
We demonstrate that strong shallow 
velocity reductions change 
amplitude and phase of long-period 
seismic waves.

Velocity changes are related to:
Earthquakes - Source effects and soil
response.
Volcanic Activity
Seasonal variations - Precipitation
and temperature.

The location and extent of the region
sustaining velocity perturbations is
inferred from the periods of seismic
waves:
• Shallow – strong ground motion
• Deep – source effects

Long-period observations can be 
misinterpreted to occur at 
seismogenic depths.
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Figure 1. CVM-S4.26 of Southern California and
earthquake locations. (a) Vs at the surface of
the simulation region. The source locations
and mechanisms are indicated by the focal
mechanisms. Vs is reduced by 30% on the
surface within the Los Angeles basin (red line).
The star in the LA basin indicates the location
of the profiles in (b). (b) Velocity and density
profiles on the top 5 km of the crust on the LA
basin region. The shear wave velocity is
reduced by 30% on the top 0.5 km, The P-wave
speed and density are not modified.

3D Wave Propagation Simulations

Data Processing

2 simulations of 10 earthquakes:
• 1 in the reference model.
• 1 in the perturbed model.

Simulations use Hercules:
• Up to 0.25 Hz, 16 PPW, and 100 s. 

• Volume 200x120x60 km.

Wavefields are saved on a grid of 2 
km spacing at the surface and with 2 
Hz sampling. 
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Measure the time delay in the 
frequency-time phase spectrum 
𝜑𝑔,ℎ 𝜔, 𝑡 .

The relative velocity change is 
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Checkerboard-type test:

The time shift is

𝑑𝑡 𝜔, 𝑡 =
𝜑𝑔,ℎ 𝜔, 𝑡

𝜔
.

The amplitude anomaly is

𝛿𝐴 = −
𝑙𝑜𝑔 Τ𝐴1 𝐴2

𝜔
.

Figure 2. Relative time-shift measurements
using the phase cross-correlation spectrum. (a)
Synthetic seismograms computed with the
reference velocity model and the modified
model. (b) Wavelet phase cross-spectrum
𝜑𝑔,ℎ 𝜔, 𝑡 . (c) The relative time-shift

calculated from the cross-spectrum in (b). (d)
Time-shift at 10 s period. The orange dots
show the sections that the algorithm considers
for the averaged measurement.

Figure 3. Validation test of the measuring technique. (a) Time-frequency dependent velocity change model. The Τ𝛿𝑣
𝑣 model is constant in time and

varies in frequency as 0.1 sin 10𝜔 . (b) Theoretical phase cross-spectrum for the model in (a). (c) Expected time-frequency dependent time-shifts for
the synthetic model of Τ𝛿𝑣

𝑣. (d) Reference and perturbed signals. Both signals have the power spectra of red noise. (e) Phase cross-spectrum calculated
from the signals in (d). (f) Reconstructed time-shifts.

Period-Dependent Effects of Shallow-Velocity Reductions 
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Figure 4. Period-dependent
distributions of velocity
perturbations and amplitude
reduction times. The top row
shows the estimated relative
velocity perturbation ( Τ𝛿𝑣

𝑣) at
(a) 5 s, (b) 10 s, and (c) 20 s.
The bottom row shows the
measured amplitude reduction

times (−
𝑙𝑜𝑔 Τ𝐴1 𝐴2

𝜔
) at (d) 5 s,

(e) 10 s, and (f) 20 s. In all the
subplots, the red triangle
indicates the location of the
record in Figure 2. The thick red
line is the border of the LA
basin, where the velocity was
reduced by 30%. The focal
mechanism indicates the
earthquake location and source
mechanisms.

Figure 5. Average estimations

of relative velocity

perturbations and amplitude

reduction times from the ten

pairs of simulations. The top

row is the average velocity

perturbations measured at (a)

5s, (b) 10 s, and (c) 20 s. The

bottom row is the average

amplitude anomalies at (d) 5 s,

(e) 10 s, and (f) 20 s. The thick

red line is the border of the LA

basin, where the velocity was

reduced by 30%. The focal

mechanism indicates the

earthquake location and

source mechanisms.

Relative velocity perturbations and 
amplitude anomalies are observed at 
periods of 5, 10, and 20 s. 

The localized shallow velocity 
reduction is detected over the 
entire simulation domain.

The coda contains basin 
reverberations which can be 
observed everywhere in the 
simulation domain. 

Conclusions
• Shallow localized velocity 

perturbations can account for 
phase and amplitude changes at 
long periods.

• Measurements are comparable 
with observational studies of 
velocity changes.

• Strong ground motions can cause 
shallow velocity  reductions. 
Thus, long-period observations 
can be misinterpreted to occur at 
seismogenic depths.

• In observational studies there is 
measurement uncertainty due to 
the dynamic nature of the 
changes and the rapid recovery at 

seismogenic depths.

• Low velocities in the shallow 
surface are often ignored in 
waveform tomography at long 
periods. However, they can 
produce apparent anomalies 
everywhere in the domain.
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