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Abstract

The general circulation of the world ocean generates characteristic magnetic signals by
interacting with the ambient geomagnetic field. These ocean-induced magnetic signals
can principally be measured by satellites and could serve as indirect observations of the
ocean. Since the so-called motionally induced magnetic field is to first order proportional
to conductivity-weighted and depth-integrated ocean velocities, global oceanic magnetic
field observations could provide new constraints on oceanic transports of water, heat,
and salinity. However, many aspects of electromagnetic induction in the ocean are either
not well understood or unknown. This ranges from the basic characterization of motional
induction in the ocean to possible applications and benefits for ocean modelling. This
cumulative thesis encompasses the characterization of electromagnetic induction in the
ocean, both in terms of physical properties and model uncertainties. One new application
of electromagnetic induction in the ocean is investigated, namely the possibility to cons-
train an ocean general circulation model with satellite observations of the ocean-induced

magnetic field.

An electromagnetic induction model is implemented into an ocean general circulation
model. This model combination allows the investigation of specific influences of seawater
properties on motional induction. In previous studies, the electric conductivity of seawa-
ter was often treated in a simplified way by assuming it to be uniformly distributed in
the ocean and temporally constant. In the first application of the combined numerical
models, it is shown that this assumption is insufficient for capturing the temporal varia-
bility of motional induction accurately. Considering a realistic three-dimensional seawater
conductivity distribution based on ocean temperature and salinity increases the temporal
variability of ocean-induced magnetic signals by up to 45 %. These changes are found
to predominantly originate from large vertical gradients of seawater conductivity in the

upper ocean.

The modelling of the general ocean circulation and of motional induction is affected
by various uncertainties and errors, which are introduced by forcing input data and by

the numerical models themselves. For potential applications of motional induction, e.g.,
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a reliable comparison of model results with observational data, or data assimilation ex-
periments, a realistic estimation of model uncertainties is essential. Ensemble simulations
based on different error scenarios are performed to estimate the aggregated uncertainty of
the modelled ocean-induced magnetic field. It is shown that the uncertainty of the model-
led ocean-induced magnetic field reaches up to 30 % of the signal strength and is subject
to large spatial and seasonal variations. The wind stress forcing of the ocean model is a
major source of uncertainty. However, specific spatially and temporally robust regions are
identified in the ocean-induced magnetic field that retain a small uncertainty in all error
scenarios.

Based on the previous findings, data assimilation experiments with artificial satellite
observations of the ocean-induced magnetic field are designed and conducted for the first
time. In a model-based twin study, artificial satellite observations of the oceanic magnetic
field are generated and sequentially assimilated into an ocean general circulation model
with a localized ensemble Kalman filter. The impact of the data assimilation on the
induced magnetic field, ocean velocities, temperature, and salinity is measured. Compared
to a reference simulation without data assimilation, the ocean-induced magnetic field is
improved by up to 17 % globally and up to 54 % locally. Improvements of the underlying
depth-integrated ocean velocities show values up to 7 % globally, and up to 50 % locally.
These improvements result from a consistently better recovery of ocean velocities from the
sea surface down to the bottom of the ocean. However, the Kalman filter fails to improve
ocean temperature and salinity globally. Kalman filter adjustments of the wind stress

forcing of the ocean model are found to be essential for a successful data assimilation.



Kurztassung

Die allgemeine Zirkulation des Weltozeans generiert charakteristische magnetische Si-
gnale durch Wechselwirkungen mit dem umgebenden geomagnetischen Feld. Diese ozea-
nisch induzierten Magnetfeldsignale konnen prinzipiell von Satelliten aufgezeichnet wer-
den und somit als indirekte Beobachtungen des Ozeans Anwendung finden. Da das soge-
nannte bewegungsinduzierte Magnetfeld in erster Naherung proportional zu leitfahigkeits-
gewichteten und tiefenintegrierten Geschwindigkeiten im Ozean ist, konnten globale Be-
obachtungen des ozeanischen Magnetfeldes neue Restriktionen fiir ozeanische Wasser-,
Wiérme-, und Salztransporte bieten. Viele Aspekte der elektromagnetischen Induktion im
Ozean sind jedoch entweder nur unzulanglich verstanden oder génzlich unbekannt; dies
reicht von grundsatzlichen Eigenschaften der Bewegungsinduktion im Ozean bis hin zu
moglichen Anwendungen jener und moglicher Nutzbarkeit fiir die Ozeanmodellierung. Die-
se kumulative Arbeit umfasst die Charakterisierung der elektromagnetischen Induktion
im Ozean im Sinne von physikalischen Eigenschaften und Modellierungsunsicherheiten.
Ferner wird die Realisierbarkeit untersucht, ein numerisches Ozeanmodell der allgemei-
nen Zirkulation durch Satellitenbeobachtungen des ozeanisch induzierten Magnetfeldes zu

beschranken.

Ein elektromagnetisches Induktionsmodell wurde in ein Ozeanmodell der allgemei-
nen Zirkulation implementiert. Diese Modellkombination erlaubt die Untersuchung spe-
zifischer Einfliisse von Meerwassereigenschaften auf die Bewegungsinduktion. In fritheren
Studien wurde die elektrische Leitfdhigkeit des Meerwassers oft vereinfacht beriicksichtigt,
etwa gleichméflig verteilt oder zeitlich invariant. Als erste Anwendung der Modellkombi-
nation wird gezeigt, dass diese vereinfachten Annahmen nicht ausreichen, um die zeitliche
Variabilitat der Bewegungsinduktion realistisch abzubilden. Eine dreidimensionale Ver-
teilung der Leitfihigkeit des Meerwassers, die auf simulierten ozeanischen Warme- und
Salzverteilungen basiert, verstarkt die zeitliche Variabilitdt des ozeanisch induzierten Ma-
gnetfeldes um bis zu 45 %. Die Ursache dieser Verstarkung liegt primér in den starken

vertikalen Gradienten der Leitfahigkeit des Meerwassers in den oberen Ozeanschichten.

Die Modellierung der allgemeinen Zirkulation und der Bewegungsinduktion wird durch
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verschiedene Unsicherheiten und Fehler beeintréichtigt, die sowohl aus den Modellantriebs-
daten als auch aus den numerischen Modellen selbst stammen. Fiir mogliche Anwendun-
gen der Bewegungsinduktion, zum Beispiel fiir verlédssliche Vergleiche zwischen simulier-
ten und gemessenen Daten oder Experimenten zur Datenassimilation, ist eine realistische
Abschatzung der Modellunsicherheiten essentiell. Basierend auf verschiedenen Fehlersze-
narien wurden Ensemblesimulationen durchgefiihrt, um die akkumulierte Unsicherheit des
modellierten ozeanisch induzierten Magnetfeldes abzuschétzen. Es wird gezeigt, dass die
Unsicherheit der modellierten Bewegungsinduktion bis zu 30 % der Signalstarke entspricht
und groflen raumlichen sowie saisonalen Variationen unterliegt. Die Windschubspannung
des Ozeanmodells stellt hierbei eine entscheidende Unsicherheitsquelle dar. Unabhéngig
von den verschiedenen Fehlerszenarien konnten jedoch zeitlich und raumlich robuste Re-
gionen identifiziert werden, die nur mit niedrigen Unsicherheiten behaftet sind.

Auf den vorherigen Ergebnissen basierend wurden zum ersten Mal Datenassimilations-
experimente mit Satellitenbeobachtungen des ozeanisch induzierten Magnetfeldes konzi-
piert und durchgefiithrt. In einer modellbasierten Zwillingsstudie wurden kiinstlich er-
zeugte Satellitenbeobachtungen der Bewegungsinduktion mit einem lokalisierten und en-
semblebasierten Kalmanfilter in ein Ozeanmodell der allgemeinen Zirkulation assimiliert.
Der daraus resultierende Effekt auf das ozeanisch induzierte Magnetfeld, auf Ozeange-
schwindigkeiten sowie auf Temperatur und Salzgehalt des Meerwassers wird gemessen.
Verglichen mit einer unkorrigierten Simulation ohne Datenassimilation wird das ozeani-
sche Magnetfeld global um bis zu 17 % und lokal bis zu 54 % verbessert. Die erzeugenden
tiefenintegrierten Ozeangeschwindigkeiten werden gobal um bis zu 7 % und lokal um bis
zu 50 % verbessert. Diese Werte resultieren aus einer konsistenten Korrektur der Ozean-
geschwindigkeiten von der Meeresoberfliche bis hin zum Ozeanboden. Temperatur- und
Salzverteilungen konnten durch den Kalmanfilter nicht global korrigiert werden. Die Expe-
rimente zeigen zudem, dass Anpassungen der Windschubspannung durch den Kalmanfilter

essentiell fiir den Erfolg der Datenassimilation sind.
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Introduction

1.1 Historical background

In 1832, Michael Faraday opened the door to the world of electromagnetic induction and,
with this, also the consideration of induction processes in conducting fluids quickly gained
attention. Soon after, first evidence for large-scale oceanic electromagnetic induction pro-
cesses was detected in the 1850s, when submarine telecommunication cables started to
connect the continents. These cables were subject to periodic voltage disturbances. For
the first time, tidally induced electric currents with lunar periods were detected by Wollas-
ton (1881) (see also Meloni et al., 1983) and later quantified by Cherry and Stovold (1946).
In the mid-twentieth century, Stommel (1948), Longuet-Higgins (1949), and Longuet-
Higgins et al. (1954) proposed to utilize ocean-flow induced electromagnetic disturbances
to indirectly measure ocean velocities. Since then, the research interest in monitoring and

modelling oceanic electromagnetic fields evolved rapidly.

In terms of field strength and spatial extent, the ocean-induced magnetic field is the
smallest geomagnetic field constituent (Fig. 1.1) and it is five orders of magnitude weaker
than the geomagnetic core field (£ 65000 nT, Thébault et al., 2015). These oceanic
magnetic signals are generated by interactions of seawater with the magnetic core field
of the Earth. Because of its salt content, seawater is a highly conducting fluid that
carries electric charge in the form of dissolved cations and anions. By moving through the
geomagnetic core field, the salt-ions are deflected by the Lorentz force, creating electric

currents. These currents induce weak magnetic signals with a magnitude of a few nano
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Figure 1.1: Visualization of magnetic field constituents in terms of intensity (left) and
origin (right). Rg is the mean Earth radius of 6371 km. Image credit: ESA, Haagmans
and Plank

Tesla (Fig. 1.2).

The pioneering modern investigation of the so-called motional induction was governed
by Larsen (1968) and Sanford (1971). Sanford’s theoretical results have shown a close
relation between ocean-induced magnetic signals and depth-integrated ocean velocities
that are weighted by the electric conductivity of seawater. The electric conductivity of
seawater, in turn, is predominantly depending on seawater temperature and salinity dis-
tributions and can be estimated by a polynomial approximation (Apel, 1987). Chave
(1983) and Chave and Luther (1990) continued Sanford’s work and distinguished between
poloidal and toroidal components of motional induction, based on the Helmholtz decom-
position of a solenoidal (divergence-free) vector field (see, e.g., Jian-Ming, 2015). The two
components differ in their sensitivity towards the type of ocean flow. The poloidal induced
magnetic field is generated by toroidal electric currents, i.e., in the horizontal plane, and is
predominantly sensitive to conductivity-weighted and depth-integrated ocean velocities.
In contrast, the toroidal induced magnetic field is generated by electric currents in the ver-
tical plane and predominantly sensitive to vertical gradients of ocean velocities. Whereas
the toroidal induced magnetic field is confined to the ocean interior, the poloidal mode is

measurable outside of the ocean, e.g., by land-based and space-borne magnetometers.

1.2 Modelling of motional induction

With the prospect of deriving indirect information about integrated oceanic water, heat,

and salinity transports from observations of motional induction (see also Luther and
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Chave, 1993), the numerical model-based prediction of oceanic electromagnetic induction
started in the 1990s. The estimation of the ocean-induced magnetic field bases on the

theory of electromagnetic induction introduced by James Clerk Maxwell (1865), i.e.:

1. Ampere’s circuital law: V x B = pg (;4— sggf) (1.1)
2. Maxwell-Faraday equation: V x E = —aalf (1.2)
3. Gauss’s flux theorem: V-E = ;0 (1.3)
4. Gauss’s law for magnetism: V-B = (1.4)

Additionally, the generation of electric currents due to a moving conductor in presence of

electric and magnetic fields is described by Ohm’s law, i.e.,
j=o(E+ixB). (1.5)

Above, B is the magnetic field, E is the electric field, po is the permeability of free space,
g0 is the permittivity of free space, ;’is the electric current density, p is the electric charge
density, o is the seawater conductivity, and u is the ocean velocity of a moving and

conducting particle. Inserting Ohm’s law into Maxwell’s second equation yields

—

- (] . 4 0B
Vx|Z—dxB|=-22. 1.
X(O’ v ) ot (16)

Displacement currents due to temporal changes of the electric field E in equation 1.1 are
neglected, leaving solely the oceanic water flow induced electric currents ; as a source
for the induction process. Thus, substituting Maxwell’s first equation into equation 1.6
yields the general equation of electromagnetic induction, i.e.,

L x (ST B) =9 x (i B) (17)
Several approaches exist for solving equation 1.7 numerically. Each solution uses differ-
ent simplifications and is given either in the frequency domain (Kuvshinov and Semenov,
2012), in the time domain (Velimsky and Martinec, 2005), or utilizes a so-called magne-
tostatic thin-sheet approximation (Tyler et al., 1997; Vivier et al., 2004).

The magnetostatic thin-sheet approximation is adopted in this thesis, especially due
to its low computational cost, as it provides a simple scalar model equation derived

from equation 1.7. The magnetic field B is treated as the sum of the geomagnetic core
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Figure 1.2: Visualization of the electromagnetic induction process due to the general
ocean circulation. The colour plot depicts an annual mean field of the radial component
b, of the ocean-induced magnetic field at sea level altitude. Arrows indicate an annual
mean field of conductivity-weighted and depth-integrated ocean velocities. Contours show
the radial component F, of the geomagnetic core field. The thick contour line highlights
the geomagnetic equator.

field F and the ocean-induced magnetic field g, ie., B = F +b. The ocean basin is
considered to resemble a thin spherical layer, assuming that the vertical extent is small
compared to the horizontal extent. Thereby, only horizontal and vertically integrated
ocean velocities are considered for the induction process. This thin sheet is nested between
an insulating atmosphere and an insulating Earth’s mantle. The geomagnetic core field F
is considered constant in time, as temporal variations only become significant for decadal
and longer time periods (e.g., Maus et al., 2010), which are not in the scope of this
project. Additionally, the self-induction term of the ocean-induced magnetic field, @ x l_;,
is neglected, reducing the source of electric currents to interactions between the moving
ocean water and the ambient geomagnetic field. For divergence-free electric currents, an

electric stream-function v, can be defined as

[jde=—Vu.xz., (1.8)
h

where h is the height of the water column from ocean bottom to sea surface and €, is the

unit vector in vertical direction. Considering these simplifications, the electromagnetic
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induction equation 1.7 is transformed into a scalar model equation for ., i.e.,

V. (5Ve) = V- (Z_le/haquz> , (1.9)

where ug is the horizontal ocean velocity, F, is the radial component of the geomagnetic
field, and
Y= / odz (1.10)
h

is the ocean conductance, i.e., depth-integrated seawater conductivity. The ocean-induced
magnetic field b is estimated from the numerically calculated electric stream-function ).

Therefore, bis expressed as the gradient of a potential field P as
b=-VP, (1.11)

provided that no electric currents are present in the atmosphere. As the ocean-induced
magnetic field is divergence-free (non-existence of magnetic monopoles, given by Vb= 0),

a Laplacian boundary value problem can be formulated for the potential field P as

VP =0, (1.12)
P(r— o) =0, (1.13)
Pr=a+0) = e (114)

where r is the height above sea level, a is Earth’s mean radius, and ( is the sea surface
height. In spherical coordinates, the solution of this boundary value problem is represented
by a spherical harmonics expansion (see, e.g., Atkinson and Han, 2012). Thereby, also
the solution of the radial component of the ocean-induced magnetic field is known and
allows to calculate the emitted signal at any desired altitude above sea level, i.e.,
0 p L1y AR

bu(,0,7) = 5-P(6,9,7) Jz;)mzj g (8) G+ DYoo) (115)
Here, ¢ and 9 are longitudinal and colatitudinal coordinates on the sphere, a is the Earth’s
radius, r is the height above sea level, 1, are the expansion coefficients of the spherical
harmonics functions Yj,,(¢,7), and j and m are degree and order, respectively. Com-
bined with a general ocean circulation model that provides the electromagnetic source,
i.e., horizontal ocean velocities, heat, and salinity distributions, the thin-sheet induction
model forms an efficient way for estimating global fields of the ocean circulation induced
magnetic field at both sea level and satellite altitude. Further details on the mathematical

background of oceanic electromagnetic induction can be found in Dostal (2014).
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1.3 Present state of research

Regardless of the utilized numerical models, previous studies can be categorized according
to the type of the considered ocean flow, for example, general ocean circulation, ocean
tides, or extreme events like tsunamis.

Stephenson and Bryan (1992) numerically estimated the global ocean circulation in-
duced electromagnetic field from a climatologically forced ocean general circulation model.
These efforts were continued and extended by Tyler and Mysak (1995), Flosadottir et al.
(1997), Tyler et al. (1997), and Tyler et al. (1998), who were stressing that ocean circula-
tion induced magnetic signals could be strong enough for space-borne measurements via
low-Earth-orbiting satellites. More recent studies specifically focused on induced magnetic
signals in the Antarctic Circumpolar Current (Vivier et al., 2004), spatial and temporal
variability of motional induction (Glazman and Golubev, 2005), and sensitivity of mo-
tional induction to seasonal variations in the wind- and density-driven ocean circulation
(Manoj et al., 2006). All previous studies are in agreement that the detection of the ocean
circulation induced component in magnetic field observations poses a challenge, largely
due to the comparatively weak signal strength and the complex and irregular superposi-
tion of different magnetic field constituents (see also the review conducted by Kuvshinov,
2008).

So far, the separation of the non-periodic ocean circulation induced magnetic signals
has not yet been achieved. In contrast, the numerically predicted periodic magnetic
signals induced by the principal lunar semi-diurnal (M2) tide have been identified in
land observatories (Maus and Kuvshinov, 2004), in ocean-bottom measurements (Schnepf
et al., 2014), by combined satellite observations from CHAMP, Orsted, and SAC-C (Tyler
et al., 2003; Sabaka et al., 2015), and by satellite observations from Swarm (Sabaka et al.,
2016). Due to the galvanic coupling of tide currents to media below the ocean and due to
the well known period of M2 variations, the M2 induced magnetic field was found suitable
for probing the electric conductivity structure of the lithosphere and upper mantle down
to a depth of approximately 250 km (Schnepf et al., 2015; Grayver et al., 2016).

Furthermore, local observations of oceanic electromagnetic induction might also be
suitable for tsunami early warning systems. Therefore, continuous efforts are made to de-
tect and to utilize tsunami-generated magnetic field anomalies recorded by ocean bottom
magnetometers (e.g., Toh et al., 2011; Minami et al., 2015; Schnepf et al., 2016).

The Swarm satellite mission of the European Space Agency introduced a renaissance
for research in oceanic electromagnetic induction (Friis-Christensen et al., 2006). The
satellite trio is the latest geomagnetic field mission and measures the magnetic field of
the Earth with unprecedented precision and resolution of up to 0.1 nT (see Table 1.1).

