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[1] We reexamined the processes leading to saturation of the electric field, transmitted
into the Earth’s ionosphere from the solar wind, incorporating features of the coupled
system previously ignored. We took into account that the electric field is transmitted into
the ionosphere through a region of open field lines, and that the ionospheric conductivity
in the polar cap and auroral zone may be different. Penetration of the electric field into the
magnetosphere is linked with the generation of the Alfven wave, going out from the
ionosphere into the solar wind and being coupled with the field‐aligned currents at the
boundary of the open field limes. The electric field of the outgoing Alfven wave reduces
the original electric field and provides the saturation effect in the electric field and currents
during strong geomagnetic disturbances, associated with increasing ionospheric
conductivity. The electric field and field‐aligned currents of this Alfven wave are
dependent on the ionospheric and solar wind parameters and may significantly affect the
electric field and field‐aligned currents, generated in the polar ionosphere. Estimating the
magnitude of the saturation effect in the electric field and field‐aligned currents allows
us to improve the correlation between solar wind parameters and resulting disturbances in
the Earth’s magnetosphere.

Citation: Lyatsky, W., G. V. Khazanov, and J. A. Slavin (2010), Saturation of the electric field transmitted to the
magnetosphere, J. Geophys. Res., 115, A08221, doi:10.1029/2009JA015091.

1. Introduction

[2] Saturation of geomagnetic activity indices, electric
field, and cross‐polar cap potential transmitted into the
magnetosphere during strong geomagnetic activity is a well‐
known phenomenon that has been widely described in the
literature [e.g., Hill et al., 1976; Weimer et al., 1990;
Shepherd et al., 2002; Liemohn et al., 2002; Nagatsuma,
2002, 2004; Siscoe et al., 2002a, 2002b; Hairston et al.,
2003; Siscoe et al., 2004; Ridley, 2005; Shepherd, 2007;
Lyatsky et al., 2007; Lyatsky and Khazanov, 2008; Koustov
et al., 2009, and references therein]. This effect is of sig-
nificant interest because of its relevance to Space Weather.
However, there is not yet consensus on the mechanism that
leads to saturation.
[3] Siscoe et al. [2004] and Ridley [2005] discussed

the different mechanisms proposed for the saturation of the
transpolar potential, such as a possible limitation of the
reconnection rate near the stagnation point, the effect of
processes at the bow shock that can inhibit solar wind plasma
from making contacting with the Earth’s magnetosphere, and
a distortion of the magnetopause that modifies the solar wind
flow around the magnetosphere. Unfortunately, due to com-
plexity of the problem, most of the explanations proposed are
qualitative.

[4] Recently, Kivelson and Ridley [2008] proposed
another mechanism to explain the saturation of the electric
field and cross‐polar potential, transmitted into the magne-
tosphere. Their principal idea is that the electric field,
propagating from the solar wind into the ionosphere as an
Alfven wave, is partially reflected when the impedance in
the solar wind (which is related to the Alfven wave con-
ductance SA and is inversely proportional to the solar wind
magnetic field) differs from the impedance of the ionosphere.
The reflection may lead to the saturation of the electric field
transmitted from the solar wind to the ionosphere. The
achievement of this approach is its potential to develop a
mathematical model to estimate the electric field transmitted
into the magnetosphere without ad hoc assumptions.
[5] For deriving the electric field transmitted to the iono-

sphere, Kivelson and Ridley [2008] used the reflection coef-
ficient for the Alfven wave [e.g., Scholer, 1970; Maltsev et
al., 1974],

Er ¼ �Ei SP � SAð Þ= SP þ SAð Þ; ð1Þ

where Er and Ei are the electric fields of the reflected and
incident Alfven waves, respectively, SP is the height‐
integrated Pedersen ionospheric conductance, and

SA ¼ 1= �oVAð Þ ð2Þ

is the Alfvén conductance of the solar wind, where VA is
the Alfven velocity. After deriving the electric field of
the reflected Alfven wave from (1), Kivelson and Ridley
[2008] found the transmitted electric field E1 as the sum
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of the incident (Ei) and reflected (Er) electric fields, and (by
ignoring convergence of field lines) they obtained the
following simple formula for the transmitted electric field

