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ABSTRACT

The nature of simulated atmospheric variability on monthly time scales has been investigated by analyzing
the output from a 100-year integration of a spectral GCM with rhomboidal wavenumber 15 truncation. In this
experiment, the seasonally varying, climatological sea surface temperature was prescribed throughout the world
oceans. The principal modes of variability in the model experiment were identified by applying a rotated
empirical orthogonal function (EOF) analysis to the Northern Hemisphere monthly averaged 515-mb geopotential
height for the winter season (November through March). The individual leading spatial modes are similar to
the observed north-south dipoles over the North Atlantic and North Pacific, as well as wavelike patterns in the
Pacific/North American and Northern Asian sectors.

Quasigeostrophic geopotential tendencies forced by synoptic-scale (2.5-6 day) eddy vorticity and heat fluxes
were computed for those months when the individual EOF modes are particularly active. The composite patterns
of the eddy-induced tendencies were compared with the corresponding monthly mean anomaly patterns. It is
seen that the forcing due to eddy vorticity transports exhibits a distinctive barotropic character, and reinforces
the monthly averaged geopotential height anomalies throughout the tropospheric column. On the other hand,
the eddy heat fluxes lead to dissipation of the monthly mean height anomalies in the upper troposphere, and
enhancement of the height anomalies in the lower troposphere. Hence, the eddy heat fluxes exert a strong
impact on the baroclinic component of the circulation by destroying the concurrent local monthly mean tem-
perature and geopotential thickness anomalies. The above relationships based on model data are in agreement
with the corresponding observational results.

A linear stationary wave model was then used to mimic the individual EOF modes appearing in the GCM
experiment, and to diagnose the relative importance of different types of forcing in the generation of such
modes. As suggested by the tendency calculations, the transient eddy forcing due to heat fluxes was parameterized
as a thermal diffusion mechanism in the stationary wave model. When the model was linearized about the
climatological zonally averaged basic state, it failed to reproduce the EOF patterns appearing in the GCM
experiment. However, when the same model was linearized about the zonally varying GCM climatology, the
response to the total forcing (which includes vorticity fluxes by eddies on submonthly time scales, diabatic
heating, and nonlinearity in those months when the individual EOF modes are active) bears a considerable
resemblance to the corresponding anomaly patterns in the GCM. By evaluating the individual contributions of
each of the three forcing mechanisms to the total linear model solution, it is concluded that the transient eddy
vorticity fluxes exert the strongest influences. The response to nonlinear effects is negligible, while the forcing
due to diabatic heating is weak and acts in opposition to the anomaly patterns in the upper troposphere. The
forcing associated with vorticity fluxes by synoptic-scale transient eddies accounts for approximately half of the
total vorticity forcing due to all submonthly fluctuations.

Both the tendency calculations and the stationary wave model results indicate the crucial role of vorticity
transports by transient eddies. The linear model solutions also illustrate the importance of incorporating the
climatological stationary waves in the basic state. These findings hence suggest that the monthly mean anomalies
in this GCM experiment are intimately linked to barotropic interactions between transient fluctuations of
different time scales, and between the monthly mean anomalies and the climatological stationary waves.
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A Diagnostic and Modeling Study of the Monthly Mean Wintertime Anomalies Appearing

1. Introduction

Since the early work of Walker and Bliss (1932),
much progress has been made in our empirical under-
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standing of geographically fixed oscillations (or “tele-
connection” patterns) in the extratropical atmosphere
(e.g., Kutzbach 1970; van Loon and Rogers 1978;
Wallace and Gutzler 1981; Horel 1981 and others).
Most of these patterns have more pronounced signa-
tures in the winter (Barnston and Livezey 1987).
Blackmon et al. (1984a,b) studied the behavior of at-
mospheric fluctuations with different time scales, and
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concluded that the geographically fixed teleconnection
patterns are evident only on time scales of a month
and longer. A deeper understanding of the nature of
the low-frequency fluctuations in the middle and upper
troposphere is crucial for advancing our skill in long-
range weather prediction, since they are closely related
to short-term climate fluctuations at the surface (Klein
1983).

The origin and maintenance of the observed extra-
tropical low-frequency anomalies has also been a sub-
ject of considerable theoretical and modeling interest
during the past decade. The notable correlation be-
tween the low-frequency pattern indices and the trop-
ical precipitation anomalies (Horel and Wallace 1981)
indicates a potential role for external tropical forcing,
such as sea surface temperature (SST) anomalies as-
sociated with El Nifio events. General circulation
model (GCM) experiments with prescribed El Nifio—-
like SST anomalies had some success in reproducing
the observed seasonal mean extratropical anomalies
accompanying such events (e.g., Shukla and Wallace
1983; Blackmon et al. 1983; Geisler et al. 1985; Lau
1985). Linear modeling results of Rossby wave dis-
persion from a steady tropical heat source (Hoskins
and Karoly 1981; Simmons 1982) also seem to support
a role for tropical heating.

Lau (1981) reported that low-frequency oscillation
patterns were also detected in a GCM integration with-
out any SST anomalies. It is hence conceivable that
low-frequency variability could be generated both in-
ternally within the atmosphere and externally by
anomalous SST forcing. One candidate for the internal
mechanisms is the barotropic instability of the zonally
asymmetric background flow (Simmons et al. 1983;
Branstator 1985a,b; Branstator 1990). The studies of
Zhang (1988) and Anderson (1991) revealed further
complications of the barotropic instability problem.
However, the relevance of some of the unstable modes
to the low-frequency patterns in the observed atmo-
sphere is still discernible in the latter studies.

Lau (1988) and Lau and Nath (1991, hereafter re-
ferred to as LN) reported well-defined relationships
between variability of the observed monthly mean cir-
culation and that of the eddy transports by high-fre-
quency transients in the vicinity of the wintertime
storm tracks. In these observational studies, the quasi-
geostrophic height tendency due to transient vorticity
fluxes reinforces the monthly mean circulation anom-
alies throughout the troposphere. The transient heat
transport, on the other hand, tends to dissipate the up-
per-tropospheric circulation, and enhance the lower-
tropospheric geopotential anomalies. It is also found
in the modeling results of Held et al. (1989) that the
response of a GCM developed at the Geophysical Fluid
Dynamics Laboratory (GFDL) to El Nifio SST anom-
alies is dominated by the effects of midlatitude transient
vorticity fluxes; the effect of tropical heating is weaker,
although of the same sign. By diagnosing the low-fre-
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quency anomalies in a perpetual January integration
of the NCAR Community Climate Model, Branstator
(1992) demonstrated the importance of transient eddy
vorticity fluxes. He also emphasized the role of reso-
nance modes of the zonally varying climatological
background flow in maintaining the low-frequency
anomalies. All the above works indicate that the com-
plex interactions among the high-frequency eddies, the
low-frequency anomalies, and the zonally varying cli-
matological mean flow may account for a substantial
fraction of the low-frequency atmospheric variability.
Many questions remain to be answered, however.
Among these questions are the following.

e Are linear dynamics sufficient for describing the
low-frequency anomalies? Or are these anomalies es-
sentially governed by nonlinear processes?

e To what extent are the findings based on tendency
considerations (Lau 1988; LN) applicable to an un-
derstanding of the steady-state response of observed
and GCM atmospheres to eddy forcing?

e In what way does the zonally varying basic state
influence the response to various forcings? What are
the relative roles of normal-mode instability, resonance,
and other processes in this context?

e What is the role of midlatitude heating associated
with variability of the storm tracks?

