
Replies to Referees
Liisa Juusola1,2, Ilkka Virtanen3, Spencer Mark Hatch4, Heikki Vanhamäki3, Maxime Grandin2,
Noora Partamies5, Urs Ganse1, Ilja Honkonen2, Abiyot Workayehu1, Antti Kero6, and Minna Palmroth1,2

1Department of Physics, University of Helsinki, Helsinki, Finland
2Finnish Meteorological Institute, Helsinki, Finland
3Space Physics and Astronomy Unit, University of Oulu, Oulu, Finland
4Department of Physics and Technology, University of Bergen, Bergen, Norway
5Department of Arctic Geophysics, University Centre in Svalbard (UNIS), Longyearbyen, Norway
6Sodankylä Geophysical Observatory, University of Oulu, Sodankylä, Finland

Reply to Referee #1

We thank Referee #1 for constructive comments and agree with almost all of them. Please, see below for our point-by-point
replies. The original review is written in black and our replies in blue. The line numbers given refer to the original submitted
manuscript, unless otherwise stated.
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This paper presents a thorough and mathematically rigorous analysis of the relation between ground magnetic perturbations
and ionospheric conductances measured by the EISCAT radars. The statistics are carefully performed, and the separation of
the equivalent currents into divergence-free and curl-free parts is a significant improvement over prior similar studies.

There are several drawbacks to the model that should be addressed in more detail in the discussion section as noted in the
attached annotated file. Nevertheless, the model described here can be very useful for the study of individual events localized10
over suitably spaced ground magnetometers.

Overall, this paper represents a significant contribution that will facilitate future studies and improved insights on auroral
electrodynamic processes. I consider the paper publishable after the comments in the attached file are addressed.

The comments extracted from the file:

Line 26: difficult ’to’ obtain15

We have corrected the typo.

Line 96: What was the intrinsic range resolution of the radar measurements?

Range resolution of the fitted plasma parameters depends on altitude and may vary between radar modes. The resolution
is typically about 3 km in the lower E region (below 110 km altitude) and about 20 km at 330 km altitude.

We have added this explanation to the text.20

Line 96: This is rather arbitrary. What percentage of the profiles were eliminated by this test, and how would that
percentage change with different thresholds. Is the test done only in the altitude range up to 330 km? Does the presence
of satellite echoes above this altitude affect the electron densities measured at other altitudes?

The limit was chosen to be close to, but clearly above, the largest density one may realistically expect in the F region.
The test was done only for the interpolated data up to 330 km altitude. Also satellites above 330 km altitude may affect25
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Figure 1. Fraction of rejected points as function of the electron density threshold.

the densities measured below 330 km, because satellite echoes from above may be aliased below 330 km in the radar
signal processing.

The fraction of profiles rejected based on this criterion was 0.066% for the UHF and 0.035% for the ESR. Fraction of
rejected points as function of the threshold is shown in the attached Figure 1. The deep decline at thresholds smaller than
3 · 1012 m−3 is believed to be from largest real electron densities, while 5 · 1012 m−3 is close to beginning of a plateau30
probably caused by satellite echoes and other outliers.

We have added this explanation (without the figure) to the text.

Line 260: Why are there so many conductance values below that given by the Moen and Brekke model? Weren’t they
also based on EISCAT measurements?

Yes, the Moen and Brekke (1993) model is based on EISCAT measurements, but only on nine days of data (cf. line 56).35
Most likely the limited amount of data causes the model to be less than ideal for describing the larger data set we now
have. This observation was part of the motivation for the current study (cf. line 69).
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Line 409: The

We have corrected the typo.

Line 416: The authors should consider comparing the field-aligned current determinations from those derived from40
AMPERE. This would help highlight the importance of spatial scales in the conductances and electrodynamic modeling
results.

Thank you for a very good suggestion, we have added AMPERE data to Fig. 13.

Line 436: There is no discussion of the effects of a neutral wind on the calculations.

Thank you for pointing this out. We have added the following discussion:45

“Neutral wind vn perpendicular to the ionospheric background magnetic field B0 generally needs to be considered in
ionospheric electrodynamics (e.g., Hatch et al., 2024). For example, in a coordinate system where the neutral wind is not
zero, Ohm’s law (Eq. 3) becomes

J =ΣP (E+vn ×B0)+ΣH(E+vn ×B0)× êr. (1)

Neutral wind is not required to estimate the electron density Ne from EISCAT observations and, thus, to estimate the50
conductivities with Eqs 6 and 7. The Ebec model is parametrized with electric current, which is independent on the frame
of reference determined by the neutral wind. Thus, neutral wind is not expected to introduce errors to the conductances
given by Ebec, and the electric field estimated from equivalent current density and Ebec conductances is given in the
frame of reference where the neutral wind is zero.”

Line 459: While artificially introducing gradients improves the agreement with Swarm, this represents an ad hoc solution55
that cannot be used in the absence of satellite measurements.

This is true, and for this reason we have included the demonstration as part of the discussion only.

Line 477: Some discussion should be added of the recent models that correlate conductances with field-aligned currents,
thus ensuring the gradients are self-consistent with the parallel currents. The difference in spatial resolution between the
EISCAT measurements and the equivalent currents derived from magnetometers is a significant drawback to the model60
presented here.

