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Introduction

In 1979, Charney and De Vore brought to light the possible
existence of multiple regimes in the atmospheric flows, an idea already
popular during the fifties (Baur, 1951) that was seemingly completely
overlooked during the next decade. A main motivation was the observation
of the index cycle in mid-latitudes and the alternation of zonal and
blocking dominated circulation over the preferred areas of low frequency
variability, i.e. the western margins of the continents and northern

Siberia (Dole and Gordaon, 1983).

Objective arguments in favor of multiple regimes from

atmospheric observations lie in two classes

1) The direct sbservation of bimodality in the wave actiuvity (Sutera,

Hansen, 198%) ;

2) The exponential decrease of the distribution of persistence
durations (Dole and Gordon, 1983). Should the source of variability
be purely linear, the distribution of persistence durations would

exhibit a peak at a preferred time scale.

The consequence for predictability is that the weather regime
does not follow linearly the wariations of the external conditions -
which can be partly imposed in mid-latitudes by propagation of tropical
influences - but is largely governed by internal wvarlabllity

characterized by transition properties betueen different equilibria. The
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variations of external conditions are likely to modulate these
properties. It must be added that complete triggering of the weather
regime by external conditions is recovered if transition properties wvary
very rapidly with the external conditions (Egger, 1981; Benzi et al.,
1984) or if multiple equilibria exist only in a narrow range of
parameters. In this case, hysteresis effects (Kallen, 1985; Tung and
Rosenthal, 1985) may induce alternation of persistence and rapid

transitions.

One of the major drawbacks of the theory of multiple equilibria
is the fact that the range of parameters and the mechanisms involved in
the barotropic models in which they have been first investigated
(Charney and De Vore, 1979 ; Charney et al., 1981 ; K&llén,1984 ; Legras
and 6hil, 1985) are not supported by observations (Tung and Rosenthal,
1985). Large wind forcing and small dissipation are required, which can
only be Justified on heuristic basis. In addition, the form-drag
conversion in the energetics must be considerably larger than obseruved
in order to maintain the waves and to . induce transitions betueen
regimes. Indeed there exists no clear way to simulate in a pure
barotropic model the baroclinic conversion that dominates the generation

of eddy kinetic energy in the atmosphere.

The need of form-drag conversion disappears in studies which
follow a baroclinic approach. Charney and Strauss (1980) found that
stationary baroclinic instability can be triggered by orography while
involuing essentialluy baroclinic conversion to maintain the waves.
Reinhold and Pierrehumbert (1982) showed that a low order baroclinic
model with orography exhibits different regimes in the sense that
trajectories in phase space seem to be confined in at least tuwo rather
separated ‘clouds’ with transitions betweeﬁ them induced by synoptic
scales. Ais noticed also by Itoh (1985), the averaged energetics of

chaotic baroclinic dynamics differs significantly from the energetics of
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stationary states and of the most unstable modes.

Some recent observations of Atlantic blocking cases (Illari and
Marshall, 1983> shouw that synoptic-scale activity contributes
significantly to the onset and the maintenance of the block. This is
also apparent from analyses of mean—flow forcing by the transients
(Hoskins et al., 1983) and is consistent with numerical studies of the
nonlinear development of baroclinic instability (Simmons and Hoskins,

1978).

The abilitu of diffluent Jjets to be reinforced by travelling
disturbances was shown by Shutts (1983) in a pure barotropic framework.
His result suggests a baroclinic mechanism of blocking generation,
already mentioned by Hoskins et al. (1983), which does not inuolue any
dynamical orographic effect. Namely, baroclinic disturbances generated
in large shear areas on Eastern margins of the continents mature as they
pfopagate dounstream along storm tracks, turn to a barotropic profile,
and transfer their energy to large-scale barotropic dipoles at the exit

of the storm track.

Two-layer baroclinic model

In order to test this idea, we investigate a tuo-layer
quasi-geostrophic model in a periodic channel in which a localized

baroclinic jet is maintained. In standard notations, the equations read

uprer lauer

8 8q, . By,
— qq + Jly,,q,) + U — + (B + Ry2(U,-U,)» —
at ax 3x
58 28
=6 + R{? v Alw-y) - (e — + o'— daq; - Dy, (1
ax® ay®

lower layer

a 34, 3y,
— gy, + Jly,,q,) + U, — + (B + R2UL-U, N
at ax ax
98 ;8
=6, + R3® v, AWy~ )~ — + x'— g, — v.Rz%2Ay, (23
axe 2y®
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with q Sy, + Ry (y,~w, )

q, Ay, + R3%Cy, ~wy)

The characteristic parameters are listed below

— channel width : 7000 km, lengfh : 28 000 km, centered at 45°

~ isentropic levels : louer 286K upper 323K

- resolution 21 x 12 in spectral domain

- deformation radius : R, = 4768 km R, = 707 km

— Ekman damping : £ days

- Neuwtonian cooling : 10 days

- superviscous damping : 3h at kx = 21 in longitude and 1 = 13 in

latitude

"
Q
[

— planetary scale damping : 13 days for k

26 days for Xk

it
)¢l

- mean wind : lower layer U, = 9,5 ms~!, upper layer U, . 14,5 ms-!?

