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ABSTRACT 
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The topside ionosphere is a dynamic region of the Earth’s upper atmosphere that couples with 

solar and terrestrial regions and affects communication and navigation systems.  The solar 

extreme ultraviolet (EUV) irradiance is a major driver of variability in the topside, and further 

work is needed to understand how EUV drives variability, particularly in light of the recent 

availability of spectrally-separated EUV measurements.   Variability in the topside is also driven 

from below, as there is increasing evidence that atmospheric effects are propagated across a 

broad range of altitudes.  The WN4 pattern has been recognized as a signature of non-migrating 

tides originating in the troposphere, but its variations in the topside have yet to be 

comprehensively studied.  Ionospheric models have struggled to accurately represent the shape 

and variability of topside ion density profiles, in part due to the relative scarcity of in situ 

measurements.  Nevertheless, empirical models such as the internationally-recognized standard 

International Reference Ionosphere (IRI) provide a crucial resource to scientists, and 

improvements to IRI are ongoing. 
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This dissertation addresses these research needs in three studies.  First, we investigated the 

response of the topside ionosphere to EUV variability using thermal plasma measurements from 

the Defense Meteorological Satellite Program (DMSP) over 23 years, a period of time never 

considered before.  The response was found to be closely related to the composition due to the 

effect of this parameter on the scale height.  The composition varies dramatically with the solar 

cycle and the SZA, and these changes in composition have a compounding effect on the response 

of the topside ionosphere to changes in solar EUV irradiance. 

 

We investigated and quantified the signature of WN4 in the topside ionosphere across local time, 

season, and varying levels of solar activity using monthly averages of ion densities from DMSP.  

This study provides compelling evidence of the effects of tropospheric weather on space weather 

even at DMSP altitudes, which had not been comprehensively presented before.  Tidal patterns 

are strongly present along the magnetic equator throughout the year, and WN4 is clearest at 

September equinox.  During solstice months the WN4 signature is modified by zonal and 

meridional winds.  WN4 moved eastward with increasing F10.7 and drifted eastward at about 2o 

GLON per hour MLT. 

 

To address the scarcity of in situ topside measurements needed to improve IRI, we presented a 

new data set of over 11,000 magnetic conjunctions between DMSP and C/NOFS in 2009-2015.  

We investigated the error of the most recent version of IRI in reproducing the topside profile 

shape under different conditions.  The model was found to underestimate the plasma scale height 

in the morning but matched the profile shape well in the afternoon.  The percent error showed 
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patterns consistent with a diffusive equilibrium condition in the afternoon, whereas strong ion 

flows in the morning produced a more complex relationship between the Ni profile shape and the 

plasma temperatures. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Topside Ionosphere 

The ionosphere is the ionized part of the Earth's upper atmosphere, which extends from about 

90-1000 km in altitude.  It is charge neutral as a whole and consists mainly of free electrons and 

positive ions, with some negative ions at lower altitudes.  At middle and low latitudes, these 

electrons and ions come from photoionization due to solar radiation, mostly at extreme-

ultraviolet and X-ray frequencies.  At low altitudes, ions and electrons quickly recombine, but at 

high altitudes they persist for some time due to low recombination rates. 

 

The ionosphere is conceptually divided into layers based on electron densities (Figure 1.1).  The 

maximum electron density occurs at the F peak around 400 km.  The altitude, density and shape 

of the F peak varies from day to night, with solar activity, and in response to geomagnetic 

activity.  The "topside" is the part of the ionosphere above the F peak.  The major ions in the 

topside are H+, O+, and He+.  The primary reaction occurring at these altitudes that provides the 

main source and sink for H+ is the charge exchange reaction  

O+ + H   H+ + O           (1.1) 

The major source of ionospheric O+ is photoionization and the primary loss mechanisms are 

reactions 

O+ + e  O                (1.2a) 

and 

O+ + N2  NO+ + N    (1.2b) 

followed by 
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NO+ + e  N + O      (1.2c) 

The altitude where the ionosphere changes from O+ dominated to H+ dominated is termed the 

transition height.  The O+/H+ transition height can vary significantly during the solar cycle, 

seasonally, and during geomagnetic storms [e.g., Garzón, et al., 2011; Hysell et al., 2009] due to 

thermospheric heating and winds, and electric fields. The other major constituent in the topside 

ionosphere is He+. The major source for He+ is photoionization while the major sink is charge 

exchange with N2. As the density of N2 above the F2 peak is generally small, any He+ produced 

in the topside is relatively long-lived. During solar maximum, there are times when He+ can be 

the major light ion or even dominate [Heelis et al., 1990; Bailey and Sellek; 1990]. 

