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Chapter 1

Introduction

This report describes the results of activities performed during the Science Study “Level 2 products and
performances for mantle studies with Swarm” (ESTEC Contract No. 22656/09/NL/FF). Parts of the
report have been derived during the previous Science Study “Mapping 3-D mantle conductivity from
Swarm constellation data” (ESTEC Contract No. 20944/07/NL/JA) and the present report is partly an
update of the final report of that study. Chapters 2 to 4 are (updated) versions of corresponding chapters
from the previous study report. In particular, all maps showing conductivities have been updated and
harmonized. Chapters 5 to 9 are completely new and report on the findings of the present study.

1.1 Background and objective

The study of lateral variability in physical properties of Earth’s mantle using geophysical methods is
a topic of present-day fundamental science. It gives insight into geodynamic processes such as man-
tle convection, the fate of subducting slabs and the origin of continents. Global seismic tomography
provides today a variety of three-dimensional (3-D) mantle velocity models that can be interpreted in
terms of cratonic roots, mantle plumes and slab graveyards. The goal of global electromagnetic (EM)
induction studies is to identify complementary large-scale spatial variations (3-D structures) in the elec-
trical conductivity of the mantle. This is an important issue since conductivity reflects the connectivity
of constituents as fluids, partial melt, and volatiles (all of which may have profound effects on rheology
and, ultimately, mantle convection and tectonic activity), while seismology ascertains bulk mechanical
properties.

Traditionally, ground-based observatory recordings of the geomagnetic field along with long- period
magnetotelluric (MT) measurements have been used to derive regional mantle conductivity profiles (1-
D profiles, i.e. conductivity varies only with depth). But global images of lateral variations of mantle
conductivity can hardly be obtained at present or in the foreseeable future with the use of ground-based
data alone due to the sparse and very irregular distribution of geomagnetic observatories and long-
period MT sites. For instance, the three quarters of the globe that are occupied by oceans is almost free
of ground geomagnetic observatories.

In contrast to ground-based data, satellite-borne measurements provide an excellent spatio- temporal
coverage with high-precision data of uniform quality. Since more and more satellite data are becoming
available, and especially with the satellite mission Swarm, global images of 3-D mantle heterogeneities
come into reach. Moreover, mapping of 3-D electrical conductivity of the Earths upper mantle has been
identified as one of the scientific objectives of the Swarm constellation mission.

The main objective of the work done in the present and previous studies was to develop and val-
idate inversion algorithms and codes to determine 3-D mantle conductivity from Swarm constellation



magnetic field observations.

1.2 Structure of the report

Because 3-D induction in a spherical geometry from satellite data was at such a rudimentary stage at
the beginning of this study, the main thrust of the project was to produce a methodology for recovering
3-D electrical conductivity variations. As is normal in research, the exact path by which this would
be achieved was not entirely clear; many approaches presented themselves as possibilities, but each had
pros and cons. Not least amongst the challenges to be met was the question of how to efficiently perform
the computations, since the recovery of three-dimensional structure in the Earth naturally leads to very
large-scale inverse problems.

Thus it was not foreseen at the beginning of the activities described in this report that so many dif-
ferent approaches would prove fruitful. The net result of the coordinated and yet independent studies,
performed by ETH, IZMIRAN, Charles University, Prague (CUP) and Universite de Bretagne Occi-
dental (UBO), are the Chapters 2-5 that make up the major part of this report. In these chapters we
document the different approaches that have been developed. Within each approach independent 3-D
inversion algorithms and software have been developed. They have been tested in their ability to recover
a target structure, from which synthetic data has been calculated.

The first approach is based on a frequency-domain (FD) setting and deals with a 3-D inversion of
C-responses (3-D FD C-responses inversion). The results of this activity are summarised in Chapter 2.
C-responses depend on measurements of ratios of properties of the magnetic field in the frequency
domain, and can be calculated at any point on a grid on the Earth’s surface. In this respect the data are
rather intuitive, and Chapter 2 shows how this approach works exceptionally well in recovering a target
image.

The second approach is based on a time-domain (TD) 3-D setting and deals with a 3-D inversion of
time series of internal coefficients, describing the induced part of the magnetic field (3D TD inversion).
The results of this activity are summarised in Chapter 3. This approach was not envisaged at the outset
to be the focus of studies, indeed it was an entirely optional approach beyond the “core activities” of the
original mandate. The ability of team scientists to develop this rather difficult approach has surpassed
our wildest expectations. This method lives in spectral (spherical harmonic) space within the physical
domain, and in the time domain; as such it is in an entirely “opposite” space to method 1 of Chapter 2.
The extent to which these methods are able to recover test structures is extremely gratifying.

The third approach is, like Chapter 2, based on a frequency domain setting but deals with a 3-
D inversion of the Fourier spectra of internal spherical harmonic coefficients (in a similar manner to
Chapter 3). We refer to this method as FD internal coefficient inversion. The results of this activity are
summarised in Chapter 4, and again we see excellent performance.

The fourth approach is also based on a frequency domain setting and presents a theoretical back-
ground for 3-D inversion of the so-called Q-responses (see Chapter 5). We refer to this method as FD
Q-response inversion.

The attentive reader will have realised that our 4 main chapters cover 3 of the 4 possible combi-
nations of frequency/time and physical space/spherical harmonic wavenumber. The fourth possibility
has not been investigated and would be a strange combination of time domain methods at points on a
physical grid. Table 1.1 summarises the situation.

An important task of the study activities was the preparation of test data sets for benchmarking the
various approaches for mantle conductivity determination. This is described in Chapter 6.

The results of a benchmarking of different 1-D approaches are presented in Chapter 7, obtained
using simple synthetic data from a 1-D conductivity distribution, as well as a more realistic data from

Final Report, Swarm Induction Study, January 15, 2010 9



Method Time or Physical Space or  Chapter Comment

Frequency SH (Wavenumber)
Frequency domain Frequency Space 2 Intuitively similar to
C-response inversion method of 1-D MT and GDS
Time domain internal Time Wavenumber 3 Time series fitting
coefficient inversion avoiding Fourier analysis
Frequency domain internal Frequency = Wavenumber 4
coefficient inversion
Frequency domain Frequency Wavenumber 5

Q-response inversion

Table 1.1: Summary of the different methods and their respective chapters in the report. MT and GDS
refer to the classic methods of magnetotellurics and geomagnetic deep sounding. SH stands for spherical

harmonic.

the 3-D conductivity structure discussed in Chapter 6. All approaches demonstrated their ability to
recover the input 1-D mantle conductivity structures; however, there are some expected deviations due
to the non-uniqueness of the inverse problem.
Chapter 8 presents the result of a benchmarking of approaches for determination of the 3-D mantle
conductivity structure, based on the synthetic data that have been generated as discussed in Chapter 6.
Finally, Chapter 9 summarizes the obtained results and describes possible directions of future study

activities.

10
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Chapter 2

Frequency domain C-response inversion

2.1

Data preparation

2.1.1 List of notations

In this section we introduce the notations that we will use through this chapter

w = 27t /T is the angular frequency, 7" is the period of the variation in consideration;

r = (r,9, ) is the position vector, 9, ¢ and r are colatitude, longitude and radial distance from
the Earth’s center, respectively;

The time-harmonic dependency is e =, i = /—1;
o is the magnetic permeability of free space;
B = uoH, where B is the magnetic field;

V. f defines the tangential part of the gradient

10f 1 of
f=-= - 2.1
Vel r819+7“sin198g0 @D
V; - a defines the tangential part of the divergence
1 J0(agsinv)  Oay,
Vr-a rsmz?( 09 + Op 22)
The Z:Y C'-response is defined as
B
S — 2.
CW=-525 23
the Z:H C'-response is defined as
rtandy B,
- _ - 2.4
Ow) = -5 2 Q4

where 14 is geomagnetic colatitude. Eq. (2.3) reduces to (2.4) in the case that the source includes
only the first zonal harmonic.

11



2.1.2 Generation of ultimate ground-based C'-responses
2.1.2.1 3-D models under consideration

We consider three conductivity models of the Earth

The first model is a radially-symmetric (1-D) section consisting of a relatively resistive 400 km thick
layer of 0.004 S/m, a 300 km thick transition layer of 0.04 S/m, and an inner uniform sphere of 2 S/m.

The second model is a 3-D model that consists of a surface shell of laterally varying conductance and
a 1-D conductivity model underneath. The shell conductance (see conductance distribution in the upper
panel of Fig. 2.4) is obtained by considering contributions both from sea water and from sediments.
The conductance of the sea water is taken from Manoj et al. [2006]. Conductance of the sediments
(in continental as well as oceanic regions) is based on the global sediment thickness given by map of
Laske and Masters [1997]. These two models are used for the ocean correction of C'-responses when
performing a quasi 3-D inversion.

The third model is a 3-D model that incorporates a surface shell and a 1-D model underneath con-
taining a 1 S/m 300 km thick large-scale conductivity anomaly in the upper mantle (see conductivity
distribution in the lower panel of Fig. 2.4). This anomaly describes a hypothetical conductor beneath
the Pacific Ocean plate. The 3-D model was split in vertical direction into 3 inhomogeneous spherical
sublayers of thickness 10 km (surface shell), 150 km and 150 km (deep anomaly), respectively; each
spherical sublayer was discretized in horizontal direction in 180 x 90 cells of size 2° x 2°.

2.1.2.2 Calculation of ultimate ground-based C-responses

The forward modelling code described above has been used to obtain C-responses at the surface of
the Earth on a uniform 180 x 90 mesh. The C-responses have been calculated for the 3 conductivity
models described in the previous subsection. For this data set the models are excited by an elementary
magnetospheric source in the form of a symmetric (in geomagnetic coordinates) magnetospheric ring
current. The responses have been calculated for 11 periods between 1.88 days and 60 days, with geo-
metric step size of /2. Figs. 2.1-2.3 present the real (left panels) and imaginary (right panels) parts of
the C'-responses at the three periods: 2.66, 10.66 and 60.33 days. The upper panel of each Figure show
C-responses calculated by eq. (2.3) (Z:Y method), while the lower panel show those calculated using
the simplified version (Z:H method) of eq. (2.4).

2.1.3 Generation of realistic ground-based and satellite-based C'-responses
2.1.3.1 3-D model under consideration

The 3-D conductivity model that we consider consists of an inhomogeneous conducting surface shell,
three local conductors of 0.04 S/m at depths from the bottom of that shell down to 400 km, and a deep-
seated regional conductor of 1 S/m located between 400 km and 700 km depth. The local and regional
conductors are embedded in a radially symmetric section consisting of a relatively resistive 400 km thick
layer of 0.004 S/m, a 300 km thick transition layer of 0.04 S/m, and an inner uniform sphere of 2 S/m.

Figure 2.4 shows global maps of these anomalous structures. The top panel presents the adopted
surface shell conductance. It approximates the nonuniform distribution of oceans and continents. The
conductance of the shell is chosen as realistic as possible and includes contributions from sea water
and from sediments. The conductance of the oceans has been derived from the global 5 x 5" NOAA
ETOPO map of bathymetry, multiplying the water depth by a mean seawater conductivity of 3.2 S/m.
The conductance of the sediments has been derived from the global sediment thickness given by the
1° x 1° map of Laske and Masters [1997] with the use of a heuristic procedure similar to that described
in Everett et al. [2003].

12 Final Report, Swarm Induction Study, January 15, 2010



Figure 2.1: Real (left) and imaginary (right) parts of C'-responses (in km) from 3-D model at period of
2.66 days, calculated by Z:Y (top) and Z:H (bottom) method.

Figure 2.2: Real (left) and imaginary (right) parts of C-responses (in km) from 3-D model at period of
10 days, calculated by the Z:Y (top) and Z:H (bottom) method.
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Figure 2.3: Real (left) and imaginary (right) parts of C'-responses (in km) from 3-D model at period of
60 days, calculated by Z:Y (top) and Z:H (bottom) method.
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Figure 2.4: Top: Surface shell conductance in units of S. Middle: Conductivity [S/m] at depths from
1 km down to 400 km. Bottom: Conductivity [S/m] at depths from 400 km down to 700 km. The
results are presented in logarithmic (with base 10) scale. The range of the colorbar for the conductance
is between 1.2 and 4.3. Hereinafter the conductivity distributions will be presented in logarithmic scale.
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Two local conductors of horizontal size 600 x 1200 km? describe hypothetic plumes beneath the
Baikal and Hawaii [Constable and Heinson, 2004]; the third conductor of size of 600 x 3000 km?
represents a hypothetic subduction zone along the western margin of South America. This part of
the model is shown in the middle panel of the Figure and was suggested by Steve Constable [2003;
private communication]. Finally, the deep-seated large scale structure describing a hypothetic conductor
beneath the Pacific Ocean plate is presented in the bottom panel of the Figure. The aim of this model
is not to be identical to the “true” world (e.g., we do not claim that there really exists a plume under
the Baikal), but to provide a test model for our retrieval algorithm. The model was split in the vertical
direction into 4 inhomogeneous spherical sublayers of thickness 1, 150, 250, and 300 km, respectively;
each spherical sublayer was discretized inhorizontal direction in 180 x 90 cells of size 2° x 2°.

2.1.3.2 Derivation of time series of magnetic field and its spatial derivatives on 2-D grid

To derive these time series we follow the procedure described in [Kuvshinov et al., 2006] and shown in
Figure 2.5. Using this scheme we produce time series of magnetic field and its spatial derivatives due
to magnetospheric sources at the surface of the Earth for a given 3-D spherical conductivity model of
the Earth and for a given time series of hourly mean values of external (inducing) coefficients ¢ (t)
and s7'(t) (n = 1,2,...,Ne,m = 0,1,...,n) of the magnetic potential (details of how the inducing
coefficients have been derived are given in Olsen et al. [2006]). This procedure follows in general the
scheme described in Olsen and Kuvshinov [2004] and Kuvshinov and Olsen [2005b] and consists of the
following steps:

1. The time series of the external coefficients ¢"(¢) and s]'(¢) are Fourier transformed to obtain
complex coefficients ¢)'(w) and 3)''(w) at a set of frequencies, w;,7 = 1,2, ..., Ng, where Ny =
QL&. By performing discrete Fourier transform of a time series of external coefficients on an
interval [0, P] we implicitly assume that our time series are represented by a finite trigonometric
series. Due to the quasi-regular nature of the magnetospheric signal at a long time scale (in our
case P =5 years) we believe that such a representation is accurate enough for our time-domain

simulations.

2. EM induction simulations are performed using the above described 3-D model of electrical con-
ductivity in the frequency domain for /N logarithmically spaced frequencies, w;,j = 1,2, ...V,
covering the frequency range from w; = 2% to wy, = % (here At = 1 hour). For
each frequency the simulations are performed for a set of preselected elementary harmonics,
Y9, 0) = pm (cos9)e"™% of the external field (in our case for all harmonics up to degree
N = 3). To simulate the magnetic fields the frequency domain 3-D numerical solution described
above is used. Note that there is no need to calculate the fields at all involved frequencies, w;, of
the inducing field. Due to the smoothed (with respect to frequency) nature of the induced field
we calculate the response at a coarse grid of frequencies, w; (with 9 frequencies per frequency
decade), with subsequent interpolation to all frequencies (see Step 4).

3. For each elementary harmonic, Y,"(9,¢) (n = 1,2,..., No;, m = —n, —n + 1, ...,n) and each
frequency, w;, a spherical harmonic analysis of the simulated induced part of B, (from step 2) is
performed, resulting in arrays of coefficients of the induced part of the potential, Q%l (w;) for all
harmonics up to degree IN; (where NNV; is determined from the chosen horizontal discretization of
the 3-D model. Here N; = 45). Zbkl (wj) is the field of degree k and order [ that is induced by a
magnetospheric source, Y,/ (¥, ), of degree n and order m.

4. The arrays Q;”kl (wj;) are spline interpolated from the coarse logarithmically-spaced frequency

16 Final Report, Swarm Induction Study, January 15, 2010



Fourier transformation

Spline interpolation

Fourier transformation

g.(1), (1)
k=1,2,. N, 1 =0,1,... k

eit2bsat

B=-grad VV
N,

V=a {(q,’,” (t)cosm@ +57" (¢)sin mep) (1)" }Pn”’ (cosd) +
a

o
=

n=1 m=0

A 4

aff[(g,i (£)coslg + B (¢)sin l¢)(ﬁj"+ }Pk’(cosﬂ)

1 1=0

Figure 2.5: Scheme describing the calculation of induced field contributions.
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set w; to the actual (denser) frequency set w;, and the resulting coefficients arrays Lﬁc(wi) (k =
1,2,....,N;, | = =k, —k + 1, ..., k) are calculated as [Olsen, 1999]

Z Z ()™ (w;), (2.5)

n=1m=-—n

where
7@?*@'5?7 m >0
m_ Sml | <|m]
ep =9 alE g
ar, m=20

This step gives frequency domain coefficients of the induced part of the potential produced by
given external coefficients €)'

5. The complex coefficients Lk(w,) are transformed to the real coefficients g} (w;) and h} (wz) (k =
1,2,...,N;, 1 = 0,1,...,k) asgk = Lk —f—Lk andh§~C = —Z(Lk —Lk) for [ # 0, andgk = Lﬁc
for l = O. Then, the coefficients gt (w) and h}(w) are Fourier transformed to the time domain,
resulting in time series of hourly values of the coefficients g} (¢) and AL (¢) of the induced part of
the potential.

6. Magnetic field B = —VV at 5° x 5° grid at the Earth’s surface is obtained from the scalar
magnetic potential V', which is approximated by the spherical harmonic expansion

= a ge: zn: [(q;”(t) cosmy + sp'(t) sinme) <£>n} P’ (cos )

+a Z Z [ ) cos lp + hl () sinly) (:)k—H] Pl(cos ), (2.6)

with a= 6371.2 km as the mean Earth’s radius.

7. Further we calculate time series of V. - H using the following equation

Ne n .
V., -H = %Z > [n(n+ 1)(g(t) cosmep + s (t) Sinmsa)(g) 1] P (cos1)
n=1m=0
N; k
—i—% Z Z [k(k‘ +1)(gk(t) cos lp + Rk (t) sin lp) (i)kH] Pl(cos®). (2.7)
k=1 1=0

2.1.3.3 Calculation of realistic ground-based C'-responses

Following the notation introduced in the last section, we expand the magnetic potential V' in a series of
spherical harmonics

V =aRe {Z <enm(w) (2)" (W) (i)"“) P™(cos 0) exp(img[))} 2.8)
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where €)' = q;' —is)' and (' = g;* — ¢h]"* are complex expansion coefficinets for a given angular
frequency w. The magnetic vertical component at Earth’s surface (r = a) follows as

Z(w,r=a,0,¢) = Re {Z (nep'(w) — (n+ 1)t (w)) P (cos 0) exp(im¢)}

n,m

= Re {Z 2 (w) P (cos 0) exp(ime) } (2.9)

with 2" = ne)' — (n+1)¢)". The horizontal divergence of the magnetic horizontal components follows
as

V., Bg=-V3V =) = Re {Z n(n+1) (et (w) + ¢t (w)) P (cosh) exp(iqu)}

n,m

= Re {Z yn(w) P (cos 6) exp(ime) } (2.10)

withy' =n(n+ 1) (e + o).

From the time series of €)' (up to n = 3) and ¢, (up to n = 30) we have calculated times series of
2" and ¥, from which time series of Z(6, ¢) and )(6, ¢) have been synthesized for points on a regular
5° x 5° in colatitude ¢ and longitude ¢ consiting of Ny x (Ng — 1) = 37 x 72 = 2664 grid points. For
the results presented here we only used one year (1998) of data.

For each grid point we then calculated the C-response

Clw) = = @11

using the section-averaging method of Olsen [1998a]) for periods between 1.8 and 80 days.

As an example, Figure 2.6 shows squared coherence coh? and obtained responses for a = 45°, ¢ =
0°. The red curve represents the 1-D response (for n = 1) that has been used for calculating the synthetic
data.

Maps of the C-response for various periods are shown in Figures 2.7 to 2.9. Grey regions indicate
data with coh? < 0.5.
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Figure 2.7: Map of real (left) and imaginary (right) part of the C'-response (in km), determined from one
year of time series of € and /”"*. Regions with coh? < 0.5 are shown in grey.
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2.1.3.4 Calculation of realistic satelite-based C-responses

We use simulated Swarm satellite data of constellation # 4; creation and availability of these data are
given in section 2.4 and 2.5 of Olsen et al. [2007].

In following we only use the magnetospheric and secondary, induced, part of the magnetic signal.

For each day of the time span July 1, 1998 (the start of the mission simulation) to December 31,
2002 we estimated the expansion coefficients €)' (up to n = 3) and ¢]* (up to nyax) of equation 2.8
using a least-squared approach. The next steps are very similar to those described in the previous
subsection 2.1.3.3: From the time series of €], and ¢]'* (which have a sampling rate of 1 day) we calculate
time series of 2, and y,*, and of Z (6, ¢) and ) (0, ¢) for points on a regular 5° x 5° in colatitude ¢ and
longitude ¢ consiting of Ny x (Ny — 1) = 37 x 72 = 2664 grid points. Finally, the C-response

Clw) = 22 2.12)

is estimated using the section-averaging method of Olsen [1998a]) for periods between 3 and 77 days.

We used two different truncation levels for the spherical harmonic expansion of the internal, induced,
field: nmax = 3 and npax = 9. Maps of the obtained C'—response for ny,,x = 3 are shown in
Figures 2.10 to 2.11; those for nyax = 9 are shown in Figures 2.12 to 2.13.

2.2 Frequency-domain quasi 3-D inversion: methodology and tests

2.2.1 Inverse problem formulation

The quasi 3-D inversion is based on “site-by-site” 1-D inversions with an inter-site smoothing procedure
[Pankratov et al., 2006]. As a result we obtain an initial 3-D conductivity model that will be used as
starting (and probably also an a priori) model for the rigorous 3-D inversion. The overall scheme is as
follows:

e Site-by-site 1-D inversions (with an excessive number of layers)
e Merging of the layers (at each site) in order to find the boundaries of the true” section (focusing)

e Constructing a smoothed 3-D (a priori) model on the basis of results of step 1 and 2 (inter-site
smoothing)

e Site-by-site 1-D inversions (with the 3-D model from step 3 as an a priori model)

2.2.2 Simple quasi 1-D inversion of ultimate ground-based data set

As a test to investigate whether we can obtain a reasonable image of the 3-D conductivity distribution
using a quasi 3-D approach we started with simple “’site-by-site” 1-D inversions (without focusing and
inter-site smoothing). Another question we wanted to answer is whether we have to correct the C-
responses for the ocean effect in the considered period range from 2 days to 2 months during quasi 3-D
inversion.

As input data for our inversion we took the ultimate ground-based data set (Z:H C-responses; see
details above). Using the quasi-Newton (QN) algorithm of Byrd et al. [1995] we derived spherical 1-D
conductivity models beneath each site on a 2° x 2° mesh. The calculation of 1-D responses and its gra-
dients are explained in the appendix of Kuvshinov and Olsen [2006a]. The spherical layer thicknesses
increase with depth as an arithmetic series with step size 30 km, starting from a top layer thickness of
10 km. We terminate the model at a depth of 850 km. Thus 28 layers (with log(conductivities) as the
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Figure 2.10: Map of real (left) and imaginary (right) part of the C-response (in km), determined from
four years of Swarm constellation # 4 data and ny,,« = 3. Regions with coh? < 0.5 are shown in grey.
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Figure 2.11: Map of real (left) and imaginary (right) part of the C-response (in km), determined from
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corresponding 28 model parameters) are considered. The solution is stabilized by requiring minimum
first derivative of log(conductivity) with respect to depth. Fig. 2.14 shows the results of the conductivity
recovery (on a logarithmic scale) at depths of 205 km (at the center of the uniform layer of 0.004 S/m
conductivity), of 535 km (at the center of nonuniform layer), and of 775 km. For comparison, Fig. 2.15
presents the true conductivity distribution in the nonuniform target layer. Note that polar and equatorial
regions are excluded in Fig. 2.14, to make the problem statement more realistic. The stabilizing parame-
ter A has been chosen to provide sufficient smoothness of the model and reasonably small misfit (in this
case we used A = 100). We obtain satisfactory but not perfect agreement.

We tried to improve the agreement by correcting the responses for the ocean effect. To do this we
used

Ccorr,ezp(ri’ Wj) _ Cexp(ri’ Wj) * ClD (ri’ wj)/ClD-i-shell(ri’ Wj)- (2.13)

Here C°“P are responses calculated from the model with oceans and deep anomaly, C''” are responses
calculated from the 1-D model, and C'P+"¢ll are responses calculated from the model with oceans and
1-D section underneath. Fig. 2.16 presents the result of an inversion of the corrected responses. It is
clearly seen that the agreement between true and recovered conductivities is now much better. Note that
for the correction we used the background section as the 1-D model.

