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Abstract.
The formation of a persistent high pressure cell in the mid-

latitudes that blocks the westerly flow is called a blocking
event. Such events have a high impact on the general weather
in these areas. In one of the theories of the transitions be-5

tween zonal and blocked flow, the interaction of the atmo-
spheric jet with the orography causes multiple equilibria in
the mean state of the atmospheric flow. The main aim of this
study is to develop an early warning indicator for such a tran-
sition. A new method is developed to define regime switches10

in the highly dimensional climate system. A barotropic vor-
ticity model of the Northern Hemisphere, truncated at the
21st wavenumber and with realistic topography and forcing
is used to simulate transitions into a blocked state of the at-
mosphere. The projection of all the states of the model into15

the plane defined by the leading Empirical Orthogonal Func-
tions (EOF) of the streamfunction shows two attracting re-
gions; the zonal and the blocked state of the model. The
evolution in time shows preferred directions of movement in
this phase-space. A complex network is built where the at-20

tracting regions are represented by highly connected nodes.
We show that it is possible to identify two persistent atmo-
spheric regimes by using a community detection algorithm
on this network. Probabilities to make the transition to the
blocked regime are calculated from the trajectories on this25

plane. From these probabilities, an early warning indicator
for the transition into the blocked state can be derived that
gives the most reliable results on longer timescales. Finally, a
physical mechanism for the transitions to the blocked regime
is found from the energetics of the system. As the system30

gets barotropically unstable, perturbations are enhanced by
the increasing Reynolds stresses. The coupling of the flow
with the topography gives rise to a loss of energy of the zonal
flow towards meandering modes.

1 Introduction35

Blocking episodes are one of the most important weather as-
pects of the midlatitudes. A high pressure system is formed
that blocks the mean westerly flow and strongly affects the
weather over Europe, especially in winter, by advecting cold
air from Siberia into North-Western Europe, causing cold,40

winterly conditions.
Scientific effort has been put in the definition of a blocking

event, both in spatial distribution and temporal duration. In
the Northern Hemisphere, there are two preferred regions for
blocking; the Atlantic and Pacific region. The first definition45

of blocking events was given by Rex (1950a, b) as a change
in the midlatitude flow which should persist for at least 10
days. Later, other definitions where suggested by Lejenäs and
Ø kland (1983) and Tibaldi and Molteni (1990), consider-
ing the zonal mean geopotential height at different latitudes.50

Pelly and Hoskins (2003) investigated potential temperature
(θ) on the dynamical tropopause, defined by the surface that
has a potential vorticity of 2 potential vorticity units (PVU).
In general, the polar regions are characterised by low values
of θ on the PV=2 field, whereas the tropics are characterised55

by high θ. This normally negative meridional gradient be-
comes positive during a blocking episode, when breaking of
waves cuts off tropical air with high potential temperature
from the tropical region.

Other studies consider the link with dominant large scale60

atmospheric patterns such as the North Atlantic Oscillation
(NAO) and the Pacific North American (PNA) pattern. Croci-
Maspoli et al. (2007); Woollings et al. (2008); Thompson
and Wallace (2001) showed that low index conditions of the
Northern Annular Mode (NAM) are suggestive of blocking65

and that there is a strong anti-correlation between blocking
and the phase of the NAO (PNA). Prediction of the formation
of blocking highs with models remains however problematic,
as models have difficulties with the onset of blocking (Tibaldi
and Molteni (1990); Mauritsen and Källén (2004)).70
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A dynamical mechanism that might explain the existence
of blocking highs was presented by Charney and DeVore
(1979). This relatively simple model of zonal flow through
a channel with topography gives some insight in the dynam-
ical processes responsible for blocking-like behaviour. The75

paper finds mathematical evidence of a zonal mean flow of
the atmosphere with multiple equilibria. One state is asso-
ciated with strong zonal winds, whereas the other state has
weak zonal winds and more meandering of the flow. The ex-
istence of multiple equilibria is due to an interaction of the80

flow with the topography. The transitions between the states
are forced by small scale instabilities.

Of course, the model by Charney and DeVore (1979) is
very simplistic, but also in more complex models signs of
regimes in the flow pattern are found. The persistence in85

some regions in phase space suggests the presence of a com-
plex, multidimensional attractor. Dependent on the strength
of the forcing or the dissipation, a barotropic model that
is truncated at a specific wavenumber can behave in differ-
ent patterns. Furthermore, the interactions between different90

waves lead to additional solutions (Legras and Ghil (1985)).
Itoh and Kimoto (1996) showed that such models have oscil-
latory modes between those attractors. Even when stochas-
tic forcing is applied, the transits of the model will follow
the ruins of the now unstable attractor. A study by Jin and95

Ghil (1990) gave some insight in the dynamics of intrasea-
sonal oscillations in the Northern hemisphere by considering
bifurcations in a barotropic potential vorticity model due to
interactions of waves with the mean flow and the influence
of topography. Crommelin (2003) suggests that the regime100

transitions between a blocked and zonal state in a barotropic
model truncated at the 21st wavenumber might be the rem-
nants of a homoclinic orbit in this highly dimensional system.

