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Summary

The interaction between two storm tracks is analysed by using of idealized experiments with a
simpli ed global circulation model. A zonal distance of 180 between the storm tracks drives a retrograde traveling zonal wavenumber two wave with an amplitude modulation of about 50 days. The
streamfunction tendency equation demonstrates that the amplitude modulation is excited in the storm
track regions by the high frequency (periods between 2 and 8 days) eddy forcing; `spatial resonance'
of a retrograde propagating zonal wavenumber two Rossby wave and high frequency eddy forcing are
proposed as the amplifying mechanism, while friction and self interaction between the low-frequency
eddies ensure damping. Sensitivity experiments indicate that the pronounced modulation of 50 days
vanishes with decreasing the zonal distance between the storm tracks, thereby enhancing the intensity
and duration of blocking events.
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1. Introduction
The midlatitude variability of the atmosphere on long time scales has received much
attention, in particular large scale atmospherics waves and blocking events are responsible
for a large amount of atmospheric variability. Statistical data-analysis techniques are
applied to demonstrate the space-time variability in a suitable format, and physical
analysis methods are employed to identify the dynamics of the variability.
Complex empirical orthogonal function (CEOF) analysis has been used to describe
large scale retrograde traveling anomalies in the midlatitudes with a period of about 25
days (Branstator 1987, Kushnir 1987). Applying a singular spectrum analysis (SSA) to
the leading principal components (PCs) of 700 hPa geopotential heights, Ghil and Mo
(1991) detect two oscillating modes: A 48-day mode is dominated by a zonal wavenumber
two and consists of both standing and traveling components, the second one is similar
to the 25-day mode (Branstator 1987, Kushnir 1987). With the use of a multichannel
version of the singular spectrum analysis (M-SSA) Plaut and Vautard (1994) detect 30-60
day oscillating modes for both the Atlantic and the Paci c region which are uncorrelated
with each other, a 70 day Atlantic mode related to the NAO and a 40-45 day hemispheric
oscillation. Lau and Nath (1999) nd in an observational as well as a GCM based study
retrogressive variance for the rst three zonal wavenumbers with periods between 10 and
100 days in the midlatitudes. They further reveal that this variance is largely governed
by the vorticity dynamics of free Rossby waves.
Besides external forcing, especially from sea surface temperature (SST) anomalies,
the mechanism for the excitation of the atmospheric midlatitude low-frequency variability
is internal forcing due to nonlinear interaction between small scale, large scale and mean
ow: Simmons et al. (1983) show that parts of the low-frequency variability can be
explained by barotropic instability of a zonally asymmetric mean ow. Cai and van den
Dool (1994) and Feldstein (1998) use a streamfunction tendency equation to separate
the contributions of each term to the tendency of the investigated anomaly. Cai and van
den Dool examine zonal wavenumber 1-4 and nd that they are primarily maintained by
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the vorticity ux of high frequency eddies and by the interaction of the low-frequency
waves with the stationary ones. Feldstein investigates a blocking like event and indicates
that the interaction between the anomaly and the time mean zonally asymmetric ow
is responsible for the growth and maintenance of the anomaly, whereas the divergence
term ensures the decay of the event. For one phase of the anomaly the high frequency
transients extend the duration of the anomaly. Haines and Holland (1998) investigate the
response of a high frequency wavemaker in a two layer -channel model, which depends
crucially on the meridional shear. It varies from a stationary split jet, which resembles
blocking events, to a weaker one with a low-frequency vacillation cycle. The split jet is
caused by resonance with the high frequency eddies and the decay is accomplished by
a mixed instability process. The results of an observational investigation by Sheng and
Derome (1993), using a geopotential tendency equation, show that the low-frequency
transients are correlated with synoptic scale eddies. The latter lead the former by a lag
of a few days and act, therefore, as a driving force of the low-frequency transients. Cai
and van den Dool (1991) have documented that traveling storm tracks exits downstream
of the troughs of propagating low-frequency waves . The high frequency vorticity uxes
associated with these traveling storm tracks act to amplify the low-frequency waves and
retard their propagation.
Atmospheric blocking events have a strong in uence on regional weather and climate (e.g. Rex 1950) but the underlying dynamical mechanisms of their evolution have
not been fully understood yet. Large scale traveling waves may contribute to the excitation of blocking events, which can occur as a resonant ampli cation of Rossby waves
forced by stationary vorticity sources, e.g. topography and surface heating (Tung and
Lindzen 1979, Kalnay-Rivas and Merkine 1981). Nonlinear interaction between slowly
propagating free waves and forced standing waves are proposed by Egger (1978) to be
responsible for the initiation of blocking highs. The role played by synoptic scale eddies
in exciting and maintaining blocking anti-cyclones has also been considered (e.g. Hoskins
et al. 1983, Shutts 1983, 1986, Nakamura and Wallace 1990, Nakamura et al. 1997). In
the Europe-North Atlantic sector, Michelangeli and Vautard (1998) show that blocking
onsets are initiated by a synoptic scale wave train and a planetary scale retrograding
wavenumber one; examining the potential vorticity tendency equation, it appears that
the nonlinear terms contribute to the amplitude growth while the linear terms are responsible for propagation and phase locking of the baroclinic wave train with the blocking
anomaly. Using the extended height tendency equation, Tsou and Smith (1990) nd
that the interaction of planetary and synoptic scale components are largely responsible
for the development of blocking. Frederiksen (1982) relates the onset of blocking to the
fasted growing mode which, in the North-Paci c and Atlantic region, occurs when the
atmosphere is less unstable than usual.
The motivation for this work is to examine the low-frequency variability in idealized
experiments where two storm tracks are kept at a xed distance (180 separation). The
statistical analysis describes retrograde Rossby waves (wavenumber two with a period
of about 50 days), and the physical analysis describes the mechanism for exciting the
amplitude modulation. In addition, sensitivity experiments, using di erent storm track
distances which lead to changes in the Rossby wave number and to blocking episodes,
are analysed. Section 2 describes the experimental design. The results are presented
and interpreted in section 3 demonstrating the processes and proposing the excitation
mechanism. The paper closes with a summary and conclusions.
2. Model and experimental design
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The simpli ed GCM PUMA (Portable University Model of the Atmosphere, Fraedrich
et al. 1998) is used to simulate the atmospheric variability and interaction between two
storm tracks with changing zonal distance. PUMA is a modi cation of the simpli ed
global spectral model of the University of Reading introduced by Hoskins and Simmons
(1975) and James and Gray (1986). The model solves the primitive equations on sigma
levels with a semi-implicit time-scheme and uses the transform method. The diabatic
and dissipative processes are represented through Newtonian cooling and Rayleigh friction (Held and Suarez 1994). Orography and moisture are not included. PUMA is used
with T21 truncation and 5 equally spaced sigma levels in the vertical. Simpli ed GCM's
have been applied to investigate the low-frequency variability in a zonal symmetric ow
by James and James (1992) and James et al. (1994). They are further used to analyse the
baroclinic activity and low-frequency variability in idealized experiments with one storm
track (Frisius et al. 1998), to study the sensitivity of midlatitude storm track activity
in a warmer climate (Lunkeit et al. 1998) and to examine the response of idealized SST
anomalies on the mean ow (Walter et al. 2000).
The diabatic heating is parameterized by a restoration temperature TR , the model
temperature T and the Newtonian cooling relaxation time scale R :

