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Abstract Magnetic reconnection occurring between the interplanetary magnetic field (IMF) and the
dayside magnetopause causes a circulation of magnetic flux and plasma within the magnetosphere, known

as the Dungey cycle. This circulation is transmitted to the ionosphere via field-aligned currents (FACs). The
magnetic flux transport within the Dungey cycle is quantified by the cross-polar cap potential (CPCP or
transpolar voltage). Previous studies have suggested that under strong driving conditions the CPCP can saturate
near a value of 250 kV. In this study we investigate whether an analogous saturation occurs in the magnitudes
of the FACs, using observations from the Active Magnetosphere and Planetary Electrodynamics Response
Experiment. The solar wind speed, density and pressure, the B, component of the IMF, and combinations of
these, were compared to the concurrent integrated current magnitude, across each hemisphere. We find that
FAC magnitudes are controlled most strongly by solar wind speed and the orientation and strength of the IMF.
FAC magnitude increases monotonically with solar wind driving but there is a distinct knee in the variation
around IMF B_ = —10 nT, above which the increase slows.

Plain Language Summary During extreme space weather events, the threat to space-based and
surface infrastructure has become of increasing concern within the past 2 decades. These space weather events
are directly responsible for electrical currents flowing in the ionosphere that produce potentially dangerous
magnetic field perturbations on the ground. With this motivation, we use satellite magnetometer data in order
to gain greater insight into the field aligned current systems present above both poles of the Earth. With many
mechanisms and processes which govern the magnitude of these currents (and associated potentials) still being
widely disputed, we hope to offer verification of whether or not these currents saturate at high solar wind
driving, in order to create a clearer picture of the behavior of these systems from nominal to intense space
weather conditions.

1. Introduction

The magnetosphere of Earth is known to have dynamic interactions with the interplanetary magnetic field (IMF)
flows constantly outward from the Sun, embedded within the solar wind. Opposing magnetic polarities of the
dayside magnetosphere and the IMF most efficiently drive the cycle of magnetic field lines breaking and recon-
necting, known as the Dungey Cycle (Dungey, 1961), which drives a circulation of magnetic flux and plasma
within the magnetosphere. Reconnection ant the magnetopause eventually leads to the onset of magnetic recon-
nection in the magnetotail, and the competition between these two processes leads to changes in the location and
size of the auroral zones (Cowley & Lockwood, 1992; Siscoe & Huang, 1985). Field-aligned currents (FACs),
first proposed by Birkeland (1908, 1913), communicate stress from the magnetosphere to the ionosphere, produc-
ing the ionospheric convection pattern. The theorized current systems were later confirmed via satellite and
terrestrial observations in the work of Cummings and Dessler (1967), with further work carried out by lijima
and Potemra (1976). Detailed investigations were then undertaken by lijima and Potemra (1976) and Iijima and
Potemra (1978), offering an insight into the structure of these current systems. The studies indicated that the
footprint of these FACs formed two broken concentric rings around both poles of Earth. The inner ring, or the
Region 1 (R1) current system, connects the ionosphere to the magnetopause and the outer ring, or region 2 (R2)
current system, connects to the partial ring current and inner magnetosphere.

Observations of the strength of ionospheric convection, parameterized by the cross polar cap potential (CPCP),
are often used as a measure of the strength of solar wind-magnetosphere coupling. Under normal conditions
the CPCP is found to be approximately linearly related to the solar wind motional electric field, once corrected
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for IMF clock angle which modulates the reconnection geometries available at the magnetopause (Khachikjan
et al., 2008). However, it is observed that under particularly strong driving conditions the CPCP saturates
(Hairston et al., 2005; Russell et al., 2001; Shepherd, 2007). Several competing theories have been put forward
to explain saturation, including induced magnetospheric magnetic fields opposing that of the magnetopause,
limiting the global reconnection rate, and Alfvén wave impedance (mis-)matching at the ionosphere (Gao
et al., 2013; Kivelson & Ridley, 2008; Siscoe et al., 2002). A significant hurdle, however, to better understanding
this phenomenon is the relative rarity of sufficiently strong solar wind driving conditions and the difficulty of
accurately measuring the CPCP at such times. Measurements of the CPCP by low Earth orbit spacecraft, such as
those of Defense Meteorological Satellite Program, and by ground-based ionospheric radars, such as the Super
Dual Auroral Radar Network, can be unreliable during geomagnetically disturbed conditions. In this study we
use observations of the FACs measured by the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) as a diagnostic for convection strength.

