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INTRODUCTION

In recent decades, atmospheric blocking events
(blocks) have been widely studied with the goal of
understanding dynamic processes that influence their
existence, intensity, and duration [1–7]. Since three
earlier publications [11–13], it has been generally
thought that blocks are the result of the interaction
between an amplifying synoptic-scale wave and a
quasi-stationary planetary-scale wave. Blocking regi-
;mes are maintained by the influx of anticyclonic vor-
ticity into the blocking region via amplification of
synoptic-scale waves [1–7]. In these studies, different
diagnostic techniques have been used to determine the
mechanisms involved in the growth, maintenance, and
decay of blocking.

In recent publications that examined blocking in
the Northern and Southern hemispheres, atmospheric
processes were partitioned into planetary- and synop-
tic-scale components in order to examine either the
relative role of each scale and their interaction or the
nature of the interaction itself in both the Northern and
Southern hemispheres [1–9]. In the analysis of the
variability of atmospheric circulation, atmospheric
processes can likewise be partitioned into the high-
frequency component, with time scales of 2–6 days,
and the low-frequency component, of duration longer
than 10 days [10]. As was discussed in [10], the max-
ima of low-frequency variability, which contributes
significantly to the total variability of atmospheric cir-
culation, are located in regions with a maximum fre-
quency of blocking events.

In these and earlier studies [11–15], it has been
found that the synoptic scale plays an important role
in the lifecycle of atmospheric blocks. In many stud-
ies, the impact of the synoptic scale (synoptic forcing)
is shown to be large in comparison with the planetary-
scale forcing. However, in other studies, it has been
concluded that the impact of the planetary scale is
very essential to the lifecycle of blocks [16, 17].
Although the studies referenced above do not under-
state the role of the planetary scale, they focus more
on the impact of synoptic-scale contributions.

In a model study [16], it is argued that blocking
events will decay when there is a considerable change
in the planetary-scale flow regime. In [17], the empha-
sis is placed on the role of planetary-scale deforma-
tion as providing a favorable background for block
development (Colucci, 2003; personal communica-
tion). Both these studies confirm the point of view
that, while planetary-scale processes may not by
themselves result in the onset and maintenance of
blocks, they are able to create conditions favorable for
the interaction with synoptic-scale processes. Thus, in
the case of a significant change in the large-scale flow
regime, the blocks, with no synoptic support, would
be expected to decay quite rapidly.

The goal of this study is to demonstrate how
changes in the large-scale structure of atmospheric
flows can influence the blocking regime. In order to
achieve this goal, the behavior of three Southern
Hemisphere blocking events [7–9] were examined.
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Abstract

 

—It was shown that abrupt changes in the large-scale structure of atmospheric flows may lead to the
rapid decay of blocking. Analysis of phase diagrams made it possible to identify when sharp changes occurred
in the dynamics of the system. The connection of these changes to the decay of blocking was estimated for three
blocking events in the Southern Hemisphere. In addition to phase diagrams, enstrophy was used as a diagnostic
tool for the analysis of blocking events. From the results of this analysis, four scenarios for the decay mecha-
nisms were determined: (i) decay with a lack of synoptic-scale support, (ii) decay with an active role for syn-
optic processes, and (iii
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iv) either of these mechanisms in the interaction with an abrupt change in the character
of the planetary-scale flow.
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DATA AND ANALYSIS METHODS

The data set used in the paper was the
NCEP/NCAR reanalysis [18] at 6-h intervals on a

 

2.5° 

 

×

 

 2.5° 

 

latitude–longitude grid at 17 mandatory
levels from 1000 to 10 hPa. These data include stan-
dard atmospheric variables, such as geopotential
height, temperature, relative humidity, and vertical
and horizontal wind components, as well as surface
information. The data at mandatory levels were inter-
polated quadratically in ln

 

p

 

, where 

 

p

 

 is pressure, to
isobaric surfaces in 50-hPa increments [19].

To determine the times of block formation and
decay, the blocking criterion proposed in [20] was
used (see also the references in the Introduction). This
criterion is a modification of the blocking index [45].
Characteristics of the selected blocking events in the
Southern Hemisphere over the Pacific Ocean are listed
in the table. A climatological, synoptic, and dynamic
description of the three blocking events listed in the
table for July–August 1986 and July 2001 with the use
of potential vorticity diagnostics can be found in [7,
8]. The diagnostic technique used in [7, 8] is described
in more detail in [19]. Potential vorticity was calcu-
lated on 300-hPa surfaces since these fields of poten-
tial vorticity are similar to those calculated on an isen-
tropic surface [19].