 @T 

TR ; T
(1)
@t Diab: = R :
Thus, the model is driven by relaxation of the model temperature towards the restoration
temperature. The relaxation time scale R is 5 days in the lowest layer, 10 days at the
second and 30 days at the three remaining upper layers. The Rayleigh friction time scale
is one day in the lowest layer and there is no friction at all other layers. The Newtonian
cooling and Rayleigh friction relaxation time scales are chosen to ensure the development
of realistic storm track characteristics (Frisius et al. 1998).
A zonally symmetric restoration temperature eld is superimposed through a zonally asymmetric contribution consisting of two idealized temperature dipoles (Fig. 1a).
A warm pole, upstream and south of a cold pole, idealizes the warm ocean (representing
the Gulf stream or the Kuroshio) and the cold pole represents the wintertime continent
(America or Asia). In sensitivity experiments the zonal distance between the two temperature dipoles is changed from 180 to 130 in 5 steps, but they remain xed during the
respective experiments. The model is started from a resting atmosphere and the surface
pressure is initialized with a small disturbance. All experiments are run for 101 years in
a perpetual mode; the evaluation of the rst year is omitted because of the spin-up time
of the model.
3. Results
Reference and sensitivity experiments are carried out to examine the in uence of
the zonal distance between two midlatitude storm tracks. The experiment in which the
dipoles have a zonal distance of 180 is named reference experiment. First, the model
climatology is established for the reference experiment, followed by the description of the
space-time variability. Thereafter, the dynamics of the low-frequency mode is explained,
with a brief discussion of the sensitivity experiments.
The climatologies of the reference and the sensitivity experiments capture the qualitative characteristics of the observed midlatitude ow. The jets develop downstream of
the TR -dipoles and also the storm tracks are in the right position relative to the jet (not
shown). As a measure for the storm track intensity, the standard deviation of band pass

