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ABSTRACT 

Understanding magnetosphere-ionosphere coupling is important because energy transfer from 

the magnetosphere to the ionosphere needs to be represented. This work examines the High 

Altitude Observatory (HAO)'s high latitude empirical model that represents magnetosphere-

ionosphere coupling as energy transfer between the magnetosphere and the ionosphere. The 

model represents the spatial distribution of the height integrated Poynting flux, the electric 

potential and the magnetic potential in the upper atmosphere under varying geophysical 

conditions. HAO's empirical model was contrasted against Weimer's 2005 empirical model. Both 

models are derived from the Dynamic Explorer Two (DE-2) data set from August 1981 to March 

1983. The purpose of the research was to show that the energy transfer generally quantified by 

the Joule heating could be estimated by the height integrated Poynting flux. The Poynting flux 

can be calculated from satellite measurements, while the Joule heating requires knowing the 

Pederson conductivity, which is not measured by DE-2.  This study showed that the Poynting 

flux can represent the energy transfer in Joule heating by the Poynting flux. Though both models 

are derived from the same data set, their respective electrical potential has been statistically 

computed by different methods. Weimer’s derived electrical potential from the DE-2 data set 

has, in general, a greater electrical potential than HAO’s derived electrical potential. Weimer’s 

model uses the interplanetary magnetic field (IMF) solar wind velocity and density as extra 

inputs in comparison to HAO’s model. The integrated Poynting flux of HAO’s model is 

comparable with the total Joule heating over a given area. This demonstrates that energy transfer 

between the magnetosphere and ionosphere can be successfully estimated from satellite 

measurements, using the integrated Poynting flux. 
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Intro 

Electric fields and currents associated with magnetosphere-ionosphere interactions, along 

with Auroral particle precipitation, are an important source of thermospheric energy and 

momentum, affecting the global thermospheric temperature, density, composition, and 

winds. The effects are strong during and after magnetic storms, but the thermosphere is 

also influenced during quiet times.  Thermospheric general circulation models (TGCMs) 

need adequate quantitative spatial and temporal energy input to reproduce the 

thermospheric response to high-latitude heating. 

As the Interplanetary Magnetic Field (IMF) from the sun encounters the Earth’s magnetic 

field, the two fields reconnect. The location of reconnection of the Earths geomagnetic 

magnetic field depend on the direction of the IMF. For southward IMF which is opposite to 

the direction of the Earth geomagnetic field, the magnetic fields couple on the sunward side 

of Earth, than the open field-line drift toward midnight where they reconnect in the 

magneto-tail, on the opposite side of Earth away from the sun.  Energy is inserted and 

distributed within the Earth’s magnetosphere-ionosphere coupling system by way of the 

Field Align Currents (FAC) at the poles. The energy within this system is dispersed 

through the ionosphere by way of Joule heating.  

Joule heating can be determined if Pederson conductivity is known, however measuring the 

Pederson conductivity is difficult. Another way of representing the total Joule heating 

within a given area of distribution is by way of Poynting flux. The Poynting flux is a 

mathematical representation of the energy distributed as total Joule heating.  The Poynting 

flux is integrated over an area which is a representation of the total Joule heating in that 

area. Deriving the Poynting flux from electrical and magnetic fields is simpler than trying 

to measure the Pederson current and deriving the total Joule heating. 

The Dynamic Explorer-2 (DE2) satellite simultaneously measures both the electric field 

and magnetic field from March 1981 to August 1983. Two empirical computer models have 

been created to represent the total Poynting flux from the DE2 data that represents the 

total Joule heating distribution of the magnetosphere-ionosphere coupling. 

This research explores the similarity between the two computer models with respect to the 

total Joule heating estimated by the Poynting flux. 

HAO has developed mutually consistent empirical models of the electric potential and the 

electric-field variability (standard deviation), as well as of the Poynting flux that represents 

the downward electromagnetic energy transfer from the magnetosphere, as functions of 

magnetic local time, magnetic latitude, and season and clock angle of the interplanetary 

magnetic field (IMF). 

Empirical models of the Earth’s atmosphere and the many layers that represent the 

differing characteristics are all represented by mathematical equations. These 

mathematical empirical models are the best fit representation to actual measurement data. 

More than one empirical model can be created that represents the same quantity with 

differing settings.  

 The empirical models HAO created in representing the magnetosphere-ionosphere 

interactions and coupling must be tested before their release to the public for usage in 

representing the energy distribution This project focuses on the HAO empirical model. The 

goal is to examine the variability of the empirical model under moderate and extreme 

geophysical conditions. 
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Methods  

The project will include a comparison between the HAO and the Weimer 2005 model 

under moderate geophysical conditions (e.g., Bt=5 nT, and varying interplanetary magnetic 

field (IMF) clock angle) for one season. The following quantities are compared: the electric 

potential, the Poynting flux, the electric field variability, and the magnetic potential. 

