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Abstract With the launch of dedicated satellite gravity missions, starting with CHAllenging Minisatellite
Payload (CHAMP) in 2000, with Gravity Recovery and Climate Experiment (GRACE) in 2002, and Gravity
field and steady-state Ocean Circulation Explorer (GOCE) in 2009, the accuracy and spatial resolution of
the Earth’s global gravity field models have been improved. Highly sensitive accelerometer measurements
have not only been useful for gravity field modeling but have also been contributing to the studies of
thermospheric dynamics. While improving the sensitivity of the accelerometer measurements, the new
instrumentation used on board GOCE brings different challenges in understanding the data and developing
sophisticated data processing. Our analyses reveal that the GOCE gravitational gradient measurements
were affected by highly variable ionospheric dynamics that did not only degrade the quality of the
GOCE Electrostatic Gravity Gradiometer (EGG) measurements but also proved that some characteristics
of ionospheric dynamics can be measured by GOCE accelerometers and other Low Earth Orbiters. In this
paper, we show how GOCE-retrieved neutral winds respond to main ionospheric currents and we
develop the impulse-response relation between intense ionospheric dynamics (plasma drift) represented
by Poynting energy flux and the gravity gradiometer tensor trace disturbances observed over the north
geomagnetic polar region.

Plain Language Summary The European Space Agency’s (ESA) GOCE satellite gravity mission
was launched in 2009 to study the Earth’s gravitational field with the help of a gradiometer and a GPS
receiver mounted onboard. The gradiometer consisted of six accelerometers in a special configuration that
measured gravitational and nongravitational accelerations in space. The quality of the GOCE accelerometer
measurements was degraded over the Earth’s polar regions during periods of increased solar activity that
caused uncommon dynamics in the space environment, known as magnetic storms. This finding did not
only require to reinvestigate the GOCE data processing but has also compelled scientists to use GOCE
accelerometer measurements, in an inverse mode, to understand the Earth’s upper atmosphere dynamics.
In our recent contribution, we showed for the first time that there exists a direct relationship between
GOCE gradient disturbances and magnetic storms over the Earth’s polar regions. This contribution takes
our previous findings a step further by developing a mathematical model that reduces the GOCE gradient
disturbances up to 30% over North America and Greenland, using electromagnetic energy flow derived
from terrestrial magnetic disturbance measurements. Our contribution paves the way for a combination of
gravity and ESA’s Swarm mission to study and understand the Earth’s upper atmosphere physics.

1. Introduction and Background

The Gravity field and steady-state Ocean Circulation Explorer (GOCE) measured gravitational and nongravita-
tional accelerations in three directions along its orbit at an altitude of about 260 km. The GOCE accelerometer
measurements made possible for the first time the estimation of the second spatial derivatives of the Earth’s
gravitational potential from space. The latest version of the GOCE products of Level 1b processor version
5.06 has provided very high quality scientific data not only for geodesy, solid Earth, and oceanography
(Drinkwater et al., 2006; Floberghagen et al., 2011; Rummel et al., 2011; Stummer et al., 2012) but also for
the retrieval of thermospheric air density and thermospheric neutral winds and validation of thermospheric
models (Bruinsma et al., 2014; Doornbos et al., 2013, 2014). Air density and neutral wind velocity retrieved
from GOCE accelerometer measurements are used to study global ionospheric and thermospheric response
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to geomagnetic storms (Lu et al., 2014), the vertical coupling between thermospheric layers (Gasperini et al.,
2015), medium-scale gravity waves in the thermosphere (Garcia et al., 2016), and to observe wind jets and
seasonal variations in the F region during “quiet times” (Liu et al., 2016). Moreover, there are numerous recent
publications that use GOCE-derived thermospheric neutral winds also referred in the literature as “crosswinds”
and air density profiles for further understanding of thermospheric-ionospheric studies as well as for model
evaluation and assessment purposes (Doornbos et al., 2013; Drob et al., 2015; Lu et al., 2014). For the density
retrieval and cross-track neutral winds derived from previous dedicated gravity missions, namely CHAllenging
Minisatellite Payload (CHAMP) and Gravity Recovery and Climate Experiment (GRACE), the reader is referred
to Bruinsma and Biancale (2003), Bruinsma et al. (2006), Doornbos et al. (2010), Forbes et al. (2005), Förster
et al. (2008), Huang et al. (2016), Lühr et al. (2007), and Sutton et al. (2007).

GOCE was a geodetic mission and its ultimate goal was to develop accurate global gravity field models. Our
previous studies investigated unknown signatures on the GOCE gravity gradiometer tensor (GGT) over the
geomagnetic polar regions (Ince & Pagiatakis, 2016) that were speculated to be due to thermospheric cross-
winds (Bouman et al., 2011, 2014; Brieden & Müller, 2014; Peterseim et al., 2011; Siemes et al., 2012; Stummer
et al., 2012). These signatures appeared as disturbances in the GGT components of duration of 1–5 min, which
may have leaked in the lower frequency part of the gradiometer measurement bandwidth (e.g., 60–200 s)
(Ince & Pagiatakis, 2016). We showed that the disturbances on the GGT were internally consistent with
the other GOCE Level-1b data (Frommknecht et al., 2011; Stummer et al., 2012), typically about 3–5 times
larger than the expected measurement noise. Additionally, using data external to GOCE, we discovered an
apparent relationship of the GGT disturbance groups with increased solar activity observed in the interplan-
etary magnetic and electric field data from the Advanced Composition Explorer (ACE) and Global Geospace
Science Wind solar satellites and Poynting energy flux that was derived from the Equivalent Ionospheric
Currents (EIC) and Spherical Elementary Current (SEC) amplitudes over North America and Greenland
(Ince & Pagiatakis, 2016).

