
Geophysical Research Letters

The Role of Solar Wind Density in Cross Polar Cap
Potential Saturation Under Northward
Interplanetary Magnetic Field

Dong Lin1,2 , Binzheng Zhang2,3 , Wayne, A. Scales1 , Michael Wiltberger2 ,

C. Robert Clauer1 , and Zhonghua Xu1

1Bradley Department of Electrical and Computer Engineering, Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA, 2High Altitude Observatory, National Center for Atmospheric Research, Boulder, CO, USA,
3Department of Earth Sciences, University of Hong Kong, Hong Kong

Abstract The role of solar wind density in the cross polar cap potential (CPCP) response under
northward interplanetary magnetic field is investigated with observation-based global simulations.
A rare event was reported by Clauer et al. (2016) during which the ionospheric electric field EISP does
not saturate under extreme interplanetary electric field (IEF) of ∼15 mV/m. While commonly utilized
coupling functions based on IEF fail to provide an unambiguous explanation for the linear response,
the Lyon-Fedder-Mobarry-Magnetosphere-Ionosphere Coupler/Solver model is used to explore the
mechanisms in this study. The model first reproduces the observed linear features of the EISP. The simulated
CPCP also responds linearly to IEF variations. A controlled simulation is designed with solar wind density
artificially reduced to 10% of the observed value while all other parameters such as the IEF are kept the
same. The controlled simulation shows saturation of the EISP as well as the CPCP. Further analysis shows
the difference in the magnetosheath plasma 𝛽 , implying the distinct dominant forces between the two
simulations. The Lopez magnetosheath force balance theory is used to explain the CPCP responses under
different solar wind densities. This comparison study highlights the role of solar wind density in determining
the magnetosphere-ionosphere response to extreme interplanetary drivings.

Plain Language Summary The cross polar cap potential is the electrical potential imposed
on the Earth by solar wind driver. It measures the electrodynamic coupling between the Earth and
the solar wind. Typically, this potential is thought to depend mostly on the electric field in the solar wind
and would saturate when the solar wind electric field exceeds certain threshold. Recently, a rare case
was found when the potential did not saturate under very large solar wind electric field. We use global
magnetosphere-ionosphere model to investigate this event and found the solar wind density plays a
critical role in affecting the potential response under the extreme driving conditions.

1. Introduction

Ionospheric cross polar cap potential (CPCP) is generated as the solar wind drives ionospheric convection.
The CPCP is a critical indicator of the coupling efficiency of solar wind momentum and energy into the
magnetosphere-ionosphere system. The CPCP is generally believed to be dependent on the interplanetary
electric field (IEF) that determines the reconnection on the dayside magnetopause. Previous studies have
shown that the CPCP responds to the IEF linearly at low and moderate values and becomes saturated at large
values for both southward and northward interplanetary magnetic field (IMF) (e.g., Reiff et al., 1981; Shepherd
et al., 2002; Sundberg et al., 2009; Wilder et al., 2008). For southward IMF conditions, the CPCP saturates at
around 50 to 100 kV when the IEF is above 3 mV/m, that is, 20 kV/RE , where RE is Earth radii (Shepherd et al.,
2002). For northward IMF conditions, the CPCP also saturates when the IEF reaches 3–5 mV/m, with a
saturation level of about 20 kV (Wilder et al., 2008).

Solar wind coupling functions have been widely used to describe the interaction between the solar wind (SW)
and the magnetosphere-ionosphere (M-I) system (e.g., Gonzalez, 1990; Kan and Lee, 1979; Newell et al., 2007;
Wilder et al., 2008). These functions generally consider that the coupling processes almost exclusively depend
on the solar wind velocity and IMF and use the IEF as the basis through incorporating the effects of IMF clock
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Figure 1. The 1 min resolution OMNI data for solar wind and IMF conditions from 17:00 to 21:00 UT on 12 September
2014. (a) IMF Y (green) and Z (blue) components in the GSM coordinate, (b) clock angle, (c) IEF, (d) X component of solar
wind velocity, and (e) solar wind number density. The light green shaded interval is from 18:20 to 19:20 UT, during
which IEF has a substantial variation and CPCP is investigated in the following section.