 

Figure 1.1.  Typical profiles of the neutral atmospheric temperature (left) and ionospheric 

plasma density (right.) [The Earth's Ionosphere, 1989] 
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The density of each ion species in the topside can be roughly approximated by an exponential 

decay with altitude, where the decay rate is called a scale height H: 

𝐻 =
𝑘𝑇

𝑚𝑔
       (1.3) 

H: scale height 

k: Boltzmann constant 

T: temperature (or for a plasma, the sum of ion and electron temperatures) 

m: mass 

g: gravitational constant 

 

A scale height is defined as the height over which the density of a particular ion, atom or 

molecule decreases by a factor of e.  For example, because O+ is more massive than H+, O+ has a 

smaller scale height, and the concentration of O+ decreases more rapidly with increasing altitude 

than H+. 

 

The neutral atmosphere is conceptually divided into layers based on temperature (Figure 1.1.)  

The thermosphere is a region of the neutral atmosphere which overlaps with the ionosphere, 

characterized by a rapid increase in temperature with altitude.  While temperatures in the lower 

atmosphere are relatively constant, thermospheric temperature varies significantly in response to 

solar heating. 

 

In general, the rate of change of electron density is expressed by a continuity equation: 

𝑑𝑁

𝑑𝑡
= 𝑞 − 𝐿 − ∇ ∙ (𝑁𝑣)      (1.4) 
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N: electron density 

t: time 

q: production rate 

L: loss rate by recombination 

v: mean drift velocity 

In certain regimes, one or more of the terms in the continuity equation may be approximately 

zero.  

 

The extension of the ionosphere up to higher altitudes and into the inner magnetosphere is the 

plasmasphere.  This is a toroidal region of high-density (10 to 103 cm-3), low-temperature (~1 

eV) plasma which extends from about 1000 km up to the plasmapause, sometimes called the 

"knee", a sharp outer boundary where the ion density drops by an order of magnitude.  The 

magnetic field in the plasmasphere is mostly dipolar, and since the conductivity along magnetic 

field lines is very high, it is often useful to consider which regions are magnetically connected 

along field lines.  For example, magnetic field lines at the plasmapause approximately map to the 

ionospheric main trough (mid-latitude trough) [Yizengaw et al., 2005], a plasma-depleted region 

near 60 to 65 degrees MLAT.  The main trough and the plasmapause are both associated with the 

change in circulation pattern between the inner and outer magnetosphere, although their 

immediate causes and dynamics may differ from one another. 
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1.2  Geomagnetic Field Geometry, Winds and Effects on Topside 

To a first approximation, the Earth's magnetic field is a dipole which is tilted and offset from the 

planetary spin axis.  It is compressed by the solar wind on the day side, and streams away in a 

geomagnetic "tail" on the night side.  In the ionosphere, the orientation of the geomagnetic field 

leads to ionospheric structure and phenomena that depend on latitude and longitude. 

The magnetic field inclination, also called the dip angle, is defined as the angle between the 

magnetic field and a line tangent to the surface of the Earth (Figure 1.2.)  A positive inclination 

means the magnetic field points toward the Earth.  In contrast, magnetic declination is the angle 

between magnetic north and "true" north.  Declination is defined to be positive when magnetic 

north is east of true north.  For example, at middle and low latitudes, the geographic longitude 

range from about 180-270 has a positive declination, 300-360 has a negative declination, and the 

remaining longitude regions have close to zero declination. 