Many studies have employed AMPERE data to study how FAC systems evolve in response to the solar wind
conditions (e.g., (Anderson et al., 2008, 2014; Carter et al., 2016; Clausen et al., 2012; Waters et al., 2004)),
nonetheless the investigation of an analogous FAC saturation- to that which is seen with CPCP- has yet to be
studied in depth. Initial studies, such as that undertaken by Anderson and Korth (2007), have suggested that the
saturation seen within the CPCP, is also seen in the FACs. Their study employed engineering magnetic field data
from the Iridium Communications Network satellite constellation from 1999 to 2003 and looked at the evolution
of FACs during instances of geomagnetic storms. In this study, we also use data from AMPERE, in tandem with
solar wind observations from the OMNI data set, to investigate the FAC systems over both hemispheres, with
increasing solar wind driving. Building on this previous study, we employ AMPERE data from the 7 years of
2010 to 2016. By not limiting the data analyzed to just storm-time conditions, we provide a fuller picture of how
the integrated current magnitude behaves in response to increasing solar wind driving from nominal to extreme
conditions.

2. Data Sets

The AMPERE data set comprises polar maps of FAC density derived from magnetometer observations made
onboard satellites of the Iridium telecommunications constellation (Anderson et al., 2002, 2021; Waters
et al., 2001, 2020). Measured perturbations from the background magnetic field are inverted with Ampére's law
to retrieve the FAC density on a grid of 24 hr of magnetic local time and 50 1-degree magnetic latitude bins, over
both northern and southern polar regions. The AMPERE-derived FAC distributions are comprised of a 10-min
interval of observations that span the polar regions. The FAC patterns can then be produced at a 2-min cadence
using a sliding 10-min accumulation window (Anderson et al., 2002; Waters et al., 2020).

The aim of this study is to determine the relationship between AMPERE observations of FACs and upstream
solar wind conditions. The solar wind parameters considered were the solar wind speed, density and pressure,
and the Geocentric Solar Magnetospheric B, and B, components of the IMF at the nose of the bowshock, all
provided by the OMNI data set (King & Papitashvili, 2005). From these we derived the Y-component of the

motional electric field of the solar wind, E ,=-V B, ameasure of the magnetic flux transported within the solar

sw
wind toward the magnetosphere which can reconnect with Earth's dipole. This is defined such that when E > 0
reconnection is expected at low to mid-latitudes across the dayside magnetopause which opens magnetic flux and
drives the Dungey cycle; when E| < 0 then reconnection is expected to occur at the high latitude magnetopause,
tailwards of the cusps, known as lobe reconnection (e.g., Fuselier, 2021 and references therein). In addition to
the individual solar wind parameters, the Milan et al. (2012) coupling parameter provides an estimation of the

dayside reconnection rate:
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Here, A is a constant of proportionality with the value 3.3 x 105 m3 s3. V. is the absolute magnitude of the

x-component of the solar wind velocity and B _is defined as B,; = \/E B? + B2), such that V, B, gives the trans-
port of magnetic flux per unit length, transverse to the flow direction. Finally, 0 is the IMF clock angle. When
combined in this way, these parameters give an approximation of the subsolar reconnection rate, which drives
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the Dungey cycle, and is zero for purely northwards IMF. The analysis covers the 2010 to 2016 time period
(inclusive) and aims to capture all the currents associated with the electrodynamics of magnetosphere-ionosphere
coupling.

