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Regressions on the annular modes (in meters)

Fig. 1   
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Regressions of zonal-mean zonal wind on the annular modes

Fig. 2   
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Fig. 3   
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‘Variance explained’ by leading modes

Fig. 4   



www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/JFM_season_ao_index.shtml

The standardized seasonal mean AO index during cold season (blue line) is 
constructed by averaging the daily AO index for January, February and 
March for each year. The black line denotes the standardized five-year 
running mean of the index. Bith curves are standardized using 1950-2000 
base period statistics.Fig. 5   

Example of time series of Arctic Oscillation in winter

http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/JFM_season_ao_index.shtml
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Fig. 6   

Power spectrum is similar to that of a red-noise process



MSU2LT data regressed on the JFM NAM index (top) and the
SAM index (bottom). Contour interval 0.1 K/std.

Wallace, On the Arctic and Antarctic Oscillations, 2000

      

Fig. 7   

Lower-tropospheric 
temperature patterns 

associated with annular modes



Wallace, On the Arctic and Antarctic Oscillations, 2000

Summary of AO in its high index state: 
anomalous eddy momentum fluxes and Ferrel cell help maintain 

the high index state for a while

Fig. 8   



Number of JFM days 1958-97 marked by blocking events

Location Total High AO Low AO

Alaska
(140°W-180°W; 65°N-75°N)

389 46 98

North Atlantic
(20°W- 50°W; 55°N-65°N)

350 0 195

Russia
(50°E-70°E; 60°N-70°N)

428 32 85

Wallace, On the Arctic and Antarctic Oscillations, 2000

      

Fig. 9   

Blocking and severe winter weather modulated by AO



Number of JFM days 1958-97 with minimum temperatures <

Location Total High AO Low AO

< -15° C in Yakima, WA. 116 17 41
< -20° C in Chicago, Il. 181 12 50
< -1° C in Orlando, Fl. 108 11 27
< -5° C in Paris, France 142 8 54
< -33° C in Novosibirsk 120 7 46
< -20° C in Beijing, Ch. 141 11 41
< -2° C in Tokyo, Japan 140 7 40

Wallace, On the Arctic and Antarctic Oscillations, 2000

      

Fig. 10   

Blocking and severe winter weather modulated by AO



Thompson & 
Barnes, Science, 2014

      

Fig. 11   

By construction, the regression map in Fig.
2A is dominated by large poleward heat fluxes
(solid contours) that peak around lag 0. The pole-
ward heat fluxes persist for several days (Fig. 2A)
and extend throughout the Southern Hemisphere
troposphere (Fig. 2B). The period immediately
after the peak in the poleward eddy fluxes of heat
is marked by a rapid reduction in the baroclinicity
(blue shading at positive lag), as expected from the
thermodynamic energy equation. The period imme-
diately preceding the peak in the poleward eddy
fluxes is marked by positive anomalies in the baro-
clinicity (warm colors at negative lag), which is
consistent with baroclinic instability theory. The pre-
cursor in thebaroclinicity at negative laghas a slightly
longer time scale than the response at positive lag.
In both cases, the anomalies in the baroclinicity
extend throughout the depth of the troposphere
and peak just above the 500-hPa level (Fig. 2B).

The observational results presented in Fig. 2
suggest that the BAM is associated with two-way
feedbacks between the baroclinicity and eddy
fluxes of heat. The periodicity driven by such
feedbacks can be explored in a simple stochastic
model based on linearized versions of Eq. 1 and
the thermodynamic energy equation.

To develop the model, we first applied two
simplifying assumptions to Eq. 1 to generate a
prognostic equation for the anomalous eddy fluxes
of heat averaged over the Southern Hemisphere
baroclinic zone. We assumed that (i) the growth
rate of baroclinic waves (the left-hand side of
Eq. 1) is proportional to the time rate of change
of the eddy flux of heat, and (ii) variations in the
baroclinicity (the right-hand side of Eq. 1) are
due primarily to variability in the meridional tem-
perature gradient. The former assumption follows
from the direct relationship between the vertical
flux of wave activity and the eddy flux of heat
(27). The latter assumption is supported by the
fact that the changes in the Eady growth rate
shown in Fig. 2 are dominated by the variations
in the meridional temperature gradient (supple-
mentarymaterials). Equation 1was then linearized
about the climatological mean state to yield an
expression for the time rate of change of the eddy
fluxes of heat as a function of the baroclinicity

