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'Earth System Modelling, Helmholtz Centre Potsdam, GFZ German Research Centre, Potsdam, Germany, *Institute of
Meteorology, Freie Universitat-Berlin, Berlin, Germany, 3Institute of Geophysics, ETHZurich, Zurich, Switzerland

Abstract EsA’s satellite magnetometer mission Swarm is supposed to lower the limit of observability for
oceanic processes. While periodic magnetic signals from ocean tides are already detectable in satellite mag-
netometer observations, changes in the general ocean circulation are yet too small or irregular for a success-
ful separation. An approach is presented that utilizes the good detectability of tidal magnetic signals to
detect changes in the oceanic electric conductivity distribution. Ocean circulation, tides, and the resultant
magnetic fields are calculated with a global general ocean circulation model coupled to a 3-D electromag-
netic induction model. For the decay of the meridional overturning circulation, as an example, the impact of
climate variability on tidal oceanic magnetic signals is demonstrated. Total overturning decay results in
anomalies of up to 0.7 nT in the radial magnetic M2 signal at sea level. The anomalies are spatially heteroge-
neous and reach in extended areas 30% or more of the unperturbed tidal magnetic signal. The anomalies
should be detectable in long time series from magnetometers on land or at the ocean bottom. The anoma-
lies at satellite height (430 km) reach 0.1 nT and pose a challenge for the precision of the Swarm mission.
Climate variability induced deviations in the tide system (e.g., tidal velocities and phases) are negligible.
Changes in tidal magnetic fields are dominated by changes in seawater salinity and temperature. Therefore,
it is concluded that observations of tidal magnetic signals could be used as a tool to detect respective state
changes in the ocean.

1. Introduction

The Swarm satellite magnetometer mission (launched November 2013) proposes to measure Earth’s mag-
netic field with unprecedented precision [Friis-Christensen et al., 2006]. In addition, Swarm extends previous
satellite-based magnetometer time series (e.g., from @rsted and CHAMP) which further improves the preci-
sion. This allows new possibilities for the observation of oceanic processes. The extraction of the M2 tidal
signals in CHAMP satellite magnetometer data was first demonstrated by Tyler et al. [2003]. Sabaka et al.
[2016] repeated the M2 extraction for Swarm data and could in addition demonstrate the detection of the
N2 tide. In contrast to static or irregular oceanic signals, the tides’ stable temporal frequency and spatial pat-
tern allow their separation from other (often much larger) contributions to the Earth’s observed magnetic
field [see, e.g., Sabaka et al., 2015]. However, not only satellite magnetometers are usable for ocean observa-
tions. Tidal signals are also detected by terrestrial magnetometers at the ocean bottom [e.g., Schnepf et al.,
2014] and on land [e.g., Kuvshinov et al., 2006]. Other time varying oceanic contributions to the magnetic
field originating from, e.g., the general circulation, seasonal effects, ENSO, and tsunamis, are small [=0.2 nT,
Manoj et al., 2006]. In addition, the temporal and spatial variations are irregular and the signal’s uncertainty
is of comparable size [Irrgang et al., 2016al. Consequently, a respective detection is difficult and most prom-
ising in situ, for example, by ocean bottom magnetometers, moorings or cables [see, e.g., Larsen, 1991; Fujii
et al.,, 1995; Manoj et al., 2010; Rayner et al., 2011].

In this study, a new approach is presented that uses the good separability of tidal signals to overcome the
limited observability of magnetic signals which are related to changes in the ocean’s general circulation.
The approach is presented for the example of climate change induced deviations in the oceanic overturning
circulation. These changes are very slow and the relevant ocean velocities are very small. Consequently, a
direct observation by satellite magnetic measurements would be challenging.

