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25 YEARS AGO… 

Massonnet et al., 1993 Nature  



1st acquisition 2nd acquisition 

HOW INSAR WORKS… 
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Mauna Loa 



INTERFEROGRAM GENERATION 

2nd image 1st image Multiply (X) 



DIFFERENTIAL INTERFEROGRAM GENERATION 

DEM Int. 



NEXT BIG THING… 



SOFTWARE FOR ACADEMIC USE 
• ISCE (aka, Roi-Pac) 

• JPL/Caltech/Stanford InSAR Scientific 
Computing Environment 



WAVELET BASED MULTI-TEMPORAL INSAR 
(WABINSAR) 
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Shirzaei & Walter 2009, IEEE 

Shirzaei & Bürgmann 2012, GRL 

Shirzaei 2013, IEEE 

Shirzaei 2015, G3 



SENTINEL ERA… 
Credit @ESA 



INSAR APPLICATIONS IN PUBLICATIONS 
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REMOTE SENSING OF WATER MASS BUDGET 
VARIATIONS IN CALIFORNIA 

Dr. Chandra Ojha 
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I F  YO U  C A N ' T  M E A S U R E  I T,  
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CENTRAL VALLEY GROUNDWATER  

 More than 250 different 
crops are grown in the 
Central Valley, with an 
estimated value of $17 
billion/yr. 
 Approximately one-sixth of 
the Nation’s irrigated land is 
in the Central Valley. 
 About one-fifth of the 
Nation’s groundwater 
pumpage is from the Central 
Valley aquifer system. 
 

Source: USGS 



GROUNDWATER EXPLOITATION 

Courtesy: S. Marshak 



∆ℎ𝑝 

∆𝑏𝑝 

ELASTIC DEFORMATION 
∆𝑏𝑝

∆ℎ𝑝
= 𝑆𝑘𝑒 

∆𝑏𝑝 - seasonal displacement 

∆ℎ𝑝 - seasonal well levels 

𝑆𝑘𝑒 - elastic storage coefficient 
 
𝑆𝑘𝑒is the volume of water released or absorbed 
per ∆ℎ𝑝 of an aquifer system area, coupled with 

elastic deformation ∆𝑏𝑝. 

Courtesy: M. Miller 



INELASTIC DEFORMATION 
∆𝑏𝑙 

∆ℎ𝑙 

𝐵𝑒𝑓𝑜𝑟𝑒 𝐴𝑓𝑡𝑒𝑟 

∆ℎ𝑙 - step change in well level 
∆𝑏𝑙 - subsidence  
τ   - compaction time constant 
𝑆𝑘𝑣 - inelastic storage coefficient 
 
𝑆𝑘𝑣 is the volume of water released 

per ∆ℎ𝑙  of aquitards, from 
compaction ∆𝑏𝑙  delayed by τ. 

∆𝑏𝑙(𝑡)

∆ℎ𝑙
= 𝑆𝑘𝑣 1 −

8

𝜋2
𝑒
−𝜋2𝑡
4τ  

Courtesy: M. Miller 



GROUNDWATER LEVEL 
(2007 - 2010) 
 

 Panel A: Groundwater level change 
during Dec 24, 2006 and Jan 1, 2010. 
 Panels B-D: Groundwater level change 
over decadal time scale at selected wells 
in the Central Valley. 

Ojha et al., 2018 



Ojha et al., 2018 

 
 Panel A:  Subsidence during Dec 24, 
2006 and Jan 1, 2010 

◦ 420 ALOS SAR images 

◦ 1604 Interferograms 

◦ 23 Millions pixels  
 Panels B: InSAR vs GPS comparison 

LAND SUBSIDENCE 
(2007 - 2010) 



Groundwater Subsidence 

GROUNDWATER LEVEL VS LAND 
SUBSIDENCE 

Ojha et al., 2018 



TERZAGHI'S THEORY OF 1D CONSOLIDATION 

Ojha et al., 2018 



Ojha et al., 2018 

𝑑𝑣𝑤 = 𝐴. 𝑑ℎ =  − 𝐴
𝑑𝜎′

𝛼𝛽 . 𝜌. 𝑔
=  

𝐴. 𝑑𝑏. 𝐾

𝛼𝛽 . 𝜌. 𝑔. 𝑏
 

𝑑𝜖𝑣 =
𝑑𝑉

𝑉
= −

𝑑𝜎′

𝐾
 

𝐾: Bulk modulus 

𝛼𝛽: Biot-Willis coefficient  0 < 𝛼𝛽 < 1   

𝑏 = aquifer thickness 

𝜌: water density 

𝑔: gravitational acceleration 

𝜎 ∶ Total stress 

A: InSAR pixel area 

𝑑𝑏 = Subsidence 

 
𝜎′ =  𝜎 − 𝛼𝛽𝑃: effective stress 

𝑃= 𝜌g 𝑑ℎ : pressure 

𝑑ℎ: groundwater level change 
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Ojha et al., 2018 
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TERZAGHI'S THEORY OF 1D CONSOLIDATION 

From InSAR 

From Geology From Lab 

From seismicity 

Output 



Ojha et al., 2018 

GROUNDWATER SEASONAL CHANGE (2007 - 2010) 

Seasonal groundwater oscillation:  10.11 ± 2.5 km3  
 
 



Ojha et al., 2018 

Total groundwater loss: 21.32 ± 7.2 km3  
 

GROUNDWATER TOTAL LOSS (2007 - 2010) 



AQUIFER STORAGE LOSS (2007 - 2010) 

Ojha et al., 2018 



SUMMARY 
 For the first time, InSAR derived maps of vertical land 
motion are used to estimate groundwater oscillation and 
change at regional scale. 
 