E1 ¼ Ei þ Er ¼ 2EiSA= SP þ SAð Þ: ð3Þ

As seen from (3), when SP = SA there is no reflection and
E1 = Ei, i.e., solar wind electric field is totally transmitted
into the magnetosphere. The analysis of (3) also shows
that with increasing the Alfven conductance of the solar
wind, which is inversely proportional to the magnitude of
the interplanetary magnetic field (IMF), the transmitted
field first increases but when SA becomes higher than SP,
the increase in E1 is stopped and the transmitted electric
field saturates at 2Ei.
[6] A similar explanation for the saturation effect earlier

was proposed by Rezhenov [1983, 1988], who used the re-
sults by Lyatsky and Maltsev [1983]. While investigating the
Alfven wave generated by a conductive disc, moving
through magnetized plasma, Maltsev et al. [1974] and
Lyatsky and Maltsev [1983] found the electric field and
currents of this Alfven wave. By using their result, Rezhenov
[1987, 1988] estimated the electric field transmitted from
the solar wind to the magnetosphere. He also found that this
transmitted electric field should be inversely proportional to
the magnitude SP/SA and concluded that the transmitted
electric field “tends to saturate with increasing magnitude of
the solar wind magnetic field B. The saturation effect is
inversely proportional to the solar wind plasma density.”
But since these works were written originally in Russian,
they are generally unfamiliar to the English readers.
[7] The expression (1) in the work of Kivelson and Ridley

[2008] is related to a simple case when a plane wave is
incident on a homogeneous layer. In fact, however, the wave

is not plane and the ionospheric conductance is inhomoge-
neous: during strong geomagnetic disturbances, when the
saturation effect is especially significant, the ionospheric
conductance in the auroral zone is much higher than that in
the polar cap. An additional important feature is that the
electric field enters the magnetosphere through a region of
open magnetic field lines with a quasi‐circular cross section,
which is significantly different from the 1‐D model of the
plane waves. An additional important feature is that the
electric field enters the magnetosphere through a region of
open magnetic field lines with the quasi‐circular cross sec-
tion, which is significantly less than the area of a region
where there are the electric field and currents of the prop-
agating wave.
[8] Figure 1 shows a schematic picture of the Alfven

wave generated in the region of open field lines over the
polar cap. The red lines with arrows show the electric field
of this wave, generated by electric charges, appearing at the
boundary of the open magnetic field lines and transported
by field‐aligned currents along the magnetic field. The
electric field of the Alfven wave exists both inside and
outside the region of open field lines.
[9] The purpose of the present paper is to investigate the

saturation mechanism in more detail by taking into account
the more realistic geometry of the problem and different
conductivities in high‐latitude ionosphere. We calculated
the electric field, transmitted from the solar wind into the
polar ionosphere, and field‐aligned currents at the boundary
of open field lines with accounting for the electric field and
currents of the Alfven wave, generated over the polar cap and
outgoing to the solar wind. We will see that the expressions,
obtained for the electric field transmitted into the polar
ionosphere, with accounting for the saturation effect may
significantly improve the correlation between geomagnetic
activity indices and solar wind parameters.

2. Method of Solving the Problem

[10] First, we will show that deriving the electric field
transmitted into the polar ionosphere may be reduced to
solving a simpler problem of deriving the electric field and
currents in the model considered earlier by Maltsev et al.
[1974]. Figure 2 shows the magnetic field and field‐
aligned currents (FACs) in a meridional cross section of the
region of reconnected (open) magnetic field lines. We will
consider the problem in the solar‐magnetospheric coordinate
system. In this coordinate system, the electric field in the free
solar wind is E0 = −Vsw × Bsw, where Vsw is the solar wind
speed and Bsw is the interplanetary magnetic field. Since this
electric field produces in the free solar wind no currents
across the magnetic field ( j? = 0), the conductivity of solar
wind plasma across the magnetic field in this coordinate
system is zero.
[11] The electric field E1 transmitted into the ionosphere

may be different from the ambient solar wind electric field
E0 = −Vsw × Bsw. On the boundary of the region of open
field lines, there are the field‐aligned currents Jk. These
currents are closing through the ionosphere of the polar cap
and the auroral zone with the height‐integrated conductivities
S1 and S2, respectively. The inclination of the Alfven wave
to the ambient magnetic field (so‐called Alfven wings [Drell

