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On the Saturation (or Not) of
Geomagnetic Indices

Joseph E. Borovsky *

Center for Space Plasma Physics, Space Science Institute, Boulder, CO, United States

Most geomagnetic indices are associated with processes internal to the magnetosphere-
ionosphere system: convection, magnetosphere-ionosphere current systems, particle
pressure, ULF wave activity, etc. The saturation (or not) of various geomagnetic indices
under various solar-wind driver functions (a.k.a. coupling functions) is explored by
examining plots of the various indices as functions of the various driver functions. In
comparing an index with a driver function, “saturation” of the index means that the trend of
stronger geomagnetic activity with stronger driving weakens in going from mid-range
driving to very strong driving. Issues explored are 1) whether the nature of the index matters
(i.e., what the index measures and how the index measures it), 2) the relation of index
saturation to cross-polar-cap potential saturation, and 3) the role of the choice of the solar-
wind driver function. It is found that different geomagnetic indices exhibit different amounts
of saturation. For example the SuperMAG auroral-electrojet indices SME, SML, and SMU
saturate much less than do the auroral-electrojet indices AE, AL, and AU. Additionally it is
found that different driver functions cause an index to show different degrees of saturation.
Dividing a solar-wind driver function by the theoretical cross-polar-cap-potential correction
(1+Q) often compensates for the saturation of an index, even though that index is
associated with internal magnetospheric processes whereas Q is derived for solar-
wind processes. There are composite geomagnetic indices Egy) that show no
saturation when matched to their composite solar-wind driver functions Sy When
applied to other geomagnetic indices, the composite Sy driver functions tend to
compensate for index saturation at strong driving, but they also tend to introduce a
nonlinearity at weak driving.

Keywords: geomagnetic indices, polar cap saturation, solar wind—magnetosphere—ionosphere coupling,
geomagnetic activity, reconnection

INTRODUCTION

It is well known that the cross-polar-cap potential in the ionosphere “saturates” under strong driving
by the solar wind (e.g., Wygant et al., 1983; Reiff and Luhmann, 1986; Weimer et al., 1990a; Myllys
et al,, 2017), where saturation means that the ionospheric potential is systematically lower than
expected for the observed solar-wind-driving conditions. The magnitude of the polar-cap potential
saturation is well described by a parameter Q oc vo2Zp (cf. Ober et al., 2003; Borovsky et al., 2009; Gao
et al., 2013) (see Cross-Polar-Cap Potential Saturation section), where v, is the Alfven speed in the
unperturbed solar wind and Xp is the height-integrated Pedersen conductivity of the polar-cap
ionosphere. When looking at a plot of a geomagnetic index as a function of the strength of a solar-
wind driver function, in the strong-driving regime (which also tends to be the large-Q regime) a
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FIGURE 1| The 1-h -lagged Hp60 index is plotted as a function of Ryick

for the years 1995-2004. The orange points are the HP60 index and the black
points are the HPG0 index with small random numbers added to spread the
points off the lines. Each orange point and each black pointis 1 h of data.

The blue points are 21-point running averages of the orange points. The thick
red line is a least-squares linear-regression fit to Hp60, over the 50th-90th
percentile of the Rquick Values, and the red line is extended to larger Rquick
values. The Pearson linear correlation coefficient ., between Hp60, (orange
points) and Rquick is indicated in red.

saturation of the index is often seen wherein the index tends to
stop increasing (or shows reduced increase) as the driver strength
increases.

An example of an index that saturates appears in Figure 1
where the Hp60 geomagnetic index is plotted as a function of the
solar-wind driver function Rgyick

—-1/4

(1)

where m,, is the mass of a proton, ny, is the solar-wind proton
number density, 0ok is the IMF clock angle with respect to the
Earth’s dipole, and My = vy, /Va is the solar-wind Alfven Mach
number, which is a function of vg,, B, and ng,. The values of
Rquick are constructed using the 1-h-resolution OMNI2 solar-
wind data set (King and Papitashvili, 2005). Hp60 is essentially
the Kp index with a 60-min time resolution rather than a 3-h time
resolution. Hp60, is Hp60 with a 1-h time lag from the solar wind.
Like Kp (Thomsen, 2004), Hp60 is a measure of the internal
convection in the magnetosphere. Rgyick is the quick (simplified)
derivation of the Cassak-Shay reconnection-rate equation
(Cassak and Shay, 2007; Borovsky, 2008) applied at the nose
of the magnetosphere written in terms of upstream solar-wind
parameters (Borovsky and Birn, 2014; Borovsky and Yakymenko,
2017). The full derivations (Borovsky, 2008, 2013) produce more-
accurate driver functions but result in algebraically much-more-
complicated driver functions. Each orange point and each black
point in Figure 1 represents 1 h of data from the years 1995-2004
and the blue points are 21-point running averages of the orange

Rq“iCk = 6‘9171/2nsw1/2sz2 Sinz (Gclock/z)l\/IAiL35 [1 + 680MA73A30]

Saturation of Geomagnetic Indices

points. (To spread the orange points vertically so that they do not
lie on discrete lines, a small random value has been added to
Hp60; when it is plotted as the black points.) Over the range of
the 50th-90th percentiles of the Ry values a least-squares
linear-regression fit is made to the hourly values (black points) of
Hp60, as a function of Rqyick and that line is plotted in red. The
line is extended to large Rqyck values. The running average shows
the vertical-versus-horizontal trend underlying the orange points:
note for strong driving (large Ryic) that the running average
flattens out instead of following the linear-regression fit: this is an
example of a geomagnetic index saturating. In this report
saturation of an index will be indicated by the index having a
not-linear behavior going from mid-range driving to the
strongest driving with the strength of the index weakening:
this will be indicated by comparing the red-line fit for mid-
range driving with the blue 21-point running averages going into
the strongest driving.