2694
a)

C. Franzke et al.
b)

Figure 1. Reference experiment with TR -dipole separation of 180: a) Restoration temperature on 900
hPa (contour interval is 10 K) and b) standard deviation of band pass ltered 500 hPa geopotential
(contour interval is 5 gpm).

ltered 500 hPa geopotential height (periods between 2 and 8 days, Trenberth 1991), is
presented (Fig. 1b); the magnitude is slightly underestimated but its extent is comparable
with observations (Lau 1988).
(a) Statistics of space-time variability
The space-time variability is analysed by decomposing the vertically averaged streamfunction into complex empirical orthogonal functions (CEOFs) to isolate traveling
patterns (e.g. Horel 1984, von Storch and Zwiers 1998, Frisius et al. 1998). As low pass
ltering does not essentially in uence the analysis, only the un ltered data sets are discussed in the following. The rst CEOF eigenvector (Fig. 2) of the reference experiment
explains 23% of the total variance. The patterns of the complex eigenvectors (En ) evolve
in the following sequence:

Re(En ) ) Im(En) ) ;Re(En ) ) ;Im(En ) ) Re(En ):
(2)
The real and the imaginary parts (Fig. 2) consist of a zonal wavenumber two structure:
the imaginary part shows two large scale anti-cyclonic perturbations downstream of the
jets indicating a blocking like event although the CEOF analysis reveals only a large scale
traveling anomaly and not a stationary one. These large scale anti-cyclonic anomalies are
followed downstream by cyclonic areas with weaker amplitude, and they are more zonally
elongated than the anti-cyclonic regions. The real part is shifted eastward with respect to
the imaginary part.
p A period of about 50 days is an interesting feature of the amplitude
time series A1 = Re(CPC 1)2 + Im(CPC 1)2, where CPC1 denotes the rst complex
principal component (Fig. 3a). This is also seen in a maximum entropy variance spectrum
(Fig. 3b). It shows a peak at a period about of 50 days, and is signi cant at the 99%
level against an equivalent rst order autoregressive (AR(1)) process. The evaluation of

Storm track induced 'spatial resonance'
a)

2695

b)

Figure 2. Reference experiment rst complex EOF (CEOF1) explaining 23% of the total variance: a)
real part and b) imaginary part (shaded areas indicate negative values, contour interval is 0.01).