Irrgang et al. [2016b] demonstrated the importance of realistic 3-D ocean electric conductivity (o) distribu-
tions to model magnetic signals originating in the general circulation. In general, the authors suggested to
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Figure 1. Stages of AMOC decay. Annual mean values. (top) REFAMOC and AMOC70. (bottom) AMOC30 and NOAMOC.

use a realistic conductivity distribution in studies that include ocean induction processes. Here their findings
are applied to magnetic fields generated by ocean tides. The authors stated that seasonal variations of salin-
ity (S) and temperature (T) do not lead to significant changes in ¢ and therefore in the magnetic field. How-
ever, nonseasonal processes exist that do change the oceanic S and T distributions significantly. Most of
these changes are forced by climate variations [e.g., Intergovernmental Panel on Climate Change (IPCC),
2013].

To study the question if climate variability induced changes are in principle observable in magnetic field
measurements of the ocean, the breakdown of the Atlantic meridional overturning circulation (AMQOC) is
simulated by a global general ocean circulation model. Note, that this is only an example for possible
changes in the ocean that are induced by climate variability [e.g., Gleckler et al., 2016]. The possibility of
a weakening or breakdown of the AMOC is usually attributed to increased freshwater flux into high lati-
tude oceans which results from the melting of Greenland glaciers [Rahmstorf, 1995; Yu et al., 2016]. Other
recently discussed influences to the state of the overturning include (among others): increased runoff
from Alaska and Canada [Harig and Simons, 2016], arctic deep water formation [Yang et al., 2016b], melt-
ing at Antarctica [Patara and Boning, 2014], wind forcing [Stewart and Thompson, 2012; Yang et al.,
2016a], and breaking of internal waves [Mashayek et al., 2015]. This paper is not about to add to the
ongoing discussion and uses only one of the possible mechanisms to generate deviations in the AMOC:
glacial melting on Greenland. The question to what extent Greenland melting is influencing the AMOC is
under much debate, too [Yu et al,, 2016]. Respective results from numerical ocean models strongly depend
on the model’s resolution [Matthijs et al., 2014], the incorporated mixing schemes [Mashayek et al., 2015],
and the coupling to atmosphere models [Stouffer et al., 2006; Saenko et al., 2007]. Strength, spatial
extent, and location of the freshwater input play a crucial role, too [Roche et al, 2010; Yu et al., 2016].
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Furthermore, observed rates of Greenland mass loss show high variability [Harig and Simons, 2016]. For
example, the observations range from 29 Gt/a during 2013-2014 to 562 Gt/a during 2012-2013 [Velicogna
and Wabhr, 2013; Tedesco et al., 2015]. Consequently, reliable projections into the future are difficult.

Discussing and debating the mechanisms of climate change in the oceanic overturning circulation sys-
tem is beyond the scope of this paper. Instead, we aim to use the published results to generate ocean
state examples which are within the range of expected climate variability induced changes. The genera-
tion of the oceanic example states and the experiment design is explained in section 2. The used global
general ocean circulation model and the generation of tidal electric currents is described in section 3.
The electromagnetic induction model is described in section 4. The results of the experiment are pre-
sented, compared and discussed in section 5. The paper closes with conclusions and a summary in
section 6.

2. Experiment Design

Different states of AMOC decay are modeled and compared by the tidal magnetic field they would emit.
In the used ocean model (see section 3), the AMOC decay is triggered by additional freshwater input
into the North Atlantic. The governing mechanisms and the sensitivity of the AMOC are still under much
debate (see section 1). The AMOC sensitivity to freshwater input depends on the used model, the mod-
el's resolution and the applied mixing schemes [Yu et al., 2016]. In addition, the model’s sensitivity
depends on the location and spatial extent of meltwater input and the inclusion of atmospheric feed-
backs by the use of coupled atmosphere/ocean models [Saenko et al., 2007]. Therefore, we separate
results and discussion from a possible misleading time reference and define four representative stages
of AMOC decay. Nonetheless, the amount and impact of the applied freshwater input is in correspon-
dence with the literature, i.e.,, 0.1-1.0 Sv of additional freshwater lead to substantial weakening or shut
down within 50-100 years [e.g., Stouffer et al., 2006]. The defined stages are plotted in Figure 1 and rep-
resent annual mean values: REFAMOC (undisturbed reference AMOC), AMOC70 (small decay), AMOC30
(serious decay), and NOAMOC (total shutdown).

