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ROTATING spiral waves have been observed in various excitable
media, including heart muscle', retinae®, cultures of the slime
mould Dyctiostelium discoideum™* and chemical oscillators such
as the Belousov-Zhabotinsky (BZ) reaction®’. Under certain con-
ditions the spiral wave does not exhibit simple periodic rotation,
but quasiperiodic® (or ‘compound’®) rotation, in which the spiral’s
origin (the tip) meanders'®. Recent calculations'' have shown that
highly meandering tip motion can impose superstructures on spiral
waves. Here we reproduce these patterns experimentally, using the
BZ reaction as the excitable medium. We induce high tip meander
by applying pulses of electrical current locally at the tip'>. Image
processing of the patterns reveals a spiral wave of larger wavelength
superimposed on the original wave, an effect that can be described
in terms of a Doppler shift in the original spiral.

All our experiments were performed in a BZ reaction'
in silica gel at room temperature (20 °C). A 0.9-mm-thick gel
layer containing ferroin (0.008 M) was prepared in a Petri dish.
During the experiments this layer was covered with a thick
(6-8 mm) solution of the other BZ reaction components:
0.1 M NaBrOs, 0.1 M CH,(COOH), and 0.5 M H,SO,.

The highly meandering tip motion needed for the production
of superstructures was enhanced by using stepwise pulses of
electric current'” with a period of 11 min. In each period, the
voltage (1.5 V, ~5 mA) was switched on for 4 min.

The electrical circuit used (analogous to that in ref. 12)
included two electrodes immersed in the liquid layer. One of
these was a circular electrode which ran around the border of
the Petri dish, the other was needle-shaped (0.6 mm diameter).
The needle was placed over the spiral tip (3 mm into the liquid
layer). Two different types of electrodes, stainless steel and
platinum, were used, with the same results.

The spiral wave dynamics were followed with a video recorder
connected to a PC computer. To observe super-spiral waves,
simple image processing was carried out: after acquiring two
successive images (separated by 2 min), we subtracted the second
from the first. This same procedure was used in the calculations
of ref. 11. Contrast enhancement was then used to improve the
quality of the printed pictures.

Spiral waves with many turns were created by the following
procedure: at the beginning of the experiment, the sulphuric
acid concentration was reduced (to ~0.2 M) to avoid the spon-
taneous appearance of wave sources. Spiral waves were pro-
duced in this medium by the breaking of a circular wave. To
increase the frequency and the number of spiral turns, sulphuric
acid was added until it reached its final concentration (0.5 M).
This procedure made it possible to create a single vortex of
~14 turns, with period T,=94s and wavelength A,~0.34 cm
(Fig. 1).

After the medium had become homogeneous, the spiral waves
were perturbed by switching the current on and off. This resulted
in the successive increasing and diminishing of the size of the
core'?, so that the spiral tip described a ‘flowerlet” pattern. The
ratio of two frequencies associated with this motion was about
Six.

When this highly meandering tip motion occurs, the spiral
shape becomes asymmetric. Some of the wavefronts that make
up the spiral approach each other (see Fig. 2a). When the picture
is processed by subtracting one image from another, a super-
structure appears with the shape of a spiral wave (Fig. 2b). This
super-spiral does not disappear with time, but rotates as the
base spiral does; the tips of both spirals always coincide (Fig.
3). Note that the same results were observed numerically''
(compare upper and lower parts of Fig. 2).

The period and wavelength of the super-spiral (T, =540s
and A =2 cm) proved to be six times as great as those of the
base spiral. In contrast, the linear velocity was roughly equal
for both spirals.

The super-spiral can be considered to be the result of the
approach between fronts of the base spiral. In this case, the
wave period detected at any point in the medium changes
periodically with time. Figure 4a shows this effect, measured at
a point near the centre of Fig. 2a.

The results presented in Fig. 4a can be interpreted by the
Doppler effect. If we suppose that the waves of the spiral are
emitted by a source rotating around a circle at constant velocity
v, and period T, then the period of waves at any point in the
medium is given by the equation

T(l):TS{1+%COS<2ﬂ%+(f))} (1)
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FIG. 1 Rigidly rotating spiral waves (a) for the phase-reaction/diffusion
equation, deg/dt =R{1 - 8 sin (¢)} + aV?p + B|V | (refs 11 and 15; and P.
Hanusse and V.P.M., manuscript in preparation) and (b) in the BZ reaction.
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The appearance and behaviour in the two cases are strikingly similar:
constant wavelength, sharp fronts and rigid rotation around the centre. The
black spot in the centre of b is the electrode shadow.
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FIG. 2 Experimental and numerical highly meandering spiral and super-spiral superimposed on the non-rigidly rotating vortices (a and c¢) can be observed
waves. g, Stepwise electric current (the electrode shadow is seen in the after simple image processing has been carried out (see text). Note that
upper part of the picture) was used to enhance the meandering tip motion. the super-spiral wavelength is six times greater than that of the base spiral.