∂
∂t
〈v*T*〉 ¼ −a〈b〉þ eðtÞ ð2Þ

where v*T* and b¼def ∂T∂y denote the anomalous
eddy fluxes of heat and meridional temperature
gradient, respectively, and the brackets denote the
average over the Southern Hemisphere baroclinic
zone (defined here as 40° to 55°S). The regres-
sion coefficienta corresponds to the amplitude of
the feedback between the baroclinicity and the
eddy fluxes of heat. The term eðtÞ reflects sto-
chastic forcing of the heat fluxes by weather
“noise” and prevents the model from reaching a
steady state where v%T %h i ¼ bh i ¼ 0.

We then applied two simplifying assumptions
to the zonal-mean thermodynamic energy equation
to form a prognostic equation for the anomalous
baroclinicity. In this case, we assumed that (i) the

net forcing of the baroclinicity by the wave fluxes
of heat is linearly proportional to the heat fluxes
themselves, and (ii) the damping of the baro-
clinicity due to both adiabatic and diabatic pro-
cesses can be modeled as Newtonian cooling. The
resulting equation was subsequently linearized
about the climatological mean state to yield an ex-

pression for the time rate of change of the baro-
clinicity as a function of the heat fluxes

∂〈b〉
∂t

¼ b〈v*T*〉 −
〈b〉
t

ð3Þ

where the regression coefficient b corresponds to the
amplitude of the feedback between the eddy fluxes

   0 0.05  0.1 0.15  0.2 0.25

N
or

m
al

iz
ed

 P
ow

er

Cycles/day

m
2 /s

2

−100

−80

−60

−40

−20

0

20

40

60

80

100

   0 0.05  0.1 0.15  0.2 0.25

N
or

m
al

iz
ed

 P
ow

er

Cycles/day

 EKE 300 

   0 0.05  0.1 0.15  0.2 0.25

N
or

m
al

iz
ed

 P
ow

er

Cycles/day

Precipitation

K
 m

/s

−8

−6

−4

−2

0

2

4

6

8

Spatial signatures of the BAM
 EKE 300 

 V*T* 700   V*T* 850  

m
m

/d
ay

−0.4

−0.3

−0.2

−0.1

0

0.1.

0.2..

0.3.

0.4..
 Precipitation

Power spectra of fields averaged 30-70 deg. S

ERA-Interim

AMSR-E

A B

C D

E F

Fig. 1. (A to F) Space and time signatures of the Southern Hemisphere BAM. The left panels show
the fields indicated regressed onto the BAM index time series (12, 13, 15). The right panels show power
spectra for hemispheric averages of the fields indicated (17). Red values in (C) denote southward
(negative) heat fluxes. The spectra in (F) show results for precipitation derived from ERA-Interim [black
(11)] and AMSR-E [red (11)]. All other panels are based on the ERA-Interimmodel (11). As discussed in the
text, the heat fluxes and precipitation peak 1 day before the peak in eddy-kinetic energy, and thus the
regressions in (C) and (E) are lagged by –1 day with respect to the BAM index.

Table 1. Correlations between the BAM index (12) and hemispheric means (30° to 70°S) of the
fields indicated. Correlations are based on all days of 1979–2010 (11,678 days). The BAM is defined as
the leading PC of eddy-kinetic energy (12). As discussed in the text, the heat fluxes and precipitation peak
1 day before the peak in eddy-kinetic energy. All correlations are statistically different from zero at the
99% level, based on a one-tailed test of the t statistic. EKE is the eddy kinetic energy.

Field [v*T*] at 850 hPa EKE at 300 hPa Total precipitation

Correlation with BAM index r = –0.67 (lag –1) r = +0.98 (lag 0) r = –0.49 (lag –1)
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By construction, the regression map in Fig.
2A is dominated by large poleward heat fluxes
(solid contours) that peak around lag 0. The pole-
ward heat fluxes persist for several days (Fig. 2A)
and extend throughout the Southern Hemisphere
troposphere (Fig. 2B). The period immediately
after the peak in the poleward eddy fluxes of heat
is marked by a rapid reduction in the baroclinicity
(blue shading at positive lag), as expected from the
thermodynamic energy equation. The period imme-
diately preceding the peak in the poleward eddy
fluxes is marked by positive anomalies in the baro-
clinicity (warm colors at negative lag), which is
consistent with baroclinic instability theory. The pre-
cursor in thebaroclinicity at negative laghas a slightly
longer time scale than the response at positive lag.
In both cases, the anomalies in the baroclinicity
extend throughout the depth of the troposphere
and peak just above the 500-hPa level (Fig. 2B).