The REFAMOC shows an upper overturning cell where water is transported to the north in the upper
layers (0-1000 m). The water sinks at 60°N down to depths of 1500-3000 m and is transported to the
south. The maximum of the upper cell is 22 Sv and is located at 50° north and at 1000 m depth. The
upper cell is stronger [the observed value is 18.7 Sv, Rayner et al., 2011] and not as continuous as
assumed [e.g., Yu et al, 2016]. A weak counter-clockwise transport exists in the deep ocean (3000-
4000 m). Values and pattern of REFAMOC are well within the range for commonly used ocean models
[Griffies et al., 2009]. The acronyms AMOC70 and AMOC30 refer to the percentage of weakening in REFA-
MOC's upper overturning cell maximum, i.e.,, the AMOC70 and AMOC30 stages show northward trans-
ports of 15 Sv and 6 Sv, respectively. The AMOC70 pattern is similar to REFAMOC but shows smaller
northward transport. The AMOC30 pattern must already be considered as serious AMOC decay. Most of
the upper overturning cell is interrupted and reversed. Only a very small cell of the former upper over-
turning branch remains around the reference maximum. The NOAMOC represents a stage where the
entire upper branch is reversed.

3. Ocean Model

Ocean velocities and seawater properties of the Greenland hosing experiment are simulated with the Ocean
Model for Circulations and Tides (OMCT) [Dobslaw and Thomas, 2007]. The baroclinic model uses nonlinear
momentum equations and calculates temporal variable distributions of T, S, velocity (V) and sea surface
height (SSH). In addition to the atmospheric forcing (details below), an ephemerides based full tidal poten-
tial is used to force the ocean.

Tide induced changes from all tides and the ocean’s general circulation are simulated together and inter-
act nonlinearly [Thomas et al., 2001]. Mass is conserved by following Greatbatch [1994]. Consequently,
boundary freshwater flux will change the modeled ocean mass and the modeled sea level. The grid spac-
ing is 1.875° X1.875%in 13 layers and the time step is 30 min. The atmospheric forcing consists of 6 hour-
ly fields for wind stress, freshwater flux, and heat flux from the ERA-Interim reanalysis of the European
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Centre for Medium-Range Weather Forecasts (ECMWF) [Uppala et al., 2008]. The OMCT in this configura-
tion produces a realistic magnetic signal of the ocean’s general circulation [Irrgang et al., 2016b,2016a].
Due to model resolution small-scale features like eddies are not resolved and the respective magnetic
signals are underestimated [Manoj et al., 2006]. However, the focus of this study is climate change
induced basin wide deviations in salinity and temperature distribution. These deviations are supposed
to be well resolved.

From the modeled S, T, and pressure (P), the seawater electric conductivity is calculated by using the oce
package [Kelley and Richards, 2015] which uses the Gibbs-SeaWater equation [TEOS-10, /OC et al., 2010].

M2 electric currents are calculated in three steps from the 3-D distributions of conductivity and velocity.
First, the ocean currents are multiplied with the local conductivity and subsequently integrated from the
ocean bottom to the sea surface:

R SSH
V (.0, t)=J7H (. 0,2,)7(¢, 0,2, t)dz. (1)

Second, M2 amplitude and phase are separated from % by using the tidem routine of the oce package. The
result is Vy,. To ensure reasonable separation, 1 year of model data with hourly resolution is used. In con-
trast to an ocean model which is forced by the M2 potential only, the results of the presented approach
also contain signals that are not or not directly of M2 tidal origin but share the same very narrow frequency
band. In this way, the presented approach is more similar to the tidal separation method used in
observations.

