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Abstract

Five super intense magnetic storms (with minimum Dst < —200 nT) were examined to investigate the

relationship between Polar Cap Potential (PCP) saturation and ionospheric convection patterns. A quantitative

method was used to determine whether or not PCP was saturated by applying both linear and nonlinear (exponen-

tial) fits for each event. The results showed that PCP saturation occurred for two of five. The two events with satu-

ration had distorted ionospheric convection patterns (D-CONV) with asymmetric vortices, while the other three

events without PCP saturation had well-known standard convection (S-CONV) with quasi-symmetric twin vortices.

The authors conclude that sporadic midnight sector substorm electric fields may contribute to the asymmetric con-

vection patterns and PCP saturation, in agreement with previous speculations. Further analyses are needed to con-

firm this hypothesis.
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0 Introduction

The Polar Cap Potential (PCP) in the ionosphere has
long been considered an indicator for the amount of en-
ergy flowing into and through the Magnetosphere-lono-
sphere (M-I) systemm. Studies have shown that the PCP
reaches an upper limit, or saturates, during geomagnetic
storms when the solar wind electric field becomes in-
creasingly large. Numerous observational, theoretical,
and modeling studies of the PCP have seemingly con-
firmed that saturation does indeed occur. Many mecha-

nisms for saturation have been suggested, however there

is no direct observational evidence confirming any sin-
gle cause!"”. On the other hand, extremely large storms
such as the Carrington event with Dst = —1760 nT, have

!, Lopez et al™ has suggested a

occurred in the pas
scenario where the PCP saturates but the ring current in-
jection does not.

Previous studies indicate that PCP saturation is the
effect of solar  wind-magnetosphere-ionosphere
coupling[s_g]. A portion of the dawn-dusk solar wind
electric field along the reconnection line on the dayside
into the  high-latitude

magnetopause maps

ionosphere[l’lo]. The dayside reconnection rate is related
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to the feedback of the region-1 Field-Aligned Currents
(FACQC), including Pedersen conductance in the iono-
sphere[5’7]. The reconnection rate is also controlled by so-
lar wind ram pressure!”'". Kan er al.””’ pointed out the
important role that oval ionospheric conductivity plays
in this process. Previous studies have suggested that
nightside reconnection in the plasma sheet, in addition to
the dayside reconnection process, may govern the non-
linear process of PCP saturation, and that the nightside
potential and resistance contribute to the nonlinear rela-
tionship between the PCP and the Interplanetary Elec-
tric Field (IEF)"°!. It has also been noted in earlier simu-
lations that the reported PCP saturation examples and
simulation conditions were typically selected when the
Interplanetary Magnetic Field (IMF) remained steady for
several hours’™''!. The above authors suggested that an
important factor controlling PCP saturation may be a
longer magnetospheric response time to the steady
southward IMF. In this study, we examine the PCP vari-
ations under both steady and unsteady solar wind driv-
ing based on five superstorm events, with the aim of pro-
viding observational clues to this issue rather than offer-
ing a definitive solution.

When the IMF B, in the solar wind turns southward,
dayside magnetic reconnection at the magnetopause

2 The solar wind dawn-to-dusk electric

takes place
field E maps into the polar cap ionospheres. An antisun-
ward E x B drift of plasma is formed along the noon-
midnight direction in the F-region ionosphere. The flows
return to local noon from the nightside along the dawn-

and dusk-auroral oval, respectively. This is the standard

12:00 MLT (a)

Fig. 1
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two-cell pattern of the PCP (or convection) distribution,
shown in Figure 1(a). This process results from a “di-
rectly driven” process as discussed by Akasofu'” and
Rostoker e al. ', During magnetic storms, the PCP
configuration often exhibits a pattern like that in Figure
1(b) in which the convection pattern is disturbed and is
significantly different from that in Figure 1(a). This dif-
ference is believed to be caused by the presence of equa-
torward electric fields in the midnight sector associated
with substorm expansion phases' ', This is called as
the “unloading process” . The equatorward electric field
appears as a one-cell pattern around the midnight sector.
A pattern combining a standard two-cell and a one-cell
in the midnight sector will result in a complicated con-
figuration like that in Figure 1(b).

The main phase of an intense magnetic storm is
typically accompanied by intense substorms (but not al-
ways for weak storms driven by magnetic clouds [10]).
The PCP pattern during a storm main phase thus typical-
ly includes the above two processes.

In this paper, the PCP patterns generated by the As-
similative Mapping of Ionosphere Electrodynamics
(AMIE) model during five super-storms are examined.
The purpose of our effort is first to determine quantita-
tively if PCP saturation occurs, and secondly to identify
possible effects associated with substorm electric fields.