The observational results presented in Fig. 2
suggest that the BAM is associated with two-way
feedbacks between the baroclinicity and eddy
fluxes of heat. The periodicity driven by such
feedbacks can be explored in a simple stochastic
model based on linearized versions of Eq. 1 and
the thermodynamic energy equation.

To develop the model, we first applied two
simplifying assumptions to Eq. 1 to generate a
prognostic equation for the anomalous eddy fluxes
of heat averaged over the Southern Hemisphere
baroclinic zone. We assumed that (i) the growth
rate of baroclinic waves (the left-hand side of
Eq. 1) is proportional to the time rate of change
of the eddy flux of heat, and (ii) variations in the
baroclinicity (the right-hand side of Eq. 1) are
due primarily to variability in the meridional tem-
perature gradient. The former assumption follows
from the direct relationship between the vertical
flux of wave activity and the eddy flux of heat
(27). The latter assumption is supported by the
fact that the changes in the Eady growth rate
shown in Fig. 2 are dominated by the variations
in the meridional temperature gradient (supple-
mentarymaterials). Equation 1was then linearized
about the climatological mean state to yield an
expression for the time rate of change of the eddy
fluxes of heat as a function of the baroclinicity

∂
∂t
〈v*T*〉 ¼ −a〈b〉þ eðtÞ ð2Þ

where v*T* and b¼def ∂T∂y denote the anomalous
eddy fluxes of heat and meridional temperature
gradient, respectively, and the brackets denote the
average over the Southern Hemisphere baroclinic
zone (defined here as 40° to 55°S). The regres-
sion coefficienta corresponds to the amplitude of
the feedback between the baroclinicity and the
eddy fluxes of heat. The term eðtÞ reflects sto-
chastic forcing of the heat fluxes by weather
“noise” and prevents the model from reaching a
steady state where v%T %h i ¼ bh i ¼ 0.

We then applied two simplifying assumptions
to the zonal-mean thermodynamic energy equation
to form a prognostic equation for the anomalous
baroclinicity. In this case, we assumed that (i) the

net forcing of the baroclinicity by the wave fluxes
of heat is linearly proportional to the heat fluxes
themselves, and (ii) the damping of the baro-
clinicity due to both adiabatic and diabatic pro-
cesses can be modeled as Newtonian cooling. The
resulting equation was subsequently linearized
about the climatological mean state to yield an ex-

pression for the time rate of change of the baro-
clinicity as a function of the heat fluxes

∂〈b〉
∂t

¼ b〈v*T*〉 −
〈b〉
t

ð3Þ

where the regression coefficient b corresponds to the
amplitude of the feedback between the eddy fluxes
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Fig. 1. (A to F) Space and time signatures of the Southern Hemisphere BAM. The left panels show
the fields indicated regressed onto the BAM index time series (12, 13, 15). The right panels show power
spectra for hemispheric averages of the fields indicated (17). Red values in (C) denote southward
(negative) heat fluxes. The spectra in (F) show results for precipitation derived from ERA-Interim [black
(11)] and AMSR-E [red (11)]. All other panels are based on the ERA-Interimmodel (11). As discussed in the
text, the heat fluxes and precipitation peak 1 day before the peak in eddy-kinetic energy, and thus the
regressions in (C) and (E) are lagged by –1 day with respect to the BAM index.

Table 1. Correlations between the BAM index (12) and hemispheric means (30° to 70°S) of the
fields indicated. Correlations are based on all days of 1979–2010 (11,678 days). The BAM is defined as
the leading PC of eddy-kinetic energy (12). As discussed in the text, the heat fluxes and precipitation peak
1 day before the peak in eddy-kinetic energy. All correlations are statistically different from zero at the
99% level, based on a one-tailed test of the t statistic. EKE is the eddy kinetic energy.

