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In this section, we describe in detail how careful
handling of data and their associated uncertainties allows
us to derive a realistic range of acceptable models fitting
our observations. We average the range offset images over

regularly spaced 2.5 km windows for RADARSAT-2 and
1.5 km for TerraSAR-X. We mask the push-up structure vis-
ible at latitude 26°27′ to avoid having to model this local
complexity. We downsample the optical data set using a
quad-tree algorithm based on the curvature of the displace-
ment field (Simons et al., 2002).
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Figure 3. Preferred models and derived seismic quantities: (a) A 3D perspective view of the posterior mean coseismic slip models for the
planar model and (b) for the listric model. The color of each subfault patch indicates the slip amplitude, whereas the brightness represents
relative total slip uncertainty (i.e., the ratio of standard deviation and slip). Arrows and their associated 2σ error ellipse indicate the slip
direction and uncertainty. Error ellipses are derived from the full posterior covariance, including correlation between strike-slip and dip-slip
on each patch. Yellow arrows indicate the extent of the surface trace of the fault covered by the Synthetic Aperture Radar (SAR) range offset
measurements. (c) Distribution of inferred magnitude for the planar fault model (blue) and listric fault model (red). Dashed gray lines indicate
the Global CMT and W-phase magnitudes. (d) Equivalent point-source focal mechanisms and distributions of centroid locations for the
planar (blue) and listric (red) slip models. Gray focal mechanisms are W-phase (this study) and Global CMT solutions. (e) Distribution
of seismic potency as a function of depth for the planar fault model (blue) and listric fault model (red). The red dashed line indicates décolle-
ment depth. Note the potency decay at depth greater than 10 km for the listric fault model. Such depth variability results from the geometry we
impose, as fewer patches are deeper than 10 km on the listric model.
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[1] The Global Positioning System (GPS) system now makes it possible to monitor

deformation of the Earth’s surface along plate boundaries with unprecedented accuracy. In

theory, the spatiotemporal evolution of slip on the plate boundary at depth, associated with

either seismic or aseismic slip, can be inferred from these measurements through some

inversion procedure based on the theory of dislocations in an elastic half-space. We

describe and test a principal component analysis-based inversion method (PCAIM), an

inversion strategy that relies on principal component analysis of the surface displacement

time series. We prove that the fault slip history can be recovered from the inversion of each

principal component. Because PCAIM does not require externally imposed temporal

filtering, it can deal with any kind of time variation of fault slip. We test the approach by

applying the technique to synthetic geodetic time series to show that a complicated slip

history combining coseismic, postseismic, and nonstationary interseismic slip can be

retrieved from this approach. PCAIM produces slip models comparable to those obtained

from standard inversion techniques with less computational complexity. We also compare

an afterslip model derived from the PCAIM inversion of postseismic displacements

following the 2005 8.6 Nias earthquake with another solution obtained from the extended

network inversion filter (ENIF). We introduce several extensions of the algorithm to allow

statistically rigorous integration of multiple data sources (e.g., both GPS and
interferometric synthetic aperture radar time series) over multiple timescales. PCAIM can

be generalized to any linear inversion algorithm.Citation: Kositsky, A. P., and J.-P. Avouac (2010), Inverting geodetic time series with a principal component analysis-based

inversion method, J. Geophys. Res., 115, B03401, doi:10.1029/2009JB006535.
1. Introduction
[2] Faults slip in a variety of ways, such as during sudden

seismic events or as a result of aseismic creep. Fault slip
rates can therefore vary over a wide range of timescales,
from the typical 10–100 s duration of large earthquakes, to
the weeks or years duration of slow earthquakes and post-
seismic relaxation.Monitoring how fault slip varies with time
is thus key to improving our understanding of fault behavior.
Fault slip at depth results in surface deformation that can be
observed with geodetic techniques [e.g., Lisowski et al.,
1991; Segall and Davis, 1997], paleogeodetic techniques
[e.g., Taylor et al., 1987; Sieh et al., 1999], or remote sensing
techniques [e.g.,Massonnet and Feigl, 1998]. How faults slip
at depth can thus be derived indirectly through modeling of
surface deformation.
[3] Theoretical surface displacements expected from

some fault slip at depth is generally computed based on
the theory of linear elasticity [e.g., Savage, 1983; Okada,
1985; Cohen, 1999]. This formulation is linear and easily

