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Abstract. We performed a high-time resolution (5 min) correlative study of the
energy deposition rate in the northern auroral zone with the concurrent solar wind
plasma and interplanetary magnetic field (IMF) observations for a 4 month period
from March 30 to July 29, 1996. Auroral power, inferred by auroral emissions, was
derived from images acquired by the ultraviolet imager (UVI) on board the Pola,r
satellite, and the 1nterp1anetary parameters were based on Wind observations. It
is found that dayside aurorae in the afternoon sector (65°-80° magnetic latitude
(MLAT) and 1300-1800 magnetic local time (MLT)) are more active for large IMF
cone angles and large solar wind electric fields. This result can be attributed to the
manifestation of the antlparallel magnetic field merging in different locations and
the partial “penetration” of the IMF on the dayside magnetopause. The integrated
nightside (60°-75° MLAT and 2000-0100 MLT) auroral brightness is moderately
correlated with the north-south component of the IMF and the solar wind speed
with correlation coefficients of 0.49 and 0.35, respectively. The mean nightside
auroral power is found to be approximately linearly proportional to the IMF B,
with a constant slope of 2 GW/nT. The solar wind speed, however, affects the
nightside auroral power for both polarities of IMF B,. Interestingly, the solar wind
dynamic pressure shows no effect on the nightside auroral brightness. All these
findings indicate that both reconnection and viscous-like interaction mechanisms
play an important role in producing auroral emissions in the night sector. It is
also found that the nightside auroral brightness responds to the southward turning
of the IMF with a peak delay time of ~60 min. This result favors the model of
loading-unloading magnetosphere. We also found that a negative IMF B, condition
favors the nightside auroral activity, and we ‘attributed this effect to the partial
penetration of the IMF B,. Finally, the response function for nightside aurora is
given as ~ V B}sin?(./2) with a median correlation coefficient of 0.63, indicating
that there may be other factors other than the solar wind and IMF respon51ble for
hghtemng up the northern-southern hemlspherlc sky.

1. Introduction

The study of global morphology of aurora is often
driven by the belief that auroral features seen at the
low-altitude ionosphere can be used to infer auroral pro-
cesses taking place in high-altitude magnetospheric re-
gions. For example, the distribution of optical aurora
has been known to be closely related to the Birkeland
field-aligned currents for quite some time. Through the
use of an:extensive database acquired from the Green-
land all-sky camera network, Danielsen [1980] found
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that the region of possible occurrence of discréfe aurora
is coincident with the statistical region 1 field-aligned
currents generated in the magnetosphere [[ijima and
Potemra, 1976). It has also been reported that as geo-
magnetic activity increases, the Birkeland field-aligned
currents increase [Sugiura and Potemra, 1976] as well
as the occurrence rate of discrete aurorae [Danielsen,
1980], indicating that the aurora is an integral part
of geomagnetic activity resulting from the solar wind-
magnetosphere-ionosphere coupling.

As the magnetosphere responds to changes in the so-
lar wind, in particular the interplanetary magnetic field
(IMF), the configuration of the magnetosphere changes.
This may therefore change the configuration of aurora
seen in the ionosphere. It is believed that changes in the
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solar wind flow near the magnetopause, and the con-
vection flow inside the magnetosphere will change the
intensities of field-aligned currents and therefore change
the intensities of aurora. Evidence of this is given by
Lassen and Danielsen [1978] who used an extensive
database acquired by the Greenland all-sky camera net-
work to study the statistical distribution of auroral arcs
under different IMF orientations and found that oval
arcs occurrence rate and the size of the auroral oval
" is closely related to the z component of IMF. In gen-
eral, they found that the arc occurrence rate is higher
when the IMF B, is southward; as B, turns northward,
occurrence rate of arcs decreases, and the auroral oval
contracts. The size of auroral oval was also found to
be correlated with the magnitude of the negative IMF
B, [Holzworth and Meng, 1975]. Satellite global auroral
observations have also shown temporal and spatial re-
sponses of aurora to the solar wind variations. Murphree
and FElphinstone [1988], through analyzing the global
auroral images acquired by the ultraviolet imager on
board the Viking satellite, reported that during posi-
tive IMF B, and away sector configurations, localized
regions of auroral emission on the dayside can propa-
gate either duskward or dawnward depending on the
sign of IMF B,. This is usually linked to the response
of convection pattern to the y component of IMF when
reconnection is at work. A further study of the Viking
UV imagery by Elphinstone et al. [1990] also indicated
that high-latitude auroral arcs in the dusk sector oc-
cur for positive IMF B,, while negative B, gives dawn
sector polar arcs during a B, northward condition.

The IMF B, is thought to affect the dayside auro-
ral morphology most. Early case studies have shown
that transient auroral events moving eastward or west-
ward in the midday sector are controlled by the polarity
of IMF B, [Sandholt et al., 1986). A recent statisti-
cal study performed by Karlson et al. [1996] indicated
that an asymmetric prenoon-postnoon auroral occur-
rence distribution is caused by the IMF B, polarity
during negative IMF B,. It is found that postnoon
(1200-1400 magnetic local time (MLT)) auroral events
are more frequent than prenoon (1000-1200 MLT) au-
roral events for negative IMF B,, while the trend is
reversed for positive IMF B,. This local time distri-
" bution of dayside aurorae caused by the sign of IMF
B, is opposite to the displacement of the cusp found in
particle precipitation [Newell et al., 1989].

Early auroral researchers have mainly relied on the
ground all-sky camera observations to study auroral
morphology. This type of observation is subject to
a very limited field of view and therefore is not suit-
able for quantitative auroral research in global or even
mesoscale phenomena. Even with the satellite global
auroral imagers which have been available for ~20 years,
reports of quantitative analysis of large-scale aurorae
are still rare. This sometimes makes a direct compar-
ison between different measurement results impossible.
In the present paper we take the advantage of the large
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database returned by Polar ultraviolet imager (UVI) to
study the characteristics of dayside and nightside au-
rorae under various solar wind plasma and IMF condi-
tions. Contrary to many previous qualitative works, we
will concentrate on how the solar wind influences the
auroral emission in a quantitative approach. Since the
brightness of auroral radiation is a measure of the rate
of energy deposition into the atmosphere due to elec-
tron precipitation, results of this study can be used to.
infer the total energy of electron precipitating into the
auroral zone. Another prime interest of this study is to
quantify the auroral power as a function of interplane-
tary parameters to provide a useful knowledge for space
weather forecasting.