Figure 1. A sketch showing the Alfven wave generated in
the region of the open field lines over the polar cap. The red
curves with arrows show the electric field of this wave
inside and outside the region of the open magnetic field
lines, shown by the gray circles. Magnetic field lines are
shown by the blue lines with arrows.
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et al., 1965; Maltsev et al., 1977; Mallinckrodt and Carlson,
1978]) for simplicity is not considered.
[12] Figure 3 shows schematically the electric field E1 and

currents in the cross section of the region of open field lines.
The solar wind magnetic field is separated into two regions.
One region is related to nonreconnected magnetic field lines
going around the magnetosphere, while another region is
related to reconnected (open) field lines. In the first region,
there is no conductivity across the magnetic field (Ssw = 0).
In the second region, the reconnected magnetic field lines

cross the ionosphere, and on the boundary of this region, there
are the field‐aligned currents, which are closing through the
ionosphere in both polar cap and at lower latitudes.
[13] Let us assume that the polar cap in Figure 3a has the

form of a circle with the radius r1 and the Pedersen con-
ductivity S1. This circle is immersed in the ambient electric
field E0. The Pedersen conductivity at lower latitudes (in the
auroral zone) is assumed to be S2. For simplicity, we
neglect the Hall ionospheric conductivity and assume that
conductivities S1 and S2 in each of the regions are uniform
that approximately corresponds to the conditions for high
geomagnetic activity when the saturation effect is mostly
evident. By these conditions, the polarization charges,
which appear at the polar cap boundary, create the polari-
zation electric field E = −rF where the electric potential F
may be written in the following simple form [see, e.g.,
Maltsev et al., 1974],

F1 ¼ E1r sin�; ð4Þ

F2 ¼ E1 r21=r
� �

sin�; ð5Þ

where indices 1 and 2 are related to the polar cap and the
auroral zone, respectively, E0 is the ambient electric field, r
is the radius to a point, and l is the polar angle (l = 0
corresponds to the meridian where F1 = F2 = 0). The po-
tentials F1 and F2 are consistent with the Laplace’s equation
r2F = 0. At the polar cap boundary, F1 = F2 = E0r1sinl.
[14] The radial components Er of the electric field inside

and outside the circle are

E1r ¼ �rrF1 ¼ �E1 sin�; ð6Þ

E2r ¼ �rrF2 ¼ E1 r21=r
2

� �
sin�; ð7Þ

Figure 2. A schematic picture of the electric field and
FACs (Jk) in the cross section of the region of reconnected
(open) magnetic field lines. The black lines with arrows
show the magnetic field. The electric field E1 in the region
of open field lines is shown with the red arrow. S1 and S2

are the ionospheric conductivities in the polar cap and at
lower latitudes, respectively, and Ssw is the conductivity
of the solar wind across the magnetic field in the region
of nonreconnected field lines.

Figure 3. (a) Schematic view of the electric field E1, field‐aligned currents Jk, and ionospheric currents
in the cross section of the region of reconnected field lines. Black lines with arrows show the magnetic
field. The red arrow shows the electric field E1 over the polar cap. S1 and S2 are the ionospheric con-
ductivities in the polar cap and at lower latitudes, respectively. Ssw is the conductivity of the solar wind
across the magnetic field. (b) The equivalent model, where the conductivities attached to one level and the
conductivity in the polar cap is equal to S1 + S2. This model provides the same field‐aligned currents and
the electric field E1 in the polar cap as those shown in Figure 3a.
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where Er1 and Er2 are the radial components of the electric
field inside and outside the region of open field lines,
respectively. These electric fields generate the ionospheric
currents, which are closing the field‐aligned current at the
polar cap boundary,