inverted using standard algorithms. The distribution of fault
slip is generally parameterized based on some discretization
of the fault geometry. The cumulative fault slip needed to
explain displacements that have occurred between two
epochs for which geodetic data are available can then be
obtained from some least squares inversion. Because the
number of parameters generally exceeds the number of
observations, regularization constraints are generally added;
for example, the roughness of the slip distribution can be
penalized or a positivity constraint can be added. One way
to invert geodetic time series for time-dependent slip dis-
tribution thus consists in inverting the displacements mea-
sured between each two successive epochs. This method is
computationally very intensive when the number of epochs
is large, especially when nonlinear regularization criteria are
used. Furthermore, this method considers each epoch indi-
vidually, so measurement errors at different time steps are
not properly balanced. In addition, the method also requires
geodetic time series to be sampled at each site at the same
epochs, limiting the possibility of analyzing a mixed data
set which could include campaign data or interferometric
synthetic aperture radar (InSAR) data.[4] P. Segall and colleagues proposed a variation of the
epoch-by-epoch inversion called the extended network inver-
sion filter (ENIF) [Segall and Matthews, 1997;McGuire and
Segall, 2003] specifically for GPSmeasurements. ENIF takes
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INTRODUCTION

Three earthquakes with Mw
 of 5.0, 5.7, and 

5.0 (moment magnitudes from Global Cen-

troid Moment Tensor Catalog, GCMT; http://

www.globalcmt.org) occurred within the 

North American midcontinent near Prague, 

Oklahoma, United States (Fig. 1) on 5, 6, and 

8 November 2011 ~180 km from the nearest 

known Quaternary-active fault. Earthquakes 

with Mw
 ≥ 5.0 are rare in the United States 

east of the Rocky Mountains; however, the 

number per year recorded in the midcontinent 

increased 11-fold between 2008 and 2011, 

compared to 1976–2007. Of the total seismic 

moment released in the region, ~66% occurred 

in 2011 (from the GCMT). The Mw
 5.7 earth-

quake was the largest instrumentally recorded 

in Oklahoma. It created shaking up to inten-

sity VIII in the epicentral region, destroyed 14 

homes, damaged many other buildings, injured 

2 people, and buckled pavement (U.S. Geo-

logical Survey, 2011). In this study we refer to 

the Mw
 ≥ 5.0 earthquakes of 5, 6, and 8 Novem-

ber 2011 as events A, B, and C, respectively. 

Moment tensor solutions (from the GCMT; 
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ABSTRACT

Signifi cant earthquakes are increasingly occurring within the continental interior of the 

United States, including fi ve of moment magnitude (Mw) ≥ 5.0 in 2011 alone. Concurrently, 

the volume of fl uid injected into the subsurface related to the production of unconventional 

resources continues to rise. Here we identify the largest earthquake potentially related to 

injection, an Mw 5.7 earthquake in November 2011 in Oklahoma. The earthquake was felt 

in at least 17 states and caused damage in the epicentral region. It occurred in a sequence, 

with 2 earthquakes of Mw 5.0 and a prolifi c sequence of aftershocks. We use the aftershocks 

to illuminate the faults that ruptured in the sequence, and show that the tip of the initial 

rupture plane is within ~200 m of active injection wells and within ~1 km of the surface; 

30% of early aftershocks occur within the sedimentary section. Subsurface data indicate 

that fl uid was injected into effectively sealed compartments, and we interpret that a net 

fl uid volume increase after 18 yr of injection lowered effective stress on reservoir-bounding 

faults. Signifi cantly, this case indicates that decades-long lags between the commencement 

of fl uid injection and the onset of induced earthquakes are possible, and modifi es our com-

mon criteria for fl uid-induced events. The progressive rupture of three fault planes in this 

sequence suggests that stress changes from the initial rupture triggered the successive earth-

quakes, including one larger than the fi rst.
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Figure 1. A: Seismicity, 

centroid moment tensor 

mechanisms, seismic 

stations, active disposal 

wells, and oil fi elds in 

central Oklahoma, United 

States. Epicenters of ma-

jor earthquakes (EQs) 

are plotted at Oklahoma 

Geological Survey loca-

tion for event A and at our 

relocations for events B 

and C, where we had suf-

fi cient control (Table DR1 

[see footnote 1]). Event A 

likely nucleated on fault 

defi ned by aftershock 

locations (permitted 

within location error). 