Note that throughout this paper, 21-point running averages of
the data will be plotted, as in Figure 1, with the unaveraged data
typically not plotted. The 21-point running averages are to guide
the eye about trends (such as bends) in the underlying un-
averaged data. Often the trend in the data is not discernable
on a plot without the running average. To obtain the 21-point
running averages the data is sorted according to the magnitude of
the driver-function value (horizontal axis) and then the running
average is performed on the index (vertical axis). Hence, each
point of the running average is the average value of the index for
the 21 values of the driver function that are the closest in
magnitude. 21 points was chosen as a compromise. With
much more that 21 points, the running average curve does not
extend into the strong-driving region of the plot. With much less
than 21 points there is no advantage to averaging the data since
the averaging curve will be as noisy as the underlying data. Note
also that whenever correlations, etc., are calculated, they are
calculated using the un-averaged data.

One motivation for investigating the nature of geomagnetic-
index saturation is the development of composite geomagnetic
indices (Borovsky and Denton, 2018; Borovsky and Osmane,
2019) that do not exhibit saturation at strong driving, even
though some of the geomagnetic indices used to create the
composite indices do exhibit saturation.

In the investigation of geomagnetic-index saturation, this
paper will explore questions about 1) whether the nature of
the index matters (what it measures and how it is measured),
2) the relation of index saturation to polar-cap potential
saturation, and 3) the role of the choice of the solar-wind
driver function.

CROSS-POLAR-CAP POTENTIAL
SATURATION

Several mechanisms have been suggested for the cause of the
saturation of the cross-polar-cap potential (cf. reviews by
Borovsky et al., 2009; Gao et al., 2013; Myllys et al., 2017), but
there is no community consensus as to which of the mechanisms
is correct or dominant.
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red lines are extended to larger driver-function values.
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FIGURE 2| For the years 1995-2004, the 1-h-lagged AE and SME indices are plotted as functions of the Newell driver function ®newer- The blue points are 21-point
running averages of the (unplotted) 1-h values. The red lines are a least-squares linear-regression fits over the 50th-90th percentile of the driver-function values, and the

The reduction of the cross-polar-cap potential can be expressed
as a multiplicative factor (1+Q)™! (Lavraud and Borovsky, 2008)
where Q is a dimensionless parameter. Two physical arguments
about polar-cap saturation lead to essentially the same formula for
Q. Both arguments concern the solar wind, the magnetopause, and
the polar-cap (open-field-line) ionosphere. First, Siscoe et al. (2004)
argue that the high-latitude magnetopause current closes across the
polar-cap ionosphere and that the magnetopause current is limited
in magnitude by the amount of jxB force needed to halt the ram
pressure of the solar wind. That derivation (Eqs 1-3 in Siscoe et al.

(2004) with £ = 3.5) yields

Q=V,2,/892

2

where v, is the Alfven speed in the unperturbed solar wind in units
of km/s and Xp is the height-integrated Pedersen conductivity of
the polar-cap ionosphere in units of mho. Second, in a current-
starvation (Alfven wing) argument (Goertz and Boswell, 1979;
Kivelson and Ridley, 2008), to apply a potential ¢ across the polar
cap a Pedersen current proportional to the Pedersen conductivity
>p must be supplied from field-aligned currents, with those field-
aligned currents supplied to the polar cap by the solar-wind
plasma. That parallel current is fed by an ion-polarization-drift
current in the solar wind plasma. The Alfven speed of a plasma is
governed by the strength of the ion-polarization-drift current

(Nicholson, 1983), so the supply of parallel current is limited
and proportional to v,~". Hence the parameter

3)

[Eq. 23 of Goertz and Boswell (1979)] describes the potential
reduction of the polar cap caused by the inability of the solar wind
to supply the required Pedersen current. Both arguments lead to
essentially the same formula for Q since they both argue that the
magnetopause current connects to the cross-polar-cap current: in
the second argument the ion-polarization drift in the solar wind is
the Alfvenic rotational discontinuity of the magnetopause
propagating into the solar-wind plasma.

Note that large Q values tend to occur for low-Mach-number
solar wind (Lavraud and Borovsky, 2008) where low values of the
Alfven Mach number M = v,,,/v4 are produced by high values of
v4. Low-Mach-number solar wind corresponds to the passage of a
magnetic cloud (Borovsky and Denton, 2006).

Q =V,A2,/795

SATURATION AND THE NATURE OF THE
GEOMAGNETIC INDEX

In exploring why (or why not) a geomagnetic index saturates, it is
suggested that the cause of the saturation could be 1) nature of the

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

October 2021 | Volume 8 | Article 740811


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Borovsky

index, 2) a relation to cross-polar-cap potential saturation, or 3)
the use of the wrong driver function or an incomplete driver
function. The nature of the index is what activity in the
magnetosphere-ionosphere system the index measures and
how the index measures that activity.