Third, M2 electric currents are calculated by the cross-product of \7,.,,2 and the Earth’s ambient magnetic
field (E), which is derived from GRIMM-3 [Lesur et al., 2008, up to degree and order 18]:

T (6, 0)=Va(p, 0)XB(b, 0). (2)

Our study covers changes that are supposed to happen within 10-100 years [Stouffer et al., 2006]. In our
study, secular changes in Earth’s ambient magnetic field are neglected and B is assumed constant in equa-
tion (2). Note, that when comparing our model results with observations the effect of (well observed)
changes in B should be removed in the latter.

4. Electromagnetic Induction Model

To calculate the M2 magnetic field, the tidal electric current j,,, (equation (2)) is used as input for the 3-D
electromagnetic induction model of Kuvshinov [2008]. This volume integral equation model solves Max-
well’s equations in frequency space. The model’s horizontal resolution is 1° X 1°. In the vertical, a 1-D spheri-
cally symmetric mantle conductivity following Puthe et al. [2015] is used below a thin spherical layer of
variable electric conductance at the Earth’s surface. We differ from the approach described in Kuvshinov
[2008] only in the calculation of this surface layer’s electric conductance. To derive the conductance of the
induction model’s thin surface layer, Kuvshinov [2008] combine the sediment conductance (using the meth-
od of Everett et al. [2003] with data from Laske and Masters [1997]) with an ocean conductance based on cli-
matological S, T, and P. In our study, the oceanic component of the shell conductance is calculated from
OMCT’s modeled ¢ values (section 3) and represents annual mean values which correspond to the respec-
tive AMOC stages (see section 2), i.e., the M2 signals of the four AMOC stages are calculated with corre-
sponding different shell conductances. This step influences both the calculated tidal magnetic fields and
the resulting differences between the AMOC stages significantly. If the shell conductance is not adjusted
and different ¢ distributions are only used in the calculation of the currents j,, (i.e., the sources for the
induction process), the differences in the resulting tidal magnetic fields (section 5) are overestimated by up
to 20%.

In addition, the tidal magnetic field depends on the resistivity distribution in the lithosphere and the upper
mantle [Schnepf et al., 2014, 2015]. However, our study focuses on differences between tidal magnetic fields
across several decades and so the lithospheric and upper mantle resistivity distribution is considered
constant.
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Figure 2. M2 amplitude of radial magnetic field at satellite altitude (430 km above sea level). (top left) M2 amplitude of REFAMOC. (top
right) M2 amplitude difference, AMOC70 minus REFAMOC. (bottom left) AMOC30 minus REFAMOC. (bottom right) NOAMOC minus
REFAMOC.

5. Results

As described in sections 3 and 4, the amplitude of the radial magnetic field component of the M2 tide from
REFAMOC is calculated at Swarm altitude (430 km above sea level) and plotted in Figure 2 (top left plot). A
large ring-like anomaly of up to 3.1 nT encircles New Zealand. Additional pronounced maxima exist in the
North Pacific, the North Atlantic, and in the Indian Ocean. The pattern of the M2 magnetic signal is within
the range of the literature and the amplitudes are comparable with results from other forward models [e.g.,
Schnepf et al., 2015, Figure 1, Sabaka et al., 2015, Figure 12]. Nonetheless, some discrepancies are evident.
For example, the amplitudes in the Indian Ocean and the North Atlantic are smaller than in the literature.
Especially in relation to the high signal strength around New Zealand. Since the calculations in the literature
are based on barotropic velocities derived from satellite altimetry observations and our calculations are
based on modeled baroclinic velocities, discrepancies are expected. Our study uses a 3-D conductivity distri-
bution generated from an ocean model rather than climatology values or the commonly used global mean
o in the literature. We consistently use the same conductivity distribution to generate the M2 electric cur-
rents (section 3) and to calculate the induction model’s shell conductance (section 4). Finally, the M2 tide is
simulated together with other tides and the general ocean circulation (see section 3). With this background,
discrepancies between model-based studies seem reasonable. However, when Figure 2 is compared to
observations of M2 magnetic signal amplitudes from Swarm and CHAMP [Sabaka et al., 2016], the signal
strength in the Indian Ocean and the North Atlantic is too weak. The reason for this discrepancy remains to
be investigated.