The emphasis in this study was placed on the anal-
ysis of phase diagrams, in particular, on their use to
demonstrate that changes in the planetary-scale flow
regimes could be correlated to block onset and decay.
To extract planetary-scale variability, the techniques
proposed in [21, 22] (see also [23–25]) or in [26] for
extracting interannual variations from time series
were used here with modifications. A similar analysis
was carried out in [27] with the aim of understanding
the behavior of the planetary-scale flow associated
with blocking. The techniques referenced above are
based on the classical analysis of dynamic systems.

Analysis was performed on time series of the
500-hPa height for July and August 1986 and July
2001. The planetary-scale height fields were averaged
over a box of 

 

40°

 

 latitude by 

 

60° 

 

longitude within the
blocking region to obtain one number for each time
period. The procedure is analogous to that used in [28]
to derive the wave amplitude index, except that, in our

study, the fields were first filtered and then averaged
over a box. In [28], the midlatitude geopotential
height field was first averaged and then filtered to pro-
duce one number for the time period.

To separate the planetary-scale wavelengths from
the synoptic-scale wavelengths, we used a second-
order two-dimensional filter [29]. The filtered data
retain 2, 44, and 80% of the original signal at wave-
lengths of 3000, 4500, and 6000 km at 

 

45°

 

N (or 

 

45°

 

S).
A detailed description of the use of the filtering proce-
dure can be found in [3].

The midlatitude planetary-scale atmospheric flow
has cyclic regimes [28, 30–32] associated, in particu-
lar, with the propagation of Rossby waves in the atmo-
sphere [33, 34]. However, the planetary-scale flow
may have two or more relatively stable states [1,
35

 

−

 

37]. In the Northern Hemisphere during the fall,
along with stable midlatitude tropospheric westerly
flow regimes, there exist quasi-regular anomalies,
Indian summer

 

−

 

type blocking events, and these were
associated in [33, 38] with a stationary Rossby wave.
Thus, in this paper, particular attention was given to a
diagnosis of changes in the atmospheric flow regime
in connection with block onset and decay by the
example of individual blocking events.

To determine specific features of the dynamics of
block formation and evolution, trajectories in the
phase plane with the abscissa 

 

ï

 

 and ordinate 

 

d

 

ï

 

/

 

dt

 

were analyzed by means of using a time series for the
variable (blocking characteristic) 

 

ï

 

(

 

t

 

)

 

 analogously to
[21–25]. For regimes that are cyclical, the process can
be fitted by a harmonic oscillator. The trajectories for
a harmonic oscillator in the phase plane are circular.
For stable regimes, trajectories approach an attractor,
in particular, a limit cycle. The attractor regime, gen-
erally speaking, may change its character. It should be
noted that, in general, circular trajectories do not nec-
essarily correspond to the attractor. (A trajectory can
also be located around the cycle long enough when the
cycle is weakly unstable.)

For the diagnosis of regimes related to blocks, their
dynamics, and stability, Lyapunov exponents can be
applied also [10], which are widely used in the study
of the stability of dynamic systems. As applied to the
problem considered, it is possible, for example, to
examine local Lyapunov exponents extracted from the
barotropic vorticity equation with forcing [39] (see
also [9]). A numerical implementation of this princi-
ple in [39] using data for a 3-yr period after applica-
tion of a 15-day filter (planetary scale) for domains
over the North Atlantic and western Europe showed a
strong correlation between the sum of positive
Lyapunov exponents, eigenvalues of the linearized
barotropic vorticity equation, and the domain-inte-
grated enstrophy.

It should be noted that the strict treatment of atmo-
spheric flows as the set of trajectories for an infinite-

 

Characteristics of the blocking events analyzed in the paper

Period Duration, 
day

Block intensity 
(from [43]) 

1 July 23–August 2, 1986 10.5 3.64

2 August 3–16, 1986 13.5 4.06

3 July 13–24, 2001 11.0 3.33
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dimensional system requires the development of the
theory for calculating Lyapunov exponents [40–42].

As applied to atmospheric blocking, it must be
noted that, prior to the onset of a blocking event, there
always exists an upstream ridge accompanied by an
amplifying shortwave within one-half wavelength,
which is linked to the ridge dynamically [20]. Given
that the ridge and the shortwave are related to increas-
ing height gradients, the observation noted above can

be interpreted as the criterion for the formation of a
regime with sufficient instability to initiate the transi-
tion from zonal flow to blocking. Moreover, observa-
tional data [20, 43] are indicative of a strong correla-
tion between the block intensity and the mean anticy-
clonic vorticity in the vicinity of a block.