A number of works have indicated that an auroral

“oval consists of two different arc systems, dayside and

nightside, powered by different dynamo mechanisms
[Akasofu and Kan, 1980; Meng and Lundin, 1986; Lui et
al., 1989; Brittnacher et al., 1997]. The nightside aurora
is usually associated with large-geomagnetic activities
such as magnetic storms and substorms and therefore
is believed to be controlled by the southward turning
of the IMF and magnetic field line reconnection in the
tail region. The postnoon aurora is transient in na-
ture and is found to be collocated with the region 1
upward field-aligned currents associated with precipi-
tating electrons with energies below 1 keV [Newell et
al., 1996b]. The source of dayside aurora in the after-
noon region is still an open question. The persistent
and sometimes spatially periodic features of the post-
noon aurora favor models associated with the Kelvin-
Helmholtz instability which is created by the shearing
of the solar wind flow on the flanks of magnetopause
[Lui et al., 1989; Vo and Murphree, 1995]. A recent
statistical study of the intensification of the postnoon
auroral bright spots with the Polar ultraviolet imagery
by Liou et al. [1997a] further substantiates that post-
noon aurorae are distinct features from the nightside
auroral substorms. For this reason, we will address the
response of dayside and nightside aurorae to the solar
wind plasma and IMF parameters separately.

The remainder of this paper is organized as follows:
Section 2 explains how the Polar UVI and Wind plasma.
and IMF data were processed for analysis. Section 3
presents data analysis with emphasis on the afternoon
and the premidnight sectors. Discussion and summary
and conclusion will be given in section 4 and section 5,
respectively.

2. Data Preparation

This study utilizes Polar UVI image data and Wind
solar wind plasma and IMF measurements for a time
period between March 30 and July 29, 1996. The Po-
lar UVI has returned a large number of images of the
north auroral region. The total number of useful images
sampled at the long Lyman-Birge-Hopfield (LBH-long)
band (~1700 A + 50 A) and at the 36 s exposure time is
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estimated at ~18,130 with at least 80% of the northern
auroral regions coverage and a time separation of ~5
min between two consecutive images under the normal
observational mode (see Torr et al. [1995], for detail in-
formation about the UVI). The interplanetary parame-
ters used for this study are the solar wind velocity and
density acquired by the solar wind experiment [Ogilvie
et al., 1995] and the interplanetary magnetic fields ac-
quired by the magnetic fields investigation [Lepping et
al., 1995] on board the Wind spacecraft. The 1 min
in IMF and 2 min in solar wind plasma key parame-
ter data are provided by the Data Distribution Facil-
ity at NASA Goddard Space Flight Center. The Wind
spacecraft spends most of its time in the solar wind
~200 Rg upstream of the Earth’s bow shock, and there-
fore it can provide a continuous monitoring of the solar
wind plasma and IMF. There is a disadvantage in using
the Wind data for correlative studies, however, because
the Wind spacecraft is located too far from the Earth,
and complex structure and transient nature of the solar
wind often make the prediction of the solar wind event
observed by Wind propagating to the Earth unreliable.
Therefore a reduction in the correlation should be ex-
pected.

A series of several steps was required to prepare a
data set suitable for analysis. The UVI’s instrument
counts are first converted to photon flux at the imager
aperture with calibration data [Brittnacher et al., 1997].
After correcting for the Van Rhijn effect due to unequal
optical lengths in the field of view and subtracting the
dayglow, one can derive the auroral surface brightness
in Rayleighs. A detail description of the procedure is
given by Liou et al. [1997b]. Filtered images at the
LBH-long band will be used for this study because at
this wavelength, auroral emission is approximately pro-
portional to the electron precipitating energy density
flux [Strickland et al., 1993; Germany et al., 1994]. The
conversion of surface brightness in Rayleighs to ergs
cm™2 s~! for the UVI LBH-long band has been modeled
by Germany et al. [1997] and is given as 1 erg cm™2 57!
~ 110 Rayleighs. In this study, postnoon and nightside
aurorae will be considered separately. The postnoon
aurora is defined by a region approximately along the
auroral oval between 1300 and 1800 MLT and 65° and
80° magnetic latitude (MLAT) while the nightside re-
gion is between 2000 and 0100 MLT and 60° and 75°
MLAT [cf. Newell et al., 1996a, b; Liou et al., 1997b).
The total energy-deposited rate (power in gigawatts) is
then derived by integrating the energy density flux over
the area defined for the dayside and nightside regions.

The interplanetary parameters were first averaged by
a 5 min moving window and then time shifted to ac-
count for the transit time of the solar wind from the ob-
servation site of the Wind spacecraft to the Earth’s bow
shock subsolar point. Since solar wind features tend to
be aligned with the IMF, the transit time can be ap-
proximated by Tiransit = (Xsc - XBs - pX Bz /B,)/Vsw,
where Xsc is the corrdinate of the Wind spacecraft
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along the Earth-Sun line in GSM, Xgg is the coordi-
nate of the subsolar bow shock and is taken to be 14.6
Rg [Fairfield, 1971], p = v/Y?2 + Z2 is the perpendicu-
lar distance from the Earth-Sun line to the spacecraft in
the X-Y plane, B, = (By xY + B, x Z)/p, and Vsw is
the speed of solar wind. This approximation is limited
to median IMF cone angles between 45° and 135° only.
For small (< 45°) and large (> 135°) IMF cone angles,
we simply use 45° and 135° to approximate the IMF
orientation, respectively. The total propagation time
that should pass before an effect is seen in the iono-
sphere is then estimated to be the sum of the transit
time Tiransit calculated above + 5 min for traversing the
magnetosheath and 2 min Alfven transit time [ Lockwood
et al., 1989] to reach the ionosphere.

