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sedimentary cover rocks, the main source of ®ne-grained sea-¯oor
diamictons in the region. Whether or not these diamictons were
deformable (and therefore conductive to low ice-sheet pro®les) was
a function of ice-sheet basal temperatures in this region, and cannot
be assumed a priori. Horsts of Precambrian rock (Nottingham, Salis-
bury and Mill islands, and the northern part of Southampton
island) stand 200±600 m above the adjacent sea ¯oor and may
have acted as frozen-bed `sticky spots'29 in a region elsewhere
characterized by thawed-bed conditions, thereby substantially
retarding ice out¯ow through the Hudson Strait and raising the
surface elevations over Hudson Bay. This is a situation analogous to
the AÊ land islands in the FIS area, which modelling experiments
indicate to have been frozen-bed sticky spots hindering headward
propagation of the Baltic ice stream into the central Fennoscandian
ice sheet area30.

Our results show that a time-dependent basal thermal evolution
was the primary control on bed traction in each of the FIS and LIS
areas. Large fractions of the LIS and FIS beds were frozen, but
thawed during the post-LGM stages. This created the conspicuous
landform ribbed moraine, and ef®ciently lowered ice-sheet pro®les
by allowing basal sliding and deformation of formerly frozen and
undeformable till. M
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Differential rotation of the Earth's inner core has been inferred by
several seismic `body-wave' studies1±6 which indicate that the
inner core is rotating at a rate between 0.28 and 38 per year
faster than the Earth's crust and mantle. The wide range in
inferred rotation rate is thought to be caused by the sensitivity
of body-wave studies to local complexities in inner-core
structure3,7. Free-oscillation `splitting functions', on the other
hand, are insensitive to local structure and therefore have the
potential to estimate differential rotation more accurately. A
previous free-oscillation study8, however, was equivocal in its
conclusions because of the relatively poor quality and coverage
of the long-period digital data available 20 years ago. Here we use a
method for analysing free oscillations9 which is insensitive to
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earthquake source, location and mechanism to constrain this
differential rotation. We ®nd that inner-core differential rotation
is essentially zero over the past 20 years (to within 60.28 per year),
implying that the inner core is probably gravitationally locked to
the Earth's mantle10.

It has long been known that free oscillations which sample the
inner core are strongly split11 by a structure which is dominantly
axisymmetric and mimics the effect of an excess ellipticity of the
Earth. In 1986, workers at Harvard12,13 inferred that anisotropy of
the inner core was the main reason for the anomalous splitting and
this same anisotropy could explain some features of the travel times
of body waves which sample this region14. This explanation has
become generally accepted by seismologists though agreement on
the physical cause for the phenomenon has been lacking15±18.
According to the accepted story, the inner core behaves roughly
like a single anisotropic crystal with a seismically fast symmetry axis
closely aligned with the rotation axis of the Earth. A small departure
of the fast symmetry axis from the rotation axis has been inferred by
several groups19±22; this departure implies that any differential
rotation of the inner core would result in temporal variations of
the travel times of body waves emanating from a particular source
region and recorded by a particular receiver. Such temporal varia-
tions have been inferred to exist for some paths1,3 but not for others5.
Furthermore, detailed studies of body-wave arrival times using
arrays of detectors have shown that strong local lateral variations
in anisotropy in the inner core exist, making it much more dif®cult
to infer a differential rotation rate for the inner core.

Free oscillation splitting functions provide a much better tool for
looking at the differential rotation rate of the inner core. Free
oscillations are natural low-pass ®lters of three-dimensional struc-
ture, so it is ef®cient to use a spherical harmonic expansion of
structure in mode studies. By this, we mean that structure is
expanded in the form

dm�r; v;f� �
ŝ;t

dmt
s�r�Y

t
s�v;f�

where Y t
s � Xt

s�v�e
imf is a spherical harmonic of harmonic degree s

and azimuthal order number t; r, v, f are radius, co-latitude and
longtiude. Here, dm refers to lateral variations in density and
seismic velocities. An isolated mode of harmonic degree s is sensitive
to even-order structure only up to harmonic degree 2s. Thus, modes
of harmonic degree 1 are sensitive only to structure of degree 2.
Unfortunately, it seems that structure of degree 2 in the inner core is
almost completely zonal (azimuthal order � 0) as sensed by modes of
harmonic degree 1, so such modes are insensitive to any rotation about
the pole. Fortunately, other modes of harmonic degrees greater than
1 appear to be sensitive indicators of inner-core rotation.