the phase (not shown) indicates that this CEOF is associated with a westward traveling
Rossby wave. Both the real and the imaginary part of CPC1 reveal a period of 50 days
(not shown) and also the amplitude (Fig. 3). That is, the wave consists of a traveling
part with a period of 50 days and an amplitude modulation of the same period. A single
traveling sine wave with a period !0 and a wavenumber k0 yields, after the Hilbert
transform, a cosine wave with the same period !0 , but the amplitude is constant since
sin2 (xk0 ; !0 t) + cos2 (xk0 ; !0 t) = 1. Therefore, the origin of the amplitude modulation
needs to be analysed.
Before doing so, further details of the dominating wave are shown: Fig. 4 presents
a composite time series of the amplitude, the real, and the imaginary part, consisting
of 61 maxima of year 11 until 20, which are representative for the whole time series.
The horizontal evolution of the composite wave life cycle (Fig. 5) shows the retrograde
traveling Rossby wave with the ampli cation of the anti-cyclones until time lag 0 and their
subsequent decrease. The maxima of the amplitude are associated with the development
of large scale anti-cyclones at the end of the storm tracks; they travel retrograde and
reach maximum intensity in the center of the storm tracks. Another property of the
CPC1 time series is that the maximum amplitudes have a short duration with a well
de ned structure. The minima are less clearly de ned, and more noisy. They describe
the case of large scale retrograde traveling cyclones; thus, they have a greater likelihood
to experience short interruptions by transient disturbances (see also Dole and Gordon
1983).
(b) Dynamics of variability
A streamfunction tendency equation for the low-frequency ow is derived to analyse
the dynamics of the retrograde traveling wave and to isolate its forcing terms. Following
Cai and van den Dool (1994) and Feldstein (1998), the streamfunction tendency equation
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Figure 3. Reference experiment: a) Time series of CEOF1-amplitude of years 11 and 12 (in 109 m2 s;1 )
and b) variance spectrum of CPC1 (in 1016 m4 s;2 ). The equivalent rst order autoregressive process
AR(1) is indicated by a dashed-dotted line, the 99% con dence limit is indicated by a dashed line.
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Figure 4. Composite amplitude of the rst complex EOF (CEOF1). The solid line indicates the amplitude, the dashed dotted the real part and the dashed line the imaginary part (in 2  109 m2 s;1 ).

for the low- frequency ow is:

@ L = X  + R;
i
@t
with the residual R, the i are the following forcing terms:
;

1 = r;2 ;~uL  rf
 
; 
2 = r;2 ; ~u  r L ; ~uL  r 
;

3 = r;2 ;~u  r L ; ~uL  r 
; ; 

4 = r;2 ; f +  r  ~uL ;  L r  ~u
 ; ;  
5 = r;2 ; r  ~uL  L L
 ; ;  
6 = r;2 ; r  ~uB  B L
 ; ;  ; ;  
7 = r;2 ; r  ~uL  B L ; r  ~uB  L L

0 0
!L 11
L
0
@~
u
@~
u
@~
u
8 = r;2 @;~k  @r  !L @p + ! @p + !0 @p AA
 L 

(3)

(4)
9 = r;2 ;  :
D
The superscripts L and B refer to low pass (periods > 10 days, Blackmon 1976) and
band pass (2-8 days, Trenberth 1991) ltered quantities, the overbar de nes a 10 year
mean, and the prime denotes deviations from the time mean. The bracket indicates a
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Figure 5. Composites of the anomalous vertically averaged streamfunction at a) day -10, b) day -5,
c) day 0, d) day 5, e) day 10 (contour interval is 5  106 m2 s;1 and negative areas are shaded) and f)
the vertically averaged time-mean streamfunction (contour interval is 107 m2 s;1 , negative isolines are
dashed).
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zonal averaging and the asterisk the deviations from the zonal mean,  is vorticity, t
is time, ~u is the horizontal wind vector, f is the Coriolis parameter, and p is pressure;
r is the divergence operator, r the rotation operator, and r;2 denotes the inverse
Laplacian. Supplemently to Cai and van den Dool (1994) and in Feldstein (1998), friction
is included, where D is the time scale of Rayleigh friction. Time averaged eddy terms
are not neglected because, in an Eulerian coordinate system, temporal averaging means
that the averaged terms are stationary. However, for an observer traveling with the wave,
these terms are not stationary. They represent Reynolds terms, because they appear as
a result of time averaging. They have been considered in a vacillation cycle analysis
(Haines and Holland 1998). Due to the 'phase-shifting' method, these terms do not occur
in the analysis of Cai and van den Dool (1994); Feldstein (1998) analysing spatially xed
blocking like events does not need to consider them. These Reynolds terms are:







10 = r;2 ;r  ~uL  L
  
11 = r;2 ;r  ~uB  B
 

12 = r;2 ;r  ~uL  B + ~uB  L
!!!
0
@~
u
13 = r;2 ;~k  r  !0 @p
(5)
To estimate the contribution of all individual terms of the tendency equation to the rate
of change of the CPC1 amplitude, a projection of the vertical mean of all individual
forcing terms bi onto the reconstructed eld consisting of CEOF1 is made:
2

