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Identifying patterns of large-scale 
variability in the Southern Hemisphere

One approach: EOF analysis of  
geopotential height and wind



e.g., Kidson, 1988; Mo and Higgins 1998
Pacific/South America pattern
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EDITORIAL

In 2001, John Wiley and Sons, the publishers of the International Journal of Climatology, agreed with the
Royal Meteorological Society to sponsor an annual Journal prize commencing in 2002. The purpose of
the prize is to acknowledge the contribution made to the science of climatology by an individual through
publication of their work in the Journal. Accordingly, it is my pleasure to announce that the 2003 International
Journal of Climatology prize has been awarded to Dr John Kidson, recently retired from the National Institute
of Water and Atmospheric Research (NIWA), New Zealand, where he held the position of Senior Scientist
and Project Director.

Dr Kidson has had a prodigious career as a climate scientist. He graduated from the University of Canterbury
in New Zealand with an MSc (Hons) in Physics in 1963. Soon after, he started with the New Zealand
Meteorological Service as a trainee research meteorologist. His potential in this area was recognized by being
selected to undertake study towards a ScD in Meteorology at the Massachusetts Institute of Technology (MIT)
in the USA, which was completed in 1968. The PhD thesis title was The General Circulation of the Tropics.
In many ways this work inspired a career that has focused in large part on understanding the mechanisms
and climate outcomes of tropical–extratropical interactions and associations between large-scale atmospheric
circulation and local- to regional-scale climate and ecosystem variability. His published work, much of it
in the International Journal of Climatology, has benefited the climate science community through providing
it with the fundamental climate science for the development of seasonal to inter-annual climate prediction
models. As well as being a frequent contributor, Dr Kidson has also been a great supporter of the Journal
by providing timely and constructive reviews of manuscripts submitted for publication. The award of the
2003 International Journal of Climatology prize acknowledges Dr Kidson’s standing as a climatologist of
international acclaim.

GLENN R. MCGREGOR

School of Geography, Earth and Environmental Sciences,
The University of Birmingham, UK

Copyright © 2003 Royal Meteorological Society



A slightly different approach:  
EOF analysis of atmospheric kinetic energy 
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field are distinct from their associated second PCs at all
latitudes poleward of about 308S, according to the crite-
rion given in North et al. (1982) (Fig. 11b).
The distinctions between the SAM and BAM also

extend to their signatures in near-surface climate. To
first order, the surface climate impacts of the SAM re-
flect changes in the mean climate (e.g., local increases
or decreases in temperature and precipitation). In con-
trast, the surface climate impacts of BAM reflect changes
in the variance of surface climate. Figures 10c and 10d
show the ratios in the variance of daily-mean 700-hPa

temperatures between high and low index days in the
SAM (Fig. 10c) and BAM (Fig. 10d) indices. In gen-
eral, the positive polarity of the SAM is marked by
relatively weak changes in the day-to-day variability of
lower-tropospheric temperature. In contrast, the positive
polarity of BAM is marked by notable increases in tem-
perature variance throughout much of the SH middle
latitudes. The peak ratios are found in a zonally elongated
band that stretches from the south of Africa to the south
of Australia and are coincident with a region of relatively
large near-surface baroclinicity (not shown).

FIG. 10. Horizontal structures of the BAM and SAM. (top) Composite mean differences in the zonal wind at 250 hPa (contours) and
eddy kinetic energy at 300 hPa (shading) between days that fall under the high- and low-index polarities of the (a) SAM and (b) BAM
indices. Contours of the zonal wind are drawn at22.5, 2.5, 7.5, . . .ms21 (blue indicates negative values). (bottom) Ratios of the standard
deviation of temperature at 700 hPa between days that fall under the high- and low-index polarities of the (c) SAM and (d) BAM indices.
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baroclinic annular mode
EOF1 of eddy kinetic energy

field are distinct from their associated second PCs at all
latitudes poleward of about 308S, according to the crite-
rion given in North et al. (1982) (Fig. 11b).
The distinctions between the SAM and BAM also

extend to their signatures in near-surface climate. To
first order, the surface climate impacts of the SAM re-
flect changes in the mean climate (e.g., local increases
or decreases in temperature and precipitation). In con-
trast, the surface climate impacts of BAM reflect changes
in the variance of surface climate. Figures 10c and 10d
show the ratios in the variance of daily-mean 700-hPa

temperatures between high and low index days in the
SAM (Fig. 10c) and BAM (Fig. 10d) indices. In gen-
eral, the positive polarity of the SAM is marked by
relatively weak changes in the day-to-day variability of
lower-tropospheric temperature. In contrast, the positive
polarity of BAM is marked by notable increases in tem-
perature variance throughout much of the SH middle
latitudes. The peak ratios are found in a zonally elongated
band that stretches from the south of Africa to the south
of Australia and are coincident with a region of relatively
large near-surface baroclinicity (not shown).