2.3 Frequency-domain full 3-D inversion: methodology

2.3.1 Inverse problem formulation

We formulate the inverse problem of conductivity recovery as an optimization problem such that

o(m, \) \—:_/min, (2.14)

g

with the penalty function
p(m, \) = pg(m) + Aps(m). (2.15)
Here ¢4(m) is the data misfit

ga(m) =Y Y (Ca(m,w) — Cg™ ()" Da(w)(Ca(m,w) — G5 (w)), (2.16)

weS) aESites

and \ and ¢4(m) are a regularization parameter and a stabilizer, respectively. Cy,(m,w) and Cg'?(w)
are the (complex-valued) predicted and observed response functions respectively at observation site

a and frequency w, Dg(w) = m is the inverse of the squared uncertainties of the ob-

served responses, and the asterisk stands for complex conjugate. m = (mi,ma,...,mn;,,
(In(o1),In(02), ... In(op;,,, )T is the vector of logarithms of the unknown conductivities in Ny, cells
of the inversion domain V'™ that have to be determined. This, in particular, means that the conductivity

distribution in the volume V™ is represented as

)T_

N'an

a(r) = opal(r), (2.17)
=1

where

l,re Vi
xi(r) = { Or € Vi (2.18)

and where Vlm” is the volume occupied by the I-th cell (note that V" = | J Vli””). We assume that V"™
is a number of nonuniform spherical layers embedded in the Earth model that consists of a surface shell
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Figure 2.14: Log(conductivities) at depths of 205 km, 535 km and 775 km recovered by simple quasi
1-D inversion from the uncorrected C-responses.
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Figure 2.15: True log(conductivity) distribution in the target nonuniform layer located at depths between
310 km and 710 km.

of known laterally variable conductance and known background profile of conductivity (see Fig. 2.17).

The dimension of the problem is rather large with N;;,,, and Ny, X Ngjtes both exceeding 10*. Note that

the choice of logarithms of conductivities instead conductivities themselves as unknowns guarantees the

positiveness of the conductivities during the inversion and provides a better scaling of the problem.
”Sites” define the locations of the observation sites:

Sites := {(ri, %i, i), i = 1,2, ..., Ngjtes } (2.19)
and ()" define the frequencies in consideration:
Qi={wj,j =1,2,..., Nppeq }- (2.20)
The stabilizer can be chosen in different ways but is often presented in the form
¢s(m) = {Wm}" {Wm}, (2.21)

where the superscript 7' means transpose and W presents a regularization matrix which — together with
the regularization parameter A — controls the model smoothness. We will consider here as smoothing
matrix the finite difference approximation to the gradient (V) operator.

2.3.2 Choice of the optimization scheme

Due to the large scale of the inverse problem, gradient methods are probably the only methods of choice
[cf. Nocedal and Wright, 2006]. Two competitive methods are often used for large scale inverse prob-
lems in geoelectromagnetism: the nonlinear conjugate gradient (NLCG), and the limited-memory quasi-
Newton (LMQN) method [cf. Newman and Alumbaugh, 2000, Rodi and Mackie, 2000, Newman and
Boggs, 2004, Haber, 2005, Kelbert et al., 2007, Avdeev and Avdeeva, 2009]. In this section we will
discuss shortly the essentials of these two methods and provide a test of their efficiency as applied to the
simple 1-D global induction inversion problem.
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Figure 2.16: Log(conductivities) at depths of 205 km, 535 km and 775 km recovered by simple quasi
1-D inversion from the corrected C'-responses.
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Figure 2.17: Sketch of 3-D conductivity model.

2.3.2.1 Limited memory quasi-Newton algorithm (LMQN)

The quasi-Newton (QN) method is based on the update formula

my1 = My + 0Pk, (2.22)

where py, is determined as
pr = —B; 'V (2.23)
Here Vo = (gfffl , gi’; ) ee %)T is the gradient vector with respect to the current model parame-

ters my, oy, is the step length and kal is an approximation of the inverse Hessian matrix.
This updating procedure requires three basic operations:

1. Update of V¢y;
2. Update of Bk_1 using, for example, Broyden-Fletcher-Goldfarb-Shanno (BFGS) formula;
3. Inexact line search to find appropriate c.

Since the inverse Hessian approximation is generally dense, the cost of storing and manipulating it is
prohibitive when the number, N;;,,, of variables is large. Indeed we need O(Nﬁw) bytes and operations
to respectively store Bk_1 and calculate Bk_Iqubk at each iteration. For example, with the number of
variables that we plan to use in our inversion

Ninw = Ny x Ny x Ny = 6 x 36 x 72, (2.24)

we need about 1 Gb of memory. To circumvent this problem, a limited-memory variant of QN was
introduced which works with a modified version of B, ! and requires manipulations with m vector pairs
{m; — m;_1,V¢; — V¢;_1}. Practical experience has shown that modest values of m (between 3 and
20, say) often produce satisfactory results. In this case we need O(mNj,, ) bytes and operations to store
B, ! and calculate B i 1V ¢y, in each iteration.

Note that the efficiency (rate of convergence to the solution) of the inversion strongly depends on
the accuracy of the line search scheme. In both methods (LMQN and NLCG) we used a sophisticated
scheme, following the reasonings presented in [Nocedal and Wright, 2006].
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2.3.2.2 Nonlinear conjugate gradients (NLCG)

The nonlinear conjugate gradient method proposed by Fletcher and Reeves [1964] is based on the update
formula

my 1 = Mg + QgPk, (2.25)
where pi is
Pk = —Voir_1 + BiPi—1- (2.26)
Vol'y
By, = —f’“ % 2.27)
v¢k_1v¢k—1

There are many variants of the Fletcher-Reeves method that differ from each other mainly in the choice

of the parameter 5;. An important variant, proposed by Polyak and Ribiere [1969], defines this param-

eter as

VL (Vor — Vp_1)
Vng_ 1 v¢k— 1 .

Other variants of the NLCG method have recently been proposed. Two choices for (3 that posses
attractive theoretical and computational properties are

Br (2.28)

Vi Vo
= ) (2.29)
= (Vo= Vor 1T
(see [Dai and Yuan, 1999]) and
A~ T A~
B = (yk — 2py Y?‘Yk), (2.30)
Yi Pk
with
Ve =Vop —Vop_1. (2.31)

(see [Hager and Zhang, 2005]). It is seen from eqs. (2.25)- (2.31) that the NLCG update involves the
calculation of V¢, and a line search, but does not require an update of the inverse Hessian matrix. Thus
NLCG is appealing for large nonlinear optimization problems.

Both methods are terminated when |V ¢ | becomes sufficiently small.

2.3.2.3 LMOQN versus NLCG

We coded the two methods and tested their efficiency on a simple radially-symmetric (1-D) conductivity
model, where the searching parameters are the log conductivities of four layers. The boundaries of
these layers were fixed, no uncertainties were added, and no regularization was performed. Note that
the calculation of the 1-D responses and its gradients are explained in the Appendix of Kuvshinov and
Olsen [2006a]. In the case of NLCG we tried all four variants for updating 3j, described by eqs. (2.27)
and (2.29)-(2.31) and obtained best results when using eqs. (2.30)-(2.31).

Fig. 2.18 presents the results of this test. The left and right panel shows the number of forward
modeling calls and misfit, respectively, in dependence on the number of iterations. It is seen that LMQN
requires 3 times fewer forward modelings compared to NLCG to achieve a misfit of 10~ (which corre-
sponds to 35 iterations). This result hints that LMQN is probably more appropriate than NLCG for our
problem formulation.
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Figure 2.18: Number of the forward modeling calls (left) and misfit (right) with respect to number of
iterations.

2.3.3 Test of different regularization schemes. 1-D case

An important problem in the inversion of electromagnetic data is the development of stable inverse prob-
lem solvers that are able to deliver sharp images of the conductivity inhomogeneities. To stabilize the
inverse solution, conventional inverse schemes are based on a standard smoothness constraint, which,
however, produces smoothed and blurry images. We investigated several alternative stabilizing proce-
dures, which have been promoted recently to produce sharper images. These stabilizing procedures are
Total Variance, Minimum Gradient Support, and Maximum Entropy Regularizations.

During our optimization we minimize the penalty function (2.15). Using different stabilizers and
regularization parameters we obtained 1-D conductivity models of different smoothness. For compara-
tive purposes, we introduce the widely used smoothness constraint, where ¢ (m) is the integral over the
Lo norm of the model gradient

6s(m) = / 1 Vm]2dv 232)
1%

where m = (mi,ma,....,my, ) = (In(o1),In(02),...In(oy,,,))T. Here the contribution to the
model increases with the square of the model gradient.

Alternatively, the L1-norm may be chosen [cf. Aster et al., 2005]

6 (m) = /V Vml|dv. (2.33)

which increases only linearly with the model gradient and thus produces more blocky models than the
Lo-norm because the penalty for larger gradients is smaller. A problem is, however, the difficulty of
calculating the gradient for the stabilizer. Therefore it is possible to use

¢s(m) = \//V |Vm|]2dv + 32. (2.34)
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Imisfit Test 1: 50-layer model, unknown boundaries, gradient regularization
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Figure 2.19: L-curve (black line, left) and comparison of conductivity profile between different A (right)
for the conventional regularization.
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Figure 2.20: L-curve (black line, left) and comparison of conductivity profile between different A (right)
for the Total Variance regularization.

The Minimum Gradient Support functional [cf. Blashek et al., 2008] can be written as

Vm-Vm

Pl0) = | T m ot

dv. (2.35)

For small values of 3, the functional behaves like a step function, as can be seen from

) Vm-Vm [ 1, forVm #0
B, o 55 = | 0 for v 0 239

In the limit of large 3, the function asymptotically converges toward a penalty proportional to the
Lo-norm:
Vm-Vm

8>Vm=
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misfit Test 1: 50-layer model, unknown boundaries, Minimum Gradient suppeortB=0.1)
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Figure 2.21: L-curve (black line, left) and comparison of conductivity profile between different A (right)
for the Minimum Gradient Support regularization.

We also consider the Maximum Entropy Regularization. The entropy norm, recently used in ge-
omagnetic field modelling, provides models with better contrast, and involves a minimum of a priori
information about field structure. According to Gillet et al. [2007], the entropy functional can be written
as ¢s(m) = (Zf\il 0i — Oapr — 0ilog(0i/0ap)). Here o; is the model-conductivity and o, is the
default model.

12 E : ] . J : . : : milsfit Test 1: 50-layer model, unknown boundaries, Maximum entropy regularization(camﬂ]
o ilambda & 3
10 4
E -200F- -
t
10 3 —400f- -
i —600F -+ Sl B B R R S
10k o ; o oo
E E
£ e
F 1, SO L aad o R o
16 3 8
E B R i e it § G
5 t R
10 3 E 1200+ = 7
L Ri-2.083 | ]
10’ E Y6 ,:l 1400+ |
E - — e model
g - : A E A e e
& [ 4 . . 7 7 ’ y y 107 10 107° 107" 10 10’
-22 20 -8 16 14 12 10 -8 -6 -4 -2 a[Sim]

Figure 2.22: L-curve (black line, left) and comparison of conductivity profile between different A (right)
for the Maximum Entropy Regularization.

Figures 2.19-2.22 summarize our first experiments with different types of regularizations. We in-
verted synthetic C'-responses from 1-D model (shown on the right panels of the Figures as fat solid
line). Optimal ) is chosen following L-curve criterion [Hansen, 1992] in which the value of X that gives
the solution closest to the corner of the L-curve is selected. From the Figures it can be seen that the
Maximum Entropy Regularization provides the most blocky profile. However, more work is required to
support this conclusion.
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2.4 Efficient calculation of the gradient of the misfit function

In the methods discussed above one has to calculate the gradient of the penalty function V¢ = V¢, +
AV . As for regularization term introduced by eq. (2.21), an evaluation of V¢, leads immediately to

Vs = 2W T Wm. (2.38)

For the computation of V¢, we adopt the adjoint approach [widely used, say, in electromagnetics, cf.
Dorn et al., 1999, Newman and Alumbaugh, 2000, Rodi and Mackie, 2000, Kelbert et al., 2007, Avdeev
and Avdeeva, 2009], which allows for calculating the gradient with only a few forward calculations.
Following formalism presented in [Pankratov and Kuvshinov, 2010], we elaborate on applying this
approach to the calculation of the gradient of our (specific) misfit function.

First we have to introduce the operators ngb, Gg’b and Gg% that are needed to construct an efficient
scheme for calculating the gradients.

2.4.1 Definition of the operators G5}, G5, G5,

We consider Maxwell’s equations
V x H = oE + j**t,

V X E =iwpeH. (2.39)

and define the operator ngb as

A V x H = oE + j**,
E =G (%) & { V xE =iwuH, (2.40)
EH—-0asr— o0

where
ext sext

J =" w, 0, ), (2.41)

is the given exciting (imposed) current, and o = o(r,, ¢) is the given three-dimensional (3-D) con-
ductivity distribution in the Earth’s model. The operator GSJD (+) acts on the input distribution of electric
current j°** and yields the electric field due to this current.

Further we define the operator G?ﬁ’b

V xH =0E,
E = G{(h*) & { V x E = iwpuoH + ht, (2.42)
EH—-0as r— oo.

which calculates the electric field Gg}l”) (h®**) provided that the input h®® has the spatial distribution
h* = h*(w, r, 9, ), (2.43)

of the imposed magnetic dipoles. G?b and Gg’b are linked through

h . i hext
G ) = Gip (Vx| o) ). (2.44)
Finally we define the operator G5,
V x H =0E,
E=GY(F) & { VxE=iwuH+V,F (2.45)

EH-—-0asr— 0.
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2.4.2 Derivatives of the Z:Y C-responses

Here we present the results for the Z:Y C-responses (those for Z:H C-responses will be discussed in
Section 2.7).
We can write the C-response at the observation site a as

H,
v, H

Calw) = Ca(H(w)) = C(H,, V, - H)|, = (2.46)

a
In following we will omit (but imply) the dependence fn the quantities frequency on w.
Let us derive the differential, d(C,(w)), with respect to a variation of conductivity o. By denoting

U=V, -H, (2.47)
we have
oC oC H, 1
dCy = | ==dU dH, = (—=dU — —dH, 2.48
<8U + 0H, ) (U 2 U > ( )
Let us consider the calculation of %dHr:
1 _ [ 1,;V.xE _ (1 1 _
1 1 ej ej (sext _
(muo 7 Ve X (G3p(G5p( )dU))> = (2.49)

< Ler6,,¥ x <G;jp<a;jp<jm>da>>>,

where 0, = d(r —r,) is Dirac’s delta function, and pair in angle brackets (-, -) denotes complex bilinear
pairing

(a,b) = /R3 (ar(£)by(r) + ag(r)by(r) + ay,(r)by(r))r? sin Idddep. (2.50)

Note that in eq. (2.49) we used the following expression for differential of electric field with respect to
variation of conductivity o ' '
dE = G (G5 (") do). (2.51)

Let us show how we derive this equation. We consider Maxwell’s equations for o + Ao and denote their
solutions as H + AH and E + AE

V x (H+ AH) = (0 + Ac)(E + AE) + j**,

V x (B + AE) — iwjio(H + AH). (2.52)
By subtracting eq. (2.39) from eq. (2.52) we get
V x AH = (0 + Ao)AE + AcE, (2.53)
V x AE = iwpupgAH. '
But we notice, from eq. (2.40), that
AcE = G (3% Ao. (2.54)
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By tending Ao to zero we arrive to the following equation

V x dH = odE + G5, () do,

V x dE = iwpodH. (2.55)
By comparing eq. (2.55) with eq. (2.40) we obtain the desired eq. (2.51).
Let us continue with eq. (2.49). Since the V X is a self-adjoint operator, i.e.
(V x a,b) =(a,V x b), (2.56)
for any fields a and b, we obtain
(ldHT) —(V x (——Les.), G (G (o) ). (2.57)
U iwpo U 3D\-"'3D
Since Gg% is also self-adjoint operator (see the proof in the next section), we obtain
(ldH ) — (G x (2 Le.5,)), G () do (2.58)
U r iwho U-oroe))FsD : .

Using the link between G and G°", described by eq. (2.44) we arrive to the final expression for
($r)
a
1
()
a

Let us consider the calculation of the first term in right-hand side of eq. (2.48)

(’Jadv)\ - (ﬁdm - H>) _ (Hv (d<m))

H, d . H, B

(WVT ' (Vl“i’(#(F)) - <iw%uo Wdaavfr : (V X dE>> =
a

—(V L H5 | VxdE )=

T\ dwpo U?

(2.60)
—( V% ( & <ﬁ6a>>’G§JD<G§$<jm>do>> —

G| V % <@)V7(I[}’56a>>>,G§£(jm)da> =
G| v, (fggéa>>,c;§g(jm)do>.

Among the reasonings discussed earlier we used in the latter equation the equality

1 e] rsex
:<G§%(Uer5a)vG3]D(J t)da>- (259)

a

(a,V;-b) =—(V;a,b). (2.61)

From eq. (2.45) and eq. (2.59) we have

H,
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:—<G3*(]D<U25a>,G3]D(.] t)d0>. (2.62)

a




Substituting eq. (2.59) and eq. (2.62) into eq. (2.48) we obtain the desired differential, d(C,(w)), with
respect to variation of o

Hr €] /s 1 ej) s
dC, = —<G§%(W6a),G3jD(Jm)da> - <G§’,5 (UeT6a>,G33D(_]emt)da>. (2.63)

2.4.3 Gradient of the data misfit (Z:Y case)

The differential of the misfit function defined by eq. (2.16) with respect to variation of ¢ can be written
in the form

dog =2 Re{ > ) (Colm,w) - c;wp(w))*pa(w)d(ca(m,w))}, (2.64)
weN acSites

where the sign ”*” stands for complex conjugation. Substituting eq. (2.63) into the latter equation and
rearranging the terms we get

g = 2 Re{ D UGSH(I9), G5 do) + (G (3T, Gg;%(jm)da»}, (2.65)
we
where
1
I == 3" (Ca(m,w) = C(w))* Da7e,0a, (2.66)
- Uq
a€Sites
and where
exr * H"“
J¢ == " (Ca(m,w) - CE(w)) Dotz da- (2.67)
acSites a
Taking in mind our model parametrization we obtain the expressions for the partial derivatives g%dl in
the form
¢4 9¢d
— =0 2.68
By o B0y’ (2.68)
where
0 eJ s € ej (s
aid =2Red » ( / G (I - GG dv + [ G5H(TY) - G () dv) p. (2.69)
9l weN Vi Vi
Here the sign ” - 7 stands for the bilinear scalar product
a-b = a;b. + ayby + ayby,. (2.70)

The formula (2.69) practically means that computational loads for calculating gradient

(aaT‘fl, aaTiv ey amaﬁ)T are equivalent to those for the solution of Ny, forward problems G5, (j***)

and N ¢, adjoint problems G§% (J7) and G57,(J%).
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2.4.4 Reciprocity of operator Gg%

In this subsection we show that
(G5p(a),b) = (a, G5 (b)). 2.71)

First let us obtain, from Maxwell’s equations (2.39), the equation for electric field. By substituting the
second equation of (2.39) into the first equation we have

¥ x (v . E) — oF = jo, 2.72)
iwpto

Let A = G§),(a) and B = G5, (b), i.e.

V x (V,XA) oA =—a, (2.73)
iwpo
and
v x (V,XB) _oB=h. (2.74)
iwpo

Using the reciprocity of V x operator we obtain the following sequence of equalities

(G5 (@), b) = (A, V x (TB) - oB) = (A, V x (LB))-

twpo Wwho

(A,0B) = (V x A, 2B} _ (;A B) = (V x (WB),B)— (2.75)

) iwho

(cA,B) = (V x (WA> — oA, B) = (a, G5, (b)).

WO

2.5 Estimates of CPU time needed to perform a full cycle of 3-D inversion

We will call as a full cycle of 3-D inversion, a set of solutions of optimization problem (2.14) for IV trial
values of regularization parameter A, needed to achieve reasonable balance between sufficient decrease
of misfit and desirable smoothness of the recovered 3-D model. We will call as a single inversion run,
a solution of optimization problem (2.14) for one value of A. Since the forward calculations take the
largest proportion of the computational efforts during an inversion, the number of forward problems
performed during one inversion run gives an impression regarding the overall computational load to
perform a full cycle of inversions. We can estimate the number of forward modelings, IV as

N = Niter X Ncalls X 3 X NfT6Q7 (276)

where N, is the number of LMQN (or NLCG) iterations (updates), N.qs is the number of gradient
estimates per iterate, N .., is the number of frequencies on which C'-responses are determined, 3 stands
for a number of sources needed to calculate the gradients. By taking upper bounds for N, = 100,
Neants = 5, Nfreq = 10 we obtain that N = 15000. In the forthcoming subsections we derive an
estimate of the CPU time for a single (optimized) forward modeling. This number turns out to be 7 sec.
Multiplying N = 15000 on 7 sec we obtain that one inverse run on a single processor takes 30 hours of
CPU time. Parallelization with respect to frequencies diminishes the CPU time down to a few hours.
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2.6 Forward modeling scheme: integral equation (IE) approach

2.6.1 Governing equations

To solve the forward problem (Maxwell’s equations) either in the form (2.40) or (2.42), or (2.45) we
have adopted the numerical solution which is described in Kuvshinov et al. [2002, 2005]) and which has
been already successfully applied for a variety of global induction problems [cf. Maus and Kuvshinov,
2004, Kuvshinov and Olsen, 2005a,b, Kuvshinov et al., 2006, Manoj et al., 2006, Kuvshinov and Olsen,
2006b, Kuvshinov et al., 2007]. The solution is based on a volume integral equation approach, which
combines the modified iterative dissipative method ([Singer, 1995]) with conjugate gradient iteration.
The solution simulates electromagnetic (EM) fields excited by arbitrary sources in three-dimensional
(3-D) spherical models of electric conductivity. These models consist of a number of anomalies of 3-D
conductivity o(r), embedded in a host section of radially symmetric (1-D) conductivity oo(r). Within
the approach we first reduce the initial form of Maxwell’s equations (with respect to total fields E and
H) to Maxwell’s equations with respect to scattered fields E° = E — E? and H* = H — H"

V x H* = oE° + j°,

V x E* =iwpoH?, 2.77)
where
j* = (0 — 00)E". (2.78)
Note that E? is either the solution of
VvV x HY = O'0E0 +jext’
V x E? = jwugHO, (2.79)
or
V x H’ = O'():EO7
V x E? = jwpugH? + het (2.80)
or
0 _ 0
V xH —O'0E , (2.81)

V x E? = iwpugH® + V. P. °

If we know Green’s tensors (fundamental solutions) G?b, Gf’b and G7%, of the respective equations
(2.79), (2.80) and (2.81) then we can write either

EO(r) = / G (e, )i (), re VTl (2.82)
Vext
or
E'(r) = /G‘fifj(r,r')hwt(r')dv’, r e ymod (2.83)
Vext
or
EO(r) = / GO (v, ) P()d, e Vel (2.84)
Vext
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where V¢ is the volume occupied by the imposed source j°** (or h*** or V,P), V"°? is a modeling
region, where o — o differs from 0. Explicit forms for G‘{Jb can be found in the Appendix of Kuvshinov
[2008], whereas explicit forms for G‘f}}j and GT% are presented in forthcoming sections.

Further eq. (2.77) are reduced to a scattering equation of specific type [Pankratov et al., 1997]

/ K(r, o )R(r')x(x")dv" = xo(r), reymed (2.85)

which is solved by the generalized bi-conjugate gradient method [Zhang, 1997]. Here

r=2"9% (2.86)
o+ og
K(r,x') =6(r —¢')I + 2/ o,(r GlDrr ao(r), (2.87)
/ K(r,r') V% PFd', (2.88)
o+ o0,

VY mod

= (0 + o) + ) 289)
X = 2\/?0 g Oo J ) .

Here 6(r — r’) is Dirac’s delta function, I is the identity operator,
Once Yy is determined from the solution of the scattering equation (2.85), the magnetic field, H, at
the observation points, r € Sites is calculated as

H-= / GlD r, )i (r')dv' + / GlD r,r)ji(x")dv’, (2.90)
Vext y/mod
with
j?7= (6 — 00)(E® + E®), (2.91)
E® = (2\F x —J°)- (2.92)

o+o

Explicit expressions for the elements of G d) are given in the Appendix of Kuvshinov [2008].

