to well describe the large-scale states that characterize the regimes of the atmosphere as identified,
for example, by the clusters of Cheng and Wallace
(1993) or Molteni et al. (1990), and that it captures
much of the signature of blocking (Tibaldi and Molteni
1990). These low-frequency structures tend to be
strongly confined meridionally. In addition, we wanted
the ‘‘synoptic wave’’ (SW) category to describe the
transients associated with the life cycles of baroclinic
waves (Simmons and Hoskins 1978), and to reflect the
geographical organization of these waves in the ‘‘storm
track’’ regions of the Northern Hemisphere. These considerations strongly suggest the use of zonal (as opposed to total ) wavenumber to define the wave categories. While the purely geometric definition of length
scales involves total wavenumber (Boer and Shepherd
1983), filtering on the basis of total wavenumber does
not afford adequate discrimination on the basis of
timescale and geographical organization. The baroclinic waves described by Simmons and Hoskins
(1978), and their organization into storm tracks [as in
Blackmon and White (1982)] are very well captured
using zonal wavenumbers to define wave categories.
In addition, the tight meridional confinement of persistent blocking highs is not possible to reconstruct

1
This result may well be sensitive to both the time interval used
to update the forcing (here 12 h) and the damping time t (here 8 h).
If either is much shorter, the GCM may respond more to the forcing
of the divergence. The accuracy of the divergence in the analyses
used to provide the forcing then becomes important.
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FIG. 7. Random error of 5-day mean streamfunction tendency due to SW–SW transient interactions, vertically integrated, for days 10–30. See text for details. (a) Control experiment. (b) PW-forced experiment. (c) SW-forced experiment. (d) SW0-forced experiment. (e) SW01-forced experiment. Contour interval is 2.0 3 10 6 m 2 s21 per pentad.

using low-order spherical harmonics; a complete meridional description of the flow is needed.
The definition of the filter we used for the PW forcing is given by: F n,m 5 1 for 0 # m # 5 (independent
of n) and is otherwise 0. For the SW forcing, we take
F n,m 5 1 for 6 # m # 20 (independent of n) to be the
only nonzero values. This definition of the SWs captures the energy-containing transients, but excludes
very rapidly evolving small-scale features that our

forcing scheme does not handle accurately. In practice
a taper was applied for values of n near 20, so that F
decreased gradually with increasing wavenumber.
In the appendix we discuss the degree to which the
simulated amplitude and phase agree with the target
amplitude and phase from the analyses. This is particularly an issue for the SW-forced integrations. Using
an error measure based on the zonal variance, we show
that for wavenumbers and latitudes where the SW vari-
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FIG. 7. (Continued)

ance is large, the error is less than about 20% of the
analyzed variance. We also identify a mechanism by
which the linear forcing can yield erroneous results.
In particular, existing errors in the phase of the simulated wave can cause the amplitude to be forced incorrectly. (An extreme case would occur if the simulated wave were perfectly out of phase with the forced
wave, in which case the amplitude forcing would be

negative and the simulated wave would decay.) A
source of phase errors for the forced waves is the nonlinear interactions with those waves not being directly
forced (and hence likely to have their own errors). The
forcing implied in Eq. (3) cannot damp out the phase
and amplitude errors uniformly. It is possible to construct a form of the forcing that more closely accomplishes this, as we describe in the appendix. However,
when expressed in terms of the spectral coefficients,
this forcing is both highly nonlinear and singular.
A forcing technique that avoids these problems is
incremental analysis update (IAU), as discussed in
Bloom et al. 1996. In the IAU technique the model is
integrated twice between times t and t 1 Dt (that is,
between insertions of the analysis data); once to determine the error and the second time to remove it. This
is clearly more expensive computationally than the direct forcing that we have used.
The diurnal cycle is clearly misrepresented in our
experiments because the interpolation is linear between
analyses available only every 12 h. However, it is not
expected that these errors will have any noticeable effect
on the synoptic- and planetary-scale dynamics in midlatitudes above the boundary layer.
3. GCM experiments and error measures
a. GCM
The GCM utilized in this study is the GCM of the
Center for Ocean–Land–Atmosphere Studies (COLA)
at spectral resolution triangular 42 (T42). The prog-