1 Data and Methods

The PCP data used in this study are derived from the
AMIE procedure. AMIE is an assimilation algorithm

12:00 MLT (b)

100:00

(a) Standard two-cell pattern in the polar cap potential distribution, (b) the distorted one-cell pattern

in the polar cap potential distribution
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that combines diverse types of observations, including
ground-based magnetometers, ion drift meters from DM-
SP satellites, and coherent/incoherent scatter radars, to
produce self-consistent global maps of high-latitude
ionospheric electric fields, electric potentials, currents,
and conductances. The procedure obtains optimal esti-
mates of electrodynamic patterns through an optimally
constrained, weighted least-squares fit of the electric po-
tential distribution to all relevant data. Details of the
AMIE procedure were described by Richmond et
al""™ In this study, we use the AMIE-derived electric
potential maps with 1-min time resolution for magnetic
latitudes above 50° to estimate the PCP values, which
are calculated as the difference between the maximum
and minimum of the electric potential over the high-lati-
tude region.

The IMF and solar wind plasma data used to com-
pute the IEF are obtained from the ACE and WIND
satellites. The IEF is quantitatively defined as E; = V' x
B, (here), where V is the solar wind speed, B, is the
north-south component of the IMF in Geocentric Solar
Magnetospheric (GSM) coordinates, and E; represents
'. The IMF and solar wind data

are taken at 1-min resolution and are time-shifted to ac-

IEF, in units of mV-m

count for the propagation delay from the satellite loca-
tion at the L1 point to the Earth’s magnetopause. The da-
ta are publicly available through the CDAWeb'. The
SYM-H index, used as a measure of ring current intensi-
ty, is obtained from the World Data Center for Geomag-
netism at Kyoto University**.

To examine the relationship between the PCP and
the IEF more clearly, we applied a binning and smooth-

ing procedure to the original 1-min resolution data in the

PCP-IEF scatter plots. The procedure is as follows. First,
the IEF data are divided into consecutive bins with a
window width of 0.5mV-m . Within each bin, the
mean values of both IEF and the corresponding PCP are
calculated, yielding a set of binned mean data points.
Second, a five-point boxcar smoothing is applied to
these binned mean points to reduce residual scatter. The
resulting smoothed points are shown as black dots in
Figure 4, representing the mean PCP values as a func-
tion of the mean IEF. The original 1-min data are shown
as grey dots in the background for comparison.

2 Results

2.1 Standard and Distorted Convection Patterns
during Geomagnetic Storms

Five super intense storms with the minimum Dsz <
=200 nT were examined. Their dates of occurrence and
minimum Ds¢ values are listed in Table 1. These storms
can be sorted into two categories. The first type is gov-
erned by the directly driven process throughout the main
phase of the storm. The PCP pattern appears as two
quasi-symmetric vortices shown in Figure 1(a) and is re-
ferred to in this paper as the Standard Convection (S-
CONV) pattern.

Figure 2 shows an example of an S-CONV type
storm. The upper three panels show the /EF, the PCP
values and the SYMH index, respectively, from 11 April
15:00 UT to 12 April 01:00 UT in 2001. The IEF is
quantitatively equal to V'xB, where V is solar wind
speed and B, is the z component of IMF, which are ob-
served by ACE/WIND satellite. The PCP values are ob-
tained from output of the AMIE code”". The SYM _H

Table 1 List of five super intense storms with the minimum Dst <-200 nT

Storm type Date Minimum Dst¢/ nT
S-CONV 11 April 2001 —280
S-CONV 22 October 1999 —228
S-CONV 15 July 2000 =327
D-CONV 6 April 2000 -320
D-CONV 24 November 2001 —234

* hitps://cdaweb.gsfc.nasa.gov/
**lhttps://wdc.kugi.kyoto—u.ac.jp/
“* http://amie.engin.umich.edu/~amie/data/
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Fig. 2 IEF, PCP values, SYM_H index, and nine patterns of global electric potential from 11 April 15:00 UT to 12 April
01:00 UT in 2001. Each PCP pattern is corresponding to a peak value of PCP in each hour marked by the vertical dash line

index is taken from the WDC-C2 at Kyoto University.

In Figure 2, the IEF changes polarity between
~30mV-m ' and ~ —20 mV-m ' with period of tens of
minutes. The values of the PCP are estimated by differ-
encing the maximum and minimum of the electric poten-
tial in the high-latitude ionosphere (magnetic latitude >
50°). Figure 2 (d) shows nine patterns of the global elec-

tric potential. Each pattern corresponds to time marked
by the vertical dashed line in Figure 2. One can note a
clear quasi-symmetric two-cell pattern throughout the
main phase of the storm.

