Geophysical Research Letters’

RESEARCH LETTER
10.1029/2021GL097329

Key Points:

e Empirical models of Poynting flux are
separately constructed for the northern
and southern hemispheres using
satellite data

e During local summer under active
conditions, the northern hemisphere
supports about 30% more total
Poynting flux

e The most likely cause is the
asymmetry in the geomagnetic
field, which provides about 30%
more conductance in the northern
hemisphere

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

R. B. Cosgrove,
russell.cosgrove @me.com

Citation:

Cosgrove, R. B., Bahcivan, H., Chen,

S., Sanchez, E., & Knipp, D. (2022).
Violation of hemispheric symmetry

in integrated Poynting flux via an
empirical model. Geophysical Research
Letters, 49, €2021GL097329. https://doi.
0rg/10.1029/2021GL097329

Received 7 DEC 2021
Accepted 27 JAN 2022

Author Contributions:

Conceptualization: Russell B. Cosgrove,
Ennio Sanchez, Delores Knipp
Formal analysis: Russell B. Cosgrove
Funding acquisition: Russell B.
Cosgrove, Hasan Bahcivan, Delores
Knipp

Investigation: Russell B. Cosgrove,
Hasan Bahcivan, Delores Knipp
Methodology: Russell B. Cosgrove,
Hasan Bahcivan

Project Administration: Russell B.
Cosgrove, Delores Knipp

© 2022. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

A G s

> SPACE SCIENCE

ok

Violation of Hemispheric Symmetry in Integrated Poynting
Flux via an Empirical Model

Russell B. Cosgrove!? (2, Hasan Bahcivan?, Steven Chen?®, Ennio Sanchez? (), and Delores Knipp*®

'Florida Space Institute, University of Central Florida, Orlando, FL, USA, *Center for Geospace Studies, SRI International,
Menlo Park, CA, USA, 3LeoLabs, Inc., Menlo Park, CA, USA, “Smead Aerospace Engineering Science Department,
University of Colorado Boulder, Boulder, CO, USA, SHigh Altitude Observatory, National Center for Atmospheric Research,
Boulder, CO, USA

Abstract For southward interplanetary magnetic field (IMF) during local summer, the hemispherically
integrated Poynting flux estimated by FAST-satellite-derived empirical models is significantly larger for the
northern hemisphere (NH) than for the southern hemisphere (SH). In order to test whether the difference

is statistically significant, the model uncertainties have been estimated by dividing the data sets for each
hemisphere into two nonintersecting sets, and separately constructing the model using each of the four sets.
The model uncertainty appears to be smaller than the estimated asymmetry. The asymmetry is mostly absent
when the IMF is northward, except there is some evidence that it may actually reverse during local winter.
The phenomena is coupled with what appears to be a more distinct two-cell convection pattern in the NH,
and a possibly greater cusp contribution in the SH. All this suggests an effect of magnetosphere-ionosphere-
thermosphere coupling, probably related to asymmetries in Earth's geomagnetic field.

Plain Language Summary Energy enters Earth's atmosphere in various forms, including sunlight,
fast-moving particles, and also relatively low-frequency electric and magnetic fields. The later component is
referred to as Poynting flux (PF), and is important to study because it produces density anomalies that can
perturb satellite orbits in unexpected ways. PF is produced by a complex interaction of Earth's geomagnetic
field and particle-populations with the solar wind coming from the sun, and is thus quite difficult to model
through first principles physics. Data-based models of PF, known as empirical models, can be used to produce
a sort of ground-truth for development and testing of the physics-based models, which demonstrate our
understanding of the phenomenon, and which will eventually be needed to develop a predictive capability. A
particularly useful feature in this regard is the symmetry, or lack thereof, between Earth's northern and southern
hemispheres. The difference between the hemispheres is relatively subtle, and so successfully modeling the
difference using first-principles physics would be a significant demonstration of understanding. In this work
we provide an empirical assessment of the hemispheric symmetry of PF that can be used to provide such a
discriminator.