¢, The model** predicts similar behaviour. Super-spiral waves (b and d)

FIG. 3 The rotation of the super-spiral wave in the BZ reaction. The time
interval between the frames was 160 s. Far from the core, the super-spiral
becomes indistinct because of dispersion and diffusion processes.

FIG. 4 Doppler effect in BZ reactions. Wavefront positions are represented
by vertical lines for (a) a point near the spiral centre in Fig. 2a, and (b) in
simulation. In equation (1), v4/v,=0.5 and ¢ =m/3; other parameters do
not affect the observed behaviour.
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where v, and T, are the velocity and period of the emitted waves,
and ¢ is a phase shift.

Figure 4b shows the periodic behaviour of T(¢) when ¢ = nT,
(n=1,2...). These results are qualitatively similar to those
shown in Fig. 4a. In both cases, two regions, with small and
large intervals between waves, can be differentiated. The
differences between the figures can be attributed to two processes
occurring in the BZ reaction: first, the trajectory of the tip is
more complicated than in our simulations; and second, diffusion
and dispersion effects were not considered.

The effect on the super-spiral behaviour of the relative length
of time for which the current is switched on and off has not
been studied in detail; work is currently in progress (V.P.M. et
al, manuscript in preparation). By controlling this parameter,

it is possible to decrease the wavelength of the super-spiral and
observe the transition to spatiotemporal irregular motion, as
was described in ref. 11.

Note that electric current was used only to enhance the
meandering; its use is not strictly necessary for super-spirals to
occur. Such structures can be observed in the BZ reaction even
without external stimulation, although in this case the vortices
show weak meandering. For such vortices, dispersion and
diffusion processes occurring in the BZ reaction result in the
waves becoming circular far from the core'®. This causes only
the tip of the super-spiral waves to be seen. This restriction may
be overcome in other excitable media (such as those listed
in the introduction), where the spiral waves exhibit highly
meandering tip motion. O
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ALTHOUGH the Tibetan plateau is important in influencing the
atmospheric circulation of the Northern Hemisphere'—, there are
only a few continuous palaeoclimate records available, and these
are limited to the plateau’s northeastern margin“®. Here we
present a 13,000-yr record from Sumxi Co (western Tibet), con-
structed from both lake-core and shoreline studies, which shows
that conditions in the early-middle Holocene were warmer and
wetter than at present. These results confirm model predictions of
an intensified monsoon over the region at ~9,000 yr BP, owing to
an orbitally induced increase in summer insolation”®. We also
find evidence for warm, humid pulses at ~12,500 and ~ 10,000 yr
BP, in phase with the steps of the last deglaciation, and for a
return to cold, dry conditions at ~11-10,000yr BP, none of which
can be explained by orbital variations. The existence of the cold
episode confirms that the cooling associated with the Younger
Dryas event occurred in continental China®®, and provides further
evidence of the global nature of this event'®,

The 1989 Sino-French expedition (Kunlun-Karakorum Pro-
gramme, CNRS-Academia Sinica) investigated lakes in western
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Tibet (mean elevation >5,000 m above sea level), the coldest
and driest part of the Tibetan-Qinghai plateau''. Located in
the rain shadow of two high mountain ranges, the Kunlun and
the Karakorum (Fig. 1a), the region receives rare summer con-
vective precipitation (<50mmyr™') and on exceptional
occasions, monsoon rainfall (Table 1). Ratios of evaporation to
precipitation range between 20 and 50 (ref. 12). Tibetan lakes
have experienced large changes in water level after the last
glacial maximum (LGM)%'*"* in response both to warming
which induced melting of previously accumulated ice, and to
changes in precipitation-evaporation balances, although some
lake fluctuations might have tectonic causes.

Sumxi Co (Co means lake; Fig. 1), a lake of tectonic origin'®,
is very sensitive to regional climate changes because (1) it lies
outside the direct influence of the highest mountains and large
ice caps; (2) neotectonics'® have not significantly modified its
hydrology; (3) it is supplied by melt water from small glaciers'’
and local rainfall on a restricted catchment area (Fig. 1b; Table
1). The glaciers lie on granite, whereas most of the watershed

=3 Bedrock (Permian schists, Cretaceous sandstones granite. Jurassic limestone (northern margin) -~ 5=
3 strike slip fault =] Normai fault — .
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FIG. 1 a Location map of Sumxi Co in western Tibet. b, The Lungmu Co and
Sumxi Co basin.
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