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ABSTRACT 

 
 
 Supervising Professor:  Roderick A. Heelis 
 
 
 
 
Plasma temperatures in the ionosphere are fundamental indicators of the heat balance between 

the charged and neutral species and are associated with both the dynamics and structure of the 

upper atmosphere. At low and middle latitudes the temperatures are determined by solar energy 

inputs and energy exchange between charged particles and neutrals. During the daytime the 

thermal electrons are heated by photoelectrons and cooled by conduction and collisions with 

ions. The ions are heated principally by collisions with electrons and ions and cooled by 

conduction to lower altitudes. During the nighttime, when the source of photoionization is 

absent, both ions and electrons are cooled by conduction to lower altitudes where heat is lost to 

the neutral gas. Thus, variations in both electron temperature and ion temperatures can be used to 

explore the heat exchange processes in the topside ionosphere. 

A numerical model called Sami2 is Another Model of the Ionosphere (SAMI2) and 

measurements from the Defense Meteorological Satellite Program (DMSP) F15 satellite are used 

in this study of plasma temperatures in the topside ionosphere. The effects of ion composition on 

the ion and electron temperatures in the mid-latitude topside ionosphere during daytime are 
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examined by using data that has been previously derived from the DMSP F15 measurements in 

2004–2006. The heat exchanged between the different constituent ions and the role played by the 

solar zenith angle and the solar ionizing flux (F10.7) is suggested from the variations of electron 

and ion temperature with electron number density and composition. The SAMI2 model adds 

further interpretation of the electron and ion temperature distribution by capturing the major 

mechanisms that control the heat flow in the topside ionosphere at middle latitudes. Due to the 

absence of constituent ion temperature information in the original DMSP dataset, this model 

study is also used to retrieve both TH+ and TO+ and verify the observed dependence of ion 

temperature on ion composition. The model calculation shows that topside TH+ should reside 

between TO+ and Te, and further confirms the preferential heat transfer from the electrons to H+ 

in the topside. Finally, an implementation of a more sophisticated analysis procedure to extract 

constituent ion temperatures from the Retarding Potential Analyzer (RPA) measurements is 

utilized to reexamine the DMSP F15 dataset. The result shows that in the daytime, when 

electrons are actively heated, TH+ is a few hundred degrees higher than TO+ at all longitudes. The 

nighttime temperature difference between TH+ and TO+ is indicative of mass dependent adiabatic 

heating and cooling processes across the equatorial region. These adiabatic processes present 

clear longitudinal variations in the ion temperatures and measured plasma flows that are 

associated with season and magnetic declination. 
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CHAPTER 1 

INTRODUCTION 

The universe consists primarily of plasma, namely a mixture of ions and electrons that 

experience the electromagnetic forces produced by their own presence in addition to externally 

applied forces. The collective behavior results in a rich set of interacting physical processes, 

including intricate exchanges with the background neutral gas throughout the solar system, from 

the solar transition region, to planetary upper atmospheres. Any planet with a gravitationally-

bound atmosphere and an ionizing source of sufficient energy will consequently form a charged 

particle envelope called the ionosphere. For planets, which also have an intrinsic magnetic field 

such as Earth, the fundamental characteristics of its ionospheric environment are particularly 

dynamic and rich in complex physical phenomena. This special region is the prime focus in this 

dissertation. 

1.1 The Earth Space Environment 

The behavior of plasma in the geospace environment is governed by conservation of 

momentum and energy, subject to inputs from the Sun. A technological society is increasingly 

susceptible to disturbances in the geospace environment known as space weather. Thus, a deeper 

understanding of the fundamental physical processes that underlie the environment will make 

possible predictive capabilities essential to future exploration of space and societal needs related 

to communication and navigation systems. Before discussing how external sources ionize Earth’s 

atmosphere to create thermal plasma, we first review the fundamental features of the Earth’s 
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upper neutral atmosphere in order to illustrate how they influence the resulting plasma 

parameters. 

1.1.1 Neutral Atmosphere 

The Earth’s neutral atmosphere surrounds the planet Earth and is bound close to the 

surface by Earth's gravity. Near the surface of the Earth, the atmosphere is a dense, well-mixed, 

multi-molecular gas. This region consists primarily of nitrogen molecules and oxygen molecules, 

but the atmospheric constituents change markedly at higher altitudes. Above about 100km the 

atmosphere does not behave as a well-mixed homogeneous gas. Instead, the large mean-free path 

of the particles allows each of the constituent gases to be distributed in altitude according to the 

individual mass and the temperature as described below. In addition, the atmospheric 

constituents above 100km directly absorb solar extreme ultraviolet (EUV) radiation, which 

provides local heat sources causing the atmosphere to expand. Because of this absorption the 

neutral temperatures increase significantly with altitude above 100km. This uppermost region is 

often called the thermosphere where the temperature gradient gradually decreases with altitude 

and asymptotically reaches the so-called exospheric temperature near 1000K [Banks and 

Kockarts 1973]. Below 100 km, the atmosphere is mainly cooled by infrared radiation (IR) from 

molecular gases and its temperature decreases with decreasing altitude reaching the coldest 

temperatures near 90 km at the mesopause. A local maximum in the neutral temperature occurs 

near 45 km. Ozone is abundant at this altitude and heats the atmosphere while also absorbing 

ultraviolet (UV) radiation. Below the ozone layer the temperature increases with decreasing 

altitude to ground level. 
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The EUV radiation also results in photo-dissociation of the molecular gases, this being 

the major process by which the upper atmosphere absorbs energy from the Sun. Diatomic 

oxygen is the primary molecule in the upper atmosphere that dissociates and produces atomic 

oxygen. This process is expressed by the reaction: 

O2 + hν→O+O*  

where O* indicates that the atomic oxygen may be excited above the ground state. The creation 

of atomic oxygen plays an important role in producing the ionosphere because atomic oxygen is 

easily photo-ionized, as discussed later. Additionally, the variation of the atmospheric 

constituents with altitude determines the amount of neutral gas available for photo-ionization at 

different altitudes. The daytime profiles of individual species of atoms and molecules for mid-

latitude under moderate solar activity are shown in figure 1.1. 

 This atmospheric density variation with respect to altitude is primarily determined by a 

balance between the pressure gradient force and the gravitational force. The pressure gradient 

force resulting from changes in density and temperature is always directed from the region of 

high concentration to the region of low concentration in the sense to equalize the gas pressure. 

For the terrestrial atmosphere this pressure gradient force tends to expand the atmosphere into 

space, while the gravitational force pulls the gas earthward. When no other significant forces are 

present, this balance between the pressure gradient and gravitational forces form a state known 

as hydrostatic equilibrium. This state produces a decreasing density distribution with increasing 

altitude and allows each species to be distributed according to its own mass above about 90km. 
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Figure 1.1. Model distributions of neutral constituent as a function of altitude for a mid-latitude 
location at 14 h Solar Local Time 
 

1.1.2 Ionosphere 

A fraction of the extended, tenuous neutral upper atmosphere discussed above is ionized 

by the solar EUV radiation producing an embedded plasma environment called the ionosphere. It 

extends from about 90km to 1000km in altitude. Because the Earth is one of the planets that has 

a strong magnetic field, the ionosphere makes a transition from an unmagnetized plasma 

dominated by collisions with the neutral gas to a collisionless magnetized plasma in this altitude 

range. 

During the daytime, incoming solar radiation penetrates the upper atmosphere with 

sufficient energy to detach an electron from a neutral atom to create an ion and electron pair. The 

main atmospheric gas ionized is atomic oxygen: 

O+ hν→O+ + e−  

The intensity of the incoming radiation falls off with decreasing altitude, and the amount of a 

particular neutral constituent available to be ionized falls off with increasing altitude. The 
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optimized result forms an ideal plasma layer first discussed by Chapman [1931]. The plasma 

distributions additionally vary with the solar zenith angle because the radiation intensity depends 

on the incidence angle of incoming radiation. The incidence corrections must be taken into 

account for different latitudes and different local times [Rishbeth and Garriott 1969]. 

In the ionosphere the number density distributions of the different ion species are 

principally controlled by the distributions of the neutral gas constituents due to photoionization. 

However, photoionization is only the first step in a chain of plasma creation processes. Once the 

ions are created by photoionization, they undergo diffusion, charge exchange, and recombination 

processes. For instance, O+ is first produced by highly efficient photo-ionization of oxygen 

atoms. Then the distribution of other major ions such as NO+ and O2
+ are produced through the 

charge exchange reactions: 

O+ + N2 → N + NO+

 

O+ +O2 →O+O2
+  

In the most extended region of the ionosphere, resonant charge exchange between oxygen ions 

and hydrogen atoms is dominant: 

O+ +H↔H + +O  

Dissociative recombination of molecular ions is the primary loss process for plasma. The two 

most prevalent processes are: 

NO+ + e− → N +O  

O2
+ + e− →O+O  

The mean free path and lifetime of ionized particles before they experience recombination is 

greatly extended at higher altitudes as the density drops. The combination of production and loss 
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processes control the number density distributions of the different ion species in the ionosphere. 

However each ion species is also subject to the plasma pressure gradient and gravitational forces 

that ultimately determine their altitude distribution at higher altitudes. The various ion species 

profiles that make up the daytime mid-latitude ionosphere are shown in figure 1.2. More detailed 

discussions of the physical processes and chemistry associated with the ionospheric constituents 

may be found in Rishbeth and Garriott [1969] and Banks and Kockarts [1973]. 
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Figure 1.2. Model distributions of ionic constituent as a function of altitude for a mid-latitude 
location at 14 h Solar Local Time. The model does not provide ion distributions below 80 km. 
 

In general, different ion species make up the ionosphere, which exhibits a layered 

structure in the total plasma density, with distinct D, E, F1, and F2 regions (figure 1.3 [Banks and 

Kockarts, 1973]). In the D and E regions the total ion density is of order 105 cm-3 and molecular 

ions such as NO+ and O2
+ dominate due to the photochemical processes discussed above. The 

most abundant particles in these regions are neutral species with the density greater than 

1011 cm-3. The electron density profile showing a maximum in the altitude range from 150km to 

500km is the F region, where the ions are nearly all O+, corresponding to the high concentration 
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of atomic oxygen in the neutral gas. The plasma in this region and below is partially ionized, and 

collisions between the different charged particles and between the charges particles and neutrals 

must be taken into account. 

It has previously been mentioned that the balance between the pressure gradient and 

gravitational forces is important in determining the vertical distribution of the terrestrial 

atmosphere. In the F region the plasma is distributed similarly, where the pressure gradients in 

the ions and electrons balance the gravitational force, leading to a state of diffusive equilibrium. 

Charge-neutral collisions are significant as mentioned above, and any departure in the vertical 

direction from this equilibrium is directly related to magnetic field-aligned plasma transport 

referred to as diffusion [Banks and Kockarts, 1973; Burrell, 2012]. The F region includes the 

lower region (150-250km) called the F1 region where ion-atom interchange and transport 

processes are important and the higher region (250-500 km) called the F2 region, which is 

formed primarily by the upward diffusion of O+ ions to this altitude. The peak daytime ion 

density in the F2 region (106 cm-3) is roughly a factor of 10 greater than that in the E region, 

while the neutral density (108 cm-3) is still a hundred times greater than the ion density.  

The topside ionosphere is generally defined to be the region above the F peak. In this 

region resonant charge exchange, as mentioned above, becomes increasingly important and the 

major composition of the topside ionosphere starts with O+ dominating at the F region peak, 

while at the outermost extension the light ion H+ dominates. This H+ distribution varies 

considerably between low and high solar activity levels [Heelis et al. 2009]. Since the neutral 

and plasma density are comparable in the topside, collisions between charged particles and ion 

neutral charge-exchange need to be considered. 
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! 
Figure 1.3. Various layers of the ionosphere and their major constituent ions are listed at their 
respective heights above ground [Anderson and Fuller-Rowell, 1999]. 
 

1.1.3 Dynamics in the Ionosphere 

In addition to its plasma density distribution, the ionosphere is also characterized by its 

dynamics. The ionospheric plasma is embedded in Earth’s internal magnetic field and therefore, 

moves parallel and perpendicular to the magnetic field under the influence of electromagnetic 

forces, pressure gradients, gravity and collisions with neutral particles. The Earth’s magnetic 

field, to first order can be approximated by a tilted off-centered dipole with an axis tilted about 

11° from the rotational axis. Figure 1.4 shows inclination and declination of the magnetic field at 

500km altitude as a function of geographic latitude and longitude. Inclination is the angle that the 
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field direction makes with the local horizontal plane at the surface of the earth and declination is 

the angle between the field direction and the local geographic meridian plane. This figure shows 

the magnetic equator represented by the 0° inclination contour is offset from the geographic 

equator due to its tilt and offset. 
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Figure 1.4. International Geomagnetic Reference Field 12th generation model for geomagnetic 
coordinates 
 

The electromagnetic forces that move the plasma in the ionosphere are produced by 

currents that are driven by the interaction of the Earth’s magnetic field with the solar wind at 

high latitudes and by the dynamo action of neutral winds at middle and lower latitudes. The 

resulting plasma motions in the frame of reference of the neutral gas are such that the 

electromagnetic forces balance the collisional forces. At the equator the plasma motion is in 
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large part upward and westward by day and downward and eastward at night. At high latitudes 

the plasma circulates in large-scale loops consistent with the flow of plasma in the solar wind 

around the planet [Kelley, 2009]. 