- baroclinic jet with maximum shear u,-u, = 15 ms~! maintained over 1/4

of the channel in the upper layer.

186



These parameters are believed to fall within the range of realistic
values. The mean wind is such that the external mode (k = 3, 1 =2)is
stationary. The mean shear induces baroclinic instability in the range
5¢k€9Q for the zonal wave number with an e-folding time larger than 5
days. The Rossby radius of deformation R, and R, are derived from the US
Standard Atmosphere. They are found to be different at the tun
considered levels. An important consequence of this choice is that the
stationary external mode (3,2) is less damped than the associated

propagating internal mode.

The Dy term which acts in the upper level is a selective
damping over the largest zonal scales. Although small, this damping was
found necessary to avoid excessive accumulation of energy within these
modes. It can hardly be justified rigorously but it might account for
the lack of vertical propagation te the stratosphere and horizontal
propagation to the tropics in our model which affects preferentially the

largest zonal scales in the atmosphere.

The 6, and 6, terms maintain as a stationary solution a

baroclinic jet located ouer the first quarter of the channel, c¢f Fig.1.

Averaged flow

Fig.2 shows the averaged streamfunction at the upper level with
the wuniform wind contribution removed. The dominating pattern is a jet
in the middle of the channel which extends downstream of the forced
circulation. The total variance of the streamfunction at mid-level,

Fig. 3, concentrates along the Jjet and in two branches which split at
the exit of the jet. The total eddy heat variance, Fig. 4, concentrates
along the Jjet and the fluxes act mainly to destroy the imposed
baroclinicity. The total eddy worticity variance and fluxes, not shoun,

exhibit very similar pattern.
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Figure 1 : Streamfunction of the imposed stationary solution in the

upper layer.

TTTTI |ll|||\|I||Il|||l|ll||||||l|l(l1| IIIIIIIII|IQD_
io
H H
L
-198

Lty b

GETTT 1T

\gj

- 00 i

N -8

— H —

- E 198 _

- [ 202 . .
Illllllll!J?!I|l||||ll||ll|L||IIIII|I/IT

Figure 2 : Averaged streamfunction at the upper level with the uniform

wind contribution removed.
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Figure 3 : Total variance of the streamfunction interpolated at

mid-level.
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4 : Total eddy heat variance and fluxes (arrows) at mid-leuvel.
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S : High-pass component of the variance of streamfunction at

mid-level.
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Figure 6 : Low-pass component of the variance of streamfunction at

mid-level.
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We now apply a high-pass filter to the spatial spectral domain
and consider onlu wavenumbers with k»4 or  1>3. The high pass variance,
Fig. S, is now entirely concentrated within a storm track located in the
center of the channel and extending well beyond the exit of the jet. The
associated heat variance and fluxes turn out to be very similar to the

total quantities displayed in Fig. 4.

The low-pass variance, for wavenumbers with k{3 and 12, is
shoun in Fig. 6. It concentrateé ’in two parallel branches centered at
1/4 and 3/4 of channel width. A well marked dipole is observed at the
exit of the jet. Heat variance and fluxes are one order of magnitude
smaller than the high-pass contribution ; they reduce the baroclinicity

in the center of the channel and reinforce it near the boundaries.
The observed splitting of varlance is very gimilar to the result
of Shutts (1983). However, his artificial wavemaker is replaced here by

a localized area of increased baroclinicity.

Nonlinear equilibration

The above analysis is highly suggestive of the existence of a
zonal regime during uhich the perturbations develop and propagate along
a storm track well beyond the end of the jet, and a blocking regime
characterized by strong diffluence of the wind at the exit of the Jjet

which blocks the perturbations.

Indeed, sequences of this‘ xind are easily found by visual
inspection of a long time integration of the model. The aim of this
section is to show that they correspond to tuo different equilibria of

the flouw.

The main difficulty is that we cannot just look for simple
stationary Fflows since we expect that transient fluxes contribute in a
significant way to the maintenance of large-scale stationary structures.

