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Liisa Juusola, Heikki Vanhamäki, Ari Viljanen and Maxim Smirnov

Thank you for your comments and suggestions regarding our manuscript. You’ll
find our replies below. We hope that these answers and the proposed changes to
the manuscript are satisfactory.

Sincerely yours,
Heikki Vanhamäki, Ari Viljanen and Maxim Smirnov
(Liisa Juusola is presently on maternity leave)

1) When I saw the title of the paper before reading it, I thought that it would mainly
deal with the importance of properly separating internal from external fields when
using geomagnetic variations to study the dynamics of the overhead current sys-
tems that originate them. However, as I emphasized above, and the authors ac-
knowledge in their abstract, the results presented in this work show also how im-
portant is to accurately taking the 3-D distribution of the electrical conductivity
of the Earth into account when attempting to predict the geoelectric field derived
from the geomagnetic variations. This is of great importance today and, although
I agree that this is not in contradiction with the concept of ‘the interpretation of
geomagnetic variations’ in general, I think that the latter fact should be better
recognized in the title and acknowledged in the final conclusions.

Thank you for pointing this out, understanding geoelectric fields was indeed one
important motivation for this study. Based on your comment we intend to change
the title to “Induced currents due to 3D ground conductivity play a major role in
the interpretation of geomagnetic variations”. Additionally after line 347 we will
add a comment “On the other hand, the local amplification of short period dH/dt
indicates that the 3-D distribution of the electrical conductivity of the Earth has a
major effect on the induced currents and electric fields. Therefore, if simulations
are used to predict the geoelectric field or GIC, 3-D induction modeling should be
used”.

2) l. 21-24. Neglecting the internal part and interpreting the ground field only in
terms of ionospheric (and magnetospheric) equivalent currents has been common
in space physics, not only because the typical internal contribution is only of about



10–30%, but also because, in general, the real and modeled separated fields are
approximately in phase. When this occurs, the analyses can still afford reliable
information about the dynamics of the overhead current systems.

Thank you, this is an important point to note. Although there is some effect due to
distant magnetospheric currents (like the ring current), it is small at high latitudes.
We could clarify the text by changing the text on lines 23-24 to “this is often
a reasonable assumption at and close to auroral latitudes, since a typical internal
contribution is there about 10-30%.” and add after that: “Additionally, the external
and internal fields are often approximately in phase, in which case the dynamics
of the ionospheric current systems can be estimated reliably without carrying out
the separation”.

3) l. 39-50. A more recent reference on the importance of the effects in areas of
sharp lateral conductivity gradients at ocean-land boundaries should be added
(e.g., Gilbert, 2005, 2014, Pirjola, 2013).

As we mention in the manuscript, this phenomenon is not only related to coast-
land boundary but any sharp conductivity contrasts would produce similar ef-
fect. These effects has been studied in magnetotellurics since Parkinson (doi:
10.1111/j.1365-246X.1959.tb05776.x). However, it’s good to mention also the
recent modeling efforts. We will add Parkinson and the articles you mentioned in
lines 39-40. Additionally Dong et al. (doi: 10.1155/2015/761964 seems to be a
relevant article, so we’ll add it too.

4) l. 86. ‘all analyses in this study are carried out in the time domain’

Will fix.

5) l. 93. ‘Because most IMAGE stations are variometers without absolute references
to compensate for any artificial drift, . . .’

Will add.

6) l. 99. The geomagnetic field continuation method of spherical elementary current
systems (SECS) is ubiquitous, and now nearly “traditional”, but the authors only
cite Finnish papers when referring to it. Please, at least put ‘e.g.’ at the beginning
of those citations.

This is a fair point, although we note that the first 4 articles we mentioned (Amm,
1997; Amm and Viljanen, 1999; Pulkkinen et al., 2003a,b) can be consider as sem-
inal, while the last one (Vanhamäki and Juusola, 2020) is a recent review. Never-
theless we will add “e.g.”, and also mention McLay and Beggan (doi:10.5194/angeo-
28-1795-2010), Weygand et al. (doi:10.1029/2010JA016177) and Marsal et al.
(doi:10.1002/2016JA023166) as further examples.

https://doi.org/10.1111/j.1365-246X.1959.tb05776.x
https://doi.org/10.1111/j.1365-246X.1959.tb05776.x
http://dx.doi.org/10.1155/2015/761964
http://dx.doi.org/10.5194/angeo-28-1795-2010
http://dx.doi.org/10.5194/angeo-28-1795-2010
http://dx.doi.org/10.1029/2010JA016177
http://dx.doi.org/10.1002/2016JA023166


7) l. 101-104. With the poles of the elementary currents separated by the order of
100 km, and the measuring stations much more, placing the internal current sheet
at only 1 m depth is, in my opinion, exaggerated. In the worst case (sea water
conductivity and frequency 1 Hz) the skin depth is a few hundred meters. A few
tens of km is probably a more reasonable value.

