
 1 

2020	SCEC	Report	
	

Machine	Learning	for	Classifying	Patterns	of	Earthquake	Seismicity:	
Forecasting,	Nowcasting,	and	Tsunami	Early	Warning	

	
John	B	Rundle	

Departments	of	Physics	and	Earth	&	Planetary	Sciences	
University	of	California,	Davis,	CA	95618	

	
Machine	Learning.		We	have	begun	the	process	of	developing	a	machine	learning	software	stack	

based	on	 the	scikit-learn	Python	package.	 	 Inputs	are	 time	spatially	gridded	 time	series	 including	
Seismicity	data.		We	use	the	decision	tree	classifier	method	to	carry	out	supervised	learning.		The	first	
step	is	to	compute	the	spatial	patterns	associated	with	the	time	series,	using	principal	component	
analysis.		The	spatial	patterns	represent	the	eigenpatterns	for	the	spatial	region.		Examples	of	these	
eigenpatterns	are	shown	in	the	figure	below:	

	

	
	
Supervised	learning	involves	assigning	labels	to	the	feature	vectors	that	are	constructed	from	the	

time	 series.	 The	 labeled	 data	 is	 then	 classified	 by	 splitting	 the	 feature	 vectors	 using	 an	 optimal	
entropy	criterion,	or	alternatively,	a	gini	index	criterion.	An	example	of	such	a	decision	tree	is	shown	
in	the	figure	below.	At	the	present	time,	we	use	seismicity	data	and	have	found	that	time-domain	
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forecasting	of	 large	magnitude	 events	 is	 somewhat	better	 than	 a	 random	predictor,	although	 the	
difference	is	not	large.	

Earthquake	Nowcasting	and	Forecasting.		During	this	year	we	published	a	paper	in	Earth	and	
Space	 Science,	 on	 nowcasting	 earthquakes	 using	machine	 learning.	 	 Earthquake	 nowcasting	 is	 a	
method	to	evaluate	the	current	state	of	seismic	hazard	from	large	earthquakes.	 	In	this	paper,	we	
connect	 the	 temporal	 occurrence	 of	 the	 largest	 and	most	 potentially	 destructive	 earthquakes	 in	
California	since	1984	with	a	readily	observable	property	of	small	earthquake	seismicity	in	the	region.		
Our	method	 involves	 the	 calculation	of	 the	 time	history	of	 the	 average	 radius	 (horizontal	 size	or	
extent)	of	"bursts"	of	small	earthquakes,	in	the	time	leading	up	to	and	following	major	earthquakes	
in	the	region.	We	observe	that	the	radius	systematically	and	gradually	decreases	leading	up	to	major	
earthquakes,	increasing	suddenly	and	discontinuously	following	the	event.		This	observable	pattern	
resembles	 the	 long-hypothesized	 cycle	 of	 regional	 tectonic	 stress	 buildup	 and	 release,	 or	 elastic	
rebound,	associated	with	large	destructive	earthquakes.	We	propose	that	the	radius	of	these	bursts	
might	be	 considered	 to	be	 a	proxy	variable	 for	 the	 changing	 state	of	 regional	 stress	 in	 Southern	
California.	 	We	plan	to	 follow	up	on	 this	work	by	applying	 the	method	to	other	seismically	active	
regions.	

Tsunami	 Early	 Warning	 Simulations.	 	 We	 are	 prototyping	 a	 promising	 tsunami	 warning	
system	outlined	that	links	Total	Electron	Content	(TEC)	disturbances	in	the	ionosphere	detected	by	
GNSS	satellites	to	maps	of	inundated	areas	along	the	affected	coastlines.		We	have	just	submitted	a	
paper	in	this	area	as	well	to	the	journal	Progress	in	Natural	Disaster	Science.		The	method	is	enabled	
via	 a	 pipeline	 of	 earthquake,	 ionosphere,	 and	 tsunami	 simulations.	 The	 focus	 of	 the	 paper	 is	 to	
demonstrate	the	feasibility	and	validity	of	our	tsunami	simulator	for	use	in	this	simulation	pipeline.	
The	 simulator	 we	 have	 developed	 is	 an	 HPC	 implementation	 of	 the	 Tsunami	 Squares	 originally	
proposed	by	S.	Ward.	 	The	code	is	a	computationally	inexpensive	program	that	employs	a	unique	
method	of	propagating	water	according	to	shallow	water	theory	(figure).		