1. Introduction

Empirical models of the incident Poynting flux (PF), associated with auroral processes, have been separately
constructed for the northern and southern hemispheres using data from the Fast Auroral SnapshoT (FAST) sat-
ellite (Carlson et al. (1998)). The models are constructed by fitting a set of basis functions to the PF measured
by the electric and magnetic field sensors on board FAST (Ergun et al. (2001); Elphic et al. (2001)), where the
basis function coefficients are expressed as quadratic equations in a chosen set of geophysical parameters. The
modeling methodology was explained in detail by Cosgrove et al. (2014), and has changed very little. Basis func-
tions are constructed from the data as empirical orthogonal functions, and are used to describe variations from
a background state that is essentially an IMF-average. However, the lead author has recently put the data itself
through a process of quality control that has reduced the number of orbits deemed useable from 8,085 to 7,301
for the NH, and from 5,501 to 4,953 for the SH, with the benefit of providing additional confidence in the results
presented here (which were noted earlier, but not published). Some details concerning the quality control process
are given in the Supporting Information S1.

The models output flux maps for the regions above 60° magnetic latitude (MLAT) and below — 60° MLAT as a
function of (a) clock angle of the interplanetary magnetic field (IMF), (b) magnitude of the IMF in the GSM y-z

COSGROVE ET AL.

1 of 10


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-6653-0464
https://orcid.org/0000-0002-1953-6783
https://orcid.org/0000-0002-2047-5754
https://doi.org/10.1029/2021GL097329
https://doi.org/10.1029/2021GL097329
https://doi.org/10.1029/2021GL097329
https://doi.org/10.1029/2021GL097329
https://doi.org/10.1029/2021GL097329

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097329

Software: Russell B. Cosgrove
Supervision: Russell B. Cosgrove, Hasan
Bahcivan

Validation: Russell B. Cosgrove, Hasan
Bahcivan

Writing - original draft: Russell B.
Cosgrove

Writing - review & editing: Russell

B. Cosgrove, Hasan Bahcivan, Delores
Knipp

plane (B)), (c) solar wind speed (V,,), (d) solar wind number density (N, ), (¢) magnetic dipole tilt angle (Dip
angle), (f) the IMF GSM B, component, and (g) the altitude above Earth (all PF densities are referenced (pro-
jected) to 100 km in altitude, for comparability). Minor changes that were made to the model include addition of
the B, and altitude parameters, and elimination of the AL-index parameter. Besides these the only change to the
modeling methodology is that the basis functions and background states (shown in top two panels of Figure 3)

are now constructed separately for the NH and SH.

Following is an analysis of the hemispherically integrated PF, based on the empirical models, and finding that
the NH supports significantly more PF during active conditions (~30% more), under the mirror symmetries
in Dip angle and B,. The effects of IMF and Dip angle are presented, with V., B,, N, and B, held constant

(V,, =450 knys, B, =50T, N, =4 cm~3, B, = 0 nT), since the latter four parameters do not seem to affect the
symmetry (i.e., when B = 0 (Stubbs et al. (2005))).

To our knowledge this is the first article to find an overall asymmetry in the hemispherically integrated PF.
However, there have recently appeared two articles that find asymmetries in regional PF related by magnetic
conjugacy (Pakhotin et al. (2021); Knipp et al. (2021)). The most comparable of these is the analysis by Knipp
et al. (2021), which considers what is sometimes called “quasi-static PF,” that is, inclusive of all frequencies
down to zero. This quantity represents the total incident PF. Knipp et al. (2021) use measurements from the De-
fense Meteorological Satellite Program (DMSP) to statistically compare localized conjugate regions (with >50%
coverage) in the northern and southern hemispheres, and find that the NH tends to have more PF.