The additional plots of Figure 2 show the impact of the simulated climate variability (see section 2) on
the M2 radial magnetic signal’s amplitude. Depicted are the differences of AMOC70, AMOC30, and
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Figure 3. M2 amplitude of radial magnetic field at sea level. (top left) M2 amplitude of REFAMOC. (top right) M2 amplitude difference,
AMOC70 minus REFAMOC. (bottom left) AMOC30 minus REFAMOC. (bottom right) NOAMOC minus REFAMOC.

NOAMOC with respect to REFAMOC. Despite that additional freshwater is added to the North Atlantic
only, deviations in the M2 magnetic signal occur globally. The deviations are nonuniform and negative
in most areas. For example, the southern and central parts of the Pacific, the Atlantic, and the whole
Indic ocean show a weakening of the magnetic signal compared to REFAMOC. The largest decreases
occur around New Zealand but are not exactly colocated with the maximum of the M2 signal itself (see
top left plot). The maximal decrease ranges from —0.05 nT in AMOC70 to —0.1 nT in NOAMOC. Positive
deviations occur around the Drake Passage and in the northern part of the Pacific and Atlantic. Given
this study’s underestimation of the M2 signal in the Indian ocean, the differences in this region may be
underestimated, too.

Apart from satellites, ocean electromagnetic field observations are also possible by floats, cruises, deep
sea cables [Fujii et al., 1995; Szuts, 2012], land-based magnetometers [Kuvshinov et al., 2006; Kuvshinov
and Utada, 2010], and ocean bottom magnetometers [Luther et al., 1991; Schnepf et al., 2014]. Therefore,
Figure 3 shows the same quantities as Figure 2 at sea level. Naturally, the magnetic signal at sea level is
stronger and less smooth than the signal at satellite altitude. The M2 magnetic amplitude reaches 6.6 nT
and the deviations range from —0.3 nT in AMOC70 to —0.7 nT in NOAMOC. Note that the axial magnetic
fields modeled by the used induction model (section 4) are approximately the same for sea level and
ocean bottom.

Independent of the observation altitude, the difference pattern of AMOC70 and AMOC30 is very similar and
differs only in strength. The difference pattern of NOAMOC shows an additional dipole signal in the North
Atlantic which is a result of the final vanishing of the upper overturning cell (see Figure 1, bottom right).
Since apart from this dipole the plotted difference fields are similar (except for a scaling factor), plots for
AMOC70 and AMOC30 are not included from now on.
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Figure 4. Relative deviation (equation (3)) of radial magnetic field M2 amplitude of NOAMOC. (left) At satellite altitude (430 km above sea
level). (right) At sea level.

To show the differences of Figures 2 and 3 in relation to the total signal strength, relative deviations (RD) of
an AMOC stage (e.g., NOAMOC) are defined in relation to REFAMOC as:

f(NOAMOC) —f (REFAMOC)

= X
RD(f)=100 F(REFAMOC)]

3)

where fis an arbitrary operator, e.g., the magnetic field or the salinity operator.

Figure 4 shows the differences of Figures 2 and 3 as relative deviations in relation to REFAMOC. The relative
deviations in the radial M2 magnetic signal are around or below 5% for most parts of the world oceans.
Higher deviations of 30% or more are most pronounced at sea level (right plot) and occur in many coastal
regions, e.g., around Patagonia, the Weddell Sea, the Indonesian Troughflow, and north of Japan. In addi-
tion, high very localized relative deviations occur around amphidromic points and originate in small shifts
in the tidal system during the simulation.