The purpose of this paper is to address some of the
above issues by analyzing the monthly mean anomalies
in a 100-year GCM experiment with a fixed seasonal
cycle. The same climatological seasonal SST conditions
were imposed at the lower boundary in all years of the
experiment. Thus, there is no external source of vari-
ability other than the seasonal cycle.

Recurring anomaly patterns in the model atmo-
sphere were identified by applying a rotated empirical
orthogonal function (EOF) analysis to the Northern
Hemisphere monthly mean 515-mb geopotential
height. Tendency calculations based on the quasigeo-
strophic potential vorticity equation were performed
on the GCM data in a similar manner to that described
in LN. A novel aspect of the present model diagnosis
is the inclusion of the tendency due to diabatic heating.
These tendency results serve to illustrate the local na-
ture of various forcings, but they do not provide in-
formation on the remote influences of such forcings,
the advective role of the background flow, or the pattern
and magnitude of the steady-state response to each type
of forcing. The stationary wave models described in
Ting and Held (1990) were developed with precisely
the latter issues in mind. These models are formulated
as the exact linear counterparts of the GCM. If the
linear model, when subjected to the sum of all anom-
alous forcing mechanisms incorporated in the full
GCM, is able to reproduce the low-frequency anomaly
patterns appearing in that GCM, one can then examine
the linear response to a particular component of the
anomalous forcing (such as eddy fluxes, forcing due
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to change in zonal-mean zonal flow, or diabatic heat-
ing) separately, so as to distinguish the contributions
of these individual processes to the total GCM response.
This model diagnostic technique has been successfully
implemented to diagnose the climatological stationary
waves (Nigam et al. 1986, 1988), as well as the forced
low-frequency circulation anomalies (e.g., Held et al.
1989; Ting and Held 1990; Ting 1991).

This paper is organized as follows. A brief description
of the GCM experiment and the model climatology is
given in section 2. The principal modes of variability
in both the simulated circulation and the accompa-
nying transient eddy forcing are presented in section
3. The formulation and results of the quasigeostrophic
tendency calculations are documented in section 4. A
brief description of the linear stationary wave model
and a detailed account of the solutions of this model
are given in section 5. The main findings of this study
are summarized in section 6.

2. GCM experiment and model climatology

The GCM experiment examined in the present study
is part of an initiative to enhance collaboration among
GFDL and university investigators in the diagnosis of
regional climate variations on the basis of model da-
tasets. This study is based on the last 100 years of a
110-year model integration. The model is a standard
version of the spectral atmospheric GCM developed
and maintained by the Climate Dynamics Project at
GFDL. The horizontal variations of the model fields
are represented by spherical harmonics using a rhom-
boidal truncation at wavenumber 15 (R15), which
corresponds to a Gaussian grid with a resolution of
7.5° in longitude and 4.5° in latitude. There are nine
unevenly spaced sigma levels in the vertical. Finite dif-
ferences are used to compute the vertical advection
terms. The SST field has been constrained to evolve
through identical annual cycles, as determined by cli-
matological observations. Hence, there is no interan-
nual variation in the SST condition throughout the
world oceans. Other boundary conditions, such as sea
ice, continental snow cover, land surface temperature,
and soil moisture, are predicted by the model physics.
The model also predicts cloud formation. There is no
diurnal variation in the model. More detailed infor-
mation on this model has been given by Gordon and
Stern (1982) and Manabe et al. (1978).

FIG. 1. Northern Hemisphere wintertime (November through
March) climatology of the 100-year GCM experiment. (a) Zonal
wind component at 205 mb, contour interval 5 m s™'. Values larger
than 30 m s™! stippled. (b) Root-mean square of bandpass-filtered
geopotential height at 515 mb, contour interval 5 m. Values greater
than 40 m stippled. (c) Zonally asymmetric component of geopo-
tential height at 205 mb, contour interval 20 m. Negative values
stippled. In these and all following polar stereographic maps, the
latitude circles are shown at intervals of 20°, with the outmost circle
corresponding to 20°N.
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This paper is primarily concerned with the origin
and maintenance of the Northern Hemisphere win-
tertime monthly mean anomalies. These anomalies are
defined as deviations from the model climatology for
the corresponding calendar month. The northern win-
ter months are taken to be November, December, Jan-
uary, February, and March. The model climatology
for the five-month winter season (as computed using
the data for a total of 500 winter months) is displayed
in Fig. 1. The climatology for individual calendar
months exhibits only minor differences from the sea-
sonal climatology shown here. The model fields may
be compared with their observational counterparts,
such as those compiled by Schubert et al. (1990a,b).
The pattern for the zonal wind at 205 mb (Fig. 1a) is
characterized by two distinct elongated maxima at
about 40°N and off the east coasts of the Asian and
North American continents. Both the Asian and North
American jet streams in the model atmosphere are
weaker than the corresponding features in the obser-

vations. However, the geographical locations of the jet-

streams are simulated well by the model. The distri-
bution of the root mean squares of bandpass-filtered
geopotential height at 515 mb is shown in Fig. 1b. The
time filter used here has been described by Blackmon
and Lau (1980), and retains fluctuations with periods
between 2.5 and 6 days. Maxima in the rms geopoten-
tial height field depict the preferred sites of synoptic-
scale activity, and are good indicators of the locations
of the wintertime storm tracks. In agreement with ob-
servations, the principal maxima in synoptic-scale
variability are located downstream and slightly pole-
ward of the two wintertime jet streams, The extrema
in Fig. 1b are 7-8 m weaker than the corresponding
observed values ( e.g., see Fig. 8a in Blackmon and Lau
1980). Although the zonal wind over the North Amer-
ican seaboard is about 15 m s~! weaker than its coun-
terpart over eastern Asia, the storm track over the At-
lantic is noticeably stronger than that over the Pacific.
The separation between the Atlantic and Pacific storm
tracks is much less evident in the model atmosphere
(Fig. 1b) than in the observation. This discrepancy has
also been noted in a perpetual January GCM experi-
ment by Kushnir and Lau (1992). The departure from
zonal symmetry of the climatological geopotential
height at 205 mb is mapped in Fig. lc. This pattern
exhibits the familiar wavenumber two structure in the
extratropics, with troughs over eastern Asia and eastern
North America, and ridges over the Gulf of Alaska and
eastern Atlantic/northern Europe. Except for the
weaker amplitude of the North American trough in
the model atmosphere, the gross features of the cli-
matological stationary waves in Fig. 1¢c compare well
with the observations.

