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Recent measurements by the accelerometer on the CHAMP Satellite have 
confirmed that energy flows into the thermosphere from the dayside cusps of 
the magnetosphere at all times. This energy source produces dayside density 
enhancements at high latitudes.  The semi-empirical model described here can 
reproduce these density increases. The parameters in the model were originally 
determined 30 years ago, but can now be improved by using the densities 
measured by the CHAMP/STAR accelerometer, the semiannual variation 
improved by Bruce Bowman, and the UV energy source provided by Kent 
Tobiska.  Recent improvements in determining satellite drag coefficients can 
enable the model to provide absolute densities. 

 
 

HISTORICAL INTRODUCTION 
 
     When the science of spectroscopy was developed in the 19th and 20th centuries, it was 
discovered that solar ultraviolet radiation heats, dissociates, and ionizes the upper 
atmosphere1. Great auroral displays had been observed for millennia, and there were 
various theories about their cause2. In the 1930s Sydney Chapman and V. C. A. Ferraro 
were the first to show how streams of ions emitted from the solar corona could interact 
with the earth’s magnetic field to produce a magnetosphere3.  When satellites began 
flying, Chapman pointed out that energy from the solar corona continuously flows into 
the interplanetary gas, and part of this energy flows into the Earth’s upper atmosphere at 
all times4.  Yet little was known about how solar corpuscular energy entered the Earth’s 
magnetosphere and thermosphere, so the theoretical static diffusion models of Marcel 
Nicolet and Philip Mange simply assumed that solar UV radiation was the only energy 
source5,6 for the thermosphere.  This idea was carried into the early thermospheric models 
that fitted satellite drag data to the static diffusion equations.  However, Julius Bartels, 
who was a world authority on geomagnetism, insisted that there was also corpuscular 
energy flowing into the thermosphere at high latitudes7.   
 
     As the resolution of satellite drag data improved, Luigi Jacchia and Jack Slowey were 
able to detect the corpuscular energy that enters the atmosphere during geomagnetic 
storms8.  Paetzold’s model was the first to incorporate a density increase caused by 
geomagnetic heating9. By 1964, the static diffusion models of Harris and. 
Priester10 and Jacchia11 also included a geomagnetic storm effect .  Jacchia introduced   
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the geomagnetic storm effect into his static diffusion model by increasing the exospheric 
temperature as a function of the geomagnetic indices, Ap or Kp8,11.  
 
     Nevertheless, the effect of corpuscular energy on the thermospheric density at quiet 
times was not understood until the Canadians flew their Alouette and ISIS Satellites12-17.  
Thermospheric densities derived from the recent CHAMP/STAR accelerometer data18-20 
confirm the presence of the dayside high-latitude density enhancements which result 
from energy flowing from the magnetosphere into the thermosphere during 
geomagnetically quiet times.  The location of the density bulge is collocated with the 
regions of red airglow14, the locations of electron concentration peaks in the high-latitude 
ionosphere15,16, and the regions of particle precipitation into the dayside thermosphere 
from several parts of the magnetosphere12-13,21-22 .   The bulge is centered on the 
downward projection of the dayside magnetospheric cusp17.  
 
EARLY EVIDENCE FROM SATELLITE DRAG 
 
     The early evidence for the thermospheric polar density enhancement came in the 
1960s, when the Air Force started launching polar satellites.  At first the bulge was 
inferred from orbital decay data by Rodney Jacobs23.  Later Barbara Ching demonstrated 
that she could improve the correlation between polar satellite drag data and the Jacchia 
density model by replacing the subsolar density bulge by a high-latitude bulge24. Toward 
the end of the decade, the Air Force placed an accelerometer on the polar satellite, 
LOGACS25,26.  That experiment defined the bulge more clearly, and confirmed that the 
high latitude bulge is larger in magnitude than the subsolar density bulge.  Most of the 
information derived from Air Force polar satellites was unknown to the aeronomic 
community until Col. Leonard DeVries convinced Gen. Samuel Phillips to declassify it in 
1971 (Reference 27).  Because the polar density bulge was unknown to the developers of 
early static diffusion models that fitted satellite data, the models of Jacchia11, Harris and 
Priester10, and Paetzold9 did not include such a density bulge at quiet times.  . 
 