				Unlike	other	wave	simulators,	Tsunami	Squares	can	
easily	 propagate	 waves	 from	 sea	 to	 land,	 allowing	
flooded	areas	along	the	coast	to	be	mapped.	To	validate	
its	 accuracy,	 a	 comparison	 is	 made	 to	 the	 Regional	
Ocean	 Modeling	 System	 tsunami	 simulator,	 which	
solves	 the	 Navier	 Stokes	 equations	 directly	 using	 a	
finite-difference	 method.	 The	 two	 simulation	
techniques	show	good	agreement	when	compared	over	
the	 2011	 Japan	 event,	 the	 2010	 Chile	 event,	 and	 the	
Indian	Ocean	event	of	2004.	 	 Examples	of	 inundation	

plots	 along	 with	 runup	 height	 comparisons	 between	 Tsunami	 Squares	 and	 observed	 data	 are	
displayed	here	to	demonstrate	our	ability	to	produce	accurate	inundation	plots	for	such	a	warning	
system.	

Earthquake	Simulators.		We	are	prototyping	new	code	for	our	Virtual	Quake	simulations	using	
our	 invasion	percolation	models,	 in	 order	 to	 greatly	 improve	 the	 computational	 efficiency	of	 the	
models.		The	idea	is	to	replace	the	standard	"friction	law"	with	a	failure	algorithm	based	on	invasion	
percolation,	thus	to	introduce	a	new	computationally	more	efficient	dynamics.		Using	this	idea,	we	
constructed	a	rectangular	 fault	with	a	population	of	pinning	points	on	 it.	 	A	pinning	point	breaks	
initially	as	a	result	of	increasing	"stress".		Because	the	pinning	point	interacts	with	its	neighbors,	it	
has	some	(bond	percolation)	probability	of	inducing	a	neighbor	point	to	break,	resulting	in	a	cascade	
of	breaking	points.	 	There	is	a	healing	mechanism	in	the	model	as	well,	that	allows	the	process	to	
evolve	and	repeat.		We	have	shown	in	our	paper	recently	published	in	Physical	Review	Letters	that	
this	type	of	model	leads	to	a	Gutenberg-Richter	type	magnitude	frequency	relation	with	the	correct	
b-value.		We	recently	ran	the	model	for	1	million	time	steps	and	obtained	a	catalog	of	over	105	events.		
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The	model	ran	on	a	fault	that	was	split	into	a	50x25	(50	horizontal,	25	vertical)	grid.	At	each	time	
step,	 each	 unbreakable	 cell	 has	 a	 1%	 chance	 to	 become	 breakable	 (they	 all	 begin	 the	 dynamics	
unbreakable,	and	reset	to	this	state	after	failing)	and	each	breakable	cell	has	a	0.01%	to	fail	and	start	
an	event.	The	bonds	in	this	case	all	have	a	strength	of	0.45,	where	if	a	randomly	generated	number	is	
lower	than	that,	it	breaks.		We	find	that	indeed	we	find	a	GR	scaling	law	as	a	result.		One	improvement	
that	we	envision	is	the	introduction	of	propagation	of	the	ruptured	pinning	points	to	neighboring	
faults,	so	that	topologically	realistic	Virtual	Quake	type	simulations	can	be	readily	implemented.	