 

Figure 1.2. Dip latitude as a function of geographic latitude and longitude. [West and Heelis, 

1996] 

 



 

6 

The geometry of the geomagnetic field lines has a significant impact on the distribution of 

ionization in the topside ionosphere.  Since the Lorentz force is zero for a charged particle 

moving parallel to the magnetic field, plasma tends to move very easily along geomagnetic field 

lines in regions where ion-neutral collisions are relatively infrequent, for example in the topside 

ionosphere where the neutral density is relatively low.  When winds blow in the thermosphere, 

plasma is preferentially pushed by the component of the wind vector which is parallel to the 

geomagnetic field because mobility along the magnetic field lines is very high. 

  

Meridional winds flow in a north-south direction, i.e. along a meridian; zonal winds flow in an 

east-west direction.  Both meridional and zonal winds can act to redistribute plasma in the 

topside.  For example, West and Heelis [1996] attributed longitude variations in O+ and H+ 

densities in the topside to a combination of zonal winds, meridional winds, and the offset 

between the geographic and geomagnetic equators. 

  

Within the F region of the ionosphere, where ion-neutral collisions are infrequent, in response to 

any imposed electric field the ions and electrons will experience a motion perpendicular to both 

the electric and magnetic fields called "E cross B drift": 

𝑣 =
𝑬×𝑩

|𝑩|2
     (1.5) 

v: drift velocity of plasma 

E: electric field vector 

B: magnetic field vector 
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This ExB drift is responsible for the electrodynamic lifting of plasma near the magnetic equator.  

Electric fields in the E region, combined with the nearly horizontal magnetic field lines, are 

associated with upward ExB drifts during the day and downward ExB drifts during the night. 

 

1.3  Solar EUV Origin, Variability, and Effects on Topside Ionosphere 

1.3.1  Origin and variability 

The solar EUV radiation ranges in wavelength from about 10 - 120 nm with a soft X-ray or XUV 

component from about 0.1 to 10 nm. It originates in the Sun's chromosphere, the transition 

region, and the corona and shows considerable variability with solar activity, solar rotation, and 

the solar cycle. The solar EUV spectrum is composed of numerous emission lines and continua 

whose irradiances can vary over several orders of magnitude with time scales from minutes to 

years [Woods and Rottman, 2002]. This variability is highly wavelength dependent with the 

lower wavelengths tending to exhibit greater variability (see, e.g., Woods and Rottman, 2002).  

Solar activity varies on multiple time scales, most notably the 11-year solar cycle and the 27-day 

Carrington rotation.  A 27-day signal is visible in solar irradiance measurements when active 

regions on the Sun rotate in and out of view with a period of 27 days. 

 

1.3.2  Measurements and models 

Satellite observations of the solar EUV spectrum began in the 1960's with some daily 

observations being made by the AE-E spacecraft from 1976 to 1981 [Hinteregger, 1981]. Until 

the 1990's, there were only a few occasional measurements such as on the San Marco 5 satellite 

[Tobiska et al., 1993] and some sounding rockets [i.e., Woods and Rottman, 1990]. Continuous 



 

8 

measurements began again in the 1990s with the Solar EUV Monitor (SEM) on board SOHO 

[Judge et al., 1998], the Upper Atmosphere Research Satellite (UARS; Woods et al., 1996) and 

the Solar Radiation & Climate Experiment (SORCE; Rottman, 2005]. Unfortunately, these 

measurements were of little use for ionospheric or thermospheric studies, as they were either 

broadband (SEM) or did not properly cover the EUV range (SEM and UARS).  In 2002, the 

launch of the Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics (TIMED) 

spacecraft with the Solar EUV Experiment (SEE) grating spectrograph on board began providing 

spectrally resolved and nearly continuous measurements of the solar EUV irradiance [Woods et 

al., 2005]. The Extreme Ultraviolet Variability Experiment (EVE) onboard the Solar Dynamics 

Observatory (SDO) spacecraft, launched in 2010, provides measurements at the highest spectral 

resolution to date with a high temporal cadence and a nearly 100% duty cycle at the shorter 

wavelengths. 