Thank you for the suggestion, we have added the following dicussion and a new Figure 15:

“Recent models by Robinson et al. (2020) and Wang and Zou (2022) correlate conductances from the Poker Flat In-
coherent Scattering Radar (PFISR) with field-aligned currents from AMPERE and Swarm, respectively, thus ensuring
the conductances and their gradients are self-consistent with the parallel currents. The latitudinal scale of AMPERE65
field-aligned currents is about 3o (Waters et al., 2020) and field-aligned current variations with a latitudinal scale of
150 km were used by Wang and Zou (2022). Thus, although the difference in spatial resolution between the EISCAT
measurements and the equivalent currents derived from IMAGE magnetometers is a significant drawback to the Ebec
model, the models parametrized by field-aligned currents also have similar limitations.

Figure 15 shows ΣP and ΣH as given by the conductance models of Robinson et al. (2020) and Wang and Zou (2022)70
when applied to the AMPS field-aligned current density (Fig. 10d). Note that due to the large differences in conductance
amplitudes, the color scales are not the same as those in Fig. 9b–e. Apart from the amplitudes, the most obvious difference
in the conductances given by Robinson et al. (2020) and Wang and Zou (2022) compared to SWIPE and Ebec is the
latitudinally wide double oval structure caused by parametrizing by both upward and downward field-aligned current
density. The coefficients of the COMPASS model by Wang and Zou (2022) are defined for three-hour MLT sectors,75
resulting in the discontinuous conductance distributions that could be smoothed, e.g., by interpolation.”

Line 486: The authors should note that the overall agreement with Ahn et al. suggests that these relations are not
dependent on the geographic locations of the magnetometer measurements.
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Do you mean that this indicates that the internal contribution to magnetometer measurements is not significant?

The internal part is typically some tens of percent of the total horizontal variation magnetic field amplitude, and directed80
such that it strengthens the external horizontal field. However, this depends much on geographic location. For example,
it is possible that the internal contribution to the magnetometer data used by Ahn et al. (1998) may have been particularly
small. Without a more thorough investigation, we do not think that an overall agreement between the Ahn et al. (1998)
and our model indicates that the internal contribution to magnetometer measurements in general can be considered
insignificant.85

Line 497: The authors should discuss whether this method can help model the extreme magnetic perturbations associated
with GICs. Is it possible these GIC events are associated with large EDF values?

Indeed, this is the case as discussed in Juusola et al. (2025). We have added:

“Especially, the possibility of extracting EDF on the ground surface (Juusola et al., 2025) allows detailed studies of
extreme magnetic perturbation events associated with GICs.”90

Figure 8: The vertical scale should be adjusted to better show the spread in conductance values.

We have adjusted the scale.

In addition, we have updated the discussion paper reference Juusola et al. (2024) to the final version Juusola et al. (2025),
and corrected a few typos.

Reply to Referee #295

We thank Referee #2 for constructive comments and agree with all of them. Please, see below for our point-by-point replies.
The original review is written in black and our replies in blue.

The paper introduced a new empirical model which can predict conductance based on divergence-free part of the horizontal
current density. They built the model using EISCAT observations. They further introduced a method to further solve the field-100
aligned currents and potential. They validated the model against other empirical models and SWARM observations. Even
though the validation result is not perfect, the method itself is novel. If more details about the methodology can be added, I will
suggest publishing it.

Minor suggestions:

Section 3.2: More introduction to AMPS and SWIPE in the first paragraph would be helpful. For example, what is the105
input and output of these models. For example, is E_DF assumed to be zero in AMPS?

We have added: “Both AMPS and SWIPE are parametrized with magnetic latitude, MLT, dipole tilt angle, solar wind
speed, F10.7, and Interplanetary Magnetic Field (IMF) BGSM,y and BGSM,z . AMPS provides the DF and CF part of the
horizontal ionospheric current density and the field-aligned current density. SWIPE provides the ionospheric Hall and
Pedersen conductances and horizontal potential electric field and corresponding potential. EDF is assumed to be zero.”110

Introduce the name of the model at the beginning. Usage of AMPS-EISCAT is a bit confusing.

Thank you for the suggestion, we have changed this accordingly.

Font size in Figure 11 and 12 is too small. How are the internal and external E_DF separated?

We have increased the font size.
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We have added the following explanations in section 2.3 to clarify how the internal and external EDF separated:115

Line 173 in the old version / line 180 in the new vesion: “Using two DF SECS layers, one at 1 m depth and the other at
90 km altitude, will separate the external and internal contributions to the magnetic field variations.”

Line 180 in the old version / line 188 in the new version: “The DF SECS amplitudes of the telluric equivalent current
sheet at 1 m depth can be used to calculate the internal contribution to EDF and the DF SECS amplitudes of the
ionospheric equivalent current sheet at 90 km altitude can be used to calculate the external contribution to EDF . The120
total EDF is then obtained as a sum of the internal and external contributions.”

In addition, we have updated the discussion paper reference Juusola et al. (2024) to the final version Juusola et al. (2025),
and corrected a few typos.
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