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Preface 
 
The parameterizations of the ion convection and the auroral oval in the National Center 
for Atmospheric Research (NCAR) Thermospheric General Circulation Models (TGCMs) 
were finished in 1989, with a written report finished on April 11, 1989 labeled ‘Draft for 
NCAR Technical Report’ (TR) and the same title (except for the word ‘Models’ in this TR 
instead of ‘Model’).  The author list also changed slightly with the substitution of Rich for 
Gussenhoven to represent the Air Force Research Laboratory (AFRL). However, it took 
23 years to move this report into an actual NCAR TR.  Over that time, some of the 
parameterizations were revised, and the report only existed as a hard-copy, with no 
chance of recovering the software or data to revise the plots.   
 
Thus this 2012 TR is essentially that old 1989 report, where updates are in italics, 
including Section 6 on ‘Updates to the parameterizations’.  All different plot versions as 
well as the ‘Extra Figures’ at the end of the original report are now placed within the 
body of the report since a TR can be relatively lengthy. The plots are unchanged and thus 
are of poor quality, although some of the text around the plot axes was revised to be more 
readable.  Equations were added for parameterizations, numbered, and cross-referenced 
with accompanying figures in Table A of the Appendix.  Subsections were introduced in 
Sections 2 and 3, and the content of Section 3 was re-arranged.  In spite of poor figures, 
it was important to regularize the parameterization of the high-latitude inputs for the 
various NCAR TGCMs as an official document.  Hence this belated TR. 
 
My apologies to my co-authors for such a long wait on this report.  I had intended to do a 
TR and then a regular scientific article.  Now, just the TR is accomplished, and a 
scientific article will appear on our future revised TGCM parameterizations based on 
new data sources.  The Heelis ion convection is still used and described in this report, but 
it is often replaced with the Weimer [2005] ion convection.  The auroral 
parameterization is essentially the same as described here, with a simplified mean 
electron energy described in Section 6 and Table A of this report.  However, we will be 
revising the aurora with a parameterization based on image data between 2002 and 2007 
from the GUVI (Global UltraViolet Imager) instrument onboard the TIMED 
(Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics) satellite. 
 
The major URL describing the various NCAR TGCMs in use is located at 
http://www.hao.ucar.edu/modeling/tgcm/ which includes various documentation on the 
models. 
 
Signed: Barbara A Emery     Dated:   29 June 2012 
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Abstract 

The ion convection and auroral precipitation are important inputs to the global 
thermospheric energy and momentum balance.  In the NCAR TGCM, they are described 
by analytical models whose characteristics are specified by three parameters:  total polar 
cap potential drop Ψ, IMF By component, and hemispheric power input HP.  The 
characteristics of the ion convection model are determined from electric potential patterns 
derived from ionospheric electrodynamic mapping on 3 days using incoherent scatter 
radars, satellites and magnetometers.  These characteristics are sorted in By and 
compared with various models that have been described in the literature.  NOAA and 
DMSP satellite electron precipitation data over 20 days have been averaged to specify the 
characteristics of the auroral precipitation.  The relationship of hemispheric power to 
other parameters is explored.  Finally, a specific period is examined and the 
parameterization is adjusted to fit the observations.  Updates to the parameterizations 
since 1989 are then described in the section 6 before the Conclusions.  All 
parameterizations, original and 2012 values, are listed along with cross-referenced 
equation and figure numbers in Table A of Appendix A. 

 
1. Introduction 
 

Ion convection and auroral particle precipitation are important magnetospheric 
sources of heat and momentum into the high-latitude thermosphere and ionosphere.  As 
such, they are critical inputs to general circulation models of the thermosphere and 
ionosphere such as the three-dimensional Thermosphere General Circulation Model 
(TGCM) developed at the National Center for Atmospheric Research (NCAR) by 
Dickinson et al. [1981].  This auroral and convection parameterization study was 
completed in 1989, but later TGCMs were developed using this parameterization such as 
the Thermosphere-Ionosphere GCM (TIGCM, Roble et al., 1988), the Thermosphere-
Ionosphere Electrodynamics GCM (TIE-GCM, Richmond et al., 1992), and the 
Thermosphere-Ionosphere-Mesosphere Electrodynamics GCM (TIME-GCM, Roble and 
Ridley, 1994).  In this study, we will attempt to parameterize these inputs for the NCAR 
TGCM in terms of only three parameters.  The parameters chosen are the total polar cap 
potential drop Ψ, the Interplanetary Magnetic Field (IMF) component in the dawn-dusk 
direction By, and the hemispheric power input HP. 

Axford and Hines [1961] were among the first to suggest that the ion convection 
imposed by the magnetospheric forcing should be important in the thermosphere.  Wind 
measurements from ground-based Fabry-Perot interferometers (e.g. Nagy et al. [1974]) 
and rocket vapor trails (e.g. Rees [1981]) showed winds which were consistent with 
magnetospheric sources.  These sources were recognized to be due to auroral particle 
precipitation and magnetopsheric convection electric fields.  Later studies of the neutral 
temperature and winds (e.g. Roble et al. [1983] and Thayer et al. [1987]) confirmed this.  
Magnetospheric sources were gradually incorporated into various analytical models (e.g. 
Cole [1971], Dickinson et al. [19781], Mayr and Harris [1978]). 

The three-dimensional TGCM developed at NCAR by Dickinson et al. [1981] 
first included high-latitude plasma convection [Roble et al., 1982] using patterns 
proposed by Volland [1975, 1978, 1979].  Later studies [Emery et al., 1985] incorporated 
the more complex convection model proposed by Heelis et al. [1982] which was later 
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modified to produce asymmetric cells with respect to the center of the pattern [Hairston 
and Heelis, 1990].  The auroral particle precipitation used in the model has been 
described by Roble and Ridley [1987] and will be expanded upon in the present study. 

The relative placement of the particle precipitation and the ion convection pattern 
determine the important Joule heat and momentum sources.  The auroral particles 
enhance the Pedersen conductivity with extra auroral ionization and the relative ion and 
neutral velocities determine the frictional drag between the ions and neutral.  In this paper, 
the primary source of ion convection are potential patterns from the mapping technique 
of Richmond and Kamide [1988] while the auroral oval is determined from NOAA and 
DMSP satellite electron precipitation measurements.  Although we have three days of 
overlap in our data sets, we will approach the question of the relative placement of 
ionization and convection on a statistical level.  By combining our data sets with 
correlative IMF data, we can parameterize the characteristics of the ion convection and 
auroral particle precipitation in terms of a small number of variables. 

 
2. Electric Potential Patterns 
2a. Model and Cross-tail Potential Drop 
  The ion convection is derived from the gradient of the electric potential.  Various 
potential or convection patterns have been described as a function of the Interplanetary 
Magnetic Field (IMF) in the dawn-dusk direction By and plotted in terms of magnetic 
latitude and local time (e.g. Heelis [1984], Foster [1987], Heppner and Maynard [1987], 
Banks et al. [1984], Friis-Christensen et al. [1985], de la Beaujardière and Wickwar 
[1985], de la Beaujardière et al. [1986]).  Potential patterns have also been derived using 
magnetometers, incoherent scatter radars and electron precipitation data from satellites 
[Richmond et al., 1988; Knipp et al., 1989] using the Assimilative Mapping of 
Ionospheric Electrodynamics (AMIE) technique defined by Richmond and Kamide [1988] 
and Richmond et al. [1990].  All of these patterns are analyzed in terms of the parameters 
of the potential model described by Heelis et al. [1982] and Hairston and Heelis [1990]. 
  The model potential is described in terms of a simple two-celled pattern where the 
potential minimum and maximum, Ψn and Ψx, lie on a circle of convection reversal 
radius, θo.  The magnetic local time location of the zero potential on the dayside and 
nightside of this circle is given by Φd and Φn.  The potential falls off at some exponential 
rate r1 equatorward of the convection reversal boundary as defined at the end of this 
section.  The IMF Bz positive pattern, which shows sunward flow within the polar cap 
(e.g. Frank et al. [1986] and Heppner and Maynard [1987]), and the Harang discontinuity, 
are not represented with this model.  However, the physical extent of the two potential 
cells in the polar cap can be varied by specifying the potential at the center of the circle, 
So, allowing a representation of observed IMF By differences. 
  The variables in the Heelis model are parameterized in this paper in terms of only 
two critical parameters:  the polar cap potential drop Ψ in kV and the IMF By in nT.  The 
IMF By measurements are averaged over one hour or 10 minutes in this study.  The polar 
cap potential drop is determined either from the AMIE technique or from the Crooker 
compression formula VBQ1 of Reiff and Luhmann [1986].  Figure 1 is a plot of the polar 
cap potential drop from the VBQ1 formula using hourly averages of IMF and solar wind 
data and hourly averages of the potential determined every 10 minutes from the AMIE 
procedure for January 18-19, 1984 and September 19, 1984 [Richmond et al., 1990; 
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Knipp et al., 1989] where both data sets are available.  The potential from the VBQ1 
formula is filtered over three hours to allow the ionosphere to remember past conditions 
as recommended by Reiff [private communication, 1986], where the final potential is 57% 
of the potential of the present hour, 29% of the past hour, and 14% of the hour before that. 
 

 
 
Figure 1. Scatter diagram of the cross-tail potential determined from hourly averages of 
IMF parameters using the VBQ1 formula and 1 hour averages of the cross-tail potential 
deduced by the AMIE (Assimilative Mapping of Ionospheric Electrodynamics) technique 
for periods where there are available IMF data for January 18-19, 1984 and September 
19, 1984. The linear fit and correlation coefficient relating the two methods is also 
included. 
 