In the present study based on FAST data, we extend this result to a statement about the total hemispherically inte-
grated PF, and also add some statistical rigor. By fitting the data to a parameterized model we are able to compare
the two hemispheres under equivalent IMF and seasonal conditions, whereas the other studies must rely on the
sheer size of the data sets to limit the effects of the sampling bias associated with the satellite passing through the
hemispheres under different conditions. This approach also allows for the finding that the asymmetry is mostly
associated with southward IMF, and is stronger during local summer. To make the conclusions more rigorous, we
consider independent subdivisions of the FAST data and use them to make an estimate of the likelihood that the
determination of asymmetry may be false. We find only a 10% chance of false alarm.

The second article (Pakhotin et al. (2021)) analyzes what is know as Alfvenic Poynting flux using data from
the SWARM satellites. Alfvenic Poynting flux refers to the Poynting flux in a certain category of observed
events with wave-like signatures (e.g., Janhunen et al. (2005); Hartinger et al. (2015); Luhr et al. (2015); Hatch
et al. (2017); Keiling et al. (2019); Keiling (2021)), which are sometimes referred as Alfven or Alfvenic waves,
where the later terminology is meant to capture the distinction from the low-frequency Alfven waves that are
involved in setting up the steady-state ionospheric conductance (e.g., Lysak and Dum (1983); Cosgrove (2016);
Pakhotin et al. (2018); Pakhotin et al. (2020); Keiling (2021)). Pakhotin et al. (2021) identify Alfvenic events
in SWARM data and process the Poynting flux in three different ranges of spatial scale, as part of an argument
that there is significant energy in the Alfvenic component (compare with Hartinger et al. (2015)). Then, making
a statistical comparison of localized conjugate regions, Pakhotin et al. (2021) find that there is more Alfvenic
Poynting flux in the NH.

In the present article we analyze the total Poynting flux, which includes the Alfvenic part as a component. The
main reason to divide the Poynting flux into different frequency ranges is to sort it according to source regions
and source types (e.g., Wing et al. (2010); Luhr et al. (2015)), which is beyond the scope of the Cosgrove
et al. (2014) empirical model. It would seem that the total electromagnetic energy contribution is an appropriate
subject for analysis, in addition to studies of the separate contributions.

There are also a few other kinds of north-south comparisons that are less directly related to the current study. Var-
ious authors have found an overall north-south asymmetry in the cross polar cap potential (Pettigrew et al. (2010);
Forster and Haaland (2015)), or in the field aligned current (FAC) (Coxon et al. (2016); Workayehu et al. (2019);
Shi et al. (2020)), or in the ion or convection velocities (Forster et al. (2007); Forster and Haaland (2015); Cnos-
sen and Forster (2016)). Forster and Haaland (2015) also find an asymmetry in the appearance of the flow pat-
terns. Also, some authors compare the summer and winter hemispheres (e.g., Papitashvili and Rich (2002)), or
dark versus illuminated regions (Liou and Mitchell (2020)), or instantaneous conditions (Hong et al. (2021), a
model-based study). Although less directly relevant, these kinds of studies provide complimentary information
that may be useful in sorting out the causes of asymmetry.
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We conclude the article with a simple argument invoking the well-documented asymmetry in the geomagnetic
field, as the source of PF asymmetry. Most notably, the geomagnetic field asymmetry should lead to a roughly
30% larger conductance for the NH ionosphere, based on amplitude alone.

2. Results From Empirical Model

Using the empirical models for the NH and SH, plots of the hemispherically integrated PF are presented in the top
panel of Figure 1, as a function of the IMF clock angle, for three different Dip angles. Examining the solid lines in
the panel, it is apparent that the NH supports significantly more PF during southward IMF and local summer (Dip
angle of 27° for the NH, and —27° for the SH). In this case the maximum (over clock angle) from the NH model
is 30% more than the maximum from the SH model. However, during equinox (dashed lines, Dip angle of 0°) and
local winter (dotted lines, Dip angle of —27° for the NH, and 27° for the SH) this percentage is decreased to 23%
and 15%, respectively. The maximum in all cases is very near 180°, except for small offsets possibly associated
with the GSM y-component of the IMF, which affects the two hemispheres in opposite ways, in accordance with
the geometrical mirror symmetry. When the clock angle is near 0° the PF asymmetry appears absent, except in
the case of local winter, when the PF levels are much lower.