Papers	that	have	been	supported	in	part	by	SCEC	funds	include	the	following.	
JB	Rundle	et	al.,	Nowcasting	Earthquakes:	Imaging	the	Earthquake	Cycle	in	California	with	

Machine	Learning.		To	be	submitted	to	Earth	and	Space	Science	(2021)	
We	propose	 a	new	machine	 learning-based	method	 for	nowcasting	 earthquakes	 to	 image	 the	

time-dependent	earthquake	cycle.		The	result	is	a	timeseries	which	may	correspond	to	the	process	of	
stress	 accumulation	 and	 release.	 	 The	 timeseries	 is	 constructed	 by	 using	 Principal	 Component	
Analysis	of	regional	seismicity.		We	first	compute	the	characteristic	spatial	patterns	for	the	region	at	
time	t	using	seismicity	data	for	times	t'	£	t	in	California.		The	patterns	are	found	as	eigenvectors	of	
the	 cross-correlation	matrix	 of	 a	 collection	 of	 seismicity	 timeseries	 in	 a	 coarse	 grained	 regional	
spatial	grid	(pattern	recognition	via	unsupervised	machine	learning).		The	eigenvalues	of	this	matrix	
represent	 the	 relative	 importance	 of	 the	 various	 eigenpatterns.	 	 Using	 the	 eigenvectors	 and	
eigenvalues,	we	then	compute	the	weighted	correlation	timeseries	(WCT)	of	the	regional	seismicity.		
This	timeseries	has	the	property	that	the	weighted	correlation	generally	decreases	prior	to	major	
earthquakes	in	the	region,	and	increases	suddenly	just	after	a	major	earthquake	occurs.		We	find	that	
this	 method	 produces	 a	 nowcasting	 timeseries	 that	 resembles	 the	 hypothesized	 regional	 stress	
accumulation	 and	 release	 process	 characterizing	 the	 earthquake	 cycle.	 	 We	 propose	 that	 this	
nowcasting	timeseries	can	be	used	as	a	proxy	for	judging	the	relative	maturity	of	the	current	state	of	
the	California	region	in	the	recurring	cycle	of	major	earthquakes.		We	then	address	the	problem	of	
whether	 the	 timeseries	 contains	 information	 regarding	 future	 large	 earthquakes.	 	 For	 this	 we	
compute	 a	 Receiver	 Operating	 Characteristic	 and	 determine	 the	 decision	 thresholds	 for	 several	
future	time	periods	of	interest	(optimization	via	supervised	machine	learning).		We	find	that	signals	
can	be	detected	that	can	be	used	to	characterize	the	information	content	of	the	timeseries.			

DP	Grzan,	JB	Rundle,		et	al.,	Tsunami	Squares:	Earthquake	driven	inundation	mapping	
and	validation	by	comparison	to	the	Regional	Ocean	Modeling	System.		Submitted	to	
Progress	in	Natural	Disaster	Science	(2020).	

A	promising	tsunami	warning	system	outlined	here	links	Total	Electron	Content	(TEC)	
disturbances	in	the	ionosphere	detected	by	GNSS	satellites	to	maps	of	inundated	areas	along	the	
affected	coastlines.	This	will	be	accomplished	through	a	pipeline	of	earthquake,	ionosphere,	and	
tsunami	simulations.	The	focus	of	this	paper	is	to	demonstrate	the	feasibility	and	validity	of	our	
tsunami	simulator	for	use	in	this	simulation	pipeline.	The	simulator	we	have	developed	is	called	
Tsunami	Squares,	a	computationally	inexpensive	program	that	employs	a	unique	method	of	
propagating	water	according	to	shallow	water	theory.	Unlike	other	wave	simulators,	Tsunami	
Squares	can	easily	propagate	waves	from	sea	to	land,	allowing	flooded	areas	along	the	
coast	to	be	mapped.	To	validate	its	accuracy,	a	comparison	is	made	to	the	Regional	Ocean	
Modeling	System	tsunami	simulator,	which	solves	the	Navier	Stokes	equations	directly	
using	a	finite-difference	method.	The	two	simulation	techniques	show	good	agreement	
when	compared	over	the	2011	Japan	event,	the	2010	Chile	event,	and	the	Indian	Ocean	
event	of	2004.		