angle together with the CPCP saturation effect (e.g., Kan and Lee, 1979; Wilder et al., 2008). Although studies
have shown that nonelectrodynamic aspects of the solar wind driving such as the dynamic pressure may also
play a role in the solar wind-magnetosphere-ionosphere (SW-M-I) coupling (e.g., Lopez et al., 2004; Palmroth
et al., 2004; Pulkkinen et al., 2007; Siscoe et al., 2002), the upstream solar wind number density has received
less attention in the electrodynamic coupling in the SW-M-I system, especially under northward IMF.

Recently, Clauer et al. (2016) (hereinafter referred to as Clauer16) reported a rare event showing the failure of
predicting CPCP saturation using SW coupling functions based on IEF only; that is, the CPCP did not saturate
under large northward IMF conditions as expected. In the Clauer16 event, an interplanetary shock impacts the
Earth at around 16:00 UT on 12 September 2014, after which there is an extended period of large northward
IMF (up to 30 nT) and solar wind speed of 600 km/s. In this unsaturated event, the driving IEF surges up to
15 mV/m, which is an extreme value much beyond where CPCP usually exhibits saturation. The EISP, which is
measured by the northward facing Resolute Incoherent Scatter Radar (RISR-N) around the local noon of 84∘

magnetic latitude, shows linearly correlated variation with the solar wind electric field without any saturation
as expected.

The coupling functions that uniquely depend on the IEF cannot account for the observed response of the
EISP in the Clauer16 event. The absence of saturation behavior motivates us to explore the role of solar wind
parameters other than IEF in the coupling between SW and M-I system. In the Clauer16 event, due to the
impact of an interplanetary shock, the solar wind number density during the unsaturated period is between
20 and 30 cm−3, which is much higher than the common value between 1 and 5 cm−3. Therefore, the question
remains whether the upstream solar wind number density regulates the response of ionospheric electric field
during this unexpected event. In this study, we use controlled event simulations from a global SW-M-I model
to investigate the role of solar wind number density on the response of EISP and CPCP under extreme IEF values
with northward IMF driving conditions.
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Figure 2. Comparison of electric fields: (a) IEF in the YZ plane (black),
EISP in the Real NSW run (yellow), and 0.1 NSW run (blue). The EISPs
are shifted by 18 min to align best with the IEF by visual inspection.
(b) Observed IEF (black) and EISP (yellow) in Clauer16. In both panels
the IEF refers to the vertical axis on the left, and the EISP refers to
the right. The shaded interval corresponds to that in Figure 1 from
18:20 to 19:20 UT.

2. Model and Observation Comparison

The LFM-MIX (Lyon-Fedder-Mobarry-Magnetosphere-Ionosphere Coupler/
Solver) model has been extensively used in the study of SW-M-I interactions.
The Lyon-Fedder-Mobarry (LFM) global MHD model solves ideal MHD equations
for the three-dimensional solar wind-magnetosphere interactions with elec-
trostatic coupling between magnetosphere and ionosphere (Lyon et al., 2004).
The Magnetosphere-Ionosphere Coupler/Solver (MIX) module treats the iono-
sphere as a two-dimensional spherical shell, on which the equation of current
continuity combined with a height-integrated Ohm’s law for the ionosphere
is solved (Merkin & Lyon, 2010). The precipitation model for ionospheric con-
ductance is illustrated in Zhang et al. (2015). In this study, the LFM model is
run with the standard double resolution, that is, 53×48×64 cells in the radial,
meridional, and azimuthal directions, respectively. The MIX ionospheric solution
is computed on a 2∘ × 2∘ magnetic latitude and longitude grid.