  The points indicate that the AMIE procedure potentials are lower than the potentials 
deduced from the solar wind data, as has been previously noted for the January 1984 
period by Richmond et al. [1990].  In Figure 1, the AMIE points need to be increased by 
about 40% to equal the polar cap potential drops deduced from the IMF parameters.  The 
AMIE potentials could change in the future as more data sources are added and the 
conductivity patterns are refined.  Meanwhile, we will give formulae in this study in 
terms of AMIE potential drops and IMF potential drops. 
  The AMIE potentials can be low for two reasons [Richmond et al., 1990].  First, the 
initial guess for the potential pattern is based on averaged Millstone Hill radar data 
[Foster et al., 1986].  The averaging procedure reduces the magnitude of the ion drifts and 
hence the total potential drop, so the first guess is low.  In areas of little data, this first 
guess is dominant.  The second reason is that the statistical patterns of Hall conductivities 
used in the AMIE procedure are broader than individual satellite passes of electron 
precipitation data would indicate.  Conductivities which are too large will combine with 
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magnetometer data to produce electric fields which are too small, and hence lead to 
smaller potential drops. 
  

 
Figure 2. Potential patterns in kV and ion drift speeds deduced at 0000 UT on September 
19, 1984 using (a) the AMIE technique and (b) converting the AMIE pattern to an 
analytical representation of the Heelis model. 
 
  Figure 2a is a plot in magnetic coordinates of the electric potential derived by 
Knipp et al. [1989] for 0000UT on September 19, 1984.  Figure 2b restructures this 
potential in terms of the parameters of the analytical Heelis model [Heelis et al., 1982; 
Hairston and Heelis, 1990].  The center of the potential pattern and its radius θo are 
determined by finding the minimum and maximum potentials along three imaginary 
satellite tracks through the magnetic pole.  We chose the tracks along 4-16 MLT, 6-18 
MLT and 8-20 MLT because they are likely to bracket the absolute minimum and 
maximum potentials Ψn and Ψx.  The perpendicular bisector of the line connecting the 
minimum and maximum potentials along each track is found in spherical coordinates and 
the intersection of the bisector with another bisector from another track determines the 
center of the pattern.  The convection reversal radius θo is one-half the angular distance 
between the minimum and maximum potentials.  Three tracks can be combined in three 
different ways to find a center and a radius.  The dayside entrance and nightside exit of 
the ion convection, Φd and Φn, are the MLT locations of the zero potential found at a 
distance θo from the center.  The fall-off rate r1 of the potential equatorward of the 
reversal region is averaged in the dawn and dusk regions over the latitude range where it 
is relatively constant. 
 
2b. Convection Reversal Radius and Center Location 
  Figure 3 is a plot of the convection reversal radius θo as a function of the AMIE 
polar cap potential drop Ψ for plots a-c, while Figure 3d shows the hourly averaged 
convection reversal radius θo from perpendicular bisectors of AMIE convection patterns 
plotted against the IMF VBQ1 polar cap potential drops.  All Bz conditions are 
represented in Figures 3c and d to improve our statistics since sorting by Bz in Figures 
3a and b did not appear to change the results.  The letters represent values from various 

(a)          84263 0000UT to 47.5N        Vi (m/s) and electric potential (CP=27.5kV)         (b)      
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Bz negative and positive potential patterns found in the literature and other sources which 
are defined in Table 1.  The ‘+’ and ‘-‘ signs on the symbols refer to By positive or 
negative patterns.  We have not compensated for possible low AMIE potentials because 
the other methods are also subject to lower polar cap potential drops than those defined 
by IMF data.  (e.g. Satellite passes only pick up the potential drop across the track and 
not across the polar cap, and ion drift averages reduce the values of the extremes and 
hence lower the total potential drop.)   

    
 

 
 
Figure 3. Convection reversal radii deduced from AMIE potential patterns as a function 
of total polar cap potential drop on January 18-19, 1984 and September 19, 1984 for (a) 
all Bz negative, (b) all Bz positive, (c) all Bz conditions and (d) all Bz conditions with 
hourly IMF VBQ1 potential drops. The letters (see Table 1) represent the relationships 
found from various Bz patterns published in the literature. The ‘+’ and ‘-‘ signs on the 
literature symbols refer to the sign of By. 
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Siscoe [1982] suggested a least squares fit curve with a Ψ3/16 dependence as  

  θo(deg) = -3.19 + 7.79Ψ3/16  (from Siscoe [1982])   (1) 

where the convection reversal radius θo is 8.8 degrees and 15.3 degrees for potential 
drops Ψ of 10kV and 100kV, respectively.  Thus, we calculate similar Ψ3/16 dependences 
which are shown as well as straight line fits.  The multiple correlation coefficients are 
similar, indicating that there are not enough data to choose a power law of a particular 
form.  Visually, the 3/16 power law appears to do better at the extremes.  The equations 
for both curves in Figure 3c for all Bz can be written as: 

  θo(deg) = 11.40+0.063Ψ (AMIE)      (2) 

   θo(deg) = max[10,-1.92 + 8.10Ψ3/16(AMIE)]     (3) 

where 10 degrees was estimated as the minimum radius based on Figure 3b where the 
minimum AMIE radius under conditions of positive Bz was 12 degrees during January 
and September 1984.  The values of θo derived from the literature as a function of polar 
cap potential drop lie within the values derived from the AMIE patterns, except possibly 
the radii suggested by Heppner and Maynard [1987] for Bz positive conditions are a little 
large.   
 
Table 1:  List of By-Dependent Potential and Convection Patterns 

 
Where B is not given by the authors, values of +/-5 nT are assumed.  Centers, 
radii, Φd and Φn are found graphically in the same manner as described in the 
text for AMIE potentials. If Ψ is not given, values of 71 kV and 34 kV are 
assumed for Bz negative and positive, respectively. Subscripts of -, 0, and + 
on the symbols indicate the sign of By or Bz. The 'M' symbol refers to the 
'strong' Bz positive patterns of Heppner and Maynard [1987]. 

 
Symbol Source    Comments 
r   Foster [1987]    15-30 days Millstone and Sondrestrom ISR 
m,M   Heppner and Maynard [1987] 385 DE-2 orbits Bz <0, Bz > 0 
G   Friis-Christensen et al. [1985] 70 days Greenland magnetometers 
2   Heelis et al. [priv. comm., [1988] 1338 (N.H.) DE-2 orbits ave ion drifts 
S   Heelis et al. [priv. comm., [1988] 1471 (S.H.) DE-2 orbits ave ion drifts 

 
  When we considered hourly averages of the reversal radius θo plotted against the 
VBQ1 formula for the polar cap potential drop using hourly averages of IMF parameters, 
the relationships found were: 

  θo(deg) = 10.4+0.055Ψ (IMF)       (4) 

  θo(deg) =  max[10,-3.80 + 8.48Ψ3/16(IMF)]     (5) 

A reversal radius of 16 degrees is represented by an IMF potential drop about 32% larger 
than the AMIE potential drop, similar to the results of Figure 1.  The Ψ3/16 curves in 
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Figures 3d and 3c are about 1 and 2 degrees larger, respectively, than that given by 
Siscoe [1982], and confirmed by Hairston and Heelis [1990] for satellite dawn-dusk ion 
drift measurements in their Figure 5.  The higher values of θo in this study are primarily 
due to the fact that orbit tracks usually miss the actual minimum and maximum potentials 
and so see a lower Ψ and shorter θo assuming the radius of convection is a circle. 
  IMF data were available half the time for the three days of Northern 
Hemisphere(NH) AMIE potential patterns in 18-19 January and 19 September 1984.  Of 
course the following statistical analysis could be improved with the large number of 
AMIE potential patterns that are now available, including 1991-2002 1-minute AMIE 
patterns by Aaron Ridley of the University of Michigan at http://amie.engin.umich.edu, 
but this was the extent of our AMIE patterns in 1989 that were used to define the aurora 
and convection parameterizations in the various TGCMs.  The variables of the Heelis 
model, such as center location and potential or Φd and Φn which were derived from the 
AMIE potentials, were sorted in By, where By were averaged over 10 minutes.  The sign 
of By was required to be constant over the present and past 10 minute values to allow for 
a 10 minute lag time between the satellite measurements and effects in the ionosphere 
[Greenwald, private communication, 1988].  There were no apparent differences in Bz 
positive or negative periods, so all Bz were considered in order to improve the statistics.  
Straight lines were fit to the data which were weighted by the inverse square of the 
difference from averages which were computed in bins of 2nT in By.  The averages for 
By positive did not change much beyond 7 nT, so fits were made up to +7 nT in By.  It is 
assumed that the fits are good between -11 nT and +7 nT, beyond which values are 
constant in the parameterization.  It is possible that there are greater effects with larger 
By negative values, but our data set only encompassed -11.25 nT to +11.50 nT. 
 

  
 
Figure 4. Scatter plots of the location of the center of the potential pattern with respect to 
the magnetic pole for (a) -4 nT<By<0 nT and (b) 0 nT<By<4 nT. Axes are offsets 
positive towards noon and towards 6 MLT so is similar to a polar projection of the polar 
cap. The ‘A’ marks the location of the average center.  
 

(a) -4<By<0    1984:  x Jan 18-19,  o Sep 19 

 

(b) 0<By<4    1984:  x Jan 18-19,  o Sep 19 
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  The location of the center of the potential pattern is usually characterized by an 
offset towards the nightside from the magnetic pole as shown in Figure 4. This can also 
be described as some displacement in the noon-midnight direction θ24, positive ‘towards 
midnight’, although midnight is a MLT and not a location.  The displacement in the 
dawn-dusk direction θ18, is described as positive ‘towards 18 MLT’ or towards the 
duskside.  We sorted our convection center locations in By because there is some reason 
to believe that By conditions will affect the dawn-dusk placement.   

Figures 5a and b plot the 10 minute averages of By against the location of the 
Northern Hemisphere AMIE convection center described in terms of two offsets from the 
magnetic pole.  Values from the literature are also shown for comparison, where here the 
‘+’ and ‘-‘ signs on the letters refer to the sign of Bz.  The noon-midnight offset is often 
an integer since the distance between the minimum and maximum potentials is a multiple 
of 2 degrees.  Average values are 1.8 degrees towards 2300 MLT for 138 By negative 
centers and 0.6 degrees towards 0645 MLT for 81 By positive centers.  The average 
distances from the magnetic pole are smaller and are about 4 MLT hours later than the 
results of Hairston and Heelis [1990] who show distances of 2.2 degrees towards 1831 
MLT for Northern Hemisphere Bz negative in their Figure 4, and 2.9 degrees towards 
0255 MLT for Bz positive in their Figure 3.  There is a great deal of variability in the data 
and a relative lack of By positive points.  These averages could change with a larger data 
set. 