2.6.2 Optimization of the IE solution within 3-D inversion

The efficiency of 3-D inversion depends critically on the ability to perform fast and robust calculation
of the responses (forward problem solution). Since our forward solver is based on an integral equation
(IE) formulation we can take advantage of the IE solution and perform the time-consuming part of
the simulations (calculations of tensor Greens functions) only once, prior to the inversion iterations. We
have conducted model studies to investigate whether we indeed speed up the forward problem solution in
the frame of inverse problem solution by calculating tensor Greens functions prior to inversion iterations.
We calculated the responses within a 3-D conductivity model discretized by N, x Ny x N, = 6 x 36 X
72 = 15552 cells (we plan to use this discretization during 3-D inversion). The CPU times for different
modules of the forward solution at a specific frequency (on a single processor of ETH cluster Gonzales
(which consists of 576 processors)) are
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e Calculation of G%(r, v’ {oo(r)},w;i) (where r € Vy0q, T/ € Vinoa) takes 120 sec
e Solution of scattering equation takes 5 sec

e Calculation of G}I%(r, v/, {oo(r)},w;) (where r € Sites, 1’ € V,,,q) takes 20 sec

These estimates in particular mean that isolating calculation of Green’s functions gives (120 sec + 20
sec)/7 sec = 20 times acceleration of the forward problem calculations. We modified our solution to
admit such kind of isolation.

Another dramatic saving of computational loads comes from parallelization of IE solution. Since
forward calculations are completely independent with respect to frequencies we can perform the mod-
elings at different frequencies in parallel on Ny,.., processors. It gives an additional Ny, times ac-
celeration of the forward solution. of IE code that admits such a kind of parallelizations. Using N ¢4
processors we indeed succeded in Ny, acceleration of the forward solution.

Finally, during a full cycle of inversion we have to conduct independent inversion runs for N, values
of regularization parameter. Thus we can readily achieve additional V) times acceleration if we have
enough number of processors.

2.6.3 Explicit forms for Green’s tensor G¢%,

Let us consider Maxwell’s equations

V x H = oy(r)E,

V x E =iwpoH + qwt (2.93)

We then introduce vector spherical functions, which are determined via scalar functions S)*(9, ¢) =
pm (cos V)ei™ as

S:Lm = ng(ﬁv (p)eﬁ

t _ 1
St = e X V LS9, ), (2.94)

P __
Snm -

1 m
n(nt1) vLSn (297 30)7

where P,Lm| are associated Legendre polynomials of degree n (n = 1,2,...) and of order m (m =
0,£1,4+2,...,4n), V is the angular part of operator V = eréar + %VL, and ”x” denotes vector

product. We decompose the tangential component of the electric field as

(r, 9, 0) Z{snm o+ Ehon (1) S} (2.95)

[e.e] n
Hereinafter > denotes summation ) ) . Similarly tangential components of the magnetic field
n,m n=1m=-n
and current are decomposed as

e, x H (1,9, p) Z{h o+ B2 (r)SP Y, (2.96)
er X qf—mt T v 90 Z{qnm + qgm(r)sﬁm} (297)
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1
H,(r,0,0) = Z{—hﬁmmszm + Py (1) S (2.98)

qa;" (r, 9, ¢) Z{ G (1) + @y (1) Sh }- (2.99)

Radial components of the field and current we decompose as

E.(r,9,¢)e anm e (2.100)

H,(r,9,¢)e Zh Shm: (2.101)
ext 1 r

(r, 9, p)er = - ;qnm( "S- (2.102)

Substituting (2.95)-(2.102) into Maxwell’s equations (2.93) and gathering together terms involving func-
tions S, and SP,,,, we get the systems of equations

el = —iwpohl,, — ¢k,

\ . n(ni1) (D) . (2.103)
Or hnm = Enm(ao T iwpg ) T riwpg  Anmo
Orenm = hﬁm("%—jol) ~ iwpio) = Ghm (2.104)
Ophhim = 00Ehm,

r \/n(n—i—l

{ T0EN \/T (2.105)

iwpohy, = ) G

Systems (2.103) and (2.104) can be written in the following generic form
Ore(r) = p(r)h(r) + falr),
2.106
{ Orh(r) = q(r)e(r) + fe(r), ( )

where

e(ry=cet,, , h(r)=ht

nm?

n(n+1)

p(r) = —iwpo , q(r) =00 — 50 (2.107)
— t vn(ntl .
fh(?“) = —ldpm > fS(r) = T T riwpg dnmo
for system (2.103) and
e(r) = ehm , h(r) = hh,,
p(r) = "5 iy, q(r) = o0, (2.108)
fn(r) = —Gnm , fe(r) =0,
for system (2.104). System (2.106) can be reduced to the second order equation
1
GT(—&&T) —q(r)e(r) = f(r), (2.109)
v (r) (r)e(r) = f(r)
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where

(2.110)
The solution of (2.109) can be written as
o
e(r) = / G(n,r,r") f(r")dr, (2.111)
0

where G(n,r,r’) is scalar Green’s function of equation (2.109). We impose boundary conditions on the
solution of (2.109) in the form ¢(r) — 0, when r — 0 and r — oo.

Green’s function

Definition: A Green’s function, G(z, s), of a linear differential operator L = L(x) acting on distributions over a subset
of the Euclidean space R", at a poins s, is any solution of

LG(z,s) = 6(z — s)

where § is the Dirac delta function. If the kernel of L is nontrivial, then the Green’s function is not unique. However, in
practice, some combination of symmetry, boundary conditions and/or other externally imposed criteria will give a
unique Green’s function.

This property of a Green’s function can be exploited to solve differential equations of the form

Lu(z) = f(x)

So, if such a function G can be found for the operator L, then if we multiply the first equation for the Green’s function
by f(s), and then integrate in the s variable, we obtain:

/ LG(x, ) f(s) = / 5z — 8)f(s) = f(z) = Lu(x)

Because the operator L = L(z) is linear and acts only on the variable x:

Lu(z) = L(/G(:c, /(s)) & ulz) = /G(x, )£ (s)

Properties of the Green’s function:
1. G(n,r,r") is continuous, depending on r;

!
2.G(n,r,7")—>0{ r—0

The first two properties arise from our definition of the Green’s function.
r=r'40

r— 00

3. [ﬁ@rG(n, T, r')] o= 1
It comes from continuitTy:orf_tﬁe Green’s function, substututing in equation, defining it.
r+A r+A A
/ Or (LGTG(WL, T, r')) dr = / q(r)G(n,r,r"dr + / 5(r —r")dr
oA p(r) oA oA
r=r'+4+0
Since [q(r)G(n,r,7")] is finite the right part is equal to 1 and the left one to {p(lT) orG(n,r, r’)} »

4. G(TL, T, T/) = G(”v T/v T’)
Proof:
Or (—&G(n, T, r’)) =q(r)G(n,r,v") +6(r — 1)
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and another one

1 V) =q(r)Gn,r, 7" r—r"
ar(maw(n,r,r ))—q< JG(n,ror") + 6(r — )

integrate over r:

Zoar <$&«G(n, T )> G(n,r,r")dr — Zar(p(lr)a G(n,r,r )) (n,r,7")dr
= O/G(n, "o (r — ' )dr — J G(n,r,r")o(r —r")dr

The left part leads to:

1 " N 1 ’ |
—G(n,r,r")0.G(n,r,1 - —G(n,r,7)0-G(n,r, 7 =0
Sy O 0G| = s Gl

because of the boundary conditions. And that means, that

G(n,r',r") = G(n,7",1")

Let’s multiply the first one by G(n, 7, 7"") and the second one by G(n, r,7"). Afterwards substract one from another and

Substituting (2.110) into (2.111) and integrating by parts, we get

/Gnrrfa dr—/ﬂGan)fh()
0

where

O G(nyr,r")

ST TaT)

Then, substituting (2.112) into the first equation of the system (2.106), we get in a similar way

h(r) = p(r)( e(r) = fu(r)) =

» (2.116)
p(T foE d?" - 8T fa ifh( ) _ﬁfh(r) -

2.116 ,
( ) faTGfE(T')dT/ _ ﬁf ?')GG 8GGth( ’)d?“'—

(2.117)

5 S OB G () — s ()

LD [ 0G L") dr — [ aBG (' )dr'+

+I% f %G(nﬂ? T‘/)fh(’l“,)dTl - ﬁfh(r) =

= [aGf(r")dr' — [ aBG fr(r")dr’

2.112)

(2.113)

(2.114)
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where

a(n,r,r') = B(n,r',7). (2.115)
While deriving eq. (2.114) we used

< 0,/ G ) _ 0 <8T/G> _ 0,00G _ 9:.GoG 2.116)
"\eme) T\ @ ) T e T pme |
oG\ _ N — _M
o, (p(r’)G) = 0,B(n,r,r") = Gl (2.117)

This equality comes from discontinuity of 3 for r = 7’ (see explanation below (2.129)).

Substituting further (2.107) and (2.108) into (2.112) and (2.114) we express coefficients

t P t P : t P
Enms Enmy P s Pnm Via coefficients q),,.., Gnm, G,

1
/Gt / (n + )qnm(rl)dT/—i-

riwg
(2.118)
+ /ﬁth(n,r, gk, (r)dr',
0
eb /ﬂpGp(n r,r) b, (r")dr, (2.119)
0
t t it n(n+1) ,
Py, = — /a G*(n,r, r')anm(r/)dT’-l—
" oo (2.120)
+ [ G i 1)
0
W= [ @G 01,1 0 @.121)
0

Then, using decompositions (2.97) and (2.102), the coefficients g’,,,,(r’), ¢hm (') and ¢, (r') are writ-
ten as

/ —~
z / V) - (ey X ey X qp) ST = (2.122)

t /
T (7") =
15512 v/n(n +1) J

: ng\rr:ndQI7

_ r /V/L
1S3 12/ n(n +1)

(e x qT)SmdQ’ (2.123)

(1) = / V.-
||Sm|| vn(n+1)
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/ —_—
G (1) = / g S;rdQY. (2.124)

Here €2 is complete solid angle, dQ2 = di¥'dy’ sin’, 5‘51 = 5‘,’?(19’ ,©") denotes complex conjugation of
S™. Substituting (2.122)-(2.124) into (2.118)-(2.121) and further (2.94) and (2.118)-(2.121) into (2.95)
and after some algebra we get

I, [ g

= 72 : G ————yq,.(Fdr' —
"n,m((o/ WD) (r)ar

- / G YD) ) St
J ' iwio n(n+1)
7 1

+ | BPG g (r)dr ——=S") =
/ﬂ G (1)d n(n+1) )

i rEIGt Spsy ey
= [ e AT E i psle] -

oo o Grgn (2.125)
- [ e T s i)
Q O n,m
[ , v BGP Spsy s
—//VJ_{I:(eT’ X VL)(Z TiW/.LO ||S;Ln‘|2)i| 'q‘r}dT dQ) =
Q0 n,m
r ;o 1B o
_ //(er Y VL){VLP[W] gy Ydr'dQ —
Q0
//(er Ydr'dQ)' —
Q 0
T / r'BPGP ’ ’
- //VL{[(GTI X vL)P[rn(ﬁ#l)]] 'qr}dr sy’
Q0
E (7, 9 30) _ 1 Z EnmSm — Z '\U/::n+l Sm _
__1 Z \/Tﬂf P BPGP I fvl'(erl qu)ﬁndr'dQ/: (2.126)

ogr ‘SmH2 /n(n+1
_ _ff{ ew X VI )P[ZE |} qrdr'ag.

Now from (2.125)-(2.126) we write the expressions for elements g5, 951;,, e
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ho_ 1 B G (n,rr") 1 BPGP (n,r,r")
9o = ~ 590000 P rr/n(n+1) J+ sinﬂ’aﬂalp'P[ rr'n(n+1) ]
ho _ 11 BG (nrr") BPGP (n,r,r")
gf?go' — " sind sinﬁ’&Pa‘P'P[ rr'n(n+1) ] o aﬁaﬂlp[ rr'n(n+1) ]

eh __
Ggrt = sin ¢

th / G /
o = D0 PR + b 0,0, PG

rr/n(n+1) rr/n(n+1)
| B G (n,ryr') 1 BPGP (n,ryr') 2.127
gﬂeO(P' ~ sind/ aﬂasolp[ rr’n(Z-:I) ] o ma‘f’aﬁlp[ rr’n(Z-‘T:lT) ] ( )
ho_ Gt ('
Jorr = —3ﬂp[#£;0)]

eh —_ 1 apﬁpGp(nvrvT,)
Ir9" = sind aﬂalp[ r2r'og ]

P 3PGP T /
ga’;/ == _aﬁ/P[_a BTET/(;:)TT )]

Note, that all above components depend on (7, 7/, 9,9, ¢ — ¢'). Also, the transform

o0

2n+1

Pf](cosvy,r,r") = 221 . f(n,r,7")Py(cosv), (2.128)
n—=
converts a function of spectral number n into a function of cos~y, where cosy = costcos? +

sind sin1’ cos(p — ') and P, is the Legendre polynomial of degree n. The spectral functions of,
Y- g poly g

aP are determined via four admittances Y, Y%t YP and Y¥4P as

-Y*(n,r), r>1r
N ! _ s )
Oé(’fl,?",’l“) —ﬂ(n,r,r) - { Yl(n,r), r <’f’/ (2129)
The scalar Green’s functions G (n, 7, r')!() are determined as
1
no__ /

Glnr') = = gro— ey ([ pndatnerda). @10

where p' = —iwpg, pP = —iwpg + %

Derivatives of the spectral functions

Opa(n,r,r’) = (=Y"(n,r") — Yl(n, rNo(r — 1),
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because 9,/0(r" — 19) = 6(r" — o), where 6 is a Heaviside step function and § is a Dirac function. And this leads to

no_ 1 _ AN _ 1 /_
Orra(n,r,r') = 7G(n7r’,r’) o(r—r")= 7G(n7 r’,r’)é(r r),
and 1
OrB(n,r,r") = Ora(n,r’,r) = _G(n,r,r)é(r —r)

The four admittances Yt (n, ), Y% (n,r), Y'P(n,r), Y%P(n,r), and two factors F'(n,r,r') =
T T
exp(fpt(é)ozt(n,g,r’)dg, FP(n,r,r') = exp(fpp(n,f)ap(n,g,r’)dg) are calculated by a unified
r/ r/

procedure described below.

We assume that the radially symmetric reference section consists of /N layers {rk_l,_l <r <
Tk}k=1,2,.,.,N' We construct the set {rk}k:I,Z,...,N in such a way that it includes all levels 7, where
we will calculate the admittances and the Green’s scalar functions. We assume that within each layer

the conductivity varies as
Tk 2
oor) = () e <7 < (2.131)
r
where 71 = 7. is the Earth’s radius, 71 = 0, o) is an appropriate constant. Since /V can be taken as
large as necessary, the distribution (2.131) allows the approximation of any radially symmetric conduc-

tivity section. Distribution (2.131) is chosen to make the recurrence formulae as simple as possible. We
express these formulae in the following form

Lt +7—
@ (b + 0.57) + qrpameYit w

qu,tl _ 1 quku’t (b +0.57) + bzb’;Tk
Jr

Tk p=1,2,.,N-1, Y*=-2 (2133
k+1 (bk — O-5Tk) + QkaYk ’ q1

qu’p(bk + 0.57’k) — gkTk

YEP — g ~ k=12, N—-1, Y —o, (2.134)
k1 9k (bx, — 0.57%) — b;bk 7, Y,.P !
! Ykl’fl(bk — 0.57) — grMkTk lp _ ONTN
Y} = g, S k=N-1N-2..1 v¥="" 213
9 (b + 0.57%) — b by TkYk’Jrl by

where Y}, stands for Y'(n, ry), the layer number & is the index of recurrence, n is the spectral number
and

Tk e
Me = —— =

_ - %y,
Thil 1+ ¢

Cke=m " Gk =0kTk, qk = WWHQTk-

1

b;:bk—%, b;:bk%—%, b, = {(n+%)2—iw,uoakri}2.

Finally the recurrence formulae for the scalar Green’s functions G*, GP are given by
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G(ri,r) = —vryw L1 Fme 1 <15 (2.136)

G(T‘i,’l“j) = G(Tj,?"i), TP > Tj.
where the factors F,,, are
1 2, 1P
Fl =< mhm — (2.137)
+ G (b 4+ 0.57,,) + ImTmY 41
for a toroidal mode and
b bm
A 29m b (2.138)

L4 G gt (bm + 0.57) — bbb Y20

for a poloidal mode. Note, that in egs. (2.132)-(2.138) a dependence on the spectral number n is omitted
but implied.

2.6.4 Explicit forms for Green’s tensors G,

Let us consider Maxwell’s equation

VxH-= Uo(T)E,

We will decompose F' as
1 m
=D pam(r)S7(9, ) (2.140)
where
, —
Prm (1) = ||S:1H2 /P(r’, VSTV )Y (2.141)
"
Further we can write
V.F= anm )V LSHD, ) anm r)/n(n+ 1)SP, . (2.142)

n,m

Substituting decomposition (2.142) and decompositions of the previous subsection into egs. (2.139) we
obtain

{ Oy gt = iw,u,ohfm - pnm\/m’ (2.143)

aht — el (o — 2ty

nm r2iwpg 7’

{ rehm = Mo ("D — iwpg), (2.144)
aThgm = O-ngf)lm)

Uo&nm = N
. ) 8£m YEEEY (2.145)
iwpohy,, = ——""——,

{ r _ hhma/n(nt1)
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and

e=¢b , h=~ht,
p(r) = —iwpo Ca(r) = oo — ML, (2.146)
fh(r) = —an\/m ) fE(T) =0,
for a system (2.143) and
£=¢hm . h=hbn,
p(r) = "5 —iwpy , q(r) = oo, (2.147)
fo(r) =0 , fe(r)=0.

for a system (2.144)
Proceeding further in a similar way as we did in the previous subsection we have

&b =nhb,, =0, (2.148)

e}

et /ﬁGt(n o7 ) Prm (P )A/n(n + 1)dr’, (2.149)

= /aﬁGt(n,r,r Prm (r)V/n(n + 1)dr’, (2.150)
0

and finally

i 1 at it
E.(r,0,0) / / {(erx V)P ﬂrG L0 e 2.151)
Q0

E.=0. (2.152)

Now from eq. (2.151) we write the expressions for elements g, gfoh, geh

1 ' BLGt(n,r,r")
€eg _ P
99 = Sinﬁagop[ r ]7 (2-153)
r' Gt (n,r,r!
97 = &pP[#L (2.154)
g0 = 0. (2.155)

2.7 Frequency-domain full 3-D inversion: proof of the concept

2.7.1 Derivatives of the Z:H C'-responses

Let H,., Hy and H be the components of the magnetic field in a geographic coordinate system. Then
the Z:H C'-responses can be written as

H
C, = | K "
() ( cosaHp—sinaH¢>
a
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Here K = 5 tany and « is the angle between geographic and geomagnetic coordinate systems at site
location a. By denoting

U=cosa Hy —sina Hy, (2.157)
we have
H,
Co(w) = (K) (2.158)
U
Thus we can write
oC oC H, 1
dCy = | K| z=dU + ——dH, = K| - 55dU + —dH, . 2.159
Then using the reasoning presented in subsection 2.4.2 we arrive at the final formula for dC,
KH i K i Jeew
dC, = <G§’}3 (( _ U2T (cosa ey —sina ey) + U) 5a> LGS () t)da>. (2.160)

2.7.2 Gradients of the data misfit (Z:H case)

In a same manner as that performed in subsection 2.4.3 we obtain for each aanl of Vog =

(% 9¢q %)T
omy’ Omo )’ """ amNm
0¢q 0pq
/= =g 2.161
By o B0y’ ( )
where
% — eh H ej /sext
=2Re( Y G (I -G (% dv | |, (2.162)
80'[ weN Vi
and where

ex * KHT : K
JH — Z (Co(m,w) — C™P(w))* Dy, < — W(cos aey —sinaey) + Uer> g (2.163)

a€Sites

2.7.3 Tests of calculation of Green’s tensor G%,

For testing the calculation of elements of the Green’s tensor fob we consider a radially-symmetric
Earth’s model consisting of 400 km thick layer of 0.004 S/m, a 100 km thick transition layer of 0.04
S/m, and an inner uniform sphere of 2 S/m. Left plots of Fig. 2.23 present real (upper) and imaginary
(lower) of southward component of electric field at depth of 450 km, induced by vertical magnetic
dipole. The period of excitation is 1 day. The dipole is located at the equator on the surface of the Earth.
For comparison, right hand side of the plots present the same component of electric field calculated
by integral equation Cartesian code of Avdeev et al. [2002]. Note that we don’t plot the eastward
component since it has similar geometry (but rotated anticlockwise 90°) and similar amplitudes. Figs.
2.24 and 2.25 show in a similar manner the electric fields induced by southward and eastward directed
magnetic dipoles. It is seen that the results for spherical and Cartesian cases as a whole agree very well,
but some disagreement exists, most probably due to the different coordinate systems used.
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Real part: spherical case Real part: Cartesian case
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Figure 2.23: Comparison of results calculated in spherical (left plots) and Cartesian (right plots) geome-
tries. Upper: real parts of southward component of electric field (V/m). Lower: imaginary parts (V/m).
Excitation: radial magnetic dipole. See details in the text.
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Real part spherlcal case Real part: Cartesian case
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Figure 2.24: Comparison of results calculated in spherical (left plots) and Cartesian (right plots) geome-
tries. Upper: real parts of southward component of electric field (V/m). Lower: imaginary parts (V/m).
Excitation: southward magnetic dipole. See details in the text.
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Real part: spherlcal case Real part: Cartesianl case
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Figure 2.25: Comparison of results calculated in spherical (left plots) and Cartesian (right plots) geome-
tries. Upper: real parts of southward component of electric field (V/m). Lower: imaginary parts (V/m).
Excitation: eastward magnetic dipole. See details in the text.
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2.7.4 Test of adjoint scheme to calculate gradient of the data misfit

For testing the efficient (adjoint) scheme to calculate gradient of the data misfit (Z:H case) we consider
a 3-D model which consists of a deep-seated regional conductor of 1 S/m located between 400 km
and 500 km depth. The conductor has the geometry of Pacific plate and is embedded in a radially-
symmetric medium as described in the previous section. The model is splitted in the vertical direction
into one inhomogeneous spherical layer of thickness 100 km located at 400 km depth; the layer is
discretized in the horizontal direction in 72 x 36 cells of size 5° x 5°. The model is excited by a
symmetric (in a geographic coordinate system) magnetospheric ring current. We calculate C'-responses
on the surface of the Earth on a mesh of 5° x 5° at two periods: 2.66 and 3.77 days. We assume that
m = (m1,ma,...,mn, ). = (In(c1),In(02),..,In(oy,,, )7 is the vector of logarithms of unknown
electrical conductivities in N, = 72 X 36 cells comprising the inhomogeneous layer. We calculate the
gradient at a point where o; = 0.04 S/m for all . The upper plot of Fig. 2.26 presents (in the form of
global maps) the data misfit gradient calculated with the use of the efficient scheme described in section

2.7.2. The lower plot shows the data misfit gradient, V¢, = (%, %, s #)T, calculated in a
straightforward manner by a numerical differention o
) S — :
90 Salmi £0mi) = dalmi) 5w, (2.164)
5mz _

Note that in our calculations we take = 0.01 for all . It is seen from the Figure that the gradients
calculated by the adjoint scheme and by straightforward numerical differentiation agree remarkably

well. But straightforward differentiation required 2 X N;,,, = 2 x 72 x 36 forward modellings whereas
the adjoint procedure required only 2 x 2 forward modellings.

2.7.5 Inputs and outputs of 3-D inversion code

Based on the results of previous sections we coded the proposed 3-D inversion scheme. Fig. 2.27
presents a sketch describing input and output components of our 3-D inversion solution. An important
feature of the code is the possibility to work on a parallel cluster of computers.

2.7.6 Tests of full FD 3-D inversion code
2.7.6.1 3-D model with 100-km thick deep layer

For the first test we consider the 3-D model described in section 2.7.4. The model is excited by a sym-
metric (in a geographic coordinate system) magnetospheric ring current. We calculate C'-responses on
the surface of the Earth on a mesh of 5° x 5° at 10 periods from 2.66 to 60 days, with geometric step
V/2. Our aim is to recover from these data the conductivity distribution within the deep-seated inhomo-
geneous layer. The vector of parameters to be determined, m, is the vector of logarithms of unknown
electrical conductivities in Ny, = 72 x 36 cells (of 100 km thickness) comprising the inhomogeneous
layer. We start the inversion from a homogeneous layer of conductivity 0.2 S/m (let us remind ourselves
that the true conductivity distribution within the inhomogeneous layer consists of a 1 S/m anomaly sur-
rounded by a 0.04 S/m background medium). In this test we make the following assumptions: a) the
background 1-D conductivity is known; b) the geometry of the source is known; c) the location (depth
and thickness) of the inhomogeneous layer is known as well.