RESULTS OF ANALYSIS

 

Blocking Event in the Southeast Pacific in July 2001

 

The blocking event chosen for analysis was an
event in the southeast Pacific Ocean during July 2001.
Figure 1a shows the variation of the mean 500-hPa
height over the analyzed region in July 2001 with a
12-h time interval. In July, the mean heights within the
blocking region decreased prior to the time of block
onset (25 half-day periods). The heights rise until the
block reaches a maximum development and then fall
again. This behavior in the planetary-scale height field
suggests changes in the large-scale flow.

Figure 2 displays an example of the phase diagram
(trajectory) showing the dynamics of the mean
500-hPa height in July 2001. It can be seen that the
behavior of the large-scale flow is complicated, with
periods when the flow is relatively more stable or less
stable.

A clearer picture of the flow regimes can be
obtained by means of dividing the total trajectory into
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Fig. 1.

 

 Dynamics of the mean 500-hPa height (at 12-h inter-
vals) in southeast Pacific blocking regions in (a) July 2001
and (b) July 20 to August 31, 1986.
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 Phase diagram of the mean 500-hPa height (m) for a
box (130

 

°

 

 to 170

 

°

 

 W, 30

 

°

 

 to 60

 

°

 

 S) in the Southern Hemi-
sphere midlatitude flow in July 2001 (

 

S

 

 and 

 

E

 

 mark the start
and end points of the phase trajectory).
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different parts during July 2001. In Fig. 3a, the month
is broken up into equal 10-day periods and, within
each period, different types of behavior are discern-
ible. Thus, the evolution is stable during the first part
of the month (solid curve), while the two consecutive
10-day periods (dotted and dashed curves) in the sec-
ond part show less stable behavior. If the month is bro-
ken up into parts in a different way, for example, when
the solid trajectory shows the dynamics until the time
of block formation (Fig. 3b), it can be seen that the
flow loses stability before the appearance of the block
and during its development phase. This type of behav-
ior of the flow in the blocking region is not surprising
and was previously noted [12].

The lifecycle of the block is characterized by a tra-
jectory that has a near-circular path but then becomes
unstable, after which a new cycle with a nearly circu-
lar trajectory begins. After block dissipation, a spiral
trajectory emerges. On the phase diagram, the cyclic
behavior with a shift can be seen, thus suggesting a
different, unstable, regime of the planetary-scale flow.

 

Blocking Events in the Southeast Pacific
in July–August 1986

 

Figure 1b, like Fig. 1a, shows the change in the
mean 500-hPa height in the blocking region over the
southeastern part of the Pacific Ocean in the second
half of July and during August 1986. The height val-
ues initially remain constant until late July and then
grow rapidly in early August (time interval of approx-
imately 25 days) as soon as a second block appears. It
is shown in [7] that the heights in the blocking region
are greater for the second block. This means that the
second event is stronger (table). Then, the heights fall
rapidly, and the blocking regime (two simultaneously
occurring blocks) breaks down abruptly around
August 18, 1986.

In addition, phase trajectories can be used to diag-
nose the blocking regime of July–August 1986
(Fig.

 

 

 

4), when three blocks occurred in the Pacific
Ocean basin between July 20 and August 18. Two con-
secutive blocks formed in the southeast Pacific, and a
third block developed in the southwestern part in mid-
August. In Fig. 5, the first part of the trajectory (solid
curve), during the onset time of the block and through-
out its lifecycle, suggests a relatively stable flow
regime. Subsequently, the flow moves to another state
as the second block develops and, during its lifecycle,
the trajectory suggests a relatively stable regime (dot-
ted line). At the end of the lifecycle of the second
block and after its decay (dashed line), the flow
becomes unstable again and the two events, which
occurred simultaneously over the southwestern and
southeastern parts of the Pacific Ocean, come to an
abrupt end during a 24-h period.

Calculations of enstrophy and Lyapunov expo-
nents similar to [39] for July 2001 (Fig. 6a) show that

these values correspond well to Fig. 1a. In particular,
the changes displayed in Figs. 6a coincide temporally
with those in Fig. 1a (and also in Fig. 3a). In Fig. 6a,
the area-averaged enstrophy reaches a maximum
shortly after the onset of the block and remains at the
level of a relative minimum during the lifecycle of this
block. The enstrophy was calculated from the data that
were used to construct Fig. 1. This circumstance is
also consistent with the fact that, in a quasi-barotropic
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Fig. 3.