Estimation of the parameters that define the models is subject to uncertainty associated with the finite size of
the FAST data set. To bound the associated uncertainty in the integrated PF we divide the orbit-sets for each
hemisphere into two non-intersecting sets, each half the size of the original set, by taking every other orbit from
the time sequence of orbits. Hence, for each hemisphere we have the set of even orbits and the set of odd orbits,
which have an essentially identical sampling of the epoch, but are non-intersecting. The modeling methodology
is applied to these half-sized data sets to produce two new models for each hemisphere: the “even models” and
the “odd models,” which do not share any data.

The results from the even and odd models are presented in the left hand column of Figure 1. Roughly, we can
interpret the region between the even and odd model estimates as the confidence interval for the original model
estimate (top panel of Figure 1). In the vicinity of southward IMF, for local summer and equinox, the confidence
intervals do not come close to overlapping, while for local winter they overlap just slightly. Also, the confidence
intervals do not overlap in the vicinity of northward IMF during local winter, although the PF levels are much
lower. A detailed analysis is given in Section 4.

A potential pitfall in making a conclusion based on these results is the possible existence of a systematic bias. The
most likely source of systematic bias is FAST's precessing elliptical orbit, which may provide different NH and
SH samplings of un-modeled parameters. A possibility suggested by one of the referees is a bias in the sampling
of universal time (e.g., Billett et al. (2018)), and we have put a response in the Supporting Information S1. Here
we consider the sampling of altitude. Although altitude is a modeled parameter, the NH and SH have very differ-
ent altitude samplings, and so the model may not effectively compensate for the difference.

Histograms of the orbit altitudes for the NH and SH data sets are shown in the top two panels of Figure 2. It is
evident that the SH orbits are, on average, much higher in altitude. Although the altitude parameter in the models
should, in theory, compensate for the difference, it is possible that the sampling is so different that the compen-
sation is not effective. (Note, we have evaluated both the NH and SH models at an altitude of 2,936 km, which is
halfway between their median orbit altitudes.) To address this question the right-hand column of Figure 1 shows
the altitude dependence of the integrated PF predicted by the models. It is seen that in all the cases where asym-
metry is predicted, the integrated PF is predicted to increase with altitude, and this shows the tendency in the
data. This prediction is consistent with the idea that downward PF can be converted to other forms of energy, such
as particle kinetic energy flux, in the auroral acceleration region (e.g., Richmond (2010)). Therefore, if there is
any bias it should be toward higher PF in the SH, which is opposite to the main observed effect, that is, the effect
during southward IMF. However, the potential bias does place doubt on the evidence for the reversal of the effect
during local winter and northward IMF, and so we do not make that conclusion.
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Figure 1. Model output for integrated Poynting flux, with the northern hemisphere in black and the southern hemisphere in red. The upper and left-hand panels
show results as a function of interplanetary magnetic field clock angle, where the upper panel is for the full model, and the three left-hand panels are for the models
constructed using the even and odd orbits. The three right-hand panels show results as a function of measurement altitude, where all fluxes have been projected to
100 km in altitude. From top to bottom, the rows show results for local summer, equinox, and local winter, whereas the top panel shows all three seasons together.
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Figure 2. Histograms used in the study: The top two panels show altitude
histograms for the orbits used in model making, for the northern (top panel)
and southern (middle panel) hemispheres. The bottom panel shows the

Detector (Test Statistic)

10% exceed 2.3

histogram for the test-statistic described in Section 4.