The impact of this discovery (Ince & Pagiatakis, 2016) is twofold. First, we showed that there is a causality of
the GGT disturbances and energy input into the satellite environment, and this causal relationship can fur-
ther be used to understand and subsequently model the GGT disturbances to improve the quality of GOCE
and other follow-on Low Earth Orbiter (LEO) missions gravitational models. Second, our results showed that
LEO accelerometer measurements provide very useful information about the main characteristics of the iono-
sphere and its dynamics, e.g., neutral winds, air density, and electromagnetic energy flux. This is consistent
with Kelley et al. (1991), who showed conceptually that the electromagnetic energy flux into the atmosphere
can reliably be measured remotely by polar-orbiting spacecraft at altitudes in the range of 400–1000 km using
complete determination of the vertical component of the Poynting flux. In another publication, Fremouw
et al. (1985) demonstrated with two examples that the Poynting flux can be estimated using measurements
from the High Latitude Research Satellite (HiLat) spacecraft. In fact, even in the early 1960s, Feynman et al.
(1964) discussed that the electromagnetic energy flow for steady or DC electric and magnetic fields can be
conceptually measured by the Poynting energy flux.

In a more recent publication, Stolle et al. (2013) pointed out that enhanced solar wind and solar radia-
tion energy input into near-Earth space result in strong electric currents flowing in the magnetosphere and
ionosphere with significant plasma density structuring of neutral composition, and winds in the upper atmo-
sphere. Such periods of enhanced activity cause rapid variations in the geomagnetic field of up to several
hundred nanotesla within a few minutes and are called magnetic storms. Knipp et al. (2011) showed that
during such geomagnetic field disturbances, there is generally increased Poynting flux at LEO altitudes; and
moreover, large dayside Poynting flux events are important in magnetopshere-ionosphere-thermosphere
coupling. Related to geomagnetic storms and Poynting flux, Huang et al. (2016) investigated the importance
of Poynting flux in understanding the coupling process of ionosphere-thermosphere system and performed
comparisons with GRACE- and GOCE-retrieved neutral winds during three different storm times.

In Peterseim et al. (2011), Stummer et al. (2012), and Siemes (2012), it is mentioned that the GGT disturbances
over auroral ovals were due to crosswinds; however, no proof analyses were provided. Lack of proof may
be due the fact that there were no actual neutral wind measurements available that could be compared to
the GOCE GGT disturbances along the GOCE orbit for long periods of time. Peterseim et al. (2011) showed
that these disturbances cannot be explained by scale factor adjustment and thus the cause of perturbations
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remained unexplained until Ince and Pagiatakis (2016) showed that the GGT disturbances are coherent with
the electromagnetic energy flow in the ionosphere. Recently, Siemes (2017) showed that the perturbations
in the residual Vyy component can be accurately modeled by parameterizing the common mode accelera-
tions in the cross-track direction multiplied by an unknown quadratic factor (Siemes, 2017, equation (50)).
The quadratic factor was in fact nullified by measurements and adjustment of the position of the accelerom-
eter proof mass during flight, and thus, it is surprising how a quadratic factor can explain such disturbances.
Equation (50) (Siemes, 2017) shows that Siemes’ approach is purely mathematical since it relates functionally
the residual gradient Vyy with the common mode accelerations through the quadratic factor that inevitably
absorbs most of the disturbances. Both Vyy and common mode accelerations are derived from the same set
of fundamental measurements of accelerations.

In our recent studies (Ince & Pagiatakis, 2015, 2016), we showed that the ionospheric dynamics driven by
electromagnetic energy flow (plasma drift or flow) is the dominating factor for the disturbances in the grav-
itational gradients but primarily in the cross-track direction. We emphasized that by reason of fundamental
physical processes in the thermosphere at high latitudes, strong electric fields generated from the interac-
tion between the solar wind and the Earth’s magnetosphere cause electromagnetic energy flow that is fully
described by the Poynting energy flux (H⃗ × B⃗, plasma drift; see next section). The Poynting flux derived from
EIC and SEC has physical meaning and was used to further investigate the disturbances in the GOCE GGT. We
introduced EIC and SEC (Weygand et al., 2011) derived from the magnetic field activity measured at terrestrial
stations via the spherical elementary current systems (SECS) technique (Amm, 1997; Amm & Viljanen, 1999).
Then, we used the EIC and SEC to calculate the Poynting vector (S vector) over North America and Green-
land and performed coherency analyses of S⃗ with the GGT trace using continuous wavelet transform, wavelet
coherence, and phase analysis of the cross wavelet spectrogram.

We thoroughly analyzed nearly 1000 ascending tracks during March–April 2011 when many minor to mod-
erate magnetic storms occurred (Ince & Pagiatakis, 2016). About 100 of these tracks over Canada, Greenland,
and surrounding oceans showed GGT disturbances of very specific structure and increased magnitude. Such
disturbances in the gravitational gradients are at ∼13 dB signal-to-noise ratio with respect to other sources
that are within the noise level of the instrument. We proved that these GGT disturbances were highly coherent
in time and space with electromagnetic energy flow input (Poynting flux) to the satellite environment (Ince &
Pagiatakis, 2016). This was an important discovery, consistent with theoretical atmospheric physics principles
leading to the modeling of the disturbances developed in this paper.