Figs. 2.28-2.30 summarize the results of our first test of the 3-D inversion. The left hand side plot
of Fig. 2.28 shows the number of the forward modelling calls, whereas the right hand side plot presents
the misfit and |V 4| with respect to the number of iterations. It is seen that within 166 iterations the
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Figure 2.26: Comparison of data misfit gradients calculated by adjoint method (upper plot) and straight-
forward numerical differentiation (lower plot).

60 Final Report, Swarm Induction Study, January 15, 2010



1-D background model
(to calculate Green's functions)

Starting 3-D model
(to run the inversion)

Settings of LMQN

3-D non-linear inversion
based on

A priori 3-D model
(to use for regularization)

limited memory
quasi-Newton (LMQN)

Regularization
term(s)

Surface conductance (2-D)
model

¥

3-D gridding for
inversion
(3-D "inversion"
grid)

Output conductivity distribution
onh 3-D "inversion" grid

3-D gridding for
forward
modleliing

Figure 2.27: A sketch describing the input and output components of our frequency-domain 3-D inver-

sion solution.
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Figure 2.28: Number of the forward modelling calls (left plot), misfit and |V ¢4 (right plot) with respect
to iterations. The results are for the 3-D model with 100-km thick deep layer.

misfit and |V¢g4| drop down from 35 and 79 to 6.5 - 10~% and 5.7 - 1073 respectively. Figs. 2.29-
2.30 demonstrates the evolution of conductivity recovery with respect to inversion iterations. Fig. 2.29
presents the results of recovery at an initial stage of the inversion (at 0, 9, 19 and 30 iterations). It
is seen that after 30 iterations the deep-seated anomaly is recovered fairly well. Then more than 100
iterations are spent to recover properly the background conductivity (see Fig. 2.30). The final image
almost perfectly fits the true conductivity. It is important to note that our 3-D inversion works quite fast:
this 3-D inversion run (ten periods, 1 inhomogeneous layer, and 72 x 36 parameters to be determined)
took 15 min of clockwall time on 10 processors of ETH’s Gonzales cluster.

Further we investigate whether we can speed up the 3-D inversion using as a starting model, the
model recovered by quasi 3-D inversion, described in Chapter 2.2. Figs. 2.31-2.33 summarize the
results of this inversion. Left hand side plot of Fig. 2.31 shows a number of the forward modelling
calls, whereas right plot presents the misfit and |V¢4| with respect to the number of iterations. It is
seen that the starting misfit and |V ¢g4| are less compared with the case when the inversion starts with a
homogeneous layer (9.0 and 3.63 instead 35 and 79). However the misfit drops down 6.5 - 10~ only at
224 iteration (instead of 166 iteration for the case when inversion starts with homogeneous layer). Figs.
2.32-2.33 demonstrates the evolution of conductivity recovery with respect to inversion iterations. Fig.
2.32 presents the results of recovery at the initial stage of inversion (at 0, 9, 19 and 30 iterations). It is
seen that after 30 iterations the starting image does not change much. Then more than 200 iterations are
spent to supress artefacts of the quasi 3-D inversion. But as expected the final image agrees very well
with the true conductivity distribution. Note, however, that the starting model has been obtained from
a simplified quasi 3-D inversion since the sophisticated quasi 3-D inversion is still under construction.
Hopefully we will succeed to obtain "artefact-free” starting images from a new, sophisticated, version
of quasi 3-D inversion.
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Figure 2.29: Results of conductivity recovery at initial stage of inversion (at 0, 9, 19 and 30 iterations).
The results are for the 3-D model with 100-km thick deep layer.
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Figure 2.30: Results of conductivity recovery at intermediate and final stages of inversion (at 60, 90,
120 and 166 iterations). The results are for the 3-D model with 100-km thick deep layer.
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Figure 2.31: Number of the forward modelling calls (left plot), misfit and |V ¢4| (right plot) with respect
to iterations. The results are for the 3-D model with 100-km thick deep layer, when the starting model
has been obtained from quasi 3-D inversion.

2.7.6.2 Ultimate 3-D model with nonuniform shell and 300-km thick deep layer

For this ultimate test we consider the most complicated 3-D model described in subsection 2.1.2.1 (third
3-D model). This model consists of a nonuniform surface shell of known conductance and a thick
upper mantle nonuniform layer. Again the model is excited by a symmetric (in a geographic coordinate
system) magnetospheric ring current. We calculate C-responses on the surface of the Earth on a mesh
of 5° x 5° at 10 periods from 2.66 to 60 days, with geometric step 1/2. Our aim is to recover from these
data the conductivity distribution within the deep-seated inhomogeneous layer. The vector of parameters
to be determined, m, is the vector of logarithms of unknown electrical conductivities in N;,,, = 72 X 36
cells (of 300 km thickness) comprising inhomogeneous layer. Again we start the inversion from a
homogeneous layer of conductivity 0.2 S/m. In this test we again make the following assumptions: a)
the background 1-D conductivity is known; b) the geometry of the source is known; c) the location
(depth and thickness) of the inhomogeneous layer is known as well.

Figs. 2.34-2.36 summarize the results of this test. The left hand side plot of Fig. 2.34 shows the
number of the forward modelling calls, whereas right hand side plot presents the misfit and |V ¢4| with
respect to the number of iterations. It is seen that within 111 iterations the misfit and |V ¢4| drop down
from 2011 and 1264 to 0.0749 and 0.286 respectively (note that for this inversion run, further iterations
did not improve the misfit). Figs. 2.35-2.36 demonstrate the evolution of conductivity recovery with
respect to inversion iterations. Fig. 2.35 presents the results of recovery at initial stage of inversion
(at 0, 9, 19 and 30 iterations). The Figures show that after 30 iterations the deep-seated anomaly is
almost recovered. Then more than 80 iterations are spent to recover the background conductivity (see
Fig. 2.36). The final image agrees rather well with the true conductivity. It is anticipated that the use of
regularization will supress visible artefacts near the boundaries of the anomaly.
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Figure 2.32: Results of conductivity recovery at initial stage of inversion (at 0, 9, 19 and 30 iterations).
The results are for the 3-D model with 100-km thick deep layer, when the starting model has been
obtained from quasi 3-D inversion.
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Figure 2.33: Results of conductivity recovery at intermediate and final stages of inversion (at 60, 120,
200 and 272 iterations). The results are for the 3-D model with 100-km thick deep layer, when the
starting model has been obtained from quasi 3-D inversion.
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Figure 2.34: Number of the forward modelling calls (left plot), misfit and |V ¢4| (right plot) with respect
to iterations. The results are for the ultimate 3-D model with a nonuniform shell and a 300-km thick

deep layer.

68

Final Report, Swarm Induction Study, January 15, 2010



0.001 0.01 0.1 1 10

Figure 2.35: Results of conductivity recovery at initial stage of inversion (at 0, 9, 19 and 30 iterations).
The results are for the ultimate 3-D model with a nonuniform shell and a 300-km thick deep layer.
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Figure 2.36: Results of conductivity recovery at initial stage of inversion (at 50, 70, 90 and 111 iter-
ations). The results are for the ultimate 3-D model with a nonuniform shell and a 300-km thick deep
layer.
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Chapter 3

Time domain internal coefficient inversion

3.1 Formulation of the 3-D adjoint problem in time domain

3.1.1 Forward problems with Dirichlet, external and mixed boundary conditions

We start by recalling the formulations of the time-domain forward problem of EM induction in a 3-
D heterogeneous Earth [Martinec, 1999, Velimsky and Martinec, 2005]. From the quasi-stationary
Maxwell equations, we directly derive the equation of EM induction for the magnetic field B(r;t),

0B
curl (pcurl B) + Hog = 0, (3.1)

which holds inside the sphere G' with 3-D resistivity distribution p(r)! and constant magnetic perme-
ability po. Outside the Earth, in the insulating atmosphere, the magnetic field can be described by a
scalar magnetic potential U (r; t) which satisfies the Laplace equation and has an analytical solution in
the form of an infinite series of scalar spherical harmonics,

B(r;t) = —gradU(r;t), (3.2)
V23U (r;t) = 0, (3.3)
00 J ; . i1
Urst) = a> Y [G§2(t) (2)]+G%(f) (%)] ]ij(Q). (3.4)
j=1m=—j

The magnetic field is continuous across the Earth’s surface 0G. Equation (3.1) is a vector equation,
however it implicitly satisfies the divergence-free condition and therefore only two scalar boundary
conditions have to be prescribed on JG to yield a unique solution. Let us expand the magnetic field in
G into a series of vector spherical harmonics,

B(r;t) :i S5 B st ), 3.5)

where the terms S'”) Q) s-b (), and s (€2) correspond to the toroidal field, poloidal vertical field,

JmATT Egm Jjm

'While resistivity is used through the derivation of the time-domain method, electrical conductivity ¢ = 1/p is presented
in most images consistently with other chapters.
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BO(a;t) = o, (3.6)

jm
Bl (@t) = —|iGh®) =G+ G0 = ~Zim(®), (3.7)
Binait) = —|Git) +G0.0)] = ~Xim(). (3.8)

In addition, we can also introduce the vector of electric field E(r; ¢), which is related to B by the Ampeére
and Faraday laws,

pcurlB = poE, 3.9
B
curlE = _8((%‘ (3.10)

In particular, expanding the electric field into the vector spherical harmonics, we can write for the vertical
component of the Faraday law,

(1)
0 ), = OBim
B (rt) = —5— (1), (3.11)

where IT; = j (j + 1).
Now we arrive at three possible choices of boundary conditions complementing the EM induction

equation (3.1). The first boundary condition on the toroidal magnetic field is common for all cases,
B0

jm

(ast) = 0. (3.12)
The second scalar boundary condition can be given as:

External BC We prescribe a known model of the external magnetic field at the surface,

B D(ast) + (j +1) B (a;t) = (2 + 1) G (1), (3.13a)
(i)

and predict the coefficients G jm(t) corresponding to the internal, induced magnetic field at the

surface and compare them to observation-derived values Gg;?bs) (t). This approach is suitable for

modeling with a-priori given geometry of external ionospheric and/or magnetospheric currents
[Velimsky and Martinec, 2005].

Dirichlet BC We prescribe the total horizontal poloidal magnetic field at the surface,

MW, — (obs)
Bjm(a, t) = —Xim (1), (3.13b)
and predict the coefficients Z;,, () corresponding to the total vertical magnetic field at the surface
and compare them to observation-derived values Z ](-;fs) (t). In this approach, one can avoid the
separation of external and internal field in the data and process each vector component indepen-

dently [Martinec and McCreadie, 2004].

Mixed BC We prescribe the toroidal electric field at the surface,

82(-0105)
O .4y _ @ 7%m
EW (a;t) = T (1), (3.13¢)

and predict the coefficients X, (t) corresponding to the horizontal magnetic field at the surface

and compare them to observation-derived values X j(ffs) (t). This approach requires either direct

electric measurements at the Earth’s surface, e.g., from underwater cables, or time derivative of
the vertical magnetic field [Martinec, 1999].
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Finally, we specify an initial condition at time ¢ = 0,

B(r;0) = By. (3.14)

Let us summarize all three forward problem formulations:

For given resistivity model p(r), find the magnetic field B(r; t), such that
0B
curl (pcurl B) + po—— 5 =0, (3.15)
in a sphere GG, with boundary condition
0
B (a;t) =0, (3.16)
and one of boundary conditions
BY D(ait) + (G + 1) Bi(ait) = —(2j+1) G (1), (3.17a)
M. _ (obs)
Bjm(a, t) = —Xim (1), (3.17b)
9 Z(obs)
(0) a “im
E: 7 (a: = —— 17
Jm(a:t) T o (3.17¢)
on the surface JG (r = a), and with initial condition
B(r;0) = By. (3.18)
3.1.2 Misfit and misfit derivative in the model space
Let the resistivity p be described by M real parameters,
m = (ml,mg,...,mM), (3.19)
p = plm;r). (3.20)

Typically, these correspond to the expansion coefficients of resistivity into some system of base func-
tions, either with global support (such as spherical harmonics) or local support (such as piecewise con-
stant functions).

We introduce the dimensionless Lo misfit function

) B(obs)
X“(m) = 2 I a2t —to) tl i) // det, (3.21)

to OG

which measures the fit of magnetic field B(m) obtained from forward modeling against observed field
B(©bs) at the surface. We use o5 (€2; t) to denote the mean quadratic error of observations. For simplicity
and depending on context, we assume either the angular dependence of o5(€2;t), or the dependence on
spherical harmonic degree and order, o j, (t), without explicit description in the following derivations.
Note that only data after ¢y > 0 are included in the evaluation of the misfit, since the time-domain
solution can be biased for times ¢ < tg by the switch-on effect of the initial condition.
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Using the spherical harmonic representation, we obtain for the external, Dirichlet, and mixed bound-
ary conditions,

t i i,obs 2
. 1 <j+1><2j+1>j(G%(t)—@-m“(t)) N

2 - 4 (tl — to) oB
jm

(3.22a)

to

1 1 P Zim(t) = 2P 0)\
= s> /( o Jm ) dt, (3.22b)

2 £~ Am (t; — to) oB

J to
131 (obs) 2
1 11, Xim(t) — X;, 7 (t)
2 7 J jm
= = dt 3.22
X 2 Z 47 (tl — to) / < opB ’ ( C)

m io

respectively.
To solve the inverse problem, we have to find a model m that minimizes the penalty function

F(m) = x*(m) + X\ R*(m), (3.23)

where A R%(m) is the regularization, which will be specified later.

Many effective multidimensional minimization algorithms, such as conjugate gradients or variable
metrics method [Press et al., 1992, Chapters 10.6-7], are based on the knowledge of gradient of the
penalty function F' in the space of model parameters,

Dy F = Dyx? + Dy R? (3.24)

where the gradient operator is given as

B
Dm = (D1, Ds,...,Dy)", Dy = (3.25)

 Omy,

To evaluate the gradient of the penalty function, we need in particular the partial derivatives of the
Lo misfit (3.21), which read as

ty
1 (B-B»).D,B
Dox? = H(t —ty) dS dt, 3.26
¢ |/ 7 (t —to) (3.26)
0 0G

since D,B(°") = 0. Here H () denotes the Heaviside step function.

The straightforward approach would be to solve M forward problems for small perturbations of the
model m into each direction in the model space. Then, by numerical differentiation, we could obtain an
approximation of each D, x?.

The adjoint method [Fichtner et al., 2006, Newman and Commer, 2005, Tarantola, 2005, Chapter 6]
allows us to evaluate D, x? without explicit knowledge of D,B. It reduces the computational burden
to the solution of one adjoint problem, which is equivalent to the forward problem excited by the field
residua.

3.1.3 Adjoint method

Let us introduce the adjoint time ¢ = t; — ¢, % = —%. By multiplying the EM induction equation
(3.15) by an arbitrary, sufficiently smooth function B(r; t), integrating over sphere G and time interval

74 Final Report, Swarm Induction Study, January 15, 2010



(0, t1), normalizing, applying the vector calculus identity [Martinec, 1999],

/curl (hcurl f) - gdV = /hcurlf -curlgdV — /hcurlf -(n x g) dS, (3.27)
G G oG

and per partes integration in time, we obtain

t A
OB
1B - .
47Ta3,uo /!/ peut ot )dV
0 G

—/uo(an -EdS /MO B(t;) — B(t) - B(O)} dvy = 0. (3.28)
oG G

We will call B the adjoint magnetic field and assume, that it is given in reciprocal units of B so that
their product is a dimensionless number.

Let us compute the derivative of equation (3.28) in the model space and add it to the misfit derivative
(3.26). We obtain

1
Dax2 = —//Dapcurllg~curleth
47 a® po
G
t1 ~
0B
—3 peurl B - curl DB + pg— - DB | dV dt
41 ad po ot
0 G
1 . .
m/ﬂo [B(O)'DaB(tl) _B(tl)‘DaB(O)} v
G
t1
—_— B) - D,EdSdt
P 0/ po (n x B) -
0 oG
// (B - BObS) D.B H(t —to)dSdt (3.29)
47TCL2 tl —to 0 ’ '
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One more application of identity (3.27) on the second integral in the previous equation yields

-D,BdV dt

ot

47 ad po
oG
t
+ ! [ (B=B) D.B H(t —to)dS dt (3.30)
47 a2 (tl - t()) // O’% O) ) '
0 9G

Here we assumed that D,B(0) = 0, i.e., the initial condition does not depend on the resistivity model.

We also introduced the adjoint electric field E using the adjoint form of the Ampere and Faraday laws,
_0oB
ot *

ok = peurl B, curl B =

Up to now, B was arbitrary. Now we aim to constrain it in such a way that all integrals in equation
(3.30) except for the first one disappear. The second integral will be zero if B solves the adjoint EM
induction equation. The next integral enforces the zero initial condition on B at adjoint time ¢ = 0
(in other words, a terminal condition at regular time ¢ = ¢;). Finally, zeroing the sum of the surface
integrals while taking into account the boundary conditions (3.16-3.17) yields the boundary conditions
imposed on B.

Derivation of these adjoint boundary conditions requires, that we express the surface integrals from
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S [ (BOD.ES) - BUD.EL) d.

where AB = B — B»), AB") = B\ — B
conditions (3.16-3.17),

DB D (ait) + (j + 1) DaBh(ast) = (~2j + 1) DaGlo™ (1)

oz;nj/

Ara 4 jm im jim im
Jjm 0
e,
P //(nxDaB) B dsdt
0 909G
1 /
| 0 50 _ 5 R0 50O
a1 / (DaBIES — DaBSES) dt,
Jjm 0
1 } [ AB-D.B
—//+H(t—to)d3dt
4 a? (t1 — to) o5
0 0G
1 ?D.BCVABSY 4 11,0,BABY
J L J T H(t — to) dt,
4 (t1 — to) o o
(A,0bs)

jm

O . _
DBl (a;t) =0,

W (obs)
DoBM(a;t) = —Da X0 (1)

oD Z(_obs)
DB (a;t) = - —=om

Zeroing of the sum of surface integrals in equation (3.30) then yields,

o, ot b =

0,
0,

0.

jm~—jm

t1
;(0) 1 _ pM (0) (0) £+(1) (1) £-(0)
B} DoE;, — B}, DoE,,) — DoB;, E;.) + Do B, E
0
(=1) (-1 , (1) (1)
a DoB;, ' AB;,. —;HJDaBijBjm Hit—t) .
H]' (tl — to) O'B

_l’_

(3.31)

(3.32)

(3.33)

. Now we apply the derivative to the boundary

(3.34)

(3.35a)
(3.35b)

(3.35¢)

(3.36)

In the case of an external BC, we substitute (3.34) and (3.35a) into (3.36), and make use of the Faraday
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law (3.11), its adjoint equivalent, and per partes time integration,

t1

O—Z/

ij

-1y 0DBY Y 0B, Y
I B D B — a BY) =1 1 a DB}
ot ot

_l’_

o (i +1)DuBWABSY +11;D,B) ABL)
i (t1 —to) o} it =)
B

t1
m 0/
—(j+1)D,BYABY v 11,0,BYABWY

+ a (] ) jm jn; J jm jm H(t N tO) dt =
(t1 —to) 0%

t1

>/ I

1 —G+ D) +1)AGY,

(1)
H(t—t D,B:;
+ (tl _ to) O_QB ( 0)) im

dt =

_oD,BW B!
©) 1y (1) (1) 9ol (1) 9B,
I B Do ES) +a(j + 1) Bjy 5" +aDaBj,) i

aBl)  aB( Y
1, B D.EL) + <(j+1) O

ot ot

dt. (3.37)

The first term implies zero adjoint toroidal magnetic field,
BY9(a;1) = 0. (3.38)
The second term, after rearranging and time integration yields

B V(@) + (G + 1) Bi(aid) = —(2j+1) Gl @), (3.39)

t i i,obs
G+ /1 Gi(r) = G ()
t, — to

max(tg,t1—1)

dr. (3.40)

The external adjoint field is given by time-integrated residua of the internal field obtained from the
forward solution.
In the case of Dirichlet BC, similar use of (3.11), (3.34), and (3.35b) in (3.36) leads to

i A1) (-1)
oB! AB!
0:2:/HB()DE() I m M H(t—to) | DB,V | at.
e ot (t1 —to) og

Again, the first term implies zero adjoint toroidal field (3.38), and the second term, after some rearrange-
ments,

B)(ai) = —Xjm(d), (3.41)
t (obs)
. R 1 Zim(T) — Z: 7 (T)
Xjm(t) = Sr— / ! — m 2 dr. (3.42)
B

max(to,t1—t)

The adjoint problem also has Dirichlet BC with the poloidal horizontal field given by the time-integrated
residua of vertical field from the forward solution.
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Finally, in the case of mixed BC, equation (3.36) can be rewritten as

! (1)
AB;
_ , (0) (1) 2(0) a2bjm (1)
0=> I / B DoEj,) + (Ejm T ) ok H(t— to)> DoBj,) | dt, (3.43)
Jjm 0 B
leading to (3.38) and
~(0) a 8ij .
E: " (a;t ———(1), 3.44
fai) ) (344
131 (obs)
5 ~ ] Xm T)— Xm T
Zim() = 1 / im(7) — (7) dr. (3.45)
t1 —to og

max(to,t1 —f)

Note that in this case the time derivative and integration are introduced only formally for consistency
with boundary condition (3.17c); the adjoint toroidal electric field is given directly by residua of the
horizontal component of the forward solution.

Hence we arrive at the complete formulation of the adjoint problem.

Given the resistivity p(r), the forward solution B(r; ), and observations B(°") with errors o3,
we find the solution B(r; ) of the adjoint problem
R B
curl (p curl B) + o aaf =0, (3.46)
in GG, with boundary condition
RO0) (. 4y
B (a;t) =0, (3.47)
and one of boundary conditions
BV (@d) + (G + 1) Biaif) = —(2j+1) G0, (3.482)
B)(ai) = —Xjm(d), (3.48b)
SO0 py — @0 Zm
EW(ait) = T o (D), (3.48¢)
where
. i (i) (i,0bs)
A(e) o7 (] + 1) / G]m(T) - G]m (7-)
o = d 3.4
G jm (1) ram— = 7 (3.492)
max(tg,t1—1)
1 (obs)
L 1 Zim(T) — Z; T
Xim@) = - / im(7) Zim ) 4, (3.49b)
t1 —to oy
max(to,t1—1)
t1 (obs)
A 11, Xom(T) — X T
Zim() = ! / ml7) o ) dr, (3.49¢)
t1 —to 0g
max(to,t1—t)
on the surface G (r = a), and with initial condition at { = 0,
B(r;0) = 0. (3.50)
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For any minimization algorithm, that is based on the knowledge of the gradient of penalty function
in the model parameter space, we can write the general scheme, as follows:

1. For a given point m in the model space, find the forward solution B(r; ¢);

2. from the residua, obtain the adjoint excitation G (e) (), Xjm(£), or Zjm(1);

jm
3. find the adjoint solution B(r; );
4. compute the misfit using appropriate equation (3.22);

5. for each model parameter m, compute the derivative,

t1
1 A
Dax2(m) = 4G3M// Dyp(m)curl B - curl BdV dt; 3.51)
Tas o
0 G

6. add regularization terms to x?(m) and Dy, x?(m) to obtain the penalty function F(m) and its
gradient;

7. use the minimization algorithm to advance to next m.

3.2 3-D time-domain forward solver

3.2.1 Semi-implicit scheme

From now on, we will concentrate only on the formulation of the forward and adjoint problems with the
external boundary condition. The forward solver described in details in Velimsky and Martinec [2005]
can be directly applied also to the adjoint problem (3.46-3.47, 3.48a, 3.49a, 3.50). It is based on the
spherical harmonic-finite element parametrization of the weak formulation of the problem. This leads
to a set of ordinary differential equations,

M. %(t) +A(p) - X(t) = Y (1), (3.52)

which are solved at each time step. Here X is a vector containing the spherical harmonic coefficients
A . e
B](Wz for each layer, the matrices M and A correspond to the Ly product pg (-, ) L, and sesquilinear

form (p curl -, curl -) 1,» fespectively, and Y contains the boundary conditions in the form of coefficients

Ggi)% The semi-implicit scheme is based on splitting of the matrix A according to spherically symmetric
1-D resistivity model pg and 3-D variations p1,

1 = - 1 .
<A7§M + Ao(po)) Ximn =Y + (AtM - A1(p1)> - X (3.53)

where At is constant time step, X; = X (¢;), Y; = Y (¢;). The left-hand side matrix (&M + Ap) has
only 9 non-zero bands around the diagonal and can be effectively factorized. The right-hand side matrix
is much more dense. However, the product A; - X can be computed efficiently using the FFT technique.
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3.2.2 Crank-Nicolson scheme and iterative approach

As can be expected, the numerical tests of the semi-implicit scheme show some time lag of 3-D effects
[Velimsky and Martinec, 2005]. This improves with shortening the time-step, but the implicit treatment
of these effects still implies accumulated errors over long time series. Therefore, we introduce a mod-
ification of our forward solver based on an iterative approach to the Crank-Nicolson time-integration
scheme, which is second-order accurate in time [Press et al., 1992, Chapter 19.2].