13
X

 @@t = 12 @@t = T  bi:
(6)
i=1
where (t) = Re(CPC 1)(t)  E1re ; Im(CPC 1)(t)  E1im, and the superscripts mean real
T

part or imaginary part of the complex values, respectively. This is reasonable since
CEOF1 describes the traveling wave almost completely. The reconstructed vector is normalized to unit length at each time step. The resulting time series are compared with
the amplitude of CPC1 by cross spectral analysis after normalizing all time series to unit
variance.
Wave propagation (linear): The cross-spectra between the rst four terms and the
amplitude show no coherence and, therefore, they do not contribute to the amplitude
modulation (not shown). They are mainly associated with Rossby wave propagation and
the interpretation is straightforward: The advection of planetary vorticity ( e ect), b1,
is responsible for the westward propagation of the Rossby wave. The advection of relative
vorticity of the zonal symmetric ow, b2 , is associated with eastward propagation and
thus counteracts the advection of planetary vorticity (e.g. Holton 1992). The third term,
b3 , is associated with the interaction between stationary and low-frequency waves or with
the instability of a zonally asymmetric ow (Simmons et al. 1983). Since this term does
not show a signal in the variance spectrum, it does not represent an amplitude forcing.
The divergence term, b4 , counteracts the advection of planetary vorticity and causes the
Rossby wave to move with a slower phase speed as described in the dispersion relation
of the shallow water system (e.g. Pedlosky 1987).
Wave amplitude (nonlinear and friction): The following terms are responsible either for the increase or the decrease of the amplitude, because all these terms show

2700

C. Franzke et al.

a large coherence and a maximum around 50 days in the cross spectra (Fig. 6). As
the low-frequency ltered terms show the same characteristics as their time averaged
corresponding Reynolds terms, only the sum of each of these terms is discussed. The selfinteraction of the low-frequency transients, b5 , and its time mean part, b10, (Fig. 6a), lag
the amplitude by about 10 and, therefore, act as a damping term. The self-interaction
of the high frequency eddies (periods between 2 and 8 days), b6 , and its time mean part,
b11, (Fig. 6b), force the low-frequency wave by leading the amplitude by roughly 60.
The interaction between the low and high frequency transients, b7, and its corresponding
time mean part, b12, (Fig. 6c), is leading the amplitude by around 30 and, therefore,
represents also a forcing term. The sum of the tilting term and of the vertical vorticity
advection, b8, and its time mean part, b13, (Fig. 6d), is a forcing term, since it leads the
phase by about 30. Since the interaction between the low and high frequency transients
(b7 and b12) and the sum of the tilting term and of the vertical vorticity advection (b8
and b13 ) starts to amplify the amplitude later than the self-interaction of the high frequency eddies (b6 and b11), they are mainly transportation terms of momentum. The
friction, b9, retards the wave instantaneously as a damping term (not shown).
In summarizing: All projections of the nonlinear terms show a signi cant signal
(above the 99% level, Fig. 6) near the 50 day period, whereas the projections of the
linear terms are not signi cant (not shown). This is reasonable, since the CPC1 amplitude
describes only the amplitude modulation of the wave, and not its propagation. The nding
that the linear terms contribute to the propagation, whereas the nonlinear terms force
the amplitude is in agreement with the study by Michelangeli and Vautard (1998). The
cross-spectrum between the projection of the sum of the low-frequency and the time
mean part of the high frequency eddy forcing (b6 and b11) and the amplitude of CPC1
is shown in Fig. 6b. The anomalous low-frequency part at day -8, indicating the time
lag at the maximum forcing (Fig. 7a) and the time mean part (Fig. 7b) of the high
frequency eddy forcing are displayed. The positive forcing areas of the low-frequency
part correspond with the large scale anti-cyclones visible in the CEOF1 pattern (Fig. 5)
and, therefore, contribute to the ampli cation. These two forcing areas develop in the
center of the storm tracks (Fig. 1b).
(c) 'Spatial resonance' mechanism
The propagation period of the Rossby wave coinciding with the period of the amplitude modulation, and the phase relation of high frequency eddy forcing with the amplitude suggests the following mechanism for the low-frequency variability: Two spatially
con ned regions of enhanced high frequency eddy activity generate a Rossby wave of
zonal wavenumber two and cause a perpetual ampli cation of the large scale eld. As
the zonal wind cannot balance the phase speed of this wave, the Rossby wave dynamics leads to retrograde motion as described by the dispersion relationship (e.g. Pedlosky
1987). When the high pressure areas of this wave pattern cross the storm track regions,
they are ampli ed through the momentum uxes associated with the low-frequency and
time mean part of the high frequency eddies (b6 and b11 , Fig. 7). The momentum is
transported by the interaction between high and low-frequency transients (b7 and b12).
These terms cause an upscale transport of momentum. In addition, the sum of the vertical vorticity advection and the tilting term (b8 and b13) contributes to the growth of
the amplitude. The following decrease of the amplitude is ensured by the surface friction (b9), which occurs instantaneously and by the self interaction of the low-frequency
transients (b5 and b10 ) after the amplitude has reached its maximum.
A schematic illustration of the proposed mechanism is presented in Fig. 8. When the
ridge of the retrograde traveling Rossby wave is crossing the area where high frequency
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Figure 6. Cross spectrum between the projection (upper curve A) of the sum of low -frequency and
time mean part of the self interaction of the a) low-frequency transients (b5 and b10 ), b) high frequency
eddies (b6 and b11 ), c) the interaction between the low-frequency and high frequency eddies (b7 and
b12 ), d) the tilting term and vertical vorticity advection (b8 and b13 ) and the amplitude of CPC1 (lower
curve B): variance spectrum (upper plot), phase spectrum (middle plot) and squared coherence (lower
plot). Each time series is normalized.
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Figure 7. Reference experiment: a) Composites at day -8 of the anomalous vertical averaged lowfrequency part of the high frequency eddy forcing (contour interval 0:5m2 s;2 .) and b) time mean part
of the vertical averaged high frequency eddy forcing (contour interval 1m2 s;2 ). The zero line is not
displayed.