 
 
Figure 5. Plots of the (a) noon-midnight offset positive towards midnight and (b) the 
dawn- dusk offset positive towards dusk of the center of the potential pattern away from 
the magnetic pole as a function of By for all Bz. Values are also given for various 
potential or convection patterns in the literature. 
 
  There is a relationship with By in the noon-midnight direction with the offset 
tending towards noon for By positive.  This is only reflected in average ion drifts from 
the Dynamics Explorer-2 satellite (S- and 2-).  More By positive data could change this 
results.  One standard deviation is typically 2.4 degrees from the noon-midnight offset 
and 1.8 degrees for the dawn-dusk offset.  Both values from the literature and values 
from AMIE show that the center of the potential pattern is shifted towards dawn with 
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increasing By in the Northern Hemisphere.  This is consistent with the picture of 
convection being pulled towards the dawn side for a By positive and Bz negative 
configuration in the Northern Hemisphere.  Average offsets for By negative are 1.8 and 
0.5 (towards midnight and dusk), and -0.1 and -0.6 (towards noon and dawn) for By 
positive.  These convert to averages given in polar coordinates in the previous paragraph. 
  The straight line relationships can be parameterized in terms of By as 

   θ24(deg) = 0.80 – 0.20By (NH for -11<=By<=7nT)    (6) 

   θ18(deg) = -0.08 – 0.15By (NH for -11<=By<=7nT)   (7) 

where the slope of the By dependence for θ18 has been changed to conform to results of 
the oval location θ18a  described in the next section.  These are formula for the Northern 
Hemisphere (NH). The formula for the Southern Hemisphere (SH) would have a ‘+’ sign 
instead of a ‘-‘ sign in front of the By term (e.g. Heppner and Maynard, 1987) as 

   θ24(deg) = 0.80 + 0.20By (SH for -11<=By<=7nT)    (8) 

   θ18(deg) = -0.08 + 0.15By (SH for -11<=By<=7nT)   (9) 

Considering the disagreement of the literature and the results of the oval location θ24a 
described in the next section, we use the average value of 1.1 degrees towards midnight 
for θ24 or 

   θ24(deg) = 1.1 (NH and SH)       (10) 

instead of the By relationship given above. 
 
2c. Center, Minimum, and Maximum Potentials 
  An important characteristic of a ‘By-dependent’ potential pattern is the potential at 
the center Ψo.  Hairston and Heelis [1990] estimate the ratio of this potential in the 
center to the total potential to be 

   Ψo/Ψ = -0.175 – 0.04By (NH)      (from Hairston and Heelis [1990])     (11) 

from their Equation 6 (note missing sign) and their Figure 8.  Potentials in the polar cap 
are somewhat difficult to determine from the AMIE technique due to a lack of 
conductivity.  However, Figures 6a and b plot this potential as a ratio of the total cross-
tail potential drop versus the 10 minute average of By.  As expected for the Northern 
Hemisphere, this ratio is positive for By negative and negative for By positive.  The 
relationship can be written as 

   Ψo/Ψ = -0.168 – 0.027By (NH)      (12) 

where the SH is similar with a change in sign before By as 

   Ψo/Ψ = -0.168 + 0.027By (SH)      (13) 



 

10 
 

  
 
Figure 6. The ratio of the potential at the center of the pattern to the total polar cap 
potential drop as a function of By for all Bz for (a) all AMIE points and for (b) 2nT bin 
averages in By.  The symbols come from the examination of patterns in the literature in 
Table 1. 
 

 
 
Figure 7. Similar to Figure 6 for the percent of the total polar cap potential which is 
contained within the morning cell as a function of By for all Bz from AMIE potential 
patterns deduced for January 18-19, 1984 and September 19, 1984. 
 

The relationship in Equations 12 and 13 suggests that the dusk cell is larger than the 
dawn cell from By=0 as shown in Figure 7.  The center potential reaches between 10 and 
40% of the total potential drop at the saturation levels of By (-11nT and +7 nT).  The 
AMIE values agree with the Millstone Hill/Sondrestrom potential patterns for Bz 
negative or positive (r), but lie below the models suggested by Greenland magnetometer 
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data (G) and the Heppner and Maynard [1987] models (m,M).  The ion drift average from 
the Dynamics Explorer satellite were only available in plot form and so were not 
integrated across the dawn-dusk direction to provide this information.  The AMIE values 
are perhaps not surprising since data-poor areas such as the polar cap revert to the basic 
state which is a Millstone Hill model described by Foster et al. [1986]. 
 
2d. Convection Dayside Entrance and Nightside Exit 
   The potential maximum and minimum, Ψx or Ψn, divided by the total polar cap 
potential drop Ψ, does not seem to have any relationship with By as shown in Figure 7, 
similar to Figure 7 of Hairston and Heelis [1990].  The average potential maximum is 44% 
of the total potential drop with a standard deviation of +/-10% or 

   Ψx/Ψ = 0.44+/-0.10 (NH and SH)      (14) 

This is consistent with the estimates in the literature listed in Table 1 and with the 
estimate of 0.388 from Hairston and Heelis [1990]. 

The relationship of Φd and Φn with By is demonstrated in Figures 8a through d.  
The daytime entrance into the polar cap appears to be later with By negative.  This is also 
true of the ion drift patterns from Dynamics Explorer-2 average ion drift data (2,S) and 
the Greenland magnetometer data for Bz=0 (G0), but not for the other patterns from 
Table 1.  We parameterize Φd as: 

   Φd(MLT hr) = 9.39 – 0.21By (NH)       (15) 

   Φd(MLT hr) = 9.39 + 0.21By (SH)      (16) 

for the Northern and Southern Hemispheres. 
  There is little apparent difference in the nighttime exit with By, either for the AMIE 
patterns or the patterns from the literature, although there is evidence of an earlier exit 
and shift of the Harang discontinuity with positive By in the Northern Hemisphere 
[Rodger et al., 1984].  The average satellite ion drift data (2,S) appear to confirm this 
with nighttime exits 1 to 2 hours earlier for By positive.  The Millstone Hill/Sondrestrom 
patterns for Bz negative (r-) also show this trend towards earlier nighttime exits with 
increasing By in the Northern Hemisphere, but the scatter is very large.  Average values 
are exits towards 2355 MLT for By negative and towards 2310 MLT for By positive with 
one standard deviation of about 2 hours as 

   Φn(MLT hr) = 23.50 – 0.27By (NH)      (17) 

   Φn(MLT hr) = 23.50 + 0.27By (SH)      (18) 

for the Northern and Southern Hemispheres. 
  The angles Φd+, Φd- and Φn+ and Φn- refer to the sharpness of the dayside 
entrance and nightside exit of the convection flow using the Heelis et al. [1982] model 
where Φd and Φn are in clock angle (0 degrees at noon, positive clockwise) instead of 
MLT hours.  To convert from MLT hr to clock angle, subtract 12 hours for 0 degrees at 
noon, and then multiply by 360deg/24h.   The ‘+’ and ‘-‘ signs for Φd+ etc refer to 
adding (+, earlier times) or subtracting (-, later times) from the clock angles of Φd or Φn.  
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These angles show in the roundness of the potential cells in Figure 2b.  Default values for 
these angles is 90 degrees.  We have adopted values of  

   Φd+(deg) = 85 (NH,SH)      (19) 

   Φd-(deg) = 50 (NH,SH)      (20) 

    Φn+(deg) = 57.5 (NH,SH)      (21) 

   Φn-(deg) = 100 (NH,SH)      (22) 

The two sharp angles near 50 degrees can be seen in the dusk cell, while the wider angles 
can be seen in the dawn cell in Figure 2b. 
 

 
     (c)      (d) 

  
 
Figure 8. Similar to Figure 6 for the location in MLT of the (a,c) entrance Φd and (b,d) 
exit Φn of the convection velocity in the polar cap as a function of By for all Bz. 

(a)       1984:  x Jan 18-19,  o Sep 19 
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2e. Equatorward Decay of Potential 
  The potential contours in Figure 2a equatorward of the convection reversal show a 
relatively uniform drop in the potentials towards zero.  The fall-off rate r1 is of the form 
[Volland, 1975] 

    Ψ = Ψr(sinθ/sinθo)r1         (23) 

where Ψr is the value of the potential at the convection reversal θo.  This is a simpler 
formula than in Heelis et al. [1982] because a discontinuity at θo in the coarse grid of 
the TGCM models should not be a problem.  Hourly averages were taken from 3-7 MLT 
and 15-21 MLT away from the convection reversal region until r1 changed by more than 
1 from one grid point to the next.  Figure 9 shows a sample of 6 of these averages for 
January 18, 1984 between 1200 and 1800 UT.  The average value for r1 was found to be 
-2.6 (+/-2.9) over the first 11.3 (+/- 5.7) degrees equatorwards of the convection reversal 
or 

    r1 = -2.6  (with standard deviation 2.9)    (24) 

The potential then dropped quickly towards zero.   
 

 
Figure 9. Values of the exponential fall-off rate r1 away from the convection reversal 
boundary as a function of MLT for the six hourly averages (listed 2 to 7) between 1200 
and 1800 UT on January 18, 1984.   