 

 Phase trajectory for the 500-hPa height in the central
part of the blocking region in July 2001 for (a) 10-day peri-
ods and (b) before block onset, during block lifecycles, and
after block decay.
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flow (the planetary-scale flow should be strongly
barotropic), the blocking regime represents a state
with the minimum enstrophy (and entropy; see, e.g.,
[44]). The positive Lyapunov exponents are relatively
small during blocking events. This implies that, once
the blocking event has formed, the predictability for
the large-scale flow increases.

Figure 6b, like Fig. 6a, shows similar changes in
the behavior of the planetary-scale flow with the for-
mation of a blocking event in July–August 1986.

DISCUSSION

For the selected blocking events, it was found that
analysis of trajectories on a phase diagram may be
useful in examining the nature of the planetary-scale
flow regime during the development of blocking
events. In July 2001, the flow regime moved from one
state to another, relatively less stable, state during and
after the decay of the block. During the July and
August 1986 events, there were two quasi-steady
states representing the successive blocks described in
the table. Then, the two simultaneous blocks came to
an abrupt end during a less stable period from mid- to
late August. The results obtained show that the decay
of a block can be correlated with changes in the struc-
ture of the planetary-scale flow [1, 16, 17]. This cir-
cumstance indicates that the planetary-scale processes
are essential in the lifecycles of the blocks since these
processes provide a favorable background for block-
ing, in spite of large contributions of synoptic-scale

processes and the interaction of the forcing compo-
nents.

Additional analysis of the role of the changes in the
planetary-scale flow regimes in the lifecycle of blocks
was carried out by means of calculating the Lyapunov
components as a characteristic of flow stability [39].

As might be expected, the area-integrated enstro-
phy values (Fig. 5) [39] in the blocking region
decrease to a minimum during the lifecycle of the
block. This result suggests that the planetary-scale
flow becomes less stable around the time of the onset
and decay of the July 2001 block. It may be possible
that the planetary-scale flow in these periods evolves
(geostrophically) from one quasi-steady state to
another. The features shown in Figs. 1–3 support this
interpretation. In general, it should be noted that rela-
tively simple techniques provide a useful diagnosis of
complex nonlinear atmospheric phenomena. They
may also be helpful in analyzing the predictability of
atmospheric processes; however, more comprehensive
studies are required to confirm their applicability.

The rapid decay of the 1986 blocking event demon-
strates the influence that the planetary scale exerts on this
process. The simultaneous occurrence of the blocks in
1986 is a remarkable example. The results obtained here,
however, do not necessarily contrast with the conclusions
that the synoptic-scale processes play an important role
in the lifecycles of blocking events. Thus, it is shown in
[4] that the formation and intensification of two simulta-
neous blocks was governed by local synoptic-scale pro-
cesses. Previously in [45], a similar inference was made
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 As in Fig. 2 except for July–August 1986.
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 As in Fig. 3b except for July–August 1986 in the pre-
block period, during the lifecycles of the first and second
blocks, and after their decay.
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on the basis of statistical analysis. However, the decay of
blocks may occur when there is no longer active synop-
tic-scale feeding into the blocking region, when synop-
tic-scale processes have a negative impact on the blocks,
or when there is a change in the planetary-scale flow
regime. It is also suggested here that either of the first two
scenarios may act in the interaction with third scenario.

CONCLUSIONS

Three cold-season blocking events in the Southern
Hemisphere over the Pacific Ocean were studied on

the basis of the reanalysis data and potential vorticity
as a diagnostic tool. Phase diagrams were used to find
the connection between the decay of these blocks and
changes in the planetary-scale flow regimes. In addi-
tion, stability of different regimes was estimated by
means of calculating the Lyapunov exponents for a
diagnosis of the processes linked to blocks.

The results obtained from this analysis indicate
that phase diagrams can be used to study the dynamics
of blocking regimes. As can be judged from the behav-
ior of Southern Hemisphere blocking events, the
decay periods of blocks are consistent with changes in
the planetary-scale flow regimes. On the basis of
[1, 16, 17], it can be concluded that the large-scale
flow provides a favorable background for long-lived
blocks.

Finally, four different scenarios of block decay
were identified: decay with a lack of synoptic support
[3, 4, 8, 9], decay with an active role of synoptic pro-
cesses [7, 9, 19], or either of these mechanisms acting
simultaneously with a sharp change in the character of
the planetary-scale flow.
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