
The peak associated with the highest eKE in the
spectrum is found beyond the energetic limit
for fragmentation into OH + HF ground state
products. These events must result from direct
photodetachment into the exit channel FH–OH
vdW complex of the F + H2O reaction. A higher-
lying HF–HO vdW complex in the exit channel
may be responsible for the lower-energy peak at
1.0 eV (19). Another feature is observed at 0.45 eV,
roughly one vibrational quantum in HF (∼0.6 eV)
above the FH–OHvdWcomplex. Corresponding
features observed in the dissociative PPC spec-
trum in Fig. 2 suggest that this signal arises from
a temporarily trapped vdW complex, FH(v′ = 1)–
OH, a long-lived Feshbach resonance.

To understand the nature of the stable spec-
trum, the energy spectrum of the remaining wave
packet after 2.5-ps propagation was computed.
The calculated spectrum is compared in Fig. 3
with the experiment. The features centered around
0.55 and 0.15 eV are attributed to long-lived
Feshbach resonances trapped in the FH(v′= 1,2)–
OHvdWwells, with representativewave functions
illustrated in Fig. 1. Given that the experimental
spectrum represents states with far longer lifetimes
(5 ms) than is tractable to theoretically compute,
the agreement is quite reasonable. An intriguing
finding is the peak at 0.05 eV in the calculated
stable spectrum. A closer inspection of the co-
incidence plot in Fig. 2A reveals a corresponding
horizontal feature at the same eKE, correspond-
ing to events distributed between KER = 0 to
0.4 eV. The appearance of this feature in con-
junction with the peak observed in the stable
spectrum can be interpreted in terms of a meta-
stable state that is formed in the DPD process
[e.g., an FH(v′ = 2)–OH Feshbach resonance] and
therefore has a fixed electron spectrum. However,
as this state decays on its way to the detector, the
delayed fragmentation process over a nanosecond-
microsecond time scale leads to an underestimation

of the KER of the fragments, resulting in a hori-
zontal band structure.

The wide range of observables simulta-
neously captured in the PPC experiment reported
here provides a critical test for the accurate de-
scription of both the PESs and reaction dynamics
over a wide range of translational and internal
energies. Both lowest-lying electronic states play
an active role in the dissociation process and must
be taken into account to understand the nature of
the FH2O dissociation. Long-lived Feshbach res-
onances have been found in this four-atom sys-
tem, experimentally and theoretically. Although
very good overall agreement has been achieved
between experiment and theory, challenges re-
main. The discrepancies found in the contribution
of the A state, as well as the energetic positions
and nature of the Feshbach resonance states, demand
further studies of this new benchmark reaction.
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Strong Ground Motion Prediction
Using Virtual Earthquakes
M. A. Denolle,1,2 E. M. Dunham,1,3 G. A. Prieto,4 G. C. Beroza1

Sedimentary basins increase the damaging effects of earthquakes by trapping and amplifying
seismic waves. Simulations of seismic wave propagation in sedimentary basins capture
this effect; however, there exists no method to validate these results for earthquakes that
have not yet occurred. We present a new approach for ground motion prediction that
uses the ambient seismic field. We apply our method to a suite of magnitude 7 scenario
earthquakes on the southern San Andreas fault and compare our ground motion predictions
with simulations. Both methods find strong amplification and coupling of source and structure
effects, but they predict substantially different shaking patterns across the Los Angeles Basin.
The virtual earthquake approach provides a new approach for predicting long-period strong
ground motion.

Sedimentary basins amplify and extend the
duration of strong shaking from earthquakes
(1). State-of-the-art simulations of wave

propagation for scenario earthquakes through
crustal structures that include sedimentary basins
explore these effects (2–7). Evidence that strong

basin amplification in Los Angeles for earth-
quakes that would occur on the southern San
Andreas fault emerged from such ground mo-
tion simulations (3, 7), but because of the absence
of recent earthquakes large enough to excite
long-period seismic waves, they have not been
validated with observations. Our study was mo-
tivated by the need to validate these simulations,
which, if correct, would greatly increase seismic
hazard.

