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What is Operational in California?
• Aftershock statistics based on Reasenberg & Jones (1989)

• Automatic updates of STEP aftershock model – probability of 
earthquake shaking

• Foreshock model (based on Agnew and Jones, 1992) used 
with discussion after possible foreshocks 

• STEP is being tested in CSEP
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Aftershock probabilities
• Probability determined from Omori’s Law and 

Gutenberg-Richter relation
– Reasenberg and Jones, 1989

• Rupture forecast, not shaking 
• First issued as public statements in 1989
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€ 

λ t,M( ) = k10bM i10−bM (t + c)− p

Rate
Overall
Produc;vity

Produc;vity	
  vs.
Ini;a;ng	
  Event
Magnitude

Probability	
  of	
  m≥M	
  
given	
  an	
  Earthquake
P(m≥M|E)
(Mmin=0)

modified-­‐Omori
Decay

Reasenberg and Jones (1989)
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Small earthquakes are more common
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Each unit smaller
has 10 times
more earthquakes 
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But what if 
we look 
below N=1?

7

Wednesday, July 27, 2011



Earthquakes    Volcanoes    Landslides    Floods    Space Weather    Wildfires    Coastal Erosion

Self-similar Model
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Evidence for Self-similar Model
• Decay of foreshocks
• Magnitude distribution
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This is exactly what happens
• Rate of mainshocks after 

foreshocks 

           =
• Rate of aftershocks after 

mainshocks
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The parameters vary 0
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Issued as probability statement
• Predicting events without spatial information
• Time decay not communicated

– Message on Internet
 can be days out of 
date
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Short Term Earthquake Probabilities (STEP)
• 24 hour forecast
• probability of exceeding 

MMI VI
• automatic calculations
• online
• real-time
• updated every half-hour
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Sequence Specific Model

needs minimum of 100 aftershocks 
before estimating parameters
One set of model parameters 
(Gutenberg-Richter and modified Omori 
laws) calculated for the entire 
aftershock sequence

medium

model  
complexity

The a!ershock zone

The Aftershock Models
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Spatially Varying Model

Gutenberg-Richter and 
modified Omori law 
parameters are mapped at 
5km spacing

highest

model  
complexityThe Aftershock Models
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Our forecasts are consistent with actual 
earthquakes 
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Agnew and Jones, JGR, 1991:
“But it ought to be possible to do better:

Should we say the same thing after every event?
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Agnew and Jones, JGR, 1991:
“But it ought to be possible to do better:

Should we say the same thing after every event?

the probability of a very large earthquake should be higher if the candidate 
foreshock were to occur near a fault capable of producing that mainshock 
than if it were located in an area where we believe such a mainshock to be 
unlikely.
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Agnew and Jones, JGR, 1991:
“But it ought to be possible to do better:

Should we say the same thing after every event?

the probability of a very large earthquake should be higher if the candidate 
foreshock were to occur near a fault capable of producing that mainshock 
than if it were located in an area where we believe such a mainshock to be 
unlikely.
Moreover, the chance of a candidate earthquake actually being a foreshock 
should be higher if the rate of background (nonforeshock) activity were low.”
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After discarding aftershocks,
earthquakes are divided into three categories for statistical purposes:
Mainshocks: which we want to forecast
Foreshocks: which are always followed by mainshocks
Background Events: which are never followed by mainshocks
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When a moderate event occurs we can’t tell if it is
 a foreshock or a background event.
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After discarding aftershocks,
earthquakes are divided into three categories for statistical purposes:
Mainshocks: which we want to forecast
Foreshocks: which are always followed by mainshocks
Background Events: which are never followed by mainshocks

When a moderate event occurs we can’t tell if it is
 a foreshock or a background event.

We	
  calculate	
  the	
  probability	
  that	
  it	
  is	
  a	
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Rate of Foreshocks = 
 Rate of Mainshocks * Probability of Foreshocks Before Mainshocks
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The resulting probability goes
•up with higher mainshock rate and
•down with higher background rate.

PF	
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Seemingly good behavior
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The	
  rate	
  at	
  which	
  mainshocks	
  are	
  preceded	
  by	
  foreshocks:
	
   50%	
  of	
  San	
  Andreas	
  stress	
  province	
  M≥5	
  mainshocks
	
   have	
  an	
  M≥2	
  foreshock	
  within	
  3	
  days,	
  and	
  10	
  km.
	