3. Observations

From the AMPERE data, we determined the integrated FAC in both the northern and southern hemispheres at
2-min cadence. AMPERE provides FAC density on a 24 X 50 grid in both hemispheres, with positive and nega-
tive current densities representing upward and downward FACs, respectively. In this paper we present the results
from the northern hemisphere only. The analysis was performed for the southern hemisphere, also, however the
results were very similar, though the FAC magnitudes were somewhat lower, as reported by Coxon et al. (2016).
The FACs are expected to be in balance such that the total FAC flowing into each hemisphere should be zero,
so we treated upward and downward FACs separately. The area of each grid cell was calculated, multiplied by
the FAC density in that cell, and then summed over the grid to provide a measure of the total upward and total
downward FAC. Any current density of less than 0.1 pA m~! was not included within the analysis, as this is close
to the noise floor of the AMPERE technique. We found, as expected, that the magnitudes of the integrated upward
and downward FACs were equal, and henceforth just the total FAC magnitude was used (the sum of the absolute
upward and downward FAC). To determine how current magnitude varied in response to different solar wind
parameters, the total current was plotted against each solar wind parameter, in addition to E and @, Initially the
analysis of these parameters was separated by year and month to determine if any seasonal or solar cycle trends
were present. The FAC magnitudes differed with season due to variations in solar-insolation of the polar regions
and hence conductance (Coxon et al., 2016). However, all showed the same behavior, and we have therefore
combined together the data, from all years and months, to increase statistical significance.

3.1. Quadrants and Direction of Current

We next tested to see if the response of the FACs to the solar wind differed in different local time sectors. We
divided the observations into four quadrants, encompassing 03—09 MLT (dawn), 09-15 MLT (noon), 15-21
MLT (dusk), and 21-03 MLT (midnight). We then found the total upward and downward FACs in each of these
quadrants. From previous studies of FACs associated with different solar wind driving conditions (Ganushkina
etal., 2018; lijima & Potemra, 1976; Milan et al., 2017), the R1 and R2 FACs are expected to be mainly contained
in the dawn and dusk quadrants, RO FACs in the noon quadrant, and substorm currents in the midnight quadrant.
Figure 1 shows typical examples of FAC distributions for northward and southward IMF, with pink lines demar-
cating the four quadrants. On the left panel of Figure 1, the northward IMF regime is shown. During this time,
the solar wind conditions were a high magnitude, positive B, component value, in addition to a B, component
that fluctuated around positive and negative values of low magnitude. The solar wind speed and densities were

3, respectively. Under these conditions, with a northward

nominal, at approximately 420 km s~! and under 10 cm™
IMF, the currents are located at high latitudes, predominantly confined to the noon quadrant. The currents show a
quadrupolar configuration of upward and downward FACs which is typical of reverse lobe convection cells driven
by lobe reconnection (Fear, 2021; Milan et al., 2020; Zanetti et al., 1984). The right panel of Figure 1 shows the
southward IMF regime. The conditions at this time consisted of prolonged negative (southward) IMF B, compo-
nent and B, component that fluctuated with low magnitude between positive and negative values. The solar wind

1, conversely the solar wind density was

speed was measured to be below average at approximately 370 km s~
elevated at just under 30 cm~3. For southward IMF the FACs are seen at lower latitudes and generally have the
region 1/region 2 configuration first described by lijima and Potemra (1976), which is associated with standard
twin-cell convection driven by subsolar reconnection. In the example shown in Figure 1 (right panel) there is little
current flowing in the noon quadrant for this particular example, however RO FACs often appear here when B,
is non-zero (Ohtani et al., 1995; Saunders, 1989). A more complicated pattern is seen in the midnight quadrant,
where FACs associated with the Harang discontinuity are usually seen (Erickson et al., 1991). As these typical
current patterns are so different, for many aspects of the subsequent analysis, we subdivided the data set into

observations for which B, > 0 and B, < 0.

Within the top panel of Figure 2, the average variation in the FAC magnitude in the northern hemisphere as a
function of IMF B, in bins 1 nT wide, for 2010-2016 is presented. The FAC in each quadrant is shown by the
colored lines and the total FAC by the black line. Standard deviations of the variation are also calculated, and
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Figure 1. Current systems present above the northern hemisphere of Earth during periods of northwards (left) and southwards (right) interplanetary magnetic field
(IMF) occurring on 7th May 2015 and 11th April 2015, respectively. The flow of current, toward or away from the Earth, is indicated in the blue and red shading,
respectively. The pink lines indicate the division into 4 local time quadrants that was employed for the study. The insert (bottom left of each plot) shows a representation
of the IMF orientation at the time of the current map.