For the first time, ocean circulation induced magnetic signals and their spatio-temporal
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Table 1.1: Recent geomagnetic field satellite missions. Resolution values are given for the
mounted scalar magnetometers on the satellites.

Name Mission runtime Orbit altitude [km] Resolution [nT]
Orsted! Since Feb. 1999 630 — 830 0.5
CHAMP? Jul. 2000 — Sep. 2010 350 — 450 0.5
SAC-C3 Nov. 2000 — Aug. 2013 700 1.0
Swarm? Since Nov. 2013 450 — 530 0.1

! Lundahl et al. (1999) 2 Reigber et al. (2002) 2 Colomb et al. (2001) * Friis-Christensen et al. (2006)

variations are in the range of space-borne observational precision. The detection of the
weak ocean circulation induced magnetic signals was defined as one of the research ob-
jectives of the Swarm mission (Friis-Christensen et al., 2006). Consequently, separable
satellite observations of the ocean circulation induced magnetic field have the potential
to be utilized as global indirect observations of the world ocean, which contain inte-
grated information about transports of oceanic water, heat, and salinity. These global
constraints, in turn, provide the opportunity to correct ocean general circulation mod-
els with data assimilation methods. Thereby, observations of motional induction could
complement existing ocean observing techniques, e.g., satellite altimeter measurements
(TOPEX/Poseidon, Fu et al. (1994); Jason-1, and Jason-2, Masters et al. (2012)), satellite
gravity field measurements (GRACE, Tapley et al., 2004), or in-situ measurements from
ocean bottom pressure gauges (e.g., Macrander et al., 2010) and profiling floats (ARGO,
Roemmich et al., 2009). All ocean observing techniques have different focuses, advantages
and limitations. Thus, often combinations of the former are utilized. Observations of the
ocean-induced magnetic field contain aggregated information about ocean velocities from
sea surface to ocean bottom, including both barotropic and baroclinic ocean flows, and
effects due to friction. The dominant dependency of electric seawater conductivity on
oceanic temperature and salinity could also allow a derivation of integrated information
about global oceanic heat and salinity transports. Additionally, oceanic magnetic signals
are detectable in ice-covered regions (Friis-Christensen et al., 2006). These features hold
out the prospect that a satellite-based global coverage of observed oceanic electromagnetic
signals provides a promising additional tool for improving the current understanding of

large-scale ocean dynamics.
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1.4 Aims and structure of this thesis

The separation of ocean circulation induced magnetic signals from satellite observations
has not yet been achieved. However, there is a high potential for novel applications of
electromagnetic induction in the ocean, as respective studies on ocean tidal magnetic
signals have already shown (see section 1.3). Additionally, the Swarm satellite mission
opens up a new era of high-resolution geomagnetic field measurements, which is expectedly
leading to a global coverage of ocean-induced magnetic field observations.

This cumulative thesis contributes to the research topic of motional induction by utiliz-
ing numerical models in the framework of three consecutive studies. Each of the following
chapters contains a separate study in the form of a published, or currently reviewed,
manuscript. The three studies answer research questions in the subjects of physical char-
acterization, uncertainty estimation, and data assimilation, respectively. Between the
chapters, the studies are connected through context passages. The first two studies focus
on the model-based estimation of spatio-temporal patterns of motional induction and their
sensitivity towards both oceanographic processes (chapter 2) and modelling uncertainties
(chapter 3). Numerical model-based sensitivity analyses are a powerful tool to under-
stand the spatio-temporal behaviour of electromagnetic induction in the ocean, and also
to assess the robustness of these numerical simulations. Thus, the results close existing
knowledge gaps and also support the ongoing effort to detect ocean circulation induced
magnetic signals in observations. The third study (chapter 4) builds upon the findings
of the two previous studies and focusses on the feasibility to correct an ocean general
circulation model by assimilating model-based satellite observations of the ocean-induced
magnetic field. Chapter 5 summarizes the results of this thesis and provides an outlook

for future studies.

Physical characterization

How strong is the ocean-induced magnetic field?
What are the spatio-temporal patterns of the ocean-induced magnetic field?

How sensitive is motional induction towards changes in seawater conductivity?

In the first study, chapter 2, a model combination of an ocean general circulation
model and an electromagnetic induction model is presented. This model combination
does not only allow the estimation the ocean-induced magnetic field at the sea surface
and at satellite altitude, but also to test the sensitivity of motional induction against
oceanographic quantities. An accurate and realistic numerical prediction of the irregular
and non-periodic ocean circulation induced magnetic signals supports the ongoing effort

to identify these signals in satellite observations. Especially the estimation of temporal
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variations of the ocean-induced magnetic field is important in this course, since they dis-
tinguish the oceanic component from other more static magnetic field constituents. Still,
the sensitivity of motional induction and its variations in the ocean towards oceanographic
phenomena is rarely considered. In this study, the model combination is utilized to inves-
tigate the previously unknown influence of spatial and temporal variations of the electric

seawater conductivity on motional induction.

Uncertainty estimation

Which error sources affect simulations of motional induction?
What is the aggregated uncertainty of the simulated ocean-induced magnetic field?

Are there robust regions in the simulated ocean-induced magnetic field?

In the second study, chapter 3, the numerical modelling of electromagnetic induction
in the ocean is complemented with the estimation of model uncertainties. In contrast to
sensitivity analyses of simulated motional induction with respect to ocean water prop-
erties, realistic numerical predictions of the ocean-induced magnetic field also include
the estimation of errors in forward simulations. These errors have various sources, for
example, deficiencies in the atmospheric forcing of the ocean model. The robustness of
motional induction simulations with respect to model uncertainties is unknown. However,
this knowledge is crucial for applications, like reliable comparisons of measured and simu-
lated oceanic magnetic signals. Therefore, ensemble simulations of the introduced model
combination (chapter 2) are performed in this study to estimate modelling uncertainties
of the ocean-induced magnetic field. The ensembles are generated from calculated error

covariance matrices, which are also a key component for data assimilation studies.

Data assimilation

Is it feasible to constrain an ocean model with motional induction satellite observations?
How large is the beneficial impact on the ocean model state?

What are the limitations of this application?

In the third study, chapter 4, the possibility to constrain an ocean general circulation
model with satellite observations of motional induction is investigated. In this novel pro-
cedure, satellite observations of the ocean-induced magnetic field are assimilated into an
ocean general circulation model. For this, the findings from the previous studies (chap-
ters 2 and 3) are combined to design and to conduct the first motional induction data
assimilation experiments. Since actual satellite observations of the ocean-induced mag-
netic field do not exist at this point, artificial satellite observations are derived from the

combined ocean model and electromagnetic induction model. By using an ensemble-based
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Kalman filter in a synthetic twin-experiment, the benefits and challenges of constraining
an ocean general circulation model with satellite observations of ocean-induced magnetic

signals are analyzed in a controlled environment.



Impact of variable seawater conductivity on
motional induction simulated with an ocean
general circulation model

Chapter Abstract

Carrying high concentrations of dissolved salt, ocean water is a good electrical conduc-
tor. As sea-water flows through the Earth’s ambient geomagnetic field, electric fields are
generated, which in turn induce secondary magnetic fields. In current models for oceanic
induced magnetic fields, a realistic consideration of sea-water conductivity is often ne-
glected and the effect on the variability of the oceanic induced magnetic field unknown.
To model magnetic fields that are induced by non-tidal global ocean currents, an electro-
magnetic induction model is implemented into the Ocean Model for Circulation and Tides
(OMCT). This provides the opportunity to not only model oceanic induced magnetic sig-
nals, but to assess the impact of oceanographic phenomena on the induction process. In
this paper, the sensitivity of the induction process due to spatial and temporal variations
in sea-water conductivity is investigated. It is shown that assuming an ocean-wide uniform
conductivity is insufficient to accurately capture the temporal variability of the magnetic
signal. Using instead a realistic global sea-water conductivity distribution increases the
temporal variability of the magnetic field up to 45 %. Especially vertical gradients in
sea-water conductivity prove to be a key factor for the variability of the oceanic induced
magnetic field. However, temporal variations of sea-water conductivity only marginally
affect the magnetic signal.

Published article:
Irrgang, C., Saynisch, J., & Thomas, M. (2016). Impact of variable seawater conductivity

on motional induction simulated with an ocean general circulation model. Ocean Sci.,
(12), 129-136. doi:10.5194/0s-12-129-2016
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2.1 Introduction

The principle of electromagnetic induction due to water flow is long known and was first
described by Faraday (1832). As the oceans move through the Earth’s ambient geomag-
netic field, salt-ions in ocean water are deflected by the Lorentz force. Thereby, spatial
accumulations of electric charge are formed, leading to the generation of electric cur-
rents, which in turn induce secondary magnetic fields. This process is often referred to as
“motional induction”. Fundamental theoretical work in the modern investigation of ocean
generated electric fields was done by Larsen (1968) and Sanford (1971). Chave (1983) dis-
cussed electromagnetic induction due to ocean dynamics, as well as the effects of coastlines
and the electrical structure of the Earth. With the advance in computational power, ocean
models and data have been used in studies to estimate motionally induced magnetic sig-
nals. Stephenson and Bryan (1992), Tyler et al. (1997) and Manoj et al. (2006) focused on
motional induction due to global ocean circulation, while Tyler et al. (2003), Kuvshinov
et al. (2006), Dostal et al. (2012) and Schnepf et al. (2014) discussed the modelling and
observation of electromagnetic fields due to ocean tides. Flosadéttir et al. (1997) and
Vivier et al. (2004) investigated electromagnetic fields on a regional scale, focusing on
the North Atlantic circulation and the Antarctic Circumpolar Current. A comprehensive
review of modelling electromagnetic induction in the ocean was conducted by Kuvshinov
(2008). Despite the varying research focus of these studies on different oceanographic
processes and spatio-temporal scales, there is a consensus regarding the small variability
of the oceanic induced magnetic field and its difficult detectability and separability from
other magnetic signals in satellite data. In many regions, the crustal magnetic field has
comparable or higher amplitudes in satellite measurements which makes it challenging to
separate both contributions (Kuvshinov (2008)). The temporal variability of the oceanic
induced magnetic field, however, distinguishes it from the static crustal field.

In the above mentioned studies, sea-water conductivity is treated in different ways.
Both homogeneous and inhomogeneous sea-water conductivity distributions are used. In
addition, sea-water conductivity is assumed either constant or variable in time. Most
often, a globally uniform value is used instead of a realistic conductivity distribution in
the ocean. Sea-water conductivity can be derived from salinity and temperature, where
the temperature is the predominant component. Both exhibit large spatial variations in
the ocean and evolve in time. The typical mean conductivity of sea-water lies in the range
of 3 — 4 Siemens per metre. Strongest changes in sea-water conductivity occur above the
main thermocline, with highest values reaching up to 6 Siemens per metre. Chave and
Luther (1990) investigated the effect of vertically varying sea-water conductivity on low-
frequency, motionally induced electromagnetic fields on a theoretical basis, considering

different one-dimensional vertical conductivity profiles. The influence of a realistic three-
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dimensional and time-varying sea-water conductivity on the variability of magnetic fields
which are induced by the ocean global circulation is still unknown.

The aim of this study is to examine the spatial and temporal influence of sea-water
conductivity on the variability of the motionally induced magnetic field in the framework
of an ocean global circulation model. This allows to answer the question whether it is
necessary to account for a realistic sea-water conductivity distribution in the ocean and
which simplifications are justifiable in order to capture the variability of the magnetic field
accurately. Therefore, an electromagnetic induction model is coupled to an ocean global
circulation model. The two models and the experiment setup are described in Sect. 2.2
of this paper. In Sect. 2.3, the results are presented and discussed. In Sect. 2.4, the

conclusions are drawn and a summary is given.

2.2 Methodology

2.2.1 Global Ocean Model

The Ocean Model for Circulation and Tides (OMCT, Thomas et al. (2001), Dobslaw
and Thomas (2007)) is used to model and simulate the global ocean circulation. The
model is based on non-linear balance equations for momentum, the continuity equation,
and conservation equations for heat and salt. In our configuration, the baroclinic ocean
global circulation model (OGCM) uses a horizontal resolution of 1.875° x 1.875°, 13 lay-
ers in the vertical and a time-step of 30 minutes. The hydrostatic and the Boussinesq
approximations are applied, whereas the correction of artificial mass change due to the
Boussinesq approximation follows Greatbatch (1994). Tidal flows are not considered in
this configuration, as the focus lies solely on global circulation patterns. To generate a
realistic distribution and temporal variability of sea-water conductivity and ocean veloc-
ities, the model is forced with heat-flux, wind-stress, surface-pressure, precipitation and
evaporation, which are based on 6-hourly ERA-Interim products from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF, Dee et al. (2011)). Additionally, the
model is forced with daily river-runoff from the Land Surface Discharge Model (LSDM,
Dill (2008)) which is also forced by the ECMWF-Interim data.

In this configuration, the OMCT realistically resolves the main features of ocean global
circulation, e.g., the Antarctic Circumpolar Current and Western Boundary Currents (see
Sect. 2.3 and Dobslaw and Thomas (2007), esp. Figs. 6 and 7). Eddies and other small-
scale features are not resolved by the current configuration of the OMCT. These features
have a considerable effect on the motionally induced magnetic field at sea-surface. Due
to the smoothing effect of the upwardly continuation to satellite altitude, however, the

small-scale features are neither visible in the spatial pattern of the magnetic signal at
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satellite altitude nor affecting the estimated strength of the magnetic signal (Vennerstrom
et al. (2005)). In the present study, the focus lies therefore on large-scale ocean global
circulation patterns that predominantly characterize the oceanic induced magnetic signal
at both sea-surface and satellite altitude. Nevertheless, the findings of the experiments in

this study are applicable to both eddy-resolving models and models of tidal motion.

2.2.2 Electromagnetic Induction Model

The electromagnetic induction model is based on a 2-D induction equation and follows
the same model approach as Vivier et al. (2004) and Tyler et al. (1997). Vertical ocean
flow velocities are neglected and a thin-shell approximation is used which contains depth-
integrated and conductivity-weighted horizontal flow and induced electric currents. The
atmosphere and upper mantle are treated as insulators (Vivier et al. (2004), Parkinson and
Hutton (1989)). The thin shell is allowed to include an underlying layer of conductive
sediments. Therefore, a global sediment conductance map has been derived using the
method described by Everett et al. (2003) and sediment thicknesses of Laske and Masters
(1997). Using this approach, the radial component of the motionally induced primary
poloidal magnetic field is calculated. The primary toroidal oceanic induced magnetic
signals are not considered in this study, since these are confined to the oceans and cannot
be measured from the outside. Nevertheless, the toroidal component couples with the large
conductivity contrasts between the oceans and continents, which leads to the generation
of secondary poloidal magnetic signals along the oceanic shorelines (Dostal et al. (2012),
Szuts (2010)). In this study, only the primary poloidal induced magnetic signatures are
considered that directly originate from large-scale ocean global circulation and that can

be recorded at both sea surface and satellite altitude.

According to Vivier et al. (2004), the induced electric currents in the horizontal plane
can be expressed as an electric stream function 1), which leads to a scalar model equation

derived from Ampere’s Law and Ohm’s Law:

V. (37Ve) = V- (lez / oquz> . (2.1)

Here, h is the variable height of the thin shell according to the bathymetry, ¥ is the
depth-integrated conductivity, o is the conductivity at a given point, F’, is the radial part
of the Earth’s ambient geomagnetic field and wy is the horizontal ocean flow velocity.
F, is derived from the POMME-6 Magnetic Model of the Earth and wy is prognostically
calculated with OMCT. The induced magnetic field b, is then calculated from the stream
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function 1, using spherical harmonic expansion:

Jma I ] g e
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Here, ¢ and ¢ are longitudinal and colatitudinal coordinates on the sphere, i is the
permeability of free space, a is the Earth’s radius, r is the height above sea level, 1;,, and
Yjm (¢, ) are the spherical harmonic coefficients and functions. The spherical harmonic
coefficients are calculated according to Driscoll and Healy (1994). In consequence of
applying a spherical harmonic expansion, this approach gives the opportunity to easily
calculate the motionally induced magnetic field at both sea level and satellite altitude.
The ocean model’s horizontal resolution of 1.875° x 1.875° corresponds to a global grid
size of 194 x 96 grid cells. In order to prevent aliasing effects that would otherwise occur
during grid transformations, the maximum degree and order of the spherical harmonic

eXpansion jpayx is limited to 47 = % — 1 (Driscoll and Healy (1994)).

2.2.3 Sea-Water Conductivity Distribution Experiments

The OMCT prognostically calculates ocean velocities, salt and temperature distributions
at every time step (Thomas et al. (2001)). The variables are sub-sampled and stored daily
over the simulation period of one year. From OMCT salt and temperature values the
sea-water conductivity is estimated using the transformation method from Apel (1987),

resulting in 3-D spatio-temporal variable conductivity distributions.

In order to assess the influence of sea-water conductivity distributions on the mo-
tional induction process, three simulation experiments are performed. For all three ex-
periments the motionally induced magnetic field is calculated using different distributions
of sea-water conductivity, but from the same previously stored OMCT velocities and the
same background magnetic field. For the first experiment (“constant conductivity exper-
iment”), a globally uniform and constant in time mean sea-water conductivity of 3.5 .S/m
is applied at every grid point and every time step. For the second experiment (“spatially-
variable-conductivity experiment”), the previously stored three dimensional and tempo-
ral variable conductivity distribution is processed. Annual mean values are derived from
the conductivity distribution for every grid point, resulting in a 3-D variable but time-
constant conductivity. For the third experiment (“spatio-temporal-variable-conductivity
experiment”), the fully spatio-temporal variable conductivity distribution is utilized to

calculate the induced magnetic fields.
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Figure 2.1: Annual mean sea-water conductivity of the upper ocean in Siemens per metre
(S/m). The black meridional lines indicate the locations of the sections in the Figs. 2.2
(a) and 2.2 (b). The black contour line indicates the mean conductivity of 3.5 S/m.
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Figure 2.2: Meridional sections of sea-water conductivity distribution at 90°E (a) and
182°E (b). Ocean depth is given in metres. The black contour line indicates the mean
conductivity of 3.5 S/m.

2.3 Results and Discussion

The annual mean global sea-water conductivity distribution at sea surface and two rep-
resentative longitudinal depth-profiles is depicted in Figs. 2.1 and 2.2. Note, that this
conductivity distribution exhibits both horizontal and vertical gradients, affecting the
conductivity-weighting of the horizontal ocean velocities uy (see Eq. 2.1). Due to high
temperature and salinity values, the highest values of up to 6 S/m occur in equatorial and
some coastal regions. A decrease of conductivity arises in poleward directions where lower
temperature and salinity values occur. The depth profiles show that the least conducting
areas are located in polar regions and lower parts of the ocean basin with values as low
as 2.5 S/m. In comparison to equatorial regions, depth-profiles in polar areas show an
inverted conductivity gradient with lowest values in the upper ocean.