Defence Meteorological Satellite Program (DMSP)-derived Poynting flux might also have been used in this
study, but the analyses could have been only performed over a very limited area, along the overlapping
ground tracks of GOCE and DMSP satellites or on the long-term averaged characteristics. Therefore, we instead
used EIC and SEC grids provided over Canada for every 10 s interval. Weygand and Wing (2016) investi-
gated the current sheets connecting the Earth’s magnetosphere to the Earth’s high-latitude ionosphere that
is derived from the DMSP satellites and SECS method. They found that the ionospheric current boundaries
derived from the two are in agreement within 0.2∘ ± 1.3∘, and the boundaries of these particular regions
(accordingly, main currents) can be derived from terrestrial magnetometer observations which support our
choice of data sets used in this study. In addition, we juxtapose the EIC and SEC with GOCE-retrieved hori-
zontal neutral winds derived by Doornbos et al. (2013) to conclude that using EIC and SEC is necessary and
sufficient to further investigate and model the GGT disturbances.

In this contribution, we first describe the data sets used and concentrate on an example encompassing five
successive tracks over Canada and Greenland during a geomagnetically active period. We present the EIC and
SEC values as well as GOCE-retrieved neutral wind profiles computed by Doornbos et al. (2013) along these five
tracks. In these examples, we show that the eastern, northern, and upward components of the neutral wind
velocity retrieved from the GOCE accelerometer measurements exhibit similar characteristics, as it should, to
the principal ionospheric currents represented by EIC and SEC, particularly showing increased wind speeds
during elevated electromagnetic storms.

Consequently, we make the hypothesis that the disturbances are mainly driven by EIC and SEC, which we
subsequently use to derive “equivalent” Poynting energy flux in the north-south and east-west directions of
the satellite track. The Poynting energy flux is then used as input (driving force) into the satellite environment
to derive the response of GGT to this energy flow increase that induces the disturbances. In other words, we
assume that the Poynting energy flux is the fundamental and physically meaningful driving force to model
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the GGT disturbances rather than the thermospheric neutral winds which are principally driven by the elec-
tromagnetic energy flux in the thermosphere. Besides, thermospheric neutral winds from external sources,
except interpolated values from low spatial and temporal resolution models, are in fact not available along
the GOCE tracks.

Later in this contribution, using a data-driven autoregressive exogeneous model, we develop the relationship
between the disturbances observed in the GGT tensor trace and the plasma drift, the latter being represented
by the Poynting energy flux. Then, we use this model to predict the disturbances and correct the original GGT
trace over Canada and Greenland along all ascending tracks. Not only is this study important for bridging
geodesy and space physics/ionospheric dynamics but also it is crucial for studying the response of crosswinds
to ionospheric currents, improving the quality of GOCE Electrostatic Gravity Gradiometer (EGG) products, and
establishing how ionospheric dynamics affect the low Earth orbiters.

2. Data and Preanalyses

The data sets we use in this research consist of GGT diagonal elements that are filtered into the GOCE gra-
diometer measurement bandwidth (MBW), [10–200] s, and into [180–300] s, a bandwidth which includes
lower frequency components than the GOCE EGG MBW, and GGT trace that is retrieved from the filtered diag-
onal GGT gradients in [180–300] s. In addition, we use northward, eastward, and upward components of
wind velocity (Doornbos et al., 2013), Equivalent Ionospheric Currents (EIC) and Spherical Elementary Current
(SEC) amplitudes (Weygand et al., 2011), and finally Poynting vector components that are calculated from the
EIC and SEC (Ince & Pagiatakis, 2016). The GGT trace and the EIC, SEC, and Poynting flux that are computed
from terrestrial magnetometer measurements have different spatiotemporal resolutions, and preprocessing
is required to perform coherency analyses with the GGT trace.

The preprocessing of the data sets is given in this section, and the following data sets are retrieved:

1. The diagonal GGT components filtered into the gradiometer MBW, [10-200]s and the trace as the summa-
tion of the filtered diagonal components.

2. The diagonal GGT components filtered into the lower frequency band, [180–300] s, and the trace as the
summation of the filtered diagonal components.

3. The northward, eastward, and upward components of the wind velocity retrieved from GOCE accelerometer
measurements along the satellite track and decimated into 10 s interval (wind speeds are computed by
E. Doornbos and downloaded from ESA’s Virtual Archive at https://earth.esa.int/web/guest/-/goce-data-
access-7219).

4. EIC and SEC values interpolated into the satellite position by using the gridded EIC and SEC data given in
10 s temporal resolution (grid values are computed and published by J. Weygand at http://www.igpp.ucla.
edu/jweygand/htmls/EICS_NA_Greenland.html).

5. Poynting vector computed from EIC and SEC that is interpolated into the satellite position. Consequently,
the Poynting vector is transformed into the Gradiometer Reference Frame (GRF) along the satellite track
using inertial attitude quaternions and Earth orientation parameters.

2.1. GOCE Measurements
2.1.1. Gravitational Gradients and GGT Trace
In order to understand the characteristics of the Gravitational Gradient Tensor (GGT) disturbances, we extend
our study to the individual diagonal gradients. For the methodology of GOCE data processing, the reader is
referred to Floberghagen et al. (2011), Frommknecht et al. (2011), Rummel et al. (2011), and Stummer et al.
(2012). In this contribution, we initially compare the cross-track component of the GGT Vyy with that computed
from ITSG-Grace2014k (Mayer-Gürr et al., 2014) geopotential model at the satellite altitude.