To validate ground motion simulations with-
out recordings of large earthquakes, we developed
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Fig. 1. Temporary SAVELA and permanent Southern California Seismic
Network (SCSN) stations. Shaded area shows the approximate shape of
major sedimentary basins. Open triangles are SCSN seismic stations that we
treat as receivers. Filled triangles are seismic stations with temporary deploy-

ments (blue) and permanent SCSN (black) stations near the San Andreas fault
that we treat as virtual sources. San Andreas fault zone (solid blue lines) and
quaternary faults location from http://earthquakes.usgs.gov/hazards/qfaults. SAVELA
stations are located within 3 km of the fault trace (bottom left inset).

Fig. 2. Seismic amplification in sedimentary basin andwaveguide effect.
Velocity seismograms (black waveforms) and PGV (color scale) for two M 7.15
scenario earthquake ruptures determined using the VEA. Simulations are divided
into northwestward-propagating ruptures (A and C) and southeastward-

propagating ruptures (B and D) for the horizontal fault-parallel (A and B) and
fault-perpendicular (C and D) components of motion. Seismic amplification
appears at all cases but is stronger for northwestward rupture that produces up
to two times more shaking than the southeastward rupture.
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a Virtual Earthquake Approach (VEA) that
models long-period strong ground motion using
Green’s functions derived from the ambient seis-
mic field (fig. S1). The ambient seismic field is
excited by the coupling of the oceans and at-
mosphere with the solid Earth and carries the
signature of the structure between two seismic
stations. It is possible to extract the Earth’s re-
sponse to an impulsive force (i.e., the Green’s
function) through correlation of the ambient seis-
mic field (8–15). This capability has enabled
the imaging of the Earth’s wave speed structure
through travel-time measurements (16, 17). The
ambient seismic field also contains amplitude
information, which has been used to measure
anelastic effects (18, 19) and which we exploit
to predict earthquake ground motion intensity.

Ambient seismic field Green’s functions re-
produce waveform shapes and relative amplitudes
of earthquakes for nearby stations (20). Once
the Green’s functions are corrected from a sur-
face point-force source to a double-couple source
at depth, the agreement between real-earthquake

and virtual-earthquake waveforms systematical-
ly improves (21). Here, we extended this method
from point sources, appropriate for moderate
magnitude (M ~5) earthquakes, to finite rup-
tures of larger magnitude using the representa-
tion theorem (22).

We applied this technique to predict ground
motion in greater Los Angeles for scenario earth-
quakes on the San Andreas fault. To support this
effort, we deployed a temporary array of broad-
band seismometers along the fault to determine
the Green’s functions for virtual sources along
that segment (Fig. 1). We refer to our experiment
as SAVELA (San Andreas Virtual Earthquake—
Los Angeles). We corrected the ambient-field
Green’s functions for source location, depth,
and mechanism using our understanding of the
surface-wave excitation local to the virtual source
(23–25). We then calculated seismograms using
the VEA for a suite ofM ~7 scenario earthquakes
along the fault and compared the results with
simulations of wave propagation through three-
dimensional models of the Earth’s crust (6). We

explain the details of the method in the supple-
mentary materials.

The source of the ambient seismic field is
not uniformly distributed with azimuth (26), and
different components of motion (SH and P-Sv)
are not equally excited. Both of these factors
affect the recovered amplitude. We corrected our
Green’s functions to compensate for a first-order
azimuthal pattern as follows. For each source com-
ponent (vertical, radial, and transverse), we find
sinusoidal functions that best match the observed
variation with azimuth of the Green’s function am-
plitudes (fig. S2). For each component, we estimated
the calibration factor required for the ambient-field
data to predict observed amplitudes for two local
moderate events—the 2008M 5.4ChinoHills and
2008M 5.1 Hector Road earthquakes.