Two storms on 6 April 2000 and 24 November
2001 have the disturbed potential pattern (D-CONV)

characterized by asymmetric vortices. As an example,
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from the top to the bottom, Figure 3 shows the IEF, PCP,
SYM_H index and PCP patterns, respectively, for the
6 April 2000 storm. It is noted that the IEF values are
positive and stable. In the PCP patterns, a new potential
cell started to form at lower latitude in the pre-midnight
sector at ~ 18:26 UT. This new potential cell expanded

and was stronger than the dawnside potential cell. Some-

times the midnight potential cell extended to the dusk
sector as a potential plume at 20:23 UT. Plumes have
been suggested to be related to shielding electric fields
in magnetospheric convection patterns[lg_zz]. The shield-
ing electric field will screen out the convection field 22,
In the latter portion of the storm main phase, the new

midnight sector cell becomes the main contributor to the
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PCP (the PCP value was ~ 218 kV in the midnight sec-
tor and ~120 kV in the dawn sector).
2.2 Examination of the PCP Saturation
In order to identify whether or not PCP saturation oc-
curred during the storm main phases, two types of fit-
ting function, linear and nonlinear, are applied to fit the
relationship between PCP and IEF for all of five storm
events. If the correlation coefficient (c.c.) in the nonlin-
ear (exponential) fitting is larger than that in the linear
fitting, we argue that saturation did in fact occur. If the
c.c. of the nonlinear (exponential) fitting is not larger
than that for the linear fitting, we assume that no satura-
tion occurred.

For nonlinear fitting, an exponential function is de-

fined by the following functional form:

P,., = P,(1— e—k(EI*Em))'

e (1)

In the above expression, Py, k, and Ej, are the pa-
rameters to be solved by the fit. Py represents PCP satu-
ration value. If assuming that saturation starts when

P,., = 0.8P, the E; value at the onset of PCP satura-
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tion IEF,, defined as E;,, can be calculated by the fol-

lowing relationship:

E;.=E;, —In(0.2)/k = E;o + 1.6095/k.  (2)
A linear fit is defined as
P,,=AXE;+ B, (3)

simply indicating a linear variation of PCP with E;.

For the remaining three events (22 October 1999,
15 July 2000, and 24 November 2001), the AMIE-de-
rived convection patterns (not shown but available from
the AMIE database) are examined. The 22 October
1999 and 15 July 2000 events exhibit quasi-symmetric
twin-vortex patterns throughout the main phase, similar
to the 11 April 2001 event shown in Figure 2, and are
therefore classified as S-CONV. the
24 November 2001 event shows a pronounced asymmet-

In contrast,

ric potential structure with a dominant midnight-sector
cell, consistent with the D-CONV classification of the
6 April 2000 event shown in Figure 3. These classifica-
tions are further supported by the distinct PCP-IEF fit-
ting behavior shown in Figure 4 (left three panels for S-
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Fig. 4 Relationship between PCP and IEF for five storms. The grey dots are from the original PCP and IEF data

with a 1-min time resolution. The black points are binned (0.5 mV-m ' window) and five-point boxcar-smoothed mean values of

PCP and IEF, representing the mean PCP as a function of the mean IEF. The black lines or curves indicate linear fits and

nonlinear (exponential) fits to the black data points
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CONY versus right two panels for D-CONV).

Figure 4 shows the relationship between the PCP
and the IEF for the five super storms. The grey dots are
from the original PCP and IEF data with 1-min time res-
olution. The black points are smoothed mean IEF values.
They are created by first calculating the mean values us-
ing a window of 0.5 mV-'m' (for IEF) width. A
smoothed five-point boxcar average was then calculated.
The black lines or curves indicate linear fits and nonlin-
ear fits for the black data points. The parameters and
correlation coefficients are also listed in each panel.

Itis noted that there are high correlation coeffi-
cients for the linear fits for the first three S-CONV types
of super storms. Nonlinear fitting does not work for
those events. We thus conclude that there was no PCP
saturation for these three events.

For the other two D-CONV type of storms, there
are much higher correlation coefficients for nonlinear
fitting, R =0.90 and 0.96 for the 6 April 2000 event and
for the 24 November 2001 event, respectively. Their sat-
urated values are P; = 148 and 323 kV, and the starting
saturation values E;, = 5.5 and 8.6 mV-mfl, respective-

ly.

3 Summary

The major findings of this study are as follows.

(1) PCP saturation may or may not occur during su-
per storms with Dst << —200 nT. Although the Dst in-
dex and IEF have similar intensities for all five super
storms, some were determined to have PCP saturation
and others not.

(2) PCP saturation occurred for two of the five su-
per storms (6 April 2000 and 24 November 2001). The
PCP saturation values were P, = 148 kV and 323 kV
with IEF; of 5.5 mV-m ' and 8.6 mV-m™', respectively.
We note that neither the two P, nor the IEF, values are
similar to each other. We will discuss this later. It was
also found that these two storms had asymmetric con-
vection patterns (were of the D-CONV type), while the
other three events had symmetric convection patterns (of
the S-CONV type).