When using a globally uniform sea-water conductivity, the signals of the motionally
induced magnetic field at sea level due to global ocean circulation range from —5 nT" to

4 nT at sea level altitude. Mean values over the simulation period are in the range of —4
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Figure 2.3: Annual mean values of motionally induced magnetic field at sea level altitude

due to ocean global circulation from the constant conductivity experiment in nano Tesla
(nT).

to 3 nT (Fig. 2.3). The local standard deviation reaches up to 10 % of the signal strength
(Fig. 2.4). The strongest signals and variabilities occur in the area of the Antarctic
Circumpolar Current (ACC). The characteristic separation into one positive part east
of Australia and one negative part west of Australia are caused by the shape of the
Earth’s ambient geomagnetic field. Additional features are visible, e.g., the North Atlantic
circulation and Western Boundary Currents along the eastern coasts of South Africa,
South America or Japan. The results of the motionally induced magnetic field show good
agreement with previous studies, e.g., Fig. 2 in Vivier et al. (2004) and Fig. 3 in Manoj
et al. (2006). Vivier et al. (2004) compared motionally induced magnetic fields and their
variability as calculated by three different ocean general circulation models (OGCM). For
all three calculations, the same depth-integrated conductivity transport from one of the
OGCMs is used. Manoj et al. (2006) utilized a mean sea-water conductivity of 3.2 .S/m
to calculate the exciting electric current in the ocean and a spatially-variable sea-water
conductivity for modelling the shell conductance.

In order to assess the influence of the 3-D sea-water conductivity distribution on the
variability of the magnetic signal, results from the constant conductivity experiment and
spatially-variable-conductivity experiment are compared. Figure 2.5 shows the differ-
ence in the standard deviation of the magnetic signal, relative to the spatially-variable-
conductivity experiment. Positive values indicate that using spatially variable conduc-
tivity profiles results in a larger temporal variability of b,., whereas negative values state
the opposite effect. Dominant positive areas are located in the zonal limits of 45°S and
45° N with values up to 45 %. The strongest negative areas, however, predominantly re-
side beyond 50°S and 50°N, reaching values up to —20 %. The most prominent positive

features can be found in the Indian Ocean. Additional positive features are located in
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Figure 2.4: Standard Deviation of motionally induced magnetic field at sea level altitude
due to ocean global circulation from the constant conductivity experiment in nano Tesla

(nT).
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Figure 2.5: Influence of the spatially variable conductivity on the variability of the mo-
tionally induced magnetic field.

the area of the Kuroshio current, Agulhas current, east of Australia, along the equatorial
jet in the Pacific Ocean, in the Gulf Stream and in the south Atlantic Ocean along the
Brazil current. The signatures of the Western Boundary Currents can clearly be identified.
Most prominent negative features are located in the area of the Aleutian Islands and the
Antarctic Circumpolar Current. Note, that comparing the spatially-variable-conductivity
experiment to other uniform conductivity distributions instead of 3.5 S/m will change
patterns (especially zero-crossings) and strength of the values shown in Fig. 2.5. The

result of a local under- and over-estimation still holds.
The high changes in temporal variability of the induced magnetic field and their spa-

tial pattern are only partly explained by the horizontal conductivity distribution in the

spatially-variable conductivity experiment (compare Figs. 2.1 and 2.5). Therefore, the
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Figure 2.6: Relative difference between depth-mean conductivity used in the spatially-
variable-conductivity experiment and globally constant conductivity of 3.5 S/m used in
the constant conductivity experiment. The black contour line highlights the transition
from positive to negative values.

difference between the depth-mean conductivity of the spatially-variable-conductivity ex-
periment and the globally constant conductivity of the constant conductivity experiment
are calculated. The differences are divided by the globally constant conductivity and
illustrated in Fig. 2.6, showing the relative increase or decrease of the depth-mean con-
ductivity at any point. The values reside in the range of £60 % (peak to peak), whereas
most changes reside in the range of 20 %. An increase emerges in areas where the sur-
face conductivity lies above the mean of 3.5 S/m and water-depth is comparably small.
Largest decreases occurs in areas where the surface conductivity lies below the mean
(see Figs. 2.2 and 2.6). Particularly, coastal regions and oceanic ridges form prominent
features, e.g., Central Indian Ridge and East Pacific Rise. The comparison of the conduc-
tivity differences (Fig. 2.6) and changes in the variability of the magnetic field (Fig. 2.5)
shows much more agreement than Figs. 2.1 and 2.5. Before the depth-integration over the
water column according to the thin-shell approximation (Eq. 2.1), ocean flow velocities are
multiplied by their specific conductivity. Consequently, ocean flow velocities are weighted
by a comparably high conductivity in areas of positive changes in depth-mean conduc-
tivity or by a comparably low conductivity in areas of negative changes (see Fig. 2.6).
This effect is visible around Indonesia, east of Australia in the Pacific Ocean and in the
north Atlantic Ocean (compare Fig. 2.5). Again, the general findings also hold for other
globally uniform conductivities than 3.5 S/m.

However, in areas where the most prominent changes in magnetic field variability arise,
i.e., Indian Ocean, Aleutian Islands, mid Pacific Ocean and south Atlantic Ocean, only
few significant changes in the depth-mean conductivity are visible. These discrepancies

are explained by vertical gradients of the conductivity, together with near surface ocean
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Figure 2.7: Annual mean depth-integrated ocean flow velocities over the upper 1040
metres.

flow velocities and their large temporal variability. Figures 2.7 and 2.8 show annual mean
depth-integrated ocean flow velocities over the upper 1040 metres and their standard
deviation. The water column thickness of approximately one kilometre is chosen, since
the largest deviations in conductivity from the mean occur in this layer (compare Fig. 2.2).
In this layer, high ocean flow velocities and variability are weighted by an above-average
conductivity in the areas of the Gulf Stream, Indian Ocean, mid Pacific Ocean (compare
Figs. 2.2 and 2.8). This leads to an amplification of the magnetic field variability, although
the depth-mean conductivity is similar to the globally constant conductivity used in the
constant conductivity experiment. In addition, ocean currents are much more visible in
the variability of the magnetic signal (see Figs. 2.4 and 2.5). Since the variability of
the motionally induced magnetic signal distinguishes the oceanic contribution from the
static crustal field, this is a key feature for the detection of global ocean flow in satellite
data. The opposite effect occurs in high latitudes. In the Arctic Ocean, around the
Aleutian Islands and in the Antarctic Circumpolar Current, high ocean flow velocities
and variability in the upper layer are weighted by a below-average conductivity. Here,
this leads to a relative dampening of the magnetic field variability.

In order to identify the influence of temporal variability of the conductivity distribu-
tion on motional induction, results from the spatially-variable-conductivity experiment
and spatio-temporal-variable-conductivity experiment are compared. As opposed to the
change of standard deviation induced by spatial conductivity gradients, only negligible
differences are determined, which is based on the very small temporal variability of the
conductivity distribution. The standard deviation does not exceed 0.7 S/m at the surface
and 0.01 S/m below the upper 1040 metres. Consequently, the influence of conductivity
distributions on the variability of motionally induced magnetic fields is predominantly

driven by spatial contrasts of the conductivity.
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Figure 2.8: Standard Deviation of depth-integrated ocean flow velocities over the upper
1040 metres.

2.4 Summary and Conclusion

In order to model and simulate ocean circulation induced magnetic fields, a 2-D electro-
magnetic induction model is implemented into the ocean global circulation model OMCT.
This combination gives the unique possibility to not only calculate motionally induced
magnetic signals, but to assess the impact of oceanographic phenomena on the induction
process. All necessary oceanic quantities for the estimation of ocean global circulation
induced magnetic signals are calculated by the model. In this study, we focused on the
question to what extent spatial and temporal variability in sea-water conductivity influ-
ences oceanic induced magnetic fields. Over the simulation period of one year, it is shown
that assuming a globally uniform sea-water conductivity is insufficient in order to accu-
rately capture the variability of the oceanic induced magnetic signal. Applying a three
dimensional non-uniform conductivity distribution rather than a globally constant con-
ductivity increases the temporal variability of the magnetic field up to 45 % in equatorial
regions. In polar regions, a decrease of up to 20 % is detected. Hence, assuming an ocean-
wide uniform conductivity leads to an underestimation of the variability of the motionally
induced magnetic field in equatorial regions and to an overestimation in polar regions.
These variations are only partly explained by horizontal gradients in the inhomogeneous
sea-water conductivity distribution. The results show that especially vertical gradients in
the conductivity distribution together with the bathymetry form a key feature for changes
in the variability of the motionally induced magnetic signal. Ocean currents and their
temporal variability in the upper ocean are amplified (dampened) in equatorial regions
(polar regions) by the vertical conductivity structure and are, in turn, much more (less)
visible in the induced magnetic signal. However, accounting additionally for temporally

variable conductivity has negligible impact on the temporal variability of the magnetic
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field.

In past studies, different modelling approaches and parametrizations have been used
to simulate global ocean induced magnetic fields. There is a consensus regarding the small
variability of ocean induced magnetic fields and, consequently, its difficult detectability
and separability from other magnetic signals in satellite data, e.g., in many regions, the
crustal magnetic field has comparable or higher amplitudes in satellite measurements.
The temporal variations of the oceanic induced magnetic field, however, distinguish it
from the static crustal field. Thus, it is of particular importance to account for a realistic
conductivity distribution in the ocean, in order to capture the temporal variability of the
induction process more accurately, which may help future studies to more easily detect
global ocean induced magnetic signals in satellite-based measurements.

The results of this study are not solely confined to magnetic fields that are induced by
ocean global circulation. In principle, the findings are independent from the configuration
of the ocean model, the electromagnetic induction model and other assumptions like
the exact value of the globally uniform conductivity used in the constant conductivity
experiment. In consequence, related studies dealing with, e.g., toroidal motionally induced
magnetic signals, tidal ocean velocities or eddy-resolving model approaches may also

benefit from this paper.



Context

In the first study it is demonstrated that seasonal variations in ocean temperature and
salinity distributions only have a marginal influence on the electric seawater conductivity
and, in turn, on the ocean-induced magnetic field. However, this situation changes for
processes over multiannual time periods, e.g., processes related to climate variability. In
this context, the lunar semi-diurnal (M2) induced magnetic field could serve as a new
observation operator of climate variability induced changes in the ocean. Since anomalies
in the induced tidal magnetic field can be assumed to dominantly origin from changes
in ocean salinity and temperature distributions, i.e., changes in the electric seawater
conductivity, observations of these magnetic signals could be used to detect phenomena
associated with climate variability. This technique was recently demonstrated in two
co-authored studies by Saynisch et al. (2016, 2017).

One prominent example of climate variability is the melting of ice sheets and its
profound impact on both sea level and the general circulation of the world ocean (e.g.,
IPCC, 2013). For instance, a weakening, or even breakdown, of the Atlantic meridional
overturning circulation (AMOC) is connected to increased freshwater fluxes into the ocean
from melting of the Greenland ice sheet (Rahmstorf, 1995; Yu et al., 2015). Since these
melting induced freshwater fluxes also change the local and global distribution of electric
seawater conductivity, an AMOC decay should be observable in the otherwise very well
predictable and separable (e.g., Sabaka et al., 2016) tidal (M2) induced magnetic field.

In a model-based sensitivity study, Saynisch et al. (2016) found that a total AMOC
decay corresponds to anomalies of up to 0.7 n'T in the tidal (M2) induced magnetic field at
sea level. Compared to the unperturbed tidal magnetic signal at sea level, the anomalies
reach more than 30 % of the signal strength. Consequently, these anomalies should be
detectable in long time series from magnetometers at land or in the ocean. At altitudes of
the Swarm satellites, the anomalies still amount to 0.1 nT, which is close to the nominal

Swarm precision (Friis-Christensen et al., 2006; Olsen et al., 2006).

Previously, the spatio-temporal characteristics of electromagnetic induction in the

ocean were discussed. In particular, the importance of electric seawater conductivity was
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considered, both in terms of sensitivity of the induced magnetic signals (Irrgang et al.,
2016a) and possible applications for monitoring climate variability (Saynisch et al., 2016,
2017). Another aspect is the estimation of uncertainties in the modelled ocean-induced
magnetic field, i.e., the reliability of model results with respect to biased or erroneous forc-
ing data of the numerical models. Especially the various atmospheric forcings for ocean
models (see, e.g., Dee et al., 2011; Saha et al., 2010), which are provided as reanalysis
products by different centers, were subject of many comparison studies (e.g., Chaudhuri
et al., 2013, 2014) to identify systematic deficiencies globally (e.g., Decker et al., 2012;
Gregg et al., 2014) and locally (e.g., Jakobson et al., 2012; Lindsay et al., 2014). The wind
stress forcing was found to contain non-negligible discrepancies that can result in large
uncertainties in the wind-driven ocean circulation (Chaudhuri et al., 2013). Considering
uncertainties in forcing data is not only crucial for estimating the aggregated error in the
simulated ocean-induced magnetic field. A measure of model uncertainties is especially
important for reliable comparisons of numerical forward simulations and actual observa-
tions (e.g., by satellites). Additionally, the residuals between numerical estimates and
actual observations of a geophysical system, together with respective uncertainty ranges
in the form of error covariance matrices, are the foundation for data assimilation tech-
niques. Therefore, the study in the next chapter focusses on the range of uncertainty of

the modelled ocean circulation induced magnetic field.
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Chapter Abstract

The modelling of the ocean global circulation induced magnetic field is affected by various
uncertainties that originate from errors in the input data and from the model itself. The
amount of aggregated uncertainties and their effect on the modelling of electromagnetic
induction in the ocean is unknown. For many applications, however, the knowledge of un-
certainties in the modelling is essential. To investigate the uncertainty in the modelling
of motional induction at the sea surface, simulation experiments are performed on the
basis of different error scenarios and error covariance matrices. For these error scenarios,
ensembles of an ocean general circulation model and an electromagnetic induction model
are generated. This ensemble-based approach allows to estimate both the spatial distribu-
tion and temporal variation of the uncertainty in the ocean induced magnetic field. The
largest uncertainty in the ocean induced magnetic field occurs in the area of the Antarctic
Circumpolar Current. Local maxima reach values of up to 0.7 nano Tesla. The estimated
global annual mean uncertainty in the ocean induced magnetic field ranges from 0.1 to
0.4 nT. The relative amount of uncertainty reaches up to 30 % of the signal strength with
largest values in regions in the northern hemisphere. The major source of uncertainty is
found to be introduced by wind stress from the atmospheric forcing of the ocean model.
In addition, the temporal evolution of the uncertainty in the induced magnetic field shows
distinct seasonal variations. Specific regions are identified which are robust with respect
to the introduced uncertainties.
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Abstract The modeling of the ocean global circulation induced magnetic field is affected by various
uncertainties that originate from errors in the input data and from the model itself. The amount of
aggregated uncertainties and their effect on the modeling of electromagnetic induction in the ocean is
unknown. For many applications, however, the knowledge of uncertainties in the modeling is essential. To
investigate the uncertainty in the modeling of motional induction at the sea surface, simulation experi-
ments are performed on the basis of different error scenarios and error covariance matrices. For these error
scenarios, ensembles of an ocean general circulation model and an electromagnetic induction model are
generated. This ensemble-based approach allows to estimate both the spatial distribution and temporal
variation of the uncertainty in the ocean-induced magnetic field. The largest uncertainty in the ocean-
induced magnetic field occurs in the area of the Antarctic Circumpolar Current. Local maxima reach values
of up to 0.7 nT. The estimated global annual mean uncertainty in the ocean-induced magnetic field ranges
from 0.1 to 0.4 nT. The relative amount of uncertainty reaches up to 30% of the signal strength with largest
values in regions in the northern hemisphere. The major source of uncertainty is found to be introduced by
wind stress from the atmospheric forcing of the ocean model. In addition, the temporal evolution of the
uncertainty in the induced magnetic field shows distinct seasonal variations. Specific regions are identified
which are robust with respect to the introduced uncertainties.

1. Introduction

Ocean circulation generates characteristic electromagnetic signals, as the moving salt ions interact with the
ambient geomagnetic field. The so-called motionally induced magnetic field is to first order proportional to
the conductivity-weighted and depth-integrated ocean velocities [Sanford, 1971]. This provides the oppor-
tunity to indirectly observe ocean global circulation by measuring the ocean circulation induced magnetic
field (e.g., by satellites). Several studies cover the theoretical aspects of the oceanic induced electromagnetic
fields, such as Larsen [1968], Sanford [1971], Cox [1980], Chave [1983], and Chave and Luther [1990]. In more
recent studies, the focus is to estimate the strength and the patterns of the motionally induced magnetic
field by utilizing ocean models. The modeling of motional induction due to ocean circulation (global and
regional) is investigated by, e.g., Stephenson and Bryan [1992], Flosadéttir et al. [1997], Tyler et al. [1997],
Vivier et al. [2004], and Manoj et al. [2006]. In further studies, motional induction due to tidal motion is
addressed, e.g., by Tyler et al. [2003], Maus and Kuvshinov [2004], Kuvshinov et al. [2006], Dostal et al. [2012],
Schnepf et al. [2014, 2015], and Sabaka et al. [2015]. Irrgang et al. [2016] investigate the influence of spatial
and temporal variations of seawater conductivity on motional induction due to ocean circulation. The sensi-
tivity experiments demonstrate the need to account for a realistic seawater conductivity distribution. How-
ever, the robustness of model-based results of motional induction, i.e., the influence of uncertainties in the
modeling approach, has not yet been investigated. Any application of motional induction, e.g., the compari-
son of model results with observations, feasibility studies, or data assimilation, is only valid if the uncertainty
is well characterized [e.g., Evensen, 1994]. Uncertainties in the modeling approach can arise from errors in
the input data, as well as from errors in the simulation itself. Errors occur due to simplified physics and
numerical schemes. Atmospheric forcing reanalysis products are provided by several centers. The discrepan-
cies between the different reanalysis products were analyzed in several recent studies, e.g., Jakobson et al.
[2012], Decker et al. [2012], Chaudhuri et al. [2013], and Kim and Alexander [2013]. Particularly, wind stress
and precipitation fields show nonnegligible discrepancies that can result in large uncertainties in the ocean
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circulation [Chaudhuri et al., 2013]. Consequently, the magnetic field, which is induced by ocean circulation,
also contains errors due to atmospheric forcing. Additional uncertainties are introduced by errors in the
ambient geomagnetic field and in the sediment conductivity, which also arise due to varying modeling
approaches [see e.g., Lowes, 2000; Thébault et al., 2015] or the application of heuristic methods [e.g., Everett
et al,, 2003], respectively. Uncertainties in the modeling of the conductivity structure underneath the ocean
and oceanic sediments may also influence the modeling of ocean-induced magnetic signals. However, due
to the model approach used in this study (see section 2.1.2), the source of uncertainty in the mantle of the
Earth is not considered in this study.

In this paper, the robustness of modeling the motionally induced magnetic field is systematically studied by
investigating the influence of uncertainties in the modeling approach. This is accomplished by performing a
set of ensemble simulations that incorporate different scenarios for error approximations. In this paper, the
motionally induced magnetic field is calculated by coupling an ocean global circulation model and an elec-
tromagnetic induction model (see section 2.1). The combination of these two models was already used by
Irrgang et al. [2016] and builds the basis for the ensemble experiments in this study. In particular, the focus
of this study lies on magnetic signals, which originate from large-scale ocean circulation patterns and which
are apparent at both sea surface and satellite altitude. Both models utilize additional input data, i.e., atmos-
pheric forcing, ambient geomagnetic field, and oceanic sediment conductivity (see section 2.1). The inter-
mediate objectives of this study are (1) the approximation of the major introduced error budgets by error
covariance matrices, (2) the calculation of the aggregated uncertainty in the modeling of motional induc-
tion, and (3) the identification of spatiotemporal patterns in the motionally induced magnetic field that are
robust with respect to introduced uncertainties.