FIG. 8. Five-day mean streamfunction tendency due to PW–SW transient interactions, vertically integrated. (a)
Control experiment. (b) Results from analyses. Contour interval is 1.0 3 10 6 m 2 s21 per pentad.
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FIG. 9. Systematic error of 5-day mean streamfunction tendency due to PW–SW transient interactions, vertically
integrated, for days 10–30. See text for details. (a) Control experiment. (b) PW-forced experiment. (c) SW-forced
experiment. (d) SW0-forced experiment. (e) SW01-forced experiment. Contour interval is 1.0 3 10 6 m 2 s21 per pentad.

nostic variables consist of spectral representations of
temperature, vorticity, divergence, specific humidity,
and the log of surface pressure. The GCM features a
full suite of parameterizations, including, for example,
long- and shortwave radiation, cumulus and shallow
convection, large-scale latent heat release, cloud–radiation interaction, interactions with a model biosphere,
and gravity wave drag (see Xue et al. 1996, and references therein).

b. Experiments
Five experiments were run, each consisting of 36 simulations of length 30 days. The set of control integrations started from analyses valid for 0000 UTC 15 December, 1 January, and 15 January for the 12 winters
of 1982/83–1993/94. Observed sea surface temperatures
(SSTs) and sea ice were used in all the integrations. The
initial conditions were obtained from the ECMWF anal-
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functions of forecast time by using deviations from running 11-day means as the input series. For the PW experiments the correlation of wavenumbers 0–5 remains
above 0.9 for the entire period, while for the SW experiments the wavenumber 6–20 correlation falls as low
as 0.8 in some locations, but is generally above 0.9.
There is no indication of a systematic loss of correlation
toward the end of the 30-day integrations. A more sensitive measure is the zonally averaged mean-squared
error for a single wavenumber. In the appendix, we show
that for wavenumbers and latitudes where the SW variance is large, the error is less than about 20% of the
analyzed variance, but where the SW variance is small
the error can be large, particularly at higher wavenumbers.
d. Error measures

FIG. 9. (Continued)

yses for the last nine winters, and from the NCEP reanalyses for the first three winters. In parallel to the control
experiment, four additional experiments were run that
utilized the same initial conditions, SST and sea ice, but
in which the forcing toward the analyses was added. In
the PW experiment, zonal waves 0–5 were forced toward the analyses as described in section 2. In the SW
experiment, zonal waves 6–20 were forced. In the SW0
experiment, zonal waves 0 and 6–20 were forced, and
in the SW01 experiment, zonal waves 0, 1, and 6–20
were forced. Thus the zonally averaged flow was forced
by the analyses in the PW, SW0, and SW01 experiments,
and wavenumber 1 was forced only in the PW and SW01
experiments.
The choice of three (overlapping) 30-day forecasts
for each winter season was made because we anticipated
that the forcing would not be completely effective in
constraining the forced wave components to reproduce
those of the analyses (as explained in the previous section), so that the errors in even the forced waves could
possibly grow with time. Since a large error in the forced
waves would severely compromise the usefulness of the
experiments, each winter season was spanned with three
overlapping integrations rather than attempting a single
seasonal integration.

The degree of difference between the analyses and
the various experiments is analyzed in terms of a slowly
varying component (defined by running 5-day means)
and a more rapidly varying component that consists of
departures from the former. Our definition of the slowly
varying component still allows for the study of the evolution of error within the month. (Error is defined as
the difference between any field from one of the GCM
integrations and that field from the analyses for the corresponding calendar date.) The 5-day (pentad) mean
fields and errors are dominated by the PW scales, while
the SW scales tend to be dominated by the high-frequency transients (see Straus and Shukla 1981). The
pentad-mean errors are divided into systematic errors,
which are defined as errors averaged over all 36 integrations but dependent upon the time relative to the start
of the forecast, and random errors, which are meansquared departures of the errors from the systematic
errors, and are also dependent upon the relative forecast
time (see the appendix). The errors of the higher frequencies are defined in terms of the high-frequency transient feedback onto the mean flow that is implied by
the convergence of the vorticity flux associated with the
SW–SW and PW–SW interactions. These vorticity flux
convergences (which imply a vorticity, or associated
streamfunction tendency) were calculated using the rotational component of the flow, as recommended by
Hurrell (1995). Details are given in the appendix.
4. Pentad mean errors
a. Systematic error

c. Effectiveness of forcing
In order to confirm that the planetary waves (synoptic
waves) were actually being constrained to be close to
those in the analysis in the PW (SW) experiments, we
examined the correlation between fluctuations of the
300-hPa meridional (y) wind for wavenumbers 0–5 and
6–20 separately. The correlations were computed as