3. Principal modes of variability in the GCM
The recurrent circulation anomalies have been
identified by performing a rotated empirical orthogonal
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function analysis on the monthly averaged 515-mb
height field. The database for this analysis consists of
simulated height data for 500 winter months, with the
spatial domain extending from 20.25° to 74.25°N. The
correlation coefficient matrix was constructed using the
time series at 132 grid points within the latter domain.
The locations of these grid points have been selected
on the basis of equal-area considerations. The clima-
tological seasonal cycle has been removed from the
time series prior to the EOF analysis. The spatial pat-
terns of the leading four EOFs are illustrated in Fig. 2,
which shows the temporal correlation coefficients be-
tween the time coefficients for individual EOFs and
the monthly mean 515-mb geopotential height
throughout the Northern Hemisphere. These four
EOFs (hereafter referred to as EOF1, EOF2, EOF3,
and EOF4) explain 7.3%, 5.8%, 5.0%, and 4.9% of the
total variance, respectively.

The most prominent feature in EOF1 (Fig. 2a) is
the north-south dipole over the North Atlantic, with
centers of action over Greenland and along 35°-40°N,
and with the nodal line being almost coincident with
the climatological axis of the Atlantic storm track (see
Fig. 1b). This pattern bears some resemblance to the
observed “Atlantic” pattern documented by Hsu and
Wallace (1985, Fig. 4) and the North Atlantic Oscil-
lation described in Barnston and Livezey (1987, Fig.

. 2). A similar dipole straddles the North Pacific storm

track in the pattern for EOF2 (Fig. 2b), which is similar
to the observed “Pacific” pattern reported in Hsu and
Wallace (1985, Fig. 8), and is representative of blocking
ridges over the Aleutians (e.g., Mullen 1987, Fig. 8a).
Both EOF1 and EOF?2 exhibit a certain degree of zonal
symmetry. EOF3 (Fig. 2¢) shows a more wavelike
structure, with a well-defined wave train extending
from the subtropical Pacific across the North American
continent. The anomaly centers over the North Pacific,
western U.S./Canada border, and the southeastern
United States correspond well with the centers of action
accompanying the observed Pacific/North American
pattern ( Wallace and Gutzler 1981, Fig. 16; Barnston
and Livezey 1987, Fig. 3). The main centers of EOF4
(Fig. 2d) span the Eurasian landmass, in a configura-
tion similar to that associated with the observed
Northern Asian pattern (Esbensen 1984, Fig. 6; Barns-
ton and Livezey 1987, Fig. 6). The main focus of this
paper is on the nature of EOF1 and EOF2. Brief de-
scriptions of the corresponding results for EOF3 and
EOF4 will be offered when necessary.

In this study, the circulation changes accompanying
a given EOF mode are described using composite
charts. The average of a selected variable over those
50 months (i.e., one-tenth of a 500-month sample)
with the most negative time coefficients for the EOF
under investigation is subtracted from the correspond-
ing average over the 50 months with the most positive
time coefficients. Figure 3 displays such a set of com-
posite patterns associated with EOF1 (left panels) and
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FiG. 2. Temporal correlation coefficient between the monthly mean 515-mb height at individual grid points and time
coefficients of the leading rotated empirical orthogonal functions of the same field. (a) EOF1, (b) EOF2, (¢) EOF3, and (d)

EOF4. Contour interval 0.1. Negative values stippled.

EOF?2 (right panels). The variables selected here are
the geopotential height at 205 and 940 mb, and the
rms of bandpass-filtered height at 515 mb. By com-
paring Fig. 2a with Fig. 3a, and Fig. 2b with Fig. 3b,
it is evident that the composite procedure captures the
essential features of the two leading EOFs. The com-
posite charts also provide additional information on
the typical amplitude and vertical structure of the
anomalies in periods when a given EOF is prominent.
The positive phase of EOF1 is characterized by a deep
low center over Greenland, a zonally elongated belt of
above-normal heights at approximately 45°N, strong
anomalous westerlies between these two anomaly cen-
ters, enhanced synoptic-scale variability along the 55°-

70°N zone over the North Atlantic, and reduced tran-
sient activity in regions farther south. Analogous cir-
culation changes are simulated over the North Pacific
in association with EOF2. The close relationship be-
tween the monthly mean anomalies and the bandpass-
filtered rms statistics is suggestive of strong interactions
between the low- and high-frequency components of
the circulation. The horizontal structure of the anom-
alous height patterns at 940 mb (middle panels in Fig.
3)is essentially the same as that at 205 mb. The typical
amplitudes of the height anomalies in the lower tro-
posphere are approximately one-third to one-half of
those near the tropopause. The 940-mb pattern for
EOF1 (Fig. 3¢) bears some resemblance to the observed
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F1G. 3. Composite patterns of geopotential height at 205 mb (panels a, b) and 940 mb (panels c, d), and of root-mean
square of bandpass-filtered 515-mb height (panels e, f), as constructed on the basis of the time coefficients for EOF1 (left
panels) and EOF2 (right panels). Contour intervals are 20 m in (a)-(d), and 10 m in (e)—(f). Negative values stippled.
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anomalous sea level pressure pattern associated with
the temperature seesaw between Europe and Greenland
(van Loon and Rogers 1978).

The composite height anomaly distributions for
EOF3 and EOF4 (not shown ) are similar to the spatial
patterns shown in Figs. 2¢,d. The composite charts of
rms of bandpass-filtered height for EOF3 and EOF4
exhibit more small-scale features, partly as a result of
the more wavy structure of the monthly mean circu-
lation associated with these two modes. The spatial
relationships between the anomalous monthly mean

TING AND LAU
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zonal wind and the synoptic-scale eddy activity for
EOF3 and EOF4 are similar to those discerned in the
two leading EOFs.

In order to explore the relationship between the
variability of the monthly mean circulation and that
of the synoptic-scale eddy activity, composite charts of .
the eddy forcing associated with vorticity and heat
transports by the high-frequency transient disturbances
have been constructed for each EOF. Eddy effects due
to fluctuations that encompass all time scales between
a day and a month (hereafter referred to as submonthly

EIG. 4. Composite patterns of 205-mb streamfunction tendency due to convergence of vorticity fluxes by all submonthly
eddies (panels a, b), and by bandpass-filtered eddies (panels ¢, d), as constructed on the basis of the time coefficients for
EOF! (left panels) and EOF2 (right panels). Contour interval 5 m® s 2. Negative values stippled.
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eddies), and those associated with 2.5-6-day time scales
retained by the bandpass filter (hereafter referred to as
synoptic eddies), are considered separately. The eddy
vorticity and thermal forcing due to submonthly fluc-
tuations in each month were calculated as residuals of
the full GCM equations upon substitution of the
monthly mean model data. The corresponding forcing
due to synoptic eddies was obtained by computing the
convergence of the vorticity and heat fluxes using
bandpass-filtered data. The forcings due to eddy fluxes
and diabatic heating will be used to obtain quasigeo-
strophic geopotential height tendencies (section 4) and
linear solutions of a stationary wave model (section
5). In the present section, we shall first describe briefly
the forcing terms. The horizontal fields shown here are
for data values at isobaric surfaces, as obtained by linear
interpolation of the original values at sigma surfaces.