3. Data Analysis and Results

In order to study the dependence of auroral power on
the interplanetary parameters, the large-auroral database
is binned by solar wind plasma and IMF parameters to
show the average trend of the auroral brightness un-
der various conditions. With a relatively limited short
time coverage (4 months) of our database, interplane-
tary parameters may show intercorrelation which can
affect the interpretation of the results. Therefore it is
useful to discuss the intercorrelation between variables
before proceeding to the data analysis. The correlation
matrix of the six interplanetary parameters is shown in
Table 1 for B, < 0 (upper triangle) and B, > 0 (lower
triangle). It has been well known that solar wind dy-
namic pressure variation mainly results from variations
in the solar wind density, and this high correlation is
also shown in our surveyed database, r = 0.9/0.83 for
B, > 0/B, < 0. A median correlation coefficient, r =
-0.43/-0.3, between B, and B, is consistent with what
we found separately that in slightly <50% of this sur-
veyed period the IMF is in the garden hose orientation.
The solar wind density shows a median correlation with
the positive IMF B, (r = 0.40) and a median anticorre-
lation with the solar wind speed (r = - 0.42/-0.49). The
surveyed Wind data set also shows a small to median
correlation between the solar wind speed and B, for
B, >0 (r = 0.35) and between the solar wind dynamic
pressure and the IMF B, (r = 0.39/-0.21).

Table 1. Correlation Matrix for B, > 0 and B, <0

B, B, B. v N P
B, 030 012 010 -0.19 -0.17
B, -0.43 0.00 -001 005 0.5
B, -007 019 0.08 -012 -0.21
vV 035 -0.16 -0.11 049  -0.02
N -008 019 040 -0.42 0.83
P 004 012 039 -0.04 090

B. > 0, lower triangle; B, < 0, upper triangle.
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Figure 1. Response of afternoon (65°-80° MLAT and 1300-1800 MLT) auroral energy deposition
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3.1. Dayside Aurora

3.1.1. Effect of Solar Wind Plasma and IMF
parameters. To illustrate the solar wind plasma and
IMF effects on the total afternoon auroral power along
the oval, a total of 10,843 valid images are binned by the
three components of IMF, solar wind dynamic pressure,
density, and speed, and the result is shown in Figures
la-1f as square boxes. The vertical error bars represent-
ing 1 s.d. from the mean are provided: Since the size of
bins is irregular (measurements are equally distributed

in each bin), horizontal error bars are also provided in
the figure. The z component of the IMF shows trend to-
ward increasing auroral power as the IMF B, changes
from a toward (with respect to the Sun) to an away
configuration. This increase in northern hemispheric
auroral power is estimated to be ~40% from 5 GW (B,
= 5nT) to 7 GW (B = -5 nT). The afternoon auroral
power shows a positive response to an increasing IMF
B, magnitude. This increase is approximately symmet-
ric about By = -1 nT but with a much brighter after-
noon aurora for large +By. Similarly, postnoon aurorae
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appear to be affected by the z component of the IMF in
the same way the IMF By does; that is, auroral bright-
ness increases with |B,| but less dramatic for B, > 0
than for B, < 0.

The response of afternoon auroral power to the solar
wind parameters, Figures 1d-1f, is not as evident as that
to the IMF. Although a small increase in auroral power
occurs for an increase of solar wind dynamic pressure,
this increase is small and occurs in a very low pressure
region. The solar wind density which is highly corre-
lated with the solar wind dynamic pressure (see Table
1) does not show any effect on the dayside aurora ei-
ther. It is worthwhile to note that we also found a few
high-power events (>10 GW) which occurred at very
high dynamic pressure (P > 10 nPa) and high density
(N > 40 cm™?) during storm times, but we don’t think
this is statistically significant. The most interesting and
unexpected result is the lack of dependence of the after-
noon aurora to the solar wind speed. This can be seen
from Figure 1f which shows a random and highly scat-
tered distribution of the afternoon auroral power over
the entire solar wind speed range. Since the correlation
between the solar wind density and speed is found to
be low (r ~ -0.45), the lack of dependence of dayside
aurora on the solar wind parameters cannot be due to
special distribution (intercorrelation) between the solar
wind density and speed which often occurs in statistical
studies with a small database.

3.1.2. IMF Cone-Angle Effect. We have shown
that the postnoon auroral power is controlled by the
IMF mainly through the transverse component of IMF,
Br = ,/Bg + B2 and the IMF B;. A combination of
these two parameters is the IMF cone angle defined by 6
= tan~1(Br/B,), which should also show effects on the
dayside aurora. In Figure 2, postnoon auroral power is
binned by the IMF cone angles for all IMF B, (solid
line), B, > 0 (dashed line), and B, < 0 (dotted line).
Again, 1 s.d. from the mean is plotted as vertical error
bars. The horizontal error bars correspond to 1 s.d. and
roughly represent the size of the bins. Figure 2 shows
that dayside auroral power increases with the IMF cone
angle and peaks around 100° (not 90°), followed by a
slight decrease at larger angles. Although negative IMF
B, always results in more aurora, the difference between
B, > 0 and B, < 0 is ~8% on average. It is worth
noting that the minimum power doesn’t approach zero
at zero IMF cone angle. If we extrapolate the dashed
line down to zero cone angle, the total power is ~3 GW,
the apparent basal auroral power in the afternoon.

3.1.3. Dependence on solar wind electric field
and energy. In light of a strong dependence of the day-
side aurora on the IMF and a weak dependence on the
solar wind parameters, one naturally would suspect that
the solar wind electric field and/or the solar wind mag-
netic field energy are the two most important physical
quantities that involve the solar wind-magnetosphere
interaction contributing the dayside aurora. A simple
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test of this idea is given in Figure 3, in which the pre-
cipitation power is binned by solar wind electric field,
V x B, solar wind kinetic energy flux, pV3/2, and IMF
magnetic energy flux, V. B?/8r. The dependence of the
afternoon aurora on the transverse component of the
IMF, Br, is also shown in Figure 3a for a comparison.
For all three physical quantities, the electric field and
the solar wind magnetic energy density flux do fit bet-
ter than the solar wind kinetic energy density flux as
expected, with the electric field revealing a slightly bet-
ter correlation with the mean dayside aurora (r = 0.98).
Note that a high correlation with the mean auroral out-
put does not imply a high correlation with the sample
population. Indeed the latter correlation is far lower (r
= 0.32).