FIG. 10. Horizontal structures of the BAM and SAM. (top) Composite mean differences in the zonal wind at 250 hPa (contours) and
eddy kinetic energy at 300 hPa (shading) between days that fall under the high- and low-index polarities of the (a) SAM and (b) BAM
indices. Contours of the zonal wind are drawn at22.5, 2.5, 7.5, . . .ms21 (blue indicates negative values). (bottom) Ratios of the standard
deviation of temperature at 700 hPa between days that fall under the high- and low-index polarities of the (c) SAM and (d) BAM indices.
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Response of large-scale variability in 
the Southern Hemisphere to external 

forcing



Differences in ozone between the pre and 
post-ozone hole eras (from Syowa station)
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flow near ~60° S; weakening of the prevailing atmospheric eastward 
flow near ~40° S; and reduced Z over the polar cap that extends from 
the surface to the stratosphere. The SAM owes its existence to internal 
tropospheric dynamics and vacillates between its high- and low-index 
polarities on timescales as short as weeks11,13,14. The observational evi-
dence reviewed in Figs  1  and 2a suggests that the Antarctic ozone 
hole has perturbed the Southern Hemisphere circulation in a manner 
consistent with a trend in the SAM towards its high-index polarity.

Attribution of the observed trend in the SAM
The observed summertime trend towards the high-index polar-
ity of the SAM between the pre-ozone-hole and ozone-hole eras 
has been shown to be statistically significant15–17 and distinct from 
estimates of natural variability15. As discussed later in this Review, 
qualitatively similar trends towards the high-index polarity of the 
SAM are found in climate models forced by increasing greenhouse 
gases. Such simulations suggest that the influence of increasing 
greenhouse gases on the SAM will be appreciable over the twenty-
first century but that it was modest over the past few decades. The 
available model evidence suggests that the recent trend in the SAM 
is due primarily to the development of the Antarctic ozone hole.

Supporting model evidence includes experiments run on: (1) 
idealized atmospheric general circulation models forced with 

imposed cooling in the polar stratosphere18–20; (2) global cli-
mate models for the IPCC Fourth Assessment Report (the third 
Coupled Model Inter-comparison Project, CMIP3), in which 
greenhouse gases increase and the ozone depletion is prescribed 
based on observations15,21–25; (3) coupled chemistry–climate mod-
els (for example as for the Coupled Chemistry Climate Model 
Validation Project, CCMVal1 and 2), in which the ozone deple-
tion is calculated based on simulated chemical and dynamical 
processes24,26–28; (4) climate models forced solely with the observed 
changes in stratospheric ozone29–34.

Results derived from all four types of experiments point to the 
robustness of the linkages between the Antarctic ozone hole and 
the SAM. But there are caveats. The experiments run on idealized 
climate models are valuable because they are readily reproducible 
and are not dependent on specific physical parameterizations. But 
the rudimentary representation of climate processes and idealized 
thermal forcings used in such experiments limit comparisons with 
observations. The analyses of the CMIP3 and CCMVal output make 
valuable use of existing climate simulations but also include forc-
ings other than stratospheric ozone depletion. Furthermore, the 
ozone forcing used in such simulations varies from model to model: 
the CMIP3 experiments are forced by prescribed ozone, but the 
prescribed ozone is not standard across all experiments; ozone is 

Figure 1 | Signature of the ozone hole in observed and simulated changes in the Southern Hemisphere polar circulation. a,b, Observed composite 
differences between the pre-ozone-hole and ozone-hole eras in (a) polar ozone from Syowa station (69° S, 40° E; similar results are obtained for other 
stations within the region of the ozone hole) and (b) polar-mean Z from radiosonde data. c,d, Simulated differences in polar Z between the pre-ozone-hole 
and ozone-hole eras from the experiments in refs 30 and 33. Contour intervals are (a) 10% depletion for values of 20% and greater and (b–d) 40 m (–60, 
–20, 20…). Positive contours are solid, negative contours are dashed. Shading indicates trends significant at the 95% level based on a one-tailed test of the 
t-statistic. See Methods for details.
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predicted by the CCMVal models, and is thus necessarily different 
from experiment to experiment.