integrated PF under the Dip-angle and B, mirror symmetries), the four PF
peaks in the top-left panel of Figure 1, togéther with the two associated peaks
in the upper panel, constitute six (non-independent) estimates for the PF peak
during local summer. Similarly there are six estimates for equinox and six
estimates for local winter. Each of these model estimates can be regarded as
a random number drawn from a probability distribution function (PDF), with
sample standard deviation determined according to the square-root of the
number of data points used to form the model (ignoring the —1 iny/N — 1),
and with mean equal to the actual value for the PF peak. From each of the
three sets of six can be formed three statistically independent increments:
(a) the difference between the peaks of the even and odd models for the NH
17.7 GW, 3.2 GW, 19.0 GW); (b) the difference between the peaks of the
even and odd models for the SH (25.4 GW, 17.7 GW, 15.4 GW); and (c) the
difference between the peaks of the full models for the northern and southern
hemispheres (50.0 GW, 34.7 GW, 16.5 GW), where the numbers in parenthe-
ses are for local summer, equinox, and local winter, respectively. The statis-
tical independence of the three increments is demonstrated in the Supporting
Information S1.

Assuming Gaussian statistics, we will use a random number generator to sim-
ulate a large collection of increments and estimate the probability that the

observed values could have occurred if the NH and SH are in fact the same. We have some options for comparing

the increments. One approach is to form them into a single number (a test statistic) that increases according to
the difference between the NH and SH, and then find the probability that the test statistic could be as large as
observed under the assumption that there is no difference. This is a standard approach from statistical detection
theory (e.g., Kay (1993)), and the test statistic is sometimes referred to as a detector.

Hence, consider the detector 7 = |Al/([1A,|l + 1A,1]/2), where A y is the jth increment according to the numbering
above. The NH to SH increment A, will be larger, on average, the more different are the NH and SH, whereas A,
and A, are independent of the difference. Therefore, 7 can be used as a detector for NH/SH asymmetry. By placing
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Figure 3. PF maps for the northern (left) and southern (right) hemispheres. The rows show the model backgrounds (top); the
smoothed orbit averages for comparison to the backgrounds (middle); and the raw orbit averages (bottom).

A, and A, in the denominator of 7, its PDF can be calculated without knowing the absolute standard deviations
for the Ai; it is only necessary to know the relative standard deviations, which can be estimated from the relative
number of orbits used to make the various models.

Hence, to make a statistical analysis of zwe form six PDFs: (a) for the full NH model, (b) for the full SH model, (c)
for the odd NH model, (d) for the even NH model, (e) for the odd SH model, and (f) for the even SH model. The
first has standard deviation of C/4/7301, the second has standard deviation of C/4/4953, the third and fourth
have standard deviations of C/4/7301/2, and the fourth and fifth have standard deviations of C/+/4953/2,
where we have used the numbers of orbits from Section 1, and the constants C will cancel out upon forming 7.
Assuming Gaussian statistics and using the Matlab random number generator, 100,000,000 samples are produced
for each PDF, and then subtracted from each other to form the increments that go into z. The resulting histogram
for 7 is shown in the third panel of Figure 2.
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The value of 7 calculated from the models (Figure 1) for local summer is 7 = 50.0/([17.7 + 25.4]/2) = 2.3. As
indicated in the third panel of Figure 2, only 10% of the randomly generated test statistics are equal to or greater
than 2.3. Therefore, if we were to conclude north-south asymmetry based on the “detection” criteria v > 2.3, there
would be a 10% chance of making a false conclusion, for the case of local summer. Repeating the calculation
for equinox and local winter, we find corresponding probabilities of 5% and 35%, respectively. Some additional
commentary related to the 5% finding is given in the Supporting Information S1, and we have elected to present
the 10% finding out of general conservatism.