An example of how an activity is measured appears in
Figure 2, where the auroral-electroject indices AE and SME
are explored. Both AE and SME are indices that measure the
intensity of the auroral-electrojet current; AE is measured with a
modest number of ground magnetometer stations located in a
ring around the Earth at high (northern) latitudes (Davis and
Sugiura, 1966) whereas the SuperMAG SME is measured with a
large network of ground magnetometer stations over a rang of
latitudes (Newell and Gjerloev, 2011; Bergin et al., 2020). Both the
nightside and the dayside auroral zones map into closed field
regions within the magnetosphere (cf. Feldstein and Galperin,
1985; Frey et al,, 2019). It is well known that the AE index
saturates under strong driving (Weimer et al., 1990a,b). In the
panels (a) and (b) of Figure 2 the AE; and SME; (1-h lagged from
the solar wind) indices in the years 1995-2004 are plotted as
functions of the Newell driver function ®Oyewen

Dyewell = sz4/3Bi2/3 Sin8/3 (eclock/z) (4)

(Newell et al., 2007). Only the 21-point running averages
(blue) of the hourly points are plotted in the four panels,
along with a least-squares linear-regression fit to the hourly
points in the 50th-90th percentile range of the driver function
Dpewenr (red). Panel (a) is AE; versus Qyewen: the 21-point
running average shows a very strong saturation (flattening) for
large values of @eyepr- Panel (b) is SME; versus @Oyeyen: SME; in
panel (b) shows much less saturation than does AE;. In each
panel of Figure 2 the Pearson linear-correlation coefficient ro.,
for all 1-h data points is noted in red. Note higher Pearson linear
correlation coefficients r,,, for SME; than for AE;. Cross-polar-
cap potential saturation can be largely corrected (mathematically
accounted for) by dividing the solar-wind driver function by
(1+Q) (Ober et al., 2003; Borovsky et al., 2009). In panels (c) and
(d) of Figure 2 the driver function Qnewen/(1+Q) is used
to correlate with AE; and with SME,. Here, Q is calculated as
Q = vaZp/795 with Zp = 0.77 Fo;"? (Ober et al, 2003).
Comparing panels (a) and (c) it is seen that dividing the
solar-wind driver by (1+Q) does not fully account for the
observed saturation of AE;, but comparing panels (b) and (d)
it is seen that dividing the solar-wind driver by (1+Q) pretty
much fully accounts for the saturation of SME;. Hence, the
saturation of AE appears to be in part related to the cross-
polar-cap potential saturation plus another effect, whereas the
milder saturation of SME appears to be solely related to the cross-
polar-cap potential saturation. The additional saturation of AE
may be caused by the fact that when driving is very strong the
auroral oval expands to lower latitudes (e.g., Gussenhoven et al.,
1983; Penskikh et al., 2021) away from the high-latitude ring of
AE magnetometer stations, reducing the magnetic perturbations
measured by those stations. The more-extensive network of
SuperMAG ground magnetometer stations apparently does not
suffer from this deficiency (cf. Bergin et al., 2020).

Saturation of Geomagnetic Indices
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FIGURE 3 | For the years 1995-2004, the -AL index [panel (A)] and the

AU index [panel (B)] are plotted as a function of Rqgick. The blue points are 21-
point running averages of the (unplotted) 1-h values. The red lines are a least-
squares linear-regression fits over the 50th—-90th percentile of the Rquick
values, and the red lines are extended to larger Rquick values.

Note in Figure 2 that dividing the solar-wind driver by (1+Q)
helps to eliminate the appearance of saturation at strong driving,
however it typically reduces the overall (all-points) linear
correlation coefficient r.,,, between the index and the solar-
wind driver function.

The saturation of the auroral-electrojet indices is further
explored in Figure 3 where the behavior of the AU and AL
indices is compared with the behavior of the SuperMAG SMU
and SML indices. The solar-wind driver function used is Rquick
[expression (1)]. The auroral-electrojet index AE is the sum of
two other indices AE = AU — AL where AU is predominantly a
positive number and AL is predominantly a negative number. AL
is the maximum intensity of the eastward auroral electrojet and
AU is the maximum intensity of the westward auroral electrojet:
typically AL is recorded on the nightside of the auroral oval and
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lines are a least-squares linear-regression fits over the 50th-90th

percentile of the driver-function values, and the red lines are extended to larger
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typically AU is recorded on the dayside of the auroral oval (e.g.,
Goertz et al., 1993). The blue curve in Figure 3A is the 21-point
running average of hourly values from the years 1995-2004 of
-AL; (1-h lagged) and of AU; (1-h lagged) in Figure 3B. The red
line in both panels is a least-squares linear-regression fit to the
hourly values in the 50th-90th percentile range of Rquick. In
Figure 3A it is seen that the AL index saturates, but note in
Figure 3B that fractionally the AU index saturates much more
strongly. The green curves in Figure 3 are the 21-point running
averages for the SuperMAG SML, index [panel (a)] and for the
SuperMAG SMU; index [panel (b)]. Note that SML and SMU
saturate less than AL and AU do. Presumably the stronger
saturations of AL and AU are caused by the equatorward
expansion of the auroral oval away from the ring of high-
latitude stations that measure AL and AU. Note in the two
panels of Figure 3 the higher correlation coefficients reo,
between the indices SML and SMU with Rgu versus of
coefficients between AL and AU with Rggjci.