This paper is structured as follows. In section 2, the ocean model and the electromagnetic induction model
are described. The setup of the ensemble simulations and the utilized data are depicted and the experiment
design is explained (objective 1). The results are presented and discussed in section 3 (objectives 2 and 3).
A summary and final conclusions are given in section 4.

2. Methodology

2.1. Model Setup

2.1.1. Global Ocean Model

The global ocean circulation is modeled with the Ocean Model for Circulation and Tides (OMCT) [Thomas
et al., 2001]. OMCT is a baroclinic model which incorporates nonlinear balance equations for momentum,
the continuity equation, and conservation equations for heat and salt. A resolution of 1.875° in longitude
and latitude and 13 layers in the vertical are used. The time stepping is set to 30 min. Additionally, the Bous-
sinesq and the hydrostatic approximations are applied. Artificial mass changes due to the Boussinesq
approximation are corrected, as suggested by Greatbatch [1994]. The model is forced with heat-flux, wind
stress, surface-pressure, precipitation, and evaporation. The forcing is provided by 6-hourly ERA-Interim
reanalysis products from the European Centre for Medium-Range Weather Forecasts (ECMWF) [Dee et al.,
2011]. Since this study focuses on motional induction due to ocean circulation, ocean tides are not consid-
ered in this configuration of the OMCT.

The OMCT is used in several studies [e.g., Dobslaw and Thomas, 2007; Dostal et al.,, 2012; Dobslaw et al.,
2013; Saynisch et al.,, 2014; Irrgang et al., 2016] and is considered to realistically resolve the main features of
ocean global circulation. In the current configuration, the OMCT does not resolve small-scale features, which
also affect motional induction in the ocean [e.g., Lilley et al., 1993]. However, due to smoothing effects by
the upwardly continuation to satellite altitude, small-scale features that are visible in the motionally induced
magnetic field at sea surface are blurred with increasing height [Vennerstrom et al., 2005; Manoj et al., 2006].
Therefore, the used resolution is justifiable, since the focus of this study lies on the large-scale features that
are apparent at both sea surface and satellite altitude.

2.1.2. Electromagnetic Induction Model

The electromagnetic induction model calculates the radial component of the primary motionally induced
poloidal magnetic field. The poloidal component of the motionally induced magnetic field reaches outside
the ocean and can be calculated at sea surface and satellite altitude. The focus of this study solely lies on
the oceanic induced magnetic signals, which directly originate from large-scale ocean global circulation

IRRGANG ET AL.

MOTIONAL INDUCTION ENSEMBLE SIMULATIONS 2



28

Chapter 3. Ensemble simulations of the ocean-induced magnetic field

@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC011633

and which can, in principle, be measured outside the ocean. Therefore, the primary toroidal component of
the oceanic induced magnetic field is not considered in this study, as it is confined to the ocean. Likewise,
secondary poloidal magnetic signals, which are generated by coupling effects of the primary toroidal signal
and large conductivity contrasts at continental borders [Dostal et al., 2012; Szuts, 2010], are not considered.

The model utilizes a 2-D induction equation and follows a similar approach as described in Vivier et al.
[2004] and Tyler et al. [1997]. The ocean basin is approximated by a thin horizontal shell which contains
conductivity-weighted and subsequently depth-integrated horizontal ocean flow velocities. Vertical ocean
flow velocities are neglected. The atmosphere and upper mantle are treated as insulators [Vivier et al., 2004;
Parkinson and Hutton, 1989]. The thin shell is allowed to include an underlying layer of conductive sedi-
ments. Therefore, a global sediment conductance map has been derived using the method described by
Everett et al. [2003] and sediment thicknesses obtained from Laske and Masters [1997]. Based on Ampere’s
Law and Ohm's Law, the induced electric currents in the thin shell are given by an electric stream function
Ve, which leads to a scalar model equation [Vivier et al., 2004]:

V- (Z7'V,)=V - <2’1F2J. aquz>. (1)
h

Here h is the variable height of the thin shell according to the bathymetry, X is the depth-integrated con-
ductivity of the water column and underlying sediments, ¢ is the conductivity at a given point (¢, 9, 2), F, is
the radial part of the ambient geomagnetic field, and uy, is the horizontal ocean flow velocity. F, is derived
from the POMME-6 Magnetic Model of the Earth [Maus et al., 2010] and uy is prognostically calculated with
the OMCT. The poloidal oceanic induced magnetic field b, is derived from the stream function . using
spherical harmonic expansion:

oo -
b9, 0.1)=3 D2 200, (O 1), 0) @

mom=% "’

Here ¢ and ¥ are longitudinal and colatitudinal coordinates on the sphere, 1 is the permeability of free
space, a is the Earth’s radius, r is the height above sea level, and V/;, and Yjn(¢$,?) are the spherical har-
monic coefficients and functions. The indices j and m are degree and order of the spherical harmonics. The
spherical harmonic coefficients are calculated as described by Driscoll and Healy [1994]. The degree and
order of the spherical harmonic expansion jay is limited to 47, in order to prevent aliasing effects due to
grid transformations [Driscoll and Healy, 1994].

2.2. Ensemble Simulations

The input data that are utilized to initialize and force the two described models contain uncertainty and
error correlation. The sources of these uncertainties are manifold and affect both the initial state of the
model and the trajectory of the model. To estimate these uncertainties and their effect on the motionally
induced magnetic field, an ensemble-based model approach is carried out, as suggested by Evensen [1994].
The ensemble members, i.e., the model realizations, differ from each other by the initial OMCT model state
Xo, Wind stress, geomagnetic field, and sediment conductance (see Figure 1). The spread of the ensemble,
i.e, the cross-ensemble variance, arises due to these different initial states and the respective response of
the model dynamics to the forcings. The analysis of the ensemble spread allows to quantify amount, spatial
patterns, and the temporal evolution of the uncertainty of the motionally induced magnetic field.

The ensemble and its initial spread are generated from the initial model error, which is represented by the
error covariance matrix Po. Since the error covariance matrix of an ocean general circulation model (OGCM)
is high-dimensional, a reduced-rank approximation of the error covariance matrix P, (in decomposed form)
is utilized, i.e.,

Po == VoUoV§ = P. €)

This low-rank approximation only considers the r largest eigenmodes of the covariance matrix P,. More spe-
cifically, an error subspace is defined by the most significant directions of uncertainty [Nerger et al., 2005].
Consequently, the r X r diagonal matrix Uy contains the r largest eigenvalues of Py and the n X r matrix V,
contains the corresponding eigenvectors. This projection onto an error subspace allows the usage of (usu-
ally) much smaller ensemble sizes to sample P, realistically [Nerger et al., 2007]. Consequently, an ensemble
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Figure 1. Sketch of the ensemble simulation setup.

{X¢,--,x5"1} of minimum size is generated from the r largest eigenmodes by second-order exact sampling
[Pham, 2001]:

Xg=xo+Vr+1eCh(Q5)", @
for a=1,...,r+1. The matrix G, is chosen such that Uy=C]Co and Qy is a (r + 1) X r random matrix chosen
such that the columns are orthonormal to each other and orthogonal to the vector (1,...,1)". (Q])® is the

ath column of Q). This construction ensures that the statistics of the ensemble replicate the initial model
error (in second-order exact sense), i.e.,

N 1 r+1 Yy — -
— L y0 L
Po—r+1;(xo X§)(xg=x5) - &)
The cross-ensemble mean X represents the best estimate of the model state. The notation of the ensemble
generation follows Nerger et al. [2005], who also provide additional information on the mathematical

background.

This approach leads to a systematically generated ensemble of model trajectories (see Figure 1). In this
study, an ensemble size of 16 is used. Larger ensemble sizes did not change the results. The state vector xq
is chosen to consist of the following components that are (directly and indirectly) necessary to calculate the
motionally induced magnetic field (cf. equation (1)): 3D-fields of zonal ocean flow velocity u, meridional
ocean flow velocity v, salinity S, ocean temperature T; and 2D-fields of zonal wind stress t,, meridional wind
stress 1,, radial component of the ambient geomagnetic field F,, and oceanic sediment conductance X.q
(as a part of X). The components u, v, S, and T are dynamically simulated with the OMCT, whereas 1, 1y, F,,
and Z.q are added via input data. 7, 7, F,, and Z.q are included in the state vector to account for errors in
the input data. The forcings (t,, 7y, F, and Zs.q) of all ensemble members differ according to equation (4).
Consequently, a specific field (depending on the error scenario) is added to the read-in forcings for each
ensemble member (see yellow boxes in Figure 1 and Saynisch et al. [2014]). t,, 7,, and their errors are
assumed to vary in time, whereas F,, Z¢.q, and their errors are assumed to be constant in time. The initial
state of each ensemble member is propagated through time with the full nonlinear ocean model and the
respective forcings (dark blue box in Figure 1). The initial variance, i.e., the initial spread, of this ensemble
equals (in second-order exact sense) to the prescribed uncertainties in P, (see error scenarios in the
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following section). Note that due to the nonlinearity and internal dynamics of the ocean model, even small
differences between the initial state of two ensemble members can eventually lead to very large differences
between the two trajectories.

2.3. Experiment Design

The truncated error covariance matrix Py characterizes the main uncertainties in the input data and in the
initial state of the ocean model. The estimation of realistic values for f’o is a challenge. Therefore, three
experiments with different error scenarios, i.e., different error covariance matrices, are performed over
the simulation period of 1 year. The wind stress forcing has deficiencies on spatial and temporal scales.
Compared to the wind stress values, the errors easily exceed 20% and often reach maxima as large as the
modeled stress itself [Chaudhuri et al., 2013]. It is expected to introduce a major source of (temporally vari-
able) error [see also Saynisch et al., 2014].

The first experiment is called ONE-FORC. In ONE-FORC, it is assumed that eventually the atmospheric forcing
can be completely wrong. The temporal covariances are calculated from the ERA-Interim atmospheric forc-
ing data for wind stresses 7, and t,. This atmospheric forcing data set is the same that forces the OMCT.
Consequently, P, contains the temporal covariances of 7, and 1, that force the ocean model.

The second experiment is called TWO-FORC. The Climate Forecast System Reanalysis (CFSR) [Saha et al.,
2010] product from the National Centers for Environmental Prediction (NCEP) is used as an additional
atmospheric data set. To estimate the errors, the CFSR and the ERA-Interim wind stresses are subtracted
from each other to gain a daily data set of differences between the two reanalysis products. Consequently,
P, contains the temporal covariances of this data set of differences. Unlike the ONE-FORC experiment, the
TWO-FORC experiment also accounts for uncertainties that arise from fundamental distinctions between
the two reanalysis products.

ONE-FORC and TWO-FORC are extreme cases of a range of error estimation techniques. Both are commonly
used [e.g., Evensen, 1994; Pham et al., 1998; Nerger et al,, 2006; Saynisch and Thomas, 2012; Saynisch et al., 2014].

The third experiment is called NO-FORC. In this experiment, it is assumed that the atmospheric forcing is
correct, i.e., no source of error is introduced into the modeling by the atmospheric forcing. Therefore, the
NO-FORC experiment describes the influence of uncertainties in the oceanic sediments and in the geomag-
netic field in the overall error budget. In contrast to ONE-FORC and TWO-FORC, the added term \/r+_1V0C£
(Qg)(“) in equation (4) is set to zero for the wind stress components , and 1, in all 16 realizations of the
state vector x3. Consequently, the uncertainties in the wind stresses are neither considered for the spanning
of the initial state ensemble, nor during the model propagation.

The entries of the error covariance matrices in each experiment vary due to different estimates of uncertain-
ties in the wind stress components of the atmospheric forcing. To account for possible temporal variations
in the wind stress uncertainty, the error covariance matrices are computed on a monthly basis for each
experiment. Utilizing a single annual error covariance matrix could lead to a wrong ensemble spread. In this
case, uncertainties that are only present during a certain time period of the year can influence the spread of
the ensemble over the whole simulation period. A set of monthly error covariance matrices allows to esti-
mate the spatial and temporal (e.g., seasonal) occurrence of uncertainties more flexibly and accurately. Each
monthly error covariance matrix is calculated from a 3 month time interval of daily anomalies. For example,
the error covariance matrix of January is calculated from the temporal covariances of the time interval
December-January-February. A 3 month time interval ensures a sufficiently large sample size for the calcu-
lation of the temporal covariances. The time intervals of two consecutive error covariance matrices partly
coincide. This overlap ensures a smooth transition between the monthly covariances.

The contribution to the uncertainties in F, and X4 is identical for all three experiments. The covariance of
F, is derived from the secular variation of the ambient geomagnetic field. The influence of the uncertainty
in the ambient geomagnetic field is considered to be negligible in the context of this study. Maus et al.
[2010] estimate a root mean square uncertainty of 1.3 nT for the main geomagnetic field (up to 65,000 nT)
and 26 nT/a for the secular variation. The authors state that a significant accumulation of these errors and
resulting effect on motional induction in the ocean is only expected for longer time scales, e.g., decadal or
millennial time scales. Nevertheless, the uncertainty of F, is considered in order to ensure consistency of the
experiment design. For the sediment conductance, few information are available that can be utilized for
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Figure 2. Signal-to-noise ratios (dB) of the estimated uncertainties in the input data used for the January covariance matrices of ONE-
FORC, TWO-FORC, and NO-FORC.

estimating the uncertainty. Here five sediment conductivity distributions are mapped to three layers of sedi-
ment thicknesses (obtained from Laske and Masters [1997]) with respect to the heuristic method described
by Everett et al. [2003], i.e. (upper layer, middle layer, lower layer): (0.8,0.8,0.02) Sm™', (0.6,0.8,0.02) Sm™',
(0.8,0.6,0.02) Sm~', (0.8,0.8,0.01)Sm™" and (0.7,0.7,0.02) Sm™". The results are five different oceanic
sediment conductance maps. Next, ten pairwise differences are calculated between the sediment conductance
maps. Py contains the error covariances over these error differences.

The estimated uncertainties in the input data of 7, 7, F,, and X4 are shown for the January covariance
matrices of the ONE-FORC, TWO-FORC, and NO-FORC experiments in Figure 2. The values show signal-to-
noise ratios [e.g., Helstrom et al., 2013] between the absolute estimated uncertainty (noise) as described
above, and the mean values (signal) of the input data over the 3 month time interval (December-January-
February). The signal-to-noise ratios are calculated on a logarithmic scale according to

. Iz
10-10g 10 (S'gf‘az) ©)
noise

In this sense, 0 dB is equivalent to 100% noise, 20 dB is equivalent to 10% noise, and 40 dB is equivalent to

1% noise. In contrast to the calculation of percentage fractions ?.Z'Sfu signal-to-noise ratios circumvent
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Figure 3. (left) Ensemble mean of the motionally induced magnetic field and (right) zonal mean curves of the 16 motionally induced mag-
netic field ensemble members of the ONE-FORC experiment. All values are annual mean values at the sea surface (nT).

singularities when the signal strength is equal to zero. On a global scale, the uncertainties in the wind stress
of ONE-FORC and TWO-FORC show similar spatial patterns (Figure 2, top and middle). In many regions, the
ONE-FORC wind stress uncertainty is 2 orders of magnitude larger than the TWO-FORC uncertainty. Due to
the consideration of two different reanalysis data sets, the wind stress uncertainty shows much noisier pat-
terns in TWO-FORC than in ONE-FORC. The estimated wind stress uncertainties derived for the remaining
monthly covariance matrices (February-December) differ according to the wind stress dynamics in the
respective time intervals. Compared to the wind stress, the uncertainties in the oceanic sediments and in
the geomagnetic field are generally low with signal-to-noise ratios mostly below 10% for the oceanic sedi-
ments and below 1% for the geomagnetic field (Figure 2, bottom).

Consistent with the atmospheric forcing covariance matrix of January, the uncertainty of the initial state of
the OMCT (u, v, S, T) is sampled by the respective covariances from the enclosing time interval December-
January-February. The motionally induced magnetic field of each ensemble member and the spread of the
ensemble are calculated and stored once per day. The relative amount of uncertainty in the motionally
induced magnetic field is calculated by deriving daily signal-to-noise ratios between the ensemble mean of
the motionally induced magnetic field (signal) and the ensemble spread (noise).

3. Results and Discussion

3.1. Annual Mean and Maximum Uncertainties

The annual ONE-FORC ensemble mean of the motionally induced magnetic field at the sea surface is
depicted in Figure 3 (left). The mean signal strength lies in the range of =4 nT and matches with results
from previous studies [e.g., Manoj et al., 2006]. The strongest signals are generated by the Antarctic Circum-
polar Current in the southern hemisphere. Due to the shape of the radial component of the geomagnetic
field of the Earth F, [e.g., see Kuvshinov, 2008, Figure 24], two characteristic large-scale features occur in the
South Pacific Ocean (positive values) and in the South Indian Ocean (negative values). To visualize and com-
pare all 16 ensemble members, zonal mean curves are calculated from the 16 annual mean fields. These are
depicted in Figure 3 (right) and show the zonally averaged ocean-induced magnetic field of each ensemble
member in dependency of the latitude. The zonal mean curves show similar patterns and latitudinal posi-
tions of the peak values. However, distinct variations in the peaks of the zonal mean curves are apparent.
Additionally, due to the internal dynamics and nonlinearity of the ocean model, the zonal mean curves are
not parallel shifted to each other, but strongly interwoven. The zonal mean curves of the ensemble mem-
bers of the TWO-FORC experiment show similar patterns, but the variations between the zonal mean curves
are much smaller (not shown). Hereafter, the causes of these high and low variations in the ONE-FORC and
TWO-FORC ensemble spreads are discussed, as well as their spatial distribution and temporal evolution.
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Figure 4. (left) Annual mean and (right) annual maximum ONE-FORC ensemble spread (nT) of the motionally induced magnetic field.

The annual mean and maximum ensemble spreads of the ONE-FORC and the TWO-FORC experiments are
shown in Figures 4 and 5. For the sake of comparability, the mean and maximum plots are shown using the
same color bar that originates from the respective annual mean value range.

The annual mean ONE-FORC ensemble spread of the motionally induced magnetic field ranges from 0 to
0.4 nT. The highest values occur in the area of the Antarctic Circumpolar Current. More specifically, the areas
with the largest ensemble spread occur where also the largest magnetic field strength is generated (com-
pare the left plots of Figures 3 and 4). In the South Pacific Ocean and the South Indian Ocean, large-scale
patterns with an ensemble spread between 0.2 and 0.4 nT are visible. Additional features in the range of 0.1
and 0.2 nT occur in the Indian Ocean, east and north-east of Australia, in the North Pacific Ocean (between
30°N and 60°N) and in the North Atlantic Ocean. As shown in Figure 4, the annual mean and maximum val-
ues of the ONE-FORC ensemble spread show similar features. However, the values of the annual maximum
ensemble spread are much higher and range from 0 to 0.7 nT. Again, the peak values are found in the area
of the Antarctic Circumpolar Current with values between 0.3 and 0.7 nT in the South Indian Ocean and
between 0.3 and 0.5 nT in the South Pacific Ocean. The features in the Indian Ocean, east and north-east of
Australia, in the North Pacific Ocean, and in the North Atlantic Ocean also show relatively high values in the
range of 0.25-0.35 nT.