There are additional plasma motions parallel to the magnetic field that are induced by the 

plasma production and loss processes. At sunrise photoionization builds up plasma and increases 

the plasma pressure at the feet of the flux tubes, producing upward field-aligned diffusion. In the 

nighttime the ionosphere cools and the ions diffuse downward as a result of chemical losses at 

the lower altitude. This diurnal variation is further modulated by horizontal neutral winds that 

raise and lower the F-layer due to collisions between the large neutral densities in the lower 

thermosphere and the ions [Burrell and Heelis 2012; Burrell et al., 2011, 2012]. Considering the 

meridional direction, the neutral winds blow across the equator from the summer hemisphere to 

the winter hemisphere. On the winter side the winds and recombination losses move the plasma 

downward, while on the summer side the winds play an opposite role to move the plasma 

upward along the field line and keep plasma at a relatively high density. The pressure gradient 

along the flux tube between these two footpoints then produces interhemispheric transport along 

magnetic field lines (figure 1.5). All plasma motions serve to redistribute the plasma in latitude, 

longitude and altitude producing an intimate coupling between the plasma dynamics, the plasma 

density and the plasma temperature. 
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Figure 1.5. Schematic concept of interhemispheric transport in the topside ionosphere produced 
by neutral wind blown at low altitude 
 

1.2 Plasma Temperatures in the Ionosphere 

A description of the plasma environment requires an understanding of the dominant 

drivers for the horizontal and vertical distributions of the plasma. While the horizontal 

distribution is dependent principally on the plasma dynamics, the vertical distribution is 

dependent on both the dynamics and the temperature. The plasma temperature is important since 

it determines the vertical plasma pressure gradient, which together with the gravitational force, 

principally determine the vertical motions of the gas. In addition, the vertical motions of the gas 

influence the plasma temperature through adiabatic heating and cooling and transport effects. In 

this way the momentum balance and heat balance of the system are closely coupled. This study 

is directed toward a more complete understanding of the heat balance in the topside ionosphere, 

which is described in more detail below. 
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1.2.1 Energy Inputs Originating From the Sun 

During the daytime, solar extreme ultraviolet (EUV), ultraviolet (UV), and X-ray 

radiation are responsible for formation of the ionosphere by ionization processes that we have 

discussed previously. The free photoelectrons, which are generated by the absorption of solar 

EUV, have a certain excess energy corresponding to the difference between the initial photon 

energy and the energy of the final ion state. These photoelectrons lose excess energy through 

elastic and inelastic collisions with neutral atmospheric particles and coulomb interactions with 

each other to produce a thermalized low-energy electron gas. Although the heat input to the 

neutral atmosphere is about an order of magnitude greater than the heat input to the electron gas, 

the heat capacity of the electrons is several orders of magnitude smaller than that of the neutral 

atmosphere. These processes make the low-energy electron temperature consistently higher than 

the neutral temperature in the regions of the atmosphere above 150km. 

The thermalized electrons can further transfer energy to the ion gas, and the energy 

transferred to ions is rapidly lost to the neutral atmosphere at low altitude through ion-neutral 

collisions. Consequently, in a state of thermal equilibrium between ions and neutral particles 

only a small difference exists between the ion and neutral gas temperatures at altitudes below 

200km [Banks, 1967]. At higher altitudes, however, the neutral gas concentration becomes 

sufficiently low that the ion gas no longer efficiently dissipates the thermal energy obtained from 

the electron gas to the neutrals. In the daytime both Te and Ti begin to increase rapidly with 

altitude, as a result of heating from the photoelectrons produced at low altitudes escaping upward 

and moving along magnetic field lines from the local and magnetic conjugate ionosphere. During 

the nighttime, the source of photoionization is mostly absent and both ions and electrons are 
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cooled by conduction to lower altitudes where heat is lost to the neutral gas. [Banks, 1966, 1967; 

Banks and Kockarts, 1973]. 

1.2.2 Electron Temperature Equation 

The general heat balance equation for the electron gas in the ionosphere can be written as 

[Banks 1966]: 

∂Ue

∂t
= Pe − Le −∇⋅

!
ϑ e  

where Ue is the total electron gas thermal energy per unit volume, Pe is the rate of thermal energy 

production in the electron gas, Le is the rate of thermal energy loss in the electron gas, and ϑe is 

the flux of thermal energy through the electron gas. The time scale for transport of thermal 

energy by plasma motion is much smaller than the energy changes due to thermal conduction. 

Thus, assuming a quasi-equilibrium condition such that the average electron diffusion velocity is 

zero, the flux of thermal energy becomes 
!
ϑ e = −κe∇Te  

where κe is the electron gas thermal conductivity, and Te is the electron temperature. The electron 

thermal conductivity is determined by the electron mean free path affected not only by the 

collisions with ions and with other electrons, but also by charged and neutral particle collisions. 

The electron gas thermal conductivity is given by the expression [Banks, 1966]: 

κe =
7.7×105Te

5
2

1+3.22×104 Te
2

ne
nn qen

n
∑
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where the summation in the denominator is taken over all neutral gas species present, ne is the 

electron number density, nn is each neutral gas density, and qen  is a Maxwellian average of the 

momentum transfer cross section. It is found that there is essentially no thermal energy 

conducted through the electron gas perpendicular to the magnetic field due to the field 

constraining the motions of electrons into helical paths along the field lines. Thus, the thermal 

conductivity derived here is generally considered as the component parallel to the direction of 

the magnetic field lines and the effect of the perpendicular component is neglected. 

 As mentioned in the previous section, photoelectrons collide with ambient electrons and 

provide them with energy. The heated electrons then lose energy through Coulomb collisions 

with ions and heat conduction along magnetic field lines. Finally, in the ionosphere, the electron 

temperature equation is 

∂Te
∂t

+
2
3
1
nek

∇⋅
!
ϑ e =Qen +Qei +Qphe  

where Qen is heating due to electron-neutral collisions, Qei is heating due to electron-ion 

collisions, and Qphe is due to photoelectron heating. Note that we have neglected the effects of 

plasma transport parallel to the magnetic field. Expressing the cooling rates per particle, the 

electron-ion collisional term is 

Qei =
7.7×10−6nj
AjTe

3
2

(Tj −Te )
j
∑  

where j denotes a summation over ions and Aj is the atomic mass number of the j-th ion. The 

electron-neutral collisional term is 
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Qen =
2memq

(me +mq )
2 νeq (Tq −Te )

q
∑  

where q denotes a summation over neutrals and νeq is the electron-neutral collision frequency. 

The photoelectrons are mostly generated in a narrow altitude region near the ionization peak 

production altitude (~200km). They then thermalize and heat the thermal electrons at all altitudes 

as they propagate upward along the magnetic field. Hence, in the topside the local heating rate is 

obtained by attenuating the peak heating rate by the column content of plasma between the peak 

and the point of consideration. Qphe at a point D is given by [Huba et al. 2000b]: 

Qphe =
2
3k

B
Bs
qs exp(−3×10

−14 ne dls

D
∫ )  

where Bs is the magnetic field strength at the photoelectron production peak, B is the local 

magnetic field strength at the point D, dl is the differential length along the field line, and qs is 

the local heating rate per electron at the peak. The constant 3×10-14 is empirically derived to give 

agreement with average observations. 

1.2.3 Ion Temperature Equation 

Based on the same concept as that described for the electrons the energy balance equation 

for ions can be obtained. For the ionospheric regions above 300km the principal ion gases are 

considered to be O+, He+, and H+. For the purposes of this description we assume that there are 

no applied electric fields and that the earth's magnetic field effectively constrains all charged 

particle motions such that ion heat flow, and diffusion are restricted to directions along the 

earth's magnetic field lines. With these restrictions the ion energy balance equation may be 

written as [Banks and Kockarts, 1973]: 
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∂Ti
∂t

+
!
Vi ⋅∇Ti +

2
3
Ti∇⋅

!
Vi +

2
3
1
nik

∇⋅
!
ϑ i =Qin +Qii +Qie  

where 
!
Vi ⋅∇Ti + 2

3Ti∇⋅
!
V  are advection and adiabatic heating and cooling terms due to plasma 

transport, and 23 1
nik
∇⋅
!
ϑ i  describes thermal conduction as similarly described for electrons. Qin, 

Qii and Qie are heating terms due to ion-neutral collisions, ion-ion collisions, and ion-electron 

collisions respectively. They are given as follows: 

Qin =
2mimq

(mi +mq )
2 ν iq k Tq −Ti( )+ 13mq Vq −Vi

2"

#$
%

&'q
∑  

Qii =
2.2×10−4nj
AiAj (

Ti
Ai
+ Tj

Aj
)32

Tj −Ti( )
j
∑  

Qie =
7.7×10−6ne
AiTe

3
2

(Te −Ti )  

The heat flux is defined as 
!
ϑ i = −κ i∇Ti , where κi is the thermal conductivity which occurs 

primarily only along the magnetic field line and is given by [Banks and Kockarts, 1973]: 

κ i =1.24×10
4 n(O+ )+ 2n(He+ )+ 4n(H + )

ne
Ti
5
2

 

1.2.4 Characteristics of Temperature in the Ionosphere 

It is possible to envision several features of the ionospheric temperatures by using the 

basic energy balance equations for electrons and ions with the various heating and cooling terms 

described in the preceding section. The resulting temperature distribution of each species then 

varies with altitude and geographic position. An example of empirical plasma temperature 

profiles is shown in figure 1.6 for conditions at the magnetic equator at noon as computed from 
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the International Reference Ionosphere (IRI) model. In the lower ionosphere (<120km), the 

electron temperature, ion temperature and neutral temperatures are about equal because of 

efficient charge-neutral collisions with the abundant neutrals. As the neutral and plasma densities 

decreases in altitude, the temperatures of electrons, ions, and neutrals then diverge with 

increasing altitude. Above 120 km the daytime Te and Ti increase with altitude as has been 

mentioned previously. Near the peak of ionization production (~200km), the photoelectron 

heating rate depends on the photoionization rate per particle and has a value dependent on the 

solar incoming flux and location in the ionosphere. The cooling rate per electron, through 

Coulomb collisions to ambient ions, is proportional to the plasma density and Te [Schunk and 

Nagy, 1978]. These two dominant heating and cooling processes make the electron temperature 

decrease with altitude in the F2 region as the plasma density increases. Despite the fact that the 

majority of heat input to the ionosphere occurs below the F peak, the plasma temperatures are 

largest at higher altitudes where the neutral and plasma densities are low. 
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Figure 1.6. IRI model calculations showing the plasma and neutral temperatures profiles at the 
magnetic equator at 12 h local time with Tn indicated in blue, Ti indicated in red and Te indicated 
in yellow. 
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The diurnal variation in Te is driven strongly by the daily variation in photoelectron 

heating. A typical series of electron temperatures obtained at the Arecibo incoherent scatter radar 

facility are shown in figure 1.7 [Carlson, 1966]. At sunrise, as the atmosphere rotates into 

sunlight, the thermal electrons are heated by photoelectron fluxes from the local and conjugate 

hemispheres, while the neutral gas is still contracted from the colder nightside temperature and 

the flux tubes are not yet filled with plasma. Hence, the electron cooling through collisions with 

other neutral and ionized particles is less efficient and Te rises rapidly in the early morning. 

During the day, the electron temperature decreases due to an increase in the electron-neutral 

collision frequency as the neutral atmosphere expands and further cooling due to increasing 

plasma density. At night, photoelectron production ceases and the electron, ion and neutral 

temperatures quickly converge via collision processes. At middle latitudes the electrons may 

continue to cool at lower altitudes in darkness while the electron temperature increases at higher 

altitudes in the presence of photoelectron heating from the conjugate hemisphere. The period 

where this can occur is shown in the lower panel of the figure. 
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Figure 1.7. The top panel shows the diurnal variation of electron temperature over Arecibo, 
Puerto Rico. The lower panel shows times of conjugate point and local geometrical sunrise and 
sunset allotted against altitude [Carlson, 1966]. Reproduced with permission of American 
Geophysical Union. ©1966. American Geophysical Union. All Rights Reserved. 
 

The seasonal variation of F region electron temperature has been studied by Swartz and 

Nisbet [1972] and shown in figure 1.8. The electron density and temperature profiles show that 

during the daytime near 200km, Te is higher in summer compared to the winter, while in the 

topside Te is higher in winter than in the summer. This is mainly due to the dependence of the 

electron cooling rate on Ne and a seasonal dependence of the daytime Ne profile, which is higher 

in winter than summer at lower altitude but higher in summer than winter at higher altitude. 
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Figure 1.8. The daytime profiles of Te, Ti and Ne over Arecibo, Puerto Rico with summer 
indicated in solid curves and winter indicated in dashed curves [Swartz and Nisbet, 1973]. 
Reproduced with permission of American Geophysical Union. ©1973. American Geophysical 
Union. All Rights Reserved. 
 