Jk ¼ S1E1r � S2E2r; ð8Þ

where Jk is the surface density of the field‐aligned current
(measured in A/m) and Er1 and Er2 are the radial compo-
nents of the electric field in the regions 1 and 2, taken at the
polar cap boundary (r = r1). From expressions (6–7), we
obtain a simple relation between the radial components of
the electric field at the polar cap boundary E1r = −E2r. Then
the expression (8) for the field‐aligned current may be
rewritten as follows,

Jk ¼ S1 þ S2ð ÞE1r: ð9Þ

For the maximum field‐aligned current at the polar cap
boundary, we obtain the following simple expression,

Jk maxð Þ ¼ S1 þ S2ð ÞE1; ð10Þ

i.e., the field‐aligned current Jk on the polar cap boundary is
proportional to the sum of the conductivities inside and
outside the region. We remind that Jk is the surface density
of the field‐aligned current (measured in A/m).
[15] Since the field‐aligned current Jk is dependent only

on the summary conductivity (S1 + S2) in the polar cap and
auroral zone, the electric field E1 and field‐aligned current
remain the same for different S1 and S2 if the summary
conductivity (S1 + S2) remains the same. This allows us for
deriving the electric field and field‐aligned currents to use
the equivalent model, shown in Figure 3b and in more detail
in Figure 4. This equivalent model provides the same
electric field in the polar cap and field‐aligned currents as
those shown in Figures 2 and 3a.

[16] Thus, the problem is reduced to finding the electric
field and currents inside and outside the circular region with
an effective conductance S1,eff = S1 + S2. The outer region
in Figure 4 is related to solar wind plasma and the external
electric field E0 = −Vsw × Bsw. The electric field and con-
ductivities are defined in the coordinate system, immobile
with respect to the magnetosphere. The conductivity of solar
wind plasma across the magnetic field, by neglecting the
collisions, in this approach is equal to zero.

3. Solving the Problem and Results Obtained

[17] Thus, by neglecting the convergence of magnetic
field lines, the electric field in the polar ionosphere may be
found by solving the problem, shown in Figure 4. The
problem is reduced to finding the electric field and field‐
aligned currents over a circular region of an effective con-
ductivity Seff = S1 + S2, immersed in the ambient electric
field E0 = −Vsw × Bsw, generated by the solar wind in the
Earth’s coordinate frame.
[18] A similar problem had been studied by Maltsev et al.

[1974]. They found that a circular region of enhanced
conductivity, immersed in the ambient magnetic and electric
fields, emits the Alfven wave, associated with the field‐
aligned currents at the boundary of this region and the
electric field inside and outside this region, as shown in
Figure 1. They obtained the following expression for the
electric field E1

↑ of the outgoing Alfven wave within this
region:

E"
1 ¼ � S� S0

Sþ S*0 þ 2SA

E0; ð11Þ

where S is the ionospheric conductivity within the circle
region, written in the complex form, S = SP − iSH, where
SP and SH are the Pedersen and Hall conductivities, S0 is
the conductivity outside this circle region, SA is the Alfven
wave conductivity, E0 are the ambient electric field, and the
symbol * means the complex‐conjugate quantity.
[19] By neglecting the Hall conductivity and taking into

account E1
↑ = E1 − E0, where E0 is the ambient electric field

E0 = −Vsw × Bsw, we obtain the following expression for the
electric field E1 in the polar cap,

E1 ¼ 2
S0 þ SA

Sþ S0 þ 2SA
E0: ð12Þ

To apply this formula to our problem, we should accept S0 =
Ssw = 0 and S to be equal to the sum of conductivities in the
polar cap and auroral zone (S = S1 + S2), which is
accounting for the closure of the field‐aligned currents
through these two regions. Then we obtain the following
expression for the electric field, transmitted from the solar
wind into the polar ionosphere,