3.2. Nightside Aurora
3.2.1. Multiple Regression. To illustrate what
are the interplanetary parameters which may influence

the nightside auroral activities, we first use the mul-
tiple linear regression technique to examine the basic

parameters: three components of the IMF, solar wind

speed, density, and solar wind dynamic pressure. This
allows us to obtain the relative weight in contributing

2000

1500 -
1000 - ]
500[-° 4]

Power (gigawatts)

0 50 100 150
IMF cone angle (Degrees)
Figure 2. Response of afternoon auroral power in

gigawatts in the postnoon section (65°-80° MLT and
1300-1800 MLT) to IMF cone angle for B, > 0 (dashed
line), B, < 0 (dotted line), and all B, (solid line). The
number of images binned by each bin is given on the
top of figure.
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Figure 3. Response of auroral power in gigawatts in the postnoon sector (65°-80° MLAT and
1300-1800 MLT) to the transverse component of (a) IMF, Br, (b) solar wind electric field, V x B,
(c) solar wind magnetic energy density flux, VB?, and (d) kinetic energy density flux, V Pyyn.

the nightside auroral activities and later to help con-
struct more complex forms of possible response func-
tion. The multiple regression was performed for north-
ward IMF and southward IMF conditions and the re-
sult is shown in Table 2. The first row in Table 2 lists
the coefficients of the linear regression form. In gen-
eral, a larger regression coefficient represents a better
correlation. The second and third rows in Table 2 list

the correlation coefficients and standard deviations, re-
spectively. By examining the correlation coefficient we
can determine which parameters affect aurora most. In
our test, all correlation coefficients were significant to
>09.999% confidence level or, equivalently, there was
<0.001% chance that the correlation was random. We
also divided the entire data set randomly into two parts
and performed linear regression analysis on each subset.

Table 2. Multiple Linear Regression for B, > 0/B, < 0

B, B, B. v N P
Coef. -095/-122  -.075/-251  -.160/-1.05  3.732/6.40  -.123/-.021  .806/.800
R 045/-.059  -.092/-136  -.095/-.361 305/.341 -.088/.003 .050/.219
Sigma .013/.018 .014/.018 .024/-.041 456/.553 .031/.049 138/.212

N = 18,130, R = 0.508, and x? = 10.65. Coef. is coefficient.
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We found the correlation coefficient for both subsets
was close to that of the entire data set within 10% un-
certainty (not shown). When the IMF is northward,
all correlation coefficients are less 0.1 except the solar
wind speed which shows a relatively high correlation
of 0.3. This may indicate that when reconnection is
inactive, aurorae are caused by fluid interaction insta-
bilities of the solar wind flowing around the magneto-
sphere cavity as predicted in the closed model [Azford
and Hines, 1961]. When reconnection is active; that is,
B, < 0, a dramatic change in correlation coefficients
can be seen in Table 2. The y and z components of
the IMF and the solar wind dynamic pressure became
more or less correlated with the nightside auroral power.
The IMF B, parameter reveals the greatest response
to the nightside aurora followed by the solar wind dy-
namic pressure and IMF B,. This can be explained as
more energy coupling due to magnetic field reconnec-
tion predicted by the open model [Dungey, 1961]. The
slight increase in B, correlation coeflicient suggests that
the IMF clock angle may play an important role in re-
connection. The solar wind speed has long been con-
sidered as one of the important parameters involving
the solar wind-magnetosphere energy coupling process.
The correlation coefficient for the solar wind speed de-
creases but not significantly, indicating that the solar
wind speed contributes the solar wind-magnetosphere
energy coupling in all states of the magnetosphere.
3.2.2. Response Time. It has been reported that
the auroral electrojet index, AE, reveals a maximum
response to the IMF B, when the IMF B, was lagged
for a time from ~40 min [Meng et al., 1973] to 60 min
[Arnoldy, 1971]. A 30-50 min delay between isolated
substorms, indicated by the AF index, and VB, has
also been reported by Rostoker et al. [1972]. This long
time delay between the southward turning of IMF and
the AFE index is usually interpreted as a loading model
of the magnetosphere. Auroral substorms, which con-
tribute the major energy deposition from the magne-
tosphere into the nightside auroral oval, are believed
to be closely correlated with the magnetic substorms
and therefore must reveal a delay. Here we will inves-
tigate this time delay issue using the nightside aurora.
Again, the time axis of the solar wind parameters was
shifted forward (add time) from 0 to 100 min with a 10
min increment. For each shift, we calculate correlation
coefficients for all six solar wind parameters, and the
result is shown in Figure 4. We have also divided the
entire data set into two subsets randomly and recalcu-
lated the correlation coefficients for different lag times;
the result is also shown as dotted and dashed lines in
Figure 4. Although all the correlation coefficients ap-
pear to be low, the difference between the subsets and
the entire data set is well <10%, indicating this result
is statistically significant. Basically, the correlation co-
efficient of all parameters do not change with the lag
time except for the z component of the IMF, which re-
veals a maximum anticorrelation (negative correlation
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coefficients) around 60 min. When the data set is di-
vided into two parts according to the polarity of the
north-south component of IMF, the time lag response.
for the solar wind speed changes. When the IMF B, is
northward, there is a minimum response around 40-50
min, while B, < 0, the response in solar wind velocity
maximizes at 50 min. Although the changes in cor-
relation for both cases are not significant (~12%), it
may suggest that under slow merging conditions (the
magnetosphere is almost always at least partly open)
the solar wind-magnetosphere is a direct driven system.
In a rapid merging condition, B, < 0, the solar wind-
magnetosphere is a loading-unloading system.

3.2.3. Effect of the Solar Wind Plasma and
IMF parameters. Figure 5 illustrates the response of
the nightside auroral power delayed by 60 min to the so-
lar wind and IMF parameters. Again, the vertical error
bars corresponding to 1 s.d. from the mean and the hor-
izontal error bars representing 1 s.d. are also provided
because of the use of an uneven size of bins. In general,
Figure 5 is consistent with the correlation result listed
in Table 2. As expected from the low correlation coeffi-
cient, the IMF B, does not show a systematic effect on

(a) All data (b) IMF B, > 0(c) IMF B, < 0
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Figure 4. Lagged cross-correlation analysis for six so-
lar wind plasma and IMF parameters and nightside
(60°-75° MLAT and 2000-0100 MLT) auroral power
variations for (a) entire data set, (b) B, > 0, and (c)
B, < 0. In each figure, the solid lines represent the
whole data set while the dotted lines and dashed lines
represent two randomly divided data subsets.



17,550

4 !

seloviassaay

Power (gigawatts)

10;(b) ; : : e

| FYSTYTERYS ERTSTRRTR INNRRUTEN FRRUURTINL

Power (gigawatts)
\]

s
e
e
>
e
)
-y
N
-
-

4 . . .
-5 0 5
By (nT)

. 16-(0) T T L ]
£ 12f .
z | & :
g 10¢ o ]
2 g P
g 5
& 5 E ]

4F %Em & ]
2 1 1 1
-5 0 5
B, (nT)

LIOU ET AL.: SOLAR WIND CONTROLLED AURORA

gid) ! T ! T "

_ 8F i :
i @
= St 3
87 i it t
2t 4 b T
<5 @‘ﬁ? %
4 5 T . ]

0 1 2 3 4 5 6
Solar wind pressure (nPa) '

T
2% f
2 7E 3
S0 ahn |
5 6f %%% ; ;
A 3

n_SE_ e E
4- - .