The ion temperature is determined primarily by the flow of heat from electrons to ions 

and then to neutrals. At low altitudes where ion-neutral collisions are abundant, a steady-state 

equilibrium condition for the ion temperature can be obtained by equating the ion thermal energy 

input from electron-ion collisions to the loss through collisions with neutral particles [Banks, 

1967]. Then, 

Ti −Tn
Te −Ti

≈ 6×106 Ne

Nn

Te
−32  

This expression emphasizes the property of ions as the intermediate species experiencing 

electrons as the heat source and neutral species as the heat sink. Thus Ti is dependent on both the 

electron and neutral number densities. At a given height where Nn is constant, Ti becomes closer 

to Te as Ne increases and Ti becomes closer to Tn as Ne decreases. The neutral density varies 

much more rapidly with height than the plasma density in the F region. Thus Ti≈Tn at low 
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altitudes, where Nn is large, and Ti≈Te at high altitudes where Nn is small. This can be seen in 

figure 1.6. 

At higher altitudes, where ion-neutral collisions become less important, then the effects 

of heat conduction in the ion gas must also be considered. In general heat conduction plays only 

a small part in determining the value of Ti when Ti−TnTe−Ti
< 1

2 . Then calculations can be made 

assuming a local collisional energy exchange between the ions, electrons and neutral gas. When 

Ti−Tn
Te−Ti

≥ 1
2  heat conduction can strongly affect the ion temperature profile. As a result, a description 

of the ion energy balance in the topside ionosphere must include heat conduction through the ion 

gases, and a more sophisticated computation needs to be employed. 

Plasma transport parallel and perpendicular to the magnetic field can also influence the 

ion temperature due to advection and adiabatic heating and cooling processes mentioned above. 

These processes are particularly important in the equatorial region where the gradients in the flux 

tube volume and the field-aligned velocity are a maximum [Bailey et al., 1973]. As described 

previously, the pressure gradient along the magnetic field lines moves plasma from the summer 

hemisphere to the winter hemisphere. Near the dip equator at the summer side, plasma moving 

upward into low-density regions with larger flux tube volume will be adiabatically cooled, then 

plasma moving downward into the winter side with flux tubes of decreasing volume will be 

adiabatically heated. Figure 1.9 schematically describes the adiabatic heating and cooling 

processes due to interhemispheric plasma flows. As pointed out by Venkatraman and Heelis 

[1999b], the effects of adiabatic cooling may depend on the transition height. The ion velocity 

will maximize in a region where the plasma pressure gradient along the magnetic field is large. 

For an O+ dominant plasma, the smaller scale-height compared to H+ means a change in the O+ 
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density is easily affected by a change in the F peak height. The associated ion flow produced by 

the density gradient established across the dip equator will be large. Hence, the adiabatic effects 

maximize in the O+ and appear less intense in the light ions. Models of these adiabatic heating 

and cooling processes show H+ will additionally serve to locally exchange the heat from the O+ 

to the electrons [Bailey et al., 1973; Bailey et al., 2000b]. This exposes the importance of plasma 

composition on the energy balance, and the fact that we may expect the ion temperature to be 

dependent on the ion mass in the ionosphere. Such a characteristic is one of the features 

examined in more detail in this dissertation. 

 

Figure 1.9. Schematic concept of adiabatic heating and cooling processes by plasma transport 
across equator in the topside ionosphere 
 

1.3 In-situ Measurements of Plasma Temperatures in the Ionosphere 

In this study we will examine observations of plasma temperatures in the topside 

ionosphere and results from numerical models, in order to gain some insights into the dominant 

processes at work. Here we discuss the two techniques to measure the electron temperature and 

mass dependent ion temperatures. 
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1.3.1 Langmuir Probe 

The Langmuir probe is a reliable and robust instrument for determining the in-situ 

electron temperature and the plasma number density utilizing relatively simple electric circuits 

that have low power and low mass. It has been flown on satellites and sounding rockets to 

observe the basic characteristics of the thermal electrons in the ionosphere for more than five 

decades. 

The Langmuir probe technique involves measuring the current to a metal probe to which 

a DC potential is applied. For low Earth orbiting measurements, the probe current primarily 

depends on the collection of positive ions, negative ions, and electrons. In the topside ionosphere 

the mean thermal velocity of electrons exceeds the satellite velocity by more than an order of 

magnitude. Thus the electrons can be considered to have a stationary Maxwellian velocity 

distribution in a coordinate system fixed with respect to the probe. 

Figure 1.10 shows the typical Langmuir probe current as a function of applied potential 

with respect to the probe ground. The characteristic curve has three different regions; 1) the ion 

saturation region where the electrons are repelled but ions are collected, 2) the electron retarding 

region where the collected current is mostly determined by the number of electrons which can 

overcome the probe retarding potential, and 3) the electron acceleration region where ions are 

repelled but electrons are attracted to the probe. In the electron-retarding region the electron 

current is expressed as: 

Ie = eNeS kTe
2πme

exp[−e(Vp +Vs ) kTe ]  

where S is the effective area of the probe, Vp is the potential applied to the probe, and Vs is the 

probe ground potential with respect to the plasma. For a stationary probe and comparable ion and 
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electron temperatures, the much larger mass of the ions produces a thermal velocity that is 

considerably less than that of the electron. If the probe is moving supersonically with respect to 

the plasma, as is the case for an orbiting satellite, the ion current is determine by the spacecraft 

velocity and is again much smaller that the electron thermal speed. Therefore, the probe ground 

is usually negative with respect to the plasma. The electron temperature can be determined from 

the slope of the log(Ie) versus Vp characteristic in the electron retarding region as shown by the 

red dashed line. 

 

Figure 1.10. Typical current collected by Langmuir probe, showing the electron retardation and 
acceleration current regions. 
 

Space instruments usually require unique designs and implementations depending on the 

vehicle orientation and accommodations. Langmuir probes may have different electrode shapes, 

such as cylindrical, spherical, and planar probes, which affect the area over which ions and 

electrons can be collected. The electron temperature data used in this study is derived from a 

gridded spherical Langmuir probe. The probe surface is biased at +10 volts with respect to the 

outside grid which effectively suppresses the collection of ions. Both probe and outside grid are 
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swept between -6.2 and +1.8 volts. The resulting data are processed on board to determine the 

electron temperature from the slope of the current-voltage characteristic in the region where the 

logarithm of the current varies most rapidly. 

1.3.2 Retarding Potential Analyzer 

The technique to probe the plasma by filtering incoming particles by their energy also 

applies to positive ion measurements, made by a so-called retarding potential analyzer (RPA). It 

is basically a charged particle collector with a screening aperture and a series of biased grids to 

create potential energy barriers that select incoming particles for detection by their ram energy. 

The RPA used in this study is a planar sensor with a circular entrance aperture. It is 

mounted to view approximately along the satellite velocity through a large aperture plane that 

presents a uniform planar electrical ground reference potential with respect to the plasma. The 

incoming ions then traverse a series of semi-transparent grids before impacting the collector. A 

grounded grid covers the entrance aperture to ensure that no internally applied potentials 

influence incoming ion trajectories prior to entering the sensor. An internal retarding grid is 

biased at a potential ranging from -2.8 to 12 volts to control the minimum energy that the ions 

must possess to reach the collector. A suppressor grid prior to the collector is biased at -12 volts 

to reject ambient electrons and suppress photoelectrons ejected from the collector. Shown in the 

figure 1.11 is schematic cartoon drawing of the RPA cross-section. 
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Figure 1.11. Schematic cross-section of the planar RPA sensor illustrating the arrangement of 
internal grids required performing the retarding potential analysis of thermal ions. 
 

The basic difference between the Langmuir probe and RPA is the fact that the motion of 

the spacecraft through the plasma cannot be neglected for the ions. The ambient thermal ions are 

characterized by a Maxwellian velocity distribution flowing with a supersonic ram velocity along 

the sensor axis toward the collector. This ram velocity is comprised of the components of the 

ambient ion velocity Vd and the spacecraft velocity Vsc (~7500 m/s) along the sensor look 

direction. The equation for the positive ion current to a moving planar RPA is [Hanson and 

Heelis, 1975]: 

I(φ) =C en0s
(Vsc −Vd )

2s
∑ {1+ erf (βs fs )+ 1

π
[βs (Vsc −Vd )]

−1 exp(−βs
2 fs

2 )}  

where fs =Vsc −Vd −
2es (φ+φA )

ms
, βs =

ms
2kTs

 is the reciprocal thermal velocity of the s-th ions 

species, n0s is the density of the s-th ion species, φA is the aperture plane potential, C is the 

effective surface area of the collector, and Ts and ms are the ion temperature and mass, 

respectively. Notice that the current is composed of the sum of contributions containing the ion 

temperature for each ion species that is detected. A current voltage characteristic is obtained by 

measuring the ion current while the retarding voltage is moved over a series of predetermined 
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discrete levels. It is used to derive the total ion concentration, ion temperature, and ion drift 

velocity from a least-squares fitting process that is applied on the ground [Heelis and Hanson, 

1998]. Figure 1.12 shows a simulated current-voltage curve obtain assuming a total ion 

concentration with 20% H+, 20% He+ and 60% O+. Here it can be seen that the composite curve, 

shown by the solid line, is composed of the contributions from O+ shown by the open circles, 

from He+ shown by the open triangles and from H+ shown by the asterisk. If the mass numbers 

are given, then the fractional contributions of each can be extracted from the least-squares 

procedure. In addition the ion temperature and drift velocity are also derived. More details of the 

data analysis technique will be introduced and discussed as part of our research objectives. 
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Figure 1.12. Ideal RPA I-V characteristics serve to illustrate the composite curve from O+, He+ 
and H+. 
 

1.4 Structure of Dissertation 

In this dissertation we investigate plasma temperatures associated with the energy 

balance, and most importantly how the plasma composition affects them at low and middle 

latitudes in the topside ionosphere. As described above, ion and electron temperatures in the 
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ionosphere are fundamental indicators of the heat balance between the charged and neutral 

species. The temperatures are determined by solar energy inputs and energy exchange between 

the neutrals and charged particles with additional adiabatic heating and cooling processes 

produced by plasma motions. 

We expect to first order, the daytime thermal energy balance in the topside ionosphere to 

be dependent on the solar zenith angle and the solar ionizing radiation flux, which in turn 

determine the total electron number density and the ionospheric composition [Farley et al., 1967; 

Otsuka et al., 1998]. A daytime negative correlation between the total plasma density and 

electron temperature, which is generally attributed to the balance between photoelectron heating 

and collisional cooling, has been studied frequently [Bailey et al., 2000a; Brace and Theis, 1978; 

Bilitza et al., 2007; Kakinami et al., 2011] and also often used to synthesize empirical models 

and interpret first-principles model results [Bilitza, 1975; Wang et al., 2006; Zhang et al., 2004]. 

On the other hand, ions behave as intermediaries between the hot electrons and the cold neutral 

atmosphere revealing a positive correlation between Ni and Ti in the daytime topside ionosphere 

[Titheridge, 1998; Kakinami et al., 2014]. The local collisional energy exchange between ions 

and electrons and between the ions themselves depends on the ion mass [Schunk and Nagy, 

1978]. Several early studies have been made to predict that the daytime light ions should be 

warmer than O+ ions due to the differing rate of electron-ion energy transfer [Dalgarno and 

Walker, 1967; Banks, 1967]. Indeed, observations from the Arecibo incoherent scatter radar have 

shown that the pre-noon H+ temperature is a few hundreds degree higher than the O+ 

temperatures in the lower topside ionosphere [Sulzer and González 1996]. 
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During the nighttime, when the source of photoionization is absent and the heat is 

primarily lost to the neutral gas at lower altitudes, the adiabatic heating and cooling processes 

due to plasma transport parallel and perpendicular to the magnetic field become important in the 

equatorial region. Both observations by Rishbeth et al. [1977] and Heelis et al. [1978] verified 

the presence of TO+ minima resulting from field-aligned plasma motions across the equator 

during the nighttime. Further investigations of these effects show that the appearance of both 

temperature minima and maxima near the dip equator can be ascribed to adiabatic cooling or 

heating associated with this interhemispheric transport [Venkatraman and Heelis, 1999a, 1999b; 

Bailey et al., 2000b]. Earlier modeling of these effects by Bailey et al. [1973] illustrated that 

these cooling effects maximize in the O+ and appear less intense in the H+ and electrons due to 

the differences in scale height and the heat exchanged between these species. These results 

further exposed the role of heat exchange between the topside ion constituents and suggested that 

the H+ temperature will always reside between the O+ temperature and the electron temperature. 