5. Discussion and Conclusions

Comparing empirical models of PF for the NH and SH gives evidence that for southward IMF during local sum-
mer, there is significantly more downward PF in the NH, specifically, 30% more (Figure 1, top panel). The asym-
metry arises primarily as an asymmetry in the auroral electrojet contribution, whereas the cusp contribution may
actually be greater for the SH. This can be seen either in the model-generated PF patterns or in the orbit-averaged
patterns shown in Figure 3, and similar findings have been presented by other authors (e.g., Shi et al. (2020)). The
result suggests a difference in the nature or strength of the two cell convection pattern, for the NH and SH. During
equinox and local winter the asymmetry percentages decrease to 23% and 15%, respectively.

Putting the question “Is there more downward PF in the NH?” into the framework of statistical detection theory,
and assuming that Gaussian statistics apply to the model estimates, it is found that there is a 10% chance of mak-
ing a false conclusion in the affirmative, for the case of local summer. The corresponding probability for equinox
is even smaller (Section 4), although the asymmetry is not as great. However, the probability increases to 35% for
local winter, and so we do not extend our conclusion of asymmetry to local winter.

The PDF for PF “events” is far from Gaussian (Cosgrove et al. (2014)). However, because model-fitting is essen-
tially a process of averaging over many events, the central limit theorem should apply to the quantities assumed
Gaussian in Section 4. The degree of convergence to Gaussian statistics remains as an unknown, and this is a
weakness in the analysis of Section 4. Another weakness concerns the degree to which the PF is correlated from
orbit to orbit, which affects the degree to which the even and odd orbit-sets are uncorrelated. However, the 7,301
orbits (and the 4,953 orbits) were selected from an original set of 20,000, which significantly reduces the number
of back to back orbits. Neither weakness appears critical and so the computed false-alarm probability carries
weight.

Although causes for asymmetry are not a major focus of this work, it seems appropriate to relate some basic
observations. Since the result has been derived using a data set collected over 4.5 years, a first step in analysis is
to divide the system into components that possess memory over this time scale, which can be considered as the
conditions that might cause the asymmetry. Any components that do not persist over most of the 4.5 years cannot
be considered as possible causes. For example, the configuration of Earth's geomagnetic field, and surface terrain
with associated climate, are persistent conditions that seem the most likely cause of any hemispheric asymmetry.
By contrast, if these conditions were to change abruptly, the magnetosphere and ionosphere would reconfigure
within a time scale much less than 4.5 years, and probably less than an hour; there is no need to consider any
long term memory in their configurations that could bias a data set collected over 4.5 years. Between these two
extremes lies the sun and the solar wind it produces; it is less clear if these components possess any significant
memory. However, since the model adjusts for the solar wind, it seems unlikely that the asymmetry results could
be caused by any condition of the sun that favors Earth's NH over its SH.

From these basic considerations, let us focus now on Earth as the cause of asymmetry. The Dip angle is defined
in the NH, and because the geomagnetic field is not actually a dipole field, this means that the effective (negat-
ed) Dip angle in the SH is actually somewhat different. The difference is on the order of the angle between the
magnetic dipole and the axis of rotation. However, this variation is small compared to the variation from winter
to summer, and so this should only slightly degrade the modeling of the SH Dip angle dependence. Given that
the simple orbit averages (Figure 3) also show the asymmetry, and are not subject to this effect, we deem it to be
minor.

Another consideration is that there is more wobbling of the Dip angle in the SH, due to a greater angle between
the magnetic dipole and the axis of rotation. However, the period of this wobbling is 24 hr, whereas the time scale
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for magnetosphere/ionosphere reconfiguration is thought much shorter, from as short as 10-20 min (Snekvik
et al. (2017)), up to a couple of hours on the nightside (Anderson et al. (2014); Coxon et al. (2019)), with the
longest times being associated with northward IMF (Fear and Milan (2012)). All of these reconfiguration time-
scales are much shorter than the time scale for the wobbling, and so it does not seem that the wobbling should
disrupt the ionospheric state. Hence, one would think that the wobbling effect would average out with respect to
integrated PF, assuming the response is relatively linear with changes in Dip angle. (A possible UTC bias in the
FAST data set is discussed in the Supporting Information S1)