The systematic error of the 500-hPa height is calculated as function of time for the 26 running pentads
for each set of experiments. Northern Hemispheric maps
of the systematic error for the control run are given for
the pentads starting at forecast days 1, 6, 10, and 26
(final pentad) in Fig. 1. The growth of the systematic
error over the first few weeks is not unexpected, and
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FIG. 10. Random error of 5-day mean streamfunction tendency due to PW–SW transient interactions, vertically
integrated, for days 10–30. (a) Control experiment. (b) PW-forced experiment. (c) SW-forced experiment. (d) SW0
forced experiment. (e) SW01-forced experiment. Contour interval is 2.0 3 10 6 m 2 s21 per pentad.

the pattern that emerges between days 10 and 15 remains
fixed, although its magnitude grows. Large negative errors over the northern Atlantic and Pacific Oceans are
accompanied by a large positive error over northeastern
Canada, indicating the GCM’s inability to simulate the
trough that is observed at this location. The errors in
height gradient over the eastern Pacific Ocean are consistent with an extension of the Pacific jet to the east
in the GCM, while the gradient errors over the Atlantic

are consistent with an equatorward shift of the jet.
Smaller errors are seen at lower latitudes. The systematic error maps for the experiments PW, SW, SW0, and
SW01 are shown for the final pentad (days 26–30) in
Fig. 2. The PW systematic error is very small, which
is a trivial result because 5-day means in general are
dominated by the PWs, which are forced from the analyses here. The systematic error of the SW experiment
shown in Fig. 2b has a structure very similar to that of
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small, indicating that the forcing of this component is
very effective.
b. Random error
The square root of the zonal mean of the random
error R 2 of running pentad means for 500-hPa height is
shown in Fig. 4 for all the experiments. The near vanishing of the PW random error compared to that of the
control further indicates the effectiveness of the PW
forcing. The error reduction seen in the SW and SW0
experiments is much more modest, with the day 26–30
error at 508N (for example) decreasing from 140 m (control) to about 110 m in the SW and SW0 experiments.
There is a much more substantial reduction in the SW01
experiment, where the random error is only about half
that of the control. It is noteworthy that while the systematic error in the SW01 experiment has been almost
completely eliminated, this is not true of the random
component.
FIG. 10. (Continued)

5. Transient errors
a. SW–SW transient interactions

the control, although the magnitude of the extreme errors is smaller, especially over the Atlantic. A fairly
large error over central Asia is introduced, however.
While the error equatorward of 508N is further reduced
in the SW0 experiment shown in Fig. 2c, the Canadian
error is reduced only slightly. This large error is eliminated in the SW01 experiment shown in Fig. 2d, indicating that unless the GCM with realistic SW forcing
also has the observed structure in both the zonal flow
and wavenumber 1, the large error over Canada cannot
be eliminated. Put another way, the systematic error is
nearly eliminated2 in the SW01 run even though wavenumbers 2 through 5 (which are clearly seen as contributors to the systematic error in Figure 1d) evolve
freely in the GCM.
The effects of pure synoptic wave forcing on the
GCM are further explored in Fig. 3, which shows the
zonal mean of the systematic error, plotted as a function
of the starting day of the running pentad, for both the
SW and control runs. The negative errors that develop
in the control run at midlatitudes are exacerbated in the
SW experiment, particularly beyond day 15. The error
in the zonal mean also appears in the temperature field
(not shown), and it is larger at 500 hPa than at either
850 hPa or 200 hPa. It is this additional zonal mean
error induced by the SW forcing that motivated the SW0
experiment. The zonal mean of the systematic errors in
the PW, SW0, and SW1 experiments (not shown) is very

2
The relatively large negative error over central Asia is probably
related to the errors introduced by the vertical interpolation from the
pressure surfaces of the analysis to the sigma surfaces of the GCM.