The solar wind and IMF conditions for the Clauer16 event is shown in Figure 1,
which has 1 min resolution and is extracted from NASA/Goddard Space Flight
Center’s (GSFC) OMNI data set through CDAWeb. After the arrival of the inter-
planetary shock at the Earth around 16:00 UT on 12 September 2014, there is an
extended interval of strong driving of the magnetosphere-ionosphere by the
solar wind. The IMF magnitude is up to 30 nT and mostly northward dominant.
The IEF approaches 15 mV/m. The solar wind velocity is around 600 km/s and
has variations less than 10% during this interval. The solar wind number density
is above 20/cm3, which is very high and rarely associated with such strong IMF.
In order to investigate the role of solar wind number density, a second simula-
tion was conducted with solar wind density (NSW) reduced to 10%, that is, about
2/cm3 while all other parameters are kept the same. In the following discussions,
the event simulation driven by the real solar wind density is termed as the “Real
NSW run,” and the controlled simulation driven by low solar wind density is
termed as the “0.1 NSW run”.

Figure 2a shows the relationship between the IEF and the simulated time series
of the EISP during the Clauer16 event. The IEF is shown with the black curve
and referring to the left vertical axis, which is directly extracted from a fixed

location in the model, namely at +30 RE at the Z axis above the geomagnetic north pole. The EISP is evaluated
at the same location as the RISR-N observation, that is, at 84∘ magnetic latitude, rotating with the Earth and
passing the local noon at 19:00 UT. This location is near the throat of the reverse convection cell as indicated
by the magenta dots in Figures 4a and 4b. The horizontal EISP is derived from the gradient of the electrostatic
ionospheric potential at a 2 min cadence. The EISP time series refer to the right vertical axis. The yellow curve
is derived from the Real NSW run and the blue curve from the 0.1 NSW run. The shaded interval marks when
the IEF has substantial increase and the IMF is dominantly northward, as shown in Figure 1.

In order to make more straightforward comparisons, the EISP has been shifted by 18 min to align with the time
series of the simulated IEF from both simulations. This time shift is due to the response of the SW-M-I system
to changes in IEF at X =0 and is estimated with visual inspection of the entire interval. It is evident that in the
Real NSW run (yellow curve), the EISP responds approximately linearly to variations in the time series of the IEF.
Specifically, the IEF increases from ∼6 mV/m to ∼15 mV/m and then decreases to ∼10 mV/m from 18:20 to
19:20 UT, as shown by the shaded interval. The event simulation reproduces the electric field observations
in Figure 2b as reported by Clauer16. The observed EISP (yellow curve) follows the solar wind electric field
(black curve) and reaches a maximum of 150 mV/m when the IEF increases to the peak value. Therefore, the
simulated EISP is in agreement with the RISR-N measurements without noticeable saturation driven by the
peak IEF of around 15 mV/m.

The corresponding EISP derived from the 0.1 NSW run is shown with the blue curve in Figure 2a. When the solar
wind density is artificially reduced by 90%, the simulated EISP at the RISR-N location does not respond linearly
with the increase of IEF and appears to saturate between 18:20 UT and 19:20 UT when the driving IEF is greater
than 10 mV/m.
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Figure 3. CPCP, FAC, and IEF from 18:20 to 19:20 UT, that is, the shaded
interval in Figures 1 and 2. (a) CPCP in the Real NSW run (yellow) and
0.1 NSW run (blue). (b) Total FAC with a similar format. (c) IEF in the
YZ plane. The CPCP and FAC series are shifted backward by 18 min
to align with the IEF.