We considered an ensemble of 96 magnitude
7.15 simulated ruptures developed for this seg-
ment of the fault. This represents a small subset
of pseudodynamic (27) models developed for the
CyberShake project (6). The kinematic source
model describes fault rupture as a collection of

Fig. 3. Coupling of source-directivity and basin structure. PGV averaged
over all northwestward-NW (A to C) and southeastward-NE (D to F) propagating
ruptures for perpendicular-to-strike (A and D), parallel-to-strike (B and E), and
vertical (C and F) components of motion. Los Angeles sedimentary basin

experiences seismic amplification in all cases, and the effect is stronger for the
parallel components. (G to I) Ratio of averaged peak amplitudes of NW-over-SE
propagating ruptures. (G to I) Warm colors show how many times the NW
ruptures enhance the shaking as compared to the SE ruptures.
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point sources that represents square fault patches
of 1-km2 area. We use the VEA correction to
account for depth, mechanism, and timing of
each.We convolve the waveformwith the source
time function of individual sources and sum the
contributions from all point sources to form the
entire source. We compare long-period ground
motion predictions that result from our VEAwith
the CyberShake simulations.

Our ground motion predictions show strong
seismic amplification in the Los Angeles sedi-
mentary basin compared to surrounding areas
(Fig. 2). We compare the effect of unilateral rup-
ture for a given slip distribution, by assuming
hypocenters located at the southern and northern
ends of the segment. In both cases, we find seis-
mic amplification in downtown Los Angeles with
peak amplitudes up to three times larger than in
surrounding areas. The pattern of peak ground
motion and the persistence of the amplification in
both predictions reflect the presence of a wave-
guide that funnels seismic waves from west of

San Gorgonio Pass to downtown Los Angeles.
The amplification is more pronounced for the
rupture propagating toward the basin, and in
this example, the ratio of predicted peak ve-
locities is approximately three. This contrast is
less than predicted by the TeraShake simulations
(3) and may result from the fact that the M 7.7
TeraShake source model ruptured a much greater
fault length.

Ensembles of slip distributions that have hy-
pocenters located at either end of the fault seg-
ment show a similar source-directivity effect on
ground motion (Fig. 3). Amplification in sedimen-
tary basins appears clearly in all cases. Our results
again show peak amplitudes in Los Angeles that
are, on average, three times those of the surround-
ings (Fig. 3). The long-period peak ground veloc-
ity (PGV) averaged over all scenarios, experienced
in downtown Los Angeles, is as high as 50 cm/s
for the vertical and 36 cm/s for the horizontal
components. This differs substantially from the
strong ground motion amplitudes at higher fre-

quencies and closer distances where horizontal
amplitudes are typically larger than vertical am-
plitudes (28).

We construct Green’s functions for a laterally
homogeneous medium (25) and find a systematic
variation of the amplitudes that approximates a
dipole (supplementary text and fig. S3). We con-
trast this with the behavior for virtual-earthquake
seismograms, fromwhichwe see strong variations
of amplitude ratios for all three components of
motion (Fig. 3). The strength of the directivity-
structure coupling is not only larger than for the
laterally homogeneous case but is more exten-
sive and spatially variable. The coupling between
source directivity and basin structure (6) appears
in the enhanced amplification in both the Ventura
and Los Angeles basins. Northern Los Angeles
and the San Gabriel foothills experience strong
coupling on the strike-perpendicular component,
whereas the coupling of the parallel component is
stronger in South Los Angeles, Palos Verdes, and
Chino Hills. Coupling of the vertical component
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Fig. 4. Cross-validationof simulations (CyberShake) and theVEA (SAVELA).
Histograms of PGV (y axis, number of scenario earthquakes) for all 36 tested
scenarios for CyberShake (orange) and SAVELA (blue) for particular sites in Los

Angeles Basin. SAVELA predicts equal shaking for RUS, RVR, and HLL and
predicts larger shaking in particular for sites in the basin (LAF, DLA, CHN, CLT,
and STG). The variability of the groundmotion increases with intensity of shaking.
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correlates with the deepest part of the sedimen-
tary basin.