 
We found it necessary to model the potential equatorward of the convection 

reversal region in terms of the r1 fall-off and another exponential fall-off that starts at θr1, 
which is a distance dr1 equatorward of the reversal radius θo or 

r1
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    dr1(deg) = θr1 - θo  = 11.3  (with standard deviation 5.7)    (25) 

The potential equatorward of θo can be written as: 

   Ψ = Ψr(sinθ/sinθo)r1 exp 7(1-max(sinθ,sinθr1)/sinθr1)   (26) 

The large standard deviations in the averages for r1 and dr1 reflect the fact that 
sometimes the fall-off rate is uniform for 10’s of degrees and sometimes it drops very 
quickly in a short space.  The average is slower than the fall-off rate of r1=-4 
recommended by Heelis et al. [1982].  It is possible that the fall-off rate computed from 
the AMIE patterns is slow if the conductivity model used falls off too quickly on the 
equatorward edge.  The potential pattern is very dependent on the assumed conductivity 
when we use magnetometer data.  However, this fall-off is consistent over 10 or 20 
degrees of latitude.  We believe our error in determining the equatorward edge of the 
precipitation is less than this.  Figure 2b uses a fall-off rate of -2.6 over the first 11.3 
degrees equatorward of the reversal region.  Figure 2a would not be well matched with a 
much faster rate.   
 
3. Auroral Oval 
 
3a. Model and Data Used 
 

 
 
Figure 10. Schematic of the auroral oval used in the NCAR TGCM from Ridley and 
Roble [1987] where h1,E1 are dayside values and h2,E2 are nightside values. 
 
  The auroral oval and accompanying ionization scheme that is used in the NCAR 
TGCM has been described in detail by Roble and Ridley [1987].  The auroral electrons 
are characterized by a Maxwellian characteristic energy α and by an energy flux which is 
assumed to be Gaussian in latitude around the centroid of the oval.  The auroral 
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precipitation is used to calculate ionization rates which are then used to calculate ion 
densities.  The oval itself is circular and is offset from the magnetic pole.  Dayside (1) 
and nightside (2) values which can be rotated away from the noon-midnight meridian are 
assumed for the peak energy flux (E1, E2) and for the Gaussian half-width (h1, h2) of the 
oval.  Figure 10 shows the main features of the analytical oval used in the present study.  
The major changes in the present study are that the mean electron energy 2α is a 
relatively complex function of MLT and magnetic latitude, and that the dayside and 
nightside values for the Gaussian energy flux peak E and half-width h occur at different 
times (i.e. different rotations).  Apart from the auroral oval precipitation, there is a soft 
cusp population located at the convection reversal boundary at the dayside entrance Φd 
around an area of 5 degrees, and a soft drizzle over the polar cap to simulate polar rain.  
The object of this paper is to parameterize the auroral oval in terms of this model using 
electron precipitation data.  Protons have so far been ignored, although they may be 
added at some later time.  Appendix A describes the analytic model used in more detail. 
  The TIROS and NOAA satellite electron precipitation data have been analyzed as a 
function of hemispheric power level I by Fuller-Rowell and Evans [1987].  (The 
relationship of I to the hemispheric power HP is defined in the next paragraph).  Similarly, 
the Defense Meteorological Satellite Program (DMSP) satellite electron precipitation 
data have been ordered in termed of Kp by Hardy et al. [1985, 1987].  Earlier studies of 
Atmosphere Explorer data were sorted in AE by Spiro et al. [1982].  We chose to work 
with hemispheric power HP since this can be written in terms of our analytic expression 
as: 

  HP(GW) = 2r Eo π1.5(Re+100)2(Ra π/180)(ho π/180) 10-6   (27) 

where Re is the radius of the earth in km and we have assumed the oval to be at 100 km.  
The oval radius Ra is in degrees, Eo=(E1+E2)/2 is the mean energy flux peak in 
ergs/cm2-s, h0=(h1+h2)/2 is the mean half-width of the energy flux Gaussian in latitude 
in degrees, and r is the ratio: 

  r = 1 + 0.5 [(E2-E1)/(E1+E2)] [(h2-h1)/(h1+h2)] cos[(roth-rotE) π/12]  (28) 

where roth and rotE are the rotations of the ‘dayside’ minimum values h1 and E1 away 
from the noon-midnight meridian.  They can also be thought of as the MLT locations of 
the larger ‘nightside’ values h2 and E2.  The formula for hemispheric power is 
independent of the mean electron energy, allowing us to choose a different analytical 
representation for 2α.  Normally the TGCMs set the value of HP initially and then 
calculate the other variables like Ra etc, but Equation 27 can be used to check if the 
parameterizations equal the input HP. 
  The TIROS and NOAA satellite data set is continuous back to 1978 and is available 
on a regular basis from the Space Environment Services Center (SESC) (later the Space 
Weather Prediction Center, where these data sets were later taken over by the National 
Geophysical Data Center) at the National Oceanic and Atmospheric Administration 
(NOAA).  Electrons and positive ions are measured in 11 detectors over the energy range 
300 eV to 20 keV [Fuller-Rowell and Evans, 1987].  DMSP electron precipitation data 
are available from DMSP-F2 from 1977 and continue over later satellites, where online 
data sets start with DMSP-F6 in 1987 at http://cedarweb.hao.ucar.edu.  Sixteen channels 

http://cedarweb.hao.ucar.edu/�
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measure electrons and ions over the range from 50 eV to 20 keV [Hardy et al., 1985].  
Table 2 is a list of the specific periods of NOAA or DMSP data which we analyzed in 
this study.   
 

Table 2:  List of periods with electron precipitation satellite data 
 
Period  # NOAA-7 Orbits # NOAA-6,8 Orbits # DMSP-F7 Orbits 
Nov 21-22, 1981  57   57 (6)   0 
Jan 16-19, 1984  112   112(8)   38 
Jun 26-28, 1984  85   0   73 
Sep 17-24, 1984  217   196 (6)   197 
Jan 15-17, 1985  53   66 (6)   75 
 

The NOAA data are characterized by an activity level I which is related to the 
hemispheric power input HP by the relations 

  HP = 4.2I/3         (29) 

  I = 2.09 ln(HP)         (30) 

where HP is in GW.  Only 10 levels are defined for NOAA data where level 10 is 
anything over 96 GW.  In the present study, we binned our data in these 10 levels to 
determine the oval characteristics of energy flux, half-width and mean electron energy.  
We also characterized each orbit with a real number I which obeys the above relationship 
with HP in order to derive formulae for auroral radius as a function of power level. 
 
3b. Auroral Radius and Center Location 
  The auroral radius and location of the center of the oval is found in a manner 
similar to that described in the potential section.  Orbits which are found within 50 
minutes of each other in a single hemisphere are grouped.  Orbits which pass twice 
through the auroral region (2 cuts) are weighted higher than orbits which are skimming 
passes (1 cut).  The perpendicular bisector of the line connecting the midpoint of each cut 
or the bisector from the midpoint of a skimming pass is found and the intersection of 
perpendicular bisectors defines the center of the oval.  The radius is the weighted average 
of the distance from the center of the oval to the centers of each cut.  If we have three 
satellites, we often have three perpendicular bisectors and intersections which are 
averaged and weighted appropriately.  If we have only one perpendicular bisector, we 
cannot find a center or a radius. 
  Figures 11a and c are plots of the auroral radius as a function of hemispheric power 
level I where I is a real number.  Here, power estimates were averaged over the period for 
which the radius was found from two or more orbits and then converted to a power level.  
The auroral radius can be parameterized in terms of I as: 

  Ra(deg) = 14.20 + 0.96 I       (31) 

If we have hourly values of the IMF, we can determine the polar cap potential drop from 
the VBQ1 formula filtered over 3 hours as in the convection section.  The auroral radius 
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plotted as a function of the potential drop is shown in Figures 11b and d.  There is a 
strong relationship between the auroral size and the cross-tail potential which can be 
parameterized as: 

  Ra(deg) = 16.75 + 0.056 Ψ(IMF)      (32) 

  Ra(deg) = max[10,-0.43 + 9.69 Ψ3/16(IMF)]     (33) 

 

  
 
 

  
 
Figure 11. Plots of the auroral radius Ra determined from perpendicular bisectors from 
NH and SH DMSP and NOAA orbits plotted as a function of (a,d) hemispheric power 
level, (b,e) polar cap potential drop from IMF data using the VBQ1 formula and (c,f) 
polar cap potentials determined from the NH AMIE patterns and averaged over the time 
intervals of the appropriate NOAA and DMSP satellites, with (d) all points or bins in HP 
level or in (e,f) 10kV bins in CP.  The NOAA and DMSP estimates in the top plots come 
from the 5 periods listed in Table 2:  *Nov81, xJan84, +Jun84, oSep84, and –Jan85.  The 
fits were the same for the binned and unbinned Ra estimates. 
  

If we limit our data set to January 18-19, 1984 and September 19, 1984, we can find 
fits to the aurora radius as a function of the AMIE mapping potentials averaged over the 
period for which the auroral radius is found.  These fits are: 

        Hemispheric Power Level                 IMF Potential Drop (kV)   AMIE Potential Drop (kV) 
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Ra=16.801+0.064Ψ R=.934 

 

 

  

 

Ra=-0.43+9.69Ψ3/16 

 

 

Ra=3.06+8.49Ψ3/16 

 

 

 

        Hemispheric Power Level                 IMF Potential Drop (kV)   AMIE Potential Drop (kV) 

 

  

Ra
  O

va
l R

ad
iu

s 
(d

eg
) 

 

  



 

18 
 

  Ra(deg) = 16.80 + 0.064 Ψ(AMIE)      (34) 

  Ra(deg) = max[10,3.06 + 8.49  Ψ3/16(AMIE)]     (35) 

We use the Ψ3/16 form in preference to the straight line fits to the potential drop because it 
fits the extremes better.  The value of the radius which is used is the larger value of Ra 
from the parameterization in I or Ψ3/16.  A 21 degree auroral radius is produced by a 
potential drop of 69kV and 54 kV for IMF and AMIE, respectively from Equations 33 and 
35, where the IMF Ψ is 27% larger.  This is similar to the IMF Ψ increase found for the 
convection reversal radius in Figures 3c and d. 