First, GRACE model-based gradients are calculated at the satellite altitude from spherical harmonic coef-
ficients up to degree and order 200 using the software provided by the Technical University of Munich
(T. Gruber, personal communication, 2016). Then, each gravitational gradient is transformed into the GRF (ESA,
2006) and band-pass filtered into the EGG measurement bandwidth (MBW), [10–200] s. The MBW-filtered
GOCE EGG gravitational gradients are compared with the MBW-filtered ITSG-Grace2014k based series, and
their differences along ascending tracks are geographically presented in Figure 1a, whereas Figure 1b shows
the trace corresponding to the same epochs as in Figure 1a. Note the similarity of the signatures in the
two figures over the geomagnetic polar regions, whereas the trace (Figure 1b) shows noisier characteristics
globally.
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Figure 1. (a) The GOCE EGG measured Vyy is compared with the ITSG-Grace2014k model (D/O 200) computed gradients within the EGG MBW during March–April
2011 for ascending tracks. The difference between them indicates unknown discrepancies over the geomagnetic polar regions. (b) The trace of the GGT obtained
from the filtered diagonal GGT components within the EGG MBW. Note the similarity between the two signatures over the geomagnetic polar regions.

Our analysis and results show that the differences between the GOCE Vyy and model computed Vyy can exceed
30 mE over the geomagnetic polar regions (see also Siemes, 2012; Stummer et al., 2012; Peterseim et al., 2011)
within the MBW. For the interested readers, it is worth mentioning that the comparison results of Vxx and Vzz do
not show similar high level noise over the polar regions (see also supporting information Figures S1–S2). This
proves that there are substantial discrepancies between the GOCE EGG measurements and model-computed
Vyy , and this is an additional verification of the errors present in the GOCE EGG Vyy .

2.1.2. Thermospheric Neutral Winds
As mentioned in section 1, the GOCE accelerometer measurements together with thruster data have been
used to retrieve the northward, eastward, and upward components of the neutral wind velocity. Due to the
limitations in the measurement process, it is not possible to retrieve the full wind vector (Doornbos et al., 2014)
and the along-track wind speed is realized from a model value, whereas the vertical component is assumed
to be zero while computing the horizontal wind speeds. Therefore, the neutral wind velocity that is provided
in a reference frame with components in the eastward (zonal), northward (meridional), and upward (vertical)
directions should not be interpreted as the full zonal (eastward) or meridional (northward) winds. The reader
is referred to Doornbos et al. (2013) and Doornbos et al. (2014) for the details of the methodology.

In this contribution, time series of the components of neutral wind velocity are used for comparison purposes
with EIC and SEC along five satellite tracks shown in Figure 2. The five tracks on 1–2 April 2011 starting at
19:42, 21:12, 22:42, 00:11, and 01:41 UTC are presented. Since we investigate the GGT unknown signatures
over the North geomagnetic polar region, we perform our analyses on the GOCE-retrieved crosswinds over

Figure 2. The five successive tracks over Canada and Greenland are used
to investigate the relationship between neutral winds and equivalent
ionospheric currents. Track starting times (UTC) are indicated on each track.

this limited area between latitudes 30∘N and 90∘N as well. The north-
ward, eastward, and upward components of the wind velocity are
presented in Figures 3a–3c, respectively, where the different tracks are
represented by different colors.

The wind components in all three directions show similar along-track
structure in all five tracks with a visible phase shift. This shift is due
to the use of geographical coordinates used (instead of geomagnetic
coordinates) in this representation as well as to the structure of the
signatures distributed over the auroral oval. The eastward wind com-
ponent (Figure 3b) exhibits significant variations over the latitudes
between 50∘N and 75∘N (see also supporting information Figure S3 for
the representation wrt geomagnetic coordinates). Similar variations are
observed in northward and upward components as well, whereas the
upward component is much smaller than the other two; note that in
Figure 3c, the vertical scale is 100 times smaller than in Figures 3a and
3b. Their comparisons to main ionospheric currents are given in the
next section.
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Figure 3. Crosswind speed derived from GOCE accelerometer measurements and thruster data and corresponding EIC
and vertical currents along the five successive tracks. (a) Northward component of the crosswind speed. (b) Eastward
component of the crosswind speed. (c) Upward component of the crosswind speed. (d) Northward component of
horizontal EIC. (e) Eastward component of horizontal EIC. (f ) SEC amplitude (vertical current).

2.2. Ionospheric Electrical Currents
Complex electrical current systems are represented by a simple set of equivalent electrical currents at a spe-
cific altitude in the ionosphere by using the Spherical Elementary Current Systems (SECS) method (Amm,
1997). In this study, we use Equivalent Ionospheric Current (EIC) and Spherical Elementary Current (SEC)
amplitudes derived from terrestrial observatories over North America and Greenland (Weygand et al., 2011).
Computed current values are provided on a grid at 10 s temporal resolution, whereas the terrestrial stations
have ∼350 km spatial resolution in the densest regions in Alaska (Weygand et al., 2011).