The view on the climate system as a system that can shift
between two different equilibrium states gives rise to the105

question whether we can predict the transition just before it
happens (Lenton (2011)). A traditional method that gives an
early warning of a sudden transition is the use of the critical
slow down of the system when it gets close to its bifurcation
point (Scheffer et al. (2009)). However, in such high dimen-110

sional models it is too simplistic to reduce the topology of the
system to one or more stable fixed points. To detect the mode
or dimension where the critical slowdown will take place is
absolutely not trivial and one should think of other methods
to find an indicator of the transition. Recently, different stud-115

ies showed that complex networks can reveal information on
nearby sudden changes in the mean state of the system (Van-
derMheen2013, Viebahn and Dijkstra (2013)). By looking at
changes in the topology of the network, an early warning in-
dicator for a transition in the mean state of the system can be120

developed.
This paper discusses a method to define regimes or ‘at-

tracting points’ in the multidimensional climate system as
persistent regions of the phase space. First, the states of the
model are projected in the phase-space that is defined by125

the Empirical Orthogonal Funtions (EOFs) and in this phase
space, a complex network is defined. The communities in this
network reveil attracting points in phase space. The method
is applied to a barotropic model with Northern Hemisphere
topography, forced under winterly conditions. A blocked and130

zonal regime are defined in section 2. With these definitions,
it is possible to calculate the probabilities of reaching the
blocked state and evidence of an early warning indicator for
the transition to a blocked state is found in section 3. In sec-
tion 4 the physical mechanism explaining the transition is135

explained with a low order barotropic model.

2 Regimes in the T21-barotropic model

Transitions between zonal and blocked state of the atmo-
sphere are investigated in the context of a T21 barotropic
model of the Northern Hemisphere. This model was also140

used by Selten (1995) and Crommelin (2003). In this section
first the model characteristics are described and then con-
tinues with a new method to define regimes in such a high
dimensional system.

2.1 The T21-barotropic model145

The dimensionless equation of the model, expressed in terms
of the streamfunction ψ and the relative vorticity ζ =∇2ψ,
is given by:

∂ζ

∂t
= J (ψ,ζ + f +h)− k1ζ + k2∆3ζ + ζ∗. (1)

J denotes the Jacobian operator, f the Coriolis parameter, h150

a prescribed orography, k1 the Ekman damping coefficient,
k2 the coefficient of scale-selective damping and ζ∗ a con-
stant vorticity forcing. The streamfunction is expanded in
series of spherical harmonics Ym,n(λ,µ). In this case the
modes are triangularly truncated at wavenumber 21:155

ψ(λ,µ,t) =

21∑
n=1

+n∑
m=−n

m+n=odd

ψm,n(t)Ym,n.(λ,µ) (2)

Boundary conditions are applied as the model is hemispheric.
Currents crossing the equator are not allowed. This leaves the
restriction of m+n being odd, and therefore 231 degrees of
freedom in the model. The orography was also truncated at160

wavenumber 21. The forcing ζ∗ was used as in Selten (1995),
calculated from a climatology from ECMWF Reanalysis in
order for this climatology to be a fixed point of the barotropic
vorticity equation:

ζ∗ = J (ψcl, ζcl+f +h)−k1ζcl+k2∆3ζcl+J (ψ′, ζ ′), (3)165

with ψcl, ζcl climatological winter mean state of 10 winters
and J (ψ′, ζ ′) the time average of the Jacobian of devia-
tions of the 10-day running mean of this climatological mean
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Figure 1. First three EOFs of the T21 barotropic model. EOF 1,
21.0% of the variance, EOF 1, 8.3% of the variance, EOF 3, 6.9%
of the variance.

Figure 2. Part of the PC1 time series. Low values of PC1 are asso-
ciated with blocking-like states of the model. The irregularity of the
time series makes it however difficult to make a proper definition of
the blocked states directly from this PC.

ψ′, ζ ′. After a run, the observed transient eddy forcing in ζ∗

was replaced by the model transient eddy forcing that was170

determined from that run. This was done a second and third
time, until the model mean state and variability where close
enough to the observations.

A 200 year run was done under constant winterly condi-
tions in the forcing ζ∗. The daily output of the model gen-175

erated a dataset of 73,000 datapoints. An analysis of the (in
total 231) EOFs of the streamfunction shows that the vari-
ability is spread in many different EOFs. The first three EOFs
explain in total 41.7% of the variability, see figure 1. The first
EOF (21.0%) resembles the pattern of the Arctic Oscillation180