0 5 10 15 20 30

25
Solar wind density (cm™®)
14 (‘f)l T T T T T L 'J
i ]
e 12r 1
g
g 10r # ]
& | # ]
§ 8 — ] ] —
o _ ]
- 1
4k ]
30 35 40 45 50 55 6.0

Solar wind speed (100 km/s)

Figure 5. Response of auroral power in gigawatts in the midnight sector (60°-75° MLAT and ~—
2000-0100 MLT) to six solar wind plasma and IMF parameters.

the nightside aurora. The IMF B, has a minimal effect
on the nightside aurora for small values of |B,|. Al-
though the auroral power increases with the IMF |B,|,
it appears to be much brighter for By < 0. The average
total nightside auroral emission is well-predicted by the
IMF B, as one would expect. The auroral emission is
low and relatively independent of the strength of B, for
B, > 0, but it increases linearly with the magnitude of
the B, for B, < 0. The basal emission is estimated at
~3.5 GW (B, > 5 nT) and the slope for B, < 0 is ~2

GW/nT. The transition from positive B, to negative
B, is not step function-like; however, as one can see
from Figure 5c that the auroral emission starts increas-
ing slowly around B, = 2 nT. This result may suggest
that reconnection plays a dominant role in controlling

» energy coupling between the solar wind and the mag-

netosphere as predicted by the open model [Dungey,
1961]. However, the basal emission which is indepen-
dent of the orientation of the B, may be attributed to
a model in which the solar wind energy is delivered by
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the frictional solar wind flow, which enters the magneto-
sphere from the low-latitude magnetosphere boundary
layer via viscous interactions.

Among the solar wind parameters the solar wind dy-
namic pressure and density do not show a consistent and
systematic relation with the nightside aurora. Although
a sharp monotonic increase in the auroral power occurs
for the solar wind dynamic pressure below 2 nPa, this
correlation fails at higher pressures. The nightside au-
rora shows a trend of decreasing in power with the solar
wind density, but the majority of the measurements be-
tween 5-10 cm™3 stay unchanged (6-7 GW). Moreover,
we expect a similar trend on the auroral power for the
solar wind dynamic pressure and density because both
parameéters are highly correlated. A clear enhancement
of the nightside auroral power due to the increase of the
solar wind speed is shown in Figure 5e, as is expected
owing to a high-correlation coefficient given in Figure
4. However, the relatively large spread of the mean val-
ues (as also shown in Table 2) may cast a doubt about
this linear relationship. To further illustrate the solar
wind speed effect, we have plotted the nightside auroral
power, binned by regular bins of 1 nT in bin size, versus
the IMF B, for three different solar wind speed ranges
separated by V = 360 km s~! and V = 420 km s~!
in Figure 6. The dashed/dotted line representing the
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Figure 6. Respornise of auroral power in gigawatts

in the midnight sector (60°-75° MLAT and 2000-0100
MLT) to the z component of IMF for three different
solar wind speed ranges. '
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Figure 7. Response of auroral power in the midnight
sector (60°-75° MLAT and 2000-0100 MLT) to IMF
clock angle (solid lines). The dotted lines represent 2
times of IMF B, as a function of IMF clock angle.

low /high solar wind speed reveals the smallest/highest
power for all B, range except for B, > 6 nT, where un-
certainty is large. Interestingly, this increase in power
due to the increase of solar wind speed is approximately
linear for B, < 0 and non-linear for B, > 0.

3.2.4. IMF clock angle effect. Although the
nightside auroral power is strongly correlated with the
negative component of the IMF B,, a weak correla- -
tion with the IMF By shown in Table 2 indicates that
the nightside auroral power may be IMF orientation
dependent; that is , the relationship is not a simple
half-wave rectifier model. To show this dependence, we
have binned the nightside auroral power by the IMF
clock angle with 20° bins of equal size and the result is
shown as solid lines in Figure 7, where the error bars are
1 s.d. from the mean and the dotted lines show twice
the magnitude of the IMF B,. Normally, the IMF clock
angle is measured from the +2z GSM axis clockwise or
anticlockwise to the -z GSM axis without considering
the sign of the B,. Since the nightside aurora favors
negative B, conditions and in order to show the au-
roral response to different signs of IMF B, we have
separated the IMF clock angle for different signs of B,.
In Figure 7 one can see that auroral power shows min-
imal when the IMF clock angle is close to 0° and then
increases with the increase of the IMF clock angle from
either sign of B,. When B, is negative, auroral power is
larger than that when B, is positive but by only a factor
of ~15-20% on average. Since auroral power is linearly
proportional to the IMF |B,|, to further illustrate the
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Table 3. Correlation Coefficients of Nightside Auroral Power

Coupling functions 0 min 60 min References

B, -0.35 -0.50 Arnoldy [1971]

VB, -0.37 -0.52 Rostoker et al. [1972], Burton et al. [1975]
VBr 0.20 0.25 Doyle and Burke [1983]

V2B, -0.38 -0.53 Murayama and Hakamada [1975]
\@:5 0.07 0.07 Baker et al. [1981]

V Brsin(6./2) 0.39 0.53 Gonzalez and Mozer [1974]

V Brsin®(8./2) 0.44 0.60 Kan and Lee [1979)

V Brsin*(6./2) 0.46 0.63 Wygant et al. [1983]

V B%sin*(0./2) 0.43 0.55 Perreault and Akasofu [1978]
P2y B, -0.34 -0.47 Murayama [1982], Gonzalez [1990]
PY3V BZsin*(6./2) 0.38 0.54 Vasyliunas et al. [1982]

P8V Brsin*(6./2) 0.46 0.63 Vasyliunas et al. [1982]

By effect, we have also plotted the IMF |B,| in Figure
7 as dotted lines for a comparison. In general, the aver-
age IMF B, is about the same for the same IMF clock
~ angles of either sign of By. Actually, the total IMF B,,
summed by each bin, is slightly larger for 4+ B, than for
-B,.