We have recently introduced a new technique for analysing the
sensitivity of a free oscillation to three-dimensional structure9,
which is independent of the source mechanism which excites the
free oscillation. Brie¯y, for a particular earthquake and a mode of
harmonic degree l, there are 2l � 1 linear combinations of record-
ings b(t) which we call `receiver strips' which satisfy the following
autoregressive relationship:

b�t � dt� � P�dt�b�t� �1�

Here the matrix P�dt� � exp �idt�H � IqÅ ��, qÅ is the degenerate
frequency of the mode, I is the identity matrix and H is the splitting
matrix given by 23,24 (after corrections for the rotation and ellipticity
of the Earth)

Hmn �

ŝt

gst
mnct

s �2�

where g represents geometrical factors which can easily be
computed, and

ct
s � #

a

0
Ms�r�×dmt

s�r�r
2dr

We note that each ct
s is proportional to a depth-weighted average

of a dmt
s(r) where the weighting kernel, Ms(r), varies from mode

to mode. Hence, it is convenient to visualize the geographical
distribution of structure sensed by a mode by forming the
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Figure 1 Splitting functions for the two modes 10S2 and 13S2. The effects of rotation and

ellipticity have been removed before the inversion for structure coef®cients (equation (2)).

The splitting functions are very robust and the non-zonal patterns are very well aligned.
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Figure 2 Splitting functions for mode 13S2. Panel a uses recent events from the years

1996 6 2, and panel b uses earlier events from the years 1981 6 4. The effects of

rotation and ellipticity have been removed before the inversion for structure coef®cients,

and the contribution of the mantle31 has been removed. The anomalies shown are due to

structure in the inner core. A westward rotation of the lower map about the vertical axis of

4.58 optimally aligns it with the upper map. Provided that our mantle correction is

accurate, this comparison implies a westward inner-core rotation of 0.38 per year.
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splitting function25:

f �v;f� �
ŝ;t

ct
sY

t
s�v;f�:

Our technique uses a linear inverse to estimate P from equation
(1) by simultaneously ®tting the receiver strips from many earth-
quakes. Matrix H can easily be recovered from P. We then solve
another linear inverse problem to obtain the structure coef®cients
(equation (2)) and so form splitting functions. Splitting functions
for two harmonic degree 2 modes which are sensitive to the inner
core are shown in Fig. 1. These splitting functions have been derived
using data from 11 large earthquakes which occurred between 1994
and 1998 (Table 1), and have been constructed using about 1,000
vertical component recordings. The measured splitting functions
are exceptionally robust and exhibit non-zonal patterns which,
interestingly, coincide geographically to better than a degree for
the two modes. We take this as a measure of the precision of splitting
functions that can be achieved using modern data.

For a mode sensitive to the inner core, a differential rotation will
cause the non-zonal structure coef®cients to change with time so the
splitting function will change with time. We illustrate this idea with
the mode 13S2 (Fig. 2). We compare the splitting function derived
using our technique and recent data (top panel) with the splitting
function obtained employing the traditional, nonlinear technique
of iterative spectral ®tting26,27 applied to data covering the timespan
1977±8527,28. We compare the splitting functions after correction for
structure in the mantle which we do not expect to change with time.
This mantle contribution has been estimated using several different
models of mantle structure29±31 and appears to be robustly deter-
mined. However, it contributes substantially to the patterns shown
in Fig. 1 and, in fact, the mantle can explain all the non-zonal signals
we see for modes of harmonic degree 1 (for example, 8S1, 13S1),
making these modes useless for determining inner-core rotation.

If we solve for an inner-core rotation that best ®ts the two mantle-
corrected non-zonal patterns for 13S2, we ®nd that the best answer

for the total pattern is an annual inner-core rotation of about 0.38
westward, though the weak non-zonal degree 2 part appears to go
eastward while the stronger degree 4 part goes westward. Of course,
this is physically impossible if the inner core is moving as a rigid
body. This result is most likely to be due to errors in the older
splitting function which is constrained by much fewer high-quality
data than the modern one.

A better way of testing for inner-core rotation is by testing the
hypothesis that the inner core is differentially rotating about the
rotation axis. We assume that the modern data accurately constrain
the current splitting function of the mode, and that we can properly
correct for structure in the mantle. The corrected splitting function
by assumption re¯ects only inner-core structure, which can now be
rotated about the rotation axis using an assumed rotation rate. We
then add the mantle contribution back in, and we have a synthetic H
from which we compute a synthetic P. This P is used in equation (1)
to test if the assumed rotation rate provides a good ®t to the receiver
strips, b, for any event. The data have to meet certain criteria to be
considered in the hypothesis test. For example, the ®t to the receiver
strips with any non-zero inner-core rotation must be better than
that using no rotation, and the receiver strips should be ®tted close
to their error bars. Not all events excite all modes, so we restrict
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Figure 3 Time-dependent inner-core rotation angles. The angles, shown for the three

modes 18S4, 11S5 and 13S2, give the best ®t to the receiver strips (see text) of individual

events. The dashed lines ®t the data in a least-squares sense. Their slopes translate to the
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Figure 4 Inner-core rotation rates obtained for nine core-sensitive modes. Also shown is

the mean rotation rate, 0:01 6 0:21 deg yr 2 1, obtained from averaging over all modes.

Dashed lines mark the error bars of the average. The hour-glass symbols mark the results

of a recent mode study8, and two grey vertical lines stand for the superrotations found in

recent body-wave studies1,3. Our data are marginally consistent with a superrotation of

0.38 per year, though a superrotation of 18 per year is clearly inconsistent for most of the

modes. See Table 1 for event abbreviations.