(AO) and is associated with the strength of the polar vortex.
It looks like the mean state of the model (Selten (1995)). The
second EOF (8.3%) shows anomalies over Western Europe.
The third EOF (6.9%) resembles the pattern of the North At-
lantic Oscillation (NAO), as it shows a dipole-like pattern185

over the Atlantic and Pacific region.
The principal component (PC) of the first EOF is partially

plotted in figure 2. In general the evolution of the time se-
ries looks very irregular, but some bimodality can be distin-
guished. High values of this mode indicate the zonal state,190

low values are associated with blocking-like periods. Crom-
melin (2003) already showed that the projection of all the
states of the system onto the PC1-PC3 plane reveals inter-
esting behaviour of the system. It appears that the 3rd EOF
is associated with the transitions between the blocked and195

zonal state. The 2nd PC is not in such a way related to the
transitions, and is therefore left out of scope. When all the
states of the system are projected onto the PC1-PC3 plane,
a figure of the density of states (DOS) is formed, see figure
3. The two maxima that are found in this DOS are associ-200

ated with the blocked (low PC1 values) and zonal (high PC1
values) regimes. The light blue region around the first max-
imum with relatively low PC3 values shows the main ‘path-
way’ that trajectories take when they leave the zonal regime.
From these results Crommelin (2003) sketched a simplified205

picture of the dynamics of the system; the positive values of
PC1 correspond to a weak polar vortex (negative AO phase).
Via a positive NAO phase (negative PC3) the system devel-
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Figure 3. Colors: projection of the timeseries in the discretised
PC1-PC3 space with a resolution of 42x53 grid cells. Red colours
mean high density of states. Black contours: the zonal and blocked
community, defined by the highest 50% of the page ranks of the
two communities found from the time lag network with lag 13 (see
figure 4).

ops into a state of strong polar vortex, the blocked state. The
transition back to zonal is associated with a negative NAO210

phase.
It would be interesting, and in terms of weather prediction

useful, to be able to make a prediction on the evolution of
the system towards a blocked state. To be able to do so, it is
important to have a good definition of the blocked and zonal215

states in the phase space to indicate the exact moment of de-
parture from or arrival in one of the two regimes. Further-
more, a separation has to be made between the trajectories
that leave the zonal state and then turn back, and the ones
that indeed make the regime transition.220

2.2 Complex networks and flow regimes

To define the two attracting regimes, we made use of a com-
plex network. The network was constructed in the PC1-PC3
plane, that was discretised in 53× 42 grid cells. Every grid
cell represents a node in the network, so the adjacency matrix225

A has dimension 2226× 2226. An observation at time i, ni
is said to be connected to an observation at a certain lag in
the future, ni+lag. The projection of state ni and state ni+lag
in the grid cells in the PC-plane results in a link between
those two cells. This was done for all the states of the model230

to construct an adjacency matrix A that is weighted and di-
rected. Multiple observations can project into one box in the
phase space and a link will always have a certain direction.
This direction indicates the future development of the model
in phase-space and multiple links will therefore indicate a235

preferred direction of movement.
We call this network the time-lag network. It has 53x26 =

2226 nodes and 73000−lag links. The degree map of the net-
work looks similar to the DOS-figure above, as the amount
of links is almost the same as the amount of states. The zonal240

region will still be a region of high degree, as multiple states
tend to go there within a certain lag. The points that are at-
tracting in phase space, will look in the network as highly
connected nodes. The separation between those highly con-
nected nodes can be interpreted as a separation between dif-245

ferent states of the model. We are therefore interested in the
community structures that can be found in this network; a di-
vision of the network in subgroups that are in itself highly
connected, but the connections between those subgroups are
sparse (Newman and Girvan (2008)).250

To calculate the community structures in the network,
the Infomap software, developed by Rosvall and Bergstrom
(2008, 2011) was used. This software uses a random walker
as a proxy for real network flow. The shortest possible de-
scription of this random walker on multiple levels gives255

the best hierarchical clustering of the network. The impor-
tance of a community in a network can be measured by the
pagerank of all the nodes in that community (Brin and Page
(1998)). The pagerank is the probability to end up on the
node for a random walker when the stationary distribution is260

calculated.
For different lags, a network was constructed and with the

Infomap software the communities where calculated. This re-
sulted in some cases where there where some isolated nodes
that didn’t belong to any community. Those nodes, with a265

pagerank lower than 1%, where expected not to be repre-
sentative for the average behaviour of the system and were
therefore removed.

The community structure of the network is sensitive for
the choice of the lag. Also the importance of communities270

changes with changing lag. Figure 4 shows the community
structure for lag 3 and lag 13. The results reveal properties of
the system on different timescales. For short lags (1-5 days),
many communities with relatively low page ranks are found,
whereas for longer lags (≥ 13 days), only two communi-275

ties with high page ranks remain, see figure 4. Those two
communities represent a separation in phase space between
zonal-like and blocked-like, with the zonal community hav-
ing a much higher pagerank than the blocked community.

These results can be explained from the fact that on short280

timescales, the system has no preferred direction of move-
ment. States move only small distances in phase-space. On
long timescales however, states are attracted to one of the two
attractors in the DOS: either the zonal or the blocked state.
With increasing lags, the number of communities slowly de-285

creases. For timelags of 7 days and more, the zonal and
blocked communities start to emerge, apart from a few ‘tran-
sition’ communities.