3.2.5. Response Function. Many empirical so-
lar wind-magnetosphere energy coupling functions have
been proposed as a proxy of energy input [see, e.g., Va-
syliunas et-al., 1982, and references therein]. The most
often used energy proxies are geomagnetic indices, such
as the auroral electrojet current indices, AE (AU and
AL), measured on the ground [Maezawa, 1979; Mu-
rayama, 1982; Baker, 1986] and the cross-polar cap po-
tential measured at high altitude [Reiff et al., 1981].
Auroral particle energy precipitation directly measured
by DMSP satellite has also been used to fit a response
function, a combination of the IMF B,, and solar wind
speed [Brautigam et al., 1991]. In this section, we will
find a response function for the auroral power.

We start with making a list of the proposed cou-

pling functions and their correlation coefficients with-

the nightside auroral energy deposition in Table 3, where
6. is the IMF clock angle. Among the list, V Brsin(6./2)
is the magnetospheric electric field in the y — z (trans-
verse) plane [Gonzales and Mozer, 1974] as well as
V Brsin?(./2) [Kan and Lee, 1979); V B%sin(6./2) is
proportional to the energy coupling function, €, pro-
posed by Perreault and Akasofu [1978] with the assump-
tion that energy coupling is through the exchange of
magnetic energy flux; P1/3V BZsin(6,/2) and P}/%V Br
sin*(./2) are two alternatives of the energy coupling
function with the assumption that the amount of en-
ergy which is transferred from the solar wind to the
magnetosphere is proportional to the amount of solar
wind kinetic energy that is intercepted by an energy
“collection” region on the magnetopause [ Vasyliunas et
al., 1982; Bargatze et al., 1986]. From Table 3 one can
see that correlation coefficients at the 60 min lag are
always higher than those at the zero lag. This is due
mainly to that the IMF B, correlation coefficient peaks
around the 60 min time lag. If we use the correlation

coefficient of 0.5 as a landmark given by B, at the 60
min lag, we can see that the correlation is slightly higher
when B, is combined with the solar wind speed (r =
0.52) and the square of solar wind speed (r = 0.53). The
east-west component of solar wind electric field, V B, is
much better correlated with the nightside aurora than
the transverse component of solar wind electric field,
V Br. This is because the aurora is less correlated with
the y component of IMF than the z component of IMF.
Therefore a functional dependence on the IMF clock
angle, sin™(6./2), where n = 1, 2, 3, and 4, is often
used. These correlation coefficients are also listed in
Table 3, and the results are all improved. The Per-
reault and Akasofu’s [1978] energy coupling function,
€ ~ V B?sin*(6./2), is found to be less correlated with
the nightside aurora (r = 0.55) than is to the solar wind
electric field (r = 0.63). When an additional pressure
term is added [Bargatze et al., 1986], the correlation co-
efficient for all transmission functions is not improved.
This indicates that the solar wind dynamic pressure
does not evidently contribute to the nightside auroral
activities in our surveyed data set.

A general energy coupling function was derived by
Vasyliunas et al. [1982] on a theoretical basis and can
be expressed as ~ pV3LZpF(M3,0.), where p is the
solar wind density, V is the solar wind speed, M4 =
\/4mpV?2 /B2 is the solar wind Alfven Mach number,
(Mp/4npV?)!/¢ is the Chapman-Ferraro scale
length, and Mp is the Earth’s magnetic dipole moment.
This form can be simplified as P?/3~*V B2*G(6.) if one
takes F(M3,0.) = M;>*G(6.), where G(6.) is only a
function of the IMF clock angle and « is the power law
index. If we further assume that G(6.) = sin™(6./2),
where n = 0, 1, 2, 3,..., then we can determine the two
free parameters, a and n, by finding the largest corre- .
lation coefficient and the smallest absolute fitting error.
The result is shown in Figure 8, where solid contours
correspond to the correlation coefficients and dashed
contours correspond to the average absolute errors from
the linear regression. It is interesting to see that the cor-
relation coefficient is about the same for different pow-
ers of sin(6./2) except for n = 1, which shows a local

Lep =
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Figure 8. Parametric least squares fit of the nightside
auroral power to a solar wind-magnetospheric coupling
function, P?/3-2V B2*G(0.), where G(.) = sin"(6./2)
is a function of IMF clock angle, 6., solid contours cor-
respond to the same correlation coefficients, and dashed
contours correspond to the same total absolute errors
of the fit.

minimum. Even with G(6.) = 6. the correlation coeffi-
cient is close to the maximum value for a given a. The
change in correlation coefficient with a is more sensitive
than that with n. The best regression occurs when the
correlation coefficient is the highest and the total abso-
lute fitting error is the lowest. However, in this case,
these two extremes are not convergent at the same pa-
rameter regime. Therefore we determine the optimum
parameter based on the overlapped area, which occurs
at about o = 1/3 and n = 3 for a maximum correlation
coefficient of ~0.65.

4. Discussion

Before we proceed to the discussion, we want to point
out that the standard deviation is much larger for the
sample than for the mean; therefore instantaneous cor-
relation coefficient is much lower. This poor result may
be mainly due to an inaccurate estimation of the solar
wind plasma and IMF parameters at the ionosphere as
discussed in section 2. Although dayside aurora is fre-
quently observed in the afternoon, its transient feature
(about a few minutes) may cause a problem for a correl-
ative study with a 5 min temporal resolution like ours
(actually, the UVI images used in this survey have 36
s integration time but are separated by about 5 min).
Statistical studies with a time resolution of about 1 min
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or better are necessary in order to acquire a better re-
sult. One reason could be internal magnetosphere dy-
namics. It has been reported that substorms can occur
during intervals of steady IMF B, and B, components
[Horwitz, 1985]. Apparently, auroral activities associ-
ated with this kind of event do not show any response