A problem with putting the elementary currents so close to the surface is that
the vertical component of the field (Z) shoots up as one approaches them, and I
wonder if this can get one into trouble when synthesizing the surface magnetic
field from the model close to one of the SECS poles. Another question that comes
to my mind related with this is: does the external-internal separation not depend
on the depth at which these currents are placed if it can be so variable?

In our opinion the internal sheet must be quite close to the surface. Especially
in the case of a highly conducting ocean, a significant fraction of the induced
currents is concentrated close to the surface. For example in Figure 5 of Engels
et al. (2002) almost all of the ocean current is in the top sheet (0-10 km), even
though the frequency is low for our purposes (T=2048 s).

It’s true that the vertical magnetic field of a SECS diverges at the pole of the
system. So if the internal layer is very close to the surface and some magnetometer
happens to be in the immediate vicinity of a SECS pole, the vertical magnetic field
at that magnetometer would be likely to be explained mostly by that nearby SECS.
In that case the magnitude of that SECS would be very small, so its effect would
not spread to surrounding areas and the internal current associated with that SECS
would be very small.

We use a fixed analysis grid where the SECS spacing is 0.5◦ in latitude and 1.0◦

in longitude. As it happens, there are 3 magnetometers whose horizontal distance
to the closest SECS pole is less than 10 km: LYR 9.1 km, HAN 5.2 km and TAR
2.6 km. The results for these stations presented in Figures 2, 7, 8 and in the sup-
plementary material do not appear in any way anomalous. The telluric dH/dt in
Figure 8c at LYR is perpendicular to the ionospheric field, but also other nearby
stations show large deviations in directions. Moreover, similar behavior can be
seen at several mainland stations during other local times (in the supplementary
material), so this is unlike to be associated with the proximity to a SECS pole.
Note that TAR is the station closest to a SECS pole, but it shows no strange fea-
tures in Fig. 8.

As a further check we repeated the analysis of our example event (18 March 2018,
21:00:00–22:00:00 UT) using 10 km depth for the internal current. There were
no visually detectable changes in Figure 2 or in the horizontal components shown
in Figure 4, while there were small small changes in the vertical component of
Figure 4. In general the internal/external separation does depend on the depth of



the internal currents, but not much. A good illustration of this is in Figure 1 of
Juusola et al. (2016), where in panels b and c the internal currents are at depths of
0 km (really 1 m, same as in this paper) and 30 km, respectively.

Based on the above discussion, we conclude that the analysis performed in this
paper is robust, and a re-analysis using larger (10-30 km) depth of the internal
currents would be unlikely to change any of our conclusions. However, in future
analysis it would be better to pay closer attention to the singularity in the magnetic
field. One possibility would be to sub-divide the SECS into smaller parts around
the grid cell, and to impose a lower limit to the distance that is used in the magnetic
field equation.

8) l. 106-108. It is recognized that data gaps forced the waste of usable data. A
way to deal with this inconvenience would consist in introducing a temporal de-
pendence in the SECS formulation, in the way of Marsal et al. (under revision in
Space Weather – AGU, https://www.essoar.org/doi/10.1002/essoar.10502437.1).
This would probably provide smoother time derivatives than analyzing the data at
snapshots, because the combined spatial-temporal inversion (using either singular
value decomposition or regularized least squares) tends to better absorbing local
artificial time-derivative peaks in the data.

Adding a temporal dimension in the SECS, either using splines or other methods,
could indeed mitigate the effect of data gaps, and also help dealing with variable
temporal resolutions in the data (see reply to comment 10). We notice that the
article has been accepted for publication (doi:10.1029/2020SW002491).