  

  
Figure 12. The noon-midnight offset of the auroral oval center from the magnetic pole 
(positive towards midnight) as a function of hourly IMF By for the (a) Northern 
Hemisphere (NH) all points, (b) Southern Hemisphere (SH) all points, (c) NH 2nT By 
bins, and (d) SH with 2nT By bins. The NOAA and DMSP estimates in the top plots come 
from the 5 periods listed in Table 2:  *Nov81, xJan84, +Jun84, oSep84, and –Jan85.   
 

 (a) NH (b) SH 

 

 
(c) NH 

 

NH θ24a=4.053+0.0937By R=.194 

 

SH θ24a=4.409+0.017By R=.040 
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  Figures 12 and 13 are similar to Figure 5 but for the auroral oval.  The offset of the 
center from the magnetic pole is separated by hemisphere and plotted in terms of a noon-
midnight θ24a and dawn-dusk θ18a offset for times where By was available.  In this case, 
By is an hourly average since we average orbits that are nearly one hour apart.  The noon-
midnight offset does not appear to be a strong function of By.  Average values are 4.3+/-
2.4 degrees ‘towards midnight’ for the Southern hemisphere and 3.7+/-3.1 degrees 
‘towards midnight’ for the Northern hemisphere or  

  θ24a(deg) = 3.7  (NH)  (with a standard deviation of 3.1deg)    (36) 

  θ24a(deg) = 4.3   (SH)  (with a standard deviation of 2.4deg)    (37) 

There is more scatter in the Northern hemisphere data with more values towards noon (i.e. 
negative).  Combining both hemispheres, the average value is 4.0 degrees towards 
midnight. The averages for the noon-midnight offset indicate that the oval center is about 
3 degrees further towards midnight than the convection center shown in Figure 5a. 
 

  

  

NH θ18a=-1.427-0.166By R=.376 

 

SH θ18a=-1.091+0.137By R=.478 
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Figure 13. Same as Figure 12 for the dawn-dusk offset of the auroral oval center from the 
magnetic pole (positive towards dusk) as a function of hourly IMF By. 
 

The dawn-dusk offsets shown in Figure 13 for each hemisphere have opposite 
dependencies, as expected (e.g. Heppner and Maynard, 1987).  This relationship can be 
written as: 

  θ18a(deg) = -1.26 – 0.15 By (NH)      (38) 

  θ18a(deg) = -1.26 + 0.15 By (SH)      (39) 

for the Northern and Southern Hemispheres, where the linear fits listed in Figures 13a 
and b have been averaged together. The 0.15 slope is the same as in Equations 7 and 9 
for the offset for convection, but the intercept is -1.26 instead of -0.08 degrees, shifting 
the oval by about 1.2 degrees towards dawn compared to convection.   

 
Figure 14. The statistical placement of the convection reversal within the particle 
precipitation regions from Atmosphere Explorer data where the dashed line is the 
approximate middle of the auroral precipitation from the Boundary Plasma Sheet (BPS) 
on the poleward side (hard to see stipling), and from the Central Plasma Sheet (CPS) on 
the equatorward side.  (From Figure 8 from Heelis et al., 1980]).  
 

This is in agreement with observations described by Heelis et al. [1980] who 
explored the relationship of the convection reversal to particle precipitation using 
Atmosphere Explorer data.  Figure 14 is a reproduction of their Figure 8.  We deduced a 
convection radius of 16.7 degrees and a center of 3 degrees towards midnight and 1.5 
degrees towards dusk from their Figure 8 of the statistical placement of the convection 
reversal within particle precipitation regions.  The oval radius, which is defined to be in 
the center of the combined region of the boundary plasma sheet and central plasma sheet 
precipitation, is about 18.7 degrees.  The oval center is about 3 degrees towards midnight 

Boundary Plasma Sheet 
Central Plasma Sheet 
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and 1 degree towards dawn.  Our results confirm the shift of the precipitation towards 
dawn with respect to the convection reversal boundary.  However, our oval center is 
shifted towards midnight about 4 degrees from the magnetic pole, while our convection 
center is only shifted 1.1 degrees. 
  Comparing the parameterizations for the auroral oval (Figures 11f and e) and the 
convection reversal radius (Figures 3c and d) as functions of some AMIE or IMF 
potential drop, we see that the auroral radius, defined as the distance from the center of 
the oval to the center of the precipitation, is 5 or 6 degrees larger than the convection 
radius θo.  This is 3 or 4 degrees larger than the relationship we found in the results of 
Heelis et al. [1980] in Figure 14.   
 
3c. Auroral Electron Energy Flux 
  Figure 15 shows the statistical patterns of auroral energy flux in ergs/cm2-s for 
power levels 4 and 7 using several years of TIROS and NOAA satellite data [Fuller-
Rowell and Evans, 1987].  The energy flux peaks around midnight and varies relatively 
smoothly from a high on the nightside to a low on the dayside, similar to our analytical 
form of a cosine variation.  The statistical patterns show that the energy flux falls off 
more steeply on the equatorward side than the poleward side at night, but is relatively 
symmetrical during the day.  The lack of a Gaussian shape at night should not be too 
serious for the 5 by 5 degree grid spacing of the TGCM. 

 
 
Figure 15. The total energy flux of auroral electrons in ergs/cm2-s deduced from TIROS 
and NOAA satellites for power levels (a) 4 and (b) 7. (From Fuller-Rowell [private 
communication, 1986] and Fuller-Rowell and Evans [1987].) 
 
  Table 2 lists 955 orbits from NOAA-6, 7 and 8 and 383 orbits from DMSP-F7 
which were analyzed.  We looked at the energy flux over an orbit, and marked out areas 
which were over 0.25 ergs/cm2-s for NOAA orbits and over 0.15 ergs/cm2-s for DMSP 
orbits.  We used different cut-offs because the NOAA data appeared to be noisier.  If we 
found more than two cuts through some precipitation, we eliminated those cuts in the 
polar cap that might represent arcs and anything on the edges of a pass that were probably 
spurious data points.  We then determined a single mean electron energy over each cut 
weighted by the energy flux and found the average energy flux.  This average and the 
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endpoints of the cut at our cut-off values were then converted to an equivalent energy 
flux peak E and Gaussian half-width h.  The cuts were then ordered in MLT and in power 
level.   
  Figure 16 is a plot of the equivalent energy flux peak found for power levels 4 and 7 
as a function of MLT.  The S’s are the energy flux peaks from Figure 15.  As expected, 
the S’s are lower than the hourly averages X would indicate, showing that the process of 
averaging smears peaks.  We anticipate that most passes would show a larger energy flux 
peak and a smaller half-width than the statistical picture in Figure 15.  The curves in 
Figure 16 are the least squares fit to the variables in our chosen analytical form (see 
Appendix A).  Figure 17 plots the least squares fits of each variable at each hemispheric 
power level as a function of power or power level, depending on the best correlation.  
Our data set had the most points in levels 3 through 9, so those were the levels that were 
fit to a straight line parameterization of E in terms of a dayside E1, a nightside E2, and 
the location of E2 in MLT can be written as: 

  E1(ergs/cm2-s) = max(0.50, -2.15+0.62 I)     (34) 

  E2(ergs/cm2-s) = 0.95 + 0.117 HP      (35) 

  rotE(hr) = 2.62 – 0.55 I        (36) 

which are the linear fits from Figures 17a-c.  The lack of clear direction in the points 
beyond the area fitted for rotE may mean that it is better to use the average value of about 
-0.5 hr. 
 

 
Figure 16. The peak energy flux in ergs/cm-s as a function of MLT for power levels (a) 4 
(6.2-9.8GW) and (b) 7 (24.4-38.6GW) deduced from NOAA (+) and DMSP (o) satellite 
passes. The solid line is a least squares fit to the TGCM analytical form and the S's are 
from Figure 15. Averages (X) for all passes are shown with one standard deviation. 
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Figure 17. The energy flux peak is parameterized in terms of (a) a dayside flux E1, (b) a 
nightside flux E2 and (c) rotE the MLT location of the nightside flux E2. E2 is plotted in 
terms of hemispheric power while E1 and rotE are in terms of the hemispheric power 
level. Lines are least squares fits between various levels. 

 
Figure 18. The Gaussian half-width in degrees as a function of MLT for power levels (a) 
4 and (b) 7 deduced from NOAA (+) and DMSP (o) satellite passes. The solid line is the 
least-squares fit to the TGCM analytical form of the half-width and the S's are from 
Figure 15. Averages (X) for all passes are shown with one standard deviation. 
 
  Figure 18 is comparable to Figure 16, but for the equivalent half-widths found as a 
function of MLT for power levels 4 and 7.  The S’s show the Gaussian half-width 
deduced from Figure 15, where an average was taken of the fall-off distance equatorward 
and poleward of the peak electron flux.  The observed ovals are narrower than the 
statistical picture, as expected.  The lines are the least squares fit to our analytical form.  
Fitting the results at all the power levels as shown in Figure 19, we can describe the 
TGCM parameterization of the Gaussian half-width h as a smaller ‘dayside’ h1, a larger 
‘nightside’ h2, and the MLT location of h2 (i.e. roth) from the fits in Figures 19a-c as: 

  h1(deg) = min(2.35, 0.83 + 0.33 I)      (43) 

(a) E1=-2.145+0.616*I 
R=.932 

Hemispheric Power Level Hemispheric Power (GW) 
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  h2(deg) = 2.87 + 0.15 I        (44) 

  roth(hr) = 12.18 – 0.88 I       (45) 

The widest part of the oval (the ‘nightside’ h2) changes dramatically in MLT, going from 
near noon for the lowest power levels to near 3 MLT for the highest levels.  This 
progression towards an earlier maximum width can also be seen in Figure 18. 

   
 
Figure 19. The half-width of the oval is parameterized in terms of (a) a dayside half-
width h1, (b) a nightside half-width h2 and (c) roth the MLT location of the nightside 
halfwidth h2 plotted against the hemispheric power level. Lines are least squares fits of 
various levels.  
 

  
 
Figure 20. The energy flux of auroral electrons in ergs/cm2-s from the NCAR TGCM 
parameterization for power index levels (a) 4 (hemispheric integration is 6.8GW) and (b) 
7 (hemispheric integration is 28.5GW).  
 