To quantify how the deviations in the magnetic field are generated, the conductivity weighted and depth
integrated velocity V2, equations (1) and (2)) is plotted in Figure 5. Vi provides the source for the electric
currents j,,, (equation (2)) which in turn provide the sources for the induction process. Because in Vy, the
cross-product with Earth’s ambient magnetic field is not yet incorporated, Vo allows a clearer view of the
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Figure 5. M2 amplitude of conductivity weighted and depth integrated zonal velocity Vw2 equation (1)). (left) M2 amplitude of REFAMOC. (middle) Amplitude difference, NOAMOC

minus REFAMOC. (right) Relative deviation (equation (3)) of NOAMOC.
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Figure 6. Vertical mean conductivity. (left) Conductivity of REFAMOC. (middle) Conductivity difference, NOAMOC minus REFAMOC. (right) Relative deviation (equation (3)) of NOAMOC.

oceanic contributions to the magnetic field than sz. V2 is a vector and the following plots depict only the
zonal component of V2. Nonetheless, the results apply for the remaining components, too. The right plot
of Figure 5 shows the typical M2 tidal amplitude pattern of ocean zonal velocity which is imprinted in v by
the multiplication with v in equation (1). Broad maxima of 350 Sm/s occur in the Pacific and the Atlantic.
The global maximum is located north of New Zealand and reaches 800 Sm/s. In the middle plot, deviations
of \7M2 between REFAMOC and NOAMOC are shown and amount to =20 Sm/s in large areas (local maxima
range from —74 to 38 Sm/s). The M2 tidal zonal velocity pattern is still visible but vanishes in the relative
deviations (right plot). Naturally, the similarities between the pattern of \7M2 changes and ocean magnetic
field changes are strong (see Figure 4 but note that Figure 4 is based on all Vwa vector components). Like-
wise, the relative differences of \7M2 and the tidal magnetic field have a comparable range (=30%).

In the presented experiment (section 2), the climate induced changes in Figures 2-5 can be generated
either by changes in the ocean velocity fields, changes in the ocean conductivity field or by sea level
changes (see equation (1)). Figure 6 shows the vertical mean of the ocean conductivity. In the left plot the
conductivity itself is plotted and shows a strong latitudinal dependence, i.e., low conductivity at the poles
(cool and fresh water) and high conductivity in the tropics (warm and salty water) [Irrgang et al., 2016b].
The influence of the ocean’s bathymetry is visible (e.g., mid ocean ridges, continental shelfs, depth differ-
ences between Atlantic and Pacific). Most of the climate change induced deviations in the depth averaged
conductivity (middle plot) are below 0.5 S/m but can locally (e.g., in shallow areas) amount to =2 S/m.

The relative deviations of the depth averaged ocean conductivity and Vi are highly correlated. The differ-
ences between the right plots of Figures 5 and 6 are small and can be explained by deviations in the respec-
tive tidal amphidromic system which are mainly induced by sea level rise (not plotted). Changes in the M2
amplitude of SSH and ocean velocity between REFAMOC and NOAMOC are below 2% (not plotted). These
changes amount to small shifts in the location of the amphidromic points which can be seen in Figure 4 as
small dipole dots, e.g., in the Pacific. Furthermore, small shifts of up to =2° in the phase of the M2 ocean
velocities occur (not plotted). These phase shifts do not significantly influence the induced magnetic signal
but can be seen as thin lines in Figure 5 (right plot) at locations where the M2 pattern (Figure 5, left plot) is
zero and even small shifts result in higher relative deviations.

Consequently, the climate variability induced deviations in V (and therefore in the induced magnetic fields)
are mostly explained by changes in ¢. Climate variability induced changes in ¢ can in turn result from S, T
or P changes (or combinations). Respective changes in P are very small and the resulting ¢ changes are neg-
ligible (not plotted). Figure 7 compares the zonal mean relative deviations of ¢, S and T. The additional
freshwater input leads to surface cooling (bottom left plot) and freshening (bottom right plot), as well as
subsequent weakening of the AMOC [see Yu et al., 2016]. The resultant changes in the meridional heat and
salt transport allow the high latitude mixing between the upper and deep ocean to occur in lower latitudes,
too (see Figure 1). The result is salinification and warming of deeper ocean layers (in addition to the oppo-
site effect in the upper ocean). The meridional ¢ deviations (top right plot) are dominated by changes in T
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Figure 7. Global zonal mean conductivity, temperature, and salinity. (top left) Conductivity of REFAMOC. (top right) Relative conductivity
deviation of NOAMOC. (bottom left) Relative temperature deviation of NOAMOC. (bottom right) Relative salinity deviation of NOAMOC.