In Figure 4 the behavior of 8 geomagnetic indices with respect
to the magnitude of the solar-wind driver function Ry is
examined. With the exception of PCI in panel (c), the other 7
indices are associated with processes internal to the
magnetosphere. In each panel of Figure 4 the 21-point
running average of the individual 1-h data points are plotted
(blue) along with a least-squares linear-regression fit (red) to the
individual points in the 50th-90th percentile range of Rgyck.
Saturation of an index will appear as a decrease of the slope of the
running average as the magnitude of Ryuick increases. In Figures
4A,B it is seen that the planetary range index am (cf. Mayaud,
1980) (1-h lagged from the solar wind) and the Dst index (2-h
lagged from the solar wind) do not saturate under the action of
the Ryyick driver. Figure 4C indicates that the polar cap index PCI
(Troshichev et al., 1988) (no time lag from the solar wind)
saturates only mildly, i.e., its slope decreases by it does not
flatten (See also Weimer et al., 2017 for no saturation of the
field-aligned currents feeding the polar cap.). Similarly, the index
of the mean electron precipitation mPe (Emery et al., 2009) (1-h
lagged from the solar wind) only saturates mildly in Figure 4D.
The midnight boundary index MBI (Gussenhoven et al., 1983) (1-
h lagged from the solar wind) in Figure 4E and the Kp index (1-h
lagged from the solar wind) in Figure 4F both show strong
saturation for the Ryy;c driver function. In Figures 4G,H S,4 and
Sgeod are detrended ULF indices from ground (gr) measurements
and from geosynchronous-orbit (geo) measurements (Romanova
et al, 2007; Kozyreva et al., 2007; Romanova and Pilipenko,
2009), with the detrending described in Borovsky and Denton
(2014). Sgrq and Sgeoq show strong saturation. Note that although
am, MBI, and Kp are all measures of the strength of
magnetospheric convection, am does not saturate while MBI
and Kp do saturate.

INDEX SATURATION AND THE
SOLAR-WIND DRIVER FUNCTION

In Figure 5 the saturation of the 1-h-lagged SuperMAG SME,
index is examined for 5 different solar-wind driver functions. In
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each panel of Figure 5 the blue curve is the 21-point running
average of the individual 1-h data points for the years 1995-2004
and the red line is a least-squares linear-regression fit to the
individual 1-h data points in the 50th-90th percentile range of the
driver strength. In each panel the Pearson linear correlation
coefficient re,, is indicated in red. In Figure 5A SME,; is
plotted as a function of the driver function vgBgoum, Which is
VewBsouth = —VewB; for B, (GSM coordinates) southward
(negative) and VyBounm = 0 for B, northward (positive). The
blue curve in Figure 5A indicates a very strong saturation at large
values of V4 Bsourm. Figure 5B examines SME; as a function of the
Newell driver function @yeywen [expression (4)]: for Onewen the
degree of saturation of SME; is less dramatic than the saturation
under vy, Bsoum in Figure 5A. Figure 5C examines SME,; as a
function of the reconnection driver function Ry again, the
saturation for Ry is less than the saturation for v, Bsoun in
Figure 5A. There are a number of solar-wind driver functions
that have functional forms that seem unphysical in terms of
the suspected physical processes by which the solar wind
drives the Earth’s magnetosphere (cf. Borovsky, 2014): vy, +
75Bsin*(0goc/2) (where vy, is in units of km/s and B, is in
units of nT) is one of them. In Figure 5D the reaction of SME; to
the solar-wind driver function vy, + 75Bsin*(8goe/2) is plotted:
the deviation of the 21-point running average (blue) from the
linear regression (red) commences at higher values of the driver
function than in panels (a)-(c). Hence, the saturation of SME, to
the driver vy, + 75Bgwsin®(@goad/2) only occurs at the highest
values of the driver function. Figure 5E displays the relation
between SME,; and the canonical solar-wind driver function
Sc1)ob), Which is a composite of multiple solar-wind variables
given by Eq. 9b of Borovsky and Denton (2014) [and see
expression (5b) below]. As can be seen in Figure 5E, there is
little or no saturation of SME; under solar-wind driving described
by S(1)(ob)-

New composite geomagnetic indices are possible derived with
the use of canonical correlation analysis (vector-vector
correlation) (Borovsky, 2014, 2020a; Borovsky and Denton,
2014, 2018; Borovsky and Osmane, 2019). The technique
reduces a multidimensional time-dependent solar-wind
state vector and a multidimensional time-dependent
magnetospheric-system state vector to a time-dependent driver
scalar and a time-dependent magnetospheric scalar (a composite
index), with the composite index describing the global response
of the magnetospheric system to the solar wind. The
magnetospheric state vector contains multiple measures of the
magnetospheric system, typically multiple geomagnetic indices
plus spacecraft measurements of the states of various
magnetospheric particle populations. This system description
that is a reduction from the state vectors has advantages:
compactness, low noise, and high prediction efficiency. Most
important for the present study, the composite index shows
linearity in the description of the magnetospheric system
response to the solar-wind driver. Ie., the composite
magnetospheric scalar does not exhibit saturation at strong
driving by its matching composite scalar solar-wind driver.
Here we will examine a case when only multiple geomagnetic
indices are used in the magnetospheric state vector. The example
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FIGURE 6 | For the years 19952004, the composite geomagnetic

index E1ygq) is plotted as a function of the composite solar-wind driver function
S1yer)- The black points are 1-h values and the blue points are 21-point
running averages of the black points. The red lines are a least-squares
linear-regression fits over the 50th-90th percentile of the Syyop values, and
the red lines are extended to larger Syygp) values.

is shown in Figure 6, where the composite magnetospheric scalar
Eq1)9a)(t) (“E” representing Earth) is plotted as a function of its
solar-wind driver scalar S¢;)op)(t). The formula to create E1y(oa
from 9 geomagnetic indices and the formula to create S;y(gp) from
9 solar-wind variables are given by Eqs 9a, 9b of Borovsky and
Denton (2014), which are repeated here:

E(1y(92) = 0.176 log (AE;)" + 0.036AU," + 0.03Al," + 0.244PCI,”
+0.166KP; " — 0.235MBI, " — 0.236Dst; " + 0.057S g1
+ 0.0488g0dl)k

(5a)
Sayw) = 0.725log (ng,v2,)" - 0.535log(ng,)" - 0.357B,"

+0.274¢sin* (0ot /2) ) 5+ + 0.233 J 2R quiakdt” + 0.189By,*

+ 0087(6]3“)3* -0.070 log(MA)* +0.064 log(Fw;)*
(5b)

The asterisks in expressions (5a) and (5b) mean that the
variable is standardized (mean value subtracted off followed by
division by the standard deviation) and the numerical subscripts
are the hrs of time lag of the magnetospheric variables from the
solar-wind variables. Since the variables are standardized, either
the base-e or the base-10 logarithms can be used. In expression
(5b) the term j 22h Rquick dt is a 22-h time integral (into the past)
of the reconnection driver function Rgus this term in S,
represents the past history of driving geomagnetic activity and
acts to correct a slight hysteresis in the solar-wind driving of the

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

October 2021 | Volume 8 | Article 740811


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Borovsky
6 6
21-point
running average
By 4 21-point
8 E3 running average
- iy

r =0.668 0

corr

r =0.671
rr

col

o 510° 1107 1.510" 210" 0 810° 1.610° 2410° 3.210° 410° 4810° 5.610°

B szme!(h F szBsomn/(1 +

21-point
running average

21-point
running average

r =0.779 0

corr

r =0.737
r

col

0 810" 1610°2410°3210" 410" 4810561076410 o 510° 1107 1.510°
C q)Neweu G <I)Nenm-m/(1 +Q)

21-point

21-point
running average running average

r =0.798 0
i

col

r =0.757

corr

0 2107 4107 6107_8107 110°1.210°1.410%1.6 10 B 1107

0 o 2107 3107
D Rk H Ro/(140)

quick’

4107 5107

21-point &
running average 21-point

running average

NEn )ea)

r =0.666

corr

r =0.848
r

col

500 1000 1500 2000 2500 3000 3500

1000
v_ +B_sin?0
w + P

200 400 600 800
ctoo) [v,, + B,,sin%0,,)(1+Q)
FIGURE 7 | For the years 1995-2004 the composite geomagnetic index
E1)0a) is plotted as a function of four solar wind driver functions (left column)
and as a function of the same driver functions divided by the factor (1+Q)
(right column). The blue points are 21-point running averages of the
(unplotted) 1-h values. The red lines are a least-squares linear-regression fits
over the 50th-90th percentile of the driver-function values, and the red lines
are extended to larger driver-function values.

magnetosphere (which might be an atmospheric flywheel effect
(e.g., Richmond and Matsushita, 1975). In Figure 6 the hourly
points of E(1)(9,) as a function of S(;)(9p) for the years 1995-2005
are plotted in black, a 21-point running average of the black
points is plotted in blue, and a least-squares linear-regression fit
to the black points in the 50th-90th percentile range of S(1)(qp) is
plotted in red. Note the b) ely high Pearson linear correlation
coefficient of 0.926 between E(;y(9,) and S(1)op). Figure 6 shows
the linearity for all strengths of the driving, with the running
average (blue) tracking the linear fit (red). Note that other E,
and S(;, variables composed of other geomagnetic indices and
other solar-wind variables (with and without a quuickdt term)
also show linearity in the response (no saturation): c.f. Figure 1 of
Borovsky (2014), Figure 2A of Borovsky and Denton (2018), and

Saturation of Geomagnetic Indices

Figure 1 of Borovsky and Osmane (2019). Note that the variable
Fo0.7 (which is used to construct a Q value) is not used in the S,
values for these three referenced figures [cf. Eq. 2a of Borovsky
(2014), Eq. 8 of Borovsky and Denton (2018), and Eq. la of
Borovsky and Osmane (2019)], hence the lack of saturation in
these cases is not dependent on the ability of the solar-wind driver
function to know the value of Q.

An obvious question about the composite magnetospheric index
E(1)0a) is: How does the composite magnetospheric index E;yo,
behave in reaction to other solar-wind driver functions besides S(1y9p)?
This is explored in Figure 7 for four other driver functions. In
Figures 7A-D of the reaction of E(j),) to the solar-wind drivers
VewBsouth» PNewels Rquicio ad Vg, + 75B 4 $in*(0 goa/2) are examined by
plotting the 21-point running averages (blue) of the hourly data points
for the years 1995-2004 and comparing with linear-regression fits
(red) in the 50th—90th percentile range of each driver function. In all
four panels (a)-(d) the running averages indicate a saturation of
E(1)0a) for the four driver functions at strong levels of driving. In
Figures 7E-H the four driver functions are each divided by (1+Q):
this appears to more-or-less correct (or overcorrect) for the strong-
driving saturation of E;yo, for the four driver functions.

Comparing Figure 6 for driver S(yop) where there is no
saturation with Figures 7A-D with other drivers where there
is saturation, it seems that S(;)p) compensates for saturation
(This is also the case in Figure 5). This implies that S;)op) has the
(1+Q) information in it. However, F;,, was not one of the solar-
wind variables used to derive S(;yop) [see expression (5b)] and
none of the other solar-wind variables in expression (5b) would
seem to serve as a good proxy for Fyg .