The annual mean and maximum TWO-FORC ensemble spreads show much lower values and different spa-
tial patterns as compared to the ONE-FORC experiment (see Figures 4 and 5). The annual mean ensemble
spread of the motionally induced magnetic field ranges from 0 to 0.1 nT. As in the ONE-FORC experiment,
the highest values occur in the Antarctic Circumpolar Current. In contrast to the spatial distribution of the
ensemble spread in the ONE-FORC experiment (Figure 4, left), the spatial features on the northern hemi-
sphere and in the equatorial region are much more prominent when compared to the strongest features in
the area of the Antarctic Circumpolar Current (Figure 5, left). This becomes even more apparent when com-
paring the annual maximum ensemble spreads of the ONE-FORC and TWO-FORC experiments (right plots
of Figures 4 and 5). The strongest features of the maximum TWO-FORC ensemble spread range from 0.1 to
0.15 nT in the western and southern Pacific Ocean and from 0.1 to 0.2 nT in the South Indian Ocean.

Annual mean Annual maximum

Figure 5. (left) Annual mean and (right) annual maximum TWO-FORC ensemble spread (nT) of the motionally induced magnetic field.
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Figure 6. Seasonal mean ONE-FORC ensemble spread (nT) of the motionally induced magnetic field.

In the NO-FORC experiment, the results show only a marginal ensemble spread of the motionally induced
magnetic field (not shown). This corresponds to a small influence of the combined uncertainties in the
oceanic sediments and in the geomagnetic field on the ocean-induced magnetic field. In many areas, the
NO-FORC ensemble spread is 1 order of magnitude smaller than the TWO-FORC ensemble spread. High-
value patterns in the NO-FORC ensemble spread lie in the range of 0.02-0.05 nT. In comparison to ONE-
FORC and TWO-FORC, the NO-FORC ensemble spread is considered to be negligible.

As a result, it is concluded that uncertainties in the wind stress components of the atmospheric forcing are
the major source of the uncertainties in the motionally induced magnetic field (with respect to the consid-
ered error budgets, as described in section 2.3).

The differences in the strength and spatial patterns between the ONE-FORC and the TWO-FORC experi-
ments can be explained by the different assumptions for the calculation of the error covariance matrices
(see section 2.3 and Figure 2). In the ONE-FORC experiment, the uncertainty in the wind stress is approxi-
mated by the temporal variances and covariances of the respective time series. As a consequence, the intro-
duced uncertainties are probably overestimated. In the TWO-FORC experiment, the error covariances are
based on the differences between the CFSR and ERA-Interim atmospheric forcing data sets. Ideally, these
differences account for various uncertainties in the wind stresses, e.g., errors in the atmospheric modeling,
errors due to numerical schemes, errors due to different spatiotemporal availability of observational data, or
errors due to different data assimilation schemes. Both the ERA-Interim and the CFSR data sets are reanaly-
sis products that merge atmospheric models and observations. The observations are assimilated by a 4DVar
scheme into the ERA-Interim product [Dee et al., 2011] and by a 3DVar scheme into the CFSR product [Saha
et al., 2010]. Decker et al. [2012] have shown that the two reanalysis products exhibit many differences on
varying spatiotemporal scales and, in particular, at regional spatial scales. In principle, large uncertainties in
specific regions in the atmospheric forcing can create large uncertainties in the ocean circulation patterns
in the respective regions [Chaudhuri et al., 2013]. However, on a global scale and during the considered
time scales in this study, the differences between ERA-Interim and CFSR wind stresses in the TWO-FORC
experiment lead to a small ensemble spread of the motionally induced magnetic field. The consideration of
additional atmospheric forcing data sets could further enhance the error budget and cover more error sour-
ces. In this context, the TWO-FORC ensemble spread probably provides an underestimated uncertainty in
the motionally induced magnetic field. In summary, it can be concluded that the ONE-FORC and TWO-FORC
experiments yield first upper and lower limits (i.e,, a reasonable range) of the uncertainty in the motionally
induced magnetic field.
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Spring mean Summer mean

Figure 7. Seasonal mean TWO-FORC ensemble spread (nT) of the motionally induced magnetic field.

3.2. Seasonal Variations in the Uncertainties

The effect of annual and seasonal variations in the introduced uncertainty can also be investigated. The sea-
sonal variations of the ONE-FORC and TWO-FORC ensemble spreads are depicted in Figures 6 and 7. The
four plots show mean values over 3 month intervals that are calculated from the daily ensemble spread
time series (spring: March-April-May, summer: June-July-August, autumn: September-October-November,
and winter: December-January-February).

The ONE-FORC ensemble spread and its spatial distribution show large seasonal variations (Figure 6). The
largest values occur in the area of the Antarctic Circumpolar Current during the summer season. Two major
patterns are apparent in the South Indian Ocean and in the South Pacific Ocean. In the South Indian Ocean,
peak values of up to 0.6 nT occur. In the South Pacific Ocean, the major pattern shows values between 0.2
and 0.4 nT. During the autumn season, the mean ONE-FORC ensemble spread shows a general decrease
in the southern hemisphere. The major feature in the South Indian Ocean is still visible and reaches peak val-
ues of up to 0.5 nT. In the South Pacific Ocean, peak values up to 0.3 nT occur. The lowest ONE-FORC ensem-
ble spread in the southern hemisphere occurs during the winter season. The major feature that is visible in
the South Indian Ocean during the summer and autumn seasons is absent in the winter season. The highest
values reach up to 0.3 nT in the South Indian Ocean and up to 0.2 nT in the South Pacific Ocean. In the spring
season, the mean ONE-FORC ensemble spread increases again. In contrast to the seasonal changes in the
southern hemisphere, the mean ONE-FORC ensemble spread shows converse seasonal variations on the
northern hemisphere. The lowest mean ONE-FORC ensemble spread is apparent during the summer season
with peak values below 0.1 nT. The highest mean ONE-FORC ensemble spread is visible during the winter sea-
son with peak values up to 0.2 nT in the North Pacific Ocean. In summary, the ONE-FORC ensemble spread
shows distinct seasonal variations with peak values during the summer season in the southern hemisphere
(ACC region) and during the winter season on the northern hemisphere (Kuroshio region).

The TWO-FORC ensemble spread shows a much more static behavior in both the seasonal variations and its
spatial distribution (Figure 7). The values for all seasons lie in a comparable range of up to 0.1 nT. In all four
seasons, similar patterns with peak values up to 0.1 nT are visible in the South Indian Ocean, south-east of
Greenland, and north-east, east, and south-east of Australia. Additional features with values around 0.05 nT
are visible throughout all seasons in the Indian Ocean, West Pacific Ocean, South-east Pacific Ocean, North
Atlantic Ocean, and east of the Drake passage.
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Figure 8. Seasonal mean ONE-FORC signal-to-noise ratio (dB) of the motionally induced magnetic field signal (S) and the ensemble spread (N).

3.3. Signal-To-Noise Ratios of the Motional Induction

In order to put the previously described absolute uncertainty in relation to the motionally induced
magnetic field, daily signal-to-noise ratios of the signal strength (Figure 3, left) and the ensemble spreads
(Figures 6 and 7) are calculated as described in section 2.3. The signal-to-noise ratios of the ONE-FORC
and TWO-FORC experiments are shown in Figures 8 and 9. In accordance with the seasonal depiction of

Spring mean Summer mean

Figure 9. Seasonal mean TWO-FORC signal-to-noise ratio (dB) of the motionally induced magnetic field signal (S) and the ensemble spread (N).
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the ONE-FORC and TWO-FORC ensemble spreads, the signal-to-noise ratios also are subdivided into four
seasonal mean maps. Both figures show signal-to-noise ratios of up to 40 dB on a logarithmic scale. High
values correspond to a low fraction of noise in the signal, i.e., a small relative ensemble spread. The cho-
sen maximum value of 40 dB corresponds to a signal-to-noise ratio of 100, i.e., a relative uncertainty of
1% in the motionally induced magnetic field. Negative values indicate areas where the ensemble spread
is larger than the signal strength.

On a global scale, the seasonal mean ONE-FORC and TWO-FORC signal-to-noise ratios show a distinct parti-
tion with low values on the northern hemisphere and high values in the southern hemisphere. This pattern
can be explained by the structure of the ocean global circulation induced magnetic field (Figure 3). In par-
ticular, the two major features of the motionally induced magnetic field are visible as high-value regions in
the South Indian Ocean and in the South Pacific Ocean (compare Figure 3 with Figures 8 and 9). In these
areas, the highest signal-to-noise ratios occur.

The highest ONE-FORC signal-to-noise ratios lie in the range from 15 to 25 dB in the South Indian Ocean
and from 10 to 25 dB in the South Pacific Ocean (Figure 8). The lowest ONE-FORC signal-to-noise ratios in
the range of —5 to 10 dB occur in equatorial regions, North Indian Ocean, North Pacific Ocean, and North
Atlantic Ocean. Some regions gain particular interest, as they retain a signal-to-noise ratio of around 20 dB
or higher throughout all seasons, i.e., in the South Indian Ocean, around Japan, in the South Pacific Ocean
around New Zealand, in the Mediterranean Sea, and east of the Drake Passage.

As described in section 3.2, the TWO-FORC ensemble spread is much smaller than the ONE-FORC ensemble
spread. Consequently, higher TWO-FORC signal-to-noise ratios occur in all regions (Figure 9). Peak values in
the range of 25-40 dB are found to occur in the South Indian Ocean, South Pacific Ocean, and South Atlan-
tic Ocean. These patterns show a general match with the areas of highest ONE-FORC signal-to-noise ratios
in the southern hemisphere. Large-scale features with a low signal-to-noise ratio in the range between 5
and 15 dB are visible in the North Indian Ocean, northern equatorial region of the Atlantic and Pacific
Ocean, North Pacific Ocean, and south-east of Greenland. As in the ONE-FORC experiment, some regions
retain a low uncertainty throughout the year, e.g., in the South Indian Ocean, in the area of the Kuroshio
Current, in the South Pacific Ocean, east of the Drake Passage, and in the South Atlantic Ocean.

The presented results reveal spatiotemporal patterns that are either highly or minimally sensitive toward
the introduced uncertainties. Although the ONE-FORC and TWO-FORC ensemble spreads (Figures 6 and
7) show by far the largest range in the area of the Antarctic Circumpolar Current, the ONE-FORC and
TWO-FORC signal-to-noise ratios show the lowest amount of noise in these areas (Figures 8 and 9). The
exact opposite is found in many regions on the northern hemisphere. These results are due to the spatial
distribution of the signal strength of the motionally induced magnetic field (Figure 3). The Antarctic Cir-
cumpolar Current is the strongest ocean current and generates the largest magnetic signals (Figure 3).
In turn, the large ONE-FORC ensemble spread in these areas (Figure 4) result in a large signal-to-noise
ratio of the magnetic field. On the contrary, even the small TWO-FORC ensemble spread (Figure 5)
results in a considerable small signal-to-noise ratio of the magnetic field on the northern hemisphere
(Figure 9).

The results of this study suggest that the aggregated influence of the various introduced uncertainties on
motional induction in the ocean is very diverse. However, despite the varying assumptions for the uncer-
tainty in the atmospheric forcing, the ONE-FORC and TWO-FORC experiments show coinciding regions
where the signal-to-noise ratios remain either large or small throughout all seasons. These regions are iden-
tified as either nonsensitive or sensitive toward the introduced uncertainties. Especially the nonsensitive
areas, i.e., regions in which the uncertainty in the motionally induced magnetic field remains low, are of
interest. Regions in which the modeled motionally induced magnetic field is found reliable (within uncer-
tainty limits) allows the most reasonable comparison with observational data. Also the assimilation of obser-
vational data into a model is most promising in regions of a low and well-known uncertainty. As described
in section 3.1, the derived ONE-FORC and TWO-FORC uncertainties describe upper and lower limits of a real-
istic range of the uncertainties. In the setting of this study, the main contribution is caused by the wind
stress from the atmospheric forcing. To further narrow the presented range of uncertainties, additional con-
straints for the error budgets in the atmospheric forcing need to be included in the error covariance
matrices.
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4, Summary and Conclusion

The modeling of the ocean global circulation induced magnetic field is affected by various errors that are
introduced through input data and modeling deficiencies. In this study, ensemble simulations over one
annual cycle are carried out to estimate the uncertainty in the modeling of the magnetic field that is
induced by ocean global circulation. Both spatial patterns and seasonal variations of the uncertainty in the
so-called motionally induced magnetic field are investigated. Furthermore, distinct regions are identified in
the motionally induced magnetic field, which are only minimally sensitive toward introduced uncertainties.

To calculate the motionally induced magnetic field, a one-sided coupling of an ocean global circulation
model and an electromagnetic induction model is used. The initial state and its prescribed uncertainty are
assumed to resemble a normal probability density distribution, which is sampled by an ensemble of model
realizations. The ensemble mean and spread are generated systematically and approximate the error statis-
tics of the initial probability density distribution. To span this ensemble, error covariance matrices are calcu-
lated, which account for error budgets in zonal ocean flow velocity, meridional ocean flow velocity, zonal
wind stress, meridional wind stress, ocean temperature, salinity, radial component of the ambient geomag-
netic field, and oceanic sediment conductance. The analysis of the ensemble spread allows to investigate
the aggregated effect of the introduced uncertainties on the motional induction. In addition, the predomi-
nant source of uncertainty is identified.

The global annual mean ensemble spread of the motionally induced magnetic field ranges from 0.1 to 0.4
nT. The largest mean values occur in the area of the Antarctic Circumpolar Current, especially in South
Indian Ocean and in the South Pacific Ocean. The largest annual maximum ensemble spread reaches values
in the range of 0.2-0.7 nT in the South Indian Ocean. In the South Pacific Ocean, the largest annual maxi-
mum ensemble spread reaches values in the range of 0.15-0.5 nT. In these areas, the relative amount of
uncertainty (signal-to-noise ratio between the signal strength of the motionally induced magnetic field and
its ensemble spread) lies in the range of 1%-10%. However, on the northern hemisphere, the overall smaller
ensemble spreads result in much higher signal-to-noise ratios. In particular, large-scale regions with signal-
to-noise ratios of 30% or higher occur in the North Indian Ocean, North Pacific Ocean, and North Atlantic
Ocean. The described range of uncertainty in the motionally induced magnetic field is found to predomi-
nantly originate from the uncertainty in the wind stresses that force the wind-driven ocean circulation.

The experiments demonstrate that the motionally induced magnetic field reacts very sensitively toward
introduced uncertainties. Nevertheless, some regions appear to be minimally sensitive, i.e., a small uncer-
tainty is retained throughout all simulation experiments. These regions are found to occur in the South
Indian Ocean, South Pacific Ocean, around Japan, and in the South Atlantic Ocean.

Motionally induced magnetic fields may be utilized as indirect observations of ocean global circulation. To
understand the spatiotemporal behavior of the induced magnetic field, the numerical modeling of this pro-
cess is essential. This study highlights that the modeling of motional induction due to ocean global circula-
tion is subject to various errors. For many applications, the knowledge about uncertainties in the modeling
is crucial, e.g., the comparison of observational data and model results, or for data assimilation purposes. In
this context, the revealed minimally sensitive patterns in the oceanic induced magnetic field may serve as
candidate regions for promising future studies of motional induction in the ocean. The inclusion of addi-
tional error budgets may further constrain the range of a realistic estimation of the uncertainty in the
motionally induced magnetic field (e.g., error information on conductivity structures in the mantle of the
Earth).
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Context

The physical characterization of the ocean circulation induced magnetic field (first study
in chapter 2) together with the estimation of the signal uncertainties (second study in
chapter 3) form the two main pillars for designing and performing the first motional in-
duction data assimilation experiments. The applied data assimilation technique is based
on an ensemble Kalman filter (Kalman, 1960; Evensen, 1994, 2003). Kalman filters utilize
statistical and stochastic approaches to correct a numerical model. In contrast to varia-
tional data assimilation techniques (e.g., 4DVar, Bouttier and Courtier, 1999), which often
rely on the development of an adjoint model, a Kalman filter can be implemented into
the motional induction model combination in a convenient way. The combination of the
ocean general circulation model and the electromagnetic induction model (chapter 2) is
now utilized as an observation operator of motional induction in the assimilation scheme.
The ensemble generation is performed by utilizing the monthly error covariance matri-
ces that were calculated in the course of the motional induction uncertainty estimation
(chapter 3). Thereby, the new insights from the previous two studies are tied together

and allow to conduct motional induction data assimilation experiments.

In contrast to now readily separable satellite observations of the tidal induced mag-
netic field from both CHAMP (M2 tide, Sabaka et al., 2015) and Swarm satellite data
(M2 and N2 tides, Sabaka et al., 2016), it remains a challenge to detect the small and
irregular magnetic signals generated by general ocean circulation in satellite observations.
So far, this task has not yet been achieved. Since data analysis and extraction of actual
satellite observations are not in the scope of this project, the lack of data availability is
circumvented by creating a set of model-based artificial and idealized observations of the
ocean circulation induced magnetic field at satellite altitude. These artificial observations
only consider the oceanic contribution to the magnetic field at satellite altitude, assuming
a nearly error-free separability from other magnetic field constituents. These so-called
synthetic observations are utilized in the third study, which is presented in the following

chapter 4. The study design yields several advantages.

First, the principle feasibility of assimilating motional induction satellite observations
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into an ocean general circulation model and the corresponding impact on the ocean model
state can be investigated in a controlled environment. This is essential, as there exist
no published studies on the assimilation of electromagnetic induction signals into an
ocean model. The possible amount of improvement of an ocean model state due to the
assimilation of induced electromagnetic signals is unknown.

Second, the performance of the data assimilation can be accurately measured in a
model-based twin experiment. Since the synthetic observations are drawn from a model-
based representation of the true ocean state, the impact of the assimilation scheme on
the individual ocean state variables, e.g., zonal and meridional velocities, oceanic heat
and salinity distributions, can be calculated. This is of specific interest, as the induced
magnetic field signals are solely a proportionality measure for conductivity-weighted and
depth-integrated ocean velocities (Sanford, 1971). It will be shown that this leads to a
systematic trade-off between improving the ocean model state in the sense of optimally
recovering the depth-integrated and conductivity-weighted velocities and in the sense
of optimally recovering the individual components of the ocean model state, i.e., ocean
velocities, temperature, and salinity.

Third, since all assimilation parameters and model variables are known in a twin ex-
periment with synthetic observations, this setup could also be used to determine minimum
requirements for the quality of actual future satellite observations that are necessary for a
successful data assimilation (e.g., spatial and temporal resolution, measurement precision,
sources of uncertainties, etc.). These potential requirements are important for separating
the ocean induced magnetic field contribution from other magnetic field sources in mag-
netic field observations. Therefore, model-based studies as in the following chapter help
to accelerate the ongoing efforts to also detect ocean circulation induced magnetic signals

in satellite observations.
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4.1 Introduction

Electromagnetic induction in the ocean arises from interactions between the highly con-
ducting salt-water and the ambient geomagnetic field. Sanford (1971) showed that these
motionally induced magnetic signals are to first order proportional to the conductivity-
weighted and depth-integrated ocean velocities. Measurements (e.g., by satellites) of the
induced magnetic signals could serve as additional observations of the general ocean cir-
culation and provide a new opportunity to constrain oceanic water, heat, and salinity
transports in ocean models.

