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core-sensitive modes (21). The resulting 
model, based on data for only eight modes, 
featured significant depth dependence but 
failed to provide an adequate fit to subse­
quent mode measurements (22). The occur­
rence of two very large, deep earthquakes in 
1994 [Bolivia and Kurile Islands (23)] has 
since provided mode observations of un­
precedented quality at more than 50 broad­
band digital stations distributed around the 
world. These data are being analyzed to 
constrain various properties of the deep 
Earth (23). We have measured the splitting 
of inner core-sensitive modes with the use 
of data from these earthquakes. Combining 
data for 19 such modes with differential 
time measurements from digital broadband 
stations (24) allows us to better constrain 
the deeper parts of the inner core that mode 
data are unable to resolve. 

We applied the axisymmetric formalism 
(22) to obtain models of inner core anisotropy 
with various degrees of complexity. This for­
malism is cast in terms of spherical harmonics 
expansion of the anisotropic elastic tensor in 
the geographical coordinates (6, 4>) and poly­
nomial representation as a function of radius r 
with further constraints that the elastic tensor 
must be analytical at the center of the Earth 
and that there are no lateral variations of 
Lame parameters (21). The mode data are 
represented in terms of splitting function co­
efficients as defined in (25). The depth para­
meterization is quantified by v, which is the 
maximum power in r of the depth dependence 
(v = 0 to 4), whereas the spatial characteris­
tics depend on n (n = 0, 2, or 4), which is 
related to the maximum degree of the spher­
ical harmonics expansion. The value n = 0 

Table 1 . Model parameterizations for inner core 
anisotropy (26). In model #1, the transverse isot-
ropy is constant. In models #2 and #3, it varies 
radially. Models #4 and #5 have an axisymmetric 
anistropy. X indicates that data are included in the 
model. Tr. times, travel times. 

Model number 
Data 

1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 

Modes X X X X X X X X X X 
Tr. times X X X X X 
n 0 0 0 2 4 
v 0 2 4 4 4 

Anisotropy in the Inner Core: Could It Be 
Due To Low-Order Convection? 

Barbara Romanowicz, Xiang-Dong Li, Joseph Durek 

A recently assembled data set of inner core-sensitive free oscillation splitting measure­
ments and body wave differential travel times provides constraints on the patterns of 
anisotropy in the Earth's inner core. Applying a formalism that allows departures from 
radial symmetry and cylindrical anisotropy results in models with P-wave velocity dis­
tributions whose strength and pattern are incompatible with frozen-in anisotropy, but 
rather suggest a simple large-scale convection regime in the inner core. 
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corresoonds to models of transverse anisotro- 
py parallel to the Earth's axis of rotation, with 
depth dependence described by v. Thus n = v 
= 0 represents a inodel with constant trans- 
verse anisotropy (26). 

We performed a series of inversions of the 
mode data, either alone or combined with a 
subset of our differential travel time data (24) 
for various values of v and n (Table 1 and Fig. 
1 ). Inversion of the modes alone. regardless of , - 
the complexity of the parameterization, yields 
models that do not fit the antipodal travel- 
time data well (Figs. 1A and 2B) because they 
lack sensitivitv in the central half of the inner 
core .(lo). ~ o i k  inversion of travel times and 
mode's produces iinproved variance reductions 
on the travel time data set (Fig. 1A and Fig. 2, 
C and D). Constant transverse anisotroov fails 

A ,  

to provide a good fit to the mode data in the 
joint inversion (Fig. 1B). Models that allow 
only depth dependence of cylindrical aniso- 
tropy fare somewhat better and exhibit a min- 
imum in strength of anisotropy midway 
through the inner core, as noted previously 
(7), with -3% anisotropy in the top third of 
the inner core, consistent with results of pre- 
vious studies. 