Figure 4 shows the composites for EOF1 and EOF2
of the 205-mb streamfunction tendency due to vorticity
transports. These tendencies have been obtained by
computing the inverse Laplacian of the convergence
of eddy vorticity fluxes associated with submonthly ed-
dies (upper panels) and synoptic eddies (lower panels).
A similar computation has been performed by Lau
[1988, Egs. (1)-(2)] using observational data. A di-
polelike pattern prevails over the North Atlantic for
the EOF1 composites. The streamfunction forcing for
the EOF2 mode is characterized by a center over the
Bering Sea, and an extremum with the opposite polarity
in the eastern Pacific/North American sector along
40°N. The tendency charts in Fig. 4 exhibit a notable
spatial resemblance with the corresponding patterns
for monthly mean height anomalies in Figs. 3a,b, thus
indicating a strong reinforcement of the low-frequency
circulation changes by the transient eddies through
vorticity transports. The streamfunction tendency due
to submonthly eddies is qualitatively similar to that
due to synoptic eddies. The synoptic disturbances ac-
count for approximately half of the forcing associated
with fluctuations with submonthly time scales.

The composites for EOF1 and EOF2 of the 830-mb
temperature tendency due to submonthly eddies (upper
panels) and diabatic heating (lower panels) are shown
in Fig. 5. For the positive phase of EOF1, the eddy
thermal forcing (Fig. 5a) is characterized by warming
over the Davis Strait and along 55°N over the North
Atlantic, and cooling along 45°N over the North At-
lantic and near the Arctic coasts of northern Europe
and Russia. Comparison of this pattern with the com-
posite chart of rms of bandpass-filtered height (Fig. 3¢)
reveals that the warming and cooling noted above take
place poleward and equatorward of the region of above-
normal synoptic-scale activity, respectively. The en-
hanced poleward heat transport across this active region
would lead to a reduction of the local meridional tem-
perature gradient, and through the thermal wind re-
lationship, a weakening of the anomalous westerlies in
the upper troposphere. A similar set of relationships
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among the temperature tendency, the anomalous storm
track, and the anomalous zonal wind also holds for
EOF2 (see Figs. 5b, 3f, and 3b). The results for the
temperature tendency due to synoptic eddies (not
shown) are very similar to those for the submonthly
eddies, again with the bandpass fluctuations accounting
for approximately half of the total eddy forcing.

The temperature tendency due to total diabatic
heating is characterized by a north-south dipole over
the North Atlantic and North Pacific in the EOF1 and
EOF2 composites (Figs. 5¢,d), respectively. These fea-
tures correspond well with the oceanic portion of the
dipolar pattern in the rms of bandpass-filtered height
for the same EOF modes (see Figs. 3e, f). This rela-
tionship indicates that variations in diabatic heating in
the model extratropics are essentially governed by the
amount of latent heat release accompanying the passage
of precipitating cyclone systems along the oceanic
storm tracks, with above-normal levels of synoptic-scale
activity being associated with heavier precipitation and
enhanced latent heating, and vice versa. The anoma-
lous heating outside of the extratropical North Atlantic
and North Pacific is uniformly weak. The tropical zone
(not shown) is void of any noticeable extrema in the
diabatic heating field. Hence, in the absence of non-
seasonal SST variations in the present experiment, the
leading modes of variability appearing in the extra-
tropical model atmosphere do not seem to be linked
to any tropical influences. _

The anomalous thickness field, as inferred from the
composite charts for the 205- and 940-mb. heights in
Fig. 3, generally exhibits a negative spatial correlation
with the temperature tendencies displayed in Fig. 5.
Hence, both the eddy heat flux convergence and dia-
batic heating act to offset the anomalous monthly mean
temperature gradients associated with the EOF1 and
EOF2 modes. The dissipative role of the thermal forc-
ings contrasts sharply with the constructive forcing due
to the transient vorticity fluxes. The extent to which
these thermal and vorticity forcings cancel each other
will be critically examined in the following two sections.

4. Geopotential tendencies induced by eddy heat and
vorticity fluxes, and by diabatic heating

a. Formulation

In this section, the quasigeostrophic geopotential
tendency is used as a common measure for intercom-
paring the effects of different forcing mechanisms on
the monthly mean circulation. The same technique
has been applied by Lau and Holopainen (1984) and
LN for diagnosing the transient eddy forcing in the
observed atmosphere. The quasigeostrophic geopoten-
tial tendency due to eddy heat fluxes, eddy vorticity
fluxes, and diabatic heating can be written in isobaric
coordinates as follows (see Holton 1992, chapter 6),
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FiG. 5. Composite patterns of 830-mb temperature tendencies due to convergence of heat fluxes by all submonthly eddies
(panels a, b), and to diabatic heating (panels ¢, d), as constructed on the basis of time coefficients for EOF1 (left panels) and
EOF?2 (right panels). Contour interval 5 X 1076 K s™'. Negative values less than —5 X 107¢ K s™! stippled. Zero contour
omitted.
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now incorporated on the right-hand side of the ten-
dency equation (1). The numerical procedure for
solving (1) for a given forcing has been described in
detail by Lau and Holopainen (1984). In the present
application, the solution is sought within the domain
from 11.25° to 87.75°N, and from 950 to 50 mb, at
intervals of 4.5° latitude and 50 mb in the meridional
and vertical directions, respectively. The lower and up-
per boundary conditions are chosen to satisfy the ther-
modynamic equation with zero vertical motion. The
boundary conditions at 11.25° and 87.75°N are such
that the geopotential height tendency and its meridional
derivative vanish locally. For each month in the 500-
month sample, the height tendencies have been com-
puted using the vorticity and heat fluxes due to synoptic
eddies, as well as diabatic heating rates for that month.
The eddy fluxes on isobaric surfaces have been obtained
from the bandpass-filtered covariance statistics on
sigma surfaces by linear interpolation.

b. Results

By following the same composite procedure de-
scribed in section 3 (i.e., subtracting the average over
those months with EOF time coefficients ranking
among the bottom 10% from the average over months
ranking among the top 10%), the representative pat-
terns of the height tendency due to each type of forcing
have been constructed for each EOF. Figure 6 shows
the composites of height tendencies due to vorticity
fluxes (a,b), heat fluxes (c,d), and diabatic heating (e,f)
at 205 and 940 mb for EOF 1. The corresponding results
for EOF2 are shown in Fig. 7.