Based on the early pioneering work of Larsen (1968), Sanford (1971), Cox (1981),
Chave (1983), and Chave and Luther (1990), several studies were conducted during the
last two decades that aimed to characterize both tide and circulation induced magnetic
fields by using ocean models. Among others, electromagnetic induction due to the general
ocean circulation was investigated by Stephenson and Bryan (1992), Flosadéttir et al.
(1997), Tyler et al. (1997), Vivier et al. (2004), Manoj et al. (2006), and Irrgang et al.
(2016a). Since tidal induced magnetic signals are now readily extracted from satellite
measurements (Tyler et al. (2003), Sabaka et al. (2016)), practical applications of these
signals were investigated, e.g., probing the conductivity of the lithosphere (Schnepf et al.
(2015)) and detecting long-term changes in the sea-water conductivity due to climate
variability (Saynisch et al. (2016)). The influence of uncertainties and erroneous input
data on the modelling of electromagnetic induction in the ocean was recently analyzed by
Irrgang et al. (2016b).

In this study, we explore a new application of oceanic electromagnetic induction, i.e.,
the correction of an ocean general circulation model by assimilating satellite observations
of the ocean-induced magnetic field. This is especially rewarding for ocean modelling,
since potential magnetic field satellite observations provide integrated information about
ocean flow from the sea surface down to the bottom of the ocean.

ESA’s Swarm mission measures the magnetic field of the Earth with unprecedented
precision. The detection of signals from the general ocean circulation was defined in the
Swarm research objectives (Friis-Christensen et al. (2006)). However, in contrast to the
easier detectable tidal magnetic field (Sabaka et al. (2016)), ocean circulation induced
magnetic signals have not yet been extracted from satellite observations (a review was
presented by Kuvshinov (2008)). Additionally, it is unknown, whether such satellite
observations depict suitable constraints for ocean models, since small-scale features of the
smoothed ocean-induced magnetic field are not visible at satellite altitude (Manoj et al.
(2006)).

A model-based twin experiment is conducted in this study to investigate the potential

of assimilating ocean-induced magnetic field satellite observations into an ocean general
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circulation model. For this, it is assumed that a processed and idealized data product
with motional induction satellite observations exists. The ocean model together with an
electromagnetic induction model are utilized to generate a set of synthetic, i.e., artificial,
and idealized observations in the form of global fields. The observations are disturbed
with Gaussian white noise. The data assimilation is performed with an ensemble-based
Kalman filter. The calculation of the ocean model error covariance matrices bases on
the findings of Irrgang et al. (2016b), whereas the observation error covariance matrix is
estimated from the observation noise level based on the nominal Swarm precision of 0.1
nT (Friis-Christensen et al. (2006), Olsen et al. (2006)). The impact of the assimilation on
the model trajectories is quantified with respect to an unconstrained forward simulation.
This experiment setup allows to analyze and to quantify the Kalman filter impact on
the individual components of the ocean model state in a consistent way. Additionally,
problems arising due to the data assimilation are identified and discussed.

This paper is structured as follows. In section 4.2, the numerical models are described.
The twin experiment setup together with the utilized data assimilation scheme and the
generation of the synthetic observations are illustrated. In section 4.3, the performance
of the data assimilation and the impact on the model results are presented and discussed.

In section 4.4, a summary and conclusions are given.

4.2 Methodology

4.2.1 Model setup
4.2.1.1 Global Ocean model

The general circulation of the world ocean is simulated with the Ocean Model for Circula-
tion and Tides (OMCT, Thomas et al. (2001)). OMCT is a baroclinic free-surface ocean
model and bases on non-linear balance equations for momentum, the continuity equation
and conservation equations for salt and heat. The hydrostatic and the Boussinesq approx-
imations are applied. Artificial mass change caused by the Boussinesq approximation is
corrected as proposed by Greatbatch (1994). According to K-theory, a turbulence closure
scheme is applied by specifying horizontal eddy diffusivity and vertical eddy viscosity
constants, respectively. The longitudinal and latitudinal resolution is 1.875°. OMCT is a
z-model and the vertical is resolved by 13 layers. A time step of 30 minutes is used. OMCT
is forced with wind stress, surface pressure, heat flux, precipitation, and evaporation. The
forcing data is derived from 6-hourly ERA-Interim reanalysis products provided by the
European Centre for Medium-Range Weather Forecasts (ECMWEF, Dee et al. (2011)).

Ocean tides are not simulated with the used configuration of the model.
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In recent studies, OMCT has been used for various purposes (e.g., Dobslaw and
Thomas (2007), Dobslaw et al. (2013), Saynisch et al. (2014), Irrgang et al. (2016a))
and it realistically resolves the main features of the general ocean circulation. Addition-
ally, OMCT is suitable for simulating short times-scales. The model has been operatively
used to simulate sub-monthly ocean bottom pressure anomalies for de-aliasing gravity
observations from the GRACE (Gravity Recovery And Climate Experiment) satellites
(Dobslaw et al. (2013)). The effect of small-scale features in the ocean circulation on the
ocean-induced magnetic field (e.g., Lilley et al. (1993)) is not reproduced by the current
version of OMCT. However, since the aim of this study is the assimilation of synthetic
magnetic field observations at satellite altitude, the resolution of the used models is suf-
ficiently large. Any small-scale features that are present in the ocean-induced magnetic
field near the sea surface are blurred with increasing height due to the smoothing effect
by the upwardly continuation of the induced signal (Vennerstrom et al. (2005), Manoj
et al. (2006)).

4.2.1.2 Electromagnetic induction model

The electromagnetic induction model is used to derive synthetic observations of the ocean-
induced magnetic field at satellite altitude (see section 4.2.2.3). In the data assimilation
scheme it is applied as a global observation operator of the general ocean circulation (see
section 4.2.2.2). The model calculates the radial component of the primary ocean-induced
poloidal magnetic field, which is generated by the large-scale horizontal ocean circulation
and emitted outside of the ocean. The primary toroidal ocean-induced magnetic field com-
ponent (Chave (1983)) and secondary poloidal magnetic signals near continental borders
(Szuts (2010), Dostal et al. (2012)) are not considered in this model.

Based on a 2-D induction equation as described by Tyler et al. (1997) and Vivier et al.
(2004), the electromagnetic induction source is calculated in a thin-shell approximation of
the ocean basin. This thin shell only contains conductivity-weighted and depth-integrated
horizontal ocean velocities and induced electric currents. Vertical ocean flow is neglected
in this approach. The thin shell is supplemented by an underlying layer of conductive
ocean sediments, whereas the atmosphere and upper mantle are treated as insulators
(Parkinson and Hutton (1989), Vivier et al. (2004)). The layer of conductive ocean
sediments is derived by applying a heuristic method described by Everett et al. (2003) to
the sediment thickness maps of Laske and Masters (1997).

In the thin shell, Ampere’s Law and Ohm’s Law are simplified and induced horizontal

electric currents can be expressed by an electric stream function . (Vivier et al. (2004)),
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which is calculated from the scalar model equation

V. (57Ve) = V- <E‘1Fr /h aqur> . (4.1)

Here, h is the variable thickness of the thin shell according to the bathymetry, ¥ is the
depth-integrated conductivity of the water column and underlying sediments, o is the
conductivity at a given point (¢, ¥, z), F, is the radial part of the ambient geomagnetic
field and wy is the horizontal ocean flow velocity. F, is derived from the POMME-6
Magnetic Model of the Earth (Maus et al. (2010)) and wy is prognostically calculated
with OMCT. The ocean-induced magnetic field b is expressed by the gradient of a potential
field P as

b=-VP. (4.2)

Given the non-divergence of the ocean-induced magnetic field, V-b = 0, P can be derived

from 1), through a boundary value problem, i.e.,

V2P (¢, 90,7) =0, (4.3)
P(¢,1,00) =0, (4.4)
P(6,9, -+ ) =~ Sputbl6,0) (4.5

where a is the Earth’s radius, and ( is the sea surface height. The solution for P is given

by a spherical harmonics expansion according to

j+1

P = =3 3 St (4 W00, (16)

Jj= Om——J

Here, ¢ and 9 are longitudinal and colatitudinal coordinates on the sphere, po is the
permeability of free space, a is the Earth’s radius, r is the height above sea level, 1;,, and
Y;m(¢,9) are the spherical harmonic coefficients and functions, respectively. The indices
j and m are degree and order of the spherical harmonics. The global radial component
b, of the ocean-induced magnetic field at satellite altitude is derived from the upwardly

continuation of P to satellite altitude by

h6.0.7) = L P(6.0.1) (47)
=33 M (2) G+ o) 08)

As described in Irrgang et al. (2016a), the maximum degree jq. of the spherical har-

monics expansion is limited to 47 in order to prevent aliasing artefacts during the grid
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transformations.

4.2.2 Data assimilation

4.2.2.1 Kalman filter

Data assimilation aims to combine a numerically calculated state forecast 2/ of a geophys-
ical system with observational data y. Kalman filters (Kalman (1960)) form one class of
data assimilation techniques that sequentially assimilate observations into a model at the
time they become available. At a time ¢ where observations y; are present, an analyzed
state xf is calculated by
@ = ol + K, (y, — H |x] 4.9
Ty =T + K (Y Ti|) - (4.9)

H is the observation operator that projects the estimated state 35{ into the obser-
vation space of y;. Here, H is the electromagnetic induction model that calculates the
ocean-induced magnetic field for the state z at satellite altitude (see section 4.2.2.3).
The matrix K; is the Kalman gain at time ¢ that depends on the error covariance ma-
trices, i.e, uncertainty information, of the ocean model (F;) and of the observations (R;).
Accordingly, a small (large) observation residual y, — H[x]] results in a small (large) up-
date of the model state x{ , which is weighted by the combined uncertainty information.
Subsequently, the analyzed state x{ is propagated through time with the numerical model
until the next observation is available (forecast phase).

In oceanography, data assimilation typically is a high-dimensional problem that in-
volves state forecasts from non-linear models with several thousand entries and cost-
expensive inversions of the respective error covariance matrices. Therefore, ensemble
Kalman filters (Evensen (1994), Evensen (2003)) and their error subspace variants (a
description and comparison are presented in Nerger et al. (2005a)) are commonly used
for efficiently assimilating observations with non-linear and high-dimensional numerical
models (e.g., Pham et al. (1998a), Pham (2001), Saynisch and Thomas (2012), Saynisch
et al. (2014)).

In this study, we use the localized error subspace transform Kalman filter (LESTKF,
Nerger et al. (2012a)) from the parallel data assimilation framework (PDAF, Nerger et al.
(2005b)). The LESTKF is an error subspace ensemble Kalman filter and was constructed
as a variant of the singular evolutive interpolated Kalman filter (SEIK, Pham et al.
(1998b)) that performs minimum ensemble member transformations in the assimilation
step. The exact formalism of equation 4.9 in the LESTKF is given by Nerger et al.
(2012a).

The state forecast =/ contains six components that can be adjusted by the Kalman

filter: 3-D fields of zonal (u) and meridional (v) ocean velocities, ocean temperature (7°),
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ocean salinity (5); and 2-D fields of zonal (7,) and meridional (7,) wind stress forcing.
During the forecast phase, the variables u, v, S,T" are prognostically calculated with the
OMCT, whereas 7, and 7, are read in from input data (see also section 4.2.1.1). Since
Irrgang et al. (2016b) showed that errors in the wind stress forcing have a major impact
on the ocean-induced magnetic field, the forcing fields 7, and 7, are also allowed to be

adjusted in the assimilation step.

The initial state :cg and the uncertainty P, for the simulated month January are sam-
pled by a 32-member ensemble, which is created by second-order exact sampling (Pham
(2001)). Larger ensemble sizes did not change the results of this study. The ensemble
is generated such that the cross-ensemble variance represents the initial uncertainty pro-
vided by the error covariances in Fy. The ensemble members differ from each other by the
initial OMCT state and by the wind stress of the atmospheric forcing. A detailed descrip-
tion of the ensemble generation and the calculation of the initial error covariance matrix
Py is presented by Irrgang et al. (2016b) and is adopted for this study. The observation
error covariance matrix is chosen to be a time-invariant diagonal matrix, i.e., R, = R.
The variances on the diagonal of R are derived from the estimated error in the synthetic
satellite observations (see section 4.2.2.3). All ensemble members are propagated through
time independently with the non-linear ocean model until a new observation is avail-
able. After this forecast phase, the assimilation step (equation 4.9) is performed on the

cross-ensemble mean x{ .

Localized Kalman filters as LESTKF are based on the assumption that only observa-
tions in close proximity to the currently analyzed grid point, or region, have an influence

on the assimilation update (e.g., Evensen (2003)). Therefore, both the mean state fore-

cast x{ and the observation vector y; are decomposed into local components before the

assimilation step. The localization used in this version of LESTKF subdivides the ocean
basin into disjoint vertical columns (1 x 1 x number of vertical grid points). The number
of vertical columns is equal to the number of sea surface grid points. Each local state
consists of one vertical ocean column and the corresponding values of the wind stresses 7,
and 7,. The local state vectors are updated independently in the assimilation step accord-
ing to equation 4.9. Although the ocean-induced magnetic field at satellite altitude is in
principal non-local (due to the upwardly continuation, see section 4.2.1.2), the large-scale
spatial distribution remains very similar to the magnetic field signals at the sea surface.
On this basis, a quasi-local correspondence between the observed ocean-induced magnetic
signal at a given location and the oceanic transport underneath is assumed. The obser-
vation y; is localized for each local state by restricting the global observation field (see
section 4.2.2.3) to a circular subset with a radius of 8 grid points and its center located

at the sea surface grid point of the local state. From a range of tested radii, the chosen
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Figure 4.1: Sketch of the data assimilation twin experiment. The blue curves represent
OMCT state trajectories. The synthetic observations are generated from MAGTRUTH
and assimilated into MAGASSIM. MAGREF is a reference simulation without data as-
similation. To evaluate the performance of the Kalman filter, the differences MAGASSIM
minus MAGTRUTH and MAGREF minus MAGTRUTH are compared.

radius of 8 grid points provides the highest Kalman filter improvements. Consequently,
the localized observations of two neighbouring local states largely overlap. This ensures a
smooth transition between the analyzed local states and the global analyzed state. After
all local states have been updated by the Kalman filter, the global analyzed mean state
¢ is re-assembled from the local analyzed state vectors and the ensemble is updated.
Subsequently, the next forecast phase starts. A detailed formulation of the localization

scheme is presented by Nerger et al. (2012b).

4.2.2.2 Twin experiment setup

A model-based twin experiment is performed to investigate the performance of the data
assimilation. The experiment setup is shown in Fig. 4.1 and consists of three OMCT
state trajectories with a length of one month. Snapshots, i.e., instantaneous values, of the
ocean-induced magnetic field, ocean velocities, temperature and salinity are stored once
per day for all simulations.

The first simulation is called MAGTRUTH and simulates January of 2001. MAG-
TRUTH represents the true state of the general ocean circulation in January. The syn-
thetic satellite measurements of the ocean-induced magnetic field are generated from
MAGTRUTH once per day (details follow in section 4.2.2.3). These observations are the

only information, which are derived and utilized from the known true state of the general
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Figure 4.2: Synthetic observation field of the ocean-induced magnetic field. The map
shows mean values over one week at satellite altitude (450 km) disturbed with uncorrelated
Gaussian white noise (0.1 nT standard deviation).

ocean circulation.

MAGREF represents a known unconstrained state of the general ocean circulation in
January and serves as a reference simulation without data assimilation. The deviations
in MAGREF from MAGTRUTH are generated by simulating the same time period of
a different year, i.e., January 2005. Consequently, the deviations between MAGTRUTH
and MAGREF result from different initial OMCT states and by the different responses
of OMCT to the atmospheric forcing of the respective time periods (2001 versus 2005).
The differences in the OMCT states between MAGREF and MAGTRUTH (MAGREF-
MAGTRUTH) represent the error made by the ocean model to replicate the true prior

state of the ocean.

To visualize the different ocean model states of MAGTRUTH and MAGREF, vec-
tor plots of both conductivity-weighted and depth-integrated ocean velocities and surface
velocities are shown in Fig. 4.3. The depicted monthly mean flows show distinct varia-
tions between the large-scale currents of both simulations. These are visible in all major
depth-integrated ocean velocities, e.g., in western boundary currents, and in the Antarctic

Circumpolar Current, but also in equatorial surface currents.

MAGASSIM is the simulation with data assimilation and aims to recover the true
ocean state and ocean-induced magnetic field of MAGTRUTH. MAGASSIM has the same
initial OMCT state and forcing as MAGREF. Starting from day 7, the synthetic satellite
observations from MAGTRUTH are assimilated into MAGASSIM once per day. The
differences in the OMCT states between MAGASSIM and MAGTRUTH (MAGASSIM-
MAGTRUTH) represent the error between the corrected ocean model and the true prior

state of the ocean (see also Fig. 4.3).
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Figure 4.3: Ocean velocity vector plots of MAGTRUTH and of MAGREF at selected
grid points. The left column shows conductivity-weighted and depth-integrated ocean
velocities, the right column shows surface velocities of MAGTRUTH and MAGREF,
respectively. Arrow lengths are mean values over the one month simulation time period.

As in a real-world data assimilation experiment with actual satellite observations of
the ocean-induced magnetic field, it is assumed that the initial error covariance matrix
Py of the ocean model in MAGASSIM is unknown and has to be estimated. For this, we
utilize the common approach to estimate F, through the respective temporal variations
of forward simulations during the considered time period (e.g., Evensen (1994)). Irrgang
et al. (2016b) calculated monthly error covariance matrices for each month of the year
2005. Accordingly, for this data assimilation experiment the previously calculated error
covariance matrix for the month January of 2005 is applied, which includes uncertainty
estimates for the ocean model state (u, v, S, T'), and for the atmospheric wind stress forcing
(74, 7y). Consequently, this a-priori estimation of /% is independent from the differences
between the false and true ocean model states (MAGREF-MAGTRUTH), and solely the
synthetic satellite observations from MAGTRUTH (see Sec. 4.2.2.3) are utilized to provide
information about the known true ocean state.

Due to the twin experiment setup, the deviations between MAGASSIM-MAGTRUTH
and MAGREF-MAGTRUTH are a measure of the performance of the data assimilation.
A decrease in MAGASSIM-MAGTRUTH compared to MAGREF-MAGTRUTH means a
success of the data assimilation, i.e., the corrected ocean model recovers the known truth

better than the reference, and vice versa. The choice of the years 2001 and 2005, i.e., the
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choice of true and false realizations of the general ocean circulation, is arbitrary and can
also be made differently (e.g., Saynisch et al. (2015)).

4.2.2.3 Synthetic satellite observations

The Swarm satellite trio measures the Earth’s magnetic field with unprecedented precision
and the detection of the general ocean circulation by its small induced magnetic signals
was defined as one of the Swarm research objectives (Friis-Christensen et al. (2006)).
Since Tyler et al. (2003) demonstrated the possibility to identify tidal (M2) magnetic
signals in CHAMP satellite observations, several subsequent studies were performed to
further characterize and utilize tide and circulation induced magnetic signals (e.g., Maus
and Kuvshinov (2004), Manoj et al. (2006), Schnepf et al. (2015), Grayver et al. (2016),
Irrgang et al. (2016a), Irrgang et al. (2016b)). Recently, Sabaka et al. (2016) extracted the
M2 and N2 ocean tide from 20.5 months of Swarm data. However, it remains a challenge
to extract general circulation induced magnetic signals from satellite observations (see
also Kuvshinov (2008)) and has so far not been achieved.

