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o Locating earthquakes
o Estimating Magnitudes
o Seismic moment and magnitude
o Moment tensor solutions
o Centroid Moment Tensor inversion
o W phase CMT inversion
o Summary of magnitudes

TWC operations
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Locating Earthquakes
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A seismograph detects 
and records 
earthquakes

A seismogram is the 
earthquake record

How do we measure earthquakes?

When an earthquake occurs, the seismic waves travel through the Earth to the 
seismic station where the information is transmitted to distant computers.
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Distance of earthquake from seismometer

determined from S arrival time - P arrival time

3300 km

4 min 45 sec
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Locating an earthquake...the basics

1. Determine distance of EQ 
from three seismic stations by 
calculating the S minus P arrival 
times. 
2. Plot on the travel-time graph.
3. Intersection of the circles 
gives the location.

1. 2.

3.
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Slip distributions of Chilean earthquakes

2014 Iquique 2015 Illapel 2010 Maule 1960Valdivia  

Mw 8.0 Mw 8.3 Mw 8.8 Mw 9.2
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Earthquake Rupture Complexity

Great Earthquakes (M ≥ 8) 
• Shake for a long time (10s sec to 2-3 minutes)
• Rupture for 100s miles
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Haskell Line Source
Dislocation Source

Haskell, 1964 sumatra

2004 Sumatra earthquake 

Energy Release imaged by Japan HINET Array

Ishii et al., 2005
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Measuring Earthquake size

o Historical – Used macroseismic information
• Fatalities
• Maximum shaking
• Area of intense shaking

o Did not correlate well from one quake to the 
next because damage depended on 
• ”True” size (i.e., magnitude)
• Distance from the epicenter
• Building design 
• Surface material (rock or dirt) beneath buildings 
• Proximity to populated regions
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Modified Mercalli Intensity Scale
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USGS ShakeMap 2010 Mw 8.8 Maule, Chile
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Earthquake Magnitude

General form:

M = log(A/T) + F(h,∆) + C 

Amplitude Period
Correction for depth 
and distance

Regional scaling factor
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mb = log (A/T) +Q(D,h)
 
T: period (secs), 0.1 ≤ T ≤ 3.0
A: P wave amplitude (microns)
    (not necessarily the maximum)
Q: scale factor (D ≥ 5°) 

Richter and Gutenberg’s Teleseismic magnitudes
Body wave Magnitude mb  and Surface wave and MS

Ms = log (A/T) + 1.66 log D + 3.3 

A: maximum amplitude (microns) 
vertical component of the 
surface wave within the period 
range 18 <= T <= 22. 

D: 20° ≤ D ≤ 160°. 

No depth corrections!
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Magnitude saturation

1) Time window saturation - time window that is less than  
duration of rupture (particularly affects mb)

2) Spectral saturation – Wavelength too short to see entire 
rupture (affects mb, ML, and Ms)
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Magnitude saturation

How do we overcome this problem?
→ Examine longer period waves
→ Mw, Mwp, Mantle magnitude (Mm), Centroid Moment Tensor (CMT)
→ GNSS/GPS data
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Wavelength and Period of seismic waves

Ruff (1989)
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Earthquake size - Seismic Moment (M0)

Seismic Moment = (Rigidity)(Area)(Slip)

Area (A)

Slip (S

)()(0 tuStM D××= µ

15 km

10

0
M4   M5  M6

5

Mechanical measure of EQ size 
How large an area and how much the fault slips 
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Moment magnitude (Mw)

o Introduced in 1979 by Hanks and Kanamori 

o Based on source parameter Mo and is not frequency 
dependent, does NOT saturate

o Based on earthquake energy release 

o Related to fault slip and not ground shaking

o Used to estimate the magnitude of large earthquakes

o Very useful for tsunami modeling 

Mw = (2/3) log10 (Mo) – 16.1
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ML       Local magnitude (California)      regional S & surface waves    0.1-1 sec

Mj       JMA (Japan Meteorol. Agency)    regional S & surface waves   5-10 sec

mb    Body wave magnitude             teleseismic P waves                 1-5 sec

Ms     Surface wave magnitude          teleseismic surface waves       20 sec 

The methods below overcome the effects of saturation:

Mwp  P-wave moment magnitude         teleseismic P waves                 10-60 sec 

Mw       Moment magnitude                      teleseismic surface waves        > 200 sec
                                                                                             
Mm      Mantle magnitude                         teleseismic surface waves       > 200 sec 

Types of Magnitude Scales
Period Range

Ref: USGS Seismology and Tsunami Warnings, 2006 (Earthquake Source)
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Mwp Magnitude

• Moment magnitude based on initial long-period P-waves

• Developed by S. Tsuboi and others  (1995)

• Empirical estimate of the moment magnitude
Ø integrate the vertical velocity from a seismogram 

• Accurate results within 3-4 minutes of OT (P, pP arrivals)

• Primary initial magnitude estimate at PTWC for M>6 
(replaced Ms)

• Subject to site and path effects, source complexity, 
contamination from other large earthquakes
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Mwp Magnitude

•Double integration 
of v(t)  v(t) → Mo(t) 
→ Mw(t)

•Peak Mw(t) → Mwp
 
•Fast; less prone to 
saturation
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Force couples and moment tensor

Force couples

Moment tensor 𝑀!! 𝑀!" 𝑀!#
𝑀"! 𝑀"" 𝑀"#
𝑀#! 𝑀#" 𝑀##
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If no volume change, then
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Moment Tensor Elements

Shear dislocation
(x direction on z plane)

explosion

tensile crack
(z plane) 

CLVD
Compensated Linear Vector Dipole
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Centroid Moment Tensor Inversion

Dziewonski and Woodhouse (1981)
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Centroid Moment Tensor (CMT)

o Characterizes the geometry of the earthquake

o Can be used to compute surface deformation

o Fits shape/amplitude of waves to synthetic 
seismograms

o Usually based on longer period and very slow surface 
waves, so often requires around 90 minutes to 
compute

Strike-slip Dip-slip
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Global CMT (former Harvard CMT)
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Global CMT (former Harvard CMT)

Yellow: M ≥ 6.5

Green: 5.3 ≤ M ≤ 6.5

Orange: M ≤ 5.3 
   (not visible in 
cumulative moment)

Seismic moment

Number of events

Ekstrom (2015)
Treatise of Geophysics
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Tsai et al. (2005, GRL)

Single source   
   4  x 1022 Nm  Mw 9.0
Five sources    
  12 x 1022 Nm  Mw 9.3

2004 Sumatra-Andaman Eq
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W-phase CMT

o Introduced by Kanamori and Rivera (2008)

o The W-phase travels several times faster than surface 
waves

o Gives fault geometry and authoritative magnitude 20-
25 minutes after the earthquake.  Now the primary 
method the NEIC uses to obtain initial magnitudes for 
strong – major earthquakes.

o Primary reason why PTWC can now quickly issue a 
reliable (tsunami) forecast within the first hour after 
an event.
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W-phase CMT

Kanamori and Rivera (2008)
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2011 Tohoku, Japan, earthquake

W-phase CMT
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Duputel et al. (2011)

W-phase CMT

2011 Tohoku, Japan, earthquake
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