E1 ¼ 2SA

S1 þ S2 þ 2SA
E0: ð13Þ

This expression may also be rewritten as follows,

E1 ¼ 1

1þ S1 þ S2ð Þ=2SA
E0: ð14Þ

Figure 4. The equivalent model for the conductivities,
electric field E1 and field‐aligned currents Jk. The gray area
shows the reconnected (open) field lines. The conductivity
in the region of open field lines is S1 + S2, while Ssw is
the conductivity of the solar wind plasma across the mag-
netic field. Other designations are the same as shown in
Figure 3.
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We note that for the case S1 = S2 = SA, the transmitted
electric field, given by (13) and (14), is 2 times less than that
obtained from (3), and it may be significantly smaller if the
conductivities in the polar cap (S1) and auroral zone (S2)
are different.
[20] Additionally to the expression for the transmitted

electric field E1, we may also obtain the expression for the
field‐aligned currents (Jk). The amplitude of the FACs over
the ionosphere is

Jk ion ¼ S1 þ S2ð ÞE1 ¼ E0

1= S1 þ S2ð Þ þ 1= 2SAð Þ : ð15Þ

4. Discussion

[21] For better understanding the obtained results, we will
consider a simple problem, related to generation of the
Alfven wave from a region of the enhanced conductance in
the ionosphere. Let us assume that in the ionosphere there is
a circle with the enhanced conductance S, while the con-
ductance outside this circle is S0 (Figure 5). There is also an
ambient electric field E0 that drives ionospheric plasma at
the velocity V = E × B/B2, where B is the ambient magnetic
field directed along the normal to the ionosphere. For sim-
plicity, we will neglect the Hall conductance. The electric
charges, appearing at the circle boundary, produce a polar-
ization electric field Ep, directed oppositely to the ambient
electric field E0.
[22] Figure 5 shows the polarization electric field Ep

generated in the ionosphere. This electric field is derived
from equations (4) and (5). The total electric field E1 in the
polar cap is

E1 ¼ E0 þ Ep: ð16Þ

Figure 6 shows the ionospheric currents due to the polari-
zation electric field and field‐aligned currents. The left
frame shows the currents when the conductivities S1 and S2

are not equal to zero. In this case, ionospheric currents Jp
flow both inside and outside the circle.
[23] Now let us assume that there are no collisions outside

the circle which corresponds to S0 = 0. In this case, shown

on the right frame in Figure 6, there are no ionospheric
currents outside the circular region. However, there are the
ionospheric currents inside this region, and the summary
ionospheric currents J1 = S (E0 − Ep) are closing the field‐
aligned currents Jk. This case, related to the flow of colli-
sionless plasma about the conductive circular region, is an
exact analogy of the solar wind going about the magneto-
sphere. Figures 5 and 6 clarify the cause for the saturation
effect: the ambient electric field E0 = E × B/B2 produces in
the conductive body the currents which generate the polar-
ization electric field Ep, directed against the ambient electric
field E0. As a result, the summary electric field E1 should
decrease.
[24] It is instructive to estimate the magnitude of the

transmitted electric field E1 by a slightly different way than
that considered earlier. Figure 7 shows a sketch of the
currents for the case when the ionospheric conductance
outside the circle is zero. The total currents inside the circle
in Figure 7 are closing the field‐aligned currents, which in
turn are closing the transverse polarization currents JA at the
front of the outgoing Alfven wave.
[25] The field‐aligned currents on the circle boundary

may be written as

Jk ¼ Jt ¼ SE1; ð17Þ

where Jt is the total ionospheric currents inside the circle
while the field‐aligned currents (Jk) are closing the polari-
zation currents (JA) generated at the front of the Alfven
wave.
[26] The surface density of the transverse polarization

currents at the front of the Alfvenwavemay bewritten as JA =
SAEp [e.g., Maltsev et al., 1974, 1977; Mallinckrodt and
Carlson, 1978], where SA is the Alfven conductance; this
formula has been obtained by integrating the polarization
currents of the Alfven wave across its front. For the uniform
Alfven conductance, the currents JA inside and outside the
projection of the circle along the field lines provide the equal
contributions to the field‐aligned current Jk. In this case, we
obtain Jk = 2JA. Taking also into account Ep = E1 − E0

yields

Jk ¼ 2JA ¼ �2SA E1 � E0ð Þ: ð18Þ

Equaling the expressions (17) and (18) for Jk at the iono-
sphere level and at the front of the Alfven wave, respec-
tively, yields

E1 ¼ 2SA

Sþ 2SA
E0: ð19Þ

Returning to the case of the electric field transmitted to the
polar cap from the solar wind and assuming S to be equal to
the sum of conductivities in the polar cap and auroral zone
(i.e., S = S1 + S2) for the electric field E1, we obtain from
(19) exactly the same expression (14).