Figures 8, 9 examines the relation of the composite solar-wind
driver function S(jyep) to 12 geomagnetic indices (similar to
Figures 3, 4 for Ry and various indices). With the exception
of PCI in panel (c), all geomagnetic indices in Figure 8 pertain to
processes internal to the magnetosphere-ionosphere system. In
each panel of Figure 8 the blue curve is a 21-point running average
of the 1-h data points and the red line is a linear-regression fit to the
index as a function of S(;)(p) in the 50th-90th percentile range of
the S(1)ob) values (with the red line extended to larger S(iyn)
values). Comparing Figure 8 with Figures 3, 4 it is seen that S(;y.op,)
compensates for the strong-driving saturation of indices more than
Rquick does. At strong driving S(;yop) reduces the saturation of PCI,
mPe, MBI, Kp, SML, SMU, Sgq and Sgeoq. Sq1jop) tends to
overcompensate at strong driving for the indices am and Dst.
Note that the all-points Pearson linear correlation coefficients are
much higher for S¢;yp) and the indices in Figure 8 than they are
for Ryuick and the indices in Figures 3, 4. Note also in comparing
the 21-point running averages of Figure 8 with the running
averages of Figures 3, 4 that S;)q, tends to introduce a
nonlinearity at weak driving, with the index values being larger
than a linear trend between S(;yp) and the index.

SUMMARY AND DISCUSSION

In this report some simple observations were made about the
reactions of several geomagnetic indices to several solar-wind
driver functions with the focus on whether or not the indices
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exhibit saturation for strong driving. Those observations are attention to the slope d|I|/dD of |I| as a function of the strength of
summarized as follows. D, saturation of the index is a reduction of the slope going from the
region of moderate driving to the region of very strong driving.

1) In plotting the strength of a geomagnetic index I(t) as a functionof ~ 2) Different geomagnetic indices show different degrees of
the strength of the solar-wind driver function D(t) and paying saturation. E.g., for the solar-wind driver function Rk
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70

the indices am and Dst show no saturation, the PCI index
shows mild saturation, and the indices mPe, MBI, Kp, Hp60,
AE, AL, and AU show strong saturation.

Using the SuperMAG auroral-electrojet indices SME, SML,
and SMU reduces the saturation seen with the AE, AL, and
AU auroral-electrojet indices.

The degree of saturation of a geomagnetic index depends on
the solar-wind driver function used.

Dividing a driver function by the theoretical polar-cap-
saturation function (1+Q) can sometimes compensate the
saturation of an index at strong driving, although
sometimes it overcompensates. Although the derivations of
Q are based on solar-wind/ionosphere arguments, the Q
factor often compensates for geomagnetic indices that are
associated with internal magnetospheric processes. The linear
correlation coefficient between the index and the driver
function often decreases when the driver function is
divided by (1+Q), even in cases when saturation at high-
driving is successfully corrected.

Derived composite indies E(;y do not exhibit saturation with
their composite solar-wind driver functions S(;). E;y does
saturate under other solar-wind driver functions (e.g.,
VewBsouthr ONewels Rquick) and  dividing those driver
functions by (1+Q) tends to compensate for the saturation
of E(l).

The discussion subsections below concern difficulties in
determining the strength of the driving of the
magnetosphere by the solar wind and the difficulties in
measuring the reaction of the magnetosphere-ionosphere
system to that driving. Those discussions can be
summarized as follows. The strength of the driving of the

3)

4)

5)

6)

7)

Saturation of Geomagnetic Indices

magnetosphere-ionosphere system by the solar wind is
difficult to quantify and there is a lack of quantification of
physical processes ongoing in the system’s reaction to the
solar-wind driving. We have predictions of the driving
strength (via solar-wind driver functions) and proxy
measurements of physical processes (via geomagnetic
indices). Working with these indirect predictions and
proxies make the causes of saturation difficult to interpret.
Two unsolved issues are: 1) Why is the saturation of various
geomagnetic indices related to cross-polar-cap potential
saturation? 2) Why are some composite solar-wind driver
functions S, able to compensate for saturation without access
to Fip, or other variables that would predict ionospheric
conductivity?

8)

Driving of the Magnetosphere-lonosphere
System

There is much that is not understood about the coupling of the
solar wind to the Earth’s magnetosphere and about the
resulting driving of magnetospheric activity (e.g., Borovsky,
2021). Two important questions here are: 1) What do we mean
by strength of driving? and 2) How do we measure the strength
of driving?

We imagine that the total dayside reconnection rate (total
amount of magnetic flux reconnected per unit time) would be a
good indicator of the strength of driving of the magnetosphere by
the solar wind. As of yet, we have no way of measuring the total
dayside reconnection rate, we can only predict the rate from a
knowledge of solar-wind parameters via the use of a variety of
solar-wind driver functions.

The reconnection-rate function Rgc derived from the
Cassak-Shay reconnection-rate equation is incomplete. Rqyick
only applies at the nose of the magnetosphere. To get the total
reconnection rate along the entire dayside reconnection line we
need the magnetospheric and magnetosheath plasma and field
parameters along the entire reconnection line, which among
other things requires a knowledge of where on the
magnetopause the reconnection line is. Additionally, an
accounting is needed for the effects of magnetosheath-
magnetosphere velocity shear on the local reconnection rate.
Also, we are completely lacking systematic information about
the magnetospheric-plasma mass density pmag at the dayside
magnetosphere (Borovsky et al., 2013), which is in the
denominator of the Cassak-Shay equation. And if we knew all
that, we would still have only a prediction of the total
reconnection rate, not an actual measurement.