The patterns of the height tendencies due to synoptic
eddy vorticity fluxes (top panels of Figs. 6 and 7) are
again similar to those of the monthly mean height
anomalies themselves (see corresponding panels in Fig.
3). The vertical structure of these height tendencies is
distinctly equivalent barotropic, with the amplitude at
940 mb being slightly weaker than that at 205 mb. The
205-mb height tendency attains a maximum amplitude
of about 15 m day ' for both EOF composites. The
time required for a forcing of this magnitude to estab-
lish the composite anomalies shown in Figs. 3a,b is
approximately 18 days.

The middle panels of Figs. 6 and 7 show the height
tendencies due to eddy heat fluxes. In the upper tro-
posphere, the height tendency due to heat fluxes is op-
posite to, but considerably weaker than, that due to
vorticity fluxes. In the lower troposphere, however, the
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height tendency due to heat fluxes has the same polarity
and similar amplitude as that due to vorticity fluxes.
Comparison with the monthly mean anomaly patterns
in Fig. 3 indicates that the heat fluxes tend to destroy
the upper-tropospheric monthly averaged height
anomalies, and enhance the lower-tropospheric height
anomalies. The height tendency examined here is seen
to be in hydrostatic and thermal wind balance with the
temperature tendency discussed in the previous section.
In particular, it is evident that enhancements in the
poleward eddy heat fluxes are accompanied by reduc-
tion of both the local meridional temperature gradient
and the vertical wind shear (see also Fig. 1a of LN).
By inferring the thickness and geostrophic wind ten-
dencies from the height tendency charts in the middle
panel of Figs. 6 and 7, it is seen that reduction in tem-
perature gradient and wind shear (i.e., eastward accel-
eration at 940 mb, and eastward deceleration at 205
mb ) indeed prevails over regions of above-normal syn-
optic eddy activity. The relationships among the height
tendency induced by eddy vorticity fluxes, the height
tendency induced by eddy heat fluxes, and the monthly
mean height anomalies in the model atmosphere agree
well with the observational findings presented in LN.

At 940 mb, the height tendency due to diabatic
heating (Figs. 6f and 7f) exhibits some resemblance
to, and is generally stronger than, the tendency due to
eddy heat fluxes at the same level. The corresponding
patterns compare less well at 205 mb. For both levels,
the centers of extremum in the forcing associated with
diabatic heating are displaced equatorward of the cor-
responding features in the tendency field induced by
eddy heat fluxes. A similar spatial shift is also seen in
the temperature tendency charts for the two types of
forcings, shown in Fig. 5. This displacement is linked
to the fact that, for a storm track located at a given
latitude, the strongest diabatic heating resides at the
same latitude, whereas the strongest eddy heat flux
convergence occurs poleward of that latitude. In anal-
ogy with the discussion on the height tendency due to
eddy heat fluxes, the anomalous diabatic heating also
acts to reduce the meridional temperature gradient and
vertical shear of the zonal wind on the equatorward
flank of the site of enhanced synoptic activity.

A similar set of tendency charts has also been con-
structed for EOF3 and EOF4. The spatial relationships
between the monthly averaged height anomalies and
the forcings due to eddy fluxes and diabatic heating,
as pointed out in the above discussion on Figs. 6 and
7, are also discernible in the corresponding composites
for EOF3 and EOF4 (not shown).

FIG. 6. Composite patterns of quasigeostrophic height tendencies for EOF1 due to vorticity fluxes by bandpass-filtered
eddies at 205 mb (a) and 940 mb (b), heat fluxes by bandpass-filtered eddies at 205 mb (c) and 940 mb (d), and diabatic
heating at 205 mb (e) and 940 mb (f). Contour interval 2 X 10~° m s}, Negative values stippled.
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5. Response of a linear stationary wave model to
anomalous eddy fluxes and diabatic heating

a. Description of linear model

The stationary wave model used in this study is the
same as that described in Ting and Held (1990). It is
an exact linearization of the dry dynamical equations
for the GFDL GCM described in section 2. This sigma-
coordinate model includes the vorticity, divergence,
thermodynamic, hydrostatic, surface pressure ten-
dency, and continuity equations. The moisture equa-
tion in the GCM is not included in the linear model.
The basic equations are linearized about a basic state.
Two types of basic state have been used in this study:
zonally symmetric and zonally varying. The zonally
symmetric basic state has been obtained by averaging
the climatological GCM data for the five-month winter
season over all longitudes. The zonally varying basic
state has been computed using the same GCM cli-
matology, but with the longitudinal variations retained.

The linear model equations may be written as fol-
lows,

L(Xp)X'=F' (3)

where L is the linear operator, X, the basic-state vector,
X' the steady-state solution vector representing the
monthly mean circulation anomalies, and F’ the
anomalous forcing vector. As in the GCM, all pertur-
bation and basic-state variables are expanded using
spherical harmonics. A rhomboidal truncation at
wavenumber 15 is used for the model linearized about
a zonally symmetric basic state, whereas a zonal wave-
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number 6 and meridional wavenumber 15 truncation
is utilized for the model linearized about a zonally
varying basic state. The severe zonal truncation in the
latter case is chosen in order to ease the computational
burden. As is evident from Fig. 3, the main features of
the monthly mean anomalies are rather large scale;
thus, one expects the wavenumber 6 truncation to be
sufficient for representing these anomalies. The linear
operator L in the model also includes dissipative effects,
which consist of Rayleigh friction within the planetary
boundary layer in the vorticity and divergence equa-
tions, as well as a scale-selective biharmonic diffusion
in the vorticity, divergence, and temperature equations.
The Rayleigh friction time scale is 0.25 and 1.0 day at
the lowest two model levels, ¢ = 0.99 and ¢ = 0.94,
respectively. These values are chosen by linearly re-
gressing the vertical momentum diffusion in the GCM
with the corresponding boundary-layer wind. The cor-
relation coefficient between these two fields is very high,
usually above 0.9. Thus, Rayleigh friction should be a
good approximation to the vertical momentum dif-
fusion within the boundary layer of the GCM. The
Rayleigh friction coefficient is set to zero at all layers
above ¢ = 0.94. The biharmonic diffusion coefficient
is chosen to be 1.0 X 10'7 m*s™!, which is 10 times
stronger than that used in the GCM. A stronger dif-
fusion serves to smooth the linear model results, but
otherwise does not change the response patterns sig-
nificantly. As explained in the following subsection, a
thermal diffusion term is incorporated in the temper-
ature equation, so as to represent the effects of transient
eddy heat fluxes.

pemmmrmeal
]

F1G. 8. Composite patterns of the Laplacian of monthly mean temperature at 830 mb, for (a) EOF1 and (b) EOF2.
Contour interval 2.5 X 10~'2 K m™2, Negative values less than —2.5 X 10~'2 K m™2 stippled. Zero contour omitted.
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b. Parameterization of transient eddy heat fluxes

As pointed out by Branstator (1990), the linear op-
erator L in (5), when linearized about a zonally varying
time-mean state, is rather singular. This singularity is
the consequence of the existence of many near-zero
frequency modes. There are many ways to avoid the
singularity, one of which is to increase the dissipation
in the linear model. Branstator (1990) added a 10-day
linear damping plus a 1000-day vertical diffusion at all
levels in the vorticity, divergence, and temperature
equations to avoid the singular behavior of his model.