4.1. Coupling Function

[27] Another important issue, related to the saturation
effect, is a chosen solar wind coupling function, which is a
combination of solar wind parameters, providing the best fit
with geomagnetic indices or the electric field, transmitted

Figure 5. Generation of the polarization electric field Ep at
the boundary of the circular region of enhanced conductance
(S > S0).
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into the magnetosphere. In this study, we will use the
Kan‐Lee coupling function [Kan and Lee, 1979], which
was also used by Kivelson and Ridley [2008] for testing their
formula for saturation effect. We note that although the
Kan‐Lee coupling function is not the best among many other
coupling functions [e.g., Akasofu, 1981; Lyatsky et al., 2007;
Lyatsky and Khazanov, 2008; Newell et al., 2008, and re-
ferences therein], this coupling function does not include
improving for the saturation effect, which makes convenient
using this coupling function for testing a mechanism pro-
posed for improving the saturation effect. We also note that,
similar to the Akasofu coupling function [Akasofu, 1981],
the Kan‐Lee coupling function includes the dependence on
the clock angle of the IMF (see expression (21)).
[28] Taking into account that the electric field E0, pene-

trated into the magnetosphere, is derived by a coupling
function, the expression (14) for the electric field E1 in the
polar cap with accounting for the saturation effect should be
rewritten in the form,

E1 ¼ 1

1þ S1 þ S2ð Þ=2SA
FK�L; ð20Þ

where the ambient electric field E0 has been replaced with
the Kan‐Lee coupling function [Kan and Lee, 1979], which
may be written in the following form,

FK-L � VswByz sin
2 #=2ð Þ; ð21Þ

where Byz is the IMF component in the y‐z plane in the
solar‐magnetospheric coordinate system and # is the angle
between the z axis and the IMF vector in the y‐z plane.
[29] The expression (20) may be rewritten in the form,

E1 ¼ k Fnew; ð22Þ

where k is a coefficient and Fnew is a new coupling function
that is accounting for the saturation effect,

Fnew ¼ 1

1þ S1 þ S2ð Þ=2SA
Fold; ð23Þ

where Fold is an old coupling function (for instance, the
Kan‐Lee coupling function).

[30] For testing the expressions (22) and (23) and exam-
ining how they affect the correlation between magnetic
disturbances in the polar cap and solar wind parameters, we
used two geomagnetic activity indices: the polar magnetic
(PM) index [Lyatsky and Khazanov, 2008] and polar cap
(PC) index [Troshichev et al., 1988]. Similar to the PC
index, the PM index is computed from near‐pole geomag-
netic observatories, and it shows the magnitude of the
equivalent transpolar electrojet, which represents the sum-
marymagnetic effect from both ionospheric and field‐aligned
currents. In distinction from PC index, which measures a
component of the transpolar equivalent current in a specific
(predominant) direction, the PM index measures this trans-
polar current even when it significantly differs from its
predominant direction. The achievements of PM index also
are that it is always positive and shows a significantly better

Figure 6. Ionospheric polarization currents (Jp) and field‐aligned currents (Jk), generated by the polar-
ization electric field, shown in Figure 5. Left frame is related to the case when both S and S0 are not equal
to zero, while the right frame is related to the case when S0 = 0.