Faults are merged from 

regional compilation (Jo-

seph, 1987) and detailed 

local study (Way, 1983), 

mapped using seismic 

lines, well logs, and for-

mation tops. Wells 1 and 

2 inject near aftershocks 

of event A. B–D: Cross 

sections of seismicity 

projected from within 

4 km of plane of each 

section. Vertical lines be-

neath wells indicate well path, red where perforated or open hole. Green bands denote Hunton and Simpson Groups, and yellow bands de-

note Arbuckle Group. Arbuckle Group overlies basement; base depth of Arbuckle Group locally is uncertain (between 1.8 and 2.2 km depth). 

Depths are relative to sea level, land elevation is ~300 m. Inset shows state of Oklahoma and location of map area.
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Fiche UE 22_23 
 
 
 
  

Course title : Satellite Geodesy and Geophysical Applications 
 
  

 
  

Teaching manager : Samuel Nahmani (nahmani@ipgp.fr) 
 
  

 
  

Teaching team : Olivier Bock (bock@ipgp.fr), Kristel Chanard (chanard@ipgp.fr), Guillaume Lion 
(lion@ipgp.fr) 

 
  

Academic cycle : M2 Fundamentals of Remote Sensing 
 

 
 

Program Summary : This lecture aims to give a general culture on current utilization of the space 
geodetic techniques in many geophysical fields (non-tectonic deformations, meteorological and climate 
applications) and open up new perspectives on their future utilizations. 

Outline 

• How to achieve a millimeter precision with space geodetic data? (S. Nahmani) 

◦ GNSS Data processing (2h lecture) 

◦ Application with real GNSS data (~7h lecture / TD with Matlab) 

• Satellite Geodesy and non-tectonic applications (Sea level rise, GIA and recent ice melting, 
loading effects, thermo and poroelastic effects) (K. Chanard) 

◦ Space Gravimetry, GNSS, Altimetry and combination of satellite geodetic techniques for non-
tectonic solid Earth applications (3h lecture) 

◦ Physical models of non-tectonic solid Earth deformation (3h lecture + 3h TD) 

• Gravimetry and chronometric geodesy (G. Lion) (6h lecture /TD)  

• Meteorological and climate applications (O. Bock) (2h lecture) 

◦ From Zenithal Tropospheric Delay of GNSS to Integrated Water Vapor (IWV) 

◦ Analysis of global and regional variability of IWV using GNSS networks  

• Assessment (~ 2 x 2h)  

◦ Scientific articles: read and comment 
  
 

Targeted skills: General knowledge of the basics of geodesy and understanding of its current 
issues in geophysics and environmental science 

  
  
 

Prerequisite: linear algebra, signal processing, optimization, basic programming in matlab or 
python 
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Nombre ECTS : 6  
         

 

 
    

Volume horaire par étudiant 
 
  

CM :   
  

TD : 

CM/TD : 15 h 
 

     

TP/Terrain : 0 h 
     

 
      

Total heure /étudiant : 30 h 
 
 

 
 

Modalités de contrôle des connaissances 
 

 1ère session 2nde session 

 Type de contrôle 
Contrôle Continu (CC) / Examen 

Terminal (ET) 

Type 
d'épreuve 
si examen 
terminal 
(Oral/Ecrit) 

2nde 
chance 
intégrée 
(licences)  

(OUI/NON) 
minimum 
3CC qd 

scde 
chance 
intégée 

OUI/NON Si OUI 

 100% CC 
(OUI/NON) 

%CC /  %ET 100% ET 
(OUI/NON) 

Type 
de 

contrôle 
(CC 
/ET) 

Type 
d'épreuve 
(Oral/Ecrit) 

Durée 
épreuve 

écrite 

 
exemple NON CC+ET/66+34 NON E NON OUI ET E 2h 

 
 
à vous 

NON CC+ET / 50+50 NON O NON NON    

 

 
 
 

Illustration 

15 h 

  0 h 



Remote Sensing of Planetary Surfaces 
C. Ferrari 
 
3 ECTS 
10 x 3 h: 6 lessons + 4 labs 
This lecture aims at giving a general culture on the exploration of the Solar System and describing the 
remote sensing methods commonly used to study the planets and small bodies without atmosphere in 
the Solar System. 
The methodologic part is dedicated to implementing in Python language sensitivity analysis and an 
inversion method using Bayesian inversion. 
 
Syllabus 
 
1 – (1) The Golden Age of Solar System exploration: from light dots to new worlds. An history of space 
exploration. General questions on the origin and evolution of the Solar System. Beyond the Solar System: 
towards other point sources.  
Surfaces scars as fingerprints of endogenic and exogenic evolution processes: bombardments, space 
weathering, topography, composition. 
 