ALOUETTE AND ISIS 
 
     Early in the 1960s, the Canadians began to fly their Alouette Satellites, which carried 
an ionosonde that looked down on the ionosphere in the Northern Hemisphere.  These 
ionosondes sometimes revealed sudden increases in electron density unlike the patterns 
seen at lower latitudes15,16.  To understand the causative processes, the Canadians then 
flew the ISIS satellites, which gathered valuable data on topside ionospheric electron 
concentrations, the red airglow, and particle precipitation12-16. The reports of particle 
precipitation convinced us that the collaboration of a magnetospheric physicist was 
essential.  Willard P. Olson examined the particle data.  He used the ISIS measurements 
published by Heikkela and Winningham13 to outline the region of particle precipitation28.  
It is idealized as a lunette-shaped region on the dayside shown as the shaded area in 
Figure 1.  At the center of the figure is the geographic North Pole.  Noon is at the bottom 
of the figure. The upper dashed circle is the locus of the magnetic pole as the earth 
rotates.  At 23 hours UT, the magnetic pole is at the point labeled “23” on the upper 
circle.  To find the center of the lunette arc, we must move 150 equatorward toward the 
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Sun, placing the center of the lunette at the point “23” on one of the lower circles which 
depend on season (winter in Figure 1).   
 

 
 
 

Figure 1    Willard Olson’s Model of Dayside Cusp Precipitation 
  
     As the day progresses and the Earth rotates, the center of the lunette arc moves 
counterclockwise on one of the lower circles.   Thus the region shifts around in local time 
and in geographic latitude and longitude.  The lunette always faces the sun, with its wings 
pointing away from the sun.  The center of the lunette arc coincides with the footprint of 
the magnetospheric dayside cusp.  This is not to say that all the energy is coming from 
the cusp.   Patrick Newell and his colleagues have discovered that many particles, 
especially those in the wings of the lunette, are coming from other parts of the 
magnetosphere, including the plasmasphere and tail21,22.  Electric fields can also produce 
Joule heating in the ionized regions29.   Whatever the combination of magnetospheric 
heating processes, the result is that this energized region is a persistent feature of the 
high-latitude structure at quiet times. 
 
     Airglow measurements are now important to density modelers, because the 
spectroscopic sensors SSUSI and SSULI are being flown on the DMSP Satellites to 
monitor thermospheric density30.   Figure 2 shows the red airglow measured during the 
polar winter by Shepherd and Thirkettle on ISIS II.  Olson’s model of the particle 
precipitation from Figure 1 is shown shaded for comparison.  Airglow measurements can 
help to improve the density model, and density measurements can help to validate and 
improve the SSUSI and SSULI measurements.   
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Figure 2   Red Airglow Compared with the Region of Dayside Precipitation 
Shepherd and Thirkettle’s contours of red airglow at the top resemble the shaded model of the dayside 
precipitation that excites the airglow during the polar night.  The contour below is a nocturnal aurora 
caused by precipitation from the tail of the magnetosphere. 

 
 
 

     The ionosphere is an integral part of the thermosphere.  The upper panel of Figure 3 
shows the topside electron densities measured by the satellite Alouette I on a rare transit 
of the dayside precipitation region.  The lower panel shows the neutral densities 
measured by the LOGACS accelerometer on pass 31, when it traversed the excited 
region. The composite figure is shown to demonstrate that the neutral response is spread 
out more in latitude than the ionospheric response.  We believe this spread of the neutral 
response is caused by the longer time for molecular motions and thermal conduction than 
the lifetime of electrons.  The neutral densities calculated from the Jacchia 1970 model 
and the present model are also shown for comparison with the LOGACS measurements.  
This comparison illustrates the importance of including the cusp-related energy source in 
density modeling.  All of these measurements and models refer to geomagnetically quiet 
times.   
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Figure 3 Cusp-Related Enhancements of the Electron and Neutral Densities 
The upper panel shows the distribution of electron densities measured on Pass 3391 of Alouette 1 as a 
function of latitude.  The lower panel shows the neutral densities measured by LOGACS on orbit 31as a 
function of latitude. In both panels, the shaded areas indicate the location of the modeled precipitation 
region.  The neutral densities calculated from Jacchia’s model and the present model are also shown. 
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THE SPADES SATELLITE 
 