presented in the same format for each quadrant in the middle panel. The lower panel shows the number of points
per bin. The FACs are a minimum for small B, and increase as B, becomes more negative and more positive.
The increase in each quadrant is approximately linear in the range —15 > B, > 15 nT. Deviations from this
quasi-linearity are discussed further below. For B, < 0 the FAC magnitude is smallest at noon and largest at dawn
and dusk, with this trend reversed for B, > 0, as expected from the representative patterns shown in Figure 1.
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Figure 2. The top panel shows the total integrated current magnitudes (absolute magnitude of upwards and downwards
flowing current summed), plotted against the corresponding value of interplanetary magnetic field B.. The blue, pink, green
and red shaded lines indicate the current magnitudes in the Noon, Midnight, Dusk and Dawn quadrants, respectively, with
the left axis denoting scale. The black shaded line indicates the total current magnitude, with the right axis giving scale. The
middle panel shows the standard deviations of each quadrant, with the same corresponding colors and format. The lower
panel gives the number of data points for each bin.
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Figure 3. Field-aligned current (FAC) behavior as a function of the B,
component of the interplanetary magnetic field (IMF). Each panel shows

1 nT bins of B, with panel (a) indicating the number of data points present

in each IMF B, bin. Panels (b—) show the total integrated current across the
northern hemisphere of Earth, the area encompassed by these FACs, the mean
FAC density (over the FAC area) and the PC-N index proxy of cross polar
cap potential is given (respectively). In each panel, the sum of the magnitudes
of upward and downward current is used to give the total integrated current,
with the average then taken for each bin. The shaded orange- yellow coloring
gives the distribution of data across the bins. The blue lines on panels (b—e)
are superimposed to guide the eye to the linear behavior of the data, where
applicable and the bold red lines give the mean. The thin red lines, above

and below the mean line, give the standard deviation of each bin. The green
markers denote the median of each bin.

In addition to this, the gradient is larger for B, < 0, which again is to be
expected. Despite the different rate of increase in the different quadrants, they
all show the same quasi-linear trend, and so in the rest of the analysis we use
the total FAC as the measure of current flow. During periods of northward
IMF, the noon sector of each hemisphere was seen to provide the dominant
contribution of current magnitude, as would be expected when considering
the example shown in Figure 1 and the dynamics leading to high-latitude,
dayside FACs during northward IMF. Consistency with Figure 1 is also
demonstrated during periods of southward IMF. Here, the dawn and dusk
quadrants were shown to provide the highest contribution to overall current
magnitude for each hemisphere. It is worth noting that, in addition to B_, all
other upstream solar wind parameters considered in this study, followed the
same behavior and evolution of that parameter between the quadrants. That is
to say, the combined (total) all-quadrants FAC acts as a suitable proxy for all
individual quadrant behaviors. For both northward and southward IMF, the
increase in current magnitude with |B | is roughly linear up to 1B | + 15 nT. At
higher values of B, the rate of increase does tend to decrease, but there is no
abrupt plateau as seen in studies of CPCP saturation.

3.2. Solar Wind Parameters

The B, component of the IMF is often considered the most important factor
controlling the strength of the solar wind-magnetosphere interaction at Earth.
In Figure 3 the behavior of the current magnitude is presented for instances
of both northward (positive values) and southward (negative values) IMF
polarity. The B, range is limited to +20 nT as beyond this there are too
few observations, with less than 10 data points available during the years
2010-2016, to be statistically significant. The data are grouped into 1 nT
bins and the total number of data points in each bin is indicated in panel a of
Figure 3. The orange and yellow shading indicates the number of data points,
with the scale given in panel e. Figure 3 also shows the variation of three
FAC parameters with B_: the total FAC integrated across the northern hemi-
sphere, the area occupied by these FACs, the mean FAC density (integrated
FAC divided by area), in panels b, c, and d, respectively. In each AMPERE
map, we consider only grid cells with an absolute FAC density greater than
0.1 pA m~!, which is at the noise floor of the AMPERE data set. We calculate
the cross-sectional area occupied by those grid cells and the total absolute
FAC (combining upward and downward FACs) and use this area to calculate
the mean FAC density as the total integrated FAC divided by the area. This
method was used as each the cells do not have a uniform contribution to the
total average. The overall distribution of the data is shown by the shading, on
a logarithmic scale. We also calculate the mean (thick red lines) and medi-
ans (green circles and diamonds for northward and southward IMF regimes,
respectively) in each B_bin. The thin red lines, above and below the mean line
gives the standard deviation within each bin. In panel e we show the distri-
bution of the PC-N index, which we use as a proxy for cross-polar cap poten-
tial (e.g., Milan et al., 2021). For positive B, the total FAC, FAC area, and