to the solar wind conditions.
It has been reported that postnoon aurorae appear

statistically to be most intense in the 1500 MLT re-
gion [Newell et al., 1996b; Liou et al., 1997b] and are
collocated with the statistical maximum region 1 up-
ward field-aligned currents [lijima and Potemra, 1976].
Several studies have shown that the occurrence of af-
ternoon arcs is strongly dependent on the existence of
a negative B, component [Murphree et al., 1981; Vo
and Murphree, 1995; Karlson et al., 1996] but is not
significantly dependent on the IMF B, component [ Vo
and Murphree, 1995]. Our results do show an increase
in the total auroral power not only as the IMF By be-
comes more negative but also as the IMF B, becomes
more positive. The z component of the IMF showed
a similar effect on the afternoon aurora with the IMF
B,. This may seem to contradict the previous results
if one considers that the LBH-long aurorae detected by
the UVI imager represent bright, enhanced auroral arcs
only. As a matter of fact, diffuse aurorae can be easily
detected by the UVI imager and they can sometimes
contribute a major part of the emission in the after-
noon sector of the auroral oval. However, we believe
that the strong IMF dependence of the afternoon auro-
ral power found in this study should mainly reflect the
total auroral emission from discrete arcs because dif-
fuse aurorae are persistent and quite stable. Besides,
there is not much diffuse aurora at 1500 MLT because
electrons drift from nightside toward dawn. Enhanced
dayside auroral arcs are usually associated with an en-
hanced upward field-aligned current and a strong con-
vection reversal in the ionosphere. The duskside con-
vection cell is found to be more crescent shaped for IMF
By < 0 than for IMF By > 0 [Ruohoniem: et al., 1996].
As a result, stronger upward field-aligned currents and
therefore more intense electron precipitation are gener-
ally expected. It has been suggested that the IMF B,
may partially “penetrate” into the inner magnetosphere
on the dayside [e.g., Cowley et al., 1991; Newell et al.,
1995]. Wing et al. [1995] reported that the y component
of the IMF can partially penetrate the Earth’s magnetic
field at all local times. At local noon, this penetration
was estimated to be ~30% at geosynchronous orbits.
This partial penetration of the IMF on the dayside may
be responsible for this effect. Since the penetration is
expected to be stronger away from the geosynchronous
altitude, we expect a none zero curl of the By in the z
direction. If IMF By > 0, a southward interhemispheric
field-aligned current (into the northern hemisphere) is
expected to support this magnetic shear, while if IMF
By < 0, a northward interhemispheric field-aligned cur-
rent (out of the northern hemisphere) will be produced.
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If the southward field-aligned current created by a neg-
ative IMF B, is associated with electron acceleration
events or is strong enough (many soft electron precipi-
tation), a brighter dayside aurora will be produced.

Although dayside aurorae are often reported brighter
during negative IMF B,, we found the afternoon auroral
output increases with the IMF B, magnitude as well,
and actually, the brightest auroral output occurs when
the IMF B, is large (see Figure 2). The correlation of
the afternoon aurora with positive B, has never been
reported. It may. suggest a different mechanism which
provides a source of precipitating electrons in the after-
noon sector. We suggest that the antiparallel merging
[Crooker, 1979], in particular in the high-latitude region
where the Earth’s magnetic field lines have footprints in
the afternoon region, may be responsible for this IMF
B, effect. The Earth’s dipole magnetic fields, when
viewed from the north pole in space, are convergent to
the center of the Earth. On the duskside, the Earth’s
magnetic field lines point toward the -y direction and
hence favor positive IMF B, for antiparallel merging.
In addition, the IMF B, and the IMF cone angle de-
pendencies may substantiate the antiparallel merging
model responsible for the creation of the afternoon au-
rora. According to our results, a southward component
of the IMF generates more aurorae than a northward
IMF in the afternoon. This is consistent with the pre-
diction from reconnection model due to a larger inflow
rate near the subsolar point for a more efficient recon-
nection. Furthermore, a toward orientation of the IMF
generates a brighter aurora than an away IMF. This
implies a high-latitude reconnection, probably in the
plasma mantle where the Earth’s magnetic fields point
toward the Sun, and therefore favor negative IMF B,
for antiparallel merging.

Dayside auroral activities are generally considered as
a consequence of a transient and patchy reconnection
proposed by Berchem and Russell [1984] and Kawano
et al. [1992] or a result of an increase in solar wind
energy and momentum transfer in the magnetosphere
boundary layers due to viscous interaction proposed by
Sonnerup [1980]. On the basis of this study result, af-
ternoon aurorae show a weak dependence on the solar
wind speed and dynamic pressure but a strong depen-
dence on the orientation and the magnitude of IMF and
the solar wind electric field, indicating that afternoon
aurorae are most likely powered by the solar wind emf
due to reconnection in addition to other internal iono-
spheric/magnetospheric dynamics.

Many early correlative studies have indicated a strong
correlation between the southward component of the
IMF and geomagnetic disturbances in the high-latitude
region [Arnoldy, 1971; Meng et al., 1973], and many
studies have also suggested a better correlation when
the IMF B, is combined with the solar wind speed [Ro-
stocker, 1972; Murayama and Hakamada, 1975; Baker
et al., 1981]. Although it is impossible to make a quanti-
tative comparison between studies with different proxies
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of energy input, our statistical results suggest a similar
relationship between the auroral power in the midnight
sector and the interplanetary quantities. For example,
our results indicate that the IMF B, and the solar wind
speed are the two most important parameters which
control the nightside aurora, but, in general, the trans-
verse component of the solar wind electric field, V' x B,
yields a better correlation, so it appears that the so-
lar wind speed dependence is at least partly due to the
reconnection. Our results also show a smooth transi-
tion from positive IMF B, to negative IMF B,. This
transition can be approximated by a sine function of
the IMF clock angles as suggested by many theoret-
ical works [Gonzalez and Mozer, 1974; Perreault and
Akasofu, 1978; Kan and Lee, 1979] and statistical stud-
ies [Bargatze et al., 1986; Scurry and Russell, 1991].
Many previous works on magnetic disturbances have
also found that a peak response of the activity was usu-
ally found to occur 40-60 min after the IMF B, due
south, and this delay response was often used to in-
fer a loading magnetosphere. Our results suggesting an
average of 60 min delay time for the nightside aurora
certainly support the loading-unloading model of the
magnetotail. Since our calculation of the time delay for
the nightside aurora power is based on the assumption
that reconnection that triggers nightside aurora process
occurs mainly at the subsolar magnetopause. Generally,
this assumption is true for small IMF B, only. Antipar-
allel merging may occur at high-latitude magnetopause
when the IMF By is large and in the nightside man-
tle area for a northward IMF condition. If this kind of
merging can contribute the nightside aurora, then the
actual lag time will be shorter. We estimate the error
in the response time associated with the high-latitude
antiparallel merging is about a few minutes, compara-
ble to the temporal resolution of the UVI images. As
the merging site goes to the nightside in the plasma
mantle, the error increases to a point that solar wind
plasma may not be able to propagate along the opened
file lines to the ionosphere because of a large flow shear.