  

A lack of simultaneous ionospheric satellite and solar EUV measurements has meant that most of 

the current understanding of the response of the ionosphere to solar variability has come from 

modeling studies. For instance, only very recently were sufficient interdisciplinary resources 

brought together to simulate the ionospheric response to EUV spectrum changes during a flare 

(see, e.g., Pawlowski and Ridley, 2008; Smithtro and Solomon, 2008). These models rely on 

EUV/XUV models for the solar irradiance spectrum which in turn rely on proxies for the solar 

irradiance, such as the F10.7 index because of the lack of adequate irradiance data. Although this 

parameter correlates reasonably well with the solar XUV/EUV flux, it clearly cannot replace it. 

Several other proxies have been developed, but none of them can be used as a substitute for the 
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irradiance [Floyd et al., 2005]. Other recent EUV models include the SOLAR2000 model, which 

provides several indices that are tailored to specific needs, such as the E10.7 solar EUV proxy 

and the S10.7 index for the specification of the neutral density [Tobiska and Nusinov, 2006], and 

the NRLEUV model [Warren, Mariska, and Lean, 2001]. 

 

1.3.3  Ionospheric effects 

Changes in the amount of solar EUV radiation result in corresponding changes in the energy 

balance of the upper atmosphere, dynamics, and photochemistry.  Most of the solar energy 

deposited in the ionosphere and thermosphere is from radiation with wavelengths below about 

100 nm.  Indeed, Solomon et al. [2010] showed that the EUV is in fact the main driver of density 

changes in the ionosphere.  Emmert, Lean, and Picone [2010] showed that the low EUV 

irradiance during the 2008 minimum phase led to an unprecedented decrease of the ionospheric 

density.  

 

Solar EUV irradiance is also the primary source of energy for the upper atmosphere [Fuller-

Rowell, 2004].  Photoionization and photoabsorption cross sections for O+ are shown in Figure 

1.3, where a larger cross section corresponds to more ionization or absorption, for a given EUV 

intensity and precursor species density.  These wavelengths represent significant energy input, 

have high photoionization cross sections for O+, and are highly variable.  EUV radiation creates 

the ionosphere through photoionization and drives changes in composition and temperature 

through heating.  Many of these effects are most clearly seen in the topside ionosphere.  For 

example, previous studies have found strong 27-day fluctuations in ion density at Defense 
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Meteorological Satellite Program (DMSP) altitudes (~840 km) [Rich et al., 2003] and measured 

by the Communication/ Navigation Outage Forecasting System (C/NOFS) spacecraft (~450 to 

850 km) [Coley and Heelis, 2012] in response to the 27-day solar rotation.  These 27-day density 

variations are not generally observed at altitudes lower than about 500 km, possibly because of 

the greater influence of dynamical processes at lower altitudes.  Additionally, density 

fluctuations measured by DMSP are much stronger during high solar activity, in contrast to the 

saturation effect of ion densities at the F peak (NmF2) and of total electron content (TEC) [Liu et 

al., 2007].  Furthermore, the scale height itself in the topside ionosphere has been observed to 

increase during high solar activity, so that the density variation with altitude is not simply a 

linear response. 

  

 

Figure 1.3.  Weighted photoionization and photoabsorption cross sections for O+ for Torr 

and Torr [1979] bands and lines. 

 



 

11 

Other studies have examined the response of the topside ionosphere to solar activity across 

longitude, latitude, and season [e.g. Greenspan et al., 1994; West and Heelis, 1994].  

Longitudinal variations have been explained in terms of field-aligned transport.  The components 

of meridional and zonal neutral winds parallel to the Earth's magnetic field lines tend to move 

plasma along the field lines as a result of pressure gradients produced by ion-neutral collisions at 

lower altitudes, and this effect varies with season and longitude.  There are also strong latitudinal 

variations which depend on season due to the changing solar zenith angle. 