Figure 7. A sketch showing the currents related to the out-
going Alfven wave when the conductance outside the circle
is zero. Jt is total ionospheric current (Jt = J0 − Jp), J0 is the
ionospheric current due to the ambient electric field, Jp is the
polarization ionospheric current, Jk is the field‐aligned cur-
rent, and JA are the transverse polarization currents at the
front of the outgoing Alfven wave, propagating upward at
the Alfven velocity VA.
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correlation than PC index does, with many parameters in the
magnetosphere and the solar wind [Lyatsky and Khazanov,
2008; Lyatskaya et al., 2008, 2009]. We used, for the
analysis, both PM and PC indices for the year 2000 related
to solar maximum when there was high enough geomagnetic
activity.
[31] Ionospheric conductivities in the polar cap (S1) and

auroral zone (S2) were estimated as the following. The
ionospheric conductance S1 in the polar cap was assumed to
be S1 ≈ (1–3)S [e.g., Hardy et al., 1987]. The ionospheric
conductivity S2 in the auroral zone is dependent on geo-
magnetic activity and was estimated as S2(S) ≈ (a + bF1/2),
where F is the Kan‐Lee coupling function and the coeffi-
cients a and b are 3 and 0.85, respectively.

[32] The Alfven conductivity SA = 1/(moVA) in the solar
wind was estimated as

SA � 30 nsw cm�3
� �� �1=2

=B?sw nTð Þ; ð24Þ

where nsw and Bsw are the solar wind plasma density and the
IMF value. This formula accounts for an approximately 4
times increase in the perpendicular component of the mag-
netic field and plasma density in the magnetosheath
[Spreiter et al., 1966; Kallio and Koskinen, 2000] and
decreasing in the radial component of the magnetic field
near the subsolar point. It also accounts for an increase in
the ratio n1/2/Bsw in the region of reconnected field lines [e.g.,
Samsonov, 2006] due to annihilation of the magnetic field in
reconnection region. This formula is accounting for chang-

Figure 8. Correlation between geomagnetic activity PM and PC indices and (left) the Kan‐Lee coupling
function and (right) our new coupling function computed for 2 years (2000–2001). Shown are the hourly
mean values. The squared correlation coefficients R2 are shown. Each plot includes about 17,520 values.
Coupling functions are given in relative units.
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ing the Alfven velocity in the region of open field lines
though using parameters in the free solar wind does not
change significantly the results.
[33] Figure 8 shows an example of the saturation effect in

PM and PC indices. On the left frames, shown are the
correlation of PM and PC indices with the Kan‐Lee cou-
pling function [Kan and Lee, 1979] while the two right
frames show the correlation of PM and PC indices with the
new coupling function (23), which accounts for the satura-
tion effect. One can see that a significant saturation effect on
the left frames in Figure 8 is totally reduced on the right

frames. Figure 8 also shows that the new coupling function
(23) improves significantly the correlation between these
two indices and solar wind parameters.
[34] Figure 8 shows that the significant saturation effect

on the left frames is totally reduced on the right frames.
Thus, Figure 8 shows that using the expressions (22, 23) for
the expected electric field in the polar cap strongly reduces
the saturation effect and leads to a significant increase in the
correlation coefficient for both PM and PC indices. A similar
strong increase in the correlation with solar wind parameters
is observed in other indices as well (see Figure 11).

4.2. Comparison With the Kivelson‐Ridley Plane
Wave Model

[35] To compare the electric fields in the polar ionosphere,
computed from our model and the model of the plane waves
by Kivelson and Ridley [2008], we calculated from (3) and
(14) the ratio x of the electric field E1 from our model to the
electric field E1(K‐R) from Kivelson‐Ridley model,

� ¼ E1=E1ðK-RÞ ¼ 1

2þ DS
S1 þ SA

; ð25Þ

where DS = (S2 − S1) is the difference between the con-
ductivities in the auroral zone and polar cap. For DS = 0,
the ratio x is equal to 0.5; for DS > 0, the ratio x is
dependent on the quantity DS/(S1 + SA).
[36] Figure 9 shows the dependence of the ratio x on DS

for three possible values of (S1 + SA).
[37] Figure 9 shows that the electric field E1, transported

to the polar ionosphere, in our model may be significantly
smaller than that computed from the model of the plane
wave by Kivelson and Ridley [2008], which for specific
situation in the solar wind parameters allows us to explain
the strong saturation effect.