(bottom left plot) which are slightly modulated by changes in S (bottom right plot). In the horizontal inte-
gral sense of equation (1) (see Figure 6), the S and T changes in the upper 1000 m of the ocean dominate
over the changes in the deep ocean. These S and T changes result in the plotted deviations of Vo (Figure
5) and of the radial magnetic M2 fields (Figures 2-4) and explain the globally mostly negative anomalies
and the positive anomalies in the polar regions. Note, that the o-differences plotted in Figures 6 and 7 are
independent of any particular tide. Whether g-deviations on specific geographical locations influence the
tidal magnetic field (or not) depends on the analyzed tide itself. Other tidal pattern than the M2, e.g., S2,
N2, and especially K1, O1 [Kuvshinov et al., 2006; Sabaka et al., 2016], will highlight g-deviations in different
geographic regions.

6. Summary and Conclusions

A global general ocean model was forced with additional freshwater input in the arctic North Atlantic
region to generate different stages of AMOC decay. From these stages the radial magnetic signal of the M2
ocean tide was calculated and compared. A correlation between changes in the M2 magnetic signal and
stages of AMOC decay is demonstrated. In most areas, AMOC decay results in a decreased magnetic M2 sig-
nal. Local positive anomalies occur, e.g., in the Antarctic circumpolar current region or around Alaska. The
deviations in the M2 magnetic signal between a reference AMOC and full AMOC decay amount to 0.1 nT
(0.7 nT) at satellite height (sea level) and are results of changes in conductivity, i.e., changes in salinity and
temperature. Other contributions to the M2 magnetic signal, i.e., changes in sea level, M2 phases and M2
velocities are negligible. Given the good separability of M2 ocean tides in magnetic observations, tidal mag-
netic observations could be used as a reliable tool to detect changes in the state of the oceans. Since the
amount of climate change induced freshwater input and its impact in the ocean is still under debate and
results are highly model dependent, the values and pattern of this paper should be evaluated as a
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demonstration in principle of the sensitivity of tidal magnetic signals with respect to climate variability. For
more realistic results, the analysis will be repeated with coupled simulations of atmosphere and ocean
[Stouffer et al., 2006; Yang et al., 2016a]. These simulations should include other important effects such as
global warming, i.e., greenhouse gasses [Gleckler et al., 2016] or the El Nino Southern Oscillation. Further-
more, the analysis will be extended to other tidal frequencies (e.g., O1) to resolve conductivity changes in
other geographical locations of the ocean, such as the high latitudes. In our simulations, the M2 magnetic
field deviations reach the reported values after 50-100 years. On shorter time spans the values amount to a
fraction of the reported values. Therefore, preferably long observation time series of tidal magnetic signals,
e.g., from CHAMP+Swarm should be analyzed for temporal changes (see M2 signals from Swarm and
CHAMP in Sabaka et al. [2016]). The AMOC decay impact on M2 signals is 0.1 nT at satellite altitude. This
matches in principle the nominal Swarm precision [Friis-Christensen et al., 2006; Olsen et al., 2007]. However,
the detection of the presented signals in satellite-based magnetometer measurements may be challenging
today. Nonetheless, the precision of the observations might improve with longer observation time series,
by future processing improvements or through future magnetometer satellite missions. In addition, terres-
trial magnetometers should be used. The expected changes at sea level (or ocean bottom) are of the order
of several 0.1 nT and should be detectable by magnetometers on land, at ocean bottom, by deep sea tele-
communication cables or in induction based Tsunami early warning networks [Kuvshinov et al., 2006;
Kuvshinov and Utada, 2010; Schnepf et al., 2014; Rabinovich and Eble, 2015]. Therefore, future similar sensitiv-
ity studies should also consider deviations in the nonradial magnetic fields and in the electric fields as well.
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