In the present study, a thermal damping is used in
the temperature equation to parameterize the effects
of transient eddy heat fluxes. This strategy is mainly
motivated by the tendency results presented in the pre-
vious sections, which suggest that the eddy heat trans-

(a) EOF
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ports act to reduce the local monthly mean temperature
gradient. To illustrate this relationship further, the La-
placian of the composite 830-mb temperature field for
EOF1 and EOF2 are presented in Fig. 8. The patterns
in this figure exhibit a notable degree of resemblance
with those for the eddy-induced temperature tendency
(Figs. 5a,b). This favorable comparison justifies the
representation of the temperature forcing due to sub-
monthly eddies by a thermal diffusion process.

The appropriate diffusion coeflicient for this heat
flux parameterization may be estimated by performing
a linear regression of the heat flux convergence versus
the Laplacian of the monthly mean temperature. These
two fields are represented by the ordinate and abscissa
axes, respectively, of the scattergrams in Fig. 9, with
the values of the 830-mb composite data for EOF1
(upper panel) and EOF2 (lower panel) at all model
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FIG. 9. Scattergram of -the Laplacian of monthly mean temperature versus eddy heat flux
convergence at 830 mb, as constructed using composite data of the two fields at grid points north
of 20.25°N for (a) EOF1 and (b) EOF2. Shown on the same plots are the regression line, as well
as lines corresponding to the 95% significance limits of the regression slope.
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grid points north of 20.25°N being plotted as individual
dots. Both the eddy heat flux convergence and Lapla-
cian of temperature have been spatially smoothed by
retaining the first six zonal wavenumbers. A truncation
at wavenumber 15 has been used in the meridional
direction. The linear regression fit between the two
fields considered here (see straight lines in Fig. 9) has
a slope of 1.4 X 10° (1.5 X 10%) m?s™! for EOF1
(EOF2). The corresponding regression coefficients for
EOF3 and EOF4 (not shown) are 1.6 X 10° and 1.7
X 10% m?s™!, respectively. The spatial correlation
coefficients between the two fields, which provides for
a measure of the statistical significance of the regression
slopes, are 0.73, 0.67, 0.74, and 0.82 for the composite
data based on the four leading EOFs. Similar relation-
ships can be found at levels other than 830 mb, with
regression coefficients ranging between 1 X 10° and
1.7 X 106 m? s™'. On the basis of the above analysis,
a thermal diffusion coefficient of 1.5 X 10® m? s~ has
been adopted at all levels in the linear model. A similar
parameterization of the eddy heat fluxes has also been
utilized by Ting (1991) in a linear simulation of the
response of an idealized GCM to a midlatitude SST
anomaly.

¢. Linear model results with zonally symmetric basic
state

In the case of a zonally symmetric basic state, the
vector X, in (5) is a function of latitude and height
only. The anomalous forcing F’ consists of the follow-
ing: vorticity forcing due to transient vorticity fluxes;
diabatic heating; and forcing due to changes in the
zonally averaged basic state. When compared with the
full GCM equations, it is seen that two effects are not
taken into account in the present linear model frame-
work. One is the interaction term between the zonally
asymmetric component of the climatological mean
flow and the zonally asymmetric component of the
monthly anomalies (hereafter referred to as the linear
interaction term). The other is the interaction among
the monthly anomalies themselves (hereafter referred
to as the nonlinear interaction term). The linear in-
teraction term can be included in the operator linear-
ized about a zonally varying basic state, which will be
discussed in the next subsection. In the present case of
a zonally symmetric basic state, the effects of the two
interaction terms may be evaluated by treating them
as additional forcings on the right-hand side of the lin-
ear model equations.

When linearized about a zonally symmetric basic
state, the stationary wave model simulates only the
zonally asymmetric component of the GCM anomaly.
For a better comparison between the full GCM patterns
and the linear model results, the composite GCM
height anomalies at 205 mb for EOF1 and EOF2 are
replotted in Figs. 10a,b, with the zonal-mean compo-
nent removed. The zonally asymmetric component of
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the height anomalies exhibits a more wavy character
when compared to the total fields (see Figs. 3a,b). The
EOF|1 pattern in Fig. 10a is indicative of a wave train
emanating from the subtropical Atlantic, with stronger
downstream signals in the Eurasian sector. Similarly,
the EOF2 pattern in Fig. 10b shows a wave train ex-
tending from the central subtropical Pacific to North
America. In Figs. 10c,d are shown the composite pat-
terns of the linear model response to all anomalous
forcings not incorporated in the linear operator (i.e.,
eddy vorticity fluxes, diabatic heating, effect due to
changes in the basic state, and linear and nonlinear
interactions ), for EOF1 and EOF2, respectively. If the
dissipation applied in the linear model were identical
to that used in the GCM, one would expect the linear
model to reproduce exactly the full GCM patterns in
Figs. 10a,b. Indeed, there are only minor differences
between the GCM patterns and the linear model so-
lutions. Such differences are mainly due to the ap-
proximations made in treating vertical momentum dif-
fusion and transient eddy heat fluxes in the linear
model. The difference in the biharmonic diffusion coef-
ficient used in the GCM and the linear model plays a
minor role. The good resemblance between the full
GCM anomalies and the linear model solutions indi-
cates that the effects of the eddy heat fluxes are well
represented by the thermal diffusion mechanism de-
scribed in the previous subsection.

In order to assess the impact of the linear interaction
term on the linear model response, Eq. (5) has also
been solved with this term being taken out from the
anomalous forcing on the right-hand side. The solu-
tions thus obtained are shown in Figs. 10e,f. The de-
tailed structure of the wave trains in the latter patterns
is quite different from that in the full GCM anomalies.
The noticeable deterioration of the linear model so-
lution in the absence of the linear interaction term
clearly demonstrates the necessity of incorporating the
zonally varying component of the climatological flow
field in the basic state. A similar conclusion has been
reached by Branstator (1992) in his diagnosis of low-
frequency anomalies appearing in the NCAR Com-
munity Climate Model.

d. Linear model results with a zonally asymmetric
basic state

In recognition of the importance of the effects of the
linear interaction terms, our attention will henceforth
be focused on the linear model solutions for a zonally
asymmetric basic state (hereafter referred to as the wavy
linear model). In the present case, the linear model is
configured such that both the zonal mean and the zon-
ally asymmetric components can be obtained from the
solution. Both the linear interaction terms and the effect
due to changes in the zonal-mean basic state, which
are specified as explicit forcing in the case with a zonally
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symmetric basic state, are now incorporated in the
wavy linear operator. The explicit forcing terms for the
wavy linear model include the convergence of eddy
vorticity fluxes, diabatic heating, and the nonlinear in-
teraction terms.