eddy forcing is positive, the projection of the streamfunction (representing the Rossby
wave) on the high frequency eddy forcing is positive. This leads to an increase of the
CPC1 amplitude because the high frequency eddy forcing intensi es the large scale anticyclone. For the trough crossing the area of positive high frequency eddy forcing, the
projection is negative leading to an extenuation of CPC1 amplitude. This is notable in
the time series of the real and imaginary parts of the CPC1 amplitude (not shown) which
reveals a noisy structure when the troughs cross the high frequency forcing areas (Fig.
3a). This behaviour can be explained as follows: Since the high frequency eddy forcing
imposes a positive streamfunction anomaly (anti-cyclonicity), the large scale cyclones
are weakened and, therefore, have a greater likelihood to experience interruptions by
transient high frequency eddies (see section 3a).
Since the high frequency eddies act as a random forcing in well de ned regions, that
is, the storm track areas, the mechanism may be referred to as `spatial resonance', since
the Rossby wave and the forcing have the same structure. When the forcing projects on
the Rossby wave, resonance takes place. In this sense the Rossby wave may be described
as a damped oscillator which is stochastically forced by white noise. Since white noise
does not have a preferred frequency, the Eigenfrequency of the oscillator, de ned by the
phase of the Rossby wave, is forced. This happens when the high pressure areas cross
the storm track regions. A similar mechanism has been proposed by Sura et al. (2000)
for a Rossby wave in an ocean model. This kind of behaviour also occurs in a barotropic
model with linearly unstable free planetary waves; they are excited to nite amplitude
by nonlinear resonance, if their structure matches that of the forcing (Wu 1993).
(d) Sensitivity experiments: Varying the storm track separation
The reference experiment with a zonal distance of 180 between the two TR -dipoles
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Figure 8. Mechanism of 'spatial resonance' leading to ridge ampli cation (H) and trough weakening
(L): Both ridge (a) and trough (b) of the eastward traveling Rossby wave (arrows) generate positive (a)
and negative (b)
streamfunction
tendencies, @@t2 , when projected onto the positive high frequency eddy
;
;

forcing, r;2 ;r  ~uB  B , (shaded areas). The observed phase shift between high frequency eddy
forcing (shaded areas) and the phase of the -wave is also indicated.