 

1.4  Atmospheric Tides and Coupling with Ionosphere-Thermosphere 

1.4.1 WN4 and DE3 

Atmospheric tides are significant drivers of global ionospheric and thermospheric structure.  In 

particular, a wave-number 4 oscillation (WN4) along the magnetic equator has been studied in 

several parameters including total electron content (TEC) [Scherliess et al., 2008; Wan et al., 

2008; Pedatella et al., 2011], thermospheric neutral winds [Häusler et al., 2007; Häusler and 

Lühr, 2009], [O]/[N2] ratio [He et al., 2010], distribution of NO [Barth et al., 2003], the 

equatorial electrojet current density [Lühr et al., 2008], and electron densities [Liu and 

Watanabe, 2008; Pedatella et al., 2008].   There is strong evidence that WN4 patterns in the 

ionosphere/thermosphere are associated with the DE3 non-migrating tide which originates in the 

lower atmosphere [Immel et al., 2006; Hagan et al., 2007; Wan et al., 2010], and the chain of 

tidal propagation extending from the troposphere up into the thermosphere and ionosphere has 

been studied extensively in recent years. 
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DE3 is the diurnal (24-hour period) component of an eastward propagating tide with zonal wave 

number 3.  It has three peaks equally spaced in longitude when viewed in a constant universal 

time frame, whereas the WN4 pattern has four peaks equally spaced in longitude when viewed in 

a constant local time frame, due to the change in coordinates.  The following equations express a 

tidal perturbation at a given latitude, in universal time (UT) or local time (LT), including its 

frequency and how to convert between UT and LT: 

 

        𝑓𝑈𝑇 = ∑𝐴𝑠,𝑛cos[𝜔𝑛(𝑡𝑈𝑇 − 𝜙𝑠.𝑛) − 𝑠𝜆]       (1.6) 

       𝑓𝐿𝑇 = ∑𝐴𝑠,𝑛cos[𝜔𝑛(𝑡𝐿𝑇 − 𝜙𝑠.𝑛) − (𝑠 − 𝑛)𝜆]      (1.7) 

    𝜔𝑛 =
2𝜋𝑛

24ℎ𝑜𝑢𝑟𝑠
       (1.8) 

      𝑡𝑈𝑇 = 𝑡𝐿𝑇 − 𝜆
24ℎ𝑜𝑢𝑟𝑠

360°
      (1.9) 

A : amplitude 

ω : frequency 

tUT : universal time 

tLT : solar local time 

φs,n: phase shift in time 

s : zonal wave number with positive (negative) values representing westward (eastward) phase 

propagation 

λ : east longitude 

n=1 for diurnal, n=2 for semidiurnal, n=3 for tridiurnal, etc. 
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For DE3, n=1 and s=-3.  Thus in a fixed-local time frame (LT), the observed zonal wave number 

of DE3 is |s-n|=|-3-1|=4, consistent with WN4.  However, there are other combinations of n and s 

which would also look like WN4 in the LT frame, for example, the semi-diurnal component of 

an eastward-propagating tide with zonal wave number 2 (SE2) in the UT frame (|s-n|=|-2-2|=4), 

or the diurnal component of a westward-propagating tide with zonal wave number 5 (DW5) in 

the UT frame (|s-n|=|5-1|=4.)  Therefore, there is degeneracy when converting between the two 

reference frames.  Unfortunately, satellite observations alone often have difficulty resolving this 

degeneracy due to limited coverage. 

 

 DE3 is generated by latent heat release of evaporation during cloud formation [Hagan and 

Forbes, 2002, 2003], as the atmosphere responds to periodic absorption of solar radiation.  The 

distribution of the peaks is due to the land-sea distribution, i.e. three land masses plus a void over 

the Pacific Ocean, which affects the longitudinal distribution of convection patterns and cloud 

formation [Tsuda and Kato, 1989; Williams and Avery, 1996.]  

 

1.4.2  DE3 propagation, WN4 in the F-region, and impact of WN4 on the upper atmosphere 

Immel et al. [2006] proposed a physical mechanism for the propagation of DE3 into the F-region 

based on the ExB drift. They suggested that upward-propagating tides modulate the dynamo 

electric fields in the E-layer, which is associated with the ExB drift of plasma lifted up into the 

F-region. This effect would be maximized at equinox, when the meridional component of E-

region neutral winds at low latitudes is not dominated by inter-hemispheric flows. Jin et al. 