Borovsky and Birn (2014) (see also Borovsky et al., 2008) argue
that the concept of the solar-wind motional electric field
controlling the dayside reconnection rate is mistaken (But see
Lopez, 2016 for a response to this argument). The dayside
reconnection rate has the dimensions of an electric field and
for decades it has been assumed that reconnection electric field is
proportional to the solar-wind motional electric field (e.g.,
Gonzalez and Mozer, 1974; Kan and Lee, 1979; Gonzalez and
Gonzalez, 1981; Sergeev and Kuznetsov, 1981): reconnection
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simulations by Birn and Hesse (2007) directly demonstrated that
the two electric fields are not related.

Using global MHD simulation codes can be helpful for
measuring the strength of driving, but the design of the
simulation numerical scheme must guarantee that the MHD
code gets the reconnection rate correct (cf. Borovsky et al., 2008).

A direct measure of the total dayside reconnection rate is the
total ionospheric plasma flow (with ionospheric magnetic field)
crossing the dayside open-closed boundary in the ionosphere:
however, discerning where exactly that open-closed boundary is
in ionospheric radar flow maps is difficult. Another measure of
the total dayside reconnection rate is via the cross-polar-cap
potential, however that cross-polar-cap potential is also affected
by the nightside reconnection rate (Cowley and Lockwood, 1992)
and there can be time delays between the reconnection rate and
the polar-cap potential (Siscoe et al., 2011).

Note also that the assumption that the total dayside
reconnection rate is a measure of the driving is ignoring any
viscous driving of the magnetosphere by the solar wind (e.g.,
Lockwood and Moen, 1999; Farrugia et al,, 2001), and questions
about how to measure (Mozer, 1984; Drake et al., 2009) or predict
(Vasyliunas et al., 1982; Borovsky, 2013) that portion of the driving.

Measuring the Reaction of the
Magnetosphere-lonosphere System to
Driving

To understand quantitatively the reaction of the magnetosphere-
ionosphere system to the solar wind, direct measures of the
strengths of various magnetospheric physical processes is
desirable. Instead we typically have proxy measures (e.g.,
geomagnetic indices) of diverse current systems.

One direct measure that we do have of a physical process is the
cross-polar-cap potential in the ionosphere: however, as mentioned
above that potential is affected by solar-wind driving and by
reconnection in the magnetotail. Another physical quantity to
focus on is the strength of magnetospheric convection, but a
difficulty is directly measuring the strength of that convection.
Specifically the total rate of convection might be defined as the
amount of magnetic flux carried at the E-cross-B drift speed from the
nightside magnetosphere into the dayside magnetosphere. The low-
latitude-boundary-layer flow of flux antiSunward would not be
included in that measure: that flow would be a measure of the
driving in addition to the dayside reconnection rate. But there would
be a difficulty in directly measuring the total convection rate in the
magnetosphere with a limited number of spacecraft: a local measure
of E-cross-B would need to be put into the context of the estimated
time-dependent morphology of the magnetosphere to get a total
convection from a local convection. Ionospheric radar convection
maps may be a promising option.

Expectation of a Linear Reaction to Driving
In Figures 1-8 a lot of linear response is seen between various
geomagnetic indices and various solar-wind driver functions,
particularly for mid-strength driving. Maybe it is surprising
that we see so much linear behavior (Also, see the next
subsection for a discussion of linearity and Kp.).

Saturation of Geomagnetic Indices

What measured reactions of the Earth do we expect to be
linear with the strength of solar-wind driving? Is there a physical
process in the magnetosphere that has a linear response and do
we have a measure of the strength of that process that is also
linear? (And still, what do we mean by strength of driving?)

If the rate of magnetospheric convection varies linearly with
something like the total dayside reconnection rate, how do we
measure it? For instance the MBI index is a measure of
convection. MBI is the latitudinal position of the lower-latitude
edge of the diffuse-auroral precipitation, which magnetically maps to
the distance from the Earth of the inner edge of the electron plasma
sheet penetrating from the magnetotail into the nightside of the
dipole. The stronger the magnetospheric convection, the deeper the
hot electrons E-cross-B drift into the dipole, and the lower the
latitude of the diffuse-electron precipitation. However, the equatorial
magnetic-field strength in the dipole varies as r>: Do we expect this
penetration depth to be linear with the strength of the
magnetospheric convection? Other measures of convection
strength are indices such as am and Kp, which measure the
strength of magnetotail currents and the proximity of the
ionospheric closure currents to ground magnetometer stations
(e.g., Thomsen, 2004) (See also the next subsection).

Note also that there are timescale complications to seeing a
linear reaction of magnetospheric convection to dayside
reconnection. The clock angle of the solar-wind magnetic field
can vary drastically on a 10-min timescale (Borovsky, 2020b) and
nightside reconnection can be bursty (Angelopoulos et al., 1994),
however using hourly averaged measurements of the solar wind
and the magnetosphere reduces these variabilities. There are,
however, multiple time lags in the magnetospheric system
(Borovsky, 2020a).

It might also be surprising that the auroral-electrojet indices
show linear behavior with driving (Again, what do we mean by
driving?) The large-scale nightside auroral currents are generated
from the dipole-tail transition region probably by plasma flows and
ion pressure gradients (Strangeway, 2012). The magnetospheric
current-generation mechanisms for the smaller-scale auroral-arc
currents are not known (Borovsky et al., 2020). As magnetospheric
driving by the solar wind commences, the nightside
magnetosphere undergoes a time evolution of morphology, as
do the nightside currents and the particle populations. One
would expect to see little in the way of a linear reaction of the
current intensities with the strength of driving. Further, there is a
feedback between the current intensities and the ionospheric
conductivity (Weimer et al, 1990a) that may further ruin
linearity. However, the use of hourly-averaged data may
integrate out some of these time-evolution complexities to yield
linearity at the 1-h-resolution examination of the dynamics.