does not represent the most realistic distribution. Therefore, sensitivity experiments are
carried out with di erent zonal distances which remain xed for a simulation. The discussion of the results concentrates on the experiment associated with a 150 distance
between the TR -dipoles, which leads to the storm track locations as observed in the
Northern Hemisphere. Two results of this sensitivity experiment are noteworthy: the
structural change of the traveling wave patterns (from wavenumber two to one) and the
change in the low-frequency variability (with the occurrence of blocking episodes).
(a) The rst complex EOF (CEOF) of the vertical mean streamfunction (Fig. 9)
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explains 19% of the total variance. It describes a retrograde motion of the large scale
wave pattern which is associated with a wavenumber one structure (compared with the
wavenumber two in the reference case). Decreasing the zonal separation between the
two TR -dipoles reduces the Rossby wave structure from wavenumber two to one. As
'spatial resonance' occurs only if the large scale Rossby wave projects locally onto the
forcing of the high-frequency eddies, it is not surprising that the CEOF1 tends to a
zonal wavenumber one pattern. The rst complex PC (CPC1) amplitude time series does
not reveal a preferred peak as may have been expected from a zonal wavenumber one
Rossby wave. Instead the two forcing regions do not allow a preferred excitation of Rossby
wavenumber one. Rather, a variety of Rossby waves is excited leading to erratic resonance
events with blocking episodes occurring. In this sense, the low-frequency variability linked
to the global wavenumber two pattern of the reference experiment is being replaced by
a variability associated with more local events.
(b) In the reference experiment, the forced phase of the Rossby wave consists of two
large scale anti-cyclones. These events cannot locally be interpreted as blocking situations
because they are retrograde traveling anomalies which do not last long enough. Reduction
of the zonal separation between the two stormtracks leads to considerable changes of
the low-frequency behaviour. As is demonstrated by a longitude-time diagram of the
vertical mean streamfunction anomalies (Fig. 10). While the reference experiment (Fig.
10a) exhibits the retrogressive Rossby wave of a 50 day period, the sensitivity experiment
(Fig. 10b) shows long lasting blocking events induced by retrograde traveling waves. That
is, these blocking events are initiated by the same excitation mechanism as proposed for
the reference experiment. Closer inspection of the longitude-time plot for the sensitivity
experiment (150 case) shows that the blocking events do not occur simultaneously.
This is supported by Lejenas and kland (1983) in their observational analysis. Instead,
it appears that blocking events in the area around 120E can trigger blocking events
downstream through high frequency eddies in the area around 260E. This can be seen
in Fig. 10b for the events at day 3790 and at day 3880; this is not the case for the event
at day 3660. This behaviour is considerably di erent from the reference experiment with
retrogressive Rossby wavenumber two, where high frequency eddies rarely reach the area
dominated by the other storm track.
4. Summary and conclusions
The dynamical mechanisms of an amplitude modulation of a retrograde traveling
Rossby wave is analysed, which is induced by two storm tracks. In the case of a zonal
distance of 180 between the two storm track generating restoration temperature dipoles,
the rst complex principal component amplitude time series shows a well marked peak
of about 50 days in the variance spectrum. In addition, the traveling Rossby wave is a
prominent feature of the mean ow and the storm track dynamics. The streamfunction
tendency equation reveals that the low- frequency and time mean parts of the high
frequency eddy forcing are predominantly responsible for the amplitude growth, whereas
the low-frequency eddy forcing and the friction ensures the decrease of the amplitude. As
the forcing of the amplitude takes place in the con ned regions of the storm tracks, that
is, when the high pressure areas of the Rossby wave cross these regions, this mechanism is
referred to as 'spatial resonance'. Support for this mechanism can be found in theoretical
and observational studies. They are contributing various aspects to the analysis.
Michelangeli and Vautard (1998) show that the linear terms are responsible for the
Rossby wave propagation, whereas the nonlinear terms force the amplitude of blocking
highs. Wu (1993) demonstrates the excitation of linearly unstable planetary waves to
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a)
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b)

Figure 9. Sensitivity experiment with TR -dipole separation of 150 : CEOF1 (explaining 19% of the
total variance) with a) Real part and b) imaginary part (shaded areas indicate negative values, contour
interval is 0.01).
a)

b)