mean FAC density increase linearly with increasing B_, but the variation is small. The PC-N variation shows no
significant variation with positive B,. A straight blue line is superimposed on the data to help guide the eye. The
FAC quantities show a much stronger dependence on negative B, as is to be expected. The FAC area increases

as the open flux in the polar cap increases, causing the auroral zone to expand to lower latitudes and to increase
in latitudinal extent. The total FAC and mean FAC density also increase, as magnetospheric convection becomes
more intense, resulting in stronger FACs that couple the magnetosphere and ionosphere. However, there are two
distinct regimes in the behavior, with the increase being stronger for B, > —10 nT and weaker for B, < —10 nT.
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% 10%F a : mately linear in the two regimes, with a distinct knee near B, = —10 nT. PC-N
E 10° ?JI/\“"'—H_‘_; also shows the same behavior, though the apparent dependence on IMF B,
10'E L L L . above and below the knee is less pronounced. We note, returning to Figure 2,
g gg [ I I I - that the knee in the variation of FAC magnitude with negative B, is apparent
é ook ] in all the individual quadrants as well as the total.
8% 15 Figure 4, in the same format as Figure 3, shows the evolution of the same
§v 10 three FAC parameters with increasing solar wind speed. The upper and lower
g 5 lines show the variation for southward and northward IMF data, indicated by
= 0

the green diamond and circle markers, respectively.

[&]

FAC area

The shading indicates the overall distribution of the data, but the mean and
medians have been subdivided into IMF B_ < 0 (upper curves with diamond
shaped markers) and B, > 0 (lower curves with circular shaped markers). The
dependence of the FAC parameters on V,, are modest; note that the vertical
scales are the same in Figures 37, indicating the V_, does not order the data

particularly well. There is some indication of a knee in the B, < O curves

Mean FAC density
(uA m™?)

of FAC area and density near V, of 400 km/s, but this is not particularly
pronounced. The trend becomes less clear above 700 km/s due to a paucity
of data points.

Figure 5 shows the results ordered by N, for B, < 0 (upper, diamond shaped
markers) and B, > 0 (lower, circular shaped markers). As with V_ , the vari-

sw?

ation of the FAC quantities with N, is modest and largely linear. The PC-N

PC—N (mV m™")

—-2F

index has a low dependence with N,

.» however a modest, positive linear rela-
tionship is discernible.

Figure 6 presents the variations with E_ . The trends are similar to Figure 3.
ForE,, < 0(B,> 0), total FAC, FAC area, and FAC density all rise slowly and
linearly as the magnitude of E  increases. For E_ > 0, the rise is steeper as

Figure 4. Field-aligned current variations with V presented in a similar
format to Figure 3. The data are subdivided into interplanetary magnetic field
B, <0 (upper curve with green diamond markers) and B, > 0 (lower curve
with green circular markers) and separated into 15 km s~! bins. The blue lines
on the lower four panels are superimposed to guide the eye.

Vey (km s7")

A . Lovuiuiins Liviiaias the magnitude of E_ increases, but with a distinct knee near £, = 4 mV/m,

500 600 700 800 with a slower climb beyond that. Figure 7 presents the relationship of FACs

and PC-N to the coupling parameter shown in Equation 1, in a similar format

to previous figures. Figure 7 combines both B, > 0 and B, < 0 values, though

B, > 0 will generally give low values of ®, and B, > 0 will give higher
9

values due to the dependence on the IMF clock angle (i.e., the sin2 %9 term
in Equation 1). As in previous figures, a clear knee is seen in all parameters
near 80-100 kV.

The solar wind dynamic pressure (P,,) is given in Figure 8. The increase

in P, shows a knee feature, which has been highlighted on the negative B,
trace (denoted by the diamond markers). It is worth noting here that the linear lines, drawing the eye to the two
different regimes of increases is only plotted on the upper curve (southward, diamond marker indicated, IMF), for
clarity. The ratio between the two regimes and the linear lines themselves were very similar for both northward
and southward IMF.