[2008] simulated DE3 effects on the longitudinal structure of F-region zonal electric fields, in 
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order to investigate how this tide might modify the vertical ExB drift. They noted that under a 

realistic geomagnetic field configuration, longitude sectors with large declination angles would 

show a larger hemispheric difference in the phase of DE3. 

 

Some additional coupling mechanisms have been suggested. Winds associated with non-

migrating tides at F-region altitudes can push plasma along field lines and modify the F-region 

dynamo [England et al., 2010, Park et al., 2010.] Non-migrating tides have also been shown to 

modify the [O]/[N2] ratio, which affects the concentration of O+ since an increase in [O] allows 

more production of O+ at a given altitude, and decreases in [N2] increase the lifetime of O+ 

[Zhang et al., 2010.]  It should also be noted that WN4 patterns can be enhanced by additional 

tides besides DE3 such as SPW4 (stationary planetary wave-4) and SE2 (semi-diurnal eastward-

propagating wave-2) [Pancheva and Mukhtarov, 2010.] 

 

Although many migrating and non-migrating tides are produced at lower altitudes and propagate 

upward, DE3 has a particularly significant impact on higher altitudes because it has a large 

amplitude, and because it propagates upward very efficiently. The efficient propagation of DE3 

is due to its long vertical wavelength, which is possible because its origin in convective clouds 

extends throughout the troposphere [Williams and Avery, 1996]. Hagan and Forbes [2002, 2003] 

found that DE3 and SW6 (semi-diurnal westward-propagating wave-6) are the largest amplitude 

non-migrating tides that should reach the upper mesosphere/lower thermosphere using the 

Global Scale Wave Model (GSWM). They also showed that the DE3 tide would be very 

effective at modifying the E-region dynamo because the DE3 wavelength is large compared to 
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the Hall conductivity layer and has a symmetric latitudinal structure. As tides propagate upward 

and the atmospheric density decreases, they are expected to increase in amplitude [Williams and 

Avery, 1996]. 

 

1.4.3  Previous measurements and results in the topside ionosphere 

While DE3 and WN4 have been observed and modeled extensively in the mesosphere and lower 

thermosphere regions in recent years, relatively few studies have investigated WN4 patterns in 

the topside ionosphere.  WN4 was first observed in the F region equatorial ionization anomaly 

(EIA) by Sagawa et al. [2005] in IMAGE/FUV satellite data.  More recently, tidal signatures at 

low latitudes near 600 km have been observed by ROCSAT-1 in ion densities [Kil et al., 2008] 

and ExB drift [Kil et al., 2007; Ren et al., 2009; Fejer et al., 2008.]  Bankov et al. [2009] 

compared F13, F15, and DEMETER ionospheric measurements during fall equinox 2004, at 

local times near 5:45 (F13), 9:30 (F15), 10:30 (DEMETER), 17:45 (F13), 21:30 (F15), and 22:30 

(DEMETER.) They found that WN4 was almost a regular feature in O+ at the local times 

examined, as well as in H+ in evening through pre-midnight hours and in He+ in the morning. 

Hartman and Heelis [2007] considered ion drift measurements made by F15 in 2001 and 2002 

near 9:30 LT. They attributed a seasonally-dependent longitude variation to hemispheric 

differences in the dynamo current due to the different orientation of magnetic meridians to the 

day-night terminator. They also saw a WN4 pattern present throughout the year, but especially 

apparent during equinox.  Ren et al. [2008] studied longitude variations in electron temperature 

(Te) and ion density (Ni) measured by F13 from 1995-2005 near sunset.  They attributed a 

seasonal change in the number of peaks (4 peaks at equinox, 3 peaks in June solstice, and 2 
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peaks in December solstice) to interactions between zonal and meridional winds and the 

difference in geomagnetic field declination with longitude.  They also noted anti-correlations 

between Te and Ni.  

 

1.5  Modeling of Electron Density Profiles 

1.5.1  Scale height and transition height in the topside and modeling of topside electron 

density profiles 

The ability to characterize and model vertical profiles of electron densities (Ne) and ion densities 

in the topside ionosphere is particularly important because the topside represents the main 

contribution to total electron content (TEC) measurements [Jakowski et al., 2002].  