Arguably the most compelling model support for a causal link 
between the ozone hole and surface climate is derived from exper-
iments in which only concentrations of (1) stratospheric ozone or 
(2) ozone-depleting substances are changed between integrations. 
Figures  1c, 1d, 2b, 2c, and 3 review the results from three such 
experiments: refs 30 and 33 in Figs 1 and 2, and ref. 28 in Fig. 3. 
The runs in refs 30 and 33 are ‘time-slice’ experiments: one ‘slice’ 
is forced with the seasonally varying distribution of stratospheric 
ozone before the development of the ozone hole; the other with 
the seasonally varying distribution of stratospheric ozone after 
the development of the ozone hole. The critical element in both 
experiments is that the only variable that is changed between slices 
is the distribution of ozone. The runs in ref. 28 are ‘transient’ simu-
lations in which a coupled chemistry–climate model is forced by 
time-varying concentrations of greenhouse gases and/or ozone-
depleting substances. Note that the time-slice experiments in refs 
30 and 33 are forced by the observed changes in ozone whereas the 
transient experiments in ref. 28 are forced by changes in ozone-
depleting substances (that is, the resulting changes in ozone are 
calculated by the model).

The time-slice experiments (refs 30 and 33) were forced with 
comparable changes in ozone, but were run on models with very 
different stratospheric resolution. One experiment (ref. 30) was 
run on a ‘high top’ model with extensive vertical resolution at strat-
ospheric levels; the other (ref. 33) was run on a model with rela-
tively poor stratospheric resolution (the model is typical of those 
used in the IPCC Fourth Assessment Report). Nevertheless, both 
experiments yield remarkably similar results (Fig. 1c and d; Fig. 2b 
and c). Both reveal pronounced changes in the stratospheric vor-
tex during spring consistent with in situ forcing by the ozone hole. 
More importantly, both reveal substantial changes in the tropo-
spheric circulation during the Southern Hemisphere summer con-
sistent with the high-index polarity of the SAM (Fig. 2b and c). 
The most obvious difference between the simulated and observed 
changes lies in the timescale of the tropospheric response: the 
simulated responses extend from November to February whereas 
the observed responses are limited to December–January (Fig. 1).

The transient ozone-depletion experiments described in ref. 28 
are driven in a very different manner from the time-slice experi-
ments reviewed above. But again, the results confirm the impor-
tance of ozone depletion in driving past trends in the SAM towards 

its high-index polarity (Fig.  3a). Note that greenhouse forcing 
is important by the middle part of the twenty-first century, but 
not in the twentieth century (Fig. 3b). The changes in the SAM in 
response to future levels of ozone-depleting substances and green-
house gases will be discussed later in this Review.

Figure 2 | Signature of the ozone hole in observed and simulated changes in the austral summertime circulation. a, Observed composite differences 
between the pre-ozone-hole and ozone-hole eras in mean December–February (DJF) 500-hPa Z from the NCEP-NCAR Reanalysis. b, Simulated 
differences in 500-hPa Z between the pre-ozone-hole and ozone-hole eras from the experiments in ref. 30. c, As in b, but for surface pressure from the 
experiments in ref. 33. The contour interval is 5 m in a and b, and 0.5 hPa in c. Values under 10 m (a and b) and 1 hPa (c) are not contoured.
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Figure 3 | Time series of the southern annular mode from transient 
experiments forced with time-varying ozone-depleting substances and 
greenhouse gases. Results are from experiments published in ref. 28. 
a, Forcing with ozone-depleting substances; b, forcing with greenhouse 
gases. The SAM index is defined as the leading principal component time 
series of 850-hPa Z anomalies 20–90° S: positive values of the index 
correspond to anomalously low Z over the polar cap, and vice versa. Lines 
denote the 50-year low-pass ensemble mean response for summer (DJF; 
solid black) and winter (JJA; dashed blue). Grey shading denotes ± one 
standard deviation of the three ensemble members about the ensemble 
mean (see Methods for details). The long-term means of the time series 
are arbitrary and are set to zero for the period 1970–1975. Past forcings are 
based on observational estimates; future forcings are based on predictions 
reviewed in ref. 28.
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SH jet response to increasing GHGs