Figure 9. The ratio of the electric field E1 transported into
the polar ionosphere from our model to that as obtained
from the model of the plane waves by Kivelson and
Ridley [2008] as a function of the difference DS between
the ionospheric conductivities in the auroral zone and polar
cap (DS = S2 − S1) for three values of (S1 + SA) = 2, 5,
and 10 S.

Figure 10. Correlation between PM indices and two coupling functions: (left) the Kivelson‐Ridley (K‐R)
coupling function and (right) our new coupling function for the equinoctial months of 2 years (2000–2001).
The squared correlation coefficients R2 are shown. Each plot includes about 8760 values. Coupling func-
tions are given in relative units.
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[38] Figure 10 shows the correlation plots between PM
indices and two coupling functions: the Kivelson‐Ridley
(K‐R) coupling function (on the left) and our new coupling
function (on the right). To reduce a significant seasonal
variation, we provided here the data only for the six equi-
noctial months. A similar result shows also the PC index
(not shown).
[39] Figure 11 shows the similar correlation plots for

another, auroral electrojet (AL) index. Two upper plots
show the correlation between AL index and the Kan‐Lee
coupling function (on the left) and our new coupling func-
tion (on the right). Two lower plots show the correlation
between AL index and the Kivelson‐Ridley coupling func-

tion (on the left) and our new coupling function (on the
right). To reduce a significant seasonal variation, similar to
Figure 10, for two lower plots, we used the data for the six
equinoctial months only. To summarize, Figures 10 and 11
show that our model strongly reduces the saturation effect in
geomagnetic activity indices when compared with the Kan‐
Lee coupling function and has a slightly better linear cor-
relation than the Kivelson‐Ridley coupling function.

5. Summary

[40] Similar to Rezhenov [1987] and Kivelson and Ridley
[2008], the mechanism proposed in this work is based on the
idea that the cause for the saturation effect in geomagnetic

Figure 11. (top) Correlation between AL index and (left) the Kan‐Lee coupling function and (right) our
new coupling function for 2 years (2000–2001). (bottom) Correlation between AL index and (left) the
Kivelson‐Ridley (K‐R) coupling function and (right) our new coupling function for the equinoctial
months of the same years (2000–2001). The squared correlation coefficients R2 are shown. Each plot in-
cludes about 8760 values. Coupling functions are given in relative units.
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activity and the electric field in the polar ionosphere is that
the impedance of solar wind plasma on open cap field lines
may be inconsistent with the impedance of the ionosphere.
However, we solved this problem in a more relevant model
of the Alfven wave with the uniform electric field within the
polar cap and dipole‐like electric field outside it. This wave
is propagating into the magnetosphere along the region of
open field lines with a quasi‐circular cross section and
reflected from a nonuniform ionosphere.
[41] The main results of this paper may be summarized as

the following. We reexamined the processes leading to
saturation of the electric field transmitted into the Earth’s
ionosphere from the solar wind. We took into account that
the electric field is transmitted into the ionosphere through a
quasi‐circular region of open field lines and that the iono-
spheric conductivities in the polar cap and auroral zone may
be different. Penetration of the electric field into the mag-
netosphere is linked with the generation of the Alfven wave,
going out from the ionosphere into the solar wind and being
coupled with the field‐aligned currents at the boundary of
the open field lines. The electric field of the outgoing Alfven
wave reduces the original electric field and provides the
saturation effect in the electric field and currents during
strong geomagnetic disturbances. The electric field and
field‐aligned currents of this Alfven wave are dependent on
the ionospheric and solar wind parameters and may signif-
icantly affect the electric field and field‐aligned currents,
generated in the polar ionosphere. Estimating the magnitude
of the saturation effect in the transmitted electric field and
field‐aligned currents allows us to improve the correlation
between solar wind parameters and resulting disturbances in
the Earth’s magnetosphere. This mechanism for saturation
of the electric field during strong disturbances does not
exclude other mechanisms proposed earlier but is important
complementary to them.
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