The varfance reduction of travel times 
and modes is further improved if we relax 
the constraint of radial symmetry (models 
+4 and ' ~ 5  in Fig. 1B). These last models 
result in a variance reduction in the mode 
data set as good as with the mode data alone 
(Fig. 1A).  In general, it is difficult to ex- 
plain the observed splitting of mode 13S2 
(21 ). For model #5 (Table 2 and Fig. 3 ) ,  the 
fit to this mode as well as to other modes 
with large C40 components is improved over 
radially symmetric models (27). More gener- 
ally, the nonradially symmetric models (x5a 
and #5b) allow a better fit to the C40 corn- 
ponents (Fig. 3): the residual variance for 
C40 terms alone drops from 0.69 for model 

#3b to 0.38 for model #5b. This indicates is not just an artifact of increasing the num- 
that adding the spatial dependence (n  f 0)  ber of free parameters in the inversion. 
is necessary and that the iinprovement of fit Moreover, for models where only depth de- 

Fig. 2. Observed differ- C ential travel t~mes (solid 
circles) compared to _ 
model predictions (open 

0. circles) as a function of @P I .. *W . . 
angle of the ray path . . 
within the inner core with -I 

respect to the equator~al 
plane. (A) Pred~ct~ons of 5 -3 
model #l a for PKP(BC 
DF), (B) same as (A) for 
PKP(AB-DF), (C) predlc- 
t~ons of model #5b for 
PKP(BC-DF); (D) same 4 
as (C) for PKP(AB-DF). 
Note that at angles larger 
than 70°, model #5b -2 
pred~cts res~duals of 
more than 2 s for (BC- 0 20 40 60 80 0 20 40 60 80 

DF) as well as s~gn~f~cant Angle from equatorial plane (degrees) 
scatter In (AB-DF), as observed. 

Table 2. Comparison of observed (Obs.) and predicted splitting coefficients (25) for inner core-sensitive 
modes used in this study. The non-radially symmetr~c model #5b is able to explain the C40 components 
of 13S2 and other modes with large C40 components better than models #3b and #I b. Units are in 
1 o-6. 

C20 C40 
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pendence of cylindrical anisotropy is allowed 
(#lab and #3ab), the predicted travel times 
cluster tightly along a single curve, whereas 
model #5b predicts a scatter of -2 s at angles 
from the equatorial plane larger than 60°, as 
observed (Fig. 2, B and D). 

Relaxing the constraint of radial symme- 
try results in an elongation, in the direction 
of the rotation axis, of the central zone of 
hieher P wave velocities ~arallel to the " 
rotation axis (Fig. 4). These velocities are 
also strong near the surface in the eauato- " 
rial regions but not as strong at mid-lati- 
tudes (29). This latter result is in agreement 
with observations of travel times and am- 

plitudes of PKP(BC) and PKP(DF) by 
Souriau and Romanowicz (14), which led 
them to infer that the angle [O] of ray paths 
with respect to the axis of rotation may not 
be the appropriate parameter to describe 
inner core anisotropy at higher latitudes. 
The variability between the models illus- 
trates the range of possible solutions that we 
can obtain with the available data sets and 
parameterization. They have in common 
two zones of faster axis-parallel P wave 
velocities: the first one eauatorial and 
shallow; the second, a zone concentrated 
around the axis of rotation with variable 
intensity as a function of depth, depending 

on the model. All models are characterized 
by reduced anisotropy between those two 
strong zones. We note that the data seem to 
favor a symmetry axis slightly tilted (-10") 
from the Earth's rotation axis (6-8), but 
this is not the dominant effect in explaining 
the variance in the entire data set (Fig. 5). 
The main effect in reducing the total vari- 
ance (travel times and modes) is due to 
relaxing the radial symmetry and cylindrical 
anisotropy constraint. The models obtained 
with the best axis of symmetry do not differ 
significantly from those already presented. 