First, we write the Crank-Nicolson scheme centered around time ¢,

it+3°
X1 — X, X1+ X _ Vi +Y,

M AL + A(p) 5 = 5 . (3.54)

Then we split the solution into the 1-D part and 3-D corrections,
i1 =X + 20, (3.55)

where X i(_(i)l solves

< 2 M+ Ao(P0)> XO =¥y + 7V + ( M- Ao<po>> X, (3.56)

The 3-D corrections fgi)l are then found by an iterative scheme,

2 > 2 k

(AtM + AO(PO)) z(+1 =—Ai(p1) - (Xl + Xi(—?-)l (+1 1)) : (3.57)

which makes use of the factorization of matrix (A%M + Ap) and fast multiplication by matrix .4, and

which terminates when
f(k+1) —'(k |2

i+1 z+1
—(k+1)
’ 2+1 ‘

Depending on the required accuracy € and on the amplitude of 3-D anomalies, it usually takes between
10° to 10? iterations to make one time-integration step. This forward solver has been used in the initial
tests of the inversion code using checkerboard resistivity models and smooth analytical model of the
external field.

< €. (3.58)

3.2.3 Crank-Nicolson scheme with factorization of full matrix

For long time series, the cost of the iterative approach to the Crank-Nicolson scheme becomes pro-
hibitive. Therefore, a third implementation of the forward solver was recently developed. The Crank-
Nicolson scheme (3.54) is rewritten as

2 = }};’4-1 + ? 2 i
= X = Tt = X;, 3.5
<AtM+A> i+ 5 +AtM (3.59)
where . .
= Xip1 + X5
S (3.60)

Fast spherical transformation routines are used to assemble the matrix 4. Complete LU decomposition
of wide-banded (band width ~ 52 ) matrix (%M + A) is computed and stored at the start of time
integration, and then repeatedly used for fast solution of linear system (3.59) at each time step. Equation
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Tk Tk+1 P00,k

Okm 3480km —4
3480km 5171 km -2
5171km 5571 km 0
5571km 5971 km 1
5971km 6371 km 2

TR W N =

Table 3.1: Layer radii and 1-D resistivity model.

(3.60) is then used to compute Xi+1. Storage, and multiplication by the matrix .4 during the time
integration is thus avoided.

While CPU and especially memory requirements of the LU factorization are large, off the shelf
paralellized subroutines can be used for increased effectivity. Currently, shared-memory (OpenMP)
parallel code based on the LAPACK library is mature and can be used for runs with lateral resolution up
t0 Jmax < 10 on a modern workstation. This code has been used in the test inversions based on the E2E
resistivity and external field models.

A distributed-memory (MPI) version of the code based on the MUMPS library is still in develop-
ment, with a possible future switch to the SCALAPACK library.

3.3 Checkerboard tests of the inversion

3.3.1 Checkerboard model

Here we present the results of a simple, but fully 3-D checkerboard synthetic test. We parametrize the
logarithm of resistivity by spherical harmonics in lateral coordinates and piecewise constant functions
in radius,

K J J

log(p(r, ) in Qm) = VAT Y "> > pjim i Vim () & (7). (3.61)
k=1 j=0 m=—j

Since p is real, the complex coefficients pj,, j are constrained by relation

Pj—mg = (=1)™ pjm,k- (3.62)

Treating only the real parts for m > 0, and imaginary parts for m > 0 as independent real parameters,
yields the dimension of the model space

M=K (J+1)>% (3.63)

The radial part of the model, i.e., the spherical harmonic coefficients pgg  are fixed at their respective
values (see Table 3.1) and excluded from the inversion. The target model, that is the model that we
will try to recover by inversion, has the coefficients p3o ;. set to £0.1 in three 400 km thick layers.
Other coefficients in these layers are zero. The inversion attempts to recover all coefficients pjp, .,
(j,m) # (0,0), in the 3-D layers up to degree 3. The two lowermost layers have no lateral variations.

3.3.2 Synthetic excitation model

The resistivity model is loaded by a 10 days long synthetic model of a geomagnetic storm with dipolar
geometry and analytical time-dependence, (Fig. 3.1)

(e) _ T/, —t
G\¢) = 0.0031T/st exp (2 4h). (3.64)
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Figure 3.1: Synthetic model of external field.

All forward problems are started from a zero initial condition and therefore ¢ty = 0 can be assumed in
the misfit evaluation (3.29).

3.3.3 Accuracy of time-integration schemes

First, we compare the accuracy of the semi-implicit and Crank-Nicolson time-integration schemes. For
each method we start from the target model and evaluate the misfit and its derivative along lines in three
directions in the model space, corresponding the the real parts of parameters p32 1., k = 3,4, 5, respec-
tively. The results are summarized in Figure 3.2. In the left column, we can see that both methods yield
similar results for small 3-D variations (|p32 x| < 0.3). As the effect of 3-D resistivity increases, the re-
sults obtained by both methods start to differ. Similar behavior is observed in the middle column, where
the derivation of the misfit with respect to p3 i, is shown. Finally, we compute the misfit derivative by
numerical differentiation and compare it to the value obtained from the adjoint method. The result is
shown in the right column. We can observe, that as the amplitude of 3-D variations increases, the differ-
ence between the misfit derivative obtained by the adjoint method and by the numerical differentiation
increases considerably faster when using the semi-implicit algorithm than in the case of Crank-Nicolson
scheme. In other words, the value of the misfit and its derivative as given by the semi-implicit method are
not consistent. In this sense, the results of the Crank-Nicolson scheme are significantly more accurate,
albeit at a significant computational cost.

3.3.4 Conjugate gradient inversion

Here we show the solution of full 3-D time-domain inversion. We employ the conjugate gradient (CG)
minimization with bracketing and line search using Brent’s method with derivative [Press et al., 1992,
Chapters 9.1, 10.2, 10.6]. No explicit regularization in the model space is implemented, i.e., R(m) =
0, although the choice of the spherical harmonics represents an implicit regularization. The forward
problem is solved with spherical-harmonic truncation degree jyax = 10, knax = 40 unequally spaced
layers, and with time step At = 0.1h. The Crank-Nicolson scheme is used with accuracy criterion
introduced in Equation (3.58) set to ¢ = 10~%. The minimization is started from a random point in the
model space.

The results of inversion are summarized in Figures 3.3-3.6. In Figure 3.3 we show from top to bot-
tom the 3-D target resistivity model, the initial random model, a model obtained after 10 CG iterations,
and the final model reached after 42 CG iterations. Note that the CG algorithm recovers the resistivity
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Figure 3.2: Comparison of Crank-Nicolson (open circles) and semi-implicit (full triangles) time-
integration scheme. All figures show one-dimensional cross-sections through the target model along
the model parameter p3z j; k = 3 (bottom), £ = 4 (middle), £ = 5 (top). Left column compares the
misfits, central column shows the misfit derivatives obtained by the adjoint method, and the right col-
umn shows differences between these derivatives and those obtained by direct numerical differentiation
of the misfit.

in the lowermost model almost perfectly already after 10 iterations, and manages to recover most of the
middle layer structure as well. It takes about 30 more iterations to recover also the uppermost layer.
In Figure 3.4 we display the sensitivity, which we define as

t1
Q(r) = / curl B(r; ) - curl B(r; t) dt. (3.65)

to

By conferring Equation (3.65), we see that this quantity tells us what effect the spatial distribution of
the gradient of resistivity has on the gradient of misfit. Note that the sensitivity in the lowermost layer
is 2-3 orders of magnitude larger than in the uppermost layer and that the overall sensitivity decreases
as we approach to the misfit minimum.
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Figure 3.3: CG minimization: The top row shows the target resistivity model in the three 3-D layers.
Second row shows the initial random model. The third row shows the resistivity model after 10 CG
iterations and the fourth row the final model obtained after 42 CG iterations.
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Figure 3.4: Sensitivity (), as given by equation (3.65) for the initial random model (top row), after 10
iterations (middle row) and after 42 iterations (bottom row).
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Figure 3.5: Magnitudes of the internal field coefficients GSQ) (t) (top row) and Gg (t) (bottom row). The
solid red lines show the response of the target model in all plots. The blue dashed lines correspond to
the responses of the initial random model (left) column, after 10 CG iterations (middle column), and

after 42 iterations (right column).
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Figure 3.6: Evolution of misfit (left) and magnitude of its gradient (right) with CG iterations.
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Figure 3.7: E2E conductivity model.

We also display how the internal field coefficients GSZ) (t) and GSQ) (t) approach the responses of the
target model as the CG iterations progress (Figure 3.5). The effect of Psg resistivity structure is most
prominent at these harmonics, as they are offset by one spherical harmonic degree, which corresponds to
the source Pjg geometry. Note that both the amplitudes and the positions of zero crossings are adjusted
by the inversion, reminiscent of seismogram fitting in seismological problems.

Finally, Figure 3.6 shows the monotonous decrease of misfit and the decrease of the magnitude of
its gradient. One can see, that with the relatively simple model and with exact synthetic data without
noise, the target model is recovered after 42 time steps almost perfectly.

3.4 E2E-based tests of the inversion

3.4.1 E2E resistivity model

The End-To-End (E2E) simulation of Olsen et al. [2006] introduced a 3-D resistivity model that we
summarize in Figure 3.7. It consist of a highly heterogeneous thin layer representing the surface con-
ductance, a 400 km thick homogeneous upper mantle with 3 small-scale conductive heterogeneities
placed below Baikal, Hawaii and Chilean subduction, a 300 km thick transition zone with a large-scale
heterogeneity below Pacific, and a homogeneous lower mantle.

Similarily to the checkerboard test, we parametrize the resistivity model by spherical harmonic
expansion of its logarithm (3.61) up to degree 5 in 6 layers 200 km thick. The 1-D model, consisting of
the parameters pgo , is initially found by 1-D inversion and then used as a starting model for full 3-D
inversion runs. The near surface heterogeneous layer is prescribed on a grid and assumed to be a-priori
known. The target E2E model that we aim to recover lies outside this parameter space, because it is
given on a grid with higher lateral resolution and some of the layer interfaces do not coincide with those
prescribed in the model space discretization.

3.4.2 E2E external field model

We use the E2E model [Olsen et al., 2006] that describes the external field up to degree and order 6
(Figure 3.8). A 100 day time series is used to compute the internal field generated by the E2E resistivity
model. In the presented examples, we add random noise to the SH coefficients of external and/or internal
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Case external field internal field
target model inversion
jmax Jmax f jmax f
1 6 6 0% 7 5%
1I 6 1 0 % 7 5%
11T 1 1 5% 7 5%
v 6 1 5% 7 5%

Table 3.2: Parameters of the E2E inversions.

field, scaled by the average amplitude,

t1

o) _ (el)
A = & [ lesa] e (3.66)
0
G = G @) 4 f A Ny ), (3.67)

where f = 0 or 5% and Ny (t) is real (for m = 0) or complex (for m # 0) normal distribution.
Parameters of the inversions are summarized in Table 3.2. In Case I, we assume exact knowledge of the
spatio-temporal structure of the external field in the inversion. In Case II, the inversion uses spatially
inaccurate excitation, in Case III, the excitation includes noise in time, and Case IV combines both
effects into spatially and temporally inaccurate description of the external field.

3.4.3 Regularization and LMQN inversion

We have implemented a regularization term that constrains the smoothness of the resistivity model by
minimizing the spherical Laplacian of logarithm of resistivity,

1
Rm) = 10 [ [v20gp(m))” av.
2V
a
4 loge Dyp(m)
D, R _ ¢ 2] 2o d
R*(m) v /V og p(m)V () V

The inverse problem is solved for several regularization parameters A, the optimal value is then chosen
near the maximum curvature point of the L-curve plotting data misfit x2(1m) vs. the regularization

R%(m).
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Figure 3.9: Case I. L-curve showing trade-off between data misfit and regularization, with optimal
regularization marked by black triangle.

The inverse problem is solved by limited-memory quasi-Newton (LMQN, also known as variable
metrics) minimization [Press et al., 1992, Chapter 10.7],

mit1 —my; = Hip1 - Dm [F(m) — F(my)], (3.68)

using the Broyden-Fletcher-Goldfarb-Shanno formula for updating the symmetric, positive-definite ap-
proximation of Hessian H;;; and Brent’s method for line minimization. This method requires a lower
number of forward solver calls, than the conjugate-gradient method used previously.

Results for Cases -1V are summarized in Figures 3.10-3.16. In all cases, the large-scale hetero-
geneity in the transition zone was succesfully recovered. Naturally, spatially inaccurate external field
model and/or adding noise to the time-series increases the data misfit considerably. At this resolution,
there is little hope to resolve any of the small-scale features in the upper mantle. There is also significant
leaking of the effect of the large heterogeneity to layers above and below it. This effect can be caused by
overregularization in the radial direction as can be seen by comparing Figure 3.16 obtained with optimal
regularization with Figure 3.17 showing results of the inversion with extremely small regularization pa-
rameter A\. While the 1-D background values are better resolved in the underregularized model, lateral
resolution of the heterogeneity is poor. That suggests, that anisotropic regularization, stronger in the
lateral direction while more relaxed in the radial direction, could be used.
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Figure 3.10: Case I. Left column: Target E2E model shown for comparison. Right staggered columns:
Conductivity model recovered by inversion. The radial position of each layer is marked above the map.
Bottom row, left to right: data misfit, regularization and total penalty functions (red) and their gradients
(blue) as functions of number of LMQN iterations.
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Figure 3.11: Case II.
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Figure 3.13: Case III.
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Figure 3.14: Case III.
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Figure 3.15: Case IV.
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Chapter 4

Frequency domain internal coefficient
inversion

4.1 Some general remarks

The purpose of the study presented in this Chapter is to demonstrate the feasibility of 3-D conductivity
inversion using satellite magnetic data. With the forthcoming Swarm constellation project for magnetic
studies, a new era for global induction studies is opening with new ways to infer the electrical conduc-
tivity in the Earth.

The situation is very unusual for induction studies as the transient magnetic field is sampled simul-
taneously both in time and space. It is however sampled at a high rate and continuously over the Earth.
Several studies have demonstrated the feasibility of induction studies from space for simple source ge-
ometries and one dimensional (1-D) conductivity models (e.g. [Olsen, 1999]). The main objective of
space induction is to obtain data to image the 3-D mantle conductivity. Studies to date suggest that a
3-D induction signal is present in the satellite data [Tarits, 2000, Constable and Constable, 2004]. Here,
a full solution to this problem is tested. The first step consists of data processing to obtain observables
suitable for conductivity modelling. The second step is modelling these observables to recover the 3-D
conductivity structure. The approach is tested on synthetic magnetic data from [Kuvshinov et al., 2006].

4.2 The numerical model

The mantle is divided into spherical shells. The conductivity in each shell may be uniform or it may
vary horizontally, but it may not vary radially. The stack of shells starts from a homogeneous core of
finite conductivity and ends at an upper boundary above which the medium is insulating. A generic
Earth model is shown in Fig. 4.1. Under the quasi-static approximation, the governing equations in the
core are:

VeB(r,t) = 0

VxE(rt) = —§B(rt) 4.1)

V x B(r,t) = po.E(r,t)

where p is the magnetic permeability in vacuum, o, is the constant core conductivity, and B and E are
the total magnetic and electric fields. In the mantle the electromagnetic field satisfies:

VeB(r,t) = 0
V x E(r,t) ~2 B(r,t) (4.2)
V x B(r,t) = pop(r)E(r,t)
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Figure 4.1: Spherical model.

where the mantle conductivity o,,(r) depends on the position vector r. Continuity conditions (see
below) at the core mantle boundary (CMB) relate E and B in the mantle just above the CMB to E and
B in the core just below the CMB.

The time-varying part of the electric and magnetic (EM) fields are defined as e(r,t) and b(r,t)
respectively, so that B(r,t) = Bs(r) + b(r,t) and E(r,t) = Eg(r) + e(r,t). The subscript s stands
for static. The fields e(r, t) and b(r, t) satisfy:

V xe(r,t) = —%b(r,t) 43)
V xb(r,t) = poce(r,t) ’
below CMB while above, they satisfy:
V xe(r,t) = —%b(r,t) 4.4)

V xb(r,t) = pop(r)e(r,t)

Above the upper boundary of the conductivity layer, where the medium is assumed to be insulating,
eq (4.4) is still valid with o,,, = 0.

The second equation in both eq (4.3) and eq (4.4) (Faraday’s Law) implies that O(V e b) /0t = 0.
Since b is the time-dependent part of the field, this can be integrated to give V e b = (. Thus, the first
equation in eq (4.1) and eq (4.2) is redundant and was not repeated in eq (4.3) and eq (4.4).

The boundary conditions are that all components of b , the tangential components of e , and the
radial component of the current J = ce, are continuous across the IMB, across the upper boundary of
the conductivity layer in the mantle, and across every internal boundary separating two adjacent shells
in the conductive mantle. One consequence of these boundary conditions is that the radial component
of e must vanish at the upper boundary of the conductivity layer since ¢ = 0 above that boundary.

The solution to equations (4.3) and (4.4) is written as:

e(r,t) = en(r,t)+eq(r,t)

b(r.t) = en(r.t)+ eq(r.t) (4.5)

where the normal field, (e, b,,), is the solution for a homogeneous core (0 = o0,) and an insulating
mantle (0 = 0). The anomalous field, (eq, b,) represents the effects of mantle conductivity. The
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equations which govern the normal field e,, (7, t) and b,,(r, t) are:

V xep(r,t) = —2b,(r,t) .

V X bp(r,t) = poeen(r,t) in the core (4.6)
Vxen(r,t) = —2bu(r,1)
V x by(r,t) = 0 above the core 4.7

The field b,,, the horizontal components of e, , and the radial component of the electric current
J, = oe, are all continuous across the IMB. Hence o.e,,, = J,,, = 0 at the core side of the IMB, since
for the normal field the medium above the IMB is assumed to be insulating. As a consequence, e, at
the IMB (core side) is null. Subtracting eq. (4.6) from (4.1) and (4.7) from (4.2), we obtain the set of
equations for the anomalous field:

V x ea(r7t) = —%ba(’l“7t) .
V x bo(r,t) = poceq (r,t) in the core (4.8)
V x eq(r,t) = —%ba(r,t) )
V X by(r,t) — pom(r)eq (r,t) = pom(r)e, (r,t) in the mantle (4.9)

The magnetic field b, and the horizontal components of the electric field e, are continuous across all
boundaries. The boundary condition on the radial component of the anomalous current, J, = oce, ,
is more complicated, and is determined by the requirement that the total, time-variable, radial current,
o(e, + e,) be continuous across each boundary. At any boundary in the mantle, the conditions is:

o(r)ea(r™,t) —a(rew(rt,t) = a(ren(rT,t) — o(r en(r~,t) (4.10)

where the superscripts + and - refer to just above and just below the boundary. Equation (4.10) also
describes the continuity of e, at the IMB (where e,,,(r~,t) = 0); and at the upper boundary of the
conductive region in the mantle (where o = 0 ).

This separation of the field into normal and anomalous components allows us to solve the problem
in two steps. First, eqs (4.6-4.7) are solved to obtain the normal field. We then use this normal field
as the source term for generating the anomalous field, using the e,, terms in eqs (4.9-4.10). We define
the current source in terms of the electric and magnetic fields it would produce in an Earth with a
spherical homogeneous core and an insulating mantle. Hence we simply assume the normal field is
known throughout the mantle, and we use that field in eqs (4.9-4.10). We do ensure that this known
normal field is consistent with eq. (4.7) in the mantle.

The fact that the boundaries in our Earth model are all spherical surfaces, means that our equations
can be solved most easily in spherical coordinates, (r, 0, ¢), where 6 and ¢ are the colatitude and east-
ward longitude respectively. Although the laterally-varying conductivity removes spherical symmetry,
it is useful to employ spherical harmonic expansions when solving the equations. Accordingly, the elec-
tric and magnetic fields are expanded into a generalized spherical harmonics (GSH) series YZN ™ (see
the Appendix ) using the canonical basis (&™), &Y, €7 ). In this basis, a vector F' has the form:

F(r,0,0) =Y FN(r,0,0)e™ =, BN (YN0, )N N=-1,0.+1 (4.11)
The N = 0 terms in eq. (4.11) describe the radial component of F'. The horizontal components

Flﬂm and Fflm are combined into toroidal and spheroidal (or poloidal) component, Fle and FZP m
respectively (see the Appendix).
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The GSH expansions of the e and b fields in eqs (4.6-4.10) are used to obtain differential equations
for the GSH coefficients in these expansions. Those equations are shown in the Appendix. The equations
are solved in the frequency domain, assuming a time dependence of ¢! for e and b where w is the
angular frequency. The resulting equations are first order ordinary differential equations in the radial
coordinate 7.

4.2.1 Solution for the normal field

The normal field can be completely determined in the mantle by specifying the values of the spherical
harmonic components of the radial magnetic and electric field at the IMB (mantle side, 7 = c*), b%” ()
and eV (ct) , for every spherical harmonic degree and order (I,m). The continuation of these IMB
values up through the insulating mantle can be determined from the GSH expansion of eq (4.6-4.7) (see

Appendix A2). For the bg’l” case the solution for the normal EM field in the insulating mantle is:

) =

7")(71 wrb?m(cT) (9)le2 (+-12)
)

e
efjlm(r = e (r) =blm(r) =0

For the e,%” case, the solution is:

er r —
) | e @ ]
T = ) = O3 () = Vi) = 0

(4.13)

4.2.2 Solution for the anomalous field

In the mantle, eqs (4.2) are expanded into GSH (Appendix A2). The resulting equations for the anoma-
lous field are obtained from the GSH expansion of eq. (4.9) by subtracting eqs (4.45-4.46) from (4.44).
For each degree and order (I, m), the following first order system of differential equations is obtained:

bEm —1 o2 0 pbm ipJLm ipJLm
d | oo 1 -2 0 0 bor" 0 0
e ]a:’lm h " 1 I%lm —| 202 = ; 0m
dr | ey 0 0 —= dwur € 250 g0m iwprJ,)

J%m " 2 Ja()m 7 p% 2 J()m d J[;nm 1 JPm

al 0 0 0 “r al ;Jal —rnl T @rdnl T rdu
(4.14)

where JS;”, Jflm, J;{lm are the radial, poloidal, and toroidal (I,m) GSH components of the electric
current o(r)e, (r,w); and JO™, JE™  JTm are the radial, poloidal, and toroidal (I, m) GSH components

of the electric current o(7)ey (7, w).

The system (4.14) is described as follows: the anomalous e and b fields are represented by the four
functions of radius [b5™(r), 8% (r), e (r), J%™(7)] for each (I,m). The anomalous current JO™ is
used instead of ”" because it simplifies the mathematics. These four functions are represented with the
symbol:

2™ (r) = b (), 000" (), e (r), T (1) (@.15)

al

To completely describe the e and b fields, the toroidal components bflm and eflm need to be specified.
But those components are related to the other four variables though simple algebraic relations (see 4.44)
that do not involve radial differentiation. The system (4.14) thus, can be considered as a forced ordinary
differential equation for the anomalous e and b fields, with the unknown scalars on the left-hand side
and the forcing from the known normal field on the right-hand side.
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The last term on the left-hand-side of (4.14) includes the scalars JTm, 2{” and J 57” which are
not among the four components used to describe the anomalous fields. These three scalars, however,
can be directly related to our four components. For example, eom is the (I, m) component in the Y}N m
expansion of:

JO(r,0,0)/0(r,0,p) = Z JO (Y™ (0, 0) | Jo(r,0,¢) (4.16)

In this way €27(r) can be related to the {Jg;? (r)}. For laterally-varying conductivity, e,/ will, in
general, depend on all the JC(L)ZWI (i.e. on Jg{,’”“/ with I,m # I';m’). Similar results hold for ng( ) and
J 5m(r). Thus, the last term on the left-hand-side of (4.14) is viewed as a direct, though complicated,
linear function of the {Z""'}.

The boundary conditions on our four components are that bP ™, pom o and e ™ are continuous across
any boundary in the mantle:

Jut () = I ) = ) = I () 4.17)

Equation (4.17) follows from eq. (4.10).

