
VERY short intro to double-difference relocation
Felix Waldhauser 

Lamont-Doherty Earth Observatory, Columbia University 
HYPODD: A shareware software package for relocating 

earthquakes using the double-difference algorithm (Waldhauser 
and Ellsworth 2000; Waldhauser 2001). Relates the residual 
between the observed and predicted phase travel time 
difference for pairs of earthquakes observed at common 
stations to changes in the vector connecting their hypocenters 
through the partial derivatives of the travel times for each event 
with respect to the unknown. 

ph2dt: computes/optimizes delay time networks, outlier detection, 
input for HypoDD.

hypoDD: inversion of weighted delay time data for relative locations.

https://github.com/fwaldhauser/hypodd
https://www.ldeo.columbia.edu/~felixw/HYPODD
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This document is an updated and extended version of the original User Guide to the HypoDD 
program Version 1.0 (03/2001): 
 
Waldhauser, F., HypoDD: A computer program to compute double-difference earthquake 
locations, U.S. Geol. Surv. Open-File Report, 01-113, Menlo Park, California, 2001. 
 



Initial (absolute) location and double-difference relocation

Waldhauser & Ellsworth, 2000 (DD) 
Waldhauser 2001 (HypoDD)
Klein, 2002 (HypoInverse)

Relative location           Double-difference relocationInitial (absolute) 
location
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Arrival time picks vs. correlation delay times

● Automatic or analyst phase onset picks 
reported in earthquake bulletins of 
seismic networks. Relates to point of 
nucleation. Variable accuracy. 

● From waveform cross-correlation of 
similar seismograms. Relates to point of 
maximum moment release. Sub-sample 
precision.



Arrival time picks vs. correlation delay times

● Aligned on analyst 
P-wave picks

● Aligned on 
correlated S-waves 

Schaff etal 2005



pick x-cor

Link weights

inter-event distance
misfit, etc…

Network of dynamically weighted delay-time links

Waldhauser (2001)



Common misconceptions about HypoDD

● HypoDD processes redundant data. 
● HypoDD removes events. It does not. It does not relocate 

events that are ill constrained to begin with. Or spatially 
isolated single events.

● Cross-correlation data replace phase picks.  Not in most 
cases; the two data sets are complementary.

● It does not accept 3D models. It accepts homogenous, 1-D 
layered, and 3D P/S wave velocity models (version 2) 
[https://github.com/fwaldhauser/HypoDD].



HypoDD does NOT processe redundant data. 
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Delay times from phase onset picks (ph2dt)
● Delay times are computed 

for pairs of nearby events 
at common stations.

9

1 2

43

dtA1-2 dtB1-2 dtC1-2 dtD1-2



Linking events together (ph2dt)
● Delay times are computed 

for ALL pairs of nearby 
events at common stations.

● A network of delay time 
links is computed so that a 
continuous chain of links 
connects all earthquakes.
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Linking events together (ph2dt)
● Delay times are build for 

pairs of nearby events at 
common stations.

● A network of delay time 
links is computed so that a 
continuous chain of links 
connects all earthquakes.
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Linking events together (ph2dt)
● Delay times are build for 

pairs of nearby events at 
common stations.

● A network of delay time 
links is computed so that a 
continuous chain of links 
connects all earthquakes.
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Linking events together (ph2dt)
● Delay times are build for pairs of 

nearby events at common stations.

● A network of delay time links is 
computed so that a continuous 
chain of links connects all 
earthquakes.

Ø Data redundancy is wanted and 
important to find strong and weak 
links. 

● mxn G matrix:
m = sum[1:Nev-1] × Nsta
n = Nev x 4

13m = 24     n = 16
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Building a network of delay time links (ph2dt)
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● If we add 4 more events, 
the number of DD 
equations leaps to 112. 

● For a cluster of 
- 100 events and 10 
stations: 
m = 49,500

 - 1000 events and 20 
stations:
m = 10 million

Ø Need to optimize network!

m = 112    n = 32
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Optimizing a network of delay times (ph2dt)
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§ Remove links for 
hypocenters separated by 
greater distances 
(MAXSEP in ph2dt).

§ Limit number of nearest 
neighbors (MAXNGH).

§ Remove weak links; i.e. 
links only constrained by 
few stations (MINOBS).

Ø When choosing values 
consider uncertainty in 
initial locations!!!

m = 56    n = 32
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Optimizing a network of delay times (ph2dt)

16

§ Remove links for 
hypocenters separated by 
greater distances 
(MAXSEP in ph2dt).

§ Limit number of nearest 
neighbors (MAXNGH).

§ Remove weak links; i.e. 
links only constrained by 
few stations (MINOBS).