Reconstruction of the Ne profiles typically involves fitting some analytical shape to 

measurements.  Several analytical shapes have been used to model the electron density profile in 

the topside such as Chapman, exponential, parabolic, and Epstein layer (sech-squared) functions.  

An important parameter in the Chapman and related functions is the scale height (mentioned in 

Section 1.1), defined as the altitude over which electron density in diffusive equilibrium 

decreases by a factor of e.  For an idealized Chapman profile in diffusive equilibrium, the plasma 

scale height is directly proportional to the sum of the ion and electron temperatures, and 

inversely proportional to the effective mass.  During the daytime, the ion temperature (Ti) 

increases with altitude from approximately equal to the neutral temperature (Tn) near the F-peak 

to approaching the electron temperature (Te); Te also tends to increase with altitude.  The 

effective ion mass in the topside tends to decrease with altitude as the composition becomes 

more light ion-dominant.  Therefore, the topside plasma scale height is highly variable, and can 

be expected to increase with altitude during the day.  Nevertheless, a constant scale height is 
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often used to model the topside Ne profile in Chapman-type functions [e.g. Reinisch and Huang, 

2001; Liu et al., 2014; Tulasi Ram et al., 2009 and references therein.]  Some authors have used 

a linearly-varying scale height, or a scale height that changes with altitude based on some shape 

function, for example in the Vary-Chap function [Reinisch et al., 2006, Nsumei et al., 2012]. 

  

Another important parameter is the O+ to light ion transition height, i.e. the altitude where the 

concentration of O+ ions is half the total ion concentration.  We showed that the topside 

ionosphere has a stronger response to solar energy input when it is O+ dominated than when it is 

H+ dominated, due to the difference in scale height (see Chapter 4.)  The composition, scale 

height, and transition height significantly influence the variability of the topside ionosphere, and 

therefore accurate modeling of these parameters is an important challenge in ionospheric 

physics. 

 

1.5.2  Methods of topside ion density profile reconstruction and estimation of the topside 

scale height 

Heelis et al. [2009] studied the O+/H+ transition height during the low solar minimum of 2008 

and 2009 using in situ composition measurements from C/NOFS and found that the transition 

height occurred at a lower altitude and was significantly cooler with a lower density than 

predicted by the International Reference Ionosphere (IRI) model.  The transition height (Ht) from 

in situ C/NOFS measurements was further studied by Tulasi Ram et al. [2015], who found that 

the latitudinal shape of Ht had a local minimum at the equator in 2008-2009 and at some local 

times in 2010, which they attributed to the O+/H+ charge exchange reaction. 
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Where direct in situ satellite measurements are not available, the topside electron density or ion 

density profiles have been estimated using radio occultation measurements (RO) from COSMIC 

[e.g. Liu et al., 2008, Yang et al., 2016], GPS-based total electron content (TEC) [Stankov et al., 

2003], topside sounders [Webb et al., 2006], and combinations of these with in situ satellite 

measurements and/or ionosondes [Reinisch and Huang, 2001, Tulasi Ram et al., 2009, 

Venkatesh, 2011, Liu, 2014].  Each method has advantages and disadvantages, and there is no 

general consensus as to the “best” method for obtaining the topside Ne or Ni profile shape. 

 

It has been known for some time that the modeling of topside Ne profiles and associated 

parameters such as scale height and transition height depend on the method used.  Each method 

is limited by what data sources are available, as well as assumptions inherent to the chosen 

profile shape, such as a constant or linearly varying scale height.  However, few studies have 

directly compared the effectiveness of the different methods.  Belehaki et al. [2005] compared 

the scale height from a model of topside sounders with scale heights derived from bottomside 

digisondes using the Reinisch and Huang (R-H) method, and found that while the overall 

magnitudes were similar, the R-H method variations were influenced by variations in 

thermospheric temperature.  Tulasi Ram et al. [2010] used ion densities from C/NOFS during the 

low solar minimum to compare a transition height derived from fitting topside ion concentration 

profiles using an alpha-Chapman function, with the transition height obtained directly from in 

situ ion composition measurements.  The direct in situ transition heights showed similar local 

time and latitude patterns as the equatorial ionization anomaly (EIA) and seemed consistent with 

interhemispheric neutral wind patterns; however, the transition heights from the fitted profiles 
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were generally lower and showed inconsistent variations, at least in part because they failed to 

account for the change in scale height with altitude.  Yang et al. [2016] fitted an O+ alpha-