Weimer’s 2005 model uses the solar wind velocity (Vsw) and solar wind particle density 

(Nsw) as additional parameters for fitting the electrical potential and magnetic field data 

which are two parameters not used by HAO’s model. However, both models use the 

IMF_angle, IMF magnetic field transients (Btrans), and sinT (date or tilt angle of Earth’s 

axis) as parameters. 

Their respective outputs are just as similar: magnetic potential (MagPot), electrical 

potential (ElPot), field aligned current (FAC), and total Poynting flux (S or 

adj_Poynting_Wm2). However, HAO’s model also calculates the electric field components, 

and the standard deviation of the electric field in both directions SdE1 and SdE2, the 

Poynting flux average S_ExB or the integrated Poynting flux residual 

adj_Poynt_WoS_ExB. 

It is the usage by HAO’s model of the electric field and its standard deviation that will be 

examined and its contribution to the total Poynting flux compared to the total Joule 

heating. The same quantities will be examined for very high IMF strength to evaluate the 

magnetic local time and latitudinal behavior of the different quantities as well as the global, 

e.g., total heating. 

Both Weimer's and HAO's model are based on the same Magnetic Local Time (MLT) 

however Weimer uses AACGM while HAO uses magnetic coordinates. The different 

quantities are calculated with respect to MLT time, and magnetic latitude. The Weimer 

2005 model uses these parameters for its fitting procedure: Interplanetary Magnetic Field 

magnitude (IMF Bt), IMF Solar Winds Velocity (Vsw), Particle density of solar wind 

(Nsw), Tilt, and AL. Weimer's model can use Dates instead of Tilt angle, or vise versa. The 

HAO model only uses the following inputs, the Interplanetary Magnetic Field Angle 

(IMF_angle), IMF field strength (Btrans), tilt or date by axis angle (SinT). Though many of 

these input parameters are the same: for example the IMF Bt is the same as the Btrans in 

HAO's model as well as Tilt and SinT. The difference lies in the fitting procedure and the 

number of fitting parameters. 

First the default state of these two programs and how they compare will be explained.   A 

number of runs were compared between Weimer’s model and HAO’s model. The first 

included the clock angle from 0* to 360* degrees with 45* interval, and from 0nT to 50nT 

for the IMF magnetic field strength (Btrans or Bt). The electric potential magnitudes were 

compared, defined as the difference between maximum and minimum potential, and it 

became apparent that over these ranges both Weimer's and HAO's models were 

remarkably different around 180* clock angle and for Btrans >> 20nT. The Electrical 

potential deviated more rapidly in increasing Btrans with Weimer having the greater 

magnitudes. Further, in these run comparisons, the manner in how HAO and Weimer 

calculated their respective electrical potential shows quite vividly. 
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First, based on the preliminary examination of the electric potential over the same clock 

IMF angles, and varying IMF Btrans, a baseline setting needs to be established. Both 

models represent quantities at 110km altitude. The Weimer model has a default setting at 

450km/s winds, 4 CC/meter of particles, -500 AL, 0 tilt angle. Since the HAO model does 

not use these input parameters, and to get similar starting points, these parameters will 

need to be adjusted for certain tests. 

It is for these reasons that a common starting point for comparison should be made by 

adjusting the solar wind velocity and density used by the Weimer model. Having a common 

reference point makes comparing symmetry over the clock angle and similarity in 

coordinates over maximum and minimum easier. 

The common reference point has been chosen in reference to the electrical potential, and 

the found parameters use in the Weimer model are Btrans = 5nT, Vsw = 295 km/s, and 

Nsw = 3 cc/m/particles. This brings the electrical potential magnitude of the HAO and 

Weimer model to a fairly similar value for 5nT IMF magnetic field at 180* IMF_angle. 

Now two issues need to be confronted. Even though both use similar coordinate systems 

over the same grid coordinates, results show that the outputs of maximum and minimum 

over the varying clock angles and IMF magnetic magnitudes are not aligned as they should 

be. There appears to be two discrepancies: the first is a shift, and second, a slight rotation 

seems to be apparent. 

Now that a common point of reference between these two models is chosen, we will need to 

determine the difference before we can compare outputs. 

 

Results 

A] In comparing the electrical potential pinned at Btrans=5nt, IMF_angle=180*: 

electrical potential is the same when pinned at common point. 