In this study, we assume that a data product with extracted and processed satel-
lite observations of the general circulation induced magnetic field exists. The numerical
models described in sections 4.2.1.1 and 4.2.1.2 are used to generate daily global fields
that contain synthetic, i.e., artificial, and idealized satellite observations of ocean-induced
magnetic signals (see Fig. 4.2). The observations are calculated at a satellite altitude of
450 kilometers above sea level. To overcome the lack of the temporal deviation in the
EM-induction model (see section 4.2.1.2) and to smoothen the transition between two
consecutive observations, each daily observation is a weekly average of its preceding seven
days (see also the orange bins in Fig. 4.1). Accordingly, the first observation at day 7
is generated from weekly averaged values over the days 1-7, the second observation at
day 8 is generated from weekly averaged values over the days 2-8, and so on. From a
range of tested setups of the observation operator, the usage of weekly averaged fields
provided the best performance of the data assimilation (not shown). The uncertainty
of the synthetic observations is modelled by adding uncorrelated Gaussian white noise
with a standard deviation of 0.1 nT to each of the weekly averaged global fields. This
matches with the nominal Swarm precision of 0.1 nT (Friis-Christensen et al. (2006),
Olsen et al. (2007)). The respective variance values of the Gaussian white noise are uti-
lized as diagonal elements of the observation error covariance matrix R. As already stated
in section 4.2.2.1, spatial error covariances, i.e., non-diagonal elements, in R are not con-
sidered in this study. As there is still only very limited knowledge about actual satellite
observations of the ocean-induced magnetic field and its observational uncertainty, esti-

mating the respective values in R would be speculative and does not provide additional
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conclusions in this twin experiment.

Due to several simplifications, the synthetic observations generated with this approach
will naturally differ from actual satellite observations. The thin-sheet electromagnetic
induction model assumes an insulating atmosphere and mantle (see section 4.2.1.2). Ad-
ditionally, a high spatial and temporal resolution is assumed by generating daily and
global observation fields with uniform errors. In our data assimilation twin experiment
(section 4.2.2.2), the described synthetic observations are derived from MAGTRUTH
and assimilated into MAGASSIM. Since MAGTRUTH is governed by the same ocean
model and electromagnetic induction model and its simplifications, the realization of the
real world is also restricted by these simplifications. Consequently, the twin experiment
together with the synthetic observations build a consistent data assimilation test envi-
ronment. The influence of more complex properties of observations (e.g., non-uniform
temporal resolution, spatial gaps, non-uniform uncertainty, etc.) can also be investigated
in a twin experiment approach but are not part of this first assimilation study. Instead,
we investigate the principle possibility of recovering a known ocean state by assimilating

observations of the ocean-induced magnetic field into an ocean general circulation model.
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Figure 4.4: Global RMS differences of the MAGTRUTH ocean-induced magnetic field to
MAGREF (thick purple line) and MAGASSIM (thin purple line). The relative difference
between the two purple lines is depicted in grey.

4.3 Results and Discussion

4.3.1 Assimilation impact on the ocean-induced magnetic field

A first measure of the assimilation performance is the global impact of the Kalman filter

on the assimilated variable, i.e., the ocean-induced magnetic field. Since the synthetic
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satellite observations are generated from weekly-averaged fields (see section 4.2.2.3 and
Fig. 4.1), we consistently measure the impact on the ocean model by calculating tempo-
ral RMS differences over the same weekly-average bins for each assimilation step. The
global RMS differences of the ocean-induced magnetic field of MAGREF-MAGTRUTH
and MAGASSIM-MAGTRUTH over the one-month simulation period are depicted in
Figure 4.4. A perfect replication of MAGTRUTH would lead to a global RMS difference
of zero. The values of the global RMS differences reside in the range of 0.05 and 0.08 nT.
Both purple lines show a strong non-static and non-linear behaviour. This is due to the
non-linear ocean model and its response to the highly variable atmospheric forcing. Since
also the respective errors of the models and input data evolve in time (see Irrgang et al.
(2016Db)), the experiment setup builds a challenging test environment for the Kalman
filter.

Throughout the whole simulation period, the global RMS differences between the
corrected ocean-induced magnetic field and the known true values (thin purple line in
Fig. 4.4) stay below the RMS differences between the reference and the truth (thick
purple line in Fig. 4.4). In other words, the true motional induction is consistently better
recovered (in the global sense) by the corrected model than by the reference without
data assimilation. The improvement of the global RMS remains larger than 5 % in
almost all assimilation steps and reaches values up to 17 % (see grey line in Fig. 4.4). The
temporal mean improvement of the global RMS over the whole simulation period amounts
to 8 %. Due to the twin experiment setup, the differences MAGREF-MAGTRUTH
and MAGASSIM-MAGTRUTH must be attributed to the impact of the Kalman filter.
Consequently, it can be concluded that the assimilation of the synthetic observations has
a positive effect on the models (in the global sense) and leads to an overall improvement

of the modelled ocean-induced magnetic field.

To investigate the assimilation impact on the ocean-induced magnetic field in more
detail, global misfit maps containing the temporal RMS differences over the whole sim-
ulation period are shown in Fig. 4.5. The top left panel shows the misfit map between
the reference and the truth with values of up to 0.22 nT. Note that this panel depicts the
RMS error of the modelled ocean-induced magnetic field with respect to the known truth.
Again, in the case of a perfect model replication of the true ocean-induced magnetic field,
the misfit map would only show zero values. The highest RMS values with large-scale
patterns are found in the North Pacific Ocean, east of Australia, east of South Africa, and
in the North Atlantic Ocean. Generally lower RMS values are present in the area of the
Antarctic Circumpolar Current. As described in section 4.2.2.2, the misfit between MA-
GREF and MAGTRUTH is essentially determined by the different wind stress forcings

in the respective simulation time periods. The spatial distribution of the misfit between
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Figure 4.5: Top: RMS difference maps of the ocean-induced magnetic field of MAGREF-
MAGTRUTH (left) and MAGASSIM-MAGTRUTH (right) over the whole simulation
period. Bottom: Changes in the RMS difference due to the Kalman filtering (difference
of the top maps). Blue areas indicate improvements, red areas indicate deteriorations.

MAGREF and MAGTRUTH shows similar patterns as the estimated uncertainty of the
ocean-induced magnetic field due to the wind stress forcing (see Irrgang et al. (2016b)).
Since the wind stress forcing and its uncertainty are variable on various temporal scales
(see also Chaudhuri et al. (2013)), the MAGREF-MAGTRUTH misfit will also show
different values and patterns for different simulation time periods.

The top right panel of Fig. 4.5 shows the RMS differences between MAGASSIM and
MAGTRUTH. The maximum misfit is lower compared to MAGREF-MAGTRUTH with
values up to 0.18 nT. The large-scale patterns in the North Atlantic Ocean and east
of Australia are still present, but with generally lower values. The pattern east of South
Africa almost vanished. The misfit in the North Atlantic Ocean is only changed marginally
and in the South Pacific Ocean a new pattern with values around 0.12 nT is visible.

The so-called assimilation impact (bottom panel of Fig. 4.5) is the difference
(MAGASSIM-MAGTRUTH)-(MAGREF-MAGTRUTH). It quantifies the changes due
to the Kalman filter and shows values in the range of —0.07 and 0.05 nT. Here, nega-

tive values indicate improvements due to the Kalman filter and positive values indicate
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Figure 4.6: Global RMS differences MAGREF-MAGTRUTH (thick orange and thick
blue lines) and MAGASSIM-MAGTRUTH (thin orange and thin blue lines) of the
conductivity-weighted and depth-integrated ocean velocities. The relative difference for
each pair of lines is depicted in grey.

deteriorations. From the assimilation impact it can be seen that the misfit of the ocean-
induced magnetic field is reduced in almost all regions. The Kalman filtering leads to
improvements especially in the regions with the largest misfits (see upper left panel of
Fig. 4.5), i.e., in the North Pacific Ocean, east of Australia, and east of South Africa. The
largest improvements correspond to a misfit reduction of up to 42 % in the North Pacific
Ocean and up to 54 % in the region east of South Africa. In the South Pacific Ocean,
the misfit between MAGASSIM and MAGTRUTH is larger than between MAGREF and
MAGTRUTH, i.e., the Kalman filter introduced false corrections into the ocean-induced
magnetic field in this region. Since the ocean-induced magnetic field is an integral quan-
tity that is generated from several combined oceanic variables, there are many possible
sources for the above described (positive and negative) impact of the Kalman filter. These

sources are discussed in the following section.

4.3.2 Assimilation impact on the ocean model state

The novel opportunity of assimilating ocean-induced magnetic field observations is to
provide constraints to depth-integrated conductivity and velocities to the ocean model.
In a first order approximation, the ocean-induced magnetic field is proportional to the
conductivity-weighted and depth-integrated ocean velocities (Sanford (1971)), which are
calculated by the integral in Eq. 4.1. Therefore, we investigate the performance of the
Kalman filter on these weighted depth-integrated velocities.

The global RMS differences of the conductivity-weighted and depth-integrated (here-
after called o-depth-integrated) ocean velocities of MAGREF-MAGTRUTH and
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MAGASSIM-MAGTRUTH are depicted in Fig. 4.6. The RMS differences reside in the
range of 54 and 65 Sms™' for the zonal (west-east) velocity and between 40 to 48 Sms™"
for the meridional (south-north) velocity. Similar to the ocean-induced magnetic field,
both the zonal and meridional o-depth-integrated velocities are corrected by the Kalman
filter towards the truth (in the global sense) and show smaller RMS differences compared
to the reference. The relative improvement amounts to up to 5 % for the zonal component
and up to 7 % for the meridional component (see grey lines in Fig. 4.6). The temporal
mean improvements of the global RMS of the zonal and meridional components amount
to 3 % and 4 %, respectively. Note that the o-depth-integrated velocities are not corrected
uniformly, i.e., the evolution of improvements varies between the two components. This
results from the uncertainty estimation of the two components, i.e., the respective error
covariances in P, that are used to weight the observation residual in the assimilation
step (see Eq. 4.9). This also underlines the importance of an accurate estimation of the
error covariances between all state vector components in addition to the quality of the
observations. Since the sediment conductance and the geomagnetic field are not corrected
by the Kalman filter, the improvements in the ocean-induced magnetic field (see Figs. 4.4
and 4.5) originate from the combined improvements in the o-depth-integrated velocities
(see Eq. 4.1).

The MAGREF-MAGTRUTH misfit maps of the o-depth-integrated velocities and
the corresponding assimilation impacts are shown in Fig. 4.7. Again, the assimilation
impact quantifies the RMS impact of the Kalman filter on the zonal and meridional
velocity components over the whole simulation period. The large-scale pattern of the
MAGREF-MAGTRUTH misfit of the o-depth-integrated velocities are in agreement with
the MAGREF-MAGTRUTH misfit of the ocean-induced magnetic field (compare Figs. 4.5
and 4.7). Naturally, the misfit of the o-depth-integrated velocities shows more small-scale
features that are not visible in the magnetic field misfit due to the upwardly continuation
of the signal to satellite altitude. Additionally, it is visible that RMS differences of the
zonal velocity close to the geomagnetic equator are weakened significantly in the RMS
differences of the ocean-induced magnetic field, e.g, north east of Madagascar or in the
equatorial region of the Fast Pacific Ocean. Since the motional induction signal is close
to zero in proximity of the geomagnetic equator, this intrinsic 'observation blindness’

provides an additional challenge to the Kalman filter.

A comparison of Figs. 4.3 and 4.7 allows to draw relations between the major ocean
currents, the RMS differences between MAGREF and MAGTRUTH, and the assimila-
tion impact in the regions of the respective currents, respectively. In comparison with the
assimilation impact of the ocean-induced magnetic field (Fig. 4.5), the o-depth-integrated

velocities show similar large-scale improvements with values over —40 Sms™' (=~ 30%) in
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Figure 4.7: Top: RMS difference maps of the conductivity-weighted and depth-integrated
ocean velocities of MAGREF-MAGTRUTH. Bottom: Changes in the RMS difference due
to the Kalman filtering. Blue areas indicate improvements, red areas indicate deteriora-
tions.

the North Pacific Ocean. Especially in the region of the Kuroshio current, large improve-
ments over —60 Sms™' (=~ 50%) are found. In the Antarctic Circumpolar Current, the
largest improvements are found east of South Africa, with values over —50 Sms ™" (~ 30%)
(bottom row of Fig. 4.7). Peak values of the improvement reach over —100 Sms™' in the
North Pacific Ocean. In the equatorial region of the zonal currents, the transport is cor-
rected by up to —20 Sms™' (= 25%), and in the region of the Gulf stream by up to —10
Sms™! (= 15%). Since the strongest ocean-induced magnetic field signals and respective
variations occur in the region of the Antarctic Circumpolar Current (compare Fig. 4.2),
it was common to assume that improvements due to data assimilation are also mainly
confined to regions in the southern hemisphere. Consequently, the shown large-scale im-
provements in the northern hemisphere, especially in the North Pacific Ocean, are both
surprising and encouraging for the application of this technique.

In general, the deterioration pattern between the ocean-induced magnetic field and
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Figure 4.8: Relative changes of the global RMS differences. Positive values indicate
improvements of the respective quantities, negative values indicate deteriorations.

the o-depth-integrated velocities also coincide (compare Figs. 4.5 and 4.7). The largest
deteriorations with values between 30 and 40 Sms™* occur for both velocity components
in the South Pacific Ocean between the Ross Sea and the southern tip of South America.
Further false corrections by the Kalman filter are visible in the zonal velocity in the
Northwest Indian Ocean close to the geomagnetic equator.

The most likely source of these false correction is a deficient prescription of the er-
ror covariance information in P, for that particular region, which is solely based on the
temporal covariances of MAGREF (see Sec. 4.2.2.2). An accurate calculation of the er-
ror covariances is a challenge and the estimation of these is not unique (Irrgang et al.
(2016b)). However, the current configuration of the Kalman filter functions remarkably
well in improving the ocean-induced magnetic field and the o-depth-integrated velocities
in most regions, given the blurry and noisy magnetic field observations. Further con-
straints on the error covariances, especially for the wind stress forcing, could resolve the
major deteriorations found in the South Pacific Ocean and further reduce the differences

between the ocean model and the known true ocean state.

Over simulation periods longer than one month, the impact of the Kalman filter on
the ocean model state becomes negligible. The model uncertainty decreases during each
assimilation step, which eventually leads to an underestimation of the model variance
(not shown). Thereby, the confidence in the ocean model state and in the adjusted
wind stress forcing rises continuously compared to the confidence in the observations.
This reduces the Kalman filter increments in each assimilation step. Consequently, the
MAGASSIM and MAGTRUTH model trajectories gradually diverge due to the non-linear
ocean model and due to the non-static atmospheric forcing. This is a well known behaviour

(e.g., Furrer and Bengtsson (2007)) and might be overcome in subsequent studies by
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Figure 4.9: Zonally (west-east) averaged depth-profiles of the assimilation gain over the
whole simulation period. Blue areas indicate improvements, red areas indicate deteriora-
tions.

applying additional covariance inflation techniques (e.g., Anderson (2007)) or sequential
assimilation experiments over consecutive simulation periods that utilize specific error

covariance matrices.

The biggest challenge in assimilating ocean-induced magnetic field satellite observa-
tions is the improvement of the separate ocean variables that determine the motional
induction, i.e., ocean velocities, temperature and salinity. The impact of the Kalman
filter on each of these four variables is depicted in the Figs. 4.8 and 4.9. Fig. 4.8 shows
the relative change of the global RMS differences for each variable over the whole sim-
ulation period. In addition to the curves of the ocean-induced magnetic field and the
o-depth-integrated velocities presented before (see grey lines in Figs. 4.4 and 4.6), the re-
spective curves for depth-integrated velocities, surface velocities, temperature and salinity
are plotted. The changes in the RMS differences of ocean temperature and salinity reveal
that the Kalman filter fails to improve these quantities (green and red lines in Fig. 4.8)
during all assimilation steps. Although the deterioration gradually decrease over time
after day 13, the values mostly remain between —2 and —3 % for the depth-integrated
temperature and between —4 and —5 % for the depth-integrated salinity. One explanation
of this false shift is a possibly deficient estimation of the temperature and salinity error

covariances for the simulated time period. The combined false shift in the two components
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is transferred to the sea-water conductivity and, subsequently, to the o-depth-integrated
velocities. Thereby, the depth-integrated zonal and meridional velocities show a larger
improvement than the respective conductivity-weighted quantities (see dashed blue and
orange lines in Fig. 4.8). The difference between the conductivity-weighted and non-
weighted depth-integrated velocities amounts to up to 2 percentage points (compare solid
and dashed blue and orange lines in Fig. 4.8). It was possible to weaken the false shift in
the ocean temperature and salinity, by reducing the Kalman filter increments of the two
variables in each assimilation step (not shown). However, it is important to demonstrate
the challenge of improving the whole ocean state consistently. A second challenge becomes
apparent, when the relative changes in RMS differences of depth-integrated ocean veloc-
ities and of surface velocities are compared (compare dashed and dotted blue and orange
lines in Fig. 4.8). In contrast to the water transport over the whole water column, surface
currents are not improved consistently over the simulation period. The respective relative
changes in the RMS differences of the surface velocities are generally smaller than changes
in the depth-integrated quantities and fluctuate between —2 and 5 %. Not surprisingly,
this result shows that a consistent global correction of oceanic transports at individual lay-
ers of the ocean model is difficult due to the integral magnetic field observations. For this,
additional constraints are necessary, which relate the observed ocean-induced magnetic

field to its electromagnetic source at individual depths of the ocean.

In addition to showing the assimilation improvements in an depth-integrated sense,
Fig. 4.9 depicts the Kalman filter impact as zonally and temporally averaged cross sections
of the global ocean for each oceanic quantity. This allows to associate the Kalman filter
impact (in depth-integrated sense as seen in Fig. 4.7) with specific depths. The zonal and
meridional ocean velocities show improvements over large regions of the cross sections
that reach from the sea surface down to the ocean bottom (upper left and right panels
of Fig. 4.9). Most prominent regions are found in the northern hemisphere between 0°
and 60°. Consequently, the previously described improvements of the o-depth-integrated
velocities in the North Pacific Ocean (bottom panels of Fig. 4.7) result from a state shift
towards the true state over the whole water column. In contrast, the improvements found
in the equatorial region of the o-depth-integrated zonal velocities mainly originate from
a state correction in the upper 250 m (compare lower left panel of Fig. 4.7 and upper left
panel of Fig. 4.9). Likewise, the deterioration of the o-depth-integrated zonal velocity
in the north west Indian ocean also originates from a false correction in the upper 250
m. The most prominent false corrections in the ocean-induced magnetic field and in the
o-depth-integrated velocities in the South Pacific Ocean (Figs. 4.5 and 4.7) dominantly
originate from deteriorations in the zonal and meridional velocities over the whole water

columns. These are additionally intensified by false corrections of the ocean salinity and
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Figure 4.10: Top: Temporal mean wind stress forcing corrections due to the Kalman
filtering. The maps show ensemble mean values. Bottom: Changes in the RMS differences
of the wind stress forcing due to Kalman filtering. Blue areas indicate improvements, red
areas indicate deteriorations.

temperature in the upper 1000 m south of —60° (bottom panels of Fig. 4.9).