From the communities in the time-lag network with lag-
13, the definition of the blocked and zonal regime was made,290

as this was the shortest lag were two communities were
found. To find the most important nodes in each commu-
nity, the maximum pagerank of each community was deter-
mined.The regimes where said to be all the nodes that have
a pagerank of ≥ 50% from the maximum pagerank found295
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Figure 4. Communities found in the time-lag network for lags 3
(upper) and 13 (lower). Colors indicate the different communities.
Communities with a low number have the highest page rank. White
means no community, or a community with a pagerank lower than
1%. For lag 3 many different communities are found, whereas for
lag 13 only 2 communities remain, that are associated with the zonal
(orange) and blocked (red) regime.

in that community. So if the maximum pagerank found in a
community is 0.8, than all the nodes that have a pagerank
≥ 0.4 define the regime. The few nodes that were member
of the regime by this definition, but were isolated from the
rest were removed. The location of the regimes is indicated300

in figure 3 by the black solid curves.

3 The early warning indicator

3.1 Trajectories

The full time series of 73,000 states can be split up in a
dataset of trajectories. Trajectories start when they leave, and305

end when they enter one of the two regimes as indicated
in figure 3. Therefore, there are four different types of tra-
jectories: going from zonal to blocked (ZB), from zonal to
zonal (ZZ), from blocked to zonal (BZ) and from blocked to
blocked (BB). It appears that the ZZ-paths can be particularly310

slow (up to a maximum of 900 days), whereas the average
duration of a transition from zonal to blocked takes about 60
days. For every grid cell in the discretised phase space all the

ZB trajectories that pass through that cell can be counted and
divided by the total amount of states that projects in that cell.315

In this way, a probability distribution of coming from zonal
and going to blocked is found:

PZB =

∑
n∈ZB ni∑
ni

, (4)

where n are all the states, and n ∈ ZB are all the states that
belong to trajectories from zonal to blocked. The resulting320

transition probability figure is shown in the upper frame of
figure 5. The preferred region in phase space for the ZB tra-
jectories is the region of low values of PC3. Red colours in-
dicate that almost all the trajectories at that point belong to
the come from zonal and go to the blocked region. However,325

as is shown in the DOS in figure 3, only a small amount of
trajectories gets into this region of phase-space.

In the same way, a transition probability figure can be
made for the transition into the blocked state from anywhere
in phase space, within a certain time. This gives the proba-330

bility of making the transition into the blocked state within a
certain time threshold, τc:

Pτc =

∑
n∈ZB(τc),BB(τc)

ni∑
ni

. (5)

ZB(τc) and BB(τc) are all the states that will make the transi-
tion to the blocked regime within the time τc. This transition335

probability for τc = 50 is shown in the lower frame of figure
5.

3.2 Quality factor

The transition probability figures give an indication for the
evolution of the system. The goal is to find an early warning340

indicator for the transition to the blocked state. This indica-
tor should give a warning when the system shifts towards
a blocked state, but not when the system turns back to the
zonal regime. An optimal indicator doesn’t miss any alarm,
nor does it give any false alarms.345

By following a trajectory in time, the probability of reach-
ing the blocked state changes. It might reach at a certain mo-
ment a location in phase space where this probability exceeds
a set warning threshold, pc, where pc can range between 0
and 1. This threshold will be the indicator: at the moment350

that pc is exceeded, a warning is given. This warning tells
that the system will in the future shift into the blocked state.
The question is however how far in the future this will be.
This is defined by the time threshold, τc, the maximum time
that is allowed for the transition to actually happen.355

The trajectories were divided into two sets of zonal-to-
zonal and zonal-to-blocked trajectories over which the indi-
cator was tested. When the indicator gives an alarm in a tra-
jectory going from zonal to zonal, this will be a false alarm.
Alarms that are too early (the alarm is given prior to the time360

threshold τc), are also counted as a false alarm. The missed
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Figure 5. Probabilities of reaching the blocked state at any time
when coming from zonal state (upper) and and when coming from
anywhere in phase space (lower). Both figures are normalised to the
total amount of all possible trajectories.

alarms are the trajectories from zonal to blocked that do not
reach the warning threshold.

We can now define a quality factor Q that quantifies the
quality of the early warning indicator.365

Q= (1−M)(1−F ). (6)

Here, M is the fraction of the amount of missed alarms over
the amount of ZB trajectories, and F is the fraction of the
amount of false alarms over the total amount of trajectories.
F and M both depend on two parameters: the indicator pc,370

and the time threshold τc.
In figure 6, Q is plotted against τc for different values of

pc. In general, a low pc will result in a low number of missed
alarms, but a high number of false alarms. A long predic-
tion threshold on the other hand reduces the chance on an375

alarm that is too early and therefore reduce the amount of
false warnings.

It might seem counterintuitive that it is easier to predict
the system on longer timescales than on shorter. This has
however to do with the cumulative effect that the system380

will reach the blocked state within the prediction thresh-
old. Predictions on longer timescales are therefore less ac-
curate at the moment when the system will reach the other

Figure 6. Quality factor of the early warning indicator versus the
prediction threshold for four different warning thresholds pc.

regime than predictions on shorter timescale. Also, the use
of a longer time threshold will result in a better defined path-385

way of the transition into the blocked state in phase space.
In conclusion, the indicator detects whether the system is in
a favourable state to make the transition towards the blocked
state.