The predicted ground motion is qualitatively
similar for the VEA and CyberShake simulations
(figs. S4 and S5); however, there are substantial
quantitative differences in the level and distribu-
tion of the shaking (Fig. 4). SAVELA results
show stronger shaking than CyberShake at most
sites. This is especially true for receivers in the
basin. We note that both methods are subject to
substantial uncertainties. The accuracy of the
CyberShake simulations depends strongly on the
accuracy of the assumed crustal velocity model
and its derived Green’s functions. The accuracy
of the virtual earthquake results depends strongly
both on the accuracy of the ambient-field Green’s
functions and on the accuracy of the amplitude
calibration. The Green’s functions we used for
this study (fig. S1) would be more accurate if we
had data from a longer deployment. To estimate
the variability in PGV due to the amplitude cal-
ibration described above, we measure the max-
imum difference in predicted PGV when using
the calibration from either the Hector Road or
Chino Hills earthquake to the mean of the cali-
bration used in this study. The variability that re-
sults is bounded at 10 cm/s for our simulations.
For both the virtual earthquake and CyberShake
simulations, the variation of the PGV is narrow
for stations with low PGV values (bedrock sites)
and wide for stations with high PGV values (basin
sites). The coefficient of variation is approximate-
ly constant for SAVELA (fig. S7), which indicates
that variability increases proportionallywith ground
motion amplitude.

Nonlinear effects in shallow materials are im-
portant in strong ground motion. Ground motion
simulations that have incorporated nonlinear soil
effects (29) have found a large decrease in the
predicted strong groundmotion. This could be an
important effect for the scenarios we consider
because unconsolidated sediments are likely to be
found in sedimentary basins and would be ex-
pected to behave nonlinearly during strong shaking.
We calibrated the amplitudes of the Green’s func-
tions, such that the peak amplitudes predicted
by our approach matched those of moderate-
sized earthquakes. Our approach, as well as the
CyberShake simulations, is based on an assump-
tion of linearity. To the extent that nonlinear ef-
fects are important, our predicted ground motion
amplitudes are likely to overestimate true ampli-
tudes in future large earthquakes.

We confirm the presence and the influence of
a waveguide to the west of San Gorgonio Pass
that funnels seismic waves from San Andreas
fault events into the Los Angeles Basin. This
amplification is present for all tested scenarios.
We also confirm that directivity couples with
shallow crustal structure to increase basin am-
plification (6). We find a constant coefficient of
variation, which means that shaking variability
is proportional to shaking intensity. We also find
a wider range of predicted peak amplitudes than
is found in simulations, which would increase

uncertainty in ground motion predictions and
thereby impact seismic hazard assessments. We
note, however, that there are substantial uncer-
tainties in our estimated Green’s functions and
their amplitude calibration. Moreover, station cov-
erage in the basin is sparse, and we have only
sampled a small portion of the variability expected
for a complex wavefield in the basin. Our results
support more ambitious, targeted experiments
to improve the accuracy of long-period strong
ground motion prediction for future earthquakes
in regions subject to high seismic risk.
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Increased Dust Deposition in the
Pacific Southern Ocean During
Glacial Periods
F. Lamy,1,2* R. Gersonde,1,2 G. Winckler,3,4 O. Esper,1 A. Jaeschke,1,2 G. Kuhn,1 J. Ullermann,1

A. Martinez-Garcia,5 F. Lambert,6 R. Kilian7

Dust deposition in the Southern Ocean constitutes a critical modulator of past global climate
variability, but how it has varied temporally and geographically is underdetermined. Here, we
present data sets of glacial-interglacial dust-supply cycles from the largest Southern Ocean sector,
the polar South Pacific, indicating three times higher dust deposition during glacial periods
than during interglacials for the past million years. Although the most likely dust source for the
South Pacific is Australia and New Zealand, the glacial-interglacial pattern and timing of lithogenic
sediment deposition is similar to dust records from Antarctica and the South Atlantic dominated
by Patagonian sources. These similarities imply large-scale common climate forcings, such as
latitudinal shifts of the southern westerlies and regionally enhanced glaciogenic dust mobilization
in New Zealand and Patagonia.

Mineral aerosols (dust) play a crucial role
in determining the pattern and mag-
nitude of climate variability. Dust im-

purities trapped in Antarctic ice point to ~25 times
higher glacial dust fluxes compared with inter-
glacials (1). It has been suggested that an increase
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