Ø When choosing values 
consider uncertainty in 
initial locations!!!

Ø Isolated events removed. m = 56    n = 32
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>> Inter-event distance 
threshold



Cross-correlation data CANNOT replace phase picks 
(in most cases) 



Cross-correlation data CANNOT replace phase picks 
(in most cases)



Phase picks vs. correlation times

Pick:     ✅ ✅ ✅ ✅ ✅ ✅ 



Phase picks vs. correlation times

XC:   ✅ ✅ ❌ ❌  ✅ ✅ 



Phase picks vs. correlation times

Pick:     ✅ ✅ ✅ ✅ ✅ ✅ 

XC:   ✅ ✅ ❌ ❌  ✅ ✅ 



Phase picks vs. correlation times

Waldhauser 2001

!! " !

!#

!$

!%

!&

!'

()*+,-./0)12+,)-3

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+20);/42+2/)-0<

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

1()33/42+2/)-0<

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+/=/1()33>/,+.(2+,)-/?"

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+/=/1()33>/,+.(2+,)-/?%

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+/=/1()33>/,+.(2+,)-/!"

4
.
5
+6
/7
8
9
:

!? !"@% " "@%
!%

!&@%

!&

!'@%

!'

!? !"@% " "@%
!%

!&@%

!&

!'@%

!'

!? !"@% " "@%
!%

!&@%

!&

!'@%

!'

!! " !

!#

!$

!%

!&

!'

()*+,-./0)12+,)-3

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+20);/42+2/)-0<

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

1()33/42+2/)-0<

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+/=/1()33>/,+.(2+,)-/?"

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+/=/1()33>/,+.(2+,)-/?%

4
.
5
+6
/7
8
9
:

!! " !

!#

!$

!%

!&

!'

12+/=/1()33>/,+.(2+,)-/!"

4
.
5
+6
/7
8
9
:

!? !"@% " "@%
!%

!&@%

!&

!'@%

!'

!? !"@% " "@%
!%

!&@%

!&

!'@%

!'

!? !"@% " "@%
!%

!&@%

!&

!'@%

!'



Fault/source complexity controls waveforms similarity (Amatrice sequence) 

Waldhauser et al (2021)



It DOES accept 3D models (HypoDD 2.1)
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Build layered models 
using:
● Velest to compute 

minimum 1D model
● Active source data

3D models from: 
● 3D/DD tomography
● Active source data



Do’s and don’ts



Do’s and don’ts

Ø Always look at the data.
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Test/Evaluate Phase Picks
● Look at differences between pick and 

corresponding cross-correlation delay times:

!!"# !!"$ ! !"$ !"# !"%
!

!"&

$

$"&

#
'($!

&

)*
+,-.

(!()*
'-/00

(123

4
/
5
6
*2

7()89:;(*,<82

!!"# !!"$ ! !"$ !"# !"%
!

$!!!

#!!!

%!!!

=!!!

&!!!

>!!!

)*
+,-.

(!()*
'-/00

(123
4
/
5
6
*2

?()89:;(*,<82

Cf ³ 0.9
MAD = 17 ms

Cf ³ 0.7
MAD = 33 ms Cf ³ 0.9

MAD = 30 ms

Cf ³ 0.7
MAD = 26 ms



dtpick – dtxcorr at Axial Seamount (OBS)



Always look at the data first
● Relocate earthquake with each data set individually:
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Do’s and don’ts

● Always look at the data.

Ø Choose an appropriate model.
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The velocity model IS important
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The velocity model IS important
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Do’s and don’ts

● Always look at the data.

● Choose an appropriate model.

Ø Evaluate results.

 



TWP                    Io/Ty  Bio9 Tica             Q M     BV
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Waldhauser and Tolstoy, 2011



Can we resolve the down-flow pipe?
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Ø Synthetic resolution tests for the down-flow pipe



A priori data weighting
● Data type (W = 0-1):

■ P-, S-waves

■ Phase onset catalog picks

■ Cross-correlation data

Ø  These weights are iteration dependent!

● Data quality (W = 0-1):

■ Pick uncertainty: 
W = f (pick error [s]; pick quality [0,1,2…]; onset 
characteristic [I,E]) 

■ Cross-correlation coefficient: W = (Cf)2



Residual weighting

●    = WR in hypoDD

● Weight applied to 
residuum computed after 
each iteration
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Inter-event distance weighting
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Direction dependent inter-event distance weighting

June 28, 2007

FIGURE 1
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Example: Izmit/Düzce on North Anatolian Fault

June 28, 2007

FIGURE 11
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Example: effect of distance weighting on RMS residuals

Waldhauser and Schaff, 2007



Example: effect of angle weighting on RMS residual
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