The EISP is dependent on the pattern of the ionospheric electrostatic potential
as well as the local conductivities. Although the sampled location for electric
field response analysis is favorable to represent the CPCP response as discussed
in Clauer et al. (2016), it is necessary to examine the behavior of CPCP directly.
The distinct responses in the simulated EISP are also evident in the CPCP and
field-aligned current (FAC) during the Clauer16 event. The CPCP is calculated
as the difference between the maximum and minimum ionospheric potential.
The FAC is calculated as the total current density that flows into the ionosphere,
which is mainly NBZ currents under very large northward IMF. The time series
of CPCP, FAC, and the IEF are illustrated in Figure 3 for the interval from 18:20
to 19:20 UT. Figure 3a shows the responses of CPCP and total FAC in the two
simulations driven by Real NSW and 0.1 NSW, respectively. The CPCP and FAC for
the Real NSW run are shown with the yellow curves in Figures 3a and 3b, which
exhibit consistent variations with the IEF as shown in Figure 3c. The CPCP and
FAC for the 0.1 NSW run stays around a much stabler level as denoted by the blue
curves in Figures 3a and 3b.

The comparison between the two simulations illustrates the importance of
solar wind density in determining the response of the coupled magnetosphere-
ionosphere system driven by the IEF. Figure 4 shows the comparisons of
magnetospheric-ionospheric status at 19:00 UT between the simulations with
Real NSW (left column) and 0.1 NSW (right column). Figures 4a and 4b show the
ionospheric FAC density (filled color) and the electrostatic potential (contour
curves). The FAC density refers to the common color bar. The potential contours
are shown at multiples of 10 kV. The total FAC flowing into the ionosphere is
2.7 MA and 1.5 MA, and the total CPCP is 131.8 kV and 73.4 kV in the Real NSW

run and 0.1 NSW run, respectively. The minimum and maximum FAC density and potential are annotated at
the left and right bottom of respective panels. The magenta dots denote the location of the RISR-N radar at
19:00 UT, which is roughly the local noon at 84∘ magnetic latitude. Figures 4c and 4d show two snapshots of
the configuration of the equatorial magnetosphere at 19:00 UT from the two simulations, with the color bar
denoting the instantaneous plasma 𝛽 defined as Pfluid∕Pmag, where Pfluid is the thermal pressure and Pmag is
the magnetic pressure. The plasma 𝛽 is shown on a common scale of logarithm of 10 between −5.0 and 1.5 in
order to make direct comparisons. The white curves represent the boundaries between the open and closed
magnetic field lines, which is an indication of the magnetopause boundary. In Figure 4a for the Real NSW run,
the subsolar magnetopause is located around 8 RE and the subsolar bow shock is around 10 RE , resulting in a
magnetosheath with 2 RE width in the subsolar direction. In Figure 4b for the 0.1 NSW run, the subsolar mag-
netopause is around 10 RE , and the nose of the bow shock is at nearly 20 RE , resulting in a more expanded
magnetosphere and a much thicker magnetosheath compared to the Real NSW run. The solid and dashed
black contours correspond to log10 𝛽 of 0.0 and −1.0, that is, 𝛽 of 1.0 and 0.1, respectively.

The width of the magnetosheath plays an important role in regulating the dayside magnetic reconnection
between the IMF and the geomagnetic fields (Zhang et al., 2017). The difference in the simulated width of the
magnetosheath between the two controlled simulations is a consequence of the difference in the upstream
solar wind density. As is shown in the Real NSW run, the combination of high solar wind number density and
large magnitude of IMF leads to a magnetosheath plasma𝛽 that is greater than unity. According to the magne-
tosheath force balance theory of Lopez et al. (2010), the dominant force in the magnetosheath is the pressure
gradient force (∇P) rather than the Lorentz force (J⃗ × B⃗), when the magnetosheath 𝛽 is approximately greater
than 1, regardless of the intensity of the IEF. In this case, as IMF BZ increases, solar wind magnetic flux is con-
tinuously transported to the magnetopause by the magnetosheath flow without significant diversion away
from the magnetopause boundary. The result is a linear increase of reconnection rate and ionospheric CPCP.
In the controlled simulation driven by 0.1 NSW, the combination of nominal solar wind number density and
large magnitude of IMF leads to a much lower magnetosheath plasma 𝛽 below 0.1, suggesting that in the
0.1 NSW run the magnetosheath force is dominated by the J⃗ × B⃗ force, which increases with the magnitude
of the IMF. As IMF BZ increases, more solar wind magnetic flux is diverted in the magnetosheath before it
reaches the magnetopause boundary. Therefore, the response of the ionospheric CPCP and electric fields are
nonlinear with evident saturation.