There are two boundary conditions at the top of the conducting region of the mantle (r = a). One
comes from the requirement that there is no net electric current flowing into the insulator, so that at the
upper boundary:

Jai"(a) = —Jp"(a) (4.18)

The other is the relationship between the spectral components of the anomalous magnetic field at the
upper boundary:
bl (a) + 169" (a) = 0 (4.19)

This condition is obtained from the radial dependence of the field in an insulator, as given by eq. (4.12)
(eqs (4.12-4.13) were introduced to describe the radial dependence of the normal field; but they serve
equally well to illustrate the radial dependence of the anomalous field in an insulator). The last term on
the left-hand side of system (4.14) couples together Z'™ with different values of (I, m), through lateral
variations in conductivity. Thus, eqs (4.14) and (4.17-4.19) must be solved to find all (I, m) terms
simultaneously. These equations are solved for GSH components up to some arbitrary degree /,,,4.

The terms on the right-hand sides of eqs (4.14) and (4.17-4.18) depend on the normal field. These
inhomogeneous terms provide the forcing for the system of equations, and they can be inferred from eqs
(4.12-4.13) once we have specified the values of b27*(c™) and eY7*(c¢™) . If the normal field has been
specified, a solution for the anomalous field can be obtained by finding a particular solution of the eqs
(4.14) and (4.17): i.e. any solution we can find that satisfies eqs (4.14) and (4.17), but without requiring
that it also satisfy the continuity conditions, (4.18-4.19), at the upper boundary of the conductive region.
To find a particular solution we start with an arbitrary anomalous electromagnetic field at 7 = ¢ that
is propagated up to r = a. Our method of propagation is described below. For our arbitrary anomalous
field at r = ¢* we choose all components to be zero: i.e. bYY = b0* = el* = J9 = ( for every
(I, m). We denote the (I,m) component of the particular solution as Z%(r) (with a = [, m).

Because our particular solution will almost certainly not satisfy eqs (4.18-4.19) at the upper bound-
ary, we must add to it solutions of the homogeneous differential equations (i.e.(4.14) and (4.17) with
their right-hand sides set to 0 so that the sum does satisfy equations 4.18-4.19). This requires finding
a complete set of homogeneous solutions. A homogeneous solution is found by choosing starting val-
ues at r = c*, and propagating those values to » = a using the homogeneous equations and internal
boundary conditions. To find a complete set of solutions, this propagation must be done for each lin-
early independent set of starting values. Those starting values are of two types: (1) eom(cﬂ = 1 and
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b2 (cT) = 0; and (2) €%*(c™) = 0 and b27*(cT) = 1. There are starting values of types (1) and (2)
for each (I, m) pair, where | = 1 to l;,44, and m = —I to [ . These starting values are labeled with the
indices (7,1, m), where j = 1 or 2 depending on whether the starting values are of type (1) or (2). Thus,
there are 2 X lyqz X (lmaz + 2) starting values, and so there are 2 X a2 X (lmaz + 2) homogeneous
solutions. The (I, m) component of the solution that is generated by the (j,1’, m’) starting value is noted
as Zj‘?fa, (r) (with = I, m).

The final solution of the system (4.14) and (4.17-4.19) is the sum of the particular solution and of a
linear combination of all the solutions of the homogeneous system:

Zr) =Z9(r) + > Ajar - Z5p(r) (4.20)

The coefficients A,/ are determined from the boundary conditions (4.18-4.19) at r = a. To find those
coefficients, the bf “and Jga components of the expansion (4.20) are extracted, evaluated at » = a, and
used in eqs (4.18-4.19). This manipulation leads to a linear system of equations of the form

ZM“’ i = Cha 4.21)

for each (I,m), and for £ = 1,2 corresponding to the boundary conditions (4.18-4.19) respectively.
The C} , in eq. (4.21) represent the contributions of the normal field to the right-hand-sides of eqs
(4.18-4.19). The eq. (4.21) is solved to get the coefficients A, ., from which the components of the
electromagnetic field can be obtained using eq. (4.20).

The entire approach described above is also valid for both an external (exospheric) source field and
an internal (core) source and thus provides a general solution to the three-dimensional induction problem
in a spherical Earth. The only difference is in the definition of the normal field.

4.2.3 Numerical considerations

In an heterogeneous shell (Fig. 4.1), the system (4.14) is integrated upward from the bottom of the shell
to its top with a fourth-order Runge Kutta integration technique though when a shell is homogeneous,
we use instead an analytical solution to eqs (4.14). To improve the accuracy, the shell may be subdivided
into thinner shells according to a criteria based upon the minimum penetration depth in the shell. The
maximum thickness across which the system of eqs (4.14) and (4.17-4.19) is numerically integrated
should not exceed a fraction of the minimum penetration depth (penetration depth = /2/wuomaz )-
We found that a fraction equal to 0.4 was a good compromise between the numerical accuracy for the
integration and the necessity to limit the number of subdivisions to minimise the computation time.
Our method of radially integrating up through a shell requires some description. The differential eq.
(4.14) is of the form dZ%/dr = f(r, Z%). Any numerical integrator, including Runge Kutta, requires
evaluation of f(r, Z%) for specified values of 7 and Z“. The function f includes terms dependent on €%,
JIe and JF | which, as described above, can be linearly related to the {Z o }. But those relations are
complicated, and involve the GSH expansion of the product of the laterally-varying conductivity with
the Z% scalars. Depending on the spatial pattern of the conductivity, these terms are likely to couple
together the electromagnetic GSH components of all degrees and orders. The evaluation of these terms
could be done by expanding the conductivity into GSH’s, multiplying that expansion by the appropriate
components of Z(r), and then taking the GSH components of the product. This approach would
involve the use of Wigner 3-J symbols. Instead, we use an approach that is more efficient for large /,,44.
The GSH components of Z(r) are summed to obtain the appropriate e, and b, components in the
spatial domain. The electric field components are multiplied by the conductivity in the spatial domain
and the product is then expanded back into GSH’s. The results are used to find f(r, Z¢). These forward
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and inverse transformations between the spectral and spatial domains are carried out with an efficient
generalized Legendre transform algorithm.

Propagation across boundaries is done in a similar manner. The fields just below the boundary
between two adjacent shells are converted back to the spatial domain, and multiplied by the conduc-
tivity when appropriate. The fields just above are obtained using the boundary conditions and then are
expanded again into GSH and propagated through the next shell.

4.3 Data analysis

In the free space, at any time ¢, the vector magnetic field B may be described by a Fourier and a spherical
harmonic expansion (FSHE) model of the form (see Appendix A3 for the definition of the SHE used
here):

BN(r,0,0) =Y > GNME,DF(0,¢) (4.22)

Ilm w

The term (r, 0, ) is the position vector. The coefficients F and I are the external and internal
potentials at the degree and order [, m and frequency w. For the sake of simplicity from now on [, m and
w are implicit in £ and [ values unless otherwise specified. Eq. (4.22) is a linear system of the form
y = Ax. The vector y contains the 3 components of the vector field B at all times ¢ and all satellites.
The vector « is the vector of the potential coefficients £ and [ at all [, m and w. The matrix A contains
the FSH functions. The least-square solution of Eq. (4.22) is:

x= (A" A)tA*y (4.23)

The matrix A* is the Hermitian transposed of A. The term A*y may be seen as a discrete estimate
of the general Fourier solution of Eq. (4.22) (Appendix A4). The matrix R = (A* - A)~! would
reduce to a diagonal matrix if the field was sampled independently in space and time (Appendix A4).
Because the satellite samples simultaneously the spatial and time variation of the magnetic vector B,
the matrix contains off-diagonal terms expressing the coupling between the Fourier and SH coefficients.
An example of the structure of the matrix R is presented in Fig. 4.2.

In this example, we used a SHE up to | = 3 for the external field and up to [ = 7 for the internal
field. The satellite rotation period and the Earth rotation induce a strong aliasing effect at periods day.
The aliasing couples both space and time functions. The coupling is weaker at periods = 1 day. There is
a numerical difficulty to analyse fully the structure of R. Even with a simplified source field structure,
the task to describe fully the matrix R becomes increasingly formidable as frequencies, degrees and
orders are added to Eq. (4.22).

On Earth, the external source field is roughly the result of 3 contributions, the magnetospheric ring
current, the ionospheric solar variation and the field-aligned currents. The ionospheric source is internal
with respect to the satellite. Kuvshinov et al. [2006] produced a series of simulation of the source field
and its induction effect to study how to detect deep-seated regional conductivity anomalies. Three years
of synthetic magnetic data were calculated for the future swarm constellation. The conductivity models
of type I are a one-dimensional (1-D) mantle topped by the ocean/continent distribution. The type II
conductivity models include additionaly deep-seated ad-hoc conductive bodies. The inducing sources
may be magnetospheric only or may contain a ionospheric source as well. The description of the data
sets is found in [Kuvshinov et al., 2006] and will not be detailed here.

The synthetic satellite data used in this study are produced for a magnetospheric source only (with
aSHEuptol! =1orl =1 — 3) and a conductivity model of type I. Such data cannot describe the full
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Figure 4.2: The matrix R for 4 periods:12hrs (top left), 24hrs (top right), 2 days (bottom left) and 5
days (bottom right). The coefficients || Rij|| are normalized by /R;;R;; to vary between 0-1. The
external coefficients E,are between [ = [ — 3 and m = —I[,[. They are numbered fromn = 1 — 15
(n = l*l4 14 m). The internal coefficients I are between [ = 1 —7 and m = —I, [. They are numbered
fromn =16 —78 (n=15+1x1l+ 1+ m).
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Figure 4.3: The E (left) and I (right) potentials are displayed in the space domain at four periods. For
each period; the upper maps are the real part of the E and I potentials while the lower maps are the
imaginary part
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Figure 4.4: SH coefficients F as a function of the frequency in cycle per day (1 cpd=11.57 mHz): in
blue a the original coefficients used to produce the synthetic data.; in red, the coefficients obtained from
the data analysis of the synthetic satellite data. The term R stands for real part and I for imaginary part.

complexity of real data but this simplifies the data analysis to obtain the I and I terms of the SHE. They
are extremely useful to test the approach proposed to derive the E and I potentials.

One example is treated. The number of frequencies as well as the number of degrees and orders [, m
was limited to a small number. The SHE was limited tol = 1 — 3, m = —I, [ for the FSHE coefficients
E,l =7, m = —I,! for the FSHE coefficients I. The Fourier spectrum was obtained at 15 periods from
2-15 days. The data were analysed for successive 30 days long time series over one year. The results
presented in this report are for the first set of 30 days of data.

The resulting ' and I potentials are presented in Fig. 4.3 at a selection of 3 periods (15, 4 and 2.3
days). At each period, the SHE coefficients £’ and I are recombined into the E and I potentials in the
space domain. The E potential is the SHE sum from [ = 1 — 3, m = —I[,[ while the I potential is the
SHE sum from [ = 2 — 7, m = —[, . The external field is correctly recovered at all periods for the real
part (Fig. 4.2). The imaginary part is less stable than the real part at some periods where its amplitude is
small. The internal potential I is calculated from [ = 2 to visualize the spatial geometry of the potential
otherwise masked by the dominant | = 1 term. The geometry of the internal anomalous (i.e. induced
by the conductivity heterogeneity) is complex but clearly controlled by the main conductivity contrasts
(Fig. 4.3). In Fig. 4.4, some of the SH coefficients recovered was compared to the original coefficients
used to generate the synthetic data [Kuvshinov et al., 2006]. The processing of the synthetic satellite
magnetic data provided in general fairly good estimates of the FSH coefficients. The best result was
obtained for the dominant source field at [ = 1 and m = 0 (Fig. 4.4).

The time series of the internal coefficients of the magnetospheric field at degrees and orders larger
than those of the source field are difficult to recover because of their small amplitude. Here, the coeffi-
cients are recovered with some noise level related to aliasing problems and possibly numerical precision
which makes the synthetic example a good proxy for real data analysis.
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The inversion is based on the minimisation of a misfit function between observables and a model.
The E and I coefficients could be used as such. However, they contain noise and some statistical esti-
mates should be determined. In order to optimize the signal over noise ratio, the following procedure is
proposed. Time windows of given lengths (say 30 or 60 days) are selected and the E and I coefficients
are obtained for each time window. For Iy, az(lo,,qz + 2) external source coefficients, each internal
coefficients of degree and order [, m is given by:

™w,n) =Y QU (w)E)™ (w,n) (4.24)

lo,mo

where n is the window number and Q the induced response function of degree and order [, m forced by
a unit source term of degree and order [y, mg. We defined the internal vs external co- and cross-spectra
as:

S(lazm,lomo (w) _ ﬁ Zn ElOm (w’ n)(ElOOmO (w, n))*

4.25
Slm,lomo (w) _ ﬁ En Ilom(‘*)’n)(El%mo (w7n))* ( )

ie
where NW is the number of time windows. Various trials were carried out using 1-3 satellites, 1-3 years
of data and 30 or 60 days windows. The maximum degree for the external field was 3 and 7-9 for the
internal field. The periods in days range from 2 to TW days where TW is the window length.

4.4 Inversion

The 3-D modelling of the electrical conductivity in the Earth at the global scale implies the use of a 3-D
spherical solver. Kuvshinov et al. [2006] generated the synthetic satellite data using the forward code
proposed by Kuvshinov et al. [2002]. In order to perform an inversion of these data, it is best to use a
forward solver entirely different. The one used here [Tarits et al., 1998, Grammatica and Tarits, 2002] is
based on the space/spectral approach described above. The forcing field is given by its SH coefficients
and is applied at the Earth surface. Since the E and I coefficients are obtained at the Earth surface, there
is no need to continue the computed field upward to satellite altitude. The approach proposed here to
invert the satellite data is based on the modelling of the potential coefficients recovered from the data
analysis presented above. The coefficients have been accurately recovered (Fig. 4.4). Nevertheless the
data analysis may only provide a limited number of SH coefficients at a limited number of periods. The
question therefore is whether or not such restricted number of coefficients carries enough information to
recover the conductivity structure with a reasonable degree of accuracy.

The strategy proposed here is to run the inversion to find a model that fit the S;. values given the
See. In standard magnetotelluric or global induction analysis, 1-2 source terms are considered and the
Q values (or functions of the Q values) are uniquely obtained from eq. 4.25 or equivalent relationships.
Here, the approach is more general. There may be an unknown number of time-independent source
terms. They may have different geometries and similar time dependency. As a result, the Q values cannot
be uniquely obtained (although the [ = 1, m = 0 term is always dominant and well characterized).

The first step is to calculate the Q values (eq. 4.24) for all [y, mg values of the source field. Then
the theoretical co-spectrum S;.(cal) is obtained from the combination of the calculated Q values and
the observed external E coefficients using eqs. 4.24-4.25. The misfit function used in the inversion
procedure is defined as follow:

2 g
= D [ () — S ()] W) + XY logloi/oi)]2 (426)

w,lm,lomg ©,]
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Figure 4.5: Best fitting 1-D model (in red) for the minimum misfit function between the FSHE internal
coefficients I. The original 1-D structure beneath the heterogeneous upper shell used to synthesize the
data is in black.

The misfit is weighted with the coefficient W. The second term on the right hand side of eq. 4.26
is the smoothness term which minimizes the log-conductivity differences between all meshes in a layer
and the mean log-conductivity value between layers.

In the inverse procedure, the starting model is 1-D and is the best 1-D fitting model obtained using
the coefficients £ and I up to [ = 3. The 3-D solver was used for the inversion but with homogeneous
layers. Fig. 4.5 shows the best fitting 1-D model compared to the mantle structure used in conductivity
models of type I to generate the data.

Before running the full 3-D inversion to recover the mantle structure, it is necessary to deal with the
uppermost crustal structures, namely the distribution of oceanic masses and large sedimentary basins
responsible for large distortion of the induced geomagnetic field.

4.4.1 Accounting for the coast effect

The coast effect is the generic name to describe the electromagnetic distortion caused by the large
conductivity contrast between oceanic or sedimentary basins and the electrically resistive bedrock. Here
we proposed to generalize the approach proposed by Nolasco et al. [1998] to include the coast effect in
the inversion procedure.

Following Kuvshinov et al. [2006], we define a model comprised of the 1-D conductivity structure
topped by an heterogeneous sheet of conductance 7 = 7, + 7, where 7, is the conductance of the ocean.
We define a new normal model which is the 1-D conductivity structure topped by a uniform sheet of
conductance 7,,. The corresponding total horizontal normal field at the Earth surface is E,,s The total
horizontal electric field E at a given position 7 at the Earth surface is solution of an integral equation
of the type:

EL(ro) = Ena(ro) + /8 )G (o, ) () 4.27)

where G is the surface Green dyadic and OV, the anomalous domain (compared to the normal model
with the top layer of conductance 7,,). Now we introduce an anomalous body in the mantle of conduc-
tivity o = o, + 04. The surface electric field becomes:
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Es(ro) = Ens(ro) + /8V Ta(r)Gs1(ro,7)Esi(1)ds +/ 04(1)Gs2(ro,7)E2(r)dv  (4.28)

where the subscripts 1 and 2 correspond to the top sheet and the mantle anomalous body respectively.
We note E ), the surface electric field for a model with a normal surface sheet (of conductance 7,, and
the anomalous mantle body. This field is solution of:

Ears(ro) = Ens(ro) + / 0o (1)Gaa (10, 1) Ea () du (4.29)

Va

The general solution of eq. 4.27 is of the form:

E (ry) = E,s(ro) + K(ro,r)E, s(r)ds (4.30)
Vg

where K is a kernel function of both the normal model and the anomalous domain. At the long period
considered here (more than 1 day), the mutual induction of the anomalous electric currents distorted
by the surface and deep heterogeneities is weak and may be neglected [Nolasco et al., 1998, Tarits and
Menvielle, 1983]. Within the approximation that mutual coupling between anomalous currents flowing
in domains (1) and (2) is negligible, the solution of eq. 4.28 at Earth surface is of the form:

E (ro) = Eps(ro) + K(ro,7)Eps(r)ds 4.31)
Vy

The mantle field E,; plays the role of the normal field with the same distortion kernel K as in eq.
4.30. Hence, the kernel K may be calculated for the normal model from eq. 4.30 and included into eq.
4.31 to account for the distortion of the mantle field E s by the surface heterogeneous layer.

4.4.2 Calculation of the distortion kernels

It is convenient to consider the SHE of eq. 4.30 in order to determine the distortion coefficients of the
kernel K. Using the generalized SH approach (Appendix 1), we define the toroidal electric field at the
Earth surface Eﬁm/ of the distorted field and Eglm of the normal field. After some algebra, the SHE of
eq. 4.31 is obtained and may be written as:

Ef™ = gImstm’ 4 gkl phm (4.32)
where 0 is the Kronecker symbol and the K values are the SHE coefficients of the distortion.

The forward calculation for the normal model topped by the heterogeneous sheet for all possible
forcing terms I, m’ provides all necessary K values. In order to accurately calculate these coefficients,
the surface structure must be well described. Here we used a maximum SHE degree of 27. In order
to obtain the distortion coefficients for all SHE values of the mantle field (of maximum degree [/, the
forward calculation must be carried out [/ (Iys + 2) times for each period which may be a lot. However
it is done once.

The distorted mantle field observed at the Earth surface is a function of the internal and external
coefficients (see Appendices 1-3). Once, Ey;7 is calculated as follow:

Ef™ = EUm st 4 KU BT (4.33)
it is straightforward to obtain (using A15) the internal potential (),s of degree and order I/, m for a
unit external forcing of degree and order [y, mg. These values for all necessary internal and external

degrees and orders are combined with the observed external field in eq. 4.25 to obtain the calculated
cross-spectrum S;.(cal) in eq. 4.26.
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4.4.3 Results of the 3-D inversion

The inversion started with the 1-D model in Figure 4.5. The non-linear minimisation of the misfit func-
tion (4.26) varies successively the conductivity in all meshes in the layers ascribed to be heterogeneous
(namely layers 2 and 3). The top layer is homogeneous and of conductivity 3.2 S/m. At each iteration,
the mantle () coefficients are calculated and corrected for coast effect using eq. 4.33 from which we
derive the distorted () values. The misfit is then calculated according to eq. 4.26.

The minimisation procedure starts with no or very little smoothness. Then the smoothness is added.
The coefficient A in eq. 4.26 is adjusted so that the smoothness is of same order as the misfit. The
minimisation is stopped when the misfit starts to increase while the smoothness is decreasing.

In figure 4.6, we present the inversion result using the exact time series I and E coefficients used by
Kuvshinov et al. [2006] to generate the E2E magnetospheric (external+induced) data. In this example,
the maximum degree of the internal SHE is 9. The time series of the coefficients were Fourier trans-
formed by time windows of 30 days over 1 year. The Fourier coefficients were combined to form the
co- and cross-spectra values S;. and S, used to build the misfit function (4.26). The grid is divided into
12x24 cells. The structure is correctly recovered. The various tests carried out showed the importance of
a priori information about the radial layering, here provided by the prior 1-D analysis. The smoothness
criteria proved to be efficient to remove spurious effect in layer 2 but removed also any features related
to the structures in that layer, however too small to be retrieve with the spatial resolution used here.

4.5 Conclusion

A general approach was proposed to process and invert satellite geomagnetic data to infer the 3-D
conductivity of the Earth. Both data analysis and inversion scheme were proved satisfactory to process
synthetic data. While the approach presented here seems to work reasonably well, it is only a partial
answer to the question of magnetic data inversion for induction studies. A simple case with a pure
magnetospheric source was considered. The inverse solution was found for satellite data synthesized
with conductivity models with the mantle structures. At the resolution used here (18x18 or 12x12
degrees grid), only the major features were recovered.
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Figure 4.6: Result of the 3-D inversion obtained from the synthetic £ and I coefficients [Kuvshinov
et al., 2006]. The color scale is the log of the electrical conductivity.
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4.6 Appendices

4.6.1 Appendix Al: expansion of a vector into generalized spherical harmonics (GSH)

Let F(r,0, p) with components (F., Fy, F,,) be a vector function of position in the spherical coordinate
system (&, &g, é,), r is the radius, ¢ the colatitude and ¢ the longitude. The GHS vector canonical
basis is:

et 7(69 —iéy)
e’ | = ér (4.34)
e %(69 +ie,)
In this basis, the vector F' has the form:
N
F(r,0,0)= Y FY(r,0,p)e" (4.35)
-1,0,1

and its generalized spherical harmonic (GSH) expansion is, using the greek letter « to refer to the degree
and order (I, m):

N 0o !
(r6,0)= > > > FNrY "0, ¢)e" (4.36)
—1,0,1 I=0 m=—

Here YZN (0, p) = PN(cos §)e'™? are generalized spherical harmonics (GSHs), normalized so that:

27 T A
YN (Y, N™Y* gin 0dOdy = 4.37
/o /0 (Y ™)  sin ® 01 ( )

(YZN ")* is the complex conjugate of YlN ™ Note that the F°¢ are the GSH coefficients of the radial
component of the vector F' .We introduce the following definition for the non radial GSH components
of the vector F':

C=(FT + F%)

a QZ(F—i-a _ F—a) (4-38)

where Q; = /I(1 + 1)/2. F¥* and FT* are the GSH the spheroidal (or poloidal) and toroidal compo-
nents of the vector F'. With this definition, the GSH radial, spheroidal and toroidal components of the
differential operations Vf, V - F',V x F are:

(VfyPe = 22 yoa
(Ve = 0
(VI = &
{ (V . F)Oa — 7«12 dTFOa _ 1FPa (4.39)
(V x F)Pe = —;anrFTa
(Vx F)Te = =i(dppPe_ 202 oe)
(v % F)Oa — ;’LFTO&

When the vector field F' is solenoidal on the sphere, it may be split into a toroidal field and a poloidal
field:
F=VxVxeP+VxeT (4.40)

P and T are the poloidal and the toroidal scalars respectively. It is straightforward to verify that the
GSH components F7', FP and FO of F are closely related to the GSH expansion of the scalars P and
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T dr
FTo = 22100 (4.41)
FOa ﬁpOa

In this paper and for simplicity, we denote F'”' as the toroidal field and F'* as the poloidal field for
any vector F' expanded into GSH. Note however that the term poloidal is usually reserved for solenoidal
fields.