Table 1 Earthquakes used in this study

Event name Year.day Depth
(km)

Moment
(1020 Nm)

No. of
records

Abbreviation

.............................................................................................................................................................................

Balleny Islands region 1998.084 33 18.2 81 Ball
Fiji 1997.287 166 4.6 88 Fiji2
Santa Cruz Islands 1997.111 33 4.4 96 Sant
Flores 1996.169 587 7.3 90 Flor
Irian Jaya 1996.048 33 24.1 103 Iria
Sulawesi 1996.001 24 7.8 91 Sula
Mexico 1995.282 33 11.5 96 Mexi
Chile 1995.211 46 12.2 111 Chil
Kuril Islands 1994.277 54 30.0 101 Kuri
Bolivia 1994.160 631 26.3 88 Boli
Fiji 1994.068 562 3.1 72 Fiji
Macquarie Island 1989.143 10 13.6 52 Macq
Alaska 1987.334 10 7.3 41 Alas
Aleutians 1986.127 33 10.4 42 Aleu
Chile 1985.062 33 10.3 29 Chilo
New Ireland 1983.077 70 4.6 32 Nire
Banda Sea 1982.173 450 1.8 21 Band
New Hebrides 1980.199 33 4.8 21 Nheb
Colombia 1979.346 24 16.9 26 Colo
Kuril Islands 1978.340 91 6.4 24 Kurio
Sumbawa 1977.231 33 35.9 18 Sumb
Tonga 1977.173 65 13.9 16 Tong.
.............................................................................................................................................................................
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attention to those events which give a variance reduction greater
than 70%. Most core-sensitive modes are also sensitive to mantle
structure. Some events yield signi®cantly different rotation angles
for different mantle corrections29,30. We regard this as an indication
of serious noise contamination, and discard these events for a
particular mode. This conservative choice sometimes results in very
few events to constrain the rotation rate for individual modes; for
example, only nine events constrain the rate for mode 3S2, and the
rotation rate determined for this mode is less certain. We plot the
apparent rotation angles for several modes as a function of event date
(Fig. 3). The error bars represent the range of angles over which the
®t to the receiver strips is adequate. The best-®tting straight line is
also indicated, along with the corresponding apparent rotation rate.

For the hypothesis to be acceptable, all the modal splitting
functions should appear to be rotating at the same rate. Figure 4
summarizes our best estimate of each mode's rotation rate. Also
shown are the results of another recent mode study8 and body-wave
studies1,3. Even though some of the modes shown in Fig. 4 indicate
signi®cantly non-zero rotation rates (some indicate a slight west-
ward inner-core rotation), these rates do not agree with each other.
The mean rotation rate for all modes in our study is 0:01 6 0:218 per
year, which is obviously insigni®cantly different from zero. The
results shown are obtained using model SB10L1830 to perform the
mantle corrections, but other models give rather similar results
(0:03 6 0:218 per year for S16B3029. Recent body-wave analyses
suggest that the rotation rate may be as small as 0.2±0.38 per year in
an eastward sense. Such a rotation rate (also indicated in Fig. 4) is
marginally consistent with most modes. We can certainly rule out a
rate of 18 eastward, as well as a signi®cant westward rotation.
Perhaps complexity near the ray turning points or systematic
changes in earthquake location procedures could allow smaller
rotation rates to be compatible with the body-wave data.

We believe that a model analysis is the best way to determine
inner-core rotation. First, we are dealing with large-scale vibrations
which are insensitive to errors in event locations and to local
structure in the inner core. Second, the method is independent of
the earthquake source mechanism. Third, we do not need to worry
about how much of the splitting functions we observe are caused by
heterogeneity or anisotropyÐall we care about is whether they
change with time. Our results are marginally consistent with the
small rotation rates reported in most recent body-wave analyses,
though our best value indicates that the inner core is not rotating
at a signi®cant rate relative to the mantle. This would be in accord
with the notion that the inner core is gravitationally locked to the
mantle10. M
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We know little about how ecosystems of different complexity will
respond to global warming1±5. Microcosms permit experimental
control over species composition and rates of environmental
change. Here we show using microcosm experiments that extinc-
tion risk in warming environments depends on trophic position
but remains unaffected by biodiversity. Warmed communities
disproportionately lose top predators and herbivores, and become
increasingly dominated by autotrophs and bacterivores. Changes
in the relative distribution of organisms among trophically
de®ned functional groups lead to differences in ecosystem func-
tion beyond those expected from temperature-dependent physio-
logical rates. Diverse communities retain more species than
depauperate ones, as predicted by the insurance hypothesis,
which suggests that high biodiversity buffers against the effects
of environmental variation because tolerant species are more
likely to be found6,7. Studies of single trophic levels clearly show
that warming can affect the distribution and abundance of
species2,4,5, but complex responses generated in entire food webs
greatly complicate inferences based on single functional groups.

We used microcosms containing aquatic microbes to investigate