     Figure 4 shows an example of density measurements made by the SPADES satellite, 
which carried a spinning pressure gauge31,32.  The measurements in this figure were made 
as the satellite passed through the 400 km level in the Southern Hemisphere winter.  
Since there was no direct UV radiation, the energy was coming mostly through the 
magnetosphere.   The measured density is plotted against geomagnetic colatitude.  The 
density is given as a ratio relative to a static mid-latitude model, the spring/fall model for 
an exospheric temperature of 1000 K, from the U.S. Standard Atmosphere Supplements, 
196633.  The darkened region displaced 15 degrees from the dipole is where the lunette 
model places the energized region.   The numbers 45, 57, etc. refer to the orbital 
revolution number.  The individual points represent densities derived from a single spin 
period of the pressure gauge.  Whereas the energized region related to particle 
precipitation is narrow, the neutral density response is broad.  One might expect this 
difference, because the times for thermal conduction and mass motions are hours, while 
the times even of forbidden excited transitions are seconds.   
 
 
 
 

Figure 4   Densities Measured by the SPADES Satellite near the Southern Cusp 
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DEVELOPMENT OF AN EMPIRICAL MODEL INCLUDING THE CUSPS 
 
     Based upon the overwhelming evidence from satellite density measurements, electron 
concentration measurements, red airglow observations, and measurements of particle 
precipitation through the dayside cusp regions, an empirical model of the neutral density 
of the thermosphere was developed34,35.  The neutral density is expressed as a sum of two 
parts: The first term ρu describes the combined effects of the solar ultra-violet heating and 
various other contributions like the semi-annual variation; the second term ∆ρ gives the 
contribution to the density associated with particle precipitation and joule heating coming 
from magnetospheric sources during times of low geomagnetic activity. The region of 
density enhancement at high latitudes is associated with the lunette shaped regions related 
to the dayside cusps.  Therefore the model produces a density distribution which depends 
on universal time as well as on other variables like altitude, latitude, local time, and the 
solar UV energy source.    
  
THE DENSITY FUNCTION * 

 

     The density ρ is expressed as a function of altitude z, geographic co-latitude θ, 
geographic longitude φ, universal time T, day of the year D, and the measure of the 
decimetric solar flux F: 
 
                         ρ (z, θ, φ, T, D, F)   =   ρu  +  ∆ρ 
 
where  ρu   =   ρ0 (z, F)  B (z, θ, t) J (z, θ, D)  Q ( z, D)    
 
and t is the local time, t = T + φ/150 .  The term ρ0 (z, F) is an exponential function which 
gives the height dependence of the mean equatorial density, B (z, θ, t) gives the diurnal 
variation, J (z, θ, D) gives the latitudinal and seasonal dependence, and Q (z, D) expresses 
the semi-annual effect. 
 
     The density bulges at high latitudes were constructed by centering them on the 
locations of the dayside cusps as modeled by Olson28.  Since the density bulges are wider 
than the regions of particle precipitation, they have been approximated by a function 
suggested by observation of atmospheric densities at high latitudes: 
 
 
                             ∆ρ =    ρ0 (z, F) C( z,  ∆ε ) 
 
where C( z,  ∆ε ) is a function of the angular distance ∆ε of the point of observation from 
the central arc of the lunette-shaped precipitation region.  It involves the geomagnetic 
coordinates of the point of observation, and indirectly the universal time. 
 