The patterns found (Fig. 4) are not com- 
patible with frozen-in anisotropy related to 

Modes Travel times 
90 

80 

70 

the inner core in a plane containing the 
rotation axis. Because of the axial symmetry of the models considered, all 70 

such planes are equivalent. The scale bar shows the residual P wave 
velocity in percent for (A) to (E). The scale ranges from 0 to 4% (light to dark 65 
shading) for (A) to (D) and -1 to 3% for (E). [(A) to (D)] Variations with depth 
and position of the velocity of P waves traveling parallel to the Earth's 60 
rotation axis, with respect to the reference P wave velocity (28). For radially O 100 200 300 0 100 200 300 
symmetric models, the patterns would be concentric circles. Models are Longitude 

#4b [(A) to (B)] and #5b [(C) to (D)] where (A) and (C) are obtained with the 
use of the complete 19-mode data set and (€3) and (D), the same data set considering its position within the flow, the external parts giving the strongest 
minus three modes for which the splitting coefficients are poorly constrained alignment. Fig. 5 (right). Contour plots showing residual variance for 
(9S3, 13S1, and 5S2). (E) Predictions for a synthetic model in which we mode data (left) and travel time data (right) for different models, as a function of 
assume a mode 1 convection pattern in an inner core made of anisotropic position of the symmetry axis in latitude and longitude. From top to bottom: 
hcp-iron crystals (13). (F) Pattem of flow lines for mode 1 convection. In the models #I b, #3b, and #5b. For each model, the minimum is less marked in the 
calculation, the iron crystals are assumed to align their c-axis along these mode data than in the travel time data, and in the latter, it shifts from a location 
streamlines. We weigh the contribution of each streamline to anisotropy by at 70°N, 13O0E (model #I b) to a location at 85"N, 170"E (model #5b). 
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inner core growth, which should preserve 
radial symmetry. They are reminiscent of 
what one might expect to observe if large-
scale low-order convection were the dom­
inant cause of anisotropy in the inner core 
(Fig. 4D). This model is oversimplified 
and is only shown for qualitative compar­
ison. Note, however, that the range of 
predicted velocities is in good agreement 
with that obtained by inversion. In a con­
vening inner core, anisotropic effects of 
crystal alignment are expected to domi­
nate over lateral heterogeneity due to den­
sity anomalies (12, 17). 

Mode 1 convection (Fig. 4, D and E) is 
not necessarily the dominant mode of con­
vection in the inner core. The longitudi­
nal averaging inherent in our modeling, 
the limited parameterization, errors in the 
data due to unmodeled mantle effects, and 
possible lateral heterogeneity in the inner 
core prevent us from further characteriza­
tion of these patterns. However, since an­
isotropy extends to the center of the inner 
core (10), the likelihood of low-order con­
vection is supported by numerical compu­
tations (17), which indicate that high 
Rayleigh number chaotic solutions would 
tend to concentrate effects detectable by 
means of anisotropy at shallow depths in 
the inner core. A physical explanation for 
why a low-order convection pattern in the 
inner core should align with the Earth's 
rotation axis remains to be found (30). 
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environmental sensitivity that single mol­
ecules provide. One promising technique 
is the observation of single-fluorophore 
emission in flowing streams (4,5) or the 
use of confocal microscopy (6) to detect 
molecules directly in solution. These tech­
niques have demonstrated their powerful 
analytical utility for identification of flu-
orophore-labeled biomolecules; for exam­
ple, the detection of individual DNA 
strands both in solutions (7) and during 

Three-Dimensional Imaging of Single Molecules 
Solvated in Pores of Poly(acrylamide) Gels 

Robert M. Dickson, D. J. Norris, Yih-Ling Tzeng, 
W. E. Moerner* 

Individual fluorescent molecules and individual singly labeled proteins were observed in 
the water-filled pores of poly(acrylamide) gels by far-field microscopy. Brownian motion 
was markedly reduced by the gel framework, thus enabling extended study of single 
fluorophores in aqueous environments. A highly axially dependent laser field was used 
both to excite the fluorophores and to image the molecules in three dimensions. Single 
molecules were followed as they moved within and through the porous gel structure. In 
contrast to dry polymeric hosts, these water-based gels may form a useful medium for 
single-molecule studies of biological systems in vitro. 
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