Figure 10. Longitude-time (Hovmoller) diagram of vertical mean streamfunction anomaly from the
time-mean along 52:6 N (in m2 s;1 ): a) Reference experiment (180 TR -dipole separation) and b) sensitivity experiment (150 TR -dipole separation).
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nite amplitude which occurs due to nonlinear resonance if the vorticity forcing projects
onto free solutions of the system. That is, nonlinear resonance and instability of planetary waves account for parts of the observed low-frequency variability including the
transition between ' ow regimes'. As demonstrated by the sensitivity experiments, the
spatial resonance mechanism may account for the transition between blocked and nonblocked ' ow regimes'. Sura et al. (2000) report a similar mechanism for low-frequency
variability in a simpli ed wind driven ocean model. Their reduced gravity shallow water
model is coupled with an atmosphere consisting of a time averaged wind forcing and a
spatially inhomogeneous stochastic (white noise) component accounting for the e ect of
atmospheric eddy activity in the storm track region. An unexpected peak in the basin
averaged kinetic energy variance spectrum is observed. This variance peak results from
`spatial resonance' of a propagating Rossby wave and the Reynolds stress eld produced
by the stochastic excitation. Haines and Holland (1998) present a study of vacillation
cycles and blocking in a channel model. They nd that the vorticity ux divergence of
the high frequency eddies always tends to resonantly excite a split jet and, therefore,
produce either a low-frequency vacillation cycle or a stationary blocking event depending on the meridional shear. Since their eddy forcing happens in a con ned area, their
excitation mechanism for the amplitude growth is similar to the one presented here, but
the modulation has a di erent dynamical origin. We note in passing that, although hydrodynamic instability of the time mean ow has been suggested to be responsible for
the excitation of low-frequency variability (Frederiksen 1982, Simmons et al. 1983, and
Kushnir 1987) it is not responsible for the amplitude modulation. This is indicated by the
fact that the term 3 in the streamfunction tendency equation (Eq. 3), which describes
the hydrodynamic instability, does not contribute to the amplitude tendency.
Sheng and Derome (1993) examine the observed height tendency of low-frequency
transients induced by the vorticity ux divergence of synoptic scale eddies. A lag correlation analysis between the forcing and the low-frequency transients indicate that the
former leads the latter by a phase di erence of about one day. This result is somewhat
di erent to the one presented here. A reason for this di erence could be that, in their
study, the motion of the low-frequency transients is forced whereas in our examination an
amplitude modulation is investigated. Observational studies rarely document regularly
traveling Rossby waves. Branstator (1987) has presented a retrograde traveling large
scale anomaly with a 23 day period, which has been observed in fall and winter 1979/80.
Note, however, that there are only a few winters during which a wave completes its full
life cycle. Further reports of the retrograde traveling anomaly are by Kushnir (1987),
Lanzante (1990) and Lau and Nath (1999). Ghil and Mo (1991) found both a 23 and
48 day mode consisting of both traveling and standing components. Plaut and Vautard
(1994) detect major low-frequency oscillations of 70, 40-45 and 30-35 day periods.
A possible reason for the diculty in detecting low-frequency waves is the asymmetric land/sea distribution, which does not easily project on one of the free modes of the
atmosphere (Wu 1993). Sensitivity experiments demonstrate the impact of di erent zonal
separations between the two TR -dipoles on the low-frequency variability. Decreasing the
zonal distance to a more realistic situation reduces the zonal wavenumber two CEOF pattern to a wavenumber one structure and eliminates the CPC1 amplitude resonance at the
50 day period. This is a consequence of the proposed 'spatial resonance' mechanism. That
is, changing the spatial symmetry of the high frequency eddy forcing to an asymmetric
distribution leads to more irregular low-frequency variability and blocking highs are being
excited by retrograde traveling Rossby waves subjected to the proposed mechanism of
'spatial resonance'. Increasing the separation of the TR -temperature dipole (to a realistic
distance) enhances strength and duration of the blocking events. In addition, sea surface
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temperature (SST) anomalies may also modify low-frequency variability. Idealized single
storm track experiments with an additional near surface TR -monopole (representing a
SST-anomaly, Walter et al. 2000) show that a warm SST-anomaly increases the variance
of large scale retrogressive traveling waves supporting the development of long lasting
blocking events.
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