Field [v*T*] at 850 hPa EKE at 300 hPa Total precipitation

Correlation with BAM index r = –0.67 (lag –1) r = +0.98 (lag 0) r = –0.49 (lag –1)
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Fig. 12   

SAM resembles
a red-noise
process

small fraction of the variance in the eddy fluxes of heat
and the eddy kinetic energy. The BAMaccounts for large
fractions of the variance in both the wave fluxes of heat
and eddy kinetic energy but very little of the variance in
the wave fluxes of momentum and zonal-mean kinetic
energy.
The SAM and BAM both exhibit a high degree of

zonal symmetry in the extratropical zonal wind and eddy
kinetic energy fields, respectively. Additionally, the
leading patterns of variability in the longitudinally vary-
ing eddy kinetic energy field include a pronounced zon-
ally symmetric component. Hence, not only the SAMbut
also the BAMmay be viewed as an ‘‘annular mode’’: the
SAM as a barotropic annular mode (i.e., an annular
structure driven by barotropic processes) and the BAM

as a baroclinic annular mode (i.e., an annular structure
driven by baroclinic processes). From a synoptic point of
view, the SAM describes variations in the meridional
propagation ofwave activity, whereas theBAMdescribes
variations in the amplitude of developing baroclinic
waves. The notable level of decoupling between the wave
fluxes of heat and momentum associated with the SAM
and BAM suggests that variations in the amplitude and
barotropic components of the storm track exhibit a high
degree of independence.
The SAM is believed to owe its existence to enhanced

power at low frequencies due to feedbacks between the
momentum flux convergence aloft and the generation
of wave activity near Earth’s surface (Robinson 2000;
Lorenz and Hartmann 2001). The results shown here
suggest that the BAMowes its existence, not to enhanced
power at low frequencies, but to enhanced power on a time
scale of approximately 20–30 days. The quasi periodicity
apparent in theBAMindex is extremely robust and emerges
during both the warm and cold seasons. The implications
of and mechanisms that drive the observed periodicity in
the BAM are explored in a companion study (Thompson
and Barnes 2014).
We have performed similar analyses for the Northern

Hemisphere circulation. The results for the NH are
complicated by the effects of the stationary waves. But
many of the primary results and conclusions derived for
the zonal-mean SH circulation hold for both 1) the
NorthernHemisphere zonal-mean circulation and 2) the
North Atlantic and North Pacific storm-track regions
considered separately. The leading PC time series of eddy
kinetic energy calculated for the NH zonal-mean circu-
lation, the North Atlantic sector, and the North Pacific
sector are all marked by a monopole in eddy kinetic en-
ergy, account for large fractions of the domain-integrated
variance in the wave fluxes of heat, and have only weak
projections on the wave fluxes of momentum. Likewise,
the attendant leading PC time series of NH zonal-mean
kinetic energy account for large fractions of the domain-
integrated variance in the wave fluxes of momentum but
not of heat. The NH results will be presented in a com-
panion paper.
Taken together, the SAM and BAM describe much of

the variance in the cycling of energy in the extratropical
SH atmosphere. The robustness of the BAM time series
(Table 2), its pronounced role in the cycling of energy in
the SHmidlatitudes, and its unique time scale all suggest
it may provide a useful framework for interpreting large-
scale climate variability across a range of time scales, in-
cluding the circulation response to climate change.
Anthropogenic emissions of greenhouse gases are likely
to perturb the tropospheric reservoirs of zonal-mean
available potential energy and zonal-mean kinetic energy

FIG. 12. Power spectra of the SAM and BAM indices. See text for
details of the calculations.
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BAM exhibits 
periodic variability 
(~25 days)



Thompson & 
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Fig. 13   
FIG. 2. Vertical structure of the SAM and BAM. Latitude–height regressions are based on standardized values of the (left) SAM and

(right) BAM indices for the fields indicated (contours and shading are defined in panel titles). The SAM index is defined as the leading PC
time series of the SH zonal-mean zonal wind. TheBAM index is defined as the leading PC of the SH eddy kinetic energy.Results are based
on zonal-mean, daily-mean data. Regression coefficients are based on contemporaneous values of the data, except in the cases of [u*y*]
and [y*T*], in which the fluxes lead the SAM and BAM indices by 1 day. Contours are (a),(b) 20.5, 0.5, 1.5, . . . ms21; (c),(d) 20.5, 0.5,
1.5, . . . 3 109 kg s21; and (e),(f) 23, 3, 9, . . . m2 s22.
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Fig. 14   

of heat and the baroclinicity. TheNewtonian cooling
term 〈b〉

t reflects the damping of the baroclinicity
by both diabatic processes and vertical motion.
The parameter t denotes the damping time scale.