The streamfunction tendency due to the transient
SW–SW interactions is shown for the control GCM integrations in Fig. 5a, where it has been averaged over
the six pentads corresponding to forecast days 6–10,
11–15, 16–20, 21–25, and 26–30, and further averaged
over all 36 control integrations. Thus it is equivalent to
the feedback on the monthly mean flow due to the highfrequency transients. Figure 5b shows the corresponding
field from the analyses. These diagnostics have been
averaged vertically between 850 hPa and 100 hPa, and
are reported as a tendency in units of 10 6 m 2 s21 per
pentad of time. All the results of this section are presented similarly. Figure 5b indicates the reinforcemement of the mean Atlantic and Pacific jets by the transient synoptic wave interaction, whereas in Fig. 5a the
feedback by the transients is shifted dramatically eastward in the Pacific, and equatorward in the Atlantic.
These errors are similar to the pentad mean errors seen
in the previous subsection. The systematic error in the
SW–SW transient forcing (given by the difference of
Figs. 5a and 5b above) is shown in Fig. 6a, along with
the errors in the PW, SW, SW0, and SW01 experiments,
given in Figs. 6b–e, respectively. The sharp reduction
in the systematic error in Figs. 6c–e is due to the effective forcing of the synoptic waves in the corresponding experiments. The almost equal degree of error reduction seen in Fig. 6b comes about solely as a result
of planetary wave forcing. It is noteworthy that this PW
forcing is as effective in reducing the errors in the region
of northeastern Canada as the SW forcing.
The random errors in the SW–SW transient forcing
are shown in Fig. 7, where they have been averaged
over the same pentads as for Fig. 6. (See the appendix
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for details of their computation.) Here all the synoptic
wave forcing runs, SW, SW0, and SW01, are effective
in reducing the random error from the level of the control run in Fig. 7a by nearly a factor of 2. The PW
forcing has little effect in reducing the random error, as
seen by a comparison of Figs. 7a and 7b.
b. PW–SW transient interactions
The transient interactions between synoptic and planterary waves are reported here in precisely the same
format as in section 5a above. Figure 8 shows the associated streamfunction tendency (again averaged over
the pentads corresponding to forecast days 10–30) for
the control integrations and the analyses. The results
from the analyses in Fig. 8b indicate a general reinforcement of the Pacific jet, and some indication of a
steering of the Atlantic jet toward the northeast. The
GCM errors include a large positive tendency in the
eastern Pacific (implying an erroneous meridional wind)
and a clear tendency to steer the Atlantic jet in a pure
eastward direction. The systematic errors in the PW–
SW transient interactions are given for all experiments
in Fig. 9 (which is completely analogous to Fig. 6). The
reduction of the systematic error here is marginal for
the SW run, but is more distinct for the PW and SW01
runs. The random errors are shown in Fig. 10, which is
analogous to Fig. 7. While a very modest reduction in
the magnitude of the random error is seen in Figs. 10c
and 10d, the PW-forced run shows a larger degree of
reduction, particularly at high latitudes. The SW01 results show an impressive reduction of the errors over
the northern Pacific and Atlantic Oceans.
6. Discussion
In interpreting these results, we try to separate the
effects of the GCM bias from the basic interaction properties of the wave groups (SW and PW) in the atmosphere. The large systematic errors in the pentad-mean
height field from the SW-forced integrations as seen in
Figs. 2b and 3b are an indication of errors in the GCM
formulation of the PW subsubsystem, for the pentad
means shown in Figs. 2 and 3 are dominated by the
PWs. These errors, possibly related to the diabatic heating parameterizations, lead to biases in the time-mean,
ensemble-mean flow even in the presence of SW forcing
taken from analyses. Evidence that the errors in the
GCM’s PWs strongly involve wavenumbers 0 and 1 is
given in Fig. 2d, which shows a dramatic reduction in
the mean bias once the zonal flow and wavenumber 1
are correct.
It is possible that the relatively large systematic height
error in the SW runs is due either to the inaccuracies
in the forcing method, or to the effects of wavenumbers
higher than 20. With regard to the first point, the most
rapidly developing synoptic waves are those that are
most poorly forced in our scheme, and yet they may be
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responsible for significant mean flow interaction. Yet
the systematic error in the synoptic wave transient vorticity flux convergence is quite small in the SW runs,
and even the random error of this sensitive quantity is
much reduced from that of the control GCM. This indicates a high degree of realism in the forcing of the
synoptic waves. (Also see the discussion in the appendix.) With regard to the second point (smaller-scale effects), we have directly calculated the transient vorticity
flux convergence of the very small scales (and that due
to the interaction of the very small scales with the synoptic and planetary scales) for both the analyses and the
GCM, and it is generally much smaller than the contributions involving only the planetary and synoptic
waves.
The random component of the pentad-mean height
error, shown in Fig. 4, reflects in addition the lack of
predictability of the PW system itself. The very modest
error reduction seen in Fig. 4c argues that the PW evolution itself is intrinsically chaotic and is not tightly
constrained by the SW configuration (Reinhold and
Yang 1993).
Evidence that the PW systematic influence on the
SWs is generally quite strong is given in Fig. 6. Here
the systematic error of the synoptic wave vorticity flux
convergence is generally greatly reduced in the SWforced runs shown in Fig. 5c, as would be expected.
However, over the northwestern Atlantic where the systematic (PW) error in the mean height gradient is strong,
a large error remains, an error that is not much further
reduced by additional constraints on the zonal flow. In
contrast, the generally low level of the error in the SW
vorticity flux convergence in the PW-forced runs, and
the lack of strong localized features, argues both that
the PWs very effectively steer the SW activity on average, and that the GCM is handling wavenumbers 6–
20 in a realistic manner. The former conclusion is in
agreement with previous diagnostic work (e.g., Lau
1988), while the latter reinforces the notion that it is
the longest waves which are most in error in the GCM.
A cautionary note is provided by Fig. 6e, which indicates that the coherent error in SW vorticity flux convergence over the northwestern Atlantic is still noticeable even in runs which have almost no PW systematic
error, as seen in Fig. 2d. It seems that the (unconstrained) wavenumbers 2–5 in the GCM have nonsystematic
errors which nonetheless leave a residual systematic error in the SW configuration.
The level of nonsystematic (random) error in the SW
vorticity flux convergence is considerably reduced from
the control integrations in all three sets of integrations
involving SW, and the extent of the reduction gives a
measure of the effectiveness of the forcing. The much
larger random error in the PW-forced integrations emphasizes the inherent lack of predictability in the SWs.
The explicit interactions between the PWs and SWs,
measured by the sum of PW convergence of SW vorticity and SW convergence of PW vorticity, should be
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improved by the specification of either subsystem from
analyses. Yet, as shown in Figs. 9 and 10, the systematic
error of this transient–mean flow interaction term is lower in the PW experiment than in the SW experiment,
and the corresponding random error is also dramatically
reduced at high latitudes. Again, the importance of the
PW steering of SWs is emphasized.
These results imply a fair degree of control of synoptic wave activity by the planetary waves. They also
imply that realistic synoptic wave structures do not by
themselves correct systematic errors in the planetary
wave mean flow. This is at least consistent with the
experience that increasing the horizontal resolution of
GCMs beyond a certain point does not yield a more
realistic flow (Boyle 1993), even though the higherresolution models presumably simulate synoptic wave
development more accurately.
Very rapidly developing synoptic waves, which may
not be captured with complete fidelity by our simple
forcing scheme, can play an important role in determining the evolution of the plantery wave structure,
particularly those changes connected to regime transitions (Reinhold and Yang 1993). A comprehensive observational study of the synoptic behavior of baroclinic
eddies prior to the onset of blocking (Nakamura and
Wallace 1993) emphasizes changes that take place over
several days. Enhancing the effectiveness of forcing the
synoptic waves in GCMs from analyses by a combination of more frequent data insertion and a better forcing scheme awaits the future.