2 – (2) Multi-wavelengths remote sensing strategy: from radio to gamma photons. How to probe surfaces 
at various depths? Imaging and spectroscopy. Light-matter interactions and remote sensing instruments. 
Examples. 
 
3 – (1) From observations to structure and composition: modelling planetary surfaces. More quantitative. 
Developing around particles scattering, surfaces scattering, energy balance 
 
4 – (2) Introduction to methodology: sensitivity analysis, inversion and Python 
 
5 – Methodology (after Python lectures, end of semester) with Python 3, Anaconda 3 and Notebooks 

- (1) Photometric models of planetary surfaces 
- (2) Sensitivity analysis of photometric models of planetary surfaces 
- (3-4) Bayesian inversion of photometric phase curves, 

 
Evaluation 
 
Evaluation of lab work through notebooks.  
Oral presentation on published articles dedicated to the remote sensing of planetary surfaces. 
 
 
 
 
 



Energetics of the climate system 

Hervé Le Treut  

 

Géneral  Organization of the Course 

1. The Earth seen as a whole: global processes and history 

2.  Radiative Processes and Radiative-Convective Models  

(vertical dimension of the problem) 

3. Atmospheric and Oceanic Transport (horizontal dimension  

of the problem) 

4. Anthropogenic forcings and climate response: uncertainties and  

feedbacks 

5. The COPs: what  is the role expected from science  

 

 

Géneral  Content of the Course 

Part 1 

Global processes and history 

1. The atmosphere and the ocean: generalities 

2. A global view of radiative processes 

3. Past climate history  

4. A global idea of climate stability.   

Part 2 

The vertical dimension. Radiative Processes and Radiative-Convective Models 

1. Radiative processes: generalities 

2. Absorption and Greenhouse effect 

3. The role of convection 

4. Diffusion of Solar Radiation  

 

 



Part 3 

    The energy transfer 

1. Energy budget at the top of the atmosphere 

2. Energy exchanges at the surface of the atmosphere 

3. Transport by the atmosphere and the ocean 

4. Vertical and horizontal transport   

 

Part 4  

From science to decision: a few issues 

1. Anthropogenic forcing 

2. Climate response at different scales 

 

 

 

 

 

 



Clouds, Aerosols and Precipitation 

 

Hélène Chepfer 

Jean-Christophe Raut 

3 ECTS 

 

Clouds constitute the visible part of the water cycle in the atmosphere. They regulate precipitations 

and atmospheric water vapour, they interact with the surface and with pollution (e.g. by producing 

smog), they are one of the main modulators of the Earth temperature through their interaction with 

solar and telluric radiations. Aerosol particles play a significant role on air quality but also on 

climate through their interaction with radiation and clouds. Without aerosol particles, cloud 

formation in the atmosphere would not occur at the temperatures and relative humidities at which 

clouds are observed to exist.  

 

This course provides key elements of aerosol, cloud and precipitation physics, from the small scale 

(the particles composing clouds) to the regional scale (a cloud system) and up to the global scales.  

It includes: 

 

- Origin and chemical composition of aerosols 

- Spatial and vertical distributions of particles in the atmosphere 

- Microphysics of aerosols: brownian motion, coagulation, condensation, deposition, cloud 

nucleation 

- Optical properties of aerosols 

- Aerosol radiative forcing: direct, semi-direct, indirect, impact on snow and ice surfaces 

- Water in the atmosphere: thermodynamics of moist air  

- Microphysics of warm clouds: formation and growth of cloud droplets  

- Microphysics of cold clouds: formation and growth of ice crystals  

- Precipitation processes : Rain and Snow 

- Opical properties of clouds 

- Effect of clouds on radiations 

- Cloud feedbacks and link with climate sensitivity. 

 

Hélène Chepfer is professor at Sorbonne Université and researcher at the Dynamic Meteorology 

Laboratory (LMD). Research interests: Clouds, Radiation, Remote sensing, Climate 

http://www.lmd.polytechnique.fr/~chepfer/ 

 

Jean-Christophe Raut is associate professor at Sorbonne Université and researcher at LATMOS.  

Research interests: Aerosols (microphysics and radiation), Aerosol-cloud interactions, Mesoscale 

modelling, Arctic studies. 

http://raut.page.latmos.ipsl.fr/ 
 

 

 

 

http://www.lmd.polytechnique.fr/~chepfer/
http://raut.page.latmos.ipsl.fr/


General outline 

 

Lecture 1 : Cloud microphysics, H. Chepfer 

Microphysical processes in warm/cold clouds (nucleation, vapor diffusion, collection, settling, 

phase mixing), cloud water (vapor, liquid, precipitating liquid, ice, precipitation ice). 