In many of the presented cases, for IMF B_ < O there is a distinct knee in the rate of increase in the FAC param-
eters with increasing solar wind driving. We now compare the rate of increase below the knee (rapid) with the
rate above the knee (slow) by taking the ratio of the gradients of the blue lines fitted above and below the knee.
The larger this number, the more distinct is the change in dependencies of FAC parameters on upstream driving
conditions. The results are presented in Table 1.

Across @, B, and E,, , the FAC area saw a linearity change ratio of approximately 3. The total integrated current
ratio is given to be around 2 for both @, and E_,
This difference in behavior of B, and P, is also seen in the current density, where the ratios are all generally
higher across all parameters, with P, and B, still exceeding the values of the other two parameters. The current

however for B, and P, the ratio reached 3.0 and 5.8, respectively.
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107 E area shows the most variability between the three parameters with just 2.8
*‘g 10°§ for E, and 7.6 for P_. While P and B, both show a higher change between
E’ 103§ the pre and post knee regimes, P, certainly gives the most variation. This is
10’ particularly interesting as the constituent parameters of P (N, and V_ ) both
g 301 I I I show no knee feature.
£ 2r b 1
3
< . .
T 4. Discussion

Integra

Within this study, we have investigated how integrated FAC magnitude, area
and mean density vary with a variety of solar wind parameters including solar

FAC area

wind speed, density, electric field, B, component of the IMF and a proxy
for solar wind driving (Milan et al. (2012) coupling parameter). During
the initial stages of the investigation, the FACs were analyzed in 4 separate
MLT quadrants in order to identify any unique behavior of specific current
systems, indicated by evolution of current within the specific MLT region.
After reviewing each upstream solar wind parameter considered it was found
that the resulting current magnitudes in each quadrant, while each having

Mean FAC density

different magnitude contributions to the total, (as would be expected), showed
no significant or unique behaviors in any individual MLT quadrant. This
uniformity in current evolution allowed the total integrated current across
each hemisphere to be used for the analysis. These total current results show
that, as the solar wind driving increases and becomes more intense, both the
area and the mean density of the FACs increase, aligning with the conclu-

sions of previous studies and widely accepted theory (Clausen et al., 2012;

Coxon et al., 2014a; lijima & Potemra, 1978). The increase in area arises
as the FACs move to lower latitudes and have a greater latitudinal width.
The increase in FAC density can be attributed to increased coupling at the
nose of the magnetosphere increasing open flux and more activity occurring
within the magnetotail, resulting in increased particle precipitation and faster
ionospheric convection overcoming frictional drag with the atmosphere. This

result falls into good agreement with accepted theory, first outlined in the
work of Clausen et al. (2012) and Clausen et al. (2013a, 2013b) and also by
Coxon et al. (2014a, 2014b). While we have employed the Milan et al. (2012)

Figure 5. Field-aligned current variations with N, presented in a similar coupling parameter, other coupling parameters have been presented in
format to Figure 3. The data are subdivided into interplanetary magnetic field previous studies, such as the e parameter given in work by Perrault and
B, <0 (upper curve with diamond markers) and B, > 0 (lower curve with Akasofu (1978), in addition to the Newell et al. (2007) “almost universal”

circular markers). Current magnitude behavior is separated into 1.5 cm™ bins
with standard deviation values given in the thin red lines above and below the
average bin value (thick red line). The blue lines on the lower four panels are
superimposed to guide the eye.

coupling parameter. Future work may could perform similar analyses using
these, and other, coupling parameters in order to gain a greater understanding
of how the trends vary when incorporating different proxies for solar wind
driving, in different configurations in terms of solar wind parameters. In this
way, we could expand Borovsky (2021), who looked into the varying compo-
nents of CPCP saturation.