Thompson et al. 2011

stronger westerly surface flow 
along ~55-65 deg. S

(Kushner, Held, Delworth 2001;  Thompson and Solomon 2002; Gillett and Thompson 2003;  Cai et al. 2003;  Yin 2005; Miller et al. 2006; IPCC AR4; Lu et al. 
2008; Chen et al. 2008, 2011; Arblaster and Meehl 2006; Miller et al. 2006; Son et al. 2010; Deser and Philips 2009; Polvani et al. 2011; Barnes and Polvani 
2013; etc)
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predicted by the CCMVal models, and is thus necessarily different 
from experiment to experiment.

Arguably the most compelling model support for a causal link 
between the ozone hole and surface climate is derived from exper-
iments in which only concentrations of (1) stratospheric ozone or 
(2) ozone-depleting substances are changed between integrations. 
Figures  1c, 1d, 2b, 2c, and 3 review the results from three such 
experiments: refs 30 and 33 in Figs 1 and 2, and ref. 28 in Fig. 3. 
The runs in refs 30 and 33 are ‘time-slice’ experiments: one ‘slice’ 
is forced with the seasonally varying distribution of stratospheric 
ozone before the development of the ozone hole; the other with 
the seasonally varying distribution of stratospheric ozone after 
the development of the ozone hole. The critical element in both 
experiments is that the only variable that is changed between slices 
is the distribution of ozone. The runs in ref. 28 are ‘transient’ simu-
lations in which a coupled chemistry–climate model is forced by 
time-varying concentrations of greenhouse gases and/or ozone-
depleting substances. Note that the time-slice experiments in refs 
30 and 33 are forced by the observed changes in ozone whereas the 
transient experiments in ref. 28 are forced by changes in ozone-
depleting substances (that is, the resulting changes in ozone are 
calculated by the model).

The time-slice experiments (refs 30 and 33) were forced with 
comparable changes in ozone, but were run on models with very 
different stratospheric resolution. One experiment (ref. 30) was 
run on a ‘high top’ model with extensive vertical resolution at strat-
ospheric levels; the other (ref. 33) was run on a model with rela-
tively poor stratospheric resolution (the model is typical of those 
used in the IPCC Fourth Assessment Report). Nevertheless, both 
experiments yield remarkably similar results (Fig. 1c and d; Fig. 2b 
and c). Both reveal pronounced changes in the stratospheric vor-
tex during spring consistent with in situ forcing by the ozone hole. 
More importantly, both reveal substantial changes in the tropo-
spheric circulation during the Southern Hemisphere summer con-
sistent with the high-index polarity of the SAM (Fig. 2b and c). 
The most obvious difference between the simulated and observed 
changes lies in the timescale of the tropospheric response: the 
simulated responses extend from November to February whereas 
the observed responses are limited to December–January (Fig. 1).

The transient ozone-depletion experiments described in ref. 28 
are driven in a very different manner from the time-slice experi-
ments reviewed above. But again, the results confirm the impor-
tance of ozone depletion in driving past trends in the SAM towards 

its high-index polarity (Fig.  3a). Note that greenhouse forcing 
is important by the middle part of the twenty-first century, but 
not in the twentieth century (Fig. 3b). The changes in the SAM in 
response to future levels of ozone-depleting substances and green-
house gases will be discussed later in this Review.