In conformity with the presentation in the previous
subsection, we shall devote our attention to the zonally
asymmetric component of the wavy linear model so-
lution. The composite 205-mb height patterns of the
wavy linear model response to total forcing are dis-
played in Figs. 11a,b. By comparing these solutions
with the corresponding GCM patterns in Figs. 10a,b,
one finds that the wavy linear model provides a good
simulation of the GCM monthly mean anomalies. The
dipoles over the North Atlantic and North Pacific are
well captured and the wave trains are reproduced by
the wavy linear model. The solution of the wavy linear
model at 940 mb (not shown) is similar in spatial
structure to that at 205 mb, but with about half of its
amplitude. There are, however, some minor differences
between the linear model results and the GCM patterns.
The linear solution for EOF1 has a weaker amplitude
than that of the GCM counterpart. The weak low center
near 30°, 150°E in Fig. 11b is not present in the GCM
pattern in Fig. 10b. These differences may be accounted
for by the more severe zonal wave truncation of the
wavy linear model, and the fact that the zonal-mean
anomaly (not shown ) is not very well simulated by the
wavy linear model. There could also be influences of
the near-resonant modes (see discussion in section 5e).

The contributions by individual forcing mechanisms
to the total solution of the wavy linear model at 205
mb are also shown in Fig. 11, with panels c, d illus-
trating the effects of eddy vorticity fluxes, panels e, f
the effects of diabatic heating, and panels g, h the im-
pact of nonlinear interactions. For EOF2, the wave
train forced by vorticity fluxes alone (Fig. 11d)is very
similar to the response to total forcing (Fig. 11b), with
the amplitude of the wave train being somewhat stron-
ger in the response to eddy vorticity transports alone.
The principal features in Fig. 11d are also discernible
in the wavy linear model response to diabatic heating
(Fig. 11f), with the latter pattern having a reversed
polarity and weaker amplitudes. Hence, the diabatic
processes tend to partially offset the effects of the vor-
ticity transients. For EOF1, the wavy linear model re-
sponse to eddy vorticity forcing (Fig. 11c¢) bears some
resemblance to the total solution (Fig. 11a) in much
of the North American, Atlantic, and Eurasian sectors.
However, notable discrepancies between Figs. 11a and
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l1c are seen over the Pacific basin, where the effects
of diabatic heating (Fig. 11e) appear to contribute sig-
nificantly to the total forcing. For both EOF1 and
EOF2, the vertical structure of the response to either
transient vorticity forcing or diabatic heating is equiv-
alent barotropic, with the solution at 940 mb (not
shown) being considerably weaker than but qualita-
tively similar to that at 205 mb. The impact of the
nonlinear interaction term is generally small when
compared to the other forcings. For EOF1, the non-
linear effects force a weak pattern (Fig. 11g) that
bears some spatial resemblance to the total solution
(Fig. 11a).

The conclusions drawn from the above diagnosis of
the GCM anomalies using a wavy linear model are in
general accord with the findings based on the tendency
calculations presented in section 4. Of particular in-
terest is that both the tendency method and the linear
steady-state response indicate the dominant role of the
vorticity transients in forcing the monthly mean cir-
culation anomalies throughout the troposphere. An-
other point worth noting here is that, in the upper tro-
posphere, the dissipative role of diabatic heating, as
suggested by the tendency results, is even more evident
in the wavy linear model solutions.

The wavy linear model solutions in Figs. 11¢,d have
been obtained using vorticity flux data for eddies with
periods ranging from a day to a month (i.e., the sub-
monthly eddies). The corresponding solutions for
synoptic-scale fluctuations, as computed using band-
pass-filtered eddy statistics, are shown in Fig. 12. Com-
parison of the latter patterns with those in Figs. 1i¢,d
indicates that the synoptic eddies account for approx-
imately half of the linear response to transient vorticity
forcing for all submonthly time scales. This finding is
consistent with the tendency calculations presented in
Fig. 4.

The wavy linear model does not provide a satisfac-
tory simulation of the EOF3 pattern. Although the
spatial structure of the wavy linear model solution is
similar to the full GCM pattern, the amplitude of the
wavy model response to the total forcing for EOF3 is
only about one-third of that in the GCM composite.
Whether this failure is related to the resonance of the
wavy linear model is not clear. On the other hand, the
wavy linear model yields a reasonable simulation of
the EOF4 pattern. Preliminary examination of the
spatial correlation between streamfunction tendency
due to transient vorticity transport and the stream-
function anomaly itself reveals a less coherent rela-

FIG. 10. Composite patterns of the zonally asymmetric component of the geopotential height at 205 mb, for the full GCM
(panels a, b), response of linear model with zonally symmetric basic state to vorticity transients, diabatic heating, effect due
to changes in zonal-mean zonal flow, linear and nonlinear interaction terms ( panels ¢, d), and response to vorticity transients,
diabatic heating, and effect due to changes in zonal-mean zonal flow (panels e, f), as constructed on the basis of the time
coefficients for EOF1 (left panels) and EOF2 (right panels). Contour interval 20 m. Negative values stippled.
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FiG. 11. Composite patterns of the zonally asymmetric component of the geopotential height at 205 mb in the wavy linear
model response to vorticity transients, diabatic heating, and nonlinearity (panels a, b), response to vorticity transients only
(panels ¢, d), response to diabatic heating only (panels ¢, f), and response to nonlinearity only (panels g, h), as constructed
on the basis of the time coefficients for EOF1 (left panels) and EOF2 (right panels). Contour interval 20 m. Negative values

stippled.

tionship for EOF3 in comparison to other EOFs, thus
suggesting that mechanisms other than eddy forcing
may be contributing to this particular mode.

e. Impact of the wave amplitude of the basic state

As was mentioned in section Sb, the operator L for
the model linearized about a zonally varying clima-

(a)

synoptic
vorticity flux

tological flow is rather singular. It is hence important
to investigate the impact of near-resonant modes as-
sociated with this singularity on the linear solutions
presented in section 5d. This issue is addressed by ex-
ploring the relationship between the degree of the wav-
iness of the basic state and the wavy linear model re-
sponse to the vorticity transients. When there is no

(b)