1
V 5 T 2.
2

(A3)

It is straightforward to show that the zonal variance of
the error (GCM minus analysis) can be written as
1
E 5 {(A 2 A*) 2 1 2AA*[1 2 cos(w 2 w*)]}
2
5 EAMP 1 EPHA .

(A4)

Here E is the mean-squared error, and EAMP and EPHA
the components due to errors in the amplitude and phase,
respectively.
Figure A1a shows V for the 300-hPa y wind for the
analyses, averaged over all analysis times corresponding
to forecast day 15 in the SW experiment. The synoptic
wave maximum at zonal wavenumber 6 is clear in both
hemispheres, while an additional planetary wave maximum is present in the Northern Hemisphere. Figures
A1b–d show the errors for the SW-forced experiments.
The total error E is shown in Fig. A1b, while EAMP and
EPHA are shown in Figs. A1c and A1d, respectively. In
all cases the error is normalized by V of Fig. A1a. Note
the sharp drop-off in error at wavenumber 6, corresponding to the fact that for the SW experiments only
wavenumbers 6–20 are forced. For most latitudes and
synoptic wavenumbers for which V is large, the errors
are modest (below 0.2), giving a measure of the effectiveness of the forcing.
b. Amplitude and phase forcing
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We further develop the forcing introduced in section
2a of the paper to examine the phase and amplitude
forcing. Equations (A1) and (A2) can be written as
T 5 a cos(ml ) 1 b sin(ml )

(A5)

APPENDIX

T 5 a* cos(ml ) 1 b* sin(ml ).