4 Discussion and Conclusion

Based on the time series of driving parameters present-

ed in Figures 2 and 3, we systematically compare the so-
lar wind driving conditions between the S-CONV and D-
CONV events. The key differences are as follows.

(1) Stability of the IEF. For the S-CONV event
(e.g., 11 April 2001, Figure 2), the IEF exhibits pro-
nounced short-period oscillations, alternating between
southward and northward polarities, without forming a
steady southward driving that lasts for several hours. In
contrast, for the D-CONV event (e.g., 6 April 2000, Fig-
ure 3), the IEF remains persistently southward (IEF ~ 10
—20mV-'m') for more than 6 hours during the storm
main phase. Such a steady and sustained driving may al-
low the dayside reconnection rate and the polar cap
ionospheric potential to accumulate gradually, eventual-

[5,11] Con-

ly entering the nonlinear saturation regime
versely, oscillatory driving may interrupt this accumula-
tion process, keeping the PCP-IEF relationship in an ap-
proximately linear response range. The frequent polarity
reversals of the IEF (with periods of tens of minutes) ob-
served in the S-CONV events (Figure 2) may also be at-
tributed to large-amplitude Alfvén waves in the solar
wind. Such Alfvénic fluctuations are common in high-
speed solar wind streams, particularly during the declin-
ing phase of the solar cycle, and are characterized by
quasi-constant magnetic field magnitude with signifi-
cant B, oscillations on timescales of minutes to hours'!.
Recent studies have further demonstrated that interplane-
tary Alfvén waves can directly trigger dayside magne-
topause reconnection, thereby modulating the solar
wind-magnetosphere-ionosphere coupling efﬁciency[24].
The persistent IEF oscillations in the S-CONV events
may thus reflect the intermittent nature of such Alfvén-
wave-dominated solar wind driving, which prevents the
magnetosphere-ionosphere system from reaching a
steady state required for PCP saturation.

(2) Timescale of the storm main-phase evolution.
The SYM-H index decreases at a significantly faster rate
in the D-CONV events than in the S-CONV events
(compare the third panels of Figures 2 and 3). A more
rapid main-phase development is generally associated
with stronger magnetotail energy loading and more in-
tense substorm expansion phases, which can generate
strong equatorward electric fields in the midnight
sector’ ', These electric fields, superimposed on the

standard twin-vortex convection, produce the asymmet-



ric potential structures characteristic of the D-CONV
type.

(3) Differences in the PCP-IEF response. As shown
in Figure 4, all S-CONV events exhibit a predominantly
linear PCP-IEF relationship (the linear fit correlation co-
efficient is higher than the exponential fit for each of
these events), while the D-CONV events show a clear
nonlinear saturation curve (exponential fit with R =
0.90 and 0.96). Notably, the peak IEF ranges overlap be-
tween the two types (approximately 15 — 30 mV'mfl),
implying that the peak IEF magnitude alone is not suffi-
cient to determine whether saturation occurs; the tempo-
ral pattern of the driving—particularly the duration of
steady southward IMF—may be a more critical control-
ling parameter.

We now ask “why are some super storms not satu-
rated and others saturated” ? One possible explanation is
that the existence of equatorward electric fields associat-
ed with substorms during a storm main phase may
screen the convection fields so that the total polar cap
potential cannot be enhanced continuously as the inter-
planetary electric field increases. Many studies have ex-
plained the PCP saturation controlled by the dayside re-
connection[s], but the contribution of substorms to the
PCP is not clear'. In M-I coupling system, the Region
1 current and ionospheric conductivity affect the pcp',
For D-CONV type storms, the one-cell potential domi-
nates during substorm expansion phases. It is noted that
the high potential area is located in midnight sector (as
shown in Figure 1b). The formation of this type of cell is
related to substorms and it is distorted strongly by en-
hanced ionospheric conductivities in the midnight
sector’"”). The midnight potential plume is dominated by
the equatorward electric field associated with the west-
ward electrojet during the substorm expansion phase and
the early recovery phase. We suggest that the superposi-
tion of this midnight-sector electric field onto the back-
ground dawn-dusk convection field may locally weaken
or even cancel the net potential buildup in the polar cap,
thereby suppressing the further increase of the total PCP.
It should be noted, however, that this interpretation re-
mains qualitative at this stage. A quantitative assess-
ment of how the midnight electric field influences the
global PCP value—particularly through the redistribu-
tion of high- and low-potential regions—would require
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dedicated numerical simulations or higher-resolution ob-
servations, which we leave for future work.

Another explanation is that the substorm electric
fields are a separate M-I system and at times they domi-
nate the M-I electric field system[zs]. Both explanations
provided in this paper bring to a conclusion that sub-

storms play an important role on PCP saturation.
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