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Loading	Relates	Gravity,	DeformaDon	



GRACE	

GRACE is a pair of satellites, and the 
key observation is the change in the 
distance between them, measured via 
a microwave ranging system. 

Geoid undulations based on GRACE 



GRACE	Measures	Change	in	Gravity	

Sean Swenson, NCAR 
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Loading	on	Seasonal	Timescales	

•  Dominant	control	for	seasonal/annual	periods	is	
hydrology.	

•  ElasDc	loading	theory	can	be	used	to	explain	signal,	
using	a	load	model	derived	from	GRACE	gravity	
change.	



ElasDc	Model	

[Kusche and Schrama, 2005] 

•  Spherical harmonic coefficients of the gravity field. 

•  Load Love numbers. [Farrell 1972] 



Comparing	GPS	and	GRACE	



Seasonal	Hydrologic	Loading	in		
Southern	Alaska	



Southern	Alaska:	WRMS	ReducDon	



Southern	Alaska:	WRMS	ReducDon	RaDo	

•  Good correlation for 
stations close to high 
mountains and heavily 
glaciated areas.  

•  Long-wavelength 
hydrological seasonal 
mass loading dominates. 



Southern	Alaska:	Seasonal	Effect	on	Campaign	
GPS	Measurements	

FS32: located near Juneau Ice Field. 



Comparison:	Nepal	Himalaya	and	Southern	Alaska	

Main Source: Monsoon 
in the summer.  



Comparison:	Nepal	Himalaya	and	Southern	Alaska	

Main Source: Monsoon 
in the summer.  

Main Source: Snow in 
the winter.  



ConDnuous	GPS	Measurements	



Application: Slow Slip Detection in Alaska 

Ohta et al., 2006 



Before Seasonal correction  

After Seasonal correction  

Two Slow Slip Detected in Alaska 



Water	Loading	
Rio	Amazonas	



River	Loading	in	the	Amazon	

Bevis et al. (2005, GRL) 



Detected	in	InSAR	as	well	as	GPS	

•  Signal	is	about	8	cm	
peak	to	peak	

•  Perfectly	anD-
correlated	with	river	
stage	level	(zero	Dme	
lag)	

•  Water	load	can	be	
detected	in	InSAR	data	
as	well	(blue	depression	
at	leY).	



Hydrologic	Loading	Models	

•  Hydrologic	models	predict	
substanDal	seasonal	
variaDons	
–  Largest	amplitudes	are	
tropical	rain	forest	basins	

•  Amazon	
•  Congo	
•  Mekong	

–  And	SE	Alaska!	
•  Caused	by	local	
accumulaDon	+	transport	
of	water.	



Hydrologic	Loading	Models	

Van Dam et al. (2001) 



West	Coast	Drought	

Borsa et al. (2014) 



Comparison	of	Model	to	Data	

Borsa et al. (2014) 



Western	US	Time	Series	Stacked	

Borsa et al. (2014) 



Progression	of	the	Drought	

Borsa et al. (2014) 



An	animaDon	of	GRACE	

•  h]p://grace.jpl.nasa.gov/resources/5/	



Global	Scale	Mass	Transfer	

•  We	expect	there	to	be	global	seasonal	mass	
transfer	between	hemispheres	
– Snow	and	ice	accumulates	at	high	laDtudes	during	
winter	

– But	other	factors	might	swamp	that	signal:	
•  Asian	monsoon	(N	Hemi.	summer)	
•  Tropical	rainy	seasons	

•  How	to	disDnguish	local	variaDons	from	global	
variaDons	hemispherical	mass	transfer?	
– Average	over	many	sites!	



Global	Seasonal	Mass	Transfer	
•  Blewi]	et	al.	(2001)	

–  During	February	to	March,	the	
Northern	Hemisphere	compresses	
(and	the	Southern	Hemisphere	
expands),	such	that	sites	near	the	
North	Pole	move	downward	by	3.0	
millimeters,	and	sites	near	the	
equator	are	pulled	northward	by	1.5	
millimeters.	The	opposite	pa]ern	of	
deformaDon	occurs	during	August	to	
September.	We	idenDfy	this	pa]ern	
as	the	degree-one	spherical	
harmonic	response	of	an	elasDc	
Earth	to	increased	winter	loading	of	
soil	moisture,	snow	cover,	and	
atmosphere.	



Results	for	Load	Moment	Vector	



How	Can	You	Detect	This?	

•  RedistribuDon	of	mass	over	Earth’s	surface	
generates	changes	in	gravitaDonal	and	surface	
forces	that	produce	a	stress	response	in	the	
solid	Earth,	accompanied	by	characterisDc	
pa]erns	of	surface	deformaDon	

•  First-order	pa]ern	is	spherical	harmonic	
degree	1	
– Degree	1	loads	can	be	described	by	a	“load	
moment”	vector.	



DefiniDons	

•  Load	distributed	in	thin	shell	around	earth	
•  CM	is	center	of	mass	of	solid	earth	+	load	
•  CE	is	center	of	mass	of	solid	earth	only	
•  Offset	of	CE	with	respect	to	CM	is:	

•  This	results	in	a	deforming	potenDal	V1		

– Where	h	is	a	unit	vector	poinDng	upward	



Displacements	in	CE	frame	
•  Displacements	can	be	calculated	easily	for	this	
deforming	load	potenDal.	In	the	CE	frame:	

•  Load	Love	numbers	in	CE	frame	are:	
– h1’	=	-0.290;	l1’	=	0.113	
– Meaning	of	the	signs:	

•  PosiDve	load	causes	subsidence,	h	<	0	
•  PosiDve	load	causes	inward	displacement,	l	>	0	

– Displacement	proporDonal	to	load	moment	
vector	



PeculiariDes	

•  Sphere	deforms	to	Sphere	
– This	mode	of	deformaDon	is	unique,	in	that	it	
compresses	the	hemisphere	centered	on	the	load	
moment,	and	expands	the	opposite	hemisphere,	
such	that	a	perfect	sphere	deforms	to	another	
perfect	(but	strained)	sphere	of	idenDcal	
diameter.		

– That	is,	the	deformaDon	is	like	a	translaDon,	
although	no	two	points	actually	move	the	same	
way.	

•  Equivalent	to	a	seasonal	geocenter	variaDon	



Applying	the	Theory	

•  GPS	frame	is	not	in	CE	or	CM	
–  Approximately	CF	=	Center	of	Figure	

•  Defined	by	the	shape/posiDon	of	the	surface	of	Earth	

•  Transform	equaDons	to	CF	frame	
–  Subtract	the	average	displacement	ΔrCF	in	the	CE	frame,	
determined	by	integraDon	over	surface	of	sphere	

–  Use	equaDons	in	CF	frame	in	an	inverse	problem	to	
esDmate	the	parameters,	equivalently	

•  3	degree-1	spherical	harmonic	coefficients	
•  3	components	of	the	load	moment	vector	



Degree-1	DeformaDons	in	Various	
Frames	

Blewitt (2003, JGR) 



Results	



Results	for	Load	Moment	Vector	



GPS	Reflectometry	

Kristine Larson, University of Colorado 



Changes	in	ReflecDon	Character	

Kristine Larson, University of Colorado 



GPS	Reflectometry	for	Tides	

Kristine Larson, University of Colorado 



Tide	Gauge	Example	

Larson et al. (2012) 



Peterson	Bay,	Alaska	

Larson et al. (2013) 



Snow	Depth	

Larson et al. (2009) 



Coldfoot	Snow	Depth	2016	

http://xenon.colorado.edu/portal/index.php?product=snow&station=ab33 