FiG. 12. Composite patterns of the zonally asymmetric component of the geopotential height at 205 mb in the wavy linear
model response to bandpass-filtered vorticity transients, for EOF1 (a), EOF2 (b). Contour interval 20 m. Negative values

stippled.
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longitudinal dependence in the background flow, the
solution of the wavy linear model would degrade to
the linear model with zonally symmetric basic state
(see section 5c). In the opposite extreme, when the full
wave amplitude of the climatological flow is incorpo-
rated in the basic state, the wavy linear model would
yield the solution described in section 5d. Several basic
states between these two extremes have been con-
structed by adding a certain fraction of the amplitude
of the zonally asymmetric background flow to the zon-
ally symmetric circulation. Figure 13 shows the linear
model responses to the vorticity transients for some of
the latter basic states. The fraction of the climatological
wave amplitude being retained in these intermediate
basic states varies from 0.75 (top panels), to 0.50
(middle panels), and to 0.25 (bottom panels). Model
solutions for both EOF1 (left) and EOF2 (right) are
displayed. The solutions corresponding to a weak wavy
basic state (Figs. 13e and 13f) are similar to those ob-
tained using a zonally symmetric basic state (not
shown ). The amplitude of the height anomalies in Fig.
13 increases smoothly as the degree of waviness of the
basic state is enhanced. The spatial patterns of the linear
solutions, however, remain the same in all three cases.
Judging from the absence of any abrupt changes in
amplitude and spatial pattern as the degree of waviness
of the basic state is increased, it is unlikely that reso-
nance plays a significant role in the linear solutions
with wavy mean states, at least for the first two EOF
patterns.

6. Conclusions

The month-to-month variability in a 100-year GCM
experiment with fixed climatological SST conditions
has been analyzed. The long duration of the GCM
dataset and the availability of a full range of atmo-
spheric fields (such as diabatic heating) allows for a
more complete and internally consistent diagnosis than
is possible with the observational records. For all the
leading modes of variability, fluctuations in the
monthly mean circulation are seen to be accompanied
by systematic changes in the diabatic heating field, as
well as vorticity and heat transports by eddies with
submonthly time scales. The quasigeostrophic height
tendency due to eddy vorticity fluxes reinforces the
monthly mean height anomalies at all tropospheric
levels. In contrast, the eddy-induced height tendency
due to heat fluxes has opposite polarities in the upper
and lower troposphere: it offsets the monthly mean
height anomaly in the upper troposphere, and rein-
forces the monthly mean anomaly in the lower tro-
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posphere. In the upper troposphere, the constructive
effect of vorticity fluxes is stronger than the dissipative
effect of heat fluxes. Thus, the net effect of the transient
eddies is to maintain the monthly mean height anom-
alies throughout the troposphere. Similar relationships
between the monthly mean anomaly and the eddy-
induced height tendencies have been reported in the
observational studies by Lau (1988) and LN. This
agreement between observational and model results
suggests that similar mechanisms may be at work in
sustaining the monthly mean anomalies in the real and
simulated atmospheres. In the upper troposphere, the
diabatic heating tends to offset the monthly mean
anomalies, but the spatial pattern of the heating-
induced height tendency is not exactly opposite to the
height anomaly itself. In the lower troposphere, the
height tendency due to heating is similar to the ten-
dency induced by heat fluxes, but twice as strong.

In parallel with the quasigeostrophic tendency com-
putations, the nature of the simulated monthly mean
height anomalies has been diagnosed using a linear sta-
tionary wave model. In view of the tendency of the
eddy heat fluxes to reduce the local monthly mean
temperature gradient, the effects of these fluxes have
been parameterized as a diffusion term in the temper-
ature equation. When linearized about a zonally sym-
metric basic state and forced by vorticity transients,
heating, and effect due to changes in the basic state,
the stationary wave model does not provide a satisfac-
tory simulation of the full GCM anomalies. This model
is able to reproduce the full GCM patterns only when
the linear interaction between the climatological waves
and the anomalous flow has been included as an ad-
ditional forcing, thus indicating the importance of in-
corporating the zonally asymmetric component of the
model climatology in the basic state. This finding mo-
tivated us to use a model linearized about the three-
dimensional time mean flow. The latter model yields
a good simulation of the two leading patterns of
monthly variability in the GCM experiment. By con-
sidering the effects of vorticity transients and diabatic
heating separately, it is found that the transient vorticity
forcing plays a constructive role throughout the tro-
posphere, and the diabatic heating acts to partially offset
the eddy vorticity forcing in the upper troposphere.

The key findings of the tendency method are largely
in accord with those based on linear modeling. Among
the vartous forcing mechanisms considered here, the
constructive effects of the eddy vorticity fluxes appear
to be the most significant. The time mean, zonally
asymmetric component of the basic state also plays an
important role. These stationary waves coexist with

FiG. 13. Composite patterns of the zonally asymmetric component of the geopotential height at 205 mb in the wavy linear
model response to vorticity transients, when the basic state retains 0.75 (panels a, b), 0.5 (panels c, d), and 0.25 (panels e,
f) of the full wave amplitude of the GCM climatology, as constructed on the basis of the time coefficients for EOF1 (left
panels) and EOF2 (right panels). Contour interval 20 m. Negative values stippled.



2866

well-defined storm tracks in certain longitudinal sec-
tors; they also lead to enhancements of the response

. to anomalous forcing through wave—wave interaction.
The usefulness of the linear model currently in use for
diagnosing various anomalous patterns is somewhat
limited due to the presence of near-resonance modes.
However, the impact of these modes on the monthly
mean anomalies seems to be rather weak. One possible
way to overcome this model defect is the development
of a fully nonlinear stationary wave model.

A full understanding of the origin and maintenance
of low-frequency atmospheric variability requires
deeper theoretical insights on the mutual interactions
between monthly mean anomalies, high-frequency
transients, and the zonally varying background flow.
The nature of such interactions has been studied ex-
tensively in simple two-layer models (Reinhold and
Pierrehumbert 1982; Vautard and Legras 1988) and a
barotropic model (Shutts 1983). In accord with the
findings presented here, these simple models also in-
dicate that the coexistence of higher-frequency tran-
sients and the large-scale flow leads to preferred modes

- of low-frequency fluctuations. The high spatial corre-
lation between the streamfunction tendency due to
transient vorticity flux convergences and the monthly
anomalies (compare Fig. 4 with Figs. 3a,b) suggests a
strong link between the two quantities. If it is feasible
to parameterize the transient vorticity forcing in terms
of large-scale low-frequency fluctuations, either in a
linear or nonlinear manner, then there would be no
dominant explicit forcing in the physical system under
consideration. The low-frequency fluctuations could
then be viewed as either preferred stationary eigen-
modes of the zonally varying climatological flow with
the linear feedback from the transients included
(Branstator, personal communication), or free oscil-
lations of the nonlinear system due to nonlinearities
in the parameterization of the high-frequency tran-
sients. At the present time, we do not yet understand
the link between high- and low-frequency transients
well enough to actually parameterize the effect of the
high-frequency vorticity transport. Future work is ob-
viously needed along this direction.
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