EIC in the north-south and east-west directions is given in mA/m, whereas SEC vertical currents in upward
and downward directions are given in Amperes, in a left-handed local coordinate system. The EIC and SEC
do not share the same grid area and resolution. We apply the collocation method (kriging) to interpolate the
grid values into the satellite ground track positions for coherency analysis. In Figures 3d–3f, we present the
northward and eastward equivalent ionospheric current components and vertical currents, respectively. Since
we investigate the variations of the currents, we did not transform them into the GRF at this stage.
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The northward EIC component shows complicated and inconsistent behavior among the five tracks. This
might be due to the rapid changes in the thermosphere in the north-south direction along the satellite track.
On the contrary, the eastward component shows consistency and similarities in all five tracks when the iono-
sphere was geomagnetically active. The phase delay between the signatures over the five tracks is again due
to the chosen geographical coordinate system as well as due to the nature of the signatures. One can eas-
ily notice the coherency between the eastward components of the neutral winds (crosswind) and the EIC.
Therefore, this coherency is commensurate with the theory that neutral winds are driven, enhanced, or highly
modified by ionospheric currents at auroral ovals.

It is worth mentioning that at high latitudes, thermospheric neutral winds are driven by several sources,
such as momentum exchange between convecting ions and the neutral gas (ion drag); solar heating pro-
duced pressure gradients, joule heating, and auroral particle precipitation; and inertial forces (e.g., Coriolis
and centrifugal) (Kwak & Richmond, 2007). Also, it is given in Killeen and Roble (1993), Roble (1996), and
Thayer and Killeen (1988) that the ionospheric plasma convection (plasma drift) can significantly modify the
pressure gradient-driven neutral wind flow. Since an external neutral winds data set of high spatiotemporal
resolution is not available along GOCE orbits, the high temporal resolution of EIC and SEC can be used for
further studies over North America and Greenland. Besides the similarities between the behavior of the neu-
tral winds and equivalent currents in the eastward direction, the well-structured anticoherence between them
is worth investigating.

By visual inspection of Figure 3, there also exists correlation between the eastward wind speed and the vertical
currents. SEC values (vertical currents) presented in Figure 3f are proportional to field-aligned currents for
uniform conductance, and the relation between the SEC and the eastward component of GOCE-retrieved
wind speed indicates that the current input to the ionosphere and drifting away from the ionosphere plays
an important role on the behavior of the neutral winds.

Another significant finding relates to the dynamics of the ionosphere at different altitudes. The EIC and SEC
values are provided at an altitude of 110 km where the main ionospheric currents are present. The neutral
wind velocity components that are derived from GOCE accelerometer measurements are computed at alti-
tude of approximately 250 km. The coherency between the EIC-SEC and GOCE-retrieved winds is striking, and
investigations of other conditions and storm times are needed for further understanding. Huang et al. (2016)
argue that the Poynting flux is the dominant form of energy input to the ionosphere-thermosphere system.
Moreover, they indicate that any thermospheric response to a magnetic storm must involve energization of
ions since neutral particles cannot be energized by the electromagnetic waves directly. Therefore, coupling
of different layers still needs to be understood better. Huang et al. (2016) also show the comparison of neutral
density estimations retrieved from GRACE and GOCE that is at different altitudes, 470 and 275 km, respec-
tively. They found that the largest increases in neutral density at both altitudes occur at high latitudes as
of our interest. Within the same topic, Lu et al. (2014) compared the Thermosphere Ionosphere Mesosphere
Electrodynamics General Circulation Model (TIMEGCM) and GOCE- and CHAMP-retrieved thermospheric wind
and density which reveals some differences between them. The TIMEGCM simulations underestimated neu-
tral mass density in the upper thermosphere and overestimated the storm recovery time. They mentioned that
these discrepancies indicate that the simulations do not fully represent some heating or circulation dynamics
and potentially cooling processes, and also some parameterization updates to TIMEGCM are established.

Based on our investigations presented in Ince and Pagiatakis (2016) and analyses presented in this section,
we use Poynting flux computed from EIC and SEC. The use of Poynting flux instead of equivalent currents is
expected to provide physical meaning to our analyses. In section 3, we develop the data-driven relationship
between the Poynting flux that represents the ionospheric dynamics (plasma drift) and the disturbances in the
gradients. Understanding the variations due to the altitude change is beyond the scope of this contribution,
and the reader is referred to Huang et al. (2016) for more details.

2.3. Poynting Energy Flux
We proceed to estimate the electromagnetic energy density flow (energy flux) using EIC and SEC amplitudes
that are calculated on a spherical geographic grid. In order to compute the Poynting vector from EIC and
SEC, EIC (mA/m) is assumed to represent horizontal magnetic field components, whereas the SEC (Amperes)
is normalized by the area of the grid cells and represents the electric field current intensity per unit area (A/m2)
in upward (positive) and downward (negative) directions in a local coordinate system. The electromagnetic
energy flow direction is represented by the Poynting vector.
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The Poynting vector can be represented as

S = E × 𝜹B
𝜇0

, (1)

which is the cross product of the convection electric field, E, with the perturbation vector of the geomag-
netic field 𝜹B with respect to the main geomagnetic field B0, and 𝜇0 is permeability (Kelley, 2009) and it is
represented in units of J/sm2 or W/m2. In general, the direction of the Poynting vector (S vector) indicates
the direction of the propagation or flow of electromagnetic energy that drives the ionospheric plasma drift.
As presented in Figure 3, the variations of the neutral wind speed are highly coherent with the variations of
ionospheric currents. Therefore, we can make the hypothesis that the direction and amplitude changes of the
Poynting vector correlate with the drag in the satellite orbit and become the driving force of the disturbances
observed in the GGT (Ince & Pagiatakis, 2016).

Because of the reasons mentioned in the previous section, we are motivated to compute the Poynting vector
instead of using equivalent currents, which has a physical meaning and indicates the direction of the flow of
electromagnetic energy and therefore the energy input to the satellite environment. It is worth noting that,
for the sake of the correctness of our analyses, the Poynting vector computed from the EIC and normalized
SEC is furthermore transformed into the GRF by using the azimuth angle of the satellite ground track with
respect to the geographical north about the Z axis of the gradiometer. In the following section, the cross-track
Poynting vector component is used for modeling purposes.