Figure 20 is the TGCM parameterization of the electron energy flux for 
hemispheric power levels 4 (6.2 to 9.8GW) and 7 (24.4 to 38.6GW) which can be 
compared to the NOAA patterns in Figure 15.   

Figure 21 is a plot of the hemispheric power determined from the analytical 
formulae in Equations 27 and 28 using the least-squares fits at various I levels (o) plotted 
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in Figures 11 (Ra), 17 (E1, E2, rotE) and 19 (h1, h2, roth) versus the average power from 
the observations at each level (o).  These show that the fits at the highest observational 
level of about 150GW or I=10.47 give an HP of about 80GW due to low statistics, but the 
lower levels compare well.  Also plotted as ‘+’s are the calculations of HP from 
Equation 27 using the values of Ra, E1, E2, rotE, h1, h2, and roth from the TGCM 
parameterizations in Equations 31, 33, and 40-45 plotted against the power used in the 
parameterizations. These go up to 500GW and show that the parameterizations produce 
the correct input power since the ‘+’s fall close to the line of HP equality.  

 
 

Figure 21. Plot of the hemispheric power determined from the analytical formula from 
the least-squares fits at various levels (o) and from the TGCM parameterizations (+) 
plotted against the average power from the observations at each level (o) and the power 
used in the parameterizations (+).  
 
3d. Auroral Electron Mean Energies 
  Figure 22 is a plot of the statistical patterns of mean auroral electron energies in 
keV for I levels 4 and 7 (HP approximately 6.8 and 28.5 GW, respectively from 
hemispheric integrations of the patterns in Figure 15) from the TIROS/NOAA satellites 
[Fuller-Rowell and Evans, 1987].  ‘Characteristic particle energy’ is defined to be the 
energy of the spectrum with the maximum sensor response.  This is generally also the 
energy band where the maximum in the particle differential energy flux spectrum occurs.  
If we have a Maxwellian particle spectrum, the ‘characteristic particle energy’ is the 
mean energy of the distribution [Fuller-Rowell and Evans, 1987].  We will use this as the 
mean electron energy of the NOAA data.  For the DMSP data set, the mean energy is 
defined as the ratio of the erngy flux to the number flux of electrons between 460 eV and 
30 keV [Rich et al., 1987].  We assume in our modeling that the mean energy is twice the 
Maxwellian energy α of the spectrum.  
  The energy flux peak is shown in Figure 22 as a dotted line.  It appears that there is 
a region of higher energies on the equatorward side of the oval in the morning hours.  
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This is consistent with the location of the harder central plasma sheet electrons.  
Generally in a satellite pass, the transition between the relatively soft boundary plasma 
sheet electrons and central plasma sheet electrons is very abrupt as the mean electron 
energy rises steeply (e.g. Winningham et al., 1989).  The abrupt transition is smoothed in 
these statistical patterns.  In addition to hard electrons in the morning sector, there are 
indications of a second peak of hard electrons on the poleward edge, just before midnight 
that becomes more prominent as the activity level increases.  Since the TGCM is on a 5 
by 5 degree grid and it is difficult to incorporate abrupt changes in the relatively small 
scale of the auroral oval, we decided to try to model the mean energy of the electrons as 
an average which is weighted by energy flux over two Gaussian half-widths on either side 
of the energy flux peak.  This is consistent with the fact that each satellite pass was 
characterized by a single mean electron energy which was weighted by the energy flux 
along the cut through the oval. 

 
 
Figure 22. The statistical patterns of mean electron energies in keV as a function of MLT 
and magnetic latitude deduced from TIROS and NOAA satellites for power levels (a) 4 
(~6.8 GW) and (b) 7 (~28.5 GW), (From Fuller-Rowell [private communication, 1986] 
and Fuller-Rowell and Evans [1987].) 
 
  The mean energy was parameterized in terms of a background constant (k) mean 
energy 2αk of 0.5 keV or 

  2αk(keV) = 0.5         (46) 

and two Gaussian mean energy peaks, 2α6 and 2α21, which are located near 6 MLT (rot6) 
on the equatorward side (d6~-4deg) and the other near 21 MLT (rot21) on the poleward 
side (d21~+4deg).  The 6 MLT peak is much broader in MLT with a half-width of about 
7 hours (t6), a half-width in latitude of about 7 degrees (h6), and is the dominant peak 
until about level 8.  The 21 MLT peak is narrower in time (t21~4hours) and broader in 
latitude (h21~10deg).   

Figure 23 shows the mean energy of the electrons in keV for power levels 4 and 7 at 
the location of the energy flux peak.  The S’s are from the maximum energy flux line on 
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Figure 22 and the line is the least squares fit to find 2α6 and 2α21.  The +’ and o’s 
represent the mean energies that characterized a single cut through the oval from NOAA 
and DMSP satellites, respectively.  (DMSP orbits were assigned a hemispheric power 
from the linear interpolation of NOAA satellite estimates at the time of the highest 
magnetic latitude in the orbit.)  There is more variability in the DMSP mean energies.  
Also, the NOAA satellites give lower mean energies than the DMSP satellites, especially 
around 10 MLT.  At times when the energy flux is locally low, the method of finding the 
‘characteristic energy’ from the NOAA satellites can give lower mean electron energies 
from non-Maxwellian spectra with excess low energy electron populations.  However, 
given the greater quantity of data, the lower variability, and the fact that we assume a 
Maxwellian distribution in our modeling, we will use the NOAA results more.  Hence, 
the averages shown as X’s are from the NOAA satellites only and the fit in mean energy 
is for the NOAA data only.  The S’s in Figure 23 are close to the average X’s in the 
afternoon, but are higher in the morning, indicating that the low energy population 
polewards of the 6 MLT peak has greater weight in the average across the aurora.   

 

  
Figure 23. The mean energy of electrons in keV at the peak of the energy flux for power 
levels (a) 4 and (b) 7. The S's are from Figure 22 and the solid lines from a least squares 
fit to the TGCM analytical form. The values deduced from NOAA (+) and DMSP (o) 
satellite passes are shown along with averages (X) of the NOAA passes with one standard 
deviation. 
 

The deduced amplitudes of the mean energy peaks near 6 and 21 MLT are plotted 
in Figure 24 where the fits (not quite the same as written below) can be written as: 

  2α6(keV) = 0.36 + 0.48 I       (47) 

  2α21(keV) = max(1.00, -1.75+0.69 I)      (48) 

The other parameters that define the mean energy are constants which are given in 
Appendix A.  Figure 25 shows the parameterized mean electron energies for levels 4 and 
7 which can be compared to the NOAA observations in Figure 22. 
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Figure 24. Amplitudes of the parameterized mean electron energy in keV for the terms 
(a) 2α6 and (b) 2α21 as a function of hemispheric power level. The lines axe least squares 
fits to levels 3 through 9.  
 

  
 
Figure 25. The mean energy of auroral electrons in keV from the NCAR TGCM 
parameterization for power index levels (a) 4 and (b) 7.  
 
 
4.  Relationship between Power and Other Parameters 
 
  The hemispheric power defined by the NOAA satellites is available almost 
continuously since 1978.  Its availability and its direct applicability to auroral 
precipitation makes it an attractive candidate for a function that describes other, less 
readily available, parameters.  The hemispheric power has been ordered in terms of 
geomagnetic indices such as Kp, AE, AU, AL, IMF By, IMF Bz, and Akasofu’s [1979] 
parameter ε [Maeda, private communication, 1986].  We will only look at a few of these 
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variations.  It is first of interest to see how it varies with Kp, which is always available, in 
case the power is missing.  The relationship with Kp was made using 22,574 orbits over 7 
years of data and can be written as [Maeda, private communication, 1986]: 

  HP(GW) = max(0.,-2.78+9.33Kp)  (from Maeda, 1986)  (49) 

where Kp varies from 0 to 9.  The correlation coefficient for this fit is 0.75. 

 
Figure 26. Hourly averages of the hemispheric power level I, defined to be a real number, 
plotted against IMF Bz for the periods in Table 2 of overlapping data.  
 
  There is no relationship of hemispheric power to IMF By, which is not surprising.  
In looking at the plots of IMF Bz to power, it is obvious that there is a different 
relationship for positive and negative Bz, implying that it may be better to look for a 
relationship with power level I, instead of HP.  Figure 26 is a plot of hourly averages of 
the IMF Bz plotted against the real number hemispheric power level I for the periods of 
available IMF data in Table 2.  The relationship is approximately linear with I and can be 
written as: 

  Bz(nT) = 3.98 – 0.78 I        (50) 

Given the gaps in IMF coverage, this relationship is more useful than the comparable 
relationship of I as a function of Bz.  There is more variability in power levels with Bz 
positive than Bz negative.  This is perhaps a reflection of the fact that Bz positive 
conditions are more complex.  The potential patterns are more complex with areas of 
sunward convection in the polar cap (e.g. Heppner and Maynard, 1987) and the auroral 
precipitation can be more complex with sun-aligned arcs or ‘theta’ aurora in the polar 
caps (e.g. Frank et al., 1986). 

Bz = 3.979 – 0.780*I            R=.626 
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Figure 27. Hourly averages of the hemispheric power, converted to a real number power 
level, plotted against the polar cap potential drop using hourly IMF data in the VBQ1 
formula filtered over three hours. Two separate fits are made to the data using and 
excluding the lowest power levels. 
 