In chapter 2, a satellite dataset used to conduct this study is described with more details 

of the RPA that provides a unique opportunity to extract individual mass dependent ion 

temperatures. A numerical model used to calculate plasma temperatures in the ionosphere is also 

briefly introduced. In chapter 3, we investigate how the relationships between ion and electron 

temperatures are influenced by changes in solar zenith angle and solar activity and the 

importance of plasma composition on the thermal energy balance in the pre-noon mid-latitude 

topside ionosphere. The ion parameters that have been previously derived are first used to 

describe average variations as a function of the various key parameters. This ion temperature is 

found to be dependent on the ion composition and we use a numerical model to aid in further 
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interpretation of this dependence in chapter 4. The model specifies the distribution of ion and 

electron density and temperature in local time, latitude and altitude. It also specifies the different 

heating and cooling processes and how they contribute to the thermal energy balance in the 

topside ionosphere. In chapter 5, we examine a more sophisticated analysis procedure to extract 

individual mass dependent ion temperatures and apply it to the same RPA measurements used in 

chapter 3. The results show TH+ and TO+ variations that are associated with plasma flows and 

mass-dependent energy exchange between charge particles. Chapter 6 summarizes the results 

and draws together an overall description of the topside ionosphere thermal energy balance. 

Methodologies and model setup will be specified in each chapter and some results and figures 

shown in this study have been published in Hsu and Heelis [2017a, b; 2018]. 
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CHAPTER 2 

DATA SOURCES AND MODEL 

Data from the Defense Meteorological Satellite Program (DMSP) satellite F15, which 

orbits the Earth in a sun-synchronous, 98° inclination polar orbit, near 840km altitude, in the 

local time meridian traversing 0900 to 2100, are used in the observational studies described in 

this dissertation. The orbital period of about 101 min provides about 14-15 orbits a day separated 

by about 25° in longitude. We utilize data from the spherical Langmuir Probe and the planar 

Retarding Potential Analyzer (RPA), which describe the properties of the thermal electrons and 

ions respectively with a spatial resolution of about 30 km. Solar zenith angles are derived from 

the satellite position. 

We have noted earlier that the RPA on the DMSP F15 satellite is a planar sensor with a 

circular entrance aperture to measure the ion temperature. Similar instruments have been flown 

on many satellite missions including: OGO-6 [Hanson et al., 1970], Viking [Hanson et al., 1977], 

Atmosphere Explorer (AE-C, AE-D, and AE-E) [Hanson et al., 1973], Dynamics Explorer 

[Hanson et al. 1981], the Defense Meteorological Satellite Program [Rich 1994], ROCSat-1 [Su 

et al. 1999], and the Communications/Navigation Outages Forecast System satellite [de La 

Beaujardiere and Team 2004]. These devices are generally designed to extract a common ion 

temperature (usually O+) and employ a data processing scheme that assigns this single parameter 

to all ion species that are detected. In the RPA used here, measurement of the logarithm of the 

ion current as a function of retarding potential is recorded at 96 discrete locations that are 

uniformly distributed across the full retarding potential ranging from -2.8 to +12 V. We first use 

the ion parameters that have been previously derived to conduct a general study of the thermal 
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energy balance. Then the RPA telemetry, more specifically the current-voltage characteristics, 

saved on the ground are reexamined with a view to extracting both the O+ temperature and the 

H+ temperature. 

Measurements of the plasma properties are combined with the Ap-index and a measure of 

the solar ionizing flux (F10.7). The Ap-index provides a daily average level for geomagnetic 

activity. The F10.7 is a measure of the noise level generated by the Sun at a wavelength of 10.7 

cm (in the ultraviolet bands) at the Earth’s surface and is an indicator of solar output in 

wavelengths that produce photoionization in the ionosphere. These measurements are available 

via the Space Physics Data Facility OMNI web interface. 

In the modeling studies of this dissertation we utilize the Sami2 is Another Model of the 

Ionosphere, or SAMI2 [Huba et al., 2000b]. It is a widely used open source model, which is also 

a first principles model describing the dynamical and chemical evolution of major ion species 

along a single magnetic flux tube in the range ±62.5° magnetic latitude. The continuity, 

momentum and thermal balance equations are solved for ion species as well as for electrons. The 

geomagnetic field is approximated by an eccentric dipole field, and the neutral atmosphere is 

specified by the HWM93 [Hedin et al., 1996] and NRLMSISE-00 empirical models [Picone et 

al., 2002]. Because SAMI2 couples the momentum and earlier discussed thermal energy 

equations for individual ions, it is capable of capturing a number of unique phenomena in the 

topside ionosphere and plasmasphere [Huba et al., 2000a, c; Krall et al., 2016] related to mass-

dependent interactions. 
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CHAPTER 3 

DAYTIME PLASMA TEMPERATURES IN THE TOPSIDE IONOSPHERE AT 

MIDDLE LATITUDES 

To provide a reasonable description of the energy balance in the topside ionosphere we 

have accumulated the data taken by the DMSP F15 satellite in the northern hemisphere and 

southern hemisphere during the period from 2004 through 2006. The F15 satellite provides a 

unique opportunity to examine the relationship between plasma temperatures and ionospheric 

properties at mid-latitudes since it intersects the region between ±50°, near 0900 local time, at 

different longitudes every day. The observed variations are interpreted in terms of the variability 

in solar zenith angle as well as solar ionizing flux, and then the importance of fractional 

composition affecting the ionospheric variations is investigated. This work appears in Hsu, C.-T., 

and R. A. Heelis, Daytime ion and electron temperatures in the topside ionosphere at middle 

latitudes, J. Geophys. Res. Space Physics, 122. Reproduced with permission of American 

Geophysical Union. ©2017. American Geophysical Union. All Rights Reserved. 

3.1 Data Selection 

We restrict our observations to the daytime region from 30° to 50° magnetic latitude in 

each hemisphere for quiet times when Ap < 10. This data selection is made to minimize the 

effects of high-latitude energy inputs, temperature changes due to horizontal heat advection and 

the influences of field-aligned transport producing advection and adiabatic cooling. However, we 

note that these effects are not completely absent at 0900 local time when the data are available, 

since plasma may still be expanding outward into the large flux tube volume above the satellite 
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altitude due to photoproduction. Figure 3.1 shows a typical pass from magnetic latitude -70° to 

70° across the dayside to illustrate the plasma composition, plasma temperatures, electron 

density and solar zenith angle (SZA) that are measured. A green box indicates the mid-latitude 

region where we statistically gather the data. 
Fr

ac
tio

n 
(%

)

0
0.5

1 O+

He+H+

DMSP F15 2005 Jan. 16

Te
m

p.
 (K

)

2000

4000
Ti
Te

Ne
 (c

m
-3

)

2e+04
4e+04

SZ
A 

(º)

0
50

100

M
ag

lat
(º)

-100
0

100

UT 
14:01 14:10 14:18 14:26 14:35

M
LT

(h
r)

8
10
12

 

Figure 3.1. Data from -70° to 70° showing the composition, temperature and density to illustrate 
a typical DMSP F15 pass across the dayside hemisphere. 
 

We collect data for the period 2004–2006 during which the F10.7 cm radio flux varies 

from 69 to 180 solar flux units (sfu). In the space and time volume in which the data are gathered 

the seasonal variations produce a variation in the solar zenith angle from 33° to 105°. For the 

purposes of this daytime study we removed data with solar zenith angles greater than 90°. Figure 

3.2 schematically illustrates the regional extent over which data are gathered with blue and red 

representing the example data coverage in January 2004 and December 2006, respectively. 
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During this entire interval the satellite orbit precesses to earlier local times and by combining the 

Northern and Southern Hemispheres, a more complete range of local times in sunlight and 

season is obtained. 

 

Figure 3.2. Example data coverage of the first month (blue, January 2004) and the last month 
(red, December 2006) of the entire data set. 
 

3.2 Plasma Temperature Dependence on Ionospheric Properties 

We expect that the major drivers of the energy balance in the topside ionosphere are the 

total plasma density, the major ion composition, and plasma temperatures. These parameters are 

controlled principally by the solar zenith angle and the solar ionizing flux. Figure 3.3 shows the 

dependence of the fractional contribution of H+, the average electron temperature, and the O+ 

temperature, on the total plasma number density observed near 840 km altitude in the middle-

latitude region between 30° and 50° magnetic latitude. The data are averages taken in 2000 cm-3 

intervals in plasma density and divided by different levels of solar activity designated by the F10.7 
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cm radio flux. Vertical bars indicate the standard deviation in each bin for F10.7 from 90 to 100 

sfu. Note again that only data for quiet times with Ap < 10 are considered. 
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Figure 3.3. The (left) fractional H+ composition, (middle) electron temperature, and (right) O+ 
temperature as a function of the total plasma number density. Averages are taken in 2000 cm-3 
intervals for different solar ionizing flux levels. The gray bars indicate the variability in the 
average for the interval 90 ≤ F10.7 ≤ 100. 
 

As shown in figure 3.3 (left), the H+ fraction drops dramatically as the plasma number 

density increases. Larger H+ fractions occur during periods of low solar activity when the O+/H+ 

transition height is lower. Recall that the satellite is in almost a Sun-synchronous circular orbit. 

Thus, for a given level of solar activity, changes in plasma number density are primarily due to 

changes in solar zenith angle produced by changes in season such that the largest fractional H+ 

concentrations are observed in the winter. As the solar zenith angle decreases, associated with 

the change from winter to summer, the photoionization rate increases. This produces larger 
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values for the topside plasma density and smaller H+ fractions as the O+/H+ transition height rises 

above the spacecraft. 

The electron temperature decreases as the topside plasma number density increases as 

shown in figure 3.3 (middle). The lowest number densities are seen in the winter when the solar 

zenith angle is the largest and the photoelectron heating rate is the lowest. Under these conditions 

the lowest attenuation in the photoelectron flux in the topside and the smallest electron cooling 

rate produce the largest electron temperature. An increase in the topside plasma number density 

is associated with, not only an increase in the photoelectron heating rate, but also an increase in 

the attenuation of the photoelectron flux and the electron cooling rate. These increases in the 

attenuation of the photoelectron flux and the cooling rate are larger than the increase in the peak 

heating rate, and thus, the electron temperature falls. This gives rise to the observed inverse 

relationship between the plasma density and the electron temperature. We note that the decrease 

in the electron temperature with increasing plasma number density in the topside is more rapid 

for decreasing levels of solar activity. We attribute this behavior to the increased contribution of 

H+ to the flux tube content, thereby increasing the thermal contact between the electrons and ions 

and thus the electron cooling rate. 

We note that the ion temperature first increases and approaches the electron temperature 

as the plasma number density increases in the low plasma density region (figure 3.3, right). 

However, the ion temperature reaches a maximum and subsequently changes with increasing 

electron number density in a manner that makes the ion-electron temperature difference about a 

constant. We emphasize that the ion temperature refers only to the O+ temperature since an 
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independent measure of the H+ temperature is not available from the previously derived 

procedure that is used to fit the RPA I–V characteristics. 

3.3 Composition Effects on Temperatures 

Ion-electron collisions provide the dominant influence on the local ion heating rate as 

well as the electron cooling rate. As discussed in chapter 1 it may be expressed in the following 

way: 

Qei =
7.7×10−6N j

AjTe
3
2j

∑ (Tj −Te )  

where j denotes a summation over ions and Aj is the atomic mass number of the j-th ion. This 

term indicates that the electron-ion temperature difference and the ion mass are key parameters 

in the balance between electron heating, electron cooling, and ion heating in the topside 

ionosphere. Figure 3.4 shows the distribution of the temperature difference, Te-TO+, for 

variations in solar zenith angle, plasma number density, and fractional H+, composition for a 

restricted range in the solar flux from 85 to 95 sfu. (red and orange curves in figure 3.3). This 

range provides the largest variation in plasma number density and H+ fraction within our data set. 

It can be seen immediately that the smallest variations in the Te-TO+ occur for the largest plasma 

number densities, which occur at the lowest solar zenith angles and therefore the largest 

attenuation of the peak electron heating rate. Under these conditions the H+ fractional 

composition is less than 10%. The largest variations in Te-TO+ are seen when the plasma number 

densities are lowest. These conditions prevail at the highest solar zenith angles and the lowest 

peak electron heating rate but also provide the largest variability in H+ fraction. Inspection of 

these dependencies shows quite clearly that Te-TO+ is dependent on the fractional H+ 
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composition, being smallest when the H+ fraction is highest and the plasma density is low. These 

major findings are summarized in figure 3.5, which shows the variations of Te, TO+, and Te-TO+ 

as a function of the total plasma number density, for two levels of solar activity designated by the 

F10.7 cm radio flux. Individual traces are shown for conditions when the plasma is dominated by 

O+ (in red) and H+ (in blue). We emphasize that the ion temperature measurements shown here 

are indicative of the O+ temperature regardless of the H+ fraction. The plasma number density 

range over which H+ is the dominant ion is rather restricted, but even the limited data range 

provides some unique insights into the role that H+ plays in the thermal balance between the 

electrons and ions in the topside. 

 

Figure 3.4. Variations of Te-TO+ as a function of solar zenith angle and plasma number density 
for a restricted range in the solar flux from 85 to 95 sfu. H+ fractional composition is indicated 
by the color bar. 
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Figure 3.5. Average variations of Te, TO+, and Te-TO+ as a function of electron number density 
for two levels of solar activity: (top row) 85 < = F10.7 < 95 and (bottom row) 105 < = F10.7 < 115. 
Blue lines represent the observations when H+ is greater than 60% of the total plasma density. 
Red lines represent observations when H+ is less than 40% of the electron number density. The 
error bars indicate the standard deviation for each number density interval. 
 