However, it is possible that the response is actually very non-linear, such that the wobbling effect does not average
to zero. Pakhotin et al. (2021) have made an argument along these lines, and indicated the wobbling effect as a
probable cause of the asymmetry they find. They argue that the wobbling affects the average ionospheric con-
ductance, and thus leads to a different effect of MI-coupling in the two hemispheres. Greater conductance in the
NH is also cited as a likely cause of the greater NH PF found by Knipp et al. (2021).

However, Knipp et al. (2021) also mention the possible importance of the fact that the field-aligned current con-
figurations appear to be different in the two hemispheres, citing studies by Coxon et al. (2016), Shi et al. (2020),
and Sangha et al. (2020). These findings are consistent with our finding that the two-cell convection pattern
is more distinct in the NH, as can be seen in Figure 3, and a similar finding has been made by Forster and
Haaland (2015). Given that we have argued for focusing on Earth as the source of the asymmetry, this leads us
to ask what property of Earth might have a different and less regular distribution over the SH than over the NH.
And this leads us back to the geomagnetic field, except with a focus on its distribution over the hemispheres,
instead of on the wobbling effect. These distribution effects have been analyzed by Gasda and Richmond (1998),
who find some potentially important differences between the two hemispheres. Forster and Haaland (2015) have
invoked differing geomagnetic field distributions to explain the hemispherical asymmetry they find, and provide
IGRF-derived maps of the geomagnetic field in their Figure 12.

Looking at Figure 12 from Forster and Haaland (2015) there are two apparent features: (a) The NH map is sig-
nificantly more homogeneous over the polar cap and auroral region; and (b) the magnitude of the geomagnetic
field is around 20% smaller in the NH, over most of this region. Feature (a) seems a likely explanation for the
different appearance of the two-cell patterns in the two hemispheres, and one would expect that differing patterns
imply differing integrated effects. However, Feature (2) suggests a potentially more direct explanation for the
asymmetry: a 20% decrease in the geomagnetic field magnitude implies, according to Richmond (1995), a 30%
increase in the ionospheric conductance. We also note that the magnetic anomaly (deviation from a dipole field)
is a near-field effect, which decrease with distance (Laundal et al. (2017)), and so should have much less of an
affect on phenomena occurring at great distances, such as magnetic reconnection.

Laundal et al. (2017) have analyzed the effects of north-south asymmetries in the geomagnetic field and refer to
two studies of the geomagnetic-field-dependence of conductance. The study just mentioned by Richmond (1995)
finds a dependence of B~'6, and a later study by Cnossen et al. (2011) finds a dependence of B~!°. These depend-
ences are stronger than the B~! dependence that would be derived from a simple analysis of the usual formulas for
ionospheric conductance (e.g., Kelley (2009), and evaluating at the Pedersen peak). The Richmond (1995) result,
for example, provides that a 20% smaller geomagnetic field produces a 30% larger conductance. The Laundal
et al. (2017) paper also provides a map of the geomagnetic field asymmetry (their Figure 2) that supports the 20%
difference that was inferred above from Figure 12 of Forster and Haaland (2015). Hence, based on magnetic field
strength alone, the spatially-averaged conductance of the NH should be roughly 30% larger than that for the SH.

Therefore, while acknowledging that there exist other possibilities, we find two sources that seem especially
likely for the asymmetry reported here: (a) the greater homogeneity of the geomagnetic field in the NH, which
may produce a more pure two-cell convection pattern; and (b) the smaller geomagnetic field magnitude in the
NH, which can be traced directly to a (roughly) 30% larger ionospheric conductance, and thus to a different effect
of MI coupling.
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