Equations 2 and 3 were then solved numer-
ically and analytically to generate expressions for

themodel eddy fluxes of heat and their periodicity.
Figure 3A shows the frequency of oscillation in
v!T !h i from the analytic solution (neglecting the
stochastic term; see the supplementary materials)
as a function of the feedback parameters (abscissa)
and damping time scale (ordinate). Figure 3B

shows the spectra of v!T!h i from the numerical
solution with the stochastic term, using the feed-
backs observed at the 500-hPa level. The solu-
tions to the model and the calculation of the
observed parameters are discussed in the supple-
mentary materials.

The simple coupled model yields several key
insights into the conditions that lead to oscillatory
behavior in the Southern Hemisphere circulation.

1) As shown in the supplementary materials,
the model heat fluxes oscillate at a frequency
given by

w ¼ 24 # 3600
2p

Im

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ð2tÞ2
− ab

s !( )

day−1

ð4Þ

The frequency of the oscillation in v!T!h i
is thus a function of the product of the feed-
back parameters ab and the damping time scale t
(Eq. 4). The frequency of the oscillation increases
as the feedback amplitudes increase and/or as the
damping time scale increases.

2) The derivation of the model parameters
from observations is described in the supplemen-
tary materials. The red circles in Fig. 3A indicate
the frequencies predicted by the model based on
the observed feedbacks and damping time scales
calculated at all tropospheric levels from 950 to
300 hPa. The range of predicted oscillation fre-
quencies is slightly lower than the observed range,
depending on the level chosen to calculate the
observed feedbacks. When the observed middle
tropospheric feedbacks are inserted into Eq. 4,
the model heat fluxes oscillate at a frequency that
is strikingly similar to the observed frequency
(red curve in Fig. 3B).

3) Oscillating solutions in v!T !h i are only pos-
sible when the damping time scale t > 1

2
ffiffiffiffi
ab

p . For
the observed middle tropospheric values of a
and b, the model heat fluxes only oscillate if the
damping time scale is longer than ~2 days (Fig.
3A).When the damping time scale is shorter than
this value, the spectrum of the model heat fluxes
is red (Fig. 3B). From a physical perspective, if
the damping is very large (t is very small), the per-
turbations in the baroclinicity are damped before
they have time to affect the eddy fluxes of heat.

The results of the simple model given in
Eqs. 2 and 3 suggest that periodicity in the extra-
tropical wave fluxes of heat (and thus the eddy
kinetic energy) should arise in any numerical mod-
el that includes two-way interactions between the
baroclinicity and baroclinicwaves. Figure 4 shows
the spectra of the hemispheric-mean eddy fluxes
of heat and eddy kinetic energy from three general
circulation models (GCMs) of varying complexity
(28): (i) a fully coupled atmosphere/ocean GCM
(top row); (ii) an aquaplanet GCM with no orog-
raphy, simplified radiation, and a slab ocean (mid-
dle row); and (iii) a dry dynamical core with
parameterized physics (bottom row). All three
classes of models exhibit periodic behavior in
the hemispheric-mean eddy heat fluxes and eddy
kinetic energy. The similarities between the

Fig. 2. Regressionson theSouth-
ernHemisphere–meaneddyfluxes
of heat. The Southern Hemisphere
mean is defined as an average over
30° to 70°S and 250 to 950 hPa.
The baroclinicity is quantified as
the Eady growth rate (see text). The
contour intervals are 0.5 K m/s (A)
and 0.6 K m/s (B). The solid con-
tours denote southward (negative)
heat fluxes.
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Fig. 3. Simulating periodic behavior in the heat fluxes in a simple coupled model. (A) The
analytic solution of the oscillation frequency in the eddy fluxes of heat obtained from the simple model of
Eqs. 2 and 3. Results are shown as a function of the product of the model feedback parameters (a × b;
abscissa) and damping times cale (ordinate). Frequency units are cycles per day. Red circles indicate the
range of frequencies predicted from the observed feedbacks and damping time scales at all tropospheric
levels. (B) Power spectra derived from the simple model using the feedback parameters at 500 hPa for the
damping time scales indicated. The observed spectrum is for Southern Hemisphere mean eddy kinetic
energy and is reproduced from Fig. 1B. See the supplementary materials for details of the calculations.
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Strong baroclinicity, followed by strong heat flux, 
followed by weak baroclinicity
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Fig. 15   

Comparison of simple stochastic model with
ERA-interim for power spectrum of heat flux

of heat and the baroclinicity. TheNewtonian cooling
term 〈b〉

t reflects the damping of the baroclinicity
by both diabatic processes and vertical motion.
The parameter t denotes the damping time scale.