   	
   	
   	
   	
   	
   	
   (Jones,	
  1984;	
  Michael	
  &	
  Jones,	
  1998).
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M4.8 Event At Bombay Beach On March 24, 2009
Could It Be A Foreshock To A Larger Earthquake In The Next 3 Days?
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Mainshock:
SAF,	
  Coachella	
  Seg.
UCERF2:
Length	
  =	
  69	
  km
M	
  7
5-­‐yr	
  Prob.	
  =	
  5%
3-­‐day	
  Prob.=	
  0.009%

M4.8 Event At Bombay Beach On March 24, 2009
Could It Be A Foreshock To A Larger Earthquake In The Next 3 Days?
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Mainshock:
SAF,	
  Coachella	
  Seg.
UCERF2:
Length	
  =	
  69	
  km
M	
  7
5-­‐yr	
  Prob.	
  =	
  5%
3-­‐day	
  Prob.=	
  0.009%

M4.8 Event At Bombay Beach On March 24, 2009
Could It Be A Foreshock To A Larger Earthquake In The Next 3 Days?

Reasenberg	
  &
Jones,	
  1989:
Probability
of	
  M4.8	
  being
followed	
  by
an	
  M≥7	
  event
PF	
  =	
  0.05%
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Mainshock:
SAF,	
  Coachella	
  Seg.
UCERF2:
Length	
  =	
  69	
  km
M	
  7
5-­‐yr	
  Prob.	
  =	
  5%
3-­‐day	
  Prob.=	
  0.009%

M4.8 Event At Bombay Beach On March 24, 2009
Could It Be A Foreshock To A Larger Earthquake In The Next 3 Days?

Reasenberg	
  &
Jones,	
  1989:
Probability
of	
  M4.8	
  being
followed	
  by
an	
  M≥7	
  event
PF	
  =	
  0.05%

Agnew	
  and
Jones,	
  1991:
PF	
  =	
  4%
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€ 

N(m ≥ M ) =10a−bM + DH (Mc −M )

Gutenberg-Richter + Characteristic Earthquake 
Relationships – Michael 2010

Rate	
  of
Characteris;c
Earthquake

Magnitude	
  of
Characteris;c
Earthquake

Heaviside
Func;on
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€ 

N(m ≥ M ) =10a−bM + DH (Mc −M )

€ 

P(m ≥M | E) =
10a−bM +DH(Mc −M)

10a−bM min +D

Gutenberg-Richter + Characteristic Earthquake 
Relationships – Michael 2010

Rate	
  of
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Earthquake

Magnitude	
  of
Characteris;c
Earthquake

Heaviside
Func;on
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Earthquakes    Volcanoes    Landslides    Floods    Space Weather    Wildfires    Coastal Erosion

Approximate	
  the	
  Probability	
  of	
  an	
  M≥Mc	
  event

following	
  an	
  M=Mi	
  event

assuming:
	
   rate	
  of	
  M=0	
  events	
  10a	
  >>	
  D	
  the	
  rate	
  of	
  Mc	
  events

	
   rate	
  of	
  Mi	
  events	
  10
a-­‐bMi	
  >>	
  D	
  the	
  rate	
  of	
  Mc	
  events

	
   D	
  >>	
  10a-­‐bMc	
  the	
  Gutenberg-­‐Richter	
  rate	
  of	
  M≥Mc	
  

small	
  probabili;es	
  so	
  P≈λ

Wednesday, July 27, 2011



Earthquakes    Volcanoes    Landslides    Floods    Space Weather    Wildfires    Coastal Erosion

Both	
  models	
  are	
  
	
   propor;onal	
  to	
  the	
  rate	
  of	
  characteris;c	
  events
	
   inversely	
  propor;onal	
  to	
  the	
  rate	
  of	
  ini;a;ng	
  events

Characteristic Reasenberg & Jones Approximate 
Model

Agnew	
  &	
  Jones	
  Approximate	
  Model

€ 

P(C |F ∪ B) ≈ 2Nm

(10bµ −10−bµ )
D

10a−bM i€ 

P(M ≥Mc ) ≈ kIt
D

10a−bM i
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Earthquakes    Volcanoes    Landslides    Floods    Space Weather    Wildfires    Coastal Erosion

ETAS-­‐based	
  simula;ons	
  for	
  UCERF3?

c)	
  Use	
  the	
  long-­‐term	
  nuclea;on	
  rate	
  of	
  M>2.5	
  events	
  throughout	
  the	
  region,	
  
plus	
  a	
  spa;al	
  decay	
  of	
  R-­‐n	
  from	
  the	
  main	
  shock	
  surface,	
  to	
  sample	
  a	
  grid-­‐cell	
  
loca;on	
  for	
  each	
  primary	
  aSershock.

a)	
  For	
  given	
  start	
  ;me	
  and	
  forecast	
  dura;on,	
  collect	
  all	
  observed	
  M≥2.5	
  events,	
  
plus	
  randomly	
  sample	
  spontaneous	
  (non-­‐triggered)	
  events	
  from	
  the	
  model.

b)	
  For	
  each	
  main	
  shock	
  in	
  (a),	
  randomly	
  sample	
  ;mes	
  of	
  occurrence	
  of	
  Primary	
  
aSershocks	
  from	
  modified	
  Omori	
  law.
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