When the topside plasma density is low, the electron-ion temperature difference is 

significantly smaller in the presence of H+ dominant plasma than when O+ is the dominant ion 

(figure 3.5, right column). This reduction in the temperature difference is produced by an 

increase in the ion temperature (figure 3.5, middle column) with very little change in the electron 

temperature (figure 3.5, left column). It is clear then, that the decrease in electron cooling to the 

O+ must be compensated by an increase in the electron cooling to H+. We note that a change in 

the H+ fraction of a factor of 2 produces less than a factor of 2 decreases in Te-TO+, while the 
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electron cooling rate to H+ is 16 times more efficient than that to O+. Thus, the O+ temperature 

shown here suggests that the electrons are cooled preferentially to the H+ and that the H+ 

temperature exceeds the O+ temperature. While the data suffer from poor statistics, there is some 

suggestion that for higher levels of solar activity, when H+ is dominant, the electron temperature 

is slightly cooler than the same conditions when O+ is dominant. 

The plasma density increases as the solar zenith angle decreases and is accompanied by a 

rapid decrease in the ion-electron temperature difference. The ion-electron temperature 

difference more clearly becomes constant and independent of the plasma number density when 

the plasma density is high. In this case, assuming that collisions with the neutral gas are 

infrequent in the topside, then the dominant heating and cooling terms are respectively 

photoelectron heating and conduction in the electron gas and ion-electron collisional heating and 

conduction in the ion gas. 

3.4 Discussion 

In the topside ionosphere the thermal conductivity of the electrons is very high and we 

view the electron gas as a volume with a uniform temperature, which is heated by local 

photoelectrons transported from the peak of the production layer at lower altitudes and cooled by 

being conductively coupled to the ions below. The H+ ions are heated by these same coulomb 

collisions and cooled by collisions with O+ and by conduction to the neutral gas residing at lower 

altitudes. When a fractional population of H+ in excess of about 10% exists, the O+ gas receives 

heat primarily from collisions with H+ [Dalgarno and Walker, 1966; Banks, 1967] and is cooled 

by conduction to the neutral gas. 
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Near the ionosphere peak, the photoelectron heating rate is proportional to the ionization 

rate and thus the variation in the plasma number density at the peak represents a good proxy for 

the variation in the volume electron heating rate. The cooling rate depends additionally on the 

ion-electron collision frequency, which is also proportional to the plasma number density. Thus, 

the volume electron cooling rate is proportional to the square of the plasma number density. This 

gives rise to the familiar inverse relationship between the plasma number density and the 

electron temperature [Schunk and Nagy, 1978] near the F peak. In the topside the local electron 

heating rate is proportional to the peak heating rate attenuated by a factor proportional to the flux 

tube plasma content between the peak and the topside observation point, while the cooling rate 

remains approximately proportional to the square of the peak plasma number density due to the 

efficiency of conduction in the electrons [Huba et al., 2000b]. When the solar zenith angle is 

large, the peak heating rate is small. But the attenuation factor is also small, and combined with 

the small cooling rate produced by the low plasma densities, the electron temperature in the 

topside is a maximum. As the solar zenith angle decreases, the plasma density increases and the 

plasma flows upward toward a state of diffusive equilibrium. The local heating rate increases, 

while attenuation by the increasing flux tube content becomes more effective and local cooling 

also increases. Thus, the electron temperature decreases rapidly with increasing plasma density 

as seen in both figures 3.3 and 3.5. 

The ions in the topside behave as intermediaries between the hot electrons and the cold 

neutral atmosphere. The ion temperature is determined primarily by the flow of heat from 

electrons to ions and is balanced by the flow of heat from the ions to the neutral gas [Banks, 

1967]. The flow of heat from ions to the neutral gas is dominated by elastic collisions between 
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the two species at low altitudes, but in the topside ionosphere the heat is additionally conducted 

in the ion gas to lower altitudes. In both cases, for local equilibrium conditions 

Ne Te −Ti( )∝Nn Ti −Tn( )  

where the right-hand side represents the state at lower altitudes. This expression indicates that Ti 

moves toward Te when Ne increases and Ti moves toward Tn when Ne decreases [Kakinami et al., 

2014]. Our data show this typical feature in the topside ionosphere where the O+ temperature 

increases while the plasma number density is low and continues increasing until TO+ approaches 

Te, then TO+ and Te both decrease with increasing plasma density as they move toward the 

neutral temperature (figure 3.3). We note that the lowest densities observed here, occur at the 

earliest local times and highest magnetic latitudes, where the O+ density is likely not in diffusive 

equilibrium. In this case, the O+ flowing upward to fill the region above may additionally be 

subject to adiabatic cooling, thus increasing the electron-ion temperature difference [Heelis et al., 

1978]. 

In this short discussion we have confined our attention to the O+ temperature in the 

topside ionosphere but have previously noted that this species temperature is generally higher 

and the electron temperature slightly lower, when the fractional contribution of H+ to the plasma 

number density is high (figure 3.5). This may be understood by recognizing that the energy 

exchange between the electrons and ions is inversely proportional to the mass, and thus the 

electrons preferentially heat the H+ when it is present. Collisional interactions between the H+ 

and O+ then contribute to the O+ heating [Bailey et al., 1973; Heelis et al., 2009; Chao et al., 

2010]. The signatures of these intermediate processes are clearly seen in the behavior of the O+ 

temperature and the electron-ion temperature difference. There is also some evidence to suggest 
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that the electron temperature is slightly cooler in the presence of increased H+ fractional density. 

In the following chapters, a detailed modeling effort and a more sophisticated data selection and 

analysis procedure directly derive separate temperatures for the H+ and O+ ions and verify the 

processes that are most influential in the thermal energy balance between the different plasma 

species. 
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CHAPTER 4 

MODELING THE DAYTIME ENERGY BALANCE OF THE TOPSIDE IONOSPHERE 

AT MIDDLE LATITUDES 

The observations examined in the previous chapter suffer from a limited range for the H+ 

fractional contribution and the total density, and the lack of an independent H+ temperature 

measurement. Thus a direct comparison of observations of different ion species temperature 

distributions with model calculations is not possible. However, by examining the behavior of 

model outputs and comparing with observations, details of the energy balance and the 

importance of various physical processes in these circumstances can be obtained. The SAMI2 

model (Sami2 is Another Model of the Ionosphere), as mention previously, developed by the 

Naval Research Laboratory is a first principles model capable of investigating the energetics and 

dynamics of the low to mid-latitude ionosphere [Huba et al., 2000b]. The results of this study are 

published in Hsu, C.-T., and R. A. Heelis, Modeling the daytime energy balance of the topside 

ionosphere at middle latitudes, J. Geophys. Res. Space Physics, 122. Reproduced with 

permission of American Geophysical Union. ©2017. American Geophysical Union. All Rights 

Reserved. 

4.1 Model Setup 

The model values of Te, Ti, and constituent ion density are computed using SAMI2. The 

model solves coupled time-dependent equations of continuity, momentum, and temperature for 

different ions and the electrons along closed dipole magnetic field lines between base altitudes of 

about 85 km in conjugate hemispheres. It determines values for the concentration, magnetic 
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field-aligned velocity, and temperature of the ions and electrons at a discrete set of points along 

the field lines. In this study the model equations are solved along 60 field lines assuming an 

eccentric dipole with apex heights ranging from 150 to 18,000 km altitude in approximately the 

same meridian plane. Each field line contains 101 grid points. The grid points are more closely 

spaced in altitude at low altitudes and more spread in altitude at high altitudes. 

To understand the thermal energy balance between electrons and different ions in the 

topside ionosphere, we choose the magnetic meridian located at 130° geographic longitude and 

9.5° geographic latitude. At this location the magnetic meridian plane is almost parallel to 

geographic meridian plane, and all points on the magnetic flux tubes are approximately at the 

same local time. To simplify the calculations, a SAMI2 provided option to only consider the 

dominant ions in the ionosphere (H+, O+, NO+, and O2
+) is exercised. The thermal balance 

equations are solved for H+, O+, and the electrons with the temperature for molecular ions 

assumed to be the same as TO+. 

The starting time of the model run for each day is 1600 LT at the magnetic apex point. 

The model is initialized with a prerun of 24 h to insure that the model has reached a stable 

condition and results are subsequently recorded every 15 min for the next 24 model hours. The 

model time step is automatically self-adjusted to meet the Courant condition Δt < (Δl /Vs )min  

[Huba et al., 2000b] for all grid points and has a maximum limit of 30 s. We examine results for 

day 21 in every month of model year 2005 to approximate the conditions prevailing for the 

observations of DMSP from 2004 to 2006 discussed in the previous chapter. Day 21 is chosen to 

give an equal distribution of points between the solstices. 
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In order to approximate the behavior of the satellite observations, the model results are 

taken at 840 km altitude, and in the rest of our study only the Northern Hemisphere is 

considered. A discrepancy between the satellite data and the model can be expected. The model 

results are extracted for the same altitude but for only one longitude, and the range of thermal 

processes, which are dependent on different geographic locations, on a particular flux tube is 

relatively small. The observations are at almost a fixed altitude, and averages in magnetic 

latitude between 30° and 50° and from all longitudes are ordered by solar zenith angle. This 

produces a wider range in the plasma density and temperature associated with various transport 

and chemistry effects and thus produces larger variations in plasma heating and cooling 

processes than exist in the models runs. However, it should be emphasized that it is not our intent 

to quantitatively reproduce the observations in the model. Rather, the general behavior of the 

plasma temperatures with respect to variations in the ionospheric parameters is more important. 

By selecting the solar activity level and associated neutral atmosphere, we can make the 

variation of the plasma temperature and density in the model reflect the major features of the 

average observations. In this way the underlying influences of the major heating and cooling 

processes can be revealed. 

Note again, the SAMI2 model calculates the neutral atmosphere constituent densities and 

neutral temperature from the MSISE model [Picone et al., 2002] and the neutral wind velocity 

from the HWM93 model [Hedin et al., 1996]. The F10.7 solar flux index is the input parameter for 

these two models, producing larger topside neutral density under higher F10.7 conditions. This 

F10.7 index and its 81 day running average are also used to calculate the ionization rate based on 
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the EUVAC model, which linearly scales a reference spectrum [Richards et al., 1994], resulting 

in a larger plasma production rate in the SAMI2 calculation under high F10.7 conditions. 

Various levels of sophistication can be applied to determine the photoelectron heating 

rate [Varney et al., 2012]. However, for our purposes we wish only to determine the relationships 

between the topside ionospheric density, composition, and the constituent species temperatures, 

to be compared with the observations made by the DMSP satellite. To accomplish this task, we 

utilize the formulations provided in the SAMI2 model, which scales the peak photoelectron 

heating rate by the peak ionization production rate and attenuates the heating rate above the peak 

by a factor proportional to the plasma column content. We choose the F10.7 index to be 85 as 

representative of the mean condition under which the observations are made and adjust the 

photoelectron heating rate above the peak to best represent the electron temperature that is 

observed. We then compare the model ionospheric density and composition and ion temperatures 

to the observations. 

4.2 Model Temperatures and Comparison With the Observation 

The observations examined in the previous chapter are made at nearly constant altitude 

and local time such that the evolution of plasma density, ion composition and electron 

temperature are driven by changes in solar zenith angle corresponding to changes in day of the 

year. These parameters further influence the thermal energy balance in the topside ionosphere. 

The comparisons between model results and average DMSP observations are shown in figure 

4.1. The blue curves and accompanying deviations show the observations of electron 

temperature, the O+ temperature, Te-TO+, and the H+ fraction as a function of the plasma density 

at middle latitudes between 30° and 50° in the local time region between 0700 and 1100 obtained 
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during the period 2004–2006. On the top of curves, indicated by colored dots are the same 

parameters extracted from the model by selecting the data near 840 km at 40° magnetic latitude 

in the Northern Hemisphere. These model results are constructed every 21 days throughout the 

year, with those at the largest plasma densities occurring in the northern summer and those with 

the smallest plasma densities occurring in northern winter. 
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Figure 4.1. Comparison between SAMI2 model results and average DMSP measurements for the 
dependence of the Te, Ti, Te-Ti and H+ fraction on the electron number density at 0900 h local 
time at 840km. The SAMI2 model results are indicated by colored dots and DMSP observations 
with their standard deviation by the blue traces. Results are shown (top row) for a standard 
(default) neutral atmosphere altitude profile and (bottom row) for an adjusted neutral atmosphere 
altitude profile. See text for details. 
 

Figure 4.1 (top row) shows the comparison between DMSP observations and SAMI2 

results with no adjustments to the neutral atmosphere. The model results are in accord with the 
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expected dependencies of temperature on density and indeed show that the H+ temperature 

exceeds the O+ temperature by 200 K as expected. However, the most significant departures are 

seen in determination of the O+ temperature for which the model calculations consistently 

compute a value that is higher than that observed by 300–500 K. This is attributed to the neutral 

atmosphere composition and temperature specified by the empirical model which provides 

insufficient thermal contact with the neutral gas above the F peak. 