 
Figure 1&2 

The first figure shows the maximum electrical potential position by latitude versus IMF 

angle at Btrans=10 nT, and the second figure shows the minimum. The bottom figure 3 is 

the absolute values in comparison of both maximum and minimum electrical potential.  
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Figure 3 

 

 
Figure 4 & 5 

These two figures demonstrate the clock angles at 45* intervals with HAO’s model output 

of electrical potential on the left and Weimer’s model output on the right. The middle 

arrows are comparative in relation to the IMF angle with Earth’s geomagnetic field. The 

fields are in the same direction at 0* and at 180* the fields are in opposite directions. In the 

middle of Weimer’s model is a comparative IMF clock angle at 315* arrow. 
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Figure 6 

The symmetry over the IMF clock angle is apparent with the total absolute values of the 

positive and negative magnetic potential, though asymmetric in either the positive or 

negative direction. This picture is pinned at 5nT and 180* for the electrical potential in 

which the magnetic potential is derived. This figure also shows the 10nT and 15nT for 

comparison. 

 

B] The unpinned comparison with default settings at 110 km with Weimer’s set at 450 

k/s and 4particle/cc and no AL. 

 
Figure 7 

The total electrical potential between Weimer and HAO models as calculated from the DE2 

data. Each graph represents a different Btrans setting from 5nT to 50nT over IMF angles 
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from 45* to 315*. The broken lines are HAO’s model electrical potential and the solid lines 

are Weimer’s 2005 model electrical potential. 

 

 
Figure 8 

This comparative graph is another point of view from the one above except that each line 

now represents different IMF clock angles at 45* intervals over the range of 0* to 360*. 

Weimer’s is represented by the solid lines and HAO’s the dashed lines. This was verified 

up to 300nT, an extreme case scenario, and both models continue their respective trends. 

 

 
Figure 9 & 10 
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Aerial view of the calculated electrical potential ( ) of HAO’s model from the DE2 data 

with residual electrical potential ( ). 

 

 
HAO model’s calculated Poynting flux background (S_ExB), left with the residual 

Poynting flux, middle, and total Poynting flux far right.  

 
Figure 14 

This is a representation of the Poynting flux: background, residual, and total as energy 

total over IMF angle. 

 

 
Figure 15 

Weimer’s total Poynting flux output for 450 km/s and 4 particles per cc with no Al. 
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Figure 16 

This bar graph is from Deng 2009 paper. The smaller bar is the Joule heating input 

calculated using average electric field which was used to calculate the S_ExB portion of the 

Poynting flux (background) and the larger bar is the total Joule heating based on the 

average electric field and it’s variability. The light blue bar is the total integrated Poynting 

flux as added by HAO’s model with the sum of the background and residual Poynting flux. 

 

 
Figure 17 
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The integrated Poynting flux for Weimer and HAO models over an area of 50* latitude 

depicts the difference between Weimer’s and HAO’s total Poynting flux output over the 

range of Btrans values from 5nT to 20nT, IMF angle of 90* to 270*. The small window on 

the right shows the background, residual and total integrated Poynting flux. 

 

Summary 

A]  

With the electrical potential pinned at 5nT and IMF angle of 180*, the coordinates are the 

same between 45* to 315* IMF angle. The lower IMF angle about 0* have multiple 

electrical potential cells, so they are not considered in the coordinate matching. 

As seen in the Weimer and HAO eight aerial view pictures, Fig 4 & 5, they are identical in 

coordinates and number of cells present. 

In figure 6 the magnetic potential give a visual of Weimer and HAO symmetry over the 

IMF clock angle. 

B]  

Due to the dynamic nature of the satellite data on the electric and magnetic field, the 

statistical fitting to this data has been done differently by Weimer and HAO. Weimer 

[Weimer, et al., 2005] and HAO derived and fitted their equations to the DE2 data. Weimer 

used a fitting term that adjusted the empirical equation to the data. HAO however did it 

differently, and it is this difference, that we are studying. 

HAO fitted its empirical equations and then subtracted them from the DE2 data, resulting 

in a residual electric field where the components are distinguished by i = 1,2,. The residual 

electric field  , where the DE2 electric field data component is  and 

 is the empirical electric field. 

The standard deviation components is  where E=< >.   

The total Poynting flux is the sum of the integrated Poynting flux derived from the 

empirical data across the magnetic field over a given area, and the residual Poynting flux 

from the standard deviation across the residual magnetic field. 

Deng 2009 bar graph sums the total argument, in that the residual electrical potential is  

significant in determining the Joule heating input. 

 

Conclusion 

Hence the residual electrical field is significant in the total Poynting flux representation of 

Total Joule heating in which they approximate [Deng et al,.2009; Emmert et al,. 2010]. 

Thus HAO’s model is more versatile in not requiring the Peterson Conductivity for 

calculating the total Joule heating, has more versatility than Weimer’s 2005 model which 

requires solar wind velocity, IMF density and appears to be less accurate in representing 

the total Joule heating in the lower B-tran range.   
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