The solar wind parameters and PC-N have a linear relationship with solar wind speed, V. This may suggest
that the magnetic field, especially the B, component is more important in the control of this driving of the FACs.
In addition, during periods of northwards IMF (when B_ > 0), the FACs increase linearly for stronger B, and
also E_ however this increase is also low. The area of the FACs remains generally quite low, as they are largely
confined to the noon sector (as outlined by Figure 1), where lobe reconnection drives reverse convection (lijima
& Shibaji, 1987; Iijima et al., 1984; Imber et al., 2006; Weimer, 2001; Zanetti et al., 1984). The increase in E_

is also seen to be stronger than that of B, indicating that the combination of B_ and V, has greater significance

w

in the driving of lobe reconnection. In addition, it is interesting to note that, while the knee feature is not seen in
N, orV

sw?

it is evident in the P, evolution. For all values of B, > 0 (and E, < 0), PC-N remains close to zero.
This suggests that PC-N is a poor measure of reverse lobe convection in the noon sector, perhaps due to it being
mainly measured within the central polar cap. For B_ < 0, the FACs and PC-N increase more strongly, however
there is a distinct knee in the variation with B, E,, and @, near —10 nT, 4 mV/m and 90 kV, respectively in
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Figure 6. Field-aligned current variations with E, presented in a similar format to Figure 3. The data are subdivided into
interplanetary magnetic field B, < 0 (positive E ) and B, > 0 (negative E ). Current magnitude behavior for northwards is
separated into 0.75 mV m~! bins with standard deviation values given in the thin red lines above and below the average bin
value (thick red line). The blue lines on the lower four panels are superimposed to guide the eye.
each case. These are approximately consistent as combined values of solar wind speed and IMF B_ of 400 km s
and —10 nT correspond to an E_, of 4 mV/m. The shape of the curves is also approximately consistent with the
Hill-Siscoe model presented in Hairston et al. (2005). For the B, E,, and ®, parameters, the ratio of the gradi-
ents of the blue lines tends to be greatest for FAC density, that is to say that the “saturation” for this parameter is
sharpest, rather than the area or total magnitudes. This could be suggestive that the magnetosphere-ionosphere
coupling is limited by the capacity of the magnetosphere to carry current in a given area.
In Figures 6 and 7, the FACs do not appear to saturate for B, > 0, as they do for B, < 0. In one regard, B, < 0 does
not see the integrated FAC magnitudes and densities reaching as high as the knee feature seen for B, < 0, which
may mean they do not reach their limiting value. This is supported by the work of Wilder et al. (2008), which
verified a CPCP saturation during B, > 0 conditions. On the other hand, the Hill-Siscoe model suggests that
saturation is caused by a deformation of magnetic structure, and hence reconnection rates, by intense R1 currents,
and these are only present for B, < 0. Future work could look at this in more detail by investigating the R1 FACs
in isolation and their relationship to other FACs, perhaps using the principal component analysis technique of
Milan et al. (2015). Turning our attention now to the PC-N index, this does not increase with N, as predicted
by Milan et al. (2012). However, FAC parameters do increase marginally, suggesting that the compression of the
magnetosphere somewhat enhances the FACs. Work undertaken by Wang et al. (2006) and Nakano et al. (2009)
FLEETHAM ET AL. 8of 12
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also found a link between solar wind pressure and FAC density, supporting
this finding. In addition, this may explain why some coupling parameters
find a link between geomagnetic activity and N, which is not an effect of
increased reconnection.

30
25

20
1571

(MA)

Integrated current

It is important to consider the dynamics of how the FACs are driven when
looking at the values within Table 1. Table 1 gives insight into the knee
feature seen in the four parameters listed, across all the current values.
In particular, the current density shows a consistently high knee feature
for all parameters within the table. This would infer that in general, the
current density often shows a significant difference in magnitude between

FAC area

the two regimes (before and after the knee feature) for these solar wind
parameters (B, E, , P, and ®,). P, has a high ratio for all parameters,
except for a moderate value for PC-N. The solar wind pressure, particu-
larly in the form of pressure pulses, can drive FAC magnitudes and, as
such, these high ratios would suggest that this driving can offer a modest
contribution, however is limited and will cease to provide additional

contributions after the magnitude at which the knee feature occurs. P,

Mean FAC density
(uA m™?)

shows the most consistently high change due to the knee feature seen,
except for PC-N, indicative of a low dependency of PC-N on Psw. In
contrast, the lower ratio values for B, such as that for PC-N, are repre-
sentative of a consistently high dependency on B, that continues through-
out the knee feature.