Indeed we only wish to fix the large-scale components of the flow - as
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defined above in the analysis of low-pass wvariance - and let the gther
components evolve freely. The equilibration must be obtained by time
averaging the contribution of small-scale activity to the largest

scales. In shorthand notations, the problem is formulated as

0= 38 = ACS,S) + B(S,V) + C(V,V) + L(S) (3)

where S stands for the large-scale components of the Flow and V for the
small-scale components. A,B and C are nonlinear terms which couple the
large-scale components together and with small-scale components. L
groups all the linear terms,‘ pianetarg advection, dissipation and
large-scale part of the forcing. The overbar denotes a time average. In
order to use minimization procedures. and since S is a vector in phase

space with 28 components, we define a cost function as

'J: <é, é>
where <.,.> is a scalar product, actually the energy of the tendency é.

Starting from a given distribution of large-scale components So
We want to minimize J and eventually converge to zero. We use a
conjugate-gradient algorithm (6ill et al., 19822 wuwhich requires
knowledge of the gradient of J with respect to the components of S. It
is quite straightforward to obtain by formal differentiation the
contribution from the terms which depend only on S in the right hand
side of (3). The main difficulties arise with the computation of the B
and C terms and their gradients. The method used here is to integrate
first the model for a very long time and them to use the archived

history records as an interactive data base in the optimization process.

V' and the transients forcing C(V,V) are obtained for a given S Ffrom
a sample of the archived records which satisfy a proximity criterion

to S based on the large-zcale components only. More precisely, we record
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the following quantities each five days of a run of 15000 days : the
large-scale components S, , the small-scale components Ui and transient

flux G, (V,V) averaged over five days where / denotes sampling time. Then

o

for a given S, ue define

Z_cbms-sim.’@i
1

— Y]
vV (s8) =
18-85, |
i
o(|]s-3, 1.5,
-~ i
and C (8} =
oC| S-S, [

where ¢®(d) is a smooth proximity function which verifies ©(0)=1 ; ¢(d>=0
for d>d,. The radius 4, is chosen such that about 200 records are

selected among 3000.
From this point, and since ¢ is differentiable, there are no
considerable difficulties in getting the gradient of V and C through

calculation of adjoint operators (Le Dimet and Talagrand, 1986).

Zonal and blocking régimes

The procedure sketched above was applied starting from different
initial $S,, taken from the integration run. We present here results
based on a proximity function ¢ which 1s local in physical space, i.e.
we consider only the field located in the first half of the channel in
longitude. In addition, only aﬁtisgmmetric modes are considered since
the solution is expected to be antisummetric. However, the cost functieon

is computed over the whole channel.
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Four solutions are obtained which minimize J. Three of them
converge exponentially to zero and the fourth one corresponds to a non
zero, but wvery small, minimum. The four solutions exhibit in Fact only
two different patterns which are shown in Fig. 7 and 8 for tuo selected
solutions. The imposed jet is present in the first third of the channel
with about the same profile for both solutions. In the middie third, the
two solutions differ drastically; a clear dipole structure appears in
Fig. 8 when the solution shown in Fig. ? remains almost zonal. Fig. 9
shows the variations of the cost function J, as S is interpolated and
extrapolated from the two solutions shoun in Fig. 7 and 8. O stands here
for the zonal solution and 1| for the blocked solution. The two solutions
are clearly separated and the residual cost is five orders of magnitude

smaller than values obtained for interpolated fields.

It 1s now important to 1investigate in which respect the
small-scale fluxes are different from one of the two regimes to the
other. Fig. 10 and 11 show separately the different terms which balance
in the right hand side of equation (3). In both cases, the large—-scale
terms A and L (Figs. 10 a-b, 11 a-b) tend to dissipate the uwave
structure, i.e. only the jet in the zonal case, the jet and the dipole
in the blocked case. The B(S,V) term (Fig. 10 c-d, 11 c-d) acts to damp
the upstream part of the baroclinic jet and to extend it dowunstream. It

does not play a significant role in the blocking area. The most
interesting contribution 1is due to the C(V,V¥) term (Fig. 10 e-f,

11 e-f). The first effect is to extend the Jjet dounstream with
the strongest tendency in the lower layer, 1i.e. with damping of
the baroclinicity. In the zonal regime, this effect dominates the First
half of the channel. Its extension 1is limited to the Ffirst third
in the blocking case. In this regime, the mid-channel is occupied by a
reverse structure which forces the diffluence of the Jjet and the

generation of a blocking diponle.
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Thus, the small-scale transients do not play a simple diffusive
role in our model. They contribute to maintain the barotropic part of
the jet and they generate a blocking dipole at the exit of the jet.
Although this analysis is based on spatial scale separation and not on
time filtering, it is perfectly consistent with the observations of
Hoskins et al.(1983) on time-filtered high-pass transients. Moreover, if
we add our terms A and B uwe recover a pattern similar to their low-pass
forcing of the mean flow. The novelty here 1is that we are able to
distinguish two different flow regimes, wuith respectively zonal and
blocking patterns, which correspond to tuwos different balances of the

right hand side of (3).