In this report saturation of an index is gauged by a deviation
from a linear trend in an algebraic relation between the index and a
solar-wind driver function. Often this saturation can be “corrected”
or “compensated for” by dividing the driver function by (1+Q), a
method developed based on physical intuition of how the
magnetosphere responds to the solar wind. Future studies could
be performed to mathematically explore the explicit non-linear
response of the magnetosphere to the solar wind: theses studies
could explore integro-differential coupling relations rather than
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algebraic functions (e.g., Borovsky, 2017; Mourenas et al., 2019) or
they could use techniques that are well versed for nonlinear response
such as information theory or conditional probability (e.g, Wing
et al,, 2016; Wing and Johnson, 2019).

What Does Hp60 (or Kp) Measure that Is

Linear with the Strength of Earth Driving?
The indices Kp and Hp60 are based on the logarithm of the
magnetic-field variation (range) seen at ground observatories. For
example, a fit to the data in Table 6 of Mayaud [1980] yields Kp =
1.554log.(ry,) - 0.748, where r,, is the range (difference between
the highest and lowest value) of the horizontal magnetic field in a
3-hr time interval. This Kp fit is accurate except for Kp < 0.3. The
question arises as to why these “logarithmic” indices Kp and
Hp60 show such a linear response to solar wind driving as
displayed in Figures 1, 4f, 8f, and 8g.

Thomsen [2004] argued that Kp is a measure of the latitude of the
auroral zone. Figs. 6 and 7 of Thomsen [2004] (also Fig. 14 of Mayaud
[1980] and Fig. 6 of Menvielle and Berthelier [1991]) points out the
sensitivity of the magnetic variance range on the latitudinal distance of
a subauroral magnetometer station from the location of the auroral
current. If the current source (auroral zone) changes latitude the
magnetic variance measured at a station will change substantially,
approximately as 1/L where L is the latitude difference of the station
from the current source. Since Kp and Hp60 are approximately the
logarithm of the magnetic variance, they change less drastically than the
variance changes. Figure 9 demonstrates this argument (see also Fig. 1
of Thomsen [2004]]). In Figure 9 the Hp60 index is plotted (black
points) as a function of the midnight boundary index MBI
[Gussenhoven et al, 1983] for the years 1995-2004: MBI is a
measure of the position of the lower-latitude edge of the auroral
zone obtained from electron-precipitation measurements onboard the
multiple DMSP spacecraft. The Pearson linear correlation coefficient
between the plotted values of Hp60 and MBI is 1., = -0.823. A 21-
point running average of Hp60 is plotted as the blue points and a
linear-regression fit of Hp60 as a function of MBI is plotted as the red
line: the obtained fit is Hp60 = —0.649MBI + 43.04. According to this
fit, the Hp60 index changes by unity, on average, when the midnight
latitude of the auroral zone changes by 1/0.649 = 1.54°. Note however
that the auroral zone latitudinal displacement with changes in Kp
(convection) are less at local times other than midnight (e.g. compare
Figs. 4a and 4b of Gussenhoven et al. [1983] where the auroral-zone
latitudinal shift with Kp at local noon is about half the size of the
latitudinal shift at local midnight. In Figure 9 the linear-regression fit
(red) tracks the running average (blue), indicting the linearity of the
relationship of Hp60 to the latitudinal location of the auroral zone. The
latitudinal location of the auroral zone is sensitive to the strength of
magnetospheric convection [Gussenhoven et al., 1981; Elphic et al,
1999; Denton et al., 2005; Penskikh et al., 2021], i.e. how deep into the
nightside dipolar portion of the magnetosphere magnetotail electron
plasma sheet penetrates owing to global convection fighting co-rotation
[Volland, 1973; Korth et al., 1999]. Figure 1 indicates the linearity of
Hp60 as a function of Ry (at least until the linear relation saturates at
strong driving levels). Figure 4e similarly shows a linearity of MBI with
Rquic The solar-wind-driving function Rquick was derived to be an
estimate (from solar-wind variables) of the magnetic-reconnection rate

Saturation of Geomagnetic Indices

at the nose of the magnetosphere [Borovsky, 2008; Borovsky and Birn,
2014]. The total magnetospheric convection, ie. the return of magnetic
flux from the magnetotail to the dayside of the dipole, should be
linearly proportional to Rgyici.

Other Issues

The focus of our thinking has been on dayside reconnection as the
driver in solar-wind/magnetosphere coupling. Post-reconnection
effects (such as current starvation) that might disconnect the
reaction strength from the driving strength have not been
considered. Additionally, viscous driving by the solar wind has not
been considered.

Some different aspects of reconnection driving have not been
separated: e.g., magnetospheric convection driven by the removal
of magnetic flux from the dayside, magnetospheric convection
driven by the accumulation of magnetic flux in the magnetotail,
and magnetospheric convection driven by antisunward
ionospheric convection in the polar cap directly driven by the
solar wind (Siscoe and Siebert, 2006).

Finally, the preconditioning of the magnetosphere (Borovsky
and Steinberg, 2006; Lavraud et al, 2006), which will alter the
reaction of the magnetosphere to driving, and solar-wind/
magnetosphere feedback loops (Borovsky and Valdivia, 2018;
Walsh and Zou, 2021), which will produce a time-dependent
reaction to steady driving, have not been considered.
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