3. Methodology
3.1. Description of the Dynamic System
We use an input-output dynamic system approach according to which an input signal is introduced to a linear
dynamic system and an output signal is produced based on the response of the system (impulse-response)
as given in Figure 4. In parametric linear models, the input is related to the output in difference or differential
form, which can be represented by Laplace or z-transform forms, whereas in nonparametric linear models, the
system properties are represented by curves.

In our case, the very complex physics behind the way the disturbances are introduced into the EGG gradi-
ents is unknown and the system can only partly be understood based on the response analysis. In order to
remove the disturbances, data-driven models are examined and used in this study. Unless otherwise indi-
cated, the information on data-driven modeling presented in this section is taken from Andersson et al. (1998)
and Lennart (1999).

3.2. Data-Driven Modeling
A dynamic system that processes an input signal to produce an output signal is designed according to the
purpose it is intended to serve. In studying the GOCE GGT trace disturbances caused by intense ionospheric
dynamics, the relationship between the input (cause) and output (effect) is not defined, or more precisely, it is
not known. In such cases, it is possible that the input and output signals are measured. By using the measured
input and output signals, modeling their unknown relationship (impulse response of the dynamic system)
may be possible. The unknown relationship can be categorized using linear or nonlinear model structures.
Even though it is very possible that we deal with a nonlinear system (e.g., NARX and NARMAX), in this example
we rely on a linear model structure as an acceptable approach. Matlab System Identification Toolbox is used
in the investigations (Lennart, 1999).

We develop this relationship (model) using the Poynting energy flux in the cross-track direction as the input
to the system (GOCE) and the disturbances observed in the GGT trace as the output from the system (Ince
& Pagiatakis, 2016). The methodology we apply here consists of various steps, such as preprocessing of the
data, and estimation and validation of the model. As mentioned in the previous section, first the GGT diago-
nal elements are filtered into the frequency bandwidth of interest, [180–300] s and downsampled into 10 s
interval, whereas the EIC and SEC are interpolated (using kriging) into the satellite position along the satel-
lite track. The Poynting vector is computed based on the interpolated EIC and SEC values along the satellite
track and transformed into the GRF later. Based on our analyses in different frequency bands, we conclude
that the coherency between the disturbances and Poynting flux is higher and more robustly defined in the
interval of [180–300] s. Therefore, further investigations are performed in this frequency band and not in the
nominal bandwidth of the instrument [10–200] s. After preprocessing (e.g., detrending, filtering, resampling,
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Figure 4. Input-output dynamic system representation.

and transformation), the data are analyzed into two separate stages, namely, the estimation and validation
stage. Estimation data are used to develop the model, whereas the validation data are used to test the validity
of the model by means of residual analyses.

The disturbances observed in GOCE EGG data are assumed to be coming from ionospheric dynamics, whereas
calibration and instrumental errors, or errors in data processing are assumed as nonmeasured and are not
considered in the model development but are part of the noise. In our case, we represent the relationship
between the input and output signals by a linear (parametric/ nonparametric) model. Because GOCE gra-
diometer disturbances are not well-known nor have they been studied before, our initial solution is based on
testing many input-output relations.

Once the model parameters are determined, the model is used to simulate the output signal which is then
compared with the original (measured) output signal (validation stage). A least squares fit analysis is per-
formed and the fitting is given in terms of percentage. In a second step, the residuals are analysed for the
purpose of assessing the suitability of the model. Residual analyses are performed using the autocorrelation
of the residuals themselves as well as the cross correlation of the input signal and the residuals (which ideally
should be zero). When the correlation results show coefficients within the confidence level of 95%, then the
model can be accepted as a successful and effective model for the intended application.

Based on the description and tests mentioned above, after testing many input-output pairs, we found that
the Autoregressive Exogeneous Model (arx) of the order 6 is applied to our system with reasonable results.
We did not characterize the type of the noise as it is the case for ARMAX model type. Instead, we assumed the
noise to be white noise and considered an ARX model. The formulation of ARX model can be written as

y(t) + a1y(t − 1) + ... + anay(t − na) = b1u(t − nk) + ... + bnbu(t − nk − nb + 1), (2)

where u(t) is the input to the system, y(t) is the output from the system, a and b are polynomial coefficients,
and nk is the input-output delay.
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Figure 5. The depiction of the arx625 model. Note the 50 s delay between the solid red circles in the input and output
signals which indicate the delay (lag) of the system response.

Figure 6. Five successive tracks each shifted by 15∘ in ascending node are investigated. (a) Poynting vector components in cross-track direction. (b) GOCE EGG
trace. (c) Corrected trace after the data-driven model applied. Note the elimination of the disturbances, except the first track represented by blue color. (d) GOCE
GGT disturbances within the area where the input signal was available. Note that the blue track crosses Greenland and shows a signature of the disturbance
stating from latitude 60∘N. The successive tracks cross 15∘ to the west of the previous track and experience similar signatures over similar regions with small
phase differences.
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Figure 7. (a) Trace obtained from filtered diagonal gravity gradients downsampled in 10 s interval during March–April 2011. Note the signatures over high
latitudes and auroral oval. (b) Corrected trace obtained by using model arx625 during March–April 2011. Note the improvement over Canada and western
Greenland.