LIN ET AL. ROLE OF SW DENSITY IN CPCP SATURATION 11,732
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Figure 4. Comparison of magnetospheric-ionospheric status at 19:00 UT for the simulation with (a, c, e) Real NSW
and (b, d, f ) 0.1 NSW. Figures 4a and 4b are ionospheric FAC density and electrostatic potential, respectively. Figures 4c
and 4d are plasma 𝛽 (log10 color scale) in the equatorial plane. Figures 4e and 4f are magnetic field magnitude in
the noon-midnight meridian plane. See context for details.

Figures 4e and 4f show the magnitudes of the simulated magnetic field in the noon-midnight meridian plane,
together with the topology of the magnetic field lines with at least one footprint connecting to the Northern
Hemisphere, from the Real NSW run and the 0.1 NSW run, respectively. The magnetic field near the subsolar
magnetopause is much stronger in the Real NSW run than in the 0.1 NSW run. The different field strengths
result from pressure equilibrium under different solar wind densities despite the same upstream IMF. In both
simulations, the orientations of magnetic field lines in the magnetosphere and magnetosheath near the sub-
solar point are northward, suggesting little magnetic reconnection at the subsolar point as expected from
northward IMF driving. The blue curves are closed magnetic field lines, and the red curves are overdraped
field lines connecting to IMF in the Southern Hemisphere, which are consequences of high-latitude recon-
nection under northward IMF (e.g., Crooker, 1992). In the 0.1 NSW run, the strength of the simulated magnetic
field near the overdraped field lines (as indicated by the red cross in Figure 4e) is about 35.42 nT, which is

LIN ET AL. ROLE OF SW DENSITY IN CPCP SATURATION 11,733
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much lower than that of 58.67 nT in the Real NSW run. Since the magnetic reconnection rate is regulated
by the strength of the magnetic field near the reconnection zone, to zeroth order, the reconnection rate at
high-latitude magnetopause is expected to be about 40% lower in the 0.1 NSW run, which is approximately in
consistency with the corresponding CPCP reduction. Note that due to the complexity in the upstream driving
conditions and the dynamic response in the SW-M interaction, high-latitude reconnection may also happen
outside the noon-midnight meridian cut plane, thus a more thorough analysis is necessary in the future to
quantify the differences in the topology of the magnetic field and the rate of the reconnection that account
for the exact CPCP reduction. However, the response of the field strength in the magnetosheath shown in
Figures 4e and 4f does suggest that the response of the coupled SW-M-I system to very large northward IMF
with different solar wind densities is well rendered in this study.

3. Summary

In this study, the LFM-MIX global magnetosphere-ionosphere model is used to simulate the cross polar cap
potential response to an interval of extreme solar wind conditions. The simulated ionospheric electric field
consistently reproduces the observations. Both the CPCP and the ionospheric electric field exhibit a linear
response to the very large solar wind electric field for this event, which reaches 15 mV/m. A controlled sim-
ulation shows that the CPCP saturates when the solar wind density in the event is artificially reduced by
1 order of magnitude. The magnetosheath plasma 𝛽 is higher than unity with real solar wind conditions but
much lower than unity in the controlled simulation with 0.1 NSW. The magnetosheath force balance model
of Lopez et al. (2010) is found to be applicable under the extreme driving conditions of the Clauer16 event.
The event-based simulations highlight the role of solar wind density in SW-M-I coupling and provide implica-
tions for constructing more robust solar wind-magnetosphere-ionosphere coupling functions.
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