The best results are obtained for pc = 0.6 and τc > 40390

days. For τc = 40 days, the amount of false alarms is still
18% and the amount of missed alarms is 4%, but for τc = 110
days, this has reduced to 14% and 1% respectively. An even
better result in terms of less false alarms can be obtained by
taking pc = 0.7, τc = 110 days, with 7% false alarms and 4%395

missed alarms.

4 Physics of the transition

So far a statistical method is found to describe the transition
into the blocked state, yet the physical mechanism underly-
ing the transition is not investigated. It would be interesting400

to link the indicator (the probability to go to the blocked
state) to a real physical quantity. To be able to do so, the sim-
ple six mode model derived by Charney and DeVore (1979)
is investigated. With the help of the results from this low or-
der model, the T21-model is considered again.405

4.1 The low order model

This model describes a homogeneous β-plane atmosphere
with a free surface height and with an idealised geometry in a
zonal channel of width πbL and length 2πL, where b= 0.5.
Since the motions are large scale, they are quasi-geostrophic410

and governed by conservation of potential vorticity. This
gives an equation for the nondimensionalised streamfunction
ψ:

∂∇2ψ

∂t
+J (ψ,∇2ψ+βψ+ γh) +C∇2(ψ−ψ∗) = 0 (7)

All the parameters in this equation are nondimensional.415

Length x and y was scaled with L, time with 1/f0, the vor-
ticity with f0 and the topography with H. β = β0L/f0 and
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C = k/f0, where k is a measure of the Ekman damping. ψ∗

is a prescribed function of the forcing. The Jacobian operator
J operates on the variables a and b as follows:420

J (a,b) =
∂a

∂x

∂b

∂y
− ∂b

∂x

∂a

∂y

The problem has to be simplified further, by expanding ψ
and ψ∗ in orthonormal eigenfunctions of the Laplace opera-
tor with boundary conditions provided by the channel. Those
are given by:425

φ0,m(y) =
√

2cos
my

b
(8a)

φn,m(x,y) =
√

2einx sin
my

b
(8b)

For n= 0,1 and m= 1,2.
It is now possible to expand the stream function ψ, the topog-430

raphy h and the forcing field ψ∗ in these eigenfunctions, and
to substitute them into equation 7. Topography and forcing
are chosen as

h(x,y) = cosxsin
y

b
; ψ∗(x,y) = Φ(y) (9)

With Φ(y) a fixed function.435

The system is furthermore simplified by only taking the
modes n=−1,0,1 and m= 0,2. With:

x1 =
1

b
ψ0,1; x4 =

1

b
ψ0,2

x2 =
1√
2b

(ψ1,1 +ψ−1,1); x5 =
1√
2b

(ψ1,2 +ψ−1,2)440

x3 =
i√
2b

(ψ1,1−ψ−1,1); x6 =
i√
2b

(ψ1,2−ψ−1,2)

and x∗4 = rx∗1, six projected equations are found for xn with
n= 1, ..,6 (for further details Crommelin et al. (2004)).

dx1
dt

= γ̃1x3−C(x1−x∗1) (11a)445

dx2
dt

=−(α1x1−β1)x3−Cx2− δ1x4x6 (11b)

dx3
dt

= (α1x1−β1)x2− γ1x1−Cx3 + δ1x4x5 (11c)

dx4
dt

= γ̃2x6−C(x4−x∗4) + ε(x2x6−x3x5) (11d)

dx5
dt

=−(α2x1−β2)x6−Cx5− δ2x4x3 (11e)

dx6
dt

= (α2x1−β2)x5− γ2x4−Cx6 + δ2x4x2 (11f)450

Where terms with α reflect the advection of modes by the
zonal flow, with β the advection of planetary vorticity and γ

Figure 7. Bifurcation diagram for states of the first mode x1 versus
increasing forcing parameter x∗1. Topographic amplitude γ = 0.2.
An decrease in the forcing parameter r results in a shift of the Hopf
bifurcation (triangle) towards the second saddle node. Figure from
Dijkstra (2013).

the effect of topography. δ and ε reflect the nonlinear interac-455

tions between the different modes.

αm =
8
√

2

π

m2

4m2− 1

b2 +m2− 1

b2 +m2
; βm =

βb2

b2 +m2

γ̃m = γ
4m2

4m2− 1

√
2b

π
; γm = γ

4m

4m2− 1

√
2b

π(b2 +m2)
460

δm =
64
√

2

15π

b2−m2 + 1

b2 +m2
; ε=

16
√

2

5π

Finally, ψ can be written as:

ψ = bx1
√

2cos
y

b
+ 2b(x2 cosx+x3 sinx)sin

y

b

+bx4
√

2cos
2y

b
+ 2b(x5 cosx+x6 sinx)sin

2y

b
= ψ01 +ψ11 +ψ02 +ψ12 (13)