 

Lecture 2 : Overview on atmospheric aerosols, JC Raut 

Origin, chemical composition, vertical distribution, microphysical processes, size distribution. 

 

Lecture 3 : Cloud optical properties, H. Chepfer 

Radiation-cloud particles interactions, optical properties of cloud particles (liquid droplets and ice 

crystals). 

 

Lecture 4 : Clouds and radiation, H. Chepfer 

Equation of radiative transfer in the atmosphere containing clouds; cloud albedo effect (cooling) 

and cloud greenhouse effect (warming). 
 

Lecture 5 : Dynamics of aerosol particles, JC Raut 

Brownian displacement, aerosol thermodynamics, coagulation, condensation, dry and wet 

deposition, aerosol and cloud droplets nucleation. 

 

Lecture 6 : Clouds and climate, H. Chepfer 

Response of clouds to natural and anthropogenic forcings. Cloud feedbacks mechanisms and link 

with climate sensitivity. Role of clouds on uncertainties on future climate predictions 

 

Lecture 7 : Optical properties of an aerosol population, JC Raut 

Radiation-particles interactions, aerosol scattering, absorption, refractive index and mixing state. 

 

Lecture 8 : Aerosol radiative impacts, JC Raut 

Direct, indirect, semi-direct effects, deposition on snow and ice surfaces. 

 

 
 

 



Physico-chemistry of the atmospheric and air quality 
 

Solène Turquety  
3 ECTS – MU5SCA33 

 
This course presents the mechanisms that control the composition of the atmosphere in 
the lower atmosphere, in remote and polluted environments. A first part introduces the 
basics of chemical kinetics and photochemical equilibria in the troposphere. The 
equilibrium of the stratosphere and the evolution of the ozone layer are then studied. The 
rest of the course is devoted more specifically to the understanding of the oxidative 
capacity of the troposphere and the composition and properties of atmospheric aerosols. 
The main processes involved in the development of air pollution episodes at urban and 
regional scales, as well as the tools used by the scientific community and air quality 
management services for air quality monitoring and forecasting, are then described. The 
specific structure of the boundary layer and the associated chemical and dynamical 
processes are detailed, including emissions, deposition and chemical evolution.   
All aspects are introduced theoretically before providing a specific description of the 
practical application in modeling platforms. These models are presented in the context of 
current air quality policies in Europe and key issues are presented to understand the 
realistic abatement choices discussed for improving air quality and limiting climate 
change. Various current applications are described such as extreme case analysis, 
scenario studies up to operational forecasting, health impact assessment, chemistry-
climate analysis.  
 
Implementation 
Tuesdays, 13h30-16h30 (note: there will be 2 sessions until 17h30).  
Each course will be divided into a lecture and an associated tutorial with applied 
examples. In addition, students will work in groups on two practical projects:  

• Numerical modelling project to understand chemical regime controlling photo-
oxidant pollution episodes (ozone) in the Paris area;  

• Data analysis project using the air quality observation network in the Paris area, as 
well as the observations from the Qualair station in Jussieu. Key questions will be: 
what variability in surface pollutants? what complementarities between observing 
systems?  

Lectures will be given in English if one or more master student does not understand 
French.  
 
Evaluation  
Two reports (30% of final mark), final written exam (70% of final mark).  
 
Course outline  
1) Introduction and basics of atmospheric chemistry  

 
2) Stratospheric composition  
• Understanding the ozone layer  
• Ozone hole development and recent trends  

 
3) Tropospheric composition  
• Gaseous atmospheric chemistry 



o The radical cycle 
o Photochemical equilibrium  
o NOx and VOCs chemistry 

• Chemical regimes 
 

4) Introduction to aerosols 
• Characteristics of a population of aerosol: chemical composition and size 

distribution; 
• Formation of secondary aerosols.  

 
3) Modelling emissions, deposition, chemistry and transport 
• General concepts and modelling choices: from box models to 3D Earth system 

models;  
• Example with a numerical application.  
 
4) Polluted boundary layer and air quality management 
• Meteorological characteristics of the boundary layer 
• Development of pollution episodes  
 
5) Interactions between air quality and climate 
 
 
Solène Turquety is professor at Sorbonne Université, researcher at LATMOS 
Contact: solene.Turquety@sorbonne-universite.fr 
 