  Aside from Bz, it is useful to have a relationship of I to the polar cap potential drop.  
Foster et al. [1986] ordered Millstone Hill convection patterns with power levels and 
derived a formula for the polar cap potential drop as a function of hemispheric power 
level.  This formula was: 

  Ψ(Millstone Hill kV) = 7.8 I       (51) 

Figure 27 is a plot of hourly averages of hemispheric power level plotted against the 
VBQ1 determination of the polar cap potential drop for the periods listed in Table 2.  The 
polar cap potential drop can be written as: 

  Ψ (IMF kV) = -4.21 + 10.75 I       (52) 

  Ψ (IMF kV) = max(35.0, -48.05+17.14 I)     (53) 

Comparing the first form to the formula of Foster et al. [1986], we see that the VBQ1 
potential drops are between 17% and 43% higher than the potential drops deduced from 
averaged ion convection patterns for power levels between 6 and 8.  This is similar to the 
difference between VBQ1 and AMIE potential drops, implying that the formulas for 
AMIE cross-polar cap potentials could be used for potential drops derived in other ways.  
The relationships between I and Bz or Ψ are useful for times when there are no IMF 
measurements.  However, the standard deviations are large.  The average standard 
deviation for Bz is 2.4 nT and for IMS Ψ is 18 kV. 
 

Ψ=-4.2148+10.748*I   R=.789 
I>5: Ψ=-48.05+17.141*I   R=.798 
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5. Parameterizing Inputs for a Campaign 
 
  The regular parameterization of the convection and oval for the NCAR TGCM has 
been described above and in Appendix A.  An earlier version of the parameterization was 
used to define By negative and positive ion convection patterns that were then used in the 
NCAR TGCM to find neutral winds [Emery et al., 1987; Sica et al., 1989].  The results 
compared well with Dynamics Explorer-2 neutral winds reported by Thayer et al. [1987].  
It is also possible to specify more precise inputs corresponding to a particular period by 
adapting the general parameterization to fit a specific time period.  We will discuss the 
specific details of the input specification of the Equinox Transition Study (ETS) storm 
day of September 19, 1984. 

 
Figure 28. Plot of a NOAA.6 orbit at 1307 UT (19-8 MLT), a DMSP.F7 orbit at 1314 UT 
(10-23 MLT) and a NOAA-7 orbit at 1336 UT (16-4 MLT) where 2 of the 3 orbits were 
combined to find the center (θ24a=6.0deg, θ18a=-0.5deg) and radius (Ra=24.5deg) of 
the aurora shown on September 19, 1984 in the Northern Hemisphere.  
 
  All of the parameters listed under ‘Convection’ in Appendix A can be adjusted for a 
particular campaign study.  But with a fragmentary global picture, it is hard to adjust the 
model convection parameters.  A single high-latitude incoherent scatter radar station can 
reveal the entry and exit times (Φd and Φn) of the convection approximately once per day.  
The convection reversal location as seen by a single station depends on the location of the 
center as well as the convection radius.  In addition, the potential pattern is not very 
circular in the noon-midnight direction.  This makes it very difficult to adjust the model 
parameters to fit available data.  The most sophisticated way to prescribe the ion 
convection for a particular period is with global potential patterns derived with the AMIE 
technique or something similar.  This was done for September 19, 1984 by Knipp et al. 
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[1989] as described in Section 2.  It is possible to then fit the Heelis convection model 
parameters to the AMIE potential patterns as shown in Figure 2, making adjustments as 
necessary to describe the By effects in the opposite hemisphere.  The Southern 
Hemisphere was specified in this fashion from Northern Hemisphere AMIE potential 
patterns for September 19, 1984. 
  It is easier to adjust the model parameters that describe the auroral precipitation.  
Section 3 describes how the auroral radius and center is found using perpendicular 
bisectors of cuts through the oval from two or three orbits in each hemisphere as shown 
in Figure 28 for ~1320UT on September 19, 1984.  Figures 29 and 30 show the variation 
of the radius and offsets for September 19, 1984 as a function of UT found from this 
method in the Northern (N) and Southern (S) hemispheres.  There is a standard deviation 
plotted if three orbits are used.  The regular parameterizations are shown as dotted lines 
and the adjusted fits as solid lines.  A check is made of the observed areas of precipitation 
plotted on a global auroral pattern of specified radius and center location.  Where the 
observations do not fall on the global pattern, the pattern is altered in location and radius 
until they do.  The calculated center and radius from two skimming passes of the aurora 
in the Northern Hemisphere near 0630 UT failed to pass this visual check, but most 
calculations lie near or on the fits chosen for the period.   
 

 
Figure 29. The auroral radius determined as a function of UT for September 19, 1984 
from perpendicular bisectors of two or three DMSP or NOAA orbits in the Southern (S) 
or Northern (N) hemisphere. The lines marked 'HP' and 'CP' are the parameterized radii 
using hemispheric power HP and AMIE cross-tall potential drops. The lines marked 'SH' 
and 'NH' are the actual oval radii used for the TGCM run in the Southern and Northern 
hemispheres. 
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Figure 30. The (a) noon-midnight and (b) dawn-dusk offsets of the auroral center from 
the magnetic pole determined as a function of UT for September 19, 1984 from 
perpendicular bisectors of two or three DMSP or NOAA orbits in the Southern (S) or 
Northern (N) hemisphere. The dashed lines are the regular parameterizations which are 
marked 'SH' and 'NH', but the solid lines marked 'SH' and 'NH' are the actual offsets used 
for the TGCM run in the Southern and Northern hemispheres.  
 

There is a great deal of variation found in the center location in Figure 30 which is 
reflected in Figures 12 and 13, but not in the regular parameterizations.  The By values 
used in the parameterization of the dawn-dusk offset were taken from IMF data before 
0400 UT and after 1600 UT and deduced from the ratio of Ψo/Ψ in the AMIE patterns 
(Equations 12 and 13) between 0400 and 1600 UT.  The parameterization with By often 
reflects the relative positions observed between the Northern and Southern hemispheres, 
but is compressed in scale.  The parameterization for the radius takes the larger of the two 
curves labeled ‘HP’ and ‘CP’ and appears to be within two degrees of the deduced radius.  
The parameterizations for the center location can be off as much as four degrees. 
  The mean energy can be adjusted through the two mean energy peaks, 2α6 and 
2α21.  In general, we will have a pass which cuts through the oval twice, giving us a 
mean energy at two different MLTs.  We can then find the appropriate levels for the 
mean energy peaks that will fit the observations.  Figure 31 is a plot of the mean energy 
peaks at 6 and 21 MLT as a function of UT on September 19, 1984 from DMSP (d) and 
NOAA (N) data.  The dotted line shows the original parameterization of these peaks and 
the solid line shows the mean electron energy adjusted to the observations.  The adjusted 
line is derived from averages of the deduced mean energies over approximately 30 
minutes in UT where no point is more than 15 minutes away from the next point.  
Suspicious points were not included in the averaging.  The difference between the 
parameterized mean energy and the adjusted mean energy is greatest near the onset of the 
storm on September 19 between 0800 and 1500 UT where the adjusted mean energy for 
both peaks is 2 or 3 times lower than the parameterization.  Lower mean energies are 
deposited higher in altitude, and thus are more effective at higher altitudes. 

(a)                         84263         (b)                    84263 
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Figure 31. The mean electron energy peaks as a function of UT for September 19, 1984 
for (a) the peak near 6 MLT and (b) the peak near 21 MLT from DMSP (d) and NOAA 
(N) orbits. Dashed lines indicate the regular parameterization of the mean energy peaks 
as a function of hemispheric power level, and solid lines the adjusted parameterization. 
 
  The energy flux and half-widths do not always fit the assumption of a smooth 
cosine variation in MLT on a pass-by-pass basis.  A single orbit will give us at most two 
cuts through the auroral oval and two values of h and E at two MLTs.  If we assume 
values for rotE and roth from the parameterization, we can calculate values for h1 and h2, 
and E1 and E2.  These can be calculated as very low or negative values if the cosine 
variation assumption is not good, which happens about 20% of the time for the half-width 
and about 35% of the time for the energy flux peak.  Removing these values, we show in 
Figures 31 and 32 plots of the derived ‘dayside’ (D,d) and ‘nightside’ (N,n) values of the 
energy flux peak (E1, E2) and the half-width (h1, h2) as a function of UT for September 
19, 1984.  The regular parameterizations based on power level or power are dotted lines 
and the adjusted parameterizations are shown as solid lines.  The adjusted values were 
again averages in UT where no point was further than 15 minutes from the next point in 
the average.  Suspicious points were not included in the average.  The adjustments 
needed are variations about the regular parameterizations, except for a decrease in the 
energy flux peaks between 1000 and 1300 UT. 

We have described the precipitation model in terms of a simple circular auroral 
oval, adjusted to fit electron precipitation data from three satellites. A more global picture 
is possible from instruments such as the UV imager on Dynamics Explorer-1 (Frank et 
al., 1982), the UV imager on VIKING (Anger et al., 1987), or the X-ray imager on 
DMSP-F6 (Mizera et al., 1984). If auroral images are available, then it is possible and 
desirable to abandon the model and go to a gridded description of the auroral 
precipitation, such as we do when we abandon the Heelis convection model in favor of 
gridded AMIE potentials. Unfortunately, there were no auroral images available from the 
UV imager on Dynamics Explorer-1 on September 19, 1984 (Craven, private 
communication, 1988), or from the X- ray imager on DMSP-F6 (Gorney, private 
communication, 1988). There are also problems with global images in terms of 

(a)         84263  N=NOAA, d=DMSP (b)         84263  N=NOAA, d=DMSP 
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calibration and dayglow removal.  Another possible source of global coverage for auroral 
precipitation is the network of ground magnetometer stations used to derive electric fields 
in the AMIE technique. Ahn et al. [1983) found correlations between the geomagnetic 
AE and AL indices and the particle injection rate. A global network of such correlations 
for individual magnetometers could provide a global picture of auroral precipitation as 
well as of ionospheric convection. The best source, however, are global images, although 
they were not used in this study. 

 

 
Figure 32. The (a) peak electron energy flux on the 'dayside' (E1, D=NOAA and 
d=DMSP) and the 'nightside' (E2, N=NOAA and n=DMSP) and the (b) energy flux half-
widths on the 'dayside' (h1, D=NOAA and d=DMSP) and the 'nightside' (h2, N=NOAA 
and n=DMSP) as a function of UT for September 19, 1984. Dashed lines indicate the 
regular parameterization of the (a) energy flux peaks and (b) energy flux half-widths as a 
function of hemispheric power and power level, and solid lines the adjusted 
parameterization.  
 