4.2 Multiple equilibria

As was shown by Charney and DeVore (1979), the first three465

modes of this low order model already have multiple steady
equilibria. Due to the presence of the topography the system
has a stable zonal state, a stable blocked state and between
these two states an unstable branch of solutions. The zonal
flow is characterised by a strong zonal wave component (up-470

per branch), whereas the blocked flow has less high wind
speeds (lower branch). In the nondissipative case C = 0, it
can be shown that exponential growth of perturbations of the
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Figure 8. Timeseries of the first mode of the low order model. High
values of the first mode indicate the zonal state.

modes can occur when the topography height γ is non zero.
This is called topographic instability.475

The bifurcation diagram of the system with γ = 0.2 and
for different values of the forcing parameter r is shown in
figure 7. With this amplitude of the topography, the regime of
the multiple equilibria shifts to quite realistic values of wind
speed and forcing (Crommelin et al. (2004)). The forcing of480

the fourth mode is coupled to the forcing of the first mode
with parameter r: x∗4 = rx∗1, (r < 0). An increase of r (r gets
less negative) will finally lead to the vanishing of the multiple
equilibria.

The triangle on the upper branch marks a Hopf bifurca-485

tion and is associated with barotropic instability. For a cer-
tain strength of the zonal forcing, the meridional gradients of
wind speed in the jet become too large. The zonal flow loses
it’s stability and a stable oscillatory wave mode is created.

An increase of the coupling parameter r will also result490

in a shift of the Hopf-bifurcation towards the second saddle
node, as in this case the fourth mode -the only zonal mode
that can get barotropic unstable- is stronger forced. For a cer-
tain value of r, the bifurcations will overlap, forming a so-
called fold-Hopf-bifurcation with codimension two. At this495

point, one eigenvalue of the system is exactly zero, whereas
two others will be purely imaginary. Fold-Hopf-bifurcations
can give rise to other bifurcations, such as homoclinic or-
bits (Crommelin et al. (2004)). Homoclinic orbits connect
saddle equilibria to themselves. This type of connection can500

possibly lead to chaotic behaviour (Kuznetsov et al. (2004);
de Swart (1989)) which could reduce the predictability of the
model.

4.3 Physical properties in the low order model

A run of the model was done as in Crommelin et al. (2004)505

with (r,x∗1) = (−0.801,0.95). With this choice of parame-
ters spontaneous transitions occur from one branch to another
due to the presence of the fold-Hopf bifurcation. In physi-
cal terms this means that the zonal flow gets barotropically
unstable and the amplitude of the first mode is reduced. So510

far, no chaotic behaviour could be found in a small range of
(r,x∗1) around these values. The time series of the first mode
are shown in figure 8.

The question is why the system in some cases quickly
turns back towards the zonal state, whereas in other cases it515

seems to be captured in a state of less zonal strength. A possi-
ble candidate responsible for this kind of behaviour could be
transfer of momentum from the flow to the bottom topogra-
phy, the so-called form drag (Holloway (1987); Warren et al.
(1996)). Depending on the shape of the topography and the520

strength of the zonal flow, the flow can get destabilised by
presence of the bottom irregularities (Frederiksen and Fred-
eriksen (1989); Benilov (2000); Benilov et al. (2004)). When
the form drag is nonzero, it modifies the total integrated mo-
mentum of the system. However, as Frederiksen and Fred-525

eriksen (1991) suggest, topography can also act as a catalyst
in the coupling between the mean state and disturbances that
are for example caused by barotropic instability.

In the low order model, the form drag of the mean flow is
exactly zero, due to symmetry of the topography and the flow530

patterns. Small perturbations on the mean flow do however
interact with the topography. When the barotropic vorticity
equation 7 is multiplied with the fluctuating component of
the stream function ψ′ and averaged in time, an equation is
found for the energy of the perturbations of the mean flow:535

ψ′
∂ζ ′

∂t
+ψ′J (ψ̄+ψ′, ζ̄ + ζ ′+βy+ γh) =

ψ′C(ζ∗− ζ̄ − ζ ′) (14)

The first term on the left hand represents the tendency of
the energy, the second term the advection, the third term is
the coupling of the perturbations to the mean flow via the
topography and the fourth term is the effect of the Coriolis540

force. The terms on the right hand side represent the forcing
of the mean flow, the dissipation of energy and the Reynolds
stresses.

The mean flow ψ is determined by the state the system
was in before the transition set in. When x1 > 0.87 the flow545

is defined to be in the zonal state. The threshold > 0.87 was
arbitrarily chosen and the results are not sensitive to small
changes in this value, as long as the zonal state is defined as
a state of high values of x1.

ψ = ψz =
1

nz

∑
x1∈Z

ψi (15)550

With nz the amount of states in the zonal regime. The pertur-
bations are now defined as:

ψ′ = ψ−ψz (16)

Note that this means that a time average of the perturbations
ψ′ is not necessarily zero.555

When equation 14 is now time averaged, the equation for
the development of turbulent kinetic energy (TKE), is found.
In this equation, terms remain of O(ψ′), as ψ′ 6= 0.
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This equation can be integrated over the total (periodic)
domain, whereby the symmetrical terms (in this case the ad-560

vection terms) will drop out, and what is left is an equation
for the evolution of the total TKE of the system.