Equations 2 and 3 were then solved numer-
ically and analytically to generate expressions for

themodel eddy fluxes of heat and their periodicity.
Figure 3A shows the frequency of oscillation in
v!T !h i from the analytic solution (neglecting the
stochastic term; see the supplementary materials)
as a function of the feedback parameters (abscissa)
and damping time scale (ordinate). Figure 3B

shows the spectra of v!T!h i from the numerical
solution with the stochastic term, using the feed-
backs observed at the 500-hPa level. The solu-
tions to the model and the calculation of the
observed parameters are discussed in the supple-
mentary materials.

The simple coupled model yields several key
insights into the conditions that lead to oscillatory
behavior in the Southern Hemisphere circulation.

1) As shown in the supplementary materials,
the model heat fluxes oscillate at a frequency
given by

w ¼ 24 # 3600
2p

Im

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ð2tÞ2
− ab

s !( )

day−1

ð4Þ

The frequency of the oscillation in v!T!h i
is thus a function of the product of the feed-
back parameters ab and the damping time scale t
(Eq. 4). The frequency of the oscillation increases
as the feedback amplitudes increase and/or as the
damping time scale increases.

2) The derivation of the model parameters
from observations is described in the supplemen-
tary materials. The red circles in Fig. 3A indicate
the frequencies predicted by the model based on
the observed feedbacks and damping time scales
calculated at all tropospheric levels from 950 to
300 hPa. The range of predicted oscillation fre-
quencies is slightly lower than the observed range,
depending on the level chosen to calculate the
observed feedbacks. When the observed middle
tropospheric feedbacks are inserted into Eq. 4,
the model heat fluxes oscillate at a frequency that
is strikingly similar to the observed frequency
(red curve in Fig. 3B).

3) Oscillating solutions in v!T !h i are only pos-
sible when the damping time scale t > 1

2
ffiffiffiffi
ab

p . For
the observed middle tropospheric values of a
and b, the model heat fluxes only oscillate if the
damping time scale is longer than ~2 days (Fig.
3A).When the damping time scale is shorter than
this value, the spectrum of the model heat fluxes
is red (Fig. 3B). From a physical perspective, if
the damping is very large (t is very small), the per-
turbations in the baroclinicity are damped before
they have time to affect the eddy fluxes of heat.

The results of the simple model given in
Eqs. 2 and 3 suggest that periodicity in the extra-
tropical wave fluxes of heat (and thus the eddy
kinetic energy) should arise in any numerical mod-
el that includes two-way interactions between the
baroclinicity and baroclinicwaves. Figure 4 shows
the spectra of the hemispheric-mean eddy fluxes
of heat and eddy kinetic energy from three general
circulation models (GCMs) of varying complexity
(28): (i) a fully coupled atmosphere/ocean GCM
(top row); (ii) an aquaplanet GCM with no orog-
raphy, simplified radiation, and a slab ocean (mid-
dle row); and (iii) a dry dynamical core with
parameterized physics (bottom row). All three
classes of models exhibit periodic behavior in
the hemispheric-mean eddy heat fluxes and eddy
kinetic energy. The similarities between the

Fig. 2. Regressionson theSouth-
ernHemisphere–meaneddyfluxes
of heat. The Southern Hemisphere
mean is defined as an average over
30° to 70°S and 250 to 950 hPa.
The baroclinicity is quantified as
the Eady growth rate (see text). The
contour intervals are 0.5 K m/s (A)
and 0.6 K m/s (B). The solid con-
tours denote southward (negative)
heat fluxes.
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Fig. 3. Simulating periodic behavior in the heat fluxes in a simple coupled model. (A) The
analytic solution of the oscillation frequency in the eddy fluxes of heat obtained from the simple model of
Eqs. 2 and 3. Results are shown as a function of the product of the model feedback parameters (a × b;
abscissa) and damping times cale (ordinate). Frequency units are cycles per day. Red circles indicate the
range of frequencies predicted from the observed feedbacks and damping time scales at all tropospheric
levels. (B) Power spectra derived from the simple model using the feedback parameters at 500 hPa for the
damping time scales indicated. The observed spectrum is for Southern Hemisphere mean eddy kinetic
energy and is reproduced from Fig. 1B. See the supplementary materials for details of the calculations.
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