At 840 km the ion temperature is determined primarily by the flow of heat from electrons 

to ions and is balanced by the flow of heat from the ions to the neutral gas, which is controlled 

by the integrated effect of collisional cooling to the neutrals in the region below. This cooling 

rate depends on the neutral densities along magnetic flux tubes and is characterized by the 

neutral scale height specified by the neutral temperature. In addition, the model H+ concentration 

remains lower than is observed indicating that the neutral atmosphere composition in terms of 

the neutral atomic oxygen and hydrogen densities would need adjustment. 

Since SAMI2 accesses the neutral model in a modular fashion, it is possible to adjust the 

plasma temperatures by changing the neutral density and photoelectron heating rate. To increase 

the thermal contact between the ions and the neutral gas in the topside, while leaving the lower 

ionosphere unchanged, we increase the exospheric temperature and the neutral hydrogen density. 

To compensate for the increasing energy sink of the neutral gas, we also increase the peak 

photoelectron heating rate by 20% to ensure that the electron temperature remains near the 

observed values. 

The vertical profiles at 40° magnetic latitude in figure 4.2 show a comparison between 

the originally specified neutral mass density, neutral temperature, O+ temperature, and electron 
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temperature and the modified output of these parameters for two model days corresponding to 

winter (top) and summer (bottom). The increase in exospheric temperature increases the topside 

neutral scale height producing higher neutral density at higher altitude. This raises the altitude at 

which the ion temperature transitions to the electron temperature. The increased neutral scale 

height increases the topside neutral oxygen and enhances the topside helium concentration in the 

winter hemisphere. Figure 4.1 (bottom row) compares the observations reported earlier with the 

values retrieved from the model with the modified neutral atmosphere. By implementing the 

modifications discussed above, the O+ temperature at 840 km decreases by 300–500 K as 

required to approximate the observations. 

After the modifications, we still see that in the presence of H+ and O+, the H+ temperature 

is larger than the O+ temperature. This also implies that the O+ experiences two heat sources 

from collisions with the electrons and collisions with the lighter H+ ions. Note again, we have 

shown that for a fixed plasma density associated with a given solar zenith angle, the O+ 

temperature is larger when the H+ fractional content is larger as in the earlier observational 

results. Having established a baseline model that reproduces the average variations in plasma 

density and temperature, we are now well positioned to describe the individual heating and 

cooling processes that give rise to the observed behavior. 
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Figure 4.2. Standard (default) and adjusted altitude profiles of neutral mass density (purple) and 
temperature (blue) as well as ion (yellow) and electron (red) temperature at 0900 h local time for 
(top) winter and (bottom) summer. 
 

4.3 Details of the Thermal Energy Balance 

Further insights into the processes determining the ion and electron temperatures may be 

obtained by examining the ionospheric parameters and the individual heating and cooling terms 

as a function of local time and altitude. Figure 4.3 (top row) shows model plasma temperatures, 

plasma number density, and fractional H+ density as a function of local time at 40° magnetic 

latitude and a fixed altitude of 840 km, for three example days covering different seasons 

representative of the solstices and equinox. In figure 4.3 (bottom row) is shown the altitude 
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variation of these key parameters at 0900 local time. In space and time, the plasma density shows 

the typical daily variation that correlates with ionization production in the ionosphere and 

decreases with increasing altitude. Both the plasma density and the H+ fraction are also in accord 

with the expected dependence on season. The topside plasma density is higher in the summer and 

lower in the winter, and the fractional H+ contribution is lower in the summer compared to the 

winter. 
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Figure 4.3. (top row) Plasma temperatures, plasma number density, and H+ fraction as a function 
of local time at 40° magnetic latitude in 840 km. (bottom row) Altitude profiles of the same 
parameters at 0900 h local time. 
 

By inspecting the local time changes, after sunrise we find that the electron temperature 

rises rapidly then decreases as the local time increases. Over the same time period, ions warm in 

response to the increased electron temperature, but a large temperature difference between the O+ 

and electron temperature is present. Throughout the daytime, TH+ is generally higher than TO+ 
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especially in the winter when the H+ concentration is relatively higher and TH+ behaves more like 

Te. Differences in the O+ and H+ temperatures exist in the daytime and may become substantial 

when the relative H+ concentration is greater than 20%. In the winter mid-latitudes we find 

conditions where the electron and O+ temperatures differ by almost 2000 K while TO+ and TH+ 

differ by about 1000 K. 

We have previously noted that the observations suggest that for the same solar zenith 

angle and the same plasma density, the O+ temperature is larger when the H+ fractional content is 

large. This may be verified in the model by examining the O+ temperature for the same day at 

different latitudes. Figure 4.4 shows model plasma temperatures, plasma number density, and 

fractional H+ density as a function of local time at a fixed altitude of 840 km in winter solstice, 

for three different magnetic latitudes. We find that at a given local time during the daytime (e.g., 

1000 LT) the total plasma density is almost the same. However, in the lower latitude region the 

O+ temperature is higher when the H+ fraction is larger as is reflected in the observations. 

Figure 4.5 shows the variation of the electron heating and cooling terms with local time 

(top row) and altitude (lower row). The major contributions from photoelectron heating, 

conduction, and collisions are indicated in the first panel in each row. After sunrise the 

photoelectron heating rate rises rapidly as does the electron temperature. Subsequently, Te 

decreases as does the photoelectron heating rate due to attenuation by the increasing flux tube 

content. Near 800 km the photoelectron heating is balanced principally by conduction to lower 

altitudes where collisional cooling to the ions and neutrals occurs. At lower altitudes the 

collisional cooling acts directly. Note that the ion-electron cooling rate in figure 4.5 is referenced 

to the scale on the right in each of the panels in the top row. Comparing the local time profiles 
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during seasons for which the H+ fraction changes from 0.1 to 0.3, we notice that during the 

daytime the dominant heating and cooling terms for electrons in the topside ionosphere are not 

significantly affected by the ion composition. Additionally, in the winter, higher neutral 

hydrogen densities and higher electron temperatures may contribute to higher H+ densities. 
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Figure 4.4. The plasma temperatures, plasma number density, and H+ fraction as a function of 
local time from SAMI2 at 840 km for 40°, 35°, and 30° magnetic latitude. 
 

Figure 4.6 shows the heating and cooling terms for O+ as a function of local time and 

altitude in the same format as figure 4.5. Here the additional contribution of adiabatic heating or 

cooling from field-aligned plasma motions (Adv) is included, in addition to those discussed 

earlier. Horizontal advection remains a minor contribution to the heat balance at middle latitudes 
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away from the terminator. At altitudes below 600 km, O+ is heated principally by ion-electron 

collisions and cooled by ion-neutral collisions. By contrast, in the topside, even in the presence 

of a very small fractional population of H+, the O+ is heated by collisions with both electrons and 

light ions and cools by conducting to the region below. The altitude at which conduction and 

collisions with the neutral gas contribute equally to the cooling of O+ is dependent on the neutral 

density profile, which we have adjusted in this case to reach agreement with observations. In the 

topside, as the H+ fractional content increases in moving from summer to winter, we find that the 

collisional heating between the H+ and O+ dominates the O+ heating rate, while conduction 

remains the dominant cooling term independent of the H+ fractional content. 
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Figure 4.5. Model values of the major electron heating and cooling rates. (top row) Photoelectron 
heating (Qphe), electron thermal conduction (Con), and total electron-ion collisional energy 
exchange (Qei) are shown as a function of local time at 40° magnetic latitude and 840 km. Note 
that the collisional cooling rate is specified by the scale to the right in each panel. Altitude 
profiles of the same parameters (bottom row) with additional electron-neutral collisional cooling 
(Qen) at 0900 h local time. 
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Figure 4.6. Model values of the major O+ heating and cooling rates. (top row) Electron-O+ 
collisional energy exchange (Qie), H+-O+ collisional energy exchange (Qii), thermal conduction 
(Con), and adiabatic heating and cooling (Adv) as a function of local time at 40� magnetic 
latitude in 840 km. Altitude profiles of the same parameters (bottom row) with additional O+-
neutral collisional cooling (Qin) at 0900 h local time. 
 

Shown in figure 4.7 are the heating and cooling terms for H+ as a function of local time 

and altitude in the same format as figure 4.5. In the topside near 840 km, during the daytime H+ 

remains a minor ion species with a fractional content that varies between 0.1 and 0.3. We noted 

that at middle latitudes, H+ in the topside ionosphere during the daytime is almost always 

expanding into the flux tube volume above to fill the plasmasphere. This causes adiabatic 

cooling to be significant at all times. The topside H+ is usually locally heated by collisions with 

the electrons. However, at lower plasma density and higher H+ content, associated with a 

transition from summer to winter, the H+ in the topside may additionally be heated by conduction 

from the hotter H+ at higher altitude. In all cases, the topside H+ is cooled principally by local 

collisions with the heavier ions and by field-aligned motion. 
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In the topside ionosphere it is clear that H+ plays the part of an intermediary for the 

thermal balance between electrons and O+ ions when both species are present. Thus, in the 

presence of H+, electrons are cooled through collisions with H+ and the heat is further transferred 

to O+ through collisions between H+ and O+. Considering the altitude profile of figure 4.3, when 

the H+ fraction is high TH+ tends to move closer to Te, and collisional heating between O+ and 

light ions can become the major heat source for O+ in the topside as shown in figure 4.6. 

H+ Rate (K/sec)
-20 -10 0 10 20

A
lti

tu
de

 (k
m

)

200

400

600

800

1000

H+ Rate (K/sec)
-20 -10 0 10 20

H+ Rate (K/sec)
-20 -10 0 10 20

Qie
Adv
Qii
Con

Local Time
00:00 05:00 10:00 15:00 20:00 01:00

H
+  R

at
e 

(K
/s

ec
)

-5

0

5

21-JUNE-2005

Local Time
00:00 05:00 10:00 15:00 20:00 01:00

-5

0

5

21-SEPTEMBER-2005

Local Time
00:00 05:00 10:00 15:00 20:00 01:00

-5

0

5

21-DECEMBER-2005

Qie
Adv
Qii
Con

Altitude profile at 40° MLT in 0900 LT 

Local time variation in 800km at 40° MLAT 

 

Figure 4.7. Model values of the major H+ heating and cooling rates. (top row) Electron-H+ 
collisional energy (Qie), H+-O+ collisional energy exchange (Qii), thermal conduction (Con), and 
adiabatic heating and cooling (Adv) as a function of local time at 40° magnetic latitude in 840 
km. (bottom row) Altitude profiles of the same parameters at 0900 h local time. 
 

4.4 Discussion 

In this chapter, we have successfully modeled the behavior of daytime plasma 

temperatures in the mid-latitude topside ionosphere and provided a detailed description of the 

complex heat balance when both O+ and H+ are present. First we note that the electron thermal 
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balance is not significantly affected by the ion composition. Electrons are heated by 

photoelectron fluxes transported from lower latitudes and cooled by conduction to lower 

altitudes. At lower altitudes the cooling occurs due to collisions with the ions and finally at the 

lowest altitudes by collisions with the neutral gas. For the ions, however, the basic processes 

differ significantly from those that are usually associated with a single ion species in the topside. 

This is due primarily to the inverse mass dependence that makes the energy exchange rate 

between the electrons and H+ 16 times more efficient than that for O+ with the same difference in 

ion and electron temperature. The same concept has been discussed previously in section 3.3. 

Considering only O+ in the topside, for example, this species is heated by electron 

collisions and cooled by conduction. At lower altitudes the ions are cooled directly by collisions 

with the neutral gas, and the neutral density distribution with altitude affects the altitude above 

which conduction dominates local collisional cooling. Adjustments to the model neutral 

atmosphere were made for this study to affect just such a change in order to match the 

observations of O+ and electron temperature. 

When H+ is present, with fractional content greater than 10%, the O+ heating is no longer 

dominated by collisions with electrons [Dalgarno and Walker, 1966; Banks, 1967]. Rather, 

collisions with H+, which is efficiently heated by electron collisions and resides at higher 

temperatures than O+, dominate the thermal balance for O+. At middle latitudes in the topside, H+ 

is heated by ion-electron collisions as expected. Thermal contact with the electrons increases as 

the H+ fractional content increases, and this also allows conduction from above to become an 

important heat source for H+ in the topside. H+ is cooled principally by collisions with O+. 

However, with increasing altitude, as H+ becomes a major species, heat conduction to lower 
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altitudes becomes the major cooling mechanism. These heat balance processes are summarized 

conceptually in figure 4.8. The continuous outflow of H+ into the plasmasphere during the 

daytime may also be a significant cooling source in the topside at middle latitudes. 

 

Figure 4.8. Concept of heat balance in the ionosphere when both O+ and H+ are present. Arrows 
indicate directions of heat flow and the mechanism. 
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CHAPTER 5 

DETERMINATION OF IN-SITU CONSTITUENT ION TEMPERATURE 

After understanding the most influential processes in the energy balance by examining a 

satellite dataset and modeling the most important terms in the energy balance, it is evident that 

determination of both the H+ and O+ temperatures would be a significant step forward in our 

capability. We have shown that the original dataset measured by the retarding potential analyzer 

on the DMSP F15 spacecraft reveal an ion temperature dependence on ion composition in the 

topside ionosphere. A reexamination and advanced analysis of current-voltage characteristics 

from the same instrument to derive individual H+ temperatures is described in this chapter. The 

results provide a unique opportunity to examine the influence of ion composition on the energy 

balance and mass dependent heating and cooling processes due to plasma flows. This work is 

published in Hsu, C.-T., and R. A. Heelis, Measurement of individual H+ and O+ ion 

temperatures in the topside ionosphere, J. Geophys. Res. Space Physics, 123. Reproduced with 

permission of American Geophysical Union. ©2018. American Geophysical Union. All Rights 

Reserved. 