The arx625 model is described using real input and output signals referring to the latitude along the track
in Figure 5. The input and output series are represented by u(t) and y(t), respectively. The model is named
“arxnanbnk” (e.g., arx625 where na = 6, nb = 2, and nk = 5) where na is the number of poles, nb is the
number of zeros, and nk is the delay (𝛿) or the number of samples (5 samples × 10 s = 50 s delay) before the
input affects the system output, respectively.

The solid red circle in the output signal shows the epoch of the simulation. The preceding red circles (open)
indicate measurements that are also taken into account in the model development. The solid red circle in the
input signal indicates the epoch of the input signal that is used in the computations which corresponds to
the epoch of simulation by a delay of five sample points. Moreover, the previous points marked in the input
signal by open red circles indicate that there are effects also contributing to the output signal, originating
from measurements collected at previous epochs.

4. Modeling the Disturbances

We investigated the trace of the five successive tracks as depicted in Figure 6. In these examples, the trace
is retrieved as given in section 2. The five tracks with different colors cross Greenland and Canada within a
few hours (see Figure 2). The cross-track Poynting vector components (input signal) are depicted in Figure 6a.
The blue line represents a track over Greenland that has the Poynting vector component computed over an
area with limited availability of EIC and SEC. The track shown in red crosses Labrador Sea and Davis Strait.
Even though there are no actual measurements of geomagnetic disturbances performed over the seas, the
measurements on land are used to recover the gridded ionospheric currents (Weygand et al., 2011) in these
regions, and therefore, the geomagnetic disturbances are available for modeling. The red line shows distinc-
tive variations that change to negative magnitudes at about latitude 55∘N, which corresponds to the region
where we observe distinctive trace disturbances.

The five GGT traces (output signal corresponding to the five tracks) are depicted in Figure 6b using the same
color code as in Figure 6a. The disturbances show similar behavior between latitudes 60∘N and 80∘N. As the
track shifts from east to the west, the disturbance signature also displaces slightly to the south. For example,
the track starting from 19:42 UTC on 1 April, as shown in blue, depicts the variation starting from latitude
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Table 1
Statistics of 954 Ascending Tracks Before and After Corrections Based On Arx625 Transfer
Function

Trace 30–87∘ 50–85∘ 50–60∘ 50–70∘ 60–70∘ 60–85∘

Std 2.7 (2.3) 3.2 (2.6) 1.5 (1.4) 2.7 (2.2) 3.1 (2.5) 3.6 (2.9)

Note. See the values in parenthesis for the statistics of corrected series. The values are
given in mE.

62∘N which returns to its normal structure over latitude 82∘N. The next ground track shown in green over a
different region starting at 21:12 UTC time experiences similar effects as the previous track, but at different
geographical latitudes.

Figure 6d shows the measurements along the five tracks focusing on the interval between latitudes 50∘N
and 72∘N where the Poynting vector is available. The developed model is applied to the trace, and the cor-
rected trace is presented in Figure 6c. Except the blue line, the trace in the other four tracks shows significantly
reduced effects. The average RMS improvement in the five tracks is over 30% (nearly 10 dB) between latitudes
50∘N and 70∘N. The disturbance observed in the trace starting at 19:42 UTC (blue) is not eliminated because
the track is located over the ocean and partly over Greenland; the Poynting vector components (input) are
not available at the epochs corresponding to disturbed tracks. Therefore, not all large signatures are removed
from the trace in the areas that are outside of the gridded EIC and SEC presented in Ince and Pagiatakis (2016)
and Weygand et al. (2011).

The trace that is obtained from the filtered diagonal gradients for the 2 month period is displayed in Figure 7a.
The GGT disturbance signatures over the auroral oval are distinguishable and similar to the ones displayed
in Figure 1. The corrected trace over Canada and Greenland is shown in Figure 7b for the same time period,
March–April 2011. The reduced signatures over the Hudson Bay in Canada and western Greenland shown in
the black circle are very distinguishable and now within the noise level of the instrument. The overall RMS
improvement is about 20%. Consequently, we can say that the methodology we use here is successful but, as
expected, is limited by the spatial availability of the EIC and SEC (Poynting vector).

The statistics of the original filtered trace and corrected trace are given in Tables 1 and 2 for 954 tracks dur-
ing March–April 2011 and the five tracks presented, respectively. The standard deviations are presented
for different latitude bands over the high latitudes. The standard deviation is computed for each track (954
in total and 5 for the tracks shown in the example), and the average value is given in the tables. The statis-
tics of the corrected series are given in parenthesis. The six different latitude intervals are, namely, 30–87∘N,
50–85∘N, 50–60∘N, 50–70∘N, 60–70∘N, and 60–85∘N, and the statistics are calculated for ascending tracks
only. It is also worth noting that the statistics of 954 tracks do not only represent the statistics of dis-
turbed tracks but also the ones that are within the noise level of the instrument. However, the five tracks
we look into are all noisy tracks, and their statistics should be able to represent the improvement of the
corrections better.

Table 2 shows the statistics of the five disturbed tracks for the six latitude bands. It is found that the largest
disturbances occur over the latitude band 60–85∘. It is critical that the higher altitudes show higher standard
deviations which also indicate the more intense dynamics in these regions. We find that 20–30% improve-
ment has been accomplished after the corrections applied. It is worth mentioning that the latitude band 50∘

to 70∘ shows the largest improvement. This improvement is probably due to the high availability of the input
data (Poynting vector) over this band.