(A6)

Technical Matters

In terms of this representation, Eq. (A1) of the paper
can be written as

and

a. Amplitude and phase errors
We develop a simple formalism to define an error
measure for the wavenumbers that are forced. For zonal
wavenumber m (at a fixed latitude, level and time), we
write a particular variable of the GCM T as
T 5 A cos(ml 1 w ),

T* 5 A* cos(ml 1 w*).

(A2)

The zonal variance of T, namely the value of T 2 averaged around a latitude circle, is just

(A7)

]b
1
5 · · · 1 (b* 2 b).
]t
t

(A8)

and

(A1)

where l is longitude, A the wave amplitude, and w the
wave phase. The corresponding variable T* for the
analyses (toward which the GCM is forced) is given,
at the same latitude and time and the same zonal wavenumber, as

]a
1
5 · · · 1 (a* 2 a)
]t
t

In terms of amplitude and phase, the forcing can be
expressed as
]w
1 A
5 ··· 2
sin(w 2 w*)
]t
t A*

(A9)

]A
1
5 · · · 1 [A* cos(w 2 w*) 2 A].
]t
t

(A10)

and
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FIG. A1. (a) Zonal variance of 300-hPa y wind at forecast day 15 as a function of zonal wavenumber and latitude. Contour interval is 5
m 2 s22 . (b) Total normalized zonal error variance of 300-hPa y wind at forecast day 15. (c) Normalized zonal error variance of 300-hPa y
wind at forecast day 15 due to amplitude errors. (d) Normalized zonal error variance of 300-hPa y wind at forecast day 15 due to phase
errors. All panels averaged over the SW experiments. Contour interval is 0.1 for panels (b)–(d). Shading for values greater than 0.5.

The simulated amplitude and phases are not uniformly
forced toward the target amplitude and phase indicated
by the asterisks. In particular, errors in the phase of the
simulated wave can cause the amplitude to be forced
incorrectly. An extreme case occurs when the simulated
wave is perfectly out of phase with the forced wave, in
which case the amplitude forcing is negative and the
simulated wave decays.
The amplitude and phase A and w are related to the
coefficients a and b:
A 2 5 (a 2 1 b 2 )

(A13)

]b
1
5 · · · 1 (Fb 2 b),
]t
t

(A14)

and

where F a and F b are to be chosen. The corresponding
forcing of A 2 and T can be written as
2A

(A11)

and

]a
1
5 · · · 1 (Fa 2 a)
]t
t

]A
]a
]b
1
5 a 1 b 5 · · · 1 (aFa 1 bFb 2 A 2 )
]t
]t
]t
t
(A15)

and
b
T 5 tan(w) 5 2 .
a

(A12)

We introduce more general forcing for the components a and b in the form

]T
b ]a
1 ]b
52 2
2
···
]t
a ]t
a ]t
1

[1

2

]

2
b
1
2 2 Fa 2 Fb 2 T .
t
2a
2a

(A16)
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Equations (A15) and (A16) have the desired form of
directly forcing the amplitude squared A 2 and phase
tangent T if F a and F b satisfy

corresponding to z9PW, z9SW, and zXW
9 . The contribution of
the rotational vorticity flux convergence to the total pentad vorticity budget can be written as

aF a 1 bF b 5 A* 2

(A17)

]z
5 2= · (v9z9) 2 = · (v z ),
]t

2bF a 2 aF b 5 2T *a 2,

(A18)

where the overbars denote pentad mean. The first term
on the right-hand side gives the contribution of the transients, and can be written as

and
where T * 5 tan(w*). The solutions to Eqs. (A17) and
(A18) are
aA* 2 1 2T *a 2 b
Fa 5
a2 2 b2
bA* 2 1 2T *a 3
,
b2 2 a2

2= · (v9z9) 5 2 [= · (v9PWzSW
9 ) 1 = · (v9SWzPW
9 )]

(A19)

2 1 = · (v9SWzSW
9 ) 2 · · ·,

(A20)

where the XW terms are not written explicitly. The two
terms grouped in square brackets are referred to as the
PW–SW interactions, and the third term as the SW–SW
interactions. In the paper these are reported as streamfunction tendencies, obtained from the above vorticity
tendencies by application of the inverse Laplacian operator.

and
Fb 5

(A24)

which, while linear in the squared amplitude and phase
tangent of the target wave, are nonlinear and possibly
singular in the original GCM wave variables.

(A25)
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