∂|∇ψ′|2
∂t

=−ψ̄J (ψ′, ζ ′)−Cψ′ζ ′−O(ψ′) (17)

The first term represents the tendency of the TKE. On the
right hand side are the Reynolds stresses, the dissipation and565

finally the coupling with the mean flow.
Figure 9 shows an example of the the transition from zonal

to blocked flow around t= 4470 in the black line. In the
coloured lines the associated energy budgets that contribute
to the TKE integrated over the total domain are shown. The570

time average is taken over 5 time steps. The transition starts
when the system gets out of equilibrium due to the fold Hopf
bifurcation. This is physically a barotropic instability in the
ψ02 mode. Just before the first mode reaches its maximum
value after which it suddenly drops to lower values associ-575

ated with the blocked state, the Reynolds stresses become
strongly positive. This means that the perturbations, caused
by the barotropic instability extract energy from the mean
flow and grow. This is indeed seen in the strong increase in
TKE. After a short while, the dissipation and the O(ψ′) in-580

crease, causing a reduction of the TKE again. The Reynolds
stresses are therefore the main driver of the transition towards
a blocked state, but this doesn’t explain yet why the pattern
of the atmospheric flow changes so drastically.

From the coupling of the mean flow with the topography585

it can be shown that the transition of the system to a blocked
state is associated with a transfer of energy from the zonal
modes towards the meandering modes. The coupling of the
perturbations of the flow with the topography causes an en-
ergy transfer from the zonal modes towards the meandering590

modes:

E01 =

2π∫
0

bπ∫
0

ψ′J (ψ′01,γh)dydx=−γ 2

3

√
2πx′1x

′
3 (18a)

E11 =

2π∫
0

bπ∫
0

ψ′J (ψ′11,γh)dydx= γ
2

3

√
2πx′1x

′
3 (18b)

E02 =

2π∫
0

bπ∫
0

ψ′J (ψ′02,γh)dydx=−γ 16

15

√
2πx′4x

′
6 (18c)

E12 =

2π∫
0

bπ∫
0

ψ′J (ψ′12,γh)dydx= γ
16

15

√
2πx′4x

′
6 (18d)595

Figure 9. In the upper panel an example of the transition to the
blocked state in the time series of the first mode (black line), low
values of the first mode are associated with the blocked state. The
transition is around t= 4470 and is marked by the thick line. The
Reynolds stresses (blue line), the dissipation of the disturbances
(green line), the grouped O(ψ′) terms (pink line) and the tendency
of the TKE (yellow line).

Figure 10. Time series of the first mode (black dotted line), and
energy losses of the perturbations in the zonal modes. ψ′01 green
line and ψ′02 in the pink line. The pink line shows the barotropic
instability in this mode. The transition is marked by the thick line.
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In figure 10 the energy losses of the zonal modes are plot-
ted during the transition. The system gets out of equilib-
rium due to the fold Hopf bifurcation. This is physically a
barotropic instability in the ψ02 mode. The mode gets out
of phase with the topography, thereby loosing energy. At the600

same moment the opposite happens to the ψ12 mode, which
gains this energy from the coupling with the topography. A
similar process happens for the ψ01 and the ψ11 modes, apart
from the fact that these modes do not get barotropically un-
stable, but get perturbed by the changes in the wavenumber-2605

modes. This process pushes the system into a state of reduced
zonal strength, from where it slowly turns back into the zonal
state due to the zonal forcing that is applied to the system.

4.4 Physical properties in the T21-model

With the results that were found in the low order model, the610

T21-model can now be considered again. Due to the larger
dimensions of the system it is hard to show the energy trans-
fer between te zonal and non-zonal modes, yet it is possible
to investigate the influence the Reynolds stresses. In the end,
the link will be made with the indicator derived in section 3.615

In general, the blocked state is in the T21 model associ-
ated with an enhanced (and reversed with respect to the zonal
state) polar vortex, and anticyclonic motion over Western Eu-
rope. The Westerly winds in the midlatitudes are stronger
in the zonal state and moreover the gradients in the merid-620

ional direction are much larger in the zonal state than in the
blocked state. This means that the system will be more sen-
sitive to barotropic instabilities. A same mechanism as in the
low order model could therefore play a role in the transi-
tion to the blocked state: the system gets unstable and the625

perturbations on the mean flow are amplified by increasing
Reynolds stresses or the presence of the topography. The
mean state (ψz) was determined as in the low order model
and was defined as the mean of all the states that project into
the zonal regime as it was defined by the complex network.630

The time averaging to calculate the TKE budgets was set to
3 days. Figure 11 shows the projection of the tendency of
the TKE ∂|∇ψ′|2

∂t on the PC1-PC3 plane. The region associ-
ated with the ZB trajectories has increasing turbulent energy,
whereas the transition from blocked to zonal is associated635

with decreasing turbulence.
The form drag in this model is mainly negative and acts

as a sink of the energy. The values of the Reynolds stresses
are positive for both the ZZ as the ZB trajectories. As the
model is quite complex and the trajectories are scattered in640

phase space, separate trajectories do not give much insight
in the dynamics of the system, as every transition seems to
be associated with different values of the Reynolds stresses.
Yet when the transition probability is scattered against the
value of the Reynolds stresses for all the ZB trajectories, as645

is shown in figure 12, a positive correlation of 0.59 between
those two can be found. This suggests that the Reynolds
stresses are at least part of the physical mechanism of the

Figure 11. Projection on the PC1-PC3 plane of the tendency of TKE
∂|∇ψ′|2
∂t

. The region of the ZB trajectories is associated with an in-
crease of turbulent energy.