Table 2
Statistics of the Five Ascending Tracks Before and After Corrections Based On Arx625 Transfer
Function

Trace 30–87∘ 50–85∘ 50–60∘ 50–70∘ 60–70∘ 60–85∘

Std 8.4 (6.7) 10.2 (7.5) 6.3 (4.5) 9.9 (6.8) 9.0 (6.5) 11.0 (8.1)

Note. See the values in parenthesis for the statistics of corrected series. The values are
given in mE.
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5. Discussion and Conclusions

In this contribution, we studied and modeled the disturbances of high-resolution GOCE gravitational gradi-
ents using atmospheric physics. We showed that the disturbances occur both in the north and south magnetic
polar regions with different characteristics and may reach up to a few to several times the noise level of the
instrument (∼11 mE). To understand the source of these disturbances, we used external data sets to GOCE,
namely, equivalent ionospheric currents and vertical current amplitudes which were shown to be consistent
with the GOCE-retrieved neutral winds. We showed that the eastward component of the neutral wind veloc-
ity supports the hypothesis of using electrical currents in the ionosphere to understand and investigate the
EGG disturbances further over this particular area since the interactions between the two are rapid. This find-
ing also establishes that the GOCE accelerometers measured the variations that were due to the ionospheric
plasma flow and the features of its consequences. Our contribution is entirely based on the physics of the
ionospheric dynamics and on independent measurements thereof, as opposed to the pure mathematical
approach developed by Siemes (2017).

Another finding is that the equivalent ionospheric currents that are computed at an altitude of 110 km have
similar structure to the GOCE accelerometer-retrieved eastward neutral wind component at an altitude of
250 km. This might be a consequence of the similarities in the “main” characteristics of neutral winds at
different altitudes over high-latitude areas.

With the evidence that the EIC and SEC can further be used in understanding GOCE disturbances, we devel-
oped a model driven by ionospheric dynamics represented by Poynting energy flux. In other words, we
developed a model based on the ionospheric dynamics and GOCE GGT disturbances as an impulse-response
model making the hypothesis that the ionospheric dynamics as a whole were the dominating cause of the
GGT disturbances. This hypothesis is physically valid because the EIC and SEC describe, by definition, equiva-
lently the total ionospheric dynamics regime. Equivalent ionospheric currents are a good approximation of the
currents describing the spatial and temporal varying behavior of the fundamental processes in the ionosphere
(Untiedt & Baumjohann, 1993; Zhang et al., 2013). The developed model was validated using a different set of
input-output series and consequently applied to correct the disturbances over the regions where Poynting
energy flux was available. We demonstrated for the first time that the disturbances observed in GOCE GGT
trace can be reduced/eliminated based on the limited information retrieved from EIC and SEC. Moreover,
following the work done on the air density enhancement retrieved from CHAMP accelerometer measure-
ments and their comparisons with ionospheric dynamics by Lühr et al. (2004), we demonstrated that there is
a direct relation between the acceleration measurements in space and the variations caused by the increase
of the electromagnetic energy flow.

In order to extend the area of improved gradients, the EIC and SEC amplitudes over Scandinavia and Russia
need to be included in further investigations and modeling. Our analyses considered the development of a
corrective model over North America and Greenland, and this was limited by the availability of the EIC and
SEC. Similar models over the South Pole can be used to improve the data in that region. Accordingly, we con-
clude that the static geopotential models over the geomagnetic polar regions can still be improved with the
contribution of enhanced GOCE EGG products. By further improving the GOCE data processing, detecting
and monitoring the time-variable Greenland gravity field may be improved (Bouman et al., 2014) which is also
crucial for sea level variation studies. Our on-going analyses include investigations on Vyy component, partic-
ularly with enhanced analyses in different frequency bands. The outcome of this research may help reduce
the disturbances and improve the EGG products and accordingly contribute to gravitational field modeling
as well as to ionospheric-thermospheric modeling via the measurements of nongravitational accelerations.

We emphasize that GOCE was not only a very successful geodetic mission but also very useful for space
weather studies (e.g., detection of gravity waves and retrieval of thermospheric winds, comparisons with wind
models) as shown by Bruinsma et al. (2014), Doornbos et al. (2013), Drob et al. (2015), and Lu et al. (2014). GOCE
accelerometer measurements can furthermore be used to understand the ionospheric dynamics and evalu-
ate the equivalent ionospheric currents derived from terrestrial observations and help estimate the currents
(e.g., EIC and SEC) where no magnetometer measurements exist or help evaluate them at different altitudes.

While our contribution is limited to North America due to lack of geomagnetic observations globally, it pro-
vides important scientific basis for upcoming LEO missions, such as GRACE Follow-on, and their integration
with Swarm. Swarm provides global geomagnetic field and electric currents flowing in the magnetosphere
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and ionosphere; ionospheric density and flow; and temperatures and other parameters, as well as their tem-
poral variations (e.g., Knudsen et al., 2017). The integration of follow-on LEO gravity missions with Swarm will
lead to a global and comprehensive study and modeling of the accelerometer and orbit disturbances bet-
ter that will improve the gravity geopotential models (direct mode), whereas at the same time the inverse
modeling will provide additional information from LEO gravity missions to ionosphere modelers.

In summary, the idea to study the extent to which GOCE gradiometer measurements and specifically their
disturbances can provide information about the electromagnetic field is fundamental for trans-disciplinary
research. This is possible via the integration of geodetic LEO missions with Swarm and other upcoming
space missions. Lastly, providing redundant and independent measurements when studying the ionospheric
dynamics and space weather is essential for understanding the Earth system and, in particular, the Geospace.
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