5.1 Methodology 

The basic measurement principle of the RPA has been briefly discussed in the 

introduction. It has been noted that an expression for the positive ion current as a function of 

retarding voltage to a moving planar RPA is [Hanson and Heelis, 1975]: 

I(φ) =C en0s
(vsc − vd )

2
{1+ erf (βs fs )+ 1

π
[βs (vsc − vd )]

−1 exp(−βs
2 fs

2 )}
s
∑  
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where fs = vsc − vd −
2es (φ+φA )

ms
, βs =

ms
2kTs

 is the reciprocal thermal speed of the s-th ions species, 

C is the effective surface area of the collector, and n0s is the density of the s-th ion species. The 

independent variables contained in this expression are: 

1) The ion species temperatures: Ts 

2) The ambient ion velocity with respect to the sensor in ram direction: Vd 

3) The sensor aperture plane potential with respect to the plasma: φA 

4) The ion species number density: n0s 

A current voltage (I–V) characteristic is then obtained by measuring the ion current while 

the retarding voltage is moved over a series of predetermined discrete levels. For the RPA on the 

DMSP F15 satellite 96 levels are distributed evenly between -2.8 and 12 volts. This RPA has a 4 

sec. sampling rate corresponding to a spatial resolution of about 30 km. Figure 5.1 shows the I–V 

characteristics from two consecutive sweeps taken in the mid-latitude topside ionosphere near 

840 km altitude and 0845 local time.  The separation of the light ions and the heavier O+ ions by 

locations where the specie’s current varies most rapidly in voltage is immediately apparent. 

However, it is evident that the fitting procedure must overcome several issues related to the 

fidelity of the data in order to recover the ion temperature. 

First, a logarithmic electrometer has a noise level that maintains a large uncertainty in the 

current, even at high currents. Second, the discrete current levels, which are telemetered to the 

ground, are limited in precision by the use of a 9-bit converter. Finally, the number of data points 

is low in critical retarding regions where the current changes rapidly. For the conditions studied 

here, 96 discrete points provide about 150 mV spacing in the retarding potential at each point. 

The thermal width (msVscVth, where Vsc≈7500 m/s and Vth is the thermal velocity of the ion 
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species [Heelis and Hanson, 1998]) of the current-voltage characteristic is about 300 mV for H+ 

ions and thus this spacing between data points provides only 5 or 6 points distributed across the 

H+ retarding region. It should be emphasized that the sensor was not designed to optimize the 

extraction of TH+ but these 5 or 6 points do provide a unique opportunity to extract additional 

TH+ information when appropriate signal levels are available. 
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Figure 5.1. Two consecutive I–V characteristics measured by the RPA on the DMSP F15 
satellite. The y-axis represents currents normalized by the saturation ion current near zero 
retarding potential. 
 

The independent variables contained in the current voltage characteristic shown above 

must be extracted from a non-linear curve fitting procedure [Heelis and Hanson, 1998]. There are 

several methodologies for performing such a procedure. The approach to be utilized here is the 

so-called “Trust Region” method [Sorensen 1982]. Trust Region algorithms are an evolution of 

the “Levenberg-Marquardt” (LM) methods [Levenberg 1944; Marquardt 1963]. Both algorithms 

are so-called restricted Newton step methods but the strength of the Trust Region method is the 

ability of the algorithm to constrain the objective function to reasonable values of the least-

squares variables. 
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In principle we can extract the H+ temperature by assuming individual temperature 

variables for each ion species when performing the non-linear fitting routine. However, the RPA 

electronics uses old technology, as described above, and the uncertainty in the ion current allows 

at most 6 least squares variables to be determined. In the original procedure these are a common 

ion temperature (Ti), bulk velocity in the ram direction (Vx), aperture potential with respect to the 

plasma (φA) and fractional abundance of O+, H+ and He+ ([O+], [H+] and [He+]). We note that the 

number of data points distributed across the O+ retarding region is much larger than the number 

across the H+ retarding region and thus the common ion temperature is dominated by that of O+ 

unless the O+ density becomes very low.  Adding the H+ temperature, as a variable to be reliably 

extracted from the non-linear fitting procedure, usually requires more data samples. We find that 

the data sampling and measured current precision are insufficient to diagnose the entire I–V 

characteristic in this fashion. 

To tackle these difficulties, we first run the fitting routine for the entire I–V curve by 

assuming a common temperature for all ion species and compare our results with those originally 

derived from previous methods. Here, there are 6 least-squares variables to be derived namely, 

ion temperature, ion velocity along the satellite look direction Vd, sensor aperture plane potential, 

and the percentage constituent densities for O+, He+, and H+. The total ion concentration is not 

recovered in the least squares fitting process, but is determined from the saturation ion current 

near zero retarding potential, which is used to normalize each curve prior to the fitting process. 

Note that both the aperture plane potential and the ion velocity specify the ram energy into the 

sensor in almost the same way. Thus optimized values for these two parameters are difficult to 

achieve from the fitting routine without an initial value that is representative of the ambient 
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environment. This requirement is even more desirable when the plasma is a single ion species 

[Hanson and Heelis 1975]. To overcome this problem we recognize that the ambient ram drift is 

small compared to the spacecraft velocity and we provide an initial value of zero. We provide an 

initial value for the aperture plane potential φs by applying a first-order dependence on the 

electron temperature [Anderson et al., 1994]. 

φs = −
kTe
e ln

Ae
Ai

KTe
2πmev

2
sc

( )
1
2
 

where Te is the electron temperature that is derived by the spherical Langmuir probe on DMSP 

F15, Ae/Ai is the ratio of the effective collection area between electrons and ions and is assumed 

to be 1 in this study for simplicity. The results for a typical DMSP F15 pass from the newly 

developed fitting procedure and from the original fitting procedure are shown in figure 5.2. Here 

a 5-point running average reveals features with scale sizes greater than 100 km (~1 degree in 

latitude) and shows that the fitting procedure we have developed readily allows for the extraction 

of basic parameters such as a common ion temperature, drift velocity and ion composition. The 

results generally agree well with those derived from previous fitting algorithms. Note however 

that the common ion temperature depends upon the composition, which is derived more 

continuously from the constrained fitting technique, which forces each ion fractional abundance 

to reside between zero and one. The original fitting procedure did not have this reasonable 

constraint, sometimes allowing anomalously high common ion temperature when light ions are 

present. To extract the H+ temperature, which may be different from the O+ temperature, using 

the data from the DMSP F15 instrument we must further constrain the fitting parameters. 
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Figure 5.2. Comparison between the data obtained by our fitting procedure (red in the bottom 
three panels) and the original DMSP database (blue in the bottom three panels). Top panel 
indicates the ion fractional composition from the original database and the second panel shows 
the same parameters from the revised procedure. 
 

To proceed further we fit the low-voltage, high-current region of the I–V characteristic to 

extract TH+ and the ram ion drift by fixing the sensor aperture plane potential, TO+ and the 

fractional composition from the result of the first step. Note that when the H+ fraction is lower 
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then 20% we terminate the TH+ fitting procedure because the limited number of points in the H+ 

retarding region have insufficient precision to be resolved above the O+ saturation current. In 

general, the non-linear curve fitting method to extract the ion parameters is applied individually 

to each I–V curve. The physical parameters derived from each curve then describe the variations 

of different parameters along the satellite track in space and time. In fact, the in-situ 

measurement probes the ionosphere continuously, and the measurement parameters should tend 

to behave continuously. In order to extract H+ information from the low-voltage, high-current 

region of the I–V characteristics, where the noise is relatively high based on our preceding 

discussion, we fit H+ temperatures by determining the variation of TH+ among three consecutive 

curves that minimizes the residue from the sum of the three curves. This technique is a major 

advance in retrieving ion parameters from RPA measurements when noise may produce a curve-

to-curve variability that is not representative of geophysical variations. 

We emphasize that the technique applied here to retrieve both TH+ and TO+ is 

implemented for an instrument that measures the ion current with limited precision over a 

distribution of retarding potentials that is not optimized for the task. While a detailed instrument 

simulation has not been undertaken to determine the expected uncertainties from this procedure 

it can only be used when the total plasma density is greater than 3×103 and only when both O+ 

and H+ are present with sufficient density to be detected by the instrument. We expect that the 

uncertainty in the determined ion temperatures is less than 10%. 

To utilize the newly developed capability to measure separate ion species temperatures in 

the topside ionosphere, we have applied it to RPA measurements made from the DMSP F15 

satellite during the daytime, when the ionosphere is being actively heated and during the 



 

68 

nighttime, when field-aligned plasma motions produce adiabatic expansions and compressions of 

the plasma along a magnetic flux tube. The details of the F15 satellite orbit have been introduced 

previously in chapter 2. 

5.2 Daytime Results 

As we discussed earlier, the daytime data has been used previously to investigate the 

thermal energy balance in the topside ionosphere between 30° and 50° magnetic latitude 

(MLAT) for the period 2004–2006.  It was suggested from chapter 3 and further calculations in 

chapter 4 that TH+ would reside between TO+ and Te in accord with preferential heat transfer from 

the electrons to H+. In this chapter we restrict our reexamination to the daytime region from -40° 

to 40° magnetic latitude for January and July in 2005 such that a large variability in the fractional 

contribution of H+ is covered in the observations. 

Figure 5.3 shows two example passes from magnetic latitude -40° to 40° across the 

dayside topside ionosphere with the annotation indicating the local time of the pass. The panels 

show a 5-point running average for the electron temperature, plasma composition, electron 

density, O+ temperature, H+ temperature and ram velocities that are derived from our new 

approach. Recall that DMSP F15 is in almost a Sun-synchronous circular orbit. Thus, for a given 

level of solar activity, the plasma number density increases as the solar zenith angle decreases 

while the satellite moves from the winter hemisphere to the summer hemisphere. The electron 

temperature varies almost inversely with the plasma number density, and during this post sunrise 

region ion temperatures are always lower than the electron temperature since heat flows from the 

electrons to the ions and then to the neutrals [Banks, 1967]. 
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Figure 5.3. Two example passes from -40° to 40° MLAT for the dayside showing the electron 
density (Ne), ion composition ([H+], [He+], [O+]), plasma temperatures (Te, TH+, TO+) and ram 
velocities (Vx) to illustrate DMSP F15 measurements derived from our new fitting procedure for 
January (left) and July (right) in 2005. 
 

Also shown in figure 5.3 are regions where the fractional H+ concentration is greater than 

20% and where TH+ recovered from our new routine is higher than TO+ by about 200K. This 

result agrees with the model results in the previous chapter confirming that O+ is heated by 

collisions with the electrons and collisions with the lighter H+ ions. The plasma is O+ dominant 

in the summer hemisphere as the O+/H+ transition height resides above the spacecraft and inter-

hemisphere transport may be recognized by the ram velocity indicating plasma flow from the 

summer hemisphere to the winter hemisphere across the equator. Note that DMSP F15 is a polar 

orbiting night-ascending satellite, it moves from north to south on the dayside such that negative 
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ram velocity indicates south to north flow. The plasma flow across the equator may produce 

adiabatic heating and cooling but the effects on the daytime plasma temperatures are small when 

the plasma is being actively heated by photoelectrons as shown in chapter 4. 

Figure 5.4 shows the average distribution of key ion parameters as a function of 

geographic longitude and geographic latitude for the northern winter (left panels) and northern 

summer (right panels) months in 2005.  From top to bottom the plots represent average values in 

4° by 4° bins in latitude and longitude showing the difference between TH+ and TO+, the ram 

velocity with positive velocities directed to the south, TO+, the fractional H+ concentration and 

the total plasma density. In the lower four panels blank areas are those where the analysis is 

terminated beyond a magnetic latitude of 40°. The blank region around 125° longitude is due to 

missing data during this period. In the top panel, the derivation of separate ion temperatures is 

also terminated when the fractional H+ concentration falls below 20% or above 90%. A 

hemispheric asymmetry in the plasma density is immediately seen with higher plasma density 

and lower fractional H+ concentration in the summer hemisphere than in the winter hemisphere. 

This asymmetry is associated with interhemispheric plasma flow along the magnetic field from 

the summer to the winter, which varies further with longitude due to the combined effects of 

summer to winter and westward winds that are resolved along the magnetic field in the F-region 

[Burrell and Heelis 2012; Burrell et al., 2011, 2012]. In the presence of appropriate H+ 

concentrations we are able to determine both TH+ and TO+ and verify that TH+ > TO+ at all 

locations where the measurements can be made. 
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Figure 5.4. Daytime monthly average plots for TH+-TO+, Vx, TO+, H+ fraction and Ne as a function 
of geographic longitude (GLON) and geographic latitude (GLAT) for January (left) and July 
(right) in 2005. 
 