A consistent correction of the wind stress forcing together with the ocean model state
is found to be essential for the described results of the data assimilation. In a twin exper-
iment without wind stress correction (otherwise identical to the twin experiment of this
study), the Kalman filter failed to improve both the ocean model state and the ocean-
induced magnetic field (not shown). Previously, Saynisch et al. (2014) also recognized the
need to correct the wind stress forcing in order to improve trajectories of an ocean general
circulation model. This repeatedly underlines the fragility of data assimilation in ocean
models. The temporal mean correction of the wind stress forcing estimated by the Kalman
filter and the respective assimilation impact are shown in Fig. 4.10. Most values reside
in the range of £ 0.1 Pa. The large-scale wind stress corrections are well in agreement
with the uncertainty estimation of the ocean-induced magnetic field (see Irrgang et al.
(2016b)) and, subsequently, with the assimilation impact of the ocean-induced magnetic
field and of the o-depth-integrated velocities (compare top row of Fig. 4.10 with Figs. 4.5
and 4.7). This points out the close connection of the error covariances between the ocean

state and the wind stress forcing. In the regions of highest wind stress adjustment, the
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vertical adjustment of the ocean velocities mostly extends over the whole water column
(see Fig. 4.9). In particular, the top row of Fig. 4.10 shows a considerable adjustment of
the wind stress forcing in the South Pacific Ocean, where the largest deteriorations in the
ocean-induced magnetic field and in the o-depth-integrated velocities are detected. Con-
sequently, the false corrections by the Kalman filter are assumed to dominantly originate
from a deficient estimation of the error covariances between the wind stress forcing and
the ocean model state, and a false adjustment of the wind stresses in this region. This
is further emphasized by the assimilation impact on the wind stress forcing (see bottom
row of Fig. 4.10). As it was shown for the o-depth-integrated velocities in Fig. 4.7, the
blue areas represent improvements due to the Kalman filtering, whereas red areas indicate
deteriorations. The major deteriorations, which are visible in the North and South Pacific
Ocean, largely coincide with the major deteriorations in the o-depth-integrated velocities
(compare bottom rows of Figs. 4.7 and 4.10). These overestimated adjustments are at-
tributed to the functionality of the Kalman filter, as corrections of the wind stress forcing
are based on static error covariance matrices instead of dynamic ensemble-based correc-
tion estimates. However, in most regions, large-scale improvement of RMS differences of
both zonal and meridional wind stresses are visible. As stated before, these adjustments
are found to be essential for a successful assimilation.

The assimilation of synthetic ocean-induced magnetic field satellite observations into
an ocean general circulation model shows very promising results. Despite the low amount
of detail in the blurry observations, the Kalman filter succeeded to improve the ocean
model results in all erroneous regions. Additionally, the observations positively con-
strained ocean velocities from the sea-surface down to the deep ocean. This study high-
lights that actual satellite observations of the general circulation induced magnetic field
could be utilized to constrain large-scale oceanic transports. Subsequent studies may
demonstrate the sensitivity of the assimilation towards the data quality (e.g. non-uniform
noise, spatial and temporal gaps, residuals from other electromagnetic sources etc.). In
turn, it might be possible to provide minimum requirements of the quality of actual mag-
netic field observations for a successful data assimilation. Our results emphasize the need
for a careful treatment of model uncertainties and error covariances. Aside from the
quality of the observational data, the knowledge about model and forcing uncertainties is

crucial for a successful data assimilation.

4.4 Summary and Conclusion

The general ocean circulation generates characteristic magnetic signals that in principle

can be detected by low earth orbit satellites like the Swarm mission. Since these magnetic
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signals are mainly proportional to the conductivity-weighted and depth-integrated ocean
velocities, the satellite observations may serve as indirect observations of global oceanic
water and heat transports. In this study, we investigate the potential to correct an ocean
general circulation model by assimilating artificial satellite observations of the ocean-
induced magnetic field for the first time. In a model-based twin experiment over the time
period of one month, the impact of the data assimilation on the individual components
of the oceanic electromagnetic induction source is estimated, i.e., ocean velocities, ocean

temperature, and ocean salinity.

Due to the difficult separability of the general circulation induced magnetic field from
other electromagnetic sources, these signals have so far not yet been detected in satel-
lite observations. Instead, we assume that a data product exists that contains idealized
daily global observation fields of the ocean-induced magnetic field at satellite altitude.
The synthetic satellite observations are calculated with a combination of an ocean gen-
eral circulation model and an electromagnetic induction model. Observational errors are
modelled by adding uncorrelated Gaussian white noise to the calculated magnetic signals.
These synthetic observations are sequentially assimilated into the ocean model. The
data assimilation is performed by a localized version of an ensemble-based error subspace
Kalman filter. This Kalman filter is integrated into the ocean model and corrects zonal
and meridional ocean velocities, ocean temperature, and ocean salinity, and wind stresses

from the atmospheric forcing of the ocean model.

Compared to a reference simulation without data assimilation, the simulation corrected
by the Kalman filter performs better in recovering the synthetic observations throughout
the whole simulation period. The global RMS error of the ocean-induced magnetic field
is reduced by up to 17 %. Locally, the RMS reduction amounts up to 42 % in the
North Pacific Ocean and up to 54 % in the region east of South Africa. All spatial regions
with large RMS errors in the reference simulation, e.g., in the North Pacific Ocean, east of
Australia, and east of South Africa, are improved in the simulation with data assimilation.
In particular, the results demonstrate the feasibility to correct an ocean model in areas
with comparable weak induced magnetic field observations, e.g., in the North Pacific
Ocean and in equatorial regions. False corrections are introduced in the South Pacific
Ocean that originate from false adjustments in the conductivity-weighted and depth-
integrated ocean velocities. The main source of false corrections is presumably due to
the combined effect of large wind stress forcing adjustments and a deficient estimation of
ocean model and wind stress error covariances. In an identical twin experiment without
correction of the wind stress from the atmospheric forcing of the ocean model, it was not

possible to recover the synthetic observations.

The conductivity-weighted and depth-integrated velocities are improved throughout
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the simulation period (in the global RMS sense) with values up to 5 % for the zonal
component and up to 7 % for the meridional component. Locally, the improvements of
water transports in individual ocean currents reach higher values, e.g., over 30 % in the
Antarctic Circumpolar Current, over 50 % in the Kuroshio current, over 15 % in the Gulf
Stream, and over 25 % in the equatorial region of the Pacific Ocean. The improved regions
coincide with the improved regions of the ocean-induced magnetic field. Global RMS
differences of the individual components reveal that the Kalman filter fails to improve
ocean temperature and salinity. However, vertical cross-sections of the individual ocean
variables reveal that respective improvements in the ocean velocities mostly extend from
the sea surface down to the deep ocean, whereas deteriorations in the ocean temperature
and salinity mostly reside in the upper 1000 m of the southern ocean. Since all major
deteriorations in the ocean model state are introduced in regions with major corrections
of the wind stresses, a more dynamical estimation of the error covariances between the
ocean state and the atmospheric forcing might diminish these false corrections.

The results of this study show that satellite observations of the ocean-induced magnetic
field could provide useful constraints on depth-integrated ocean variables, e.g., oceanic
water and heat transports. Although even the idealized synthetic satellite observations
only provide a small amount of detail, the Kalman filter succeeded to better recover
both the ocean-induced magnetic field and the underlying ocean state in most regions.
Consequently, these results support the ongoing effort to separate ocean circulation in-
duced magnetic signals in satellite observations. However, actual satellite observations
will naturally differ from the idealized data generated for this study. Among others, these
differences result from the simplified physics in the electromagnetic induction model, the
considered time period, temporal and spatial gaps in the observations, and remaining
residuals from other electromagnetic induction sources. The same holds for the spatio-
temporal distribution of observational uncertainty, which is assumed uniform in this study.
Future studies might provide minimum constraints on the data quality necessary to gain
useful constraints on the underlying general ocean circulation. From the ocean modelling
perspective, the results of this study emphasize the crucial need for realistic and dynamic
error covariance matrices. In addition to the quality of the data, knowledge about model

and forcing uncertainties is essential for a successful data assimilation.



Summary and Outlook

Short version. Satellite observations of electromagnetic induction in the ocean provide
the opportunity to infer global estimates about oceanic transports of water, heat, and
salinity. The Ocean Model for Circulation and Tides and an electromagnetic induction
model are combined to simulate magnetic signals that are generated by the general ocean
circulation. This model setup is used to examine the ocean-induced magnetic field in terms
of magnitude, spatial and temporal variability, sensitivity towards oceanic variables, and
model uncertainties. For the first time, these findings are utilized to design and to perform
data assimilation experiments, aiming to constrain the ocean general circulation model
with artificial satellite observations of the ocean-induced magnetic field. It was possible
to improve the recovery of simulated depth-integrated ocean velocities with an ensemble-
based Kalman filter. In contrast, it is demonstrated that it remains a challenge for future
motional induction data assimilation studies to simultaneously improve ocean velocities,

heat and salinity distributions in a consistent way.

Long version. The main focus of this thesis lay on the characterization of electromag-
netic induction in the world ocean and possible beneficial applications of this geomagnetic
process in the context of ocean modelling. Ultimately, it was investigated whether satel-
lite observations of oceanic electromagnetic induction can be utilized to constrain forward
simulations of an ocean general circulation model. Three consecutive numerical model-
based studies were presented that contribute to the topics of physical characterization,
uncertainty estimation, and data assimilation, respectively, and answer the research ques-

tions posed at the beginning of this thesis (see section 1.4).
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Two numerical models were combined to simulate electromagnetic induction in the
ocean. (1) The general ocean circulation was simulated with the Ocean Model for Circu-
lation and Tides (OMCT). OMCT is a baroclinic ocean model based on nonlinear balance
equations for momentum, the continuity equation, and conservation equations for heat
and salt. The atmospheric forcing of OMCT encompasses heat-flux, wind stress, surface
pressure, precipitation, and evaporation. Ocean tides were not considered in the current
configuration of OMCT. (2) A magnetostatic induction model was used to derive the
ocean-induced magnetic field from instantaneous OMCT states. The radial component
of the poloidal induced magnetic field was calculated by solving a 2-D induction equation
based on Maxwell’s equations. In this approach, only horizontal ocean flow was consid-
ered for the induction process, reducing the ocean basin to a thin shell. Together with
a conductive layer of oceanic sediments, this thin shell was nested between an insulating

atmosphere and an insulating mantle.

Physical characterization. The magnetic field induced by the general ocean circula-
tion is five orders of magnitudes smaller compared to the magnetic core field of the Earth
and reaches values up to a few nano Tesla. Additionally, its spatio-temporal variations
are highly irregular due to the wind- and density-driven electric current source in the
ocean. As the ocean-induced magnetic signal range furthermore overlaps with other mag-
netic field constituents of similar magnitude, these signals have not yet been detected in
satellite observations. A realistic model-based estimation of motional induction can help
to accelerate the data-based detection and separation of motional induction signals. In
particular, temporal variations of the ocean-induced magnetic field distinguish the signal
from other more static magnetic field constituents of the same order of magnitude, e.g.,
the crustal magnetic field. Therefore, the two numerical models were utilized to esti-
mate the ocean-induced magnetic signals and to assess their sensitivity towards oceanic
quantities. In several previous studies, seawater was treated in a simplified way by as-
suming it to be uniformly distributed or time-invariant. To validate these simplifications,
the influence of spatial and temporal seawater conductivity variations on the variability
of motional induction was investigated. It was shown that a globally uniform seawater
conductivity is insufficient to capture the temporal variability of motional induction ac-
curately. Especially the large vertical gradients in seawater conductivity in the upper
ocean above the main thermocline impact the electromagnetic induction process and its
temporal variations. In contrast, it was shown that seasonal and annual variability of

seawater conductivity only have a marginal influence on the induction process.

Uncertainty estimation. Numerical forward simulations of the general ocean circula-
tion are affected by various sources of uncertainty, mostly due to errors in the atmospheric

forcing of ocean models. These errors are highly non-uniform on various spatial and tem-
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poral scales. Several studies have estimated the non-negligible response of ocean models
to such uncertainties, implying that the ocean circulation induced magnetic field is subject
to these introduced uncertainties, too. To examine this hypothesis, ensemble simulations
of OMCT and the electromagnetic induction model were performed. There are two major
benefits from estimating the aggregated uncertainty in forward simulations of motional
induction. First, since simulated oceanic magnetic signals are supposed to be comparable
to actual observations of these magnetic signals, a reasonable uncertainty range of the sim-
ulated signals is desirable. Assessing the sensitivity of model results towards uncertainties
in input data also allows the identification of so-called robust regions, i.e., regions that re-
tain a small uncertainty regardless of the variations in input data errors. Identified robust
regions in the simulated ocean-induced magnetic field can then be utilized as prioritized
candidate regions for reliable comparisons of model results and real-world observations.
Second, the estimation of uncertainties in modelling motional induction by an ensemble-
based approach, e.g., with the usage of error covariance matrices, is necessary for data
assimilation experiments. Therefore, uncertainty estimates for ocean velocities, oceanic
heat and salinity distributions, atmospheric wind stress forcing, sediment conductance,
geomagnetic core field, and respective spatial and temporal covariances were derived in
the form of monthly varying error covariance matrices. An ensemble of different model
realizations was generated on the basis of these error covariance matrices for conserva-
tive and extreme error scenarios. The ensemble spread of the simulated ocean-induced
magnetic field was a measure of uncertainty, allowing to quantify its magnitude, as well
as spatial and temporal variations. It was shown that the ocean-induced magnetic field
reacts very sensitively with respect to the introduced uncertainties. Largest uncertainties
occurred in the southern hemisphere in the area of the Antarctic Circumpolar Current.
Distinct seasonal variations were detected in the motional induction uncertainty, which
were governed by uncertainties in the wind stress forcing of the ocean model. Uncer-
tainties in the geomagnetic core field and in the sediment conductance were found to
be negligible. Despite the large uncertainty range in some areas, large-scale regions were
identified in the ocean-induced magnetic field that retained a small uncertainty in all error

scenarios.

Data assimilation. An ensemble-based Kalman filter was used to correct ocean veloc-
ities, temperature, and salinity distributions of OMCT by assimilating artificial satellite
observations of the ocean-induced magnetic field. At this time, no Swarm satellite obser-
vations of the general circulation induced magnetic field were available and the possible
beneficial impact of assimilating these observations into an ocean model was unknown.
Therefore, this study was designed as a proof of concept to investigate the principle

feasibility of assimilating satellite observations of motional induction into a global ocean
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model. An Observing System Simulation Experiment (OSSE) was constructed to measure
the impact of the Kalman filter on the ocean model state, compared to an assimilation-
free simulation. Synthetic satellite observations were generated from the combined ocean
model and electromagnetic induction model, which incorporated the realistic estimation
of electric seawater conductivity. The Kalman filter ensemble was generated based on
derived monthly error covariance matrices that prescribe uncertainties for the numeri-
cal models and for wind stress forcing data. The proportionality between ocean-induced
magnetic signals and depth-integrated ocean flow is the primary source for corrections
in the ocean model state due to the Kalman filter. Globally averaged trajectories of
the corrected depth-integrated ocean velocities and of the corresponding ocean-induced
magnetic field were reproducing the synthetic observations consistently better than the
assimilation-free simulation. The spatial analysis has shown that all regions with large
errors in the global maps of depth-integrated velocities and of the ocean-induced magnetic
field were identified and reduced by the Kalman filter. These results could not have been
reproduced without Kalman filter corrections of the atmospheric wind stress forcing of
the ocean model. This, again, highlights the high degree of uncertainty in the wind stress
forcing and the necessity to correct the wind stress forcing in data assimilation experi-
ments. The analysis over the vertical water column revealed that improvements of ocean
velocities reach from sea surface to ocean bottom. Especially the correction of velocities
in the deep ocean was envisioned as one of the key benefits from utilizing ocean-induced
magnetic field observations in data assimilation experiments. At the same time, the un-
derdetermination of the ocean state by the integral magnetic field observations showed
its effect by false Kalman filter corrections of oceanic temperature and salinity distribu-
tions in the upper 1000 metres in the Southern Ocean. Additionally, deteriorations can
be generated, or amplified, by deficiently estimated error covariances between the ocean

model and the wind stress forcing.

The results presented in this thesis demonstrate the encouraging benefits of inferring
properties of the world ocean by detecting its emitted electromagnetic signals. Likewise,
the complex challenges of this task are highlighted. To further mature motional induc-
tion data assimilation that eventually utilizes actual satellite observations, the following

branches need to be further investigated:

The used magnetostatic thin-sheet induction model is based on several physical simpli-
fications, i.e., no temporal deviations (magnetostatic assumption), insulating subsurface
structure in the Earth’s mantle, no vertical diffusion due to the thin-sheet approximation,
and no coupling to the toroidal induced magnetic field. Consequently, the motional in-
duction model might not be the optimal observation operator in data assimilation studies

with actual satellite observations. Grayver et al. (2016) have recently shown, that assum-
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ing an insulating mantle is insufficient to numerically reproduce the tidal (M2) induced
magnetic field recovered from Swarm satellite data. Similar results might hold for the
ocean circulation induced magnetic field, due to the galvanic coupling of the ocean with
the seafloor. The magnetostatic assumption holds well for seasonal and annual time scales
of the general ocean circulation (see chapters 2 and 3), but it was not possible to derive ac-
curate daily observations with this approach (see section 4.2.2.3). A detailed comparison
of the currently existent electromagnetic induction models (see, e.g., Tyler et al., 1997
Vivier et al., 2004; Velimsky and Martinec, 2005; Kuvshinov and Semenov, 2012) and a
classification for potential applications is currently undertaken in a cooperated benchmark
study. The results of this benchmark might already indicate the most suitable motional
induction observation operator for future data assimilation studies. Additionally, such a
numerical model benchmark can help to quantify and to compare the contributions of the
various simplifications that are implemented into the electromagnetic induction models
(see also Sec. 1.2)

The estimation of uncertainties in the numerical modelling of geophysical processes
is an important and still emerging research topic. One crucial and difficult task in this
topic is the accurate estimation of error covariance matrices (see chapter 3). Realistic
error covariances, which consider the major spatial and temporal scales of the examined
geophysical process, are essential for successful data assimilation studies. In chapter 4,
it was shown, that even the specific monthly error covariance matrices are still a major
cause for false adjustments in the ocean model state. These are largely originating from
deficient error covariance estimates of the ocean’s response to sea surface wind stresses.
Incorporating additional error information, e.g., by deriving error covariances from addi-
tional atmospheric forcing reanalysis products, will lead to more precise adjustments by
Kalman filter schemes.

The findings of this thesis highlight that monitoring and utilizing electromagnetic in-
duction in the ocean has the potential to complement existing observation techniques of
the world ocean. Besides the new insights into the model-based perspective of motional
induction that are presented in this thesis, the recovery of actual satellite observations of
the ocean-induced magnetic field will shed new light onto this topic. Further potential
sources of oceanic magnetic field observations, e.g., land-based magnetometers or ocean
bottom magnetometers mounted on sea cables, might also find their way into novel tech-
niques to observe the ocean and to find new constraints for ocean models. The ongoing
effort to collect new high-quality oceanic magnetic field observations will allow another
step in the future development of this fascinating way to view the world ocean and its

interior.
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H[| Observation operator
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K Kalman gain matrix at time ¢
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Yeed Depth-integrated sediment conductivity [S]
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T Seawater temperature °C]
t Time [s]
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Ta Ty Zonal and meridional wind stress forcing [Pa]
U Eigenvector matrix at time ¢
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uy Horizontal ocean velocity vector [m s71]
Vi Eigenvalue matrix at time ¢
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Ty Ocean model state vector at time ¢
xy, xtf State vector analysis and forecast at time t, respectively
Y; Spherical harmonics functions of degree j and order m
Yt Observation vector at time ¢
Z Vertical coordinate [m]
¢ Sea surface height [m]
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