However, if this leads to smoother time derivatives, as you mention, then we would
consider it a serious drawback. At least in GIC applications the fastest time deriva-
tives are the most important, so we do not want to smooth them. Additionally,
using splines is a non-linear data transformation (which can not be described by
simple transfer function), so in principle it may introduce other frequencies in the
signal.

Nevertheless, we will add a comment about this possibility after line 108: “We
note that a possible way to mitigate the effect of data gaps, and at the same time
enable use of magnetometer data with different temporal resolutions, would be to
add temporal dimension to the SECS analysis, as recently demonstrated by Marsal
et al. (2020). However, representing temporal changes in terms of splines or sim-
ilar non-linear functions could lead to smoother time derivatives and/or changes
in the frequency content of the signal, which should be avoided for example in
GIC-related studies.”

9) l. 154. Can you explain why the ionospheric and telluric Bz do not appear to be
oppositely directed for approximately the last 20 minutes of Figure 4?

http://dx.doi.org/10.1029/2020SW002491


Indeed, it seems that the relationship between the internal and external Bz shown
in Figure 4c changes towards the end of the event. Additionally, we note that the
internal and external parts of By have sometimes opposite signs, even though for
a simple ideal conductor the horizontal fields should have the same sign (as is the
case for Bx).

We speculate that the nice behavior of Bx is due to the large-scale and slowly
varying electrojet, whereas the other components are affected more by smaller
scale ionospheric currents. This is further modified by the variable delays and
penetrations depths of different frequency components, so the overall behavior of
the By and especially Bz components can be complicated. A detailed explanation
would probably require 3D induction modeling with realistic ionospheric driving
currents.

10) l. 287-294. Yes, the external-internal separation is a problem inherent to any
regional technique. However, the separation is better when the area of existence
of the geomagnetic field variation is to some extent coincident with the region
defining the analysis, or when some regional part of the global source field can
be separated, because of its independence or symmetry, from the remainder of the
variation source (see Torta and De Santis, 1996; Torta, 2020). Therefore, it would
be desirable for the region with measurements to fully include the region in which
auroral currents are confined. The effects of the uneven spatial distribution of
magnetic data within the entire auroral cap could perhaps be reasonably avoided
by SECS if the elementary currents were also spaced at varying densities (see
Marsal et al., 2017). I would like to see more discussion about these facts in the
paper.

Thank you for this comment, your discussion about the boundary effects sounds
very reasonable. However, in this kind of large statistical study covering 25 years
we want to limit ourselves to the IMAGE magnetometer network, where the data
has quite uniform structure and quality. If the whole auroral oval were considered,
we would need to deal with several different data sources. While the SuperMAG
initiative has made this a lot easier, the data quality would still be quite variable,
the available magnetometer sites would change a lot and the overall temporal res-
olution would be limited.

We will add a comment after line 290 describing your suggestion: “. . . affects
our results. The effect of remote currents might be reduced and the separation
improved by expanding the analysis region and magnetic input data to cover the
whole auroral region, where the most intense ionospheric currents flow (Torta and
De Santis, 1996; Torta, 2020). This would lead to uneven spatial distribution of
magnetic data over the entire auroral region, but that could be reasonably handled
by using variable density in the SECS grid (e.g. Marsal et al., 2017). However, in



this study we limit the analysis to the IMAGE network and examine the effect of
imperfect internal/external separation on our results by performing . . . ”.

11) l. 314-315. The meaning of the sentence ‘Separating the magnetic field into tel-
luric and ionospheric parts has the effect that the ionospheric equivalent current
density time derivative patterns become less broken than deriving them without
the field separation’ is not clear. In any case, can you give a physical or mathe-
matical explanation for this fact?

We suggest following as a more clear formulation: “When the magnetic field is
separated into telluric and ionospheric parts, short period and small scale varia-
tions are seen to be amplified by the internal field contribution. Thus the iono-
spheric equivalent current density and especially its time derivative have a more
regular spatiotemporal structure than could be concluded if they were derived
without the field separation”.

We tried to explain this in Section 4.1. Our reasoning is that the shallow penetra-
tion depth of the fastest changes and the 3D conductivity variations in the ground
produce small scale structures in the telluric magnetic field. At the moment we do
not have a more concrete explanation than the general discussion offered in Sec-
tion 4.1, and a detailed discussion would probably require numerical 3D induction
modeling.