 
6.  Updates to the Parameterizations 
 

As can be seen in Table A of Appendix A, most of the convection parameterization 
has remained in the most recent version 1.94 of the TIEGCM.  This was not always the 
case.  Before 2009 and up to TIEGCM version 1.9, the convection parameterizations for 
the Heelis convection model [Heelis et al., 1982] were simplified to: 

θ24 (N,S) deg           1.0         
θ18 (N,S) deg          0.0            
Φd (N,S) clock-angle deg  0.0      (MLT=12h)       
Φn (N,S) clock-angle deg  180.0    (MLT=0h) 
Ψmx/Ψ (N,S)          0.50       
Ψo/Ψ (N,S)                 0.0        
Φd+, Φd -, Φn+, Φn- (N,S) deg  90.   

(a)         84263:          N,D=NOAA    n,d=DMSP    N,n=night    D,d=day  (b) 
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The original parameterizations with By changes were restored with TIEGCM version 
1.91 in December 2008 except for the changes in the entrance Φd+,- and exit Φn+,- 
angles of the flows of the ion convection from the dayside to the nightside.     

There are some simplifications to the auroral electron energy flux, where the 
rotation angles of rotE and roth, were first made 0, and then revised downwards from the 
fits in Figures 17c and 19c in June 2008 with the release of TIEGCM version 1.90.  The 
original parameterizations allowed the auroral oval flux to rotate too much as a function 
of I.  It is clear from Figures 17c and 19c that the fits should not be extended to low or 
high values of the hemispheric power index I.   

The parameterizations for the mean electron energy were dropped entirely to 
depend on the simple dayside and nightside values of 3 and 4 keV, respectively, that was 
described in Ridley and Roble [1987]. 
 
7.  Conclusions 
 

Different data sets for auroral precipitation and ion convection have been used to 
parameterize these inputs in terms of only three parameters. These are: the hemispheric 
power P or level I, the polar cap potential drop Ψ, and the IMF By component. Details of 
the model parameterizations are summarized in Appendix A. 

We find that the convection and precipitation move together in the dawn-dusk 
direction with opposite By dependencies in opposite hemispheres. The convection 
reversal boundary is 5 or 6 degrees smaller than the auroral circle measured to the 
centroid of precipitation. The precipitation is shifted towards dawn with respect to 
convection. Both patterns are generally shifted towards midnight, the precipitation more 
so than the convection. In comparisons with the Dynamics Explorer-2 ion drift 
measurements described by Hairston and Heelis [1990], the AMIE technique based 
primarily on ground-based magnetometer data gives similar results. The statistical 
pictures for both methods can be improved with more data. 

The simple oval used in the GCM appears to be an adequate picture of 
observations which can be parameterized in terms of the hemispheric power level. 
Individual days can be refined with adjustments to model variables as described in the 
last section. 

Finally, relationships which have been developed between power level, Kp, polar 
cap potential drop, and auroral and convection radii can be used to derive other 
parameters in the absence of various observations. 
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Appendix A:  TGCM Parameterization for Ion Convection and Auroral 
Precipitation 

 
We use the ion convection model described in Heelis et al. [1982] with the 

simplified Volland [1975] decay in Equation (23) equatorward of the convection reversal 
with the additional amendment described in Equation (26). Within the polar cap, the 
potential Ψ(φ,θ) at local hour angle φ and colatitude θ inside the polar cap is from 
Equations 4 and 5 from Heelis et al. [1982] as 

Ψ(φ,θ) = (Ψx+Ψn)/2 + (Ψx-Ψn)/2  cos[180/(φi- + φi+)  (φ-φd-φi+)]    (A1) 

φi± = φd± + [(θ-θo)/θo]2  (90- φd±)      (A2) 

for φd – φi-  <= φ <= φd – φi+ and as   

Ψ(φ,θ) = (Ψx+Ψn)/2 + (Ψx-Ψn)/2  cos[180/(φa- + φa+)  (φ-φn+φa-)]    (A3) 

φa± = φn± + [(θ-θo)/θo]2  (90- φn±)      (A4) 

for φn – φa-  <= φ <= φn – φa+.   
 The TGCM auroral precipitation model is described by Roble and Ridley [1987] 

and modified in this study.  The oval equations are basically a description of the Gaussian 
half-width, the energy flux, and the mean electron energy. The Gaussian half-width can 
be written as: 

h = ho [l + rh cos((MLT - roth)π/12)]      (A5) 

where ho = 0.5(h1 + h2) and rh = (h2 - h1)/(h1 + h2). The energy flux E can then be 
written for any MLT and any co-latitude θ in the frame of reference of the oval as: 

E = Eo [1 + rE cos((MLT –rotE)π/12)]exp{-[(θ-Ra)/h] 2}   (A6) 

where Eo=0.5(E1 + E2), rE = (E2 - E1)/(E1 + E2) and Ra is the oval radius. The mean 
electron energy 2α is written in terms of several Gaussians in MLT and in latitude as: 

2α = 2αk + 2α6 exp{-[(θ-Ra-d6)/h6]2} exp{-[abs(MLT-rot6)/t6]2}   
    +2α21 exp{-[(θ-Ra-d21)/h21]2} exp{-[abs(MLT-rot21)/t21]2}     (A7) 

where abs(MLT – rot6) and abs(MLT rot21) are adjusted so they are between 0 and 12 
hours, or the distance in MLT between each MLT and the peaks at rot6 and rot21. 
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Table A: NCAR TGCM Convection and Auroral Parameterizations 
 

This table lists the variables used and their parameterizations. All variables can 
have different values for the Northern (N) and Southern (S) hemispheres. This is not 
always the case for the regular parameterization. Variables which depend on IMF By are 
assumed to come to limiting values at By = -11nT and By = 7nT.  The values in 2012 are 
for TIEGCM-1.94 
 
Parameter      Fig#  Eq#   Parameterization             Values in 2012 
 
Convection 
r1 (N,S)      Fig 9 Eq 24   -2.6         same 
dr1 (N,S) deg   Eq 25   11.3              same 
θo (N,S) deg       Fig 3a-c Eq 3   max[10, -1.92 + 8.10 Ψ3/16 (AMIE Ψ)]     NA 
θo (N,S) deg      Fig 3d Eq 5       max[10, -3.80 + 8.48 Ψ3/16 (IMF Ψ)]    same 
θ24 (N,S) deg      Fig 4,5a Eq 10   1.1         same 
θ18 (N) deg       Fig 4,5b Eq 7   -0.08 – 0.15 By       same 
θ18 (S) deg   Eq 9   -0.08 + 0.15 By       same 
Φd (N) MLT       Fig 8a,c Eq 15   9.39 - 0.21 By        same 
Φd (S) MLT    Eq 16   9.39 + 0.21 By       same 
Φn (N) MLT       Fig 8b,d Eq 17   23.50 - 0.15 By       same 
Φn (S) MLT   Eq 18   23.50 + 0.15 By       same 
Ψmx/Ψ (N,S)      Fig 7 Eq 14     0.44         same 
Ψo/Ψ (N)              Fig 6    Eq 12   -0.168 - 0.027 By       same 
Ψo/Ψ (S)   Eq 13   -0.168 + 0.027 By       same 
Φd+ (N,S) deg   Eq 19   85              90 
Φd- (N,S) deg   Eq 20   50              90 
Φn+ (N,S) deg   Eq 21   57.5              90 
Φn - (N,S) deg   Eq 22   100              90 
 
Precipitation 
 
Ra (N,S) deg      Fig 11a,d Eq 31   14.20 + 0.96 I       same 
Ra (N,S) deg      Fig 11c,f Eq 35   max[10,3.06 + 8.49 Ψ3/16 (AMIE Ψ)]    NA 
Ra(N,S) deg      Fig 11b,e Eq 33   max[10,-0.43 + 9.69 Ψ3/16 (IMF Ψ)]     same 
θ24a (N) deg       Fig 12 Eq 36   3.7              1.0 
θ24a (S) deg         Eq 37   4.3              1.0 
θ18a (N) deg       Fig 13 Eq 38   -1.26 – 0.15 By            0.0 
θ18a (S) deg        Eq 39   -1.26 + 0.15 By            0.0 
E1 (N,S) mW/m2 Fig 16,17a  Eq 40    max(0.50, -2.15 + 0.62 I)               same 
E2 (N,S) mW/m2 Fig 16,17b  Eq 41     0.95 + 0.117 HP              1.0 + 0.11 HP 
rotE (N,S) MLT hr Fig 16,17c   Eq 42   2.62 – 0.55 I                 0.17 – 0.04 I 
h1 (N,S) deg        Fig 18,19a  Eq 43   min(2.35, 0.83 + 0.33 I)             same 
h2 (N,S) deg        Fig 18,19b  Eq 44   2.87 + 0.15 I  3.875 + 0.035 max(0,HP-55) 
roth (N,S) MLT hr  Fig 18,19c  Eq 45   12.18 – 0.89 I                 0.81 – 0.06 I 
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Electron Energy 
 
2αk (N,S) keV      Fig 23 Eq 46   0.50          NA     
2α6 (N,S) keV      Fig 23,24a Eq 47   0.36 + 0.48 I         NA 
2α21 (N,S) keV    Fig 23,24b Eq 48   max(1.00, =1.75 + 0.69 I)       NA 
rot6 (N,S) MLT hr  Fig 23    6.00          NA 
rot21 (N,S) MLT hr  Fig 23    21.00          NA 
t6 (N,S) hrs      7.00          NA 
t21 (N,S) hrs      4.00          NA 
d6 (N,S) deg      -4.0          NA 
d21 (N,S) deg      4.0          NA 
h6 (N,S) deg      7.0          NA 
h21 (N,S) deg      10.0          NA 
 
The electron mean energy was revised back to the model of Ridley and Roble [1987] 
using the same rotation as for the electron energy flux (rotE) for the following parameters: 
 
2α1(day) keV     2*1.5=3.0 
2α2(night) keV     2*2.0=4.0 
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