Discussion

The existence of multiple flow regimes proceeds from the
inhomogeneities of the phase-space of the inuestigated model. Instead af
being an ellipsoid centered on the representative point of the averaged
circulation, the ’cloud’ of accessible states possesses a complex
structure with several concentrations of the measure, the centers of

which appear as equilibria in our method.

It was shoun in Legras and Ghil (1985), in the framework of a
barotropic wmodel, that these inhomogeneities induce naturally a flow
dependency of the predictability properties. Basicallu, one can
distinguish the predictability of flow regimes from the usual point-uwise
predictability, the former being linked with the existence of multiple
regimes. The simplest hypothesis is to expect that the exit from a given

regime 1is governed by a Markovian process and thus that the probability
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distribution of residence time near the equilibria decrease
exponentially with the duration.* This behavior is indeed observed, both
in the analysis of atmospheric data (Dole and Gordon, 1983) and in the
simple model investigated by Legras and Ghil(1985). A similar analysis
is currently undertaken for the baroclinic model presented in this

study.

There are indications from the present study and previous work (Egger
and Schilling, 1983; Reinhold and Pierrehumbert, 1982) that transitions
betueen regimes are largely caused by synoptic-scale activity but we
must alsoc take in account the possibility that large-scale instabilities
(Frederiksen, 1982} trigger the transition mechanism. An intricate
question, which has still to be clarified, is how the destabilisation
effect of small scales is combined with the positive Ffeedback which
plays a wmajor role in the wmaintenance of large-scale flow. @A second
important question is how the variations of external conditions, such as
sea surface anomalies, wodify the equilibria and their transition
properties . For large wariations typical of the seasonal «cycle, the
existence of multiple equilibria is Llikely to induce abrupt breaks in
weather regimes through huysteresis effects instead of smooth variations
with the external conditions. A uwell knoun example is the onset of the
Indian monsoon regime which takes only a few days to change completely
the wind circulation over the whole Indian Ocean and a part‘ of Asia
(Krishnamurti et al, 1981). The interannual wvariations of external
conditions are not expected to owvercome the internal wvariability in
mid-latitude, except in some extreme cases {e.g. when a giant cloud of
dust produced by a major volcanic explosion such as the Krakatau). The
extend to which the modulation of internal variability can be predicted

is a challenge for future work.

* This can be demonstrated if one is able to derive a potential function
for the system (Schuss, 1981). See Dole and Gordon (1983) for an attempt

to determine such a function from atmospheric data.
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The more familiar concept of pointuise or deterministic
predictability arises Ffrom the irreversible growth of small errors. In
phase space, tuwo trajectories starting close to each other tend to
diverge with an exponential averaged rate. Legras and Ghil (1985) found

that this rate depends largely on the weather regime.

Furthermore, equilibria are not the sole possible regularity of
phase space. Reproducible segquences of patterns may appear which
correspond to pieces of attractor in which trajectories are transversaly
confined, although the timing may wvary from one case to the other. An
example of such an event is shoun in Legras and Ghil {(1984). This might
account for the frequent observation of events of this tupe in the

atmosphere, although true cycles cannot generally be detected.

The method used in this study can be easily generalized to a
more realistic model, like a simplified general <circulation model. It
provides an efficient way to tackle the problem of multiple regimes
within the large scales. More generally, it can be applied to the study
of the parameterization of small-scale activity when scales are
separated in both wavenumber and frequencg domains. A major difficulty
lies in the choice of the cut in wavenumber domain and of the proximity
function. The latter must clearly be determined by physical
considerations and the former wmay be suggested by the analysis of
stationary and propagative variance (Hayashi, 1982). Fourier modes are
certainly not the best choice to project the solution. ﬁttpactiue
alternates - which bring however an additional complexity tn the method
~ are eigenmodes of the linearized problem or local modes derived by
weakly non-linear analysis (Malguzzi and Manélotte—Rizzoli, 1984). 1t
must be noted that, when looking for equilibria, the method aluaus
converges to a minimum of the cost function. Consistency checks have to
be performed to verify that this winimum is wmuch swmaller than the
averaged wvalue of the cost function and that persistence sequences are

assoclated with the obtained pattern.
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