PC—N (mV m™")

5. Conclusion

In this paper we have presented our investigations into saturation across
the large-scale FACs of Earth. By using AMPERE data to calculate the
total integrated current in each hemisphere, we have analyzed the extent of
FAC saturation in relation to the upstream solar wind conditions, includ-

ing parameters such as solar wind speed, density, pressure, B, compo-
200 300 nent of the IMF, E_ and the Milan et al. (2012) coupling parameter. The

&5 (kV) currents themselves were also further analyzed in terms of total current,

Figure 7. Field-aligned current variations with @, given by the Milan

mean current density, area over which they cover and also the PC-N
index (a proxy for cross-polar cap potential, itself a proxy for the dayside

et al. (2012) coupling parameter, presented in a similar format to Figure 3.

The @, data are separated into 10 kV bins and the blue lines on the lower four

panels are superimposed to guide the eye.

reconnection rate). Consideration was taken to resolve any unique features
that may appear in the evolution of the current systems. This was achieved
by considering each current system for both northward and southward IMF
conditions and based on MLT location. It was concluded, after investigat-
ing each parameter, that despite expected differences in overall magnitude, no individual current systems
showed any evolution behavior that would be lost by using the total integrated current. In some cases, a
distinct knee is seen in the variations, above which the rate of increase with solar wind driver decreases,
which we refer to as “saturation,” though the observations do not. That is to say that, despite the knee feature
present in some cases, the parameters do not exhibit the same complete saturation expected from previous
studies (Hairston et al., 2005; Russell et al., 2001; Shepherd, 2007) This knee is seen for @, B, <0, Eg,
(for B, < 0), and to a lesser degree P, . These knees occur at @, = 100 kV, B, = —10 nT, E,, = 4 mV/m,
and P, = 5 nPa. In all cases, the knees correspond to I = 12 MA, A = 3 X 107 km?, j = 0.35 pA m~2, and
PC-N =3 mV m~". Those solar wind parameters for which saturation is not seen (B, > 0, Eg,, for B, > 0, N,
and V) do not produce I, A, j, or PC-N which exceed the threshold for saturation. It is interesting to consider
if saturation would be seen for, say, Eg, < 0 (i.e., B, > 0) if there was sufficient data to extend the range of
Figure 6, beyond E,;, < —15 mV m~!, where an extrapolation of the trends suggests the thresholds of I, A,
and j would be exceeded. With the results gathered within this study, the question of what causes the satu-
ration effect can be considered. Activity within the magnetosphere, including magnetospheric/ionospheric
convection, is primarily driven by reconnection occurring at the magnetopause. Past studies have shown

that the cross-polar cap potential tends to saturate for large values of E_ , as we confirm in this study. This
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Figure 8. Field-aligned current variations with P, presented in a similar format to Figure 3. The Psw data are separated into
0.5 nPa bins and the blue lines on panels (b—e) are superimposed to guide the eye.
suggests that on average the reconnection process is limited when solar wind conditions become extreme, for
example, B, < —10 nT. Siscoe et al. (2002) argued that when the R1 FAC system grows too large it weakens
the magnetic field at the magnetopause, limiting the reconnection rate. This would only be expected to occur
for B, < 0 as the reconnection geometry is significantly different for B, > 0 (reconnection occurring near the
cusps rather than at low latitudes) and the R1 FAC system is not significantly driven for B, > 0. This tallies
with our observations, in which the FAC magnitude is weak and saturation is not observed forB, > 0. The
magnitude of the FACs is controlled by two factors: the rate of magnetospheric convection and the iono-
spheric conductance. The latter is seasonally dependent due to changing
levels of insolation of the polar regions (e.g., Milan et al., 2017). Also,
for poorly understood reasons, FACs tend to be stronger in the northern
Table 1 hemisphere than the southern hemisphere (C 1., 2016). A
Ratio of Linear Line Fits for Each Parameter Regime emisphere than the .Som ern hemisphere (Coxon et al., ) n ave.nue
for further research is to search for a seasonal dependence in saturation,
@ B, E,, Poy due to the changing strengths in the R1 FAC system, which are themselves
Area 3.6 3.1 2.8 7.6 different in the two hemispheres. Indeed, rather than quantifying the total
Total 21 3.0 1.8 5.8 integrated FAC, it would be interesting to isolate the R1 FACs within the
Density 43 53 43 6.0 AMPERE observations (for instance, using techniques sir.nilar to .those of
PR G 5 a0 2 Milan et al. (2015)) to study the dependence of saturation on just that
current system.
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