5.3 Nighttime Results 

During the nighttime, in the absence of photoelectron heating, plasma transport parallel 

and perpendicular to the magnetic field becomes an important factor influencing the plasma 

temperature through adiabatic heating and cooling effects. In adiabatic heating regions 

containing both O+ and H+ we might expect TO+ > TH+, as in this case the H+ again plays the role 

of an intermediary in the energy exchange between the O+ and the cooler electrons. During 2003 

the average F10.7 cm radio flux is 120 solar flux units (sfu) which provides a larger nighttime 
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plasma density with a larger fractional H+ contribution than can be seen in 2005. Thus this period 

allows our constituent temperature measurements to verify this behavior. 

Shown in figure 5.5 are typical nighttime passes from magnetic latitude -40° to 40° in the 

same format as figure 5.3. In this figure the electron temperature is not plotted. It is derived with 

greater uncertainty from the onboard computation for which many fewer points are available 

because the electron and ion temperatures are much lower than during the daytime and have 

nearly the same value. The seasonal variation in the latitude profiles of topside ionospheric 

density and composition are seen in the top two panels in each column of figure 5.5. The satellite 

remains below the O+/H+ transition height in the summer hemisphere but passes through the 

transition height and into a region of H+ dominance in the winter hemisphere. Again the presence 

of inter-hemisphere transport is shown in the ram velocities in the bottom panel in each column. 

Near the equatorial region, summer to winter flows are negative in July and positive in January 

since the satellite moves from south to north on the nightside. In this post sunset region, 

photoelectron production ceases, but both ions and electrons are cooled by conduction to lower 

altitudes where heat is lost to the neutral gas. Note that the ion temperature has a local minimum 

displaced to the summer side of the dip equator and a local maximum displaced to the winter 

side of the dip equator. These features result from adiabatic cooling and heating induced by inter-

hemisphere plasma transport along the magnetic field [Rishbeth et al. 1977; Venkatraman and 

Heelis, 1999a, 1999b]. This mass dependent adiabatic processes due to plasma transport across 

the equatorial region will produce different temperatures for different species [Bailey et al., 

1973; Venkatraman and Heelis 1999b] and in the winter hemisphere sufficient quantities of O+ 

and H+ allow our new analysis to show that TO+ is higher than TH+ where adiabatic heating is 
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present. Note again that the RPA on the DMSP F15 is not designed specifically to derive TH+ and 

thus a full latitude profile of the temperature difference between the major ion species is not 

available from this device. However, even with the limitation of our dataset we are able for the 

first time to verify the predicted outcome of mass dependent heating and cooling processes 

modeled by Bailey et al. [1973]. 
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Figure 5.5. Two example passes from -40° to 40° MLAT for the nightside showing the derived 
Ne, ion composition, TH+, TO+ and Vx for January (left) and July (right) in 2005 measured by 
RPA of DMSP F15. 
 

The nighttime adiabatic heating and cooling effects can be seen as a function of 

geographic latitude and geographic longitude in figure 5.6 using the same format as figure 5.4. 

The data are averaged in 4° by 4° bins and blank pixels indicate where samples are not taken or 
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where the H+ fraction is lower than 20% or greater than 90% and the fitting routine cannot 

produce a valid H+ temperature. 

 

Figure 5.6. Nighttime monthly average plots for TH+-TO+, ram velocity, TO+, H+ fraction and 
electron density as a function of geographic longitude (GLON) and geographic latitude (GLAT) 
for January (left) and July (right) in 2005. 
 

Most prominent in this figure are the newly derived (dark blue) regions where TO+ 

exceeds TH+ in a narrow latitude region displaced to the winter side of the magnetic equator. This 

region shows a maximum difference where the measured interhemispheric flows are a 

maximum, as seen in the ram velocity shown in the second panel of each column (150°–200° 

GLON in January; 300°–365° GLON in July). These longitude regions also coincide with a 

minimum in TO+ in a region displaced to the summer side of the dip equator thus confirming the 

role of both adiabatic heating and cooling processes. The preferred longitude regions also 
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coincide with regions of positive and negative declination where the nighttime eastward zonal 

wind will reinforce the summer to winter meridional wind to maximize the interhemispheric 

transport [Burrell and Heelis 2012; Burrell et al., 2011, 2012]. 

5.4 Discussion 

In this chapter, we have re-examined current-voltage characteristics from the RPA on the 

DMSP F15 satellite to separately retrieve the O+ and the H+ temperature for both the daytime and 

nighttime ionosphere. While not optimally designed to perform this function, we have 

established the requirements for achieving measurement of the major species temperatures and 

an algorithmic approach to processing the data. Such a capability is extremely insightful in 

examining heating and cooling processes in the topside ionosphere, where the collisional energy 

exchange processes and adiabatic heating and cooling processes are mass dependent and the 

dominant ion makes a rather rapid transition from O+ to H+ over a limited altitude and latitude 

region. 

We have previously discussed that during the daytime, ion temperatures are determined 

primarily by the flow of heat from electrons to ions that is balanced by the flow of heat from the 

ions to the neutral gas, which is controlled by the integrated effect of collisional cooling to the 

neutrals in the region below. When H+ is present, the inverse mass dependent energy exchange 

rate between the electrons and ions makes electrons preferentially heat the H+, and the heating 

for O+ becomes dominated by collisions with H+ that resides at higher temperatures than O+. We 

have established that the daytime H+ temperature extracted from DMSP F15 shown in this 

chapter is indeed a few hundred degrees higher than the O+ temperature in the topside 

ionosphere. Note that the additional adiabatic heating and cooling mechanism arising from 
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motions of the plasma have only a small effect on daytime plasma temperatures, and there is 

insufficient sampling in this dataset to determine the composition effect. 

During the nighttime the electrons are no longer being actively heated in the topside 

ionosphere and both the ion and electron temperatures approach the neutral temperature. 

However, under these conditions F-region winds and seasonal asymmetries in the plasma density 

induce summer to winter interhemispheric plasma transport across the equator [Venkatraman and 

Heelis, 1999a, 1999b]. This transport is associated with adiabatic heating and cooling of the 

plasma that are most prevalent in the constituent ion O+ since it has the smallest scale height 

among the topside species. In the winter hemisphere the O+ is adiabatically heated in a region 

where H+ is also transported from the summer hemisphere and will serve to locally exchange the 

heat from the O+ to the electrons. Models of the adiabatic heating and cooling processes predict 

that the O+ temperature will exceed the H+ temperature in such cases [Bailey et al., 1973] and 

indeed, our new measurement capability has verified this behavior and its relationship to the 

interhemispheric transport velocity. 
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CHAPTER 6 

CONCLUSIONS 

Several properties of the plasma temperatures in the topside ionosphere are investigated 

in this dissertation by utilizing ion and electron measurements from Defense Meteorological 

Satellite Program F15 satellite and the SAMI2 model. A general study of the effects of ion 

composition on the ion and electron temperatures in the midlatitude topside ionosphere during 

daytime has been conducted by using the commonly available data from the DMSP F15 satellite 

in 2004–2006. The observations show a dependence of the O+ temperature on ion composition. 

Then, a modeling study is utilized to retrieve both TH+ and TO+ and verify this observed 

dependence. The heating and cooling terms in the model add a further demonstration that the 

mass-dependent energy exchange rate between O+ and H+ plays an important role in the thermal 

balance of the topside ionosphere. A robust algorithm has been constructed to reexamine the 

current-voltage characteristic to additionally extract the H+ temperature from RPA measurements 

on the DMSP F15 and describe its contribution to the thermal energy budget and the response to 

dynamical processes in the topside ionosphere. The major findings of this work are briefly 

summarized below. 

6.1 Energy balance in the Topside Ionosphere at Mid-Latitudes 

In the chapter 3, the variations of electron and ion temperature with plasma number 

density and composition in the postsunrise midlatitude ionosphere near 800 km altitude observed 

by the DMSP F15 satellite have been examined. The original measurements provide a measure 

of the electron temperature and the O+ temperature while the plasma composition may change 
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from 100% O+ to less than 30% O+ with the remaining being primarily H+. This allows an 

examination of the electron and ion temperatures, which are influenced by the heat exchanged 

between the different constituent ions and their dependencies on solar zenith angle and solar 

activity. 

In the relatively restricted volume of the topside ionosphere that we sample, the 

variations in the plasma number density and the electron heating rate are attributed primarily to 

changes in solar zenith angle. However, different plasma densities due to different filling states 

of the magnetic flux tubes at middle latitudes are also present. The overall plasma number 

density increases as the solar zenith angle decreases with changes of season from winter to 

summer, while the electron temperature decreases as the plasma number density increases. This 

behavior is attributed to initially low plasma density in magnetic flux tubes with large volumes 

for which the electron cooling rate is very low. The cooling rate then rises much more rapidly 

than the heating rate as the plasma fills the flux tubes. 

The ion temperature increases to approach the electron temperature as the plasma density 

increases. As the plasma number density continues to increase, the ion temperature then 

decreases in concert with the electron temperature to make the electron-ion temperature 

difference a constant. These behaviors reflect the local collisional heating of the ions by the 

electrons and the more remote influence of conductive cooling to the neutrals. 

The electron temperature variation with electron number density has very little 

dependence on the composition of the plasma. However, the O+ temperature is strongly 

dependent on the H+ fraction since the intermediate heat exchange pathway from the electrons to 

the H+ and then H+ to the O+ is active when the H+ concentration is significant. In addition, a 



 

79 

larger fractional composition of H+ reduces the adiabatic cooling that is present in the postsunrise 

sector when O+ is dominant. 

6.2 Modeling of the Energy Balance in the Topside Ionosphere 

The SAMI2 model captures the major mechanisms that control the heat flow in the 

topside ionosphere at middle latitudes. While it is not our purpose to quantitatively reproduce 

specific observations, the model plasma temperatures, as functions of plasma density, can be 

aligned with observations by adjusting the vertical distribution of the neutral gases. The model 

results shown in chapter 4 confirm observations, during the daytime at middle latitudes when 

both O+ and H+ are present, that TH+ > TO+ and that TO+ increases as the fractional content of H+ 

increases at a fixed density. The model also reveals features of the heat balance in the topside 

when both O+ and H+ are present, that are different from the balance that exists when either ion is 

present alone. 

In the most fundamental of terms we find that in the topside at middle latitudes any major 

species, O+ or H+, is heated by electron collisions and cooled by conduction. However, in the 

intervening altitude region where both O+ and H+ are present, O+ is heated by collisions with H+ 

and cooled by conduction, while H+ is heated by collisions with electrons and cooled by 

collisions with O+. The heat balance between the H+ and O+ always keeps the H+ at a temperature 

higher than the O+, with differences as large as 1000 K dependent on the solar zenith angle and 

the fractional contribution of H+ and O+ to the total plasma density. 
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6.3 Constituent Ion Temperatures measured in the Topside Ionosphere 

In the last part of the study, we have developed a new approach to reexamine the current-

voltage characteristics measured by the RPA on the DMSP F15 satellite. The procedure 

successfully extracts both the O+ temperature and the H+ temperature when the fractional H+ 

content is greater than 20% and when the fractional O+ content is greater than 10%. While the 

instrument was not optimized to measure the H+ temperatures and has limited accuracy, both 

daytime and nighttime measurements of constituent ion temperatures describe their response to 

energy exchange and dynamical processes in the topside. 

When the electrons are being actively heated during the daytime, TH+ > TO+ in the topside 

ionosphere as the H+ effectively transfers heat from the electrons to the O+. At night when the O+ 

is being actively heated due to field-aligned plasma transport, TH+ < TO+ as the H+ transfers heat 

from the O+ to the electrons. These processes lead to temperature differences between O+ and H+ 

of 100 to 500 K. The reconstructed analysis procedure developed here is able to observe these 

temperature differences and show their seasonal and longitudinal dependencies. It then permits 

the role of heat exchange between these two species to be assessed in the topside ionosphere in 

more dynamic situations where field-aligned motions are important and multiple ion species are 

present. 

6.4 Future Directions 

Modern electronics allows the RPA measured currents to be extracted with much better 

precision than those utilized for this study. Furthermore the retarding potentials at which the 

currents are measured can be specified with high precision and adapted to reside at critical 
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locations to define the gradients in the I–V characteristic. Additional techniques can be employed 

to extract the gradient in the I–V characteristic with greater sensitivity by electronically 

generating the gradient of the current with respect to the retarding potential. 

Utilizing these refined measurement techniques the finding discussed in this dissertation 

could be extended globally. At low and middle latitudes full latitude profiles of the H+ and O+ 

temperature differences in the topside can be retrieved and related the solar illumination and the 

plasma dynamics. At middle and high latitudes where heat fluxes from the magnetosphere and 

particle heating become additional considerations to the thermal energy balance, our 

specification and understanding of the effects of storm time variations and thermal structures in 

the topside ionosphere can be significantly improved. 

Finally the ability to redistribute the retarding potential samples to optimize the 

determination of individual ion species temperatures, where the mass difference is high, might 

also be of value in planetary environments such as Venus where ions such as O+, O2
+ and CO2

+ 

are present. 
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