In addition to the above results, we have also found
an asymmetry response of the nightside auroral power
to the IMF B,, and it has never been quantitatively
identified before. For negative By, an average of 15-
20% increase in the auroral power over the positive B,
was observed, and it is not dependent on the IMF clock
angles. It has been reported that the east-west com-
ponent of the IMF strongly influences the dayside au-
roral morphology [Sandholt et al., 1986; Karlson et al.,
1996]. The degree of IMF B, control of the nightside
aurora is less clear. This interesting finding may add
important information to our knowledge of the way so-
lar wind-magnetosphere-ionosphere interacts and may
lead to interesting results. For example, auroral sub-
storms are more intense and more frequent for B, > 0
than for B, < 0 at least as observed in the northern
hemisphere, and in a garden hose structure of the IMF,
auroral substorms are more intense and more frequent



LIOU ET AL.: SOLAR WIND CONTROLLED AURORA

for a toward orientation than for an away orientation of
the IMF.

Similar to the dayside aurora, this By effect on the
nightside aurora may be related to the nightside iono-
spheric convection flow which also exhibits a B, de-
pendence. Ruohoniemi and Greenwald [1995, 1996] re-
ported that the dusk convection cell tends to shrink its
size into a crescent shape for negative By and therefore
increases its curvature (vorticity). The plasma flow in
the dusk cell moves in a direction such that field-aligned
currents are drawn out, of the ionosphere. Therefore an
increase in vorticity due to negative By will result in an
increase in the upward field-aligned currents and auro-
rae. This B, effect must be associated with reconnec-
tion, whereby solar wind electric field is mapped along
the open field line to the nightside auroral region. A
possible evidence of this is the observation of the pene-
tration of the IMF B, into the nightside magnetosphere
reported by Lui [1984] and Wing et al. [1995]. Since
the degree of the IMF penetration decreases away from
the geosynchronous orbits, an interhemispheric upward
field-aligned current drawn from the nightside northern
ionosphere should be expected [Stenbaek-Nielsen and
Otto, 1997]. This increase in the upward field-aligned

~current may consequently enhance the dusk convection
cell and auroral arcs in the premidnight sector.

According to our correlative analysis, nightside auro-
rae are correlated better with the solar wind quantities
than dayside aurorae. This may be because nightside
auroral activities, such as auroral substorms, have a
longer timescale (about 1 hour) than the dayside ac-

© tivities, which generally have a characteristic timescale
of 1-10 min and which is comparable to the 5 min tem-
poral resolution of our data set. The best correlation
coefficient is found to be 0.65 when the auroral power
is lagged by 60 min and fit by PY/3VBZ/3sin3(6,/2),
on the basis of a theoretically proposed solar wind-
magnetosphere coupling function [ Vasyliunas et al., 1982].
However, this response function may not be unique
because other forms, such as P/8V Bpsin*(6./2) and
V Brsin*(6./2) give a similar result (r = 0.63), and we
feel the latter one should represent a better fit to the
nightside auroral energy input because it consists 3 pa-
rameters instead of 4.

Other factors may affect the nightside aurora as well.
For example, it has been recently reported that night-
side aurora are strongly influenced by the ionospheric
conductivity [Newell et al., 1996; Liou et al., 1997b]. To
test the ionospheric conductivity effect, we simply di-
vide our database by two, before and after June 1, and
perform the same correlation analysis. We found that
the June-July data set gives a lower-correlation coeffi-
cient (r = 0.57) compared to the March-May data set (r
= 0.69). The afternoon aurora also shows a relatively
lower-correlation coefficient (r = 0.28) for the summer
season than for the spring season (r = 0.45) when cor-
related with the solar wind electric field. The small-
correlation coefficient in the summer season is consis-
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tent with the concept that the increase in ionospheric
conductivities due to sunlight takes some control in the .
production of dayside and nightside aurora.

5. Summary and Conclusion

Total energy deposition rate from precipitating elec-
trons in the northern auroral region inferred by the Po-
lar ultraviolet images at the LBH-long band has been
derived to study the response of the dayside/nightside
aurorae under various solar wind plasma and IMF con-
ditions. Although subject to large uncertainty, our sta-
tistical results indicated that dayside aurorae in the
1300-1800 MLT region have the following characteristics
in terms of the solar wind plasma and IMF conditions:

1. The solar wind dynamic pressure, density, and
speed do not significantly affect the total intensity of
the afternoon aurora.

2. Enhancement of the afternoon aurora appears for
a large-transverse component of the IMF and for an
away component of the IMF B, from the Sun.

"~ 3. Afternoon aurorae are more active at large IMF
cone angles than at small IMF cone angles but with a
peak around 100°.

4. The transverse component of the solar wind elec-
tric field, V x B, presents a best fit to the total intensity
of the afternoon aurora.

Our results suggested that “intense” dayside auro-
rae are most likely powered by solar wind electric fields
which enter the magnetosphere via field line reconnec-
tions at various locations where the Earth’s magnetic
footprints are connected to the postnoon area. It is also
suggested that the negative By effect may be caused by
the partial penetration of the IMF B, into the dayside
closed magnetic field. :

The nightside aurora showed a different response to
the solar wind and IMF conditions from the afternoon
aurora. We can summarize our results as follows:

1. The nightside aurora shows a maximum response
to the z component of the IMF when it is lagged by 60
min.

2. Nightside auroral intensity is strongly controlled
by the IMF B, polarity. When B, < 0, the average pre-
cipitation power is approximately linearly proportional
to the magnitude of the B, with a slope of 2 GW/nT.

3. A higher nightside auroral intensity was observed
for By < 0 than for By > 0 in this northern hemisphere
database.

4. Nightside auroral intensity is approximately lin-
early controlled by the solar wind speed.

The 60 min maximum response lag time may indi-
cate that a mechansim of loading-releasing solar wind
energy controls the nightside aurora. The strong IMF
B, effect supports the general concept that auroral ac-
tivities are highly correlated with geomagnetic activi-
ties. The negative B, effect can be explained by the
partial penetration of the IMF B, if the discrete au-
rora is a consequence of upward field-aligned currents.
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The response function for nightside aurora is best rep-
resented by V Brsint(6./2) with r = 0.63, although a

fit to P/ 3VB§/ 3sin3(6,/2) gives a lightly better corre-
lation coefficient of 0.65.
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