Figure 12. Scatterplot of all the ZB trajectories in the plane of the
transition probability and the Reynolds stresses. The correlation is
0.59.

transition and that the indicator can be interpreted as a statis-
tical measure of those changes in the energy budget.650

5 Conclusions

In this study a new method is developed to define regimes in
the climate system. The method makes use of EOFs to cap-
ture the main modes of variability in the system. When the
state of the climate is projected into the phase space defined655

by those leading modes, persistent regions or attractors can
be found.

A barotropic model of the Northern Hemisphere with re-
alistic topography and forcing is used. The bimodality in the
first PC corresponds to the zonal and blocked states. When660

all the data are projected in the PC1-PC3 plane, a double-
well potential is visible, reflecting two attracting states in the
model. Those persistent regimes represent a highly attract-
ing zonal state and a weaker attracting blocked state. During
the transitions between the two states, the system has pre-665

ferred directions of movement in this phase-space. By defin-
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ing a complex network based on those preferred directions of
movement, the attractor becomes even better visible: nodes
in the attractor will be highly connected. With a community
detection algorithm, the most persistent regions can be found.670

The pagerank of these communities was now used to define
climate regimes of the system. It remains questionable what
the optimal choice of this pagerank is for the definition of the
regimes.

In this same PC-plane it was possible to calculate the prob-675

ability of reaching the blocked regime within a certain time.
This image of the evolution of the system in phase space
shows the preferred pathways of the system to develop. The
longer the period until the transition, the better these path-
ways are described. This probability-distribution can act as680

an indicator for the transition towards the blocked state. A
warning was given when the system reached a certain proba-
bility to make the transition to the blocked state. For time lags
of 40 days this resulted in 18% false alarms and 4% missed
alarms. For time lags of 110 days, this was reduced to 14%685

and 1% respectively.
The period of prediction seems long, but the evolution of

this model is much slower than it is in reality. The mean du-
ration of the transition from the blocked to the zonal state
in this model is about 60 days, and sometimes the model690

remains for more than 800 days in a zonal-like state. This
means that a transition towards a blocked state would take
almost the whole winter in the model, whereas observations
show transitions on timescales of multiple days.

In the current study, the indicator was tested on the same695

trajectories that where used to construct the transition proba-
bility figure. It would be interesting to test if the method still
applies when two separated learning and testing datasets are
used. The sensitivity of the quality factor to changes in the
definition of the regimes by different pakeranks was tested,700

but this appeared to be small.
The method provides a tool to define regimes in a highly

dimensional system. With these definitions it is possible to
develop a statistical method that indicates whether the system
will shift into a new regime.705

In a low order model it is shown that the transition from
zonal to blocked flow is associated with increasing Reynolds
stresses that reduce the energy of the mean state. As one of
the zonal modes becomes barotropically unstable (a Hopf bi-
furcation in the zonal state of the model), the perturbations710

grow due to the increasing Reynolds stresses and perturb the
other modes due to the coupling terms. During the transi-
tion, energy of the perturbations in the zonal modes is via the
coupling with the topography transferred towards the mean-
dering modes.The system gets into a state of reduced zonal715

strength. From there it turns slowly back to the zonal regime
due to the zonal forcing.

The findings in this low order model could be applied to
the T21 model to find a physical explanation of the transition
in this model. As this system is much more complex, and not720

as symmetrical as the low order model, other processes could

also be important. For example, the form drag in this model
is most of the time non-zero. The topography can therefore
have a (de)stabilising effect on the flow, thereby influencing
the barotropic instabilities.725

When the development of the TKE is plotted in the PC1-
PC3 plane, a pattern becomes visible of increasing turbu-
lence in the region of transition towards the blocked state.
The region of transition to the zonal state has on average de-
creasing turbulence. Furthermore, a correlation is found be-730

tween the Reynolds stresses and the probability of transition
for the ZB trajectories. Increasing Reynolds stresses go with
increased probability to make the transition. It is very plausi-
ble that remnants of the mechanism as it was found in the low
order model applies to the T21 model as well, yet is affected735

by other processes such as a non-zero form drag. It can be
concluded that the Reynolds stresses play an important role
in the amplification of perturbations in the mean state and
force the system into the transition.

Understanding the complex behaviour of higher order740

barotropic models remains challenging. Useful tools can be
found in principal component analysis, complex networks,
low order models and finally a proper physical insight. To
test the developed method on real weather data is left for fu-
ture research.745
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