4.6.2 Appendix A2: expansion of the Maxwell’s equations into GSH

Equations (4.1-4.2) may be expanded into GSH with the use of the definitions (4.34-4.39) Let [ and m
be the degree and order of the expansion. The spectral components of (4.1-4.2) reduce to:
Everywhere:

—ird o)
T (grEPr = 207E) = —gB™
_TZC%,TETO[ — _%Bpa (442)
—i T _ 9 n0
TzE' [e% — _aB [
In the core: ]
%%TBTO‘ = po.EP
Z(LrBPe —202B%) = po.ETC (4.43)
_TZBTQ —_ ,UJO'CEOQ
In the mantle ‘ »
TarB = nlomEr™
7 (grB™ = 207B™) = plo(r)E(r, )™ (4.44)
BT = plo) B "
When the mantle is an insulator, the normal EM field in the mantle satisfies:
—i (d o)
= gwgfja —202E%) = —%Béa
%%;Ena — _%Bga (445)
X .
- B = —ab"
ZarBle = 0
= (%%TB,IJQ —202B%) = 0 (4.46)
%Bna =0

4.6.3 Appendix A3: SHE of external and internal coefficients

The spherical harmonic expansion (SHE) definition used throughout the paper is based on vectorial
spherical harmonics. The vector magnetic field is defined by B (B*, B, B™):

Bt = (By+iBy)/V2
B’= B, (4.47)
B~ = (=Byp+iBy,)/V2

The terms B,., By, B, are the usual spherical components of B . The terms in eq. (4.22) are:

GIoM (B, T) = € (r) B (w) + mY (re) )™ ()

A 4.48
}pl{yum(et’ Sot) — Y;Nm(‘gt7 Sot) ezwt ( )
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with N = —1,0,1. The Y}N ™ terms are the SHE functions and:

(7% em™) = (r/a) =1 (-1, -9Q)
(=40t = (a/r)™2(-Q, -1 - 1,-Q) (4.49)

Q= Il+1)/2

The value a is the Earth’s radius. As a result of eq.(4.49), the FSHE coefficients £ and I, solution
of eqs. (4.22-4.23), are obtained at the Earth’s surface.
4.6.4 Appendix A4: solution for satellite data

The FSHE coefficients £ and I may be formally obtained from the Fourier and Legendre inverse of eq.
(4.22):

(EP™, 19 / / Z (KN, KMYBN dsdt (4.50)

where Kr and K are the kernels for £/ and I. The integral are over the Earth surface S and time. When
the space and time are sampled at regular interval over S and a time length T, eq. (4.50) is estimated
with:

(EP™ 1) =>"> "N (Kp,K)B (4.51)

S T N
For satellite data, the surface is sampled over time and the right-hand side of eq.(4.51) becomes:

> (kY KY)BY (4.52)
t,S(t) N

116 Final Report, Swarm Induction Study, January 15, 2010



Chapter 5

Frequency-domain Q-responses inversion

5.1 Concept

We present a three-dimensional (3-D) frequency domain inversion scheme to recover 3-D mantle con-
ductivity from satellite data. A necessary prerequisite for such a retrieval is the determination of time
series of external (inducing) and internal (induced) coefficients of the magnetic potential. These time
series are assumed to be available as Swarm Level 2 data product. Two inverse problem formulations
are discussed. The first formulation deals with an inversion of transfer functions (elements of ()-matrix)
which connect external and internal potential coefficients. The second formulation is based on an in-
version of time spectra of internal coefficients. Due to the large scale of our 3-D nonlinear inversion a
gradient-type (quasi-Newton) optimization method is chosen to solve the inverse problem. In order to
make the inversion tractable we elaborate an adjoint approach for the fast and robust calculation of the
data misfit gradients. We verify our inversion scheme with synthetic time spectra of internal coefficients
calculated using a realistic 3-D conductivity model of the Earth.

To illustrate the concept let us recall the solution of the global EM induction forward problem. This
involves prediction of the EM fields induced by a given time-varying magnetospheric source in a given
conductivity model of the spherical Earth. Assuming that the considered source can be converted into
the frequency domain by a Fourier transform, the time spectra of the electric and magnetic fields, E and
B obey Maxwell’s equations

iV xB=oBE o,

V x E = iwB, -1

where j°*! is and impressed (given) current, i = \/—1, ¢ = o(r,9,¢) is the spatial conductivity
distribution in the Earth, and pq is the magnetic permeability of free space. We adopt the Fourier

+00 .
convention f(t) = &&= [ f(w)e “'dw.

Above the conducting Earth ( > a, where a=6371.2 km is the mean Earth’s radius) but below the
magnetospheric source, the magnetic field, B(w) = —grad U(w) can be derived from a scalar magnetic
potential, U, which can be represented by a spherical harmonic expansion of its external and internal
parts

U=Uet+Uum, (5.2)
where
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U, 0, ,0) = a Y (@) (5) S0, 9), (53)

and

a

. k+1
U™ (r,9,0,w) =a Z F(w) ( ) S0, ). (5.4)
k,l

-
In particular, the radial component of the magnetic field follows from this potential expansion as

By(ri,p,0) = = Yonep@) (1) 57,00+ Xk 0@ (D) T Shwe), 69
n,m k,l

At this stage it is important to remember that the general solution of eq. 5.1 implies that the 3-D
conductivity is excited by volume/surface impressed current of arbitrary geometry. However, if the
fields and responses generated by the magnetospheric ring current are investigated, the inducing currents
can be considered in the form of a spherical harmonic expansion of equivalent sheet currents. These are
assumed to flow in a shell at r = a (embedded in an insulator) and produce exactly the external magnetic
field B! = —grad U®*t, at the Earth’s surface » = a. In this case j**! reduces to equivalent sheet
current, that is written in the form

ext  O(r—a 2n+1 ,, m
Jert — (MO )Z ann(w)e,vaSn (0, ©). (5.6)

n,m
Note that EM fields from actual magnetospheric source and equivalent sheet current exactly coincide
in the region beneath the sheet current. Let us assume that the 3-D conductivity model is excited by a
source that only involves one spherical harmonic expansion term €' (w) = 1
d(r—a)2n+1
Jt=——2——— €, x V.5V, ). 5.7
n 1o n -+ 1 er T™™n ( 90) ( )

Solving eq. 5.1 we can then decompose the internal part of potential (above the Earth’s surface) as

) k+1
UTan,mt(T7 19’ 0, w) —a Z Q:Lnkf (w) (9) + S]lc(’ﬂ, (p) (58)
k,l

r

Since Maxwell’s equations 5.1 are linear with respect to the source, this allows us to write the total
potential in a 3-D case for J¢** as

a

UG d,p.0) =y @) srw e+ S ame (9 U siwe)]. 69
n,m kil

Note that in practice the summation in eq. 5.9 are finite.

Observed values of the transfer functions Qzﬂf "“*P may be obtained in the following way. We assume

that the data we deal with are time series of external

aeP(t), spvtP(t) n=1,2,...N;, m=0,1,...,n, (5.10)

and internal coefficients

greP(), hYP() k=1,2,..,N,, 1=0,1,...k, (5.11)
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which are provided for instance using Comprehensive Inversion [Olsen et al., 2007] of the geomagnetic

signals collected by Swarm constellation. (Since we are interested in detecting 3-D conductivity anoma-

lies we assume that N, > N..) Using a multivariate analysis [Bendat and Piersol, 1968] we recover
ml,exp .

Q. from the relation

Z le exp ( )’ (512)

which follows from equations 5.3-5.4 and 5.9. Here complex-valued coefficients ] (w) correspond to
the time series of ¢j;"“"" () and s;,"“""(t), whereas i} () — to the time series of g’ exp (t) and h}“™(t).
Note that if the electrical conductivity is one-dimensional, each external coefficient €] induces only one
internal coefficient (" of the degree n and order m, and their ratio is independent on m

by (W) = Qn(w)ey' (w). (5.13)

Now we formulate the inverse problem of the conductivity recovery as an optimization problem, so
that

o(m, \) \—:_/min, (5.14)

g

with a penalty function ¢ given as

¢(m, A) = ¢a(m) + Ags(m), (5.15)

where A and ¢ (m) are a regularization parameter and a stabilizer, respectively, and ¢4(m) is the data
misfit

=S DY D] @t m, w) - QP (w) i (5.16)

weQn,m k|l
with D7 (w) as the inverse of the squared uncertainties of the elements of Q-matrix, Q""“*”. Here

Na

Q= {wj} defines set of frequencies, the vector m defines the model parametrization. In our
j=1

implementation we consider a smoothing stabilizer in a form

ps(m) = {Wm} {Wm}, (5.17)

where W represents a finite-difference approximation to the gradient operator.

The advantage of working with Q-matrix is that the inversion setting does not depend on the source
However, this merit is counterbalanced by the necessity to perform a multivariate signal analysis which is
not trivial, especially bearing in mind that the magnetospheric source is dominated by then =1, m =0
term. To avoid this difficulty we consider also an alternative inverse problem setting where the time
spectra of the internal coefficients are analyzed. In this case the data misfit term is

-3 Y Dhw ‘ Lored () — bemp ()| (5.18)

we k,l

with ch (w) as the inverse of the squared uncertainties of Lﬁc’exp . Due to the large scale of the 3-D EM
inverse problems (large number of model parameters V), iterative gradient-type methods [Nocedal and
Wright, 2006] are typically the methods of choice. In these methods one has to calculate the gradient of
the penalty function
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O¢r 09y Oy, )T

Vo, = ( (5.19)

dm1’ Omy’ " Omy,,
with respect to the model parameters. Usually the evaluation of gradient of the regularization term
can be done analytically. But the calculation of the data misfit gradient is not easy. The straightforward
option — numerical differentiation — requires extremely high computational loads. A much more efficient
and elegant way to calculate the gradient of the misfit is provided by the so-called adjoint” approach,
see e.g. [Dorn et al., 1999]. It allows the calculation of the misfit gradient for the price of only a few
additional forward calculations (i. e. numerical solutions of Maxwells equations) excited by a specific
(adjoint) source. Each inverse problem setting requires the finding of explicit formulas for the adjoint
source. In the next section we provide these formulas for our two inverse problem formulations.

5.2 Adjoint approach to calculate data misfit gradients
First, we explain how the predicted Q""" = Q™! are calculated. Let By, be the calculated radial
magnetic component from a given elementary source J7*, described by eq. 5.7. On the surface of the
Earth B, can be written as

B).(r=a,9,0,w,{0}) = B,Tfmt + Bgf;f'"t, (5.20)
with
B:{ffxt(r =a,v,p) = —nS (9, p), (5.21)
and
B,Tf"t(r =a,,o,w,{0}) = Z(k +1)Q" w, {o})SL(W, p). (5.22)
k1l
Here the inclusion of {o} stresses the fact that B]",., B, 2™ and ngl depend on the conductivity distri-

bution. From eq. 5.22 the quantity chl is calculated as

1 _
CEEAE / (B (x') = BILer (v)) S0, ¢ )ds', (5.23)
k
S

l
QZZ =

where ' = (r = a,?',¢'). Let us derive now the differential dQ"} with respect to variation of o.

By denoting ¢ = m and using formalism described in [Pankratov and Kuvshinov, 2010] we
k

obtain, after some algebra
aQut = cd( [ (B, (') = Biyt™ () SL0', @)ds') = e [ dBI, () SL(', ¢')ds' = ...
S S
= <Geh(h§€),doGej(Jg‘)>,

(5.24)
where

hi (r) = ckl/S,lg(ﬁ', ©eq(r)d(r —r')ds’ (5.25)
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is a fictitious source, consisting of radial magnetic dipoles, distributed along the Earth’s surface with
weights that are equal to cg;.S ,lc Also in eq. 5.24 EJn' = G (J™) is the “electric field solution” of eq.
5.1, whereas EP = G°"(hl) is the electric field solution of

=V x B = 0E,

V x E = iwB + h**, (5.26)

with the "magnetic” source h®®! = hl Now we are equipped to calculate the differential of the misfit
(described by eq. 5.16) with respect to variation of ¢. This differential can be written as

dga(m) =2Re{ 3" 33" (Qutm,w) - QU P(w)) Dppl@)dQuimw) b 527)

weQnm k.l

where the upper asterisk stands for complex conjugate. Substituting eq. 5.24 into eq. 5.27 and rearrang-
ing the terms we obtain

depg(m) = 2Re{ Y3 <Geh ), doGe (Jm)>} (5.28)

we n,m

where

{cm <Q7Tkl(m,w) — Qg@,jwp(w))*pgg / SLW', ' )e,(r)d(r — r')ds'}. (5.29)

k.l 5

What is left to do is to determine the model parameterization. Let V™" be the volume for which we

want to determine the conductivity distribution. V™" consists of a set of elementary volumes V;, where
) N

Vi = | J Vi, and within each volume V; the conductivity is constant, o(r) = o;, forr € V;. We then
i=1

define m as m = (Inoy,Inoy,...,In O'NM) . Bearing in mind this model parameterization we obtain
for the elements of the misfit gradient

09q

ami

=02Re YY" (E;JWE;]T + BN R 4 E;;TE;],W>, i=1,2,.... Ny, (5.30)

where EY» = G°*(u). This equation demonstrates the essence of the adjoint approach: in order to
calculate the gradient of the data misfit one needs to perform one (per frequency and elementary source
J7") additional forward modeling with the excitation by the adjoint source, u}*, which is determined via
residuals of elements of the ()-matrix, see eq. 5.29.

If the misfit is described by eq. 5.18 the elements of misfit gradient are modified as

09q

8mi

=02Re YY" (E;*E;?ewt + B Ee 4+ E;Egezt) i=1,2,....Nas, (5.31)

with E* = G¢(u), EI™" = G¢h(Jeet), where u is

—

u(r) = Z {Ck:l (ng(m, w) — lexp Dl /S (r)é(r —r')ds’ (5.32)

k.l
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Figure 5.1: Conductivity distribution in mid mantle layer

The predictions, ¢! (m, w) involved in eq. 5.18 and 5.32 are calculated as

Lizm/w( ') — B (r ))Sl (W, s, (5.33)
S

where
B&(r = a,9, @) Zna (9, 0), (5.34)

and B, are external and total magnetic fields (on the surface of the Earth) induced by the source J¢*,
see eq. 5.6. Note that the overall numerical machinery is very similar for these two inverse problem
settings. However the latter approach has an evident advantage: it avoids independent forward problem
calculations for each source term, J*. This gives N.(/V: + 1) saving compared with the ”Q-matrix”
case; if, for example, N. = 3 the gain is more than one order of magnitude. The next section describes
first tests of an inversion based on the analysis of internal coefficients Ll “p

5.3 Inverse problem scheme and its numerical verification

To minimize the penalty function we apply the limited-memory quasi-Newton method (LMQN) with
Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme to update approximation to the inverse Hessian
matrix. The details of LMQN-BFGS optimization scheme is discussed in Chapter 2. As forward model-
ing engine to calculate the data misfit gradient as well as the predictions themselves we use the integral
equation solver, see Chapter 2 and [Kuvshinov, 2008].

To verify our inverse scheme we consider the similar model as in the last section of Chapter 2.
This model consists of two spherical inhomogeneous layers embedded in background 1-D conductivity
model. The surface thin layer of known variable conductance approximates the distribution of land
masses and oceans. The deep-seated layer (of 300 km thickness) describes a (hypothetical) anomaly in
the mid mantle beneath Pacific Ocean plate. Fig. 5.1 shows the conductivity distribution in mid mantle
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layer. In the forward/inverse modeling both layers are discretized in horizontal direction by 72 x 36
cells of size 5° x 5°. The model is induced by a source described by the n = 1, m = 1 term in the
geographic coordinate system. We calculate internal coefficients at 10 periods from 2.66 to 60 days, with
geometric step of v/2 between successive periods. Our aim is to recover from these data the conductivity
distribution in 72 x 36 cells (of 300 km thickness) comprising the deep-seated inhomogeneous layer. In
this test we assume that: a) the background 1-D conductivity; b) the geometry and the amplitude of the
source; and c) the location (depth and thickness) of the deep-seated inhomogeneous layer are known. No
noise is added to the data, and no regularization is applied. Thus this test can be considered as a proof of
concept, to verify whether our implementation of the LMQN-BFGS optimization method along with the
adjoint approach works correctly. We start the inversion from a homogeneous layer of conductivity 0.2
S/m which is far away from both the conductivity of anomaly (1 S/m) and of the background (0.04 S/m).
Fig. 5.2 shows the results of the inversion for three data sets which differ by the number of the inverted
coefficients. The upper, middle and lower panels show the recovered conductivities when respectively
35 (N; = 5), 63 (N; = 7) and 99 (IV; = 9) internal coefficients are used as input. As expected the
recovery quality increases with the amount of data (maximum spherical harmonic degree). However,
even for NV; = 5 the anomaly is recovered satisfactory well. Another observation is that already 63
internal coefficients (/N; = 7) capture this large-scale anomaly with acceptable resolution and accuracy.
Note that the number of LMQN iterations do not exceed 120 in all three cases. Each inversion run took
less than one hour of clock wall time at 10 processors (a number of processors is equal to a number
of periods considered) of ETH high-performance Linux cluster "Brutus” (consisting of 8548 processors
cores in 1006 compute nodes (with a peak performance of about 75 TF)).
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Figure 5.2: The results of inversion when 35 (a), 63 (b) and 99 (c) internal coefficients are inverted. See
details in the text
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Chapter 6

Preparation of 3-D synthetic data sets

In this Chapter we describe three synthetic data sets that we prepared to perform benchmarking of
different inversion approaches (the results of benchmarking studies are presented in Chapters 7 and 8).
Figure 6.1 provides a brief explanation of these test data sets which are assumed to be the time series of
external (inducing) and internal (induced) coefficients of the magnetic potential. The idealistic data set is
prepared using smooth, checkerboard, 3-D mantle conductivity model. The details of the preparation of
this data set are summarised in Section 6.1. The realistic data I set is prepared using blocky 3-D mantle
conductivity model. The details of the preparation of this data set are presented in Section 6.2. Finally
the realistic data II set is the result of the recovery of realistic data I set from the End-to-End simulations.
The recovery is performed using Comprehensive Inversion (CI) approach. Thus this ultimate data set
mimics as much as possible the actual data set to be expected from the Swarm mission. The results of
this recovery are described in Section 6.3.

6.1 Calculation of induced time series of spherical harmonic expansion
coefficients using smooth 3-D mantle conductivity model (idealistic
data

The smooth model is designed to test the resolution of 1-D and 3-D inversion techniques assuming
radially and laterally smoothly varying conductivity, as opposed to more rugged conductivity model
used in the realistic simulations.

It is defined analytically as follows:

1. Homogeneous, highly conductive core (radius » < 3480km, or depth h > 2891km), 0 =

Idealistic data: Realistic data I: Realistic data Il:
time series from time series from time Series
“smooth” 3-D “blocky” 3-D model recovered using Cl
model (from full End -to-End simulation)

Figure 6.1: The sketch of three synthetic data sets prepared for benchmarking studies, see details in the
text.
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107 8/m.
2. Heterogeneous mantle (3480 km < r < 6361 km, or 10km < h < 2891 km) with background

1-D conductivity o (r), and overlaying 3-D variations o1 (r, ¢, ), given as
IOgO'(T,’lg,QO) = IOgO'O(T) + log 0'1(7",19,@), (61)

where logog(r) is defined as interpolation by natural cubic splines through three nodes
[ri,logoo(r;)] = [3480,1],[5371,0],[6361, —2]. The 3-D structure resembles a smoothed
checkerboard pattern with 6, 6, and 3 lobes in radius, longitude, and colatitude, respectively,

. 3r
log oy (r, v, ) = —0.4V4r Ps3(cosv) cos(3¢p) sin <27r6361 ~ 3480 km) . (6.2)

Here Ps3(x) denotes a fully normalized associated Legendre polynomial of degree 5 and order 3.

3. Surface layer (r > 6361 km, or h < 10 km) with surface conductance map based on the distribu-
tion of igneous rocks, continental and oceanic sediments, and seawater. The conductance map is
scaled to conductivity assuming homogeneous thickness of 10 km.

Figure 6.2 shows the background 1-D model as function of radius. Figure 6.3 gives an insight at the
full 3-D model, visualising the checkerboard structure by isosurfaces.

The idealistic conductivity model is excited by the external field model provided by E2E+ simulation
(Tgtfner-Clausen et al. [2010]). It spans 6 years with time step 1 hr and is truncated at spherical harmonic
degree and order 6.

The response of the conductivity model is computed using the forward time-domain technique with
truncation degree 14, radial discretization 30 km in the mantle and 160 km in the core, and time-step 1 hr.
At this lateral resolution, it is sufficient to use the surface conductance map downsampled do 64 x 32
grid, as shown in the upper left image of Figure 6.3.

Time series of internal field coefficients up to degree 14 are provided both in fully normalized com-
plex notation, and Schmidt semi-normalized real notation.

6.2 Calculation of induced time series of spherical harmonic expansion
coefficients using blocky 3-D mantle conductivity model (realistic
datal)

The blocky 3-D model is described in Section 2.1.3.1. The model is excited by a source which is
described by a given time series of hourly mean values of external (inducing) coefficients ¢)'(¢) and
spi(t) (n = 1 —3,m = 0 — 1) of the magnetic potential (details of how the inducing coefficients
have been derived are given in Olsen et al. [2006]). The induced time series of spherical harmonic
expansion coefficients (up to degree n = 45) have been calculated using the methodology presented in
Section 2.1.3.2. Note that these inducing and induced time series have been used to simulate realistic

Swarm constellation data (that also includes contributions from the core, lithosphere, ionosphere, etc.)

6.3 Recovery of magnetospheric and induced time series of spherical har-
monic expansion coefficients from realistic Swarm constellation data
((realistic data II))

The recovery of the time series of the spherical harmonic coefficients representing the magnetic field
of the magnetospheric currents and their induced counter part from the simulated Swarm constellation
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Figure 6.2: The 1-D background conductivity o¢(r) of the idealistic model. Spline knots are marked by
triangles.

Figure 6.3: The idealistic 3-D mantle conductivity model. Isosurfaces at 0.01, 0.03, 0.1, 1, 3, and 10
S/m, respectively, are plotted through the mantle. Conductivity of the uppermost layer is shown in a
64 x 32 grid.
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data is done using a three-step process:

1. Perform a full Comprehensive Inversion of selected quite-time data. See Section 6.3.1

2. Synthesize the estimated model from Step 1 — excluding magnetospheric and its induced parts —
for the entire mission and subtract this from the data to generate data residuals corresponding to
the magnetospheric and induced fields only. See Section 6.3.2

3. Perform an inversion of magnetospheric and induced fields for the entire mission using data resi-
duals computed in Step 2. See Section 6.3.3

Note: Contrary to Steps 1 and 2, which are performed only once for a chosen satellite constellation,
Step 3 is performed separately for each of the various model parametrizations of the magnetosphere and
its induced counter-part listed in Table 6.2.

6.3.1 Comprehensive Inversion

The simulated data were inverted using the Comprehensive Inversion scheme described in Sabaka and
Olsen [2006] with slightly modified parameters as specified in Table 6.1 below. No regularization was
imposed on the solution.

Source Representation N)rqz | Mpysq. | Temporal Representation
Core Spherical harmonics | 20 20 Cubic B-spline, 1 internal knot
Lithosphere Spherical harmonics | 150 150 | Static

Ionosphere Quasi dipole 45 6 Seasonal and daily periodicity
Toroidal Quasi dipole 45 6 Seasonal and daily periodicity
Magnetosphere Spherical harmonics 3 1 1 hour bins

Induced, magnetosphere | Spherical harmonics 3 3 1 hour bins

Instrument alignment Euler angles - - 30 day bins

Table 6.1: Comprehensive Inversion — Parametrization

The estimated models showed good agreement with the reference models except for slight deviations
in the low degree (n = 15-20) core/crustal field, see Figure 6.4. Recent work has shown that this deviation
can be reduced by imposing regularization of the secular variation, see Tgftner-Clausen et al. [2010].

Degree Error at Ground Degree Correlation Sensitivity Matrix

10 1 V
W 099 20
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0.92

107
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Figure 6.4: Assessment of crustal field recovery
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To assess the recovery of the time series of magnetospheric, respectively induced, expansion coeffi-
cients we calculate the squared coherency (coh?) between original (input) and recovered (output) time
series using the robust section averaging method of Olsen [1998a]. Results for the magnetospheric ex-
pansion coefficients are shown in Figure 6.5. Data from the first year (red curves) shows poorer recovery
than the other years due to the unfavourable orbit constellation particularly for the degree and order one
coefficients (¢ and s1) which also affects coh? of the entire mission (black curves).
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Figure 6.5: Recovery of magnetospheric spherical harmonic coefficients, coherency-squared. Plot row
corresponds to degree. Order increases to the right. Each year is plotted in different color; black curves
correspond to entire mission.