     The numerical values of the parameters in this semi-empirical model were originally 
determined 30 years ago from density data collected by the Bell-MESA accelerometer on  
 
* A table of Notation appears near the end of this paper. 
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the LOGACS satellite and the pressure gauge on the SPADES satellite.  As an example 
of the model output, we show in Figure 5 a Mercator projection of the global density 
distribution at a time of moderate solar activity.  The densities are plotted against                                                                                 
geographic east longitude and geographic latitude.  At 12 hours UT, noon is at zero 
longitude while the north magnetic pole is eastward at about 290 degrees. The season is 
approaching northern summer, in late May.  Notice that the maximum subsolar density is 
north of the equator. The high-latitude maximum is about 20 % higher than the subsolar 
maximum. As time progresses, the high-latitude bulge will shift relative to the subsolar 
bulge. It will shift in geographic latitude as well as in local time.  This tells us that we 
cannot simply use local time and geographic latitude for a complete description of the 
thermospheric density distribution.  We must include the shifting magnetospheric source.  
 
 
 
 
 
 

 
 
 
 

Figure 5   Global Density Distribution Including Cusp Energy Source 
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POSSIBILITIES FOR IMPROVEMENT 
 
     The parameters in the model can now be brought up to date by incorporating recent 
advances: The description of the semi-annual variation improved by Bruce Bowman36 
can be included in the function Q (z, D); the refinement of solar UV indices by Kent 
Tobiska37 will alter the function ρ0 (z, F).  The large amount of precise density 
measurements made by the accelerometer on board the CHAMP Satellite18-20 will provide 
a wealth of data to improve the parameters that describe the other functions in the model.   
    
     In the past, the drag coefficients of compactly-shaped satellites in free-molecular flow 
were often assumed to be 2.2 at all altitudes.  That assumption has introduced biases in 
the Jacchia and MSIS density models. However, orbital measurements by satellites of 
special design have, in recent years, enabled better drag coefficients to be calculated for 
satellites of many shapes38-40.  This development has made possible the calculation of 
absolute densities from drag data.  
 
     Some examples of drag coefficients are shown in Figure 6. These examples are: A 
smooth sphere; a flat plate at normal incidence to the airstream; the spinning S3-1 
Satellite, which consisted of eight flat plates; and a short cylinder terminated by a flat 
plate that faces the airstream.  A long cylinder that flew like an arrow would not fit on 
this graph, because it would have a drag coefficient between 3 and 4, depending mainly 
on the length-to-diameter ratio and the ambient temperature41.   New measurements and 
calculations of drag coefficients will enable the present model to provide absolute 
densities up to an altitude of 500 km.  See References 38 to 40 for details. 
 
 
 

 
 

Figure 6    Drag Coefficients of Satellites in Low-Earth Orbit 
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SUMMARY 
 
     At geomagnetically quiet times there is a large magnetospheric energy source at high 
latitudes.  It produces prominent dayside density enhancements which are dependent on 
universal time and are in the same locations as ionospheric electron density peaks, the red 
airglow, and particles precipitating from the magnetosphere.  The semi-empirical model 
described here can reproduce the neutral density increases which appear at high latitudes 
in both hemispheres.  Improved orbital data and analyses have recently become available:  
These can be used to improve the parameters in the model.  Recent analyses of satellite 
drag coefficients can enable the model to provide absolute densities.     
 
 
NOTATION 
 
Ap   =  geomagnetic planetary amplitude 
B     =  diurnal density variation 
C     =  function of the distance from the central arc of the precipitation region 
D    =  day of the year 
F     =   decimetric solar flux 
J      =   latitudinal and seasonal density variation 
Kp  =    geomagnetic index 
Q    =    semi-annual density variation 
t      =   local time  
T     =   universal time 
z      =   altitude 
∆ρ   =   density enhancement at high latitudes 
∆ε   =   angular distance from central arc of the precipitation region 
ρ     =   atmospheric density 
ρu    =   atmospheric density without the high-latitude enhancement 
ρ0     =   height dependence of the mean equatorial density 
θ     =   geographic co-latitude 
φ     =   geographic longitude 
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