 During drought period of 2007 – 2010 up to 2% of the 
central valley aquifer storage capacity is lost. 
 



PHYSICS-BASED OPERATIONAL INDUCED 
EARTHQUAKE FORECASTING 

Dr. Guang Zhai 

E N E R G Y  P R O D U C T I O N  M U S T  G O  O N ,  
L E T ’ S  M A K E  I T  S A F E R !  



RECENT INCREASE IN SEISMICITY 

Rubinstein and Mahani, 2015 



RECENT INCREASE IN SEISMICITY 

Rubinstein and Mahani, 2015 Zhai & Shirzaei 2018, in review 



FRACKING VS WASTEWATER INJECTION 



MOHR CIRCLE 
Before Injection f: Shear Strength 

μ: Material internal Friction 

c: Material Cohesive Strength 

Courtesy: G. Zhai 



MOHR CIRCLE 
Before Injection 

After Injection 

f: Shear Strength 

μ: Material internal Friction 

c: Material Cohesive Strength 

Courtesy: G. Zhai 



PHYSICS-BASED INDUCED EARTHQUAKE 
FORECASTING 

Fluid Diffusion 

 

Stress Change Model 

 

Seismicity Rate Change Model 

 

Earthquake Probability Model 

  

Zhai & Shirzaei (2018, GRL) 



STEP1: COUPLED FLOW AND POROELASTIC 
MODEL 

Zhai & Shirzaei (2018, GRL) 

Permeable Unit 

Confining Unit 

Arbuckle 

Injection Well 𝜎𝑖𝑗 = 2𝜇𝜀𝑖𝑗 + 2𝜇𝜀𝑘𝑘
𝜗

1 − 2𝜗
𝛿𝑖𝑗 − 𝛼𝑃𝛿𝑖𝑗 

𝑞𝑖 = −𝜌0𝜅
𝜕

𝜕𝑋𝑖
𝑃 

𝜕

𝜕𝑡
𝑚 = −

𝜕

𝜕𝑋𝑖
𝑞𝑖 

𝜎 is stress tensor 
𝜀 is strain tensor 
𝜌0 is the reference density 
𝛼 is the Biot–Willis constant 
𝜇 is the shear modulus;  
𝜗 𝑖𝑠 Poisson ratios 
𝜅 is the permeability coefficient 
𝑃 is excess pore pressure 

Rice and Cleary (1976) 

Basement 

Model Input: Time series of volumetric injection rates 

Model Output: Pore pressure and Poroelastic stresses 



CONSTRAINING HYDROLOGICAL PROPERTIES 

Shirzaei & Manga (2018, in review) 



CONSTRAINING HYDROLOGICAL PROPERTIES 

𝒅𝒛 ∝ D 

Shirzaei & Manga (2018, in review) 



Deformation 

Geology 

Injection 
 

Optimization Algorithm 
 

Optimum Hydraulic 
Diffusivity  

Optimum Pressure 
Model 

CONSTRAINING HYDROLOGICAL PROPERTIES 

Shirzaei & Manga (2018, in review) 



𝑑𝑅

𝑑𝑡
=

𝑅𝜏 0

𝐴𝜎 
(
𝜏 

𝜏 0
− 𝑅)  ∆𝜏 = (∆𝜏𝑠 + 𝜇∆𝜎) + 𝜇∆𝑝 

𝜏 0: Background Stressing Rate 
𝜎 : Effective Normal Stress 
𝐴: Rate-State Parameter 

𝜇: Coefficient of Friction 

Model Input: Pore pressure and Poroelastic stresses 

Model Output (R): Seismicity Rate Relative to Background Rate 

Pore Pressure Poroelastic Stress 

𝜏 = ∆𝜏/∆𝑡 

STEP2: SEISMICITY RATE MODEL 

Zhai & Shirzaei (2018, GRL) 

[After Dieterich 1994] 



STRESS AND SEISMICITY RATE CHANGE FOR 
OKLAHOMA 

Zhai & Shirzaei 2018, in review 



𝑃≥𝑀(𝑡1, 𝑡2, 𝑆) = 1 − exp [−𝑁≥𝑀 𝑡1, 𝑡2, 𝑆 ]  

𝑁≥𝑀 𝑡1, 𝑡2, 𝑆 =   
𝑘10−𝑏𝑀

𝑆0
𝑅 𝒙, 𝑡

𝑆

𝑡2

𝑡1

𝑑𝒙𝑑𝑡 

𝑆0: Size of Study Area 
𝑏: Slope of GR Law 
𝑘 : Annual Rate of M≥0 Earthquakes over 𝑆0 

Model Input: Relative Seismicity Rate R 

Model Output: Earthquake Magnitude Exceedance Probability 

Prior to Injection 

Inhomogeneous Poisson 

process 

STEP3: EARTHQUAKE MAGNITUDE 
EXCEEDANCE PROBABILITY 

Zhai & Shirzaei (2018, GRL) 



EARTHQUAKE MAGNITUDE/TIME DISTRIBUTION 

Zhai & Shirzaei 2018, in review 



FINAL REMARKS 
 A golden era for InSAR has just began, thanks to Sentinel mission 
(and soon NISAR). 

 

The more people use InSAR the better is for the business. 

 

 It is time to make available higher level products to public. 

 

 

 