6.3.2 Computation of “magnetospheric” residuals from recovered model

The model recovered in the preceding section — excluding the terms for the magnetosphere and its
induced counter-part — were synthesized for the entire mission and these model values were subtracted
from the original, simulated, data to produce “magnetospheric residuals”, which contain the contribution
from the magnetosphere, induced currents, and residual model errors.
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6.3.3 Estimations of magnetospheric and induced fields for various model parametriza-
tions

The “magnetospheric residuals” computed in Section 6.3.2 were used as observations in a series of
modelings of the magnetosphere and its induced counter-part for various combinations of degrees,
orders, and time bins. The following list of models (cases) have been estimated, External refers to
magnetospheric contribution, Internal to its induced counter-part.

Case External Internal Time bins [hour]
Degree | Order | Degree | Order
A 3 1 3 3 1
B 3 1 5 5 6
C 3 3 5 5 6
D 3 3 3 3 6
E 3 3 5 5 12

Table 6.2: Magnetospheric + Induced Models
Note: Case A has same parametrization as the full Comprehensive Inversion

The recovery of the magnetospheric field model parameters is generally fine (coh? > 0.9) and does
not vary much between the models. Figure 6.6 shows the coherency-squared for Case C — compare with
Figure 6.5.

For the coefficients of the induced contribution, the recovery is much less coherent when looking at
the individual spherical harmonic expansion coefficients, cf. Figures 6.7 through 6.11 on pages 132-
136. However, this does not mean that recovery is weak in all regions on the Earth; maps of coherency
between the original and recovered part of the induced B, show that correlation is well above 0.8 every-
where except close to the dipole equator, as shown in Fig. 6.12. This is caused by the dominance of the
PY coefficient, which is the expansion coefficients with largest amplitude. The radial magnetic field of
a P source vanishes at the equator, which is the reason for the weak low-latitude coherence.

Excluding the P} coefficient, i.e. looking at the coherence of time series synthesized from all other
coefficients, results in coherence maps (shown in Fig. 6.13 that are dominated by the pattern next largest
expansion coefficient, which turns out to be the equatorial dipole coefficients (n = 1, m = 1). Of special
importance here is the fact that this results in rather high coherence at some low-latitude longitudinal
regions, where coherence was weak if all coefficients are included.

These results indicate that it is not sufficient to look at the coherence of individual expansion coef-
ficients alone — even if coherence is weak for some coefficients it is possible to extract information on
lateral variations of the induced signal from certain combinations of the spherical harmonic expansion
coefficients. This is confirmed by the results presented in section 8.3.2.

The present results were obtained from Swarm satellite data alone. Inclusion of ground-based ob-
servatory data in the modeling is expected to improve the recovery of the internal, induced coefficients,
and thereby enhance the capability to detect lateral conductivity variations.
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Figure 6.6: Coherency of recovered magnetospheric spherical harmonic coefficients, Case C.
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Figure 6.8: Coherency of recovered induced spherical harmonic coefficients, Case B.
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Figure 6.9: Coherency of recovered induced spherical harmonic coefficients, Case C.
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Figure 6.10: Coherency of recovered induced spherical harmonic coefficients, Case D.
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Figure 6.12: Maps of coherence of the induced B,, case C, for periods between 2.5 days (top left) to

61 days (bottom right).
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Figure 6.13: Similar to Fig. 6.12, but excluding the dominant P term.
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Chapter 7

Benchmarking of 1-D inversion
approaches

7.1 1-D inversion of 1-D synthetic data

In this section we present results of the first simple test of various 1-D inversion schemes. In this test a
“secret” 1-D conductivity model was excited by a dipolar source £J(¢) with time-dependence based on
Dy index (Figure 7.1). The synthetic response described by internal field coefficient ¢{ () was passed
to participants along with known layer boundaries of the conductivity model. Note that this data set

Results for four different inversion approaches are summarized in Figure 7.2. All methods accurately
resolved the conductivity in the mid-mantle. The results in the upper mantle differ by less than half order
of magnitude from the target model.

This test also showed, that it is absolutely essential to remove the mean values from the time-series

50
0 Iy NI ki 1! . Vol 1f'J
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-50 |
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S -100 -
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Figure 7.1: Dg-based dipolar excitation £9(¢) (red) and corresponding induced field :{(¢) (blue) for a
1-D conductivity model.
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of external and internal field coefficients in the time-domain inversions. Otherwise, both time-domain
methods yield results strongly biased by the DC terms.
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Figure 7.2: Secret target model (black) and results of 1-D inversion using frequency-domain approaches
by A. Kuvshinov (red), P. Tarits (green), and time-domain approaches by J. Velimsky (blue), and Z.
Martinec (magenta).

7.2 1-D inversion of idealistic data

In this test we use time series of dominant external (inducing) and internal (induced) coefficients, e(l)(t)
and (9 (t), from idealistic 3-D data discussed in section 6.1 of Chapter 6.
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7.2.1 Frequency domain approach

In frequency domain formulation we first calculate frequency dependent transfer function () (w) be-
tween the Fourier transformed time series € and ¢!

H(w) = Q1(w)e} (w), (7.1)

We used the modified version of section averaging approach [cf. Olsen, 1998b] to estimate ()1 (w) (the
errors 0(); were estimated using a standard statistical approach [cf. Jenkins and Watts, 1968] with a
chosen error probability of 5=0.10). Q;(w) is then transformed to the C-response [cf. Weidelt, 1972]
by means of

al— 2@1(6&))
Clw)=-—F-"7T—. 7.2
@) =3 T 0w 7:2)
with corresponding errors [cf. Schmucker, 1999]
3a 1
C(w) = ———F=59 7.3

Figure 7.3 shows “observed” C'-responses (circles with error bars) and the C-responses calculated from
the recovered 1-D structure. It is seen that the error bars tend to be larger at longer periods. This
is because our data section length depends on the period (shorter sections for shorter periods), and
hence the number of sections (and thus the number of degrees of freedom) is smaller for longer periods
compared to shorter periods. Since the statistical error is inversely proportional to the number of degrees
of freedom (and coh? does not change much with period), this results in larger errors at longer periods.

Using the quasi-Newton (QN) algorithm of Byrd et al. [1995] we derived 1-D conductivity model
from the “observed” C-response estimates. The model is discretized by 96 spherical layers of uniform
thickness of 30 km and terminates with a highly conducting core at a depth of 2890 km. The solution is
stabilized (regularized) by requiring minimum first derivative of log(conductivity) with respect to depth.
The proper regularization parameter « is found by visual detecting the “knee” of the L-curve, shown on
Figure 7.4.

Figure 7.5 presents the recovered and true 1-D conductivity distributions. They agree very well,
however some small “wiggles” are seen, most probably, due to the fact that our 1-D inversion is applied
to 3-D data.

7.2.2 Time domain approach

The synthetic 6 years-long time series of internal (induced) spherical harmonic coefficient G§‘3 (t) sam-
pled at 1 hr step was directly inverted by the TD approach. The external (inducing) spherical harmonic
coefficient Gg%) (t) was assumed to be perfectly known, identical to the one used in the computation of
synthetic data as described in Section (6.1). The model was parameterized by 89 layers with uniform
thicknesses of 20 and 50 km in the upper and lower mantle, respectively. The conductivity of the upper-
most 10 km was fixed at 1.58 ¥m — the average value of the surface conductance map scaled to 10 km

thickness. The conductivity of the core was fixed at 10°S/m. Regularization was applied in terms of
a—10km—9§

minimization of R? = i V2logo(r) r?dr, i.e., excluding penalization of jumps across CMB
rcMB+6

and near the surface. The inverse problem was solved by Quasi-Newton (QN) iterations, starting from

an initial model of homogeneous mantle of 0 = 15/m.
Figure 7.6 shows the trade-off between data misfit x? and regularization term R? for different regu-
larization parameters \. Based on that, the regularization parameter of A = 10~" was selected. Result
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Figure 7.5: True and recovered 1-D conductivity models.

of the inversion is shown in Figure 7.7. Recovery of the model is almost perfect, as can be confirmed by
its prediction of synthetic data (Figure 7.8).

7.3 1-D inversion of realistic data 11

7.3.1 Frequency domain approach

In this test we use time series of dominant external (inducing) and internal (induced) coefficients, e?(t)
(or ¢9(t)) and () (or ¢{(t)), from realistic data discussed in section 6.3 of Chapter 6. Case A (with
sampling interval of 1 h) and case B (with sampling interval of 6 h) are considered. We use the same
inversion scheme, the same discretization of the model and the same regulization as in section 7.2.1.

Figure 7.9 shows “observed” C'-responses (circles with error bars) and the C-responses calculated
from the recovered 1-D structure. Figures 7.10 and Figure 7.11 present L-curve and the recovered and
true 1-D conductivity distributions, respectively.

In the same manner Figures 7.12-7.14 presents the results for the case B. In contrast to idealistic
3-D model where background 1-D conductivity changes smoothly with depth, background 1-D model
in realistic 3-D model has a jumps at depths 300 and 700 km. Evidently regularized inversion with
the smooth constraints cannot reproduce such jumps. Moreover it reproduces some artefacts. Possible
remedy to overcome this difficulty is to consider alternative types of regularization.

7.3.2 Time domain approach

The synthetic 4.5 years-long time series of external and internal spherical harmonic coefficient G g%) (t),
G glg (t) obtained at 1 hr (case A), and 6 hr (case B) sample rate from simulated mission data (cf. Section
6.3) were directly inverted by the TD approach.

Two different radial parameterizations were used. In setup H, the conductivity is parameterized in
100 km thick layers in the upper mantle, 400 km thick layers in the lower mantle, and a homogeneous
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TD aprroach (red).

core. In setup L, the layer boundaries copy the setup from the known target model, i.e., 12.65 km thick
layer at the surface, 400 km and 300 km layers in the upper mantle and transition zone, one layer in
the lower mantle, and one in the core. Regularization was applied in terms of minimization of R? =

a
i V2log o (r) r2dr. The inverse problem was solved by Quasi-Newton (QN) iterations, starting from
0

an initial model of homogeneous mantle of 0 = 15/m.

Figure 7.15 shows the trade-off curves between data misfit x? and regularization term R? for dif-
ferent regularization parameters \. Based on that, the regularization parameter of A\ = 5 x 107!* was
selected in all runs (cases A and B with parameterizations H and L). Results of the inversions are shown
in Figure 7.16. Differences between cases A and B are small, 1 hr time resolution does not offer any sig-
nificant advantage over 6 hr time step. In case of H parameterization, conductivity of the lower mantle is
well recovered, but the method struggles to recover the relatively large conductivity jumps in the upper
mantle. The result is biased towards higher conductivity, probably due to the large highly conductive
inclusion in the transition zone below Pacific prescribed in the target model. The low-parameter runs L
yield better results. Interestingly, models shown in the bottom row of Figure 7.16, which are considered
underregularized (A = 107! in case A, and A = 10~!? in case B) judging from the L-curve analysis
(Fig. 7.15), present improved recovery of the uppermost mantle.

7.4 Summary of 1-D benchmarking inversions

Table 7.17 summarizes the results of 1-D benchmarking inversions of two 3-D data sets. Our conclusion
is that both frequency domain and time domain approaches produce results of comparable quality.
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152

Final Report, Swarm Induction Study, January 15, 2010



Chapter 8

Benchmarking of 3-D inversion
approaches

Before presenting the results of the 3-D benchmarking studies it is worthwhile to make the following
remark. So far the most of 3-D tests of different 3-D inversion schemes were performed in a “’closed
loop” manner: within each approach the forward modelling of the input data, and the subsequent in-
version of these data were based on the same forward solution engine. In this Chapter we perform the
tests when one inversion solver uses the data generated by another (independent) forward solver. For
example in section 8.1 the frequency domain inversion solvers described in Chapters 2 and 5 use the
data generated by the time domain forward solver described in Chapter 3. The reverse situation holds
for the tests described in sections 8.2-8.3.

8.1 3-D inversion of idealistic data

8.1.1 Frequency domain inversion of internal coefficients

In this test we use time series of all external (up to degree n = 6) and internal (induced) coefficients
(up to degree N; = 14) from idealistic 3-D data discussed in section 6.1 of Chapter 6. These data were
Fourier transformed and as a result 24 time spectra of the external and internal coefficients have been
obtained in period range between 3 days and 100 days.

The model is discretized onto seven spherical inhomogeneous layers. The surface thin (of 10 km
thickness) layer of known variable conductance approximates the distribution of land masses and oceans.
Six deeper layers (all of 480 km thickness each) fill the whole mantle column down to core-mantle
boundary. In the forward/inverse modeling all layers are discretized in horizontal direction by 72 x 36
cells of size 5° x 5°. At each period the model is induced by a source described by the corresponding
time spectra of external coefficients. Our aim is to try to recover from spectra of internal coefficients the
conductivity distribution in the six mantle layers. As a starting model we took a 1-D model recovered
during 1-D benchmarking tests. Note that input 3-D model is not a layered model, thus our layered 3-D
model represents only rough approximation of the true model. The idea of this test is to estimate the
resolution of our inversions with respect to depth. The results of regularized inversion are presented in
Figure 8.1. It is seen that the maximum resolution is achieved in the second layer, thus in depth range
between 500 and 1000 km.
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Figure 8.1: Recovery of the 3-D checkerboard structure of the idealistic conductivity model by the FD
aprroach (inversion of internal coefficients). Left column: cross sections of target model positioned at
peaks of lobes in the radial direction. Right column: recovered 3-D model.
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8.1.2 Frequency domain inversion of C'-responses

In this section we report the results of inversion based on analysis of C-responses. These responses
are calculated from the time series of external and internal coefficients discussed in previous section.
For the details of the responses calculations see Chapter 2. The same discretization, the same starting
model and the same type of regularization as discussed in previous section have been applied for these
inversion runs. The results of recovery are presented in Figure 8.2. As a whole the recovery is poorer
compared with the recovery based on the inversion of internal coefficients.

8.1.3 Time domain inversion of internal coefficients

For the 3-D inversion of the idealistic conductivity model, time series of external coefficients up to de-
gree and order 6, and internal coefficients up to degree and order 8 were downsampled to 6 hr time step
for the entire 6 years long interval. The model was parameterized by 6 layers of 480 km thickness in
the mantle with 3-D conductivity resolution up to degree 5 in each layer, homogeneous core, and fixed
heterogeneous layer at the surface (i.e., 36 model parameters in each layer, 216 in total). Regulariza-
tion term included both radial and lateral component of Laplacian of conductivity logarithm. Figure 8.3
shows the trade-off L curve between data misfit and regularization. Figure 8.4 compares the result of
inversion for A = 107'° with the known target model. In the two uppermost layers, the checkerboard
structure is correctly resolved, albeit with slightly overestimated amplitudes in the first layer, and un-
derestimated amplitudes in the second layer. From the third layer downwards, the reconstructed model
has similar scale, but opposite signs. Since the checkerboard pattern is sharply recovered, this can be
interpreted rather as insufficiency of radial resolution, where the inverse algorithms struggles to assign
the lateral heterogeneity to correct depths.

8.2 3-D inversion of realistic data I

We start from the inversions of realistic coefficients that were calculated as input for predicting magnetic
signals at satellites’ orbits.

8.2.1 Frequency domain inversion of internal coefficients

In this test we use time series of all external coefficients, and internal (induced) coefficients up to degree
N; = 14. Note that the full set of the calculated internal coefficients includes the coefficients up to
degree n = 45. These internal coefficients are calculated for the basic 3-D model described in section
2.1.3.1 of Chapter 2. These data were Fourier transformed and as a result 24 time spectra of the external
and internal coefficients have been obtained in the period range between 3 days and 100 days.

The model for inversion is discretized onto six spherical inhomogeneous layers. The surface thin
(of 10 km thickness) layer of known variable conductance approximates the distribution of land masses
and oceans. Five deeper layers (all of 200 km thickness each) fill the upper and mid mantle column
down to depth of 1000 km. In the forward/inverse modeling all layers are discretized in horizontal
direction by 72 x 36 cells of size 5° x 5°. At each period the model is induced by a source described
by the corresponding time spectra of external coefficients. Our aim is to try to recover from spectra of
internal coefficients the conductivity distribution in the five mantle layers. As a starting model we took
a background 1-D model. Note that the layering of the “inverse” 3-D model does not coincide with the
layering of the “true” 3-D model. The results of the regularized inversion are presented in Figure 8.5.
It is seen that the large scale anomaly beneath Pacific plate is recovered pretty well. As expected the
shallower, small scale, structures are invisible in the recovered images.
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Figure 8.2: Recovery of the 3-D checkerboard structure of the idealistic conductivity model by the FD
aprroach (inversion of C-responses). Left column: cross sections of target model positioned at peaks of
lobes in the radial direction. Right column: recovered 3-D model.
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Figure 8.3: Recovery of the 3-D checkerboard structure of the idealistic conductivity model by the
TD aprroach. Trade-off between data misfit x? and regularization term R? for different regularization
parameters \.
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Figure 8.4: Recovery of the 3-D checkerboard structure of the idealistic conductivity model by the TD
aprroach. Left column: cross sections of target model positioned at peaks of lobes in the radial direction.
Right column: recovered 3-D model.
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Figure 8.5: Recovery of the realistic conductivity model from original (exact) internal field coefficients
by the FD aprroach (inversion of internal coefficients) . Left column: cross sections of target 3-D model.
Thickness of layers top to bottom is 400, 300, and 2191 km, respectively. Right column: cross sections
of recovered 3-D model in layers of uniform thickness 200 km.
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8.2.2 Frequency domain inversion of C'-responses

In this section we report the results of inversion based on analysis of C'-responses. These responses are
calculated from the time series of external and internal coefficients discussed in previous section. For the
details of the responses calculations see Chapter 2. The same discretization, the same starting model and
the same type of regularization as discussed in previous section have been applied for these inversion
runs. The results of recovery are presented in Figure 8.6. Again (as in idealistic 3-D case) the recovery is
poorer compared with the recovery based on the inversion of internal coefficients. These results suggest
that frequency domain 3-D baseline inversion should rely on inversion of internal coefficients.

8.2.3 Time domain inversion of internal coefficients

For the 3-D inversion of the realistic conductivity model, time series of external coefficients up to degree
and order 3, and internal coefficients up to degree and order 8 were at 6 hr time step were used for the
entire 5 years long interval. The model was parameterized by 5 layers of 200 km thickness in the upper
mantle with 3-D conductivity resolution up to degree 5 in each layer, homogeneous core, and lower
mantle, and fixed heterogeneous layer at the surface (i.e., 36 model parameters in each layer, 180 in
total). Regularization term included both radial and lateral component of Laplacian of conductivity
logarithm. Figure 8.7 shows the trade-off L curve between data misfit and regularization. Figure 8.8
compares the result of inversion for A = 10~ with the known target model. The basic structure of the
inclusion is recovered with some leaking of energy to the neighboring layers due to regularization.

8.3 3-D inversion of realistic data I1

For the 3-D inversion of the realistic conductivity model, time series of external coefficients up to degree
3 and order 1, and internal coefficients up to degree and order 5 at 6 hr time step (case B) recovered by
the Comprehensive inversion, were used for the entire 5 years long interval.

8.3.1 Frequency domain inversion of internal coefficients

The setup is identical to the inversion of the data performed in the previous section. Figure 8.9 shows
the results of inversion that are however quite controversial. There is a clear hint on anomaly beneath
Pacific plate but the resolution is quite poor most probably due to the insufficient recovery of the internal
coefficients by CI.

8.3.2 Time domain inversion of internal coefficients

The setup is identical to the inversion of the data in the previous section, i.e., 5 layers of 200 km thickness
in the upper mantle with 3-D conductivity resolution up to degree 5 in each layer, homogeneous core,
and lower mantle, and fixed heterogeneous layer at the surface. Regularization term included both radial
and lateral component of Laplacian of conductivity logarithm. Figure 8.10 shows the trade-off L curve
between data misfit and regularization. Figure 8.11 compares the result of inversion for A = 10~% with
the known target model. In spite of rather pessimistic correlations presented in Figure 6.8, the large
heterogeneity in the test model was sucessfully recovered.

8.4 Summary of 3-D benchmarking inversions

Table 8.12 summarizes the results of 3-D benchmarking inversions of three 3-D data sets. Our bench-
marking exercises show that both frequency and time approaches as applied directly to internal (induced)

160 Final Report, Swarm Induction Study, January 15, 2010



log(c in S/m)

Figure 8.6: Recovery of the realistic conductivity model from original (exact) internal field coefficients
by the FD aprroach (inversion of C-responses) . Left column: cross sections of target 3-D model.
Thickness of layers top to bottom is 400, 300, and 2191 km, respectively. Right column: cross sections
of recovered 3-D model in layers of uniform thickness 200 km.
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Figure 8.7: Recovery of the realistic conductivity model from original (exact) internal field coefficients
by the TD aprroach. Trade-off between data misfit x? and regularization term R? for different regular-
ization parameters .
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Figure 8.8: Recovery of the realistic conductivity model from original (exact) internal field coefficients
by the TD aprroach. Left column: cross sections of target 3-D model. Thickness of layers top to bottom
is 400, 300, and 2191 km, respectively. Right column: cross sections of recovered 3-D model in layers
of uniform thickness 200 km.
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Figure 8.9: Recovery of the realistic conductivity model from “case B” internal field coefficients by the
FD approach. Left column: cross sections of target 3-D model. Thickness of layers top to bottom is

400, 300, and 2191 km, respectively. Right column: cross sections of recovered 3-D model in layers of
uniform thickness 200 km.
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Figure 8.10: Recovery of the realistic conductivity model from “case B” internal field coefficients by the
TD aprroach. Trade-off between data misfit x? and regularization term R? for different regularization
parameters \.
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Figure 8.11: Recovery of the realistic conductivity model from “case B” internal field coefficients by
the TD approach. Left column: cross sections of target 3-D model. Thickness of layers top to bottom is
400, 300, and 2191 km, respectively. Right column: cross sections of recovered 3-D model in layers of
uniform thickness 200 km.
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Figure 8.12: Summary of 3-D benchmarking inversions.

time series produce results of comparable quality. For realistic data I frequency domain solution seems
to perform better, however for realistic data II time domain solution seems to work better. What is
also quite clear from the benchmarking results that frequency domain scheme based on analysis of C-
responses produces less satisfactory 3-D images of the target model.
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Chapter 9

Summary of the results and the impact of

these results on the proposed Development
Plan

9.1 Summary of results

The main objective of the work done in the present and previous studies was to develop inversion al-
gorithms and codes to determine 3-D mantle conductivity from Swarm constellation data. Because 3-D
induction in a spherical geometry from satellite data was at such a rudimentary stage at the beginning
of these studies, the main thrust of the project was to produce a methodology for recovering 3-D elec-
trical conductivity variations. Four alternative approaches have been developed and tested during these
studies. Benchmarking of these approaches allows to define one baseline 1-D inversion method and two
baseline 3-D inversion methods. In the following we describe these baseline methods and recommend
paths for the improvement of them.

9.2 Definition of the baseline 1-D inversion method

Our benchmarking exercises demonstrate that both frequency and time approaches produce results of
comparable quality. But bearing in mind that the scientific community is more familiar to work with re-
sponses functions rather than directly with the time series, and the fact that C-responses will be available
as a Swarm L2 product, we propose the frequency domain method (based on an analysis of C'-responses)
as the baseline 1-D inversion method.

9.3 Definition of two baseline 3-D inversion methods to be studied further

The results obtained so far are very promising regarding the possibility to determine the 3-D mantle
conductivity structure from magnetic field observations. In this study we performed for the first time
a full End-to-End simulation starting from synthetic magnetic field observation over the separation of
the various source contribution in order to extract time series of magnetospheric (external) and induced
spherical harmonic expansion coefficients (Chapter 6) to the inversion of these time series in order to
obtain the 3-D mantle conductivity structure (Chapter 8). The obtained results are very promising.
Based on this we propose to concentrate further efforts on a better determination of internal (induced)
spherical harmonic expansion coefficients, for instance by inclusion of ground-based observatory mag-
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netic field observation in addition to the Swarm magnetic data, and on the inversion of these time series
in the frequency domain, respectively in the time domain.

Topics that should be further studied within frequency domain approach include an investigation of
various schemes for regularizing the inversion, the implementation of a more flexible parameterization
of the model, and investigations of the consequences of this.

The most important development needed to fully implement the 3-D time domain method is the
enhanced performance by paralellizing the code for distributed memory environment. Currently, with
the shared memory setup, solving the inverse problem takes several days of CPU time even at modest
spatio-temporal resolution. The paralellization is not trivial due to the nature of the problem (repeated
solutions of large, pre-factored linear system with right hand side based on previous time-step). While
various blocks of existing code will be reused, the basic structure of the program has to be rewritten with
interprocess communication in mind.

Moreover, it will allow to explore in more details the effect of different regularizations and
parametrizations (e.g., grid parametrization similar to the one used in the FD methods). Solving the
inverse problem in various setups will allow to distinguish robust features of the conductivity model
from spurious effects.
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