Figure 2 | Signature of the ozone hole in observed and simulated changes in the austral summertime circulation. a, Observed composite differences 
between the pre-ozone-hole and ozone-hole eras in mean December–February (DJF) 500-hPa Z from the NCEP-NCAR Reanalysis. b, Simulated 
differences in 500-hPa Z between the pre-ozone-hole and ozone-hole eras from the experiments in ref. 30. c, As in b, but for surface pressure from the 
experiments in ref. 33. The contour interval is 5 m in a and b, and 0.5 hPa in c. Values under 10 m (a and b) and 1 hPa (c) are not contoured.
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Figure 3 | Time series of the southern annular mode from transient 
experiments forced with time-varying ozone-depleting substances and 
greenhouse gases. Results are from experiments published in ref. 28. 
a, Forcing with ozone-depleting substances; b, forcing with greenhouse 
gases. The SAM index is defined as the leading principal component time 
series of 850-hPa Z anomalies 20–90° S: positive values of the index 
correspond to anomalously low Z over the polar cap, and vice versa. Lines 
denote the 50-year low-pass ensemble mean response for summer (DJF; 
solid black) and winter (JJA; dashed blue). Grey shading denotes ± one 
standard deviation of the three ensemble members about the ensemble 
mean (see Methods for details). The long-term means of the time series 
are arbitrary and are set to zero for the period 1970–1975. Past forcings are 
based on observational estimates; future forcings are based on predictions 
reviewed in ref. 28.
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Periodicity in large-scale variability 
in the Southern Hemisphere
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Precipitation from AMSR-E (2002-2011); 
LW effects from AIRS (2000-2012)

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

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

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

∂
∂t
〈v*T*〉 ¼ −a〈b〉þ eðtÞ ð2Þ

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

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

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

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

∂〈b〉
∂t

¼ b〈v*T*〉 −
〈b〉
t

ð3Þ

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

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

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

Correlation with BAM index r = –0.67 (lag –1) r = +0.98 (lag 0) r = –0.49 (lag –1)
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Fig. 4. Power spectra of the hemispheric-averaged longwave cloud radiative e↵ect calculated from
daily-mean data based on AIRS observations over period 2003–2012. Subsets of the time series that are
256 days in length with 128 days overlap between adjacent subsets.

Precipitation 30-70S TOA LW cloud radiative effect 30-70S 

from Barnes and Thompson 2014 from Li and Thompson (in prep)

Why the periodicity in the BAM matters

Li/Thompson 2016



How and why does the SH large-scale 
circulation response to external forcing 
(e.g., ozone depletion; increasing CO2)?

Some open questions…



Do clouds matter for large-scale 
SH climate variability?

Some open questions…



COOKIE experiments: 

• Series of GCM simulations run with 
and without atmospheric cloud 
radiative effects. 

• SSTs are fixed.



Influence of atmospheric cloud radiative effects on 
the mean circulation 

Clouds'on)–)clouds'off

~30% increase in extratropical 
eddy kinetic energy

Fig. 3. Di↵erences in the long-term mean, zonal-mean atmospheric circulation between the
clouds-on and clouds-o↵ experiments for fields indicated. Di↵erences that are significant
at the 99% level are stippled. The dashed lines in all panels indicate the long-term mean
tropopause height in the clouds-o↵ experiment. The solid line in panel (a) indicates the
long-term mean tropopause height in the clouds-on experiment.

30

Li, Thompson, Bony 2015. 



Without cloud radiative effects

With cloud radiative effectsFig. 1.

Fig. 1.

from IPSL model. Li, Thompson, Bony in prep

Influence of atmospheric cloud radiative effects on 
the circulation response to 4K surface warming 

cloud radiative effects enhance the circulation response to warming



“Locking” experiments: 

• Cloud radiative effects are 
“interactive” (can change) or held fixed 
in the radiative code. 

• Used extensively in recent work by 
Ceppi/Hartmann, Grise/Polvani, Shaw/
Voigt.



Figure 2:

Figure 3:
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Standard deviation of U 300.  

Li, Thompson in prep. From MPI ESM. Output courtesy Thorsten Mauritsen. 
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Without CRE

With CRE 



Does periodicity in the large-scale 
flow project onto regional 

weather? The general circulation of 
the atmosphere? The ocean? 

Does ocean EKE exhibit similar 
periodicity?

Some open questions…
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1. Generate time series of EKE at 
0 deg averaged 40-60S. 

2. Regress EKE at all longitudes 
onto the resulting time series.

lag 0
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wave packet propagates to the east at ~25 m/s
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note the development of EKE anomalies in wake of wave packet
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Negative EKE anomalies emerge at lags ~5-10 days.



180 −90 0   90 180 −90 0  

 10

  5

  0

 −5

−10

La
g 

(d
ay

s)

Longitude
weak periodicity along path 

of wave packet
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weak periodicity at fixed location