Chapman profile with linearly variable scale height to COSMIC RO data combined with 

C/NOFS data, and found that these results better matched the in situ C/NOFS observations of 

transition height than using the COSMIC RO data with a constant scale height.  These studies 

suggest that while several methods have been used to estimate the topside Ne and Ni profile 

shapes, further work is needed to evaluate these methods, and in particular to compare topside 

model results with in situ satellite measurements such as those provided by C/NOFS and DMSP.
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CHAPTER 2 

SCIENTIFIC OBJECTIVES AND RELEVANCE 

2.1  Research Overview 

This dissertation consists of three investigations:  the examination of two important sources of 

variability in the topside ionosphere, the solar extreme-ultraviolet (EUV) irradiance and 

atmospheric non-migrating tides, and the ability of the International Reference Ionosphere (IRI) 

2016 empirical model to accurately model the topside ionospheric scale height. We investigated 

and quantified how these three factors vary across local time, season, and varying levels of solar 

activity. 

 

For the investigation of the response of the topside ionosphere to solar EUV variability, we 

present an analysis of 23 years of thermal plasma measurements in the topside ionosphere from 

the DMSP spacecraft. The H+/O+ ratio and density vary dramatically with the solar cycle; cross-

correlation coefficients between E10.7 and the daily averaged densities are greater than 0.85. The 

ionospheric parameters also vary dramatically with season, particularly at latitudes away from 

the equator where the solar zenith angle varies greatly with season. There are also 27-day solar 

rotation periodicities in the density, associated with periodicities in the directly measured solar 

EUV flux. Empirical orthogonal function analysis captures over 95% of the variation in the 

density in the first two principal components. The first principal component (PC1) is clearly 

associated with the solar EUV while the second principal component (PC2) is clearly associated 

with the solar zenith angle variation. The magnitude of the variation of the response of the 

topside ionosphere to solar EUV variability is shown to be closely related to the ionospheric 
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composition. This is interpreted as the result of the effect of composition on the scale height in 

the topside ionosphere. When the topside ionosphere is H+ dominated during solar minimum, 

DMSP may be much less than a scale height above the F2 peak while during solar maximum, 

when it is O+ dominated, DMSP may be several scale heights above the F2 peak. 

 

As mentioned in section 1.4, non-migrating tides are a major coupling mechanism between the 

different regions of the atmosphere and ionosphere.  The wave-number 4 (WN4) pattern in the 

ionosphere has been recognized as originating primarily with the diurnal eastward propagating 

wave-3 non-migrating tide (DE3) in the troposphere, and significant effort has been devoted in 

recent years to understanding how tidal effects manifest in various physical parameters across a 

very wide range of altitudes.  While DE3 and WN4 signatures have been much studied in the 

mesosphere-lower thermosphere region, relatively little is known about how WN4 impacts the 

ionosphere above the F-peak.  We present an analysis of WN4 in the topside ionosphere as 

measured by the DMSP spacecraft, using monthly averages of total ion densities and 

composition binned by latitude and longitude.  We found that WN4 is most strongly present 

during September equinox.  In May-August, ion densities near 180-270 GLON are enhanced, 

and the WN4 pattern moves 5-10 degrees north; in November-February, ion densities are 

reduced in this region, and WN4 moves 5-10 degrees south.  No solar cycle effects were found in 

the magnitude of dN/N.  The longitude position of the peaks (phase) was observed to vary by 

about 10° with F10.7, moving eastward with increasing F10.7.  The latitude variation was less 

than 5° and did not show a trend with F10.7.  The WN4 pattern changes rapidly near dawn, but is 
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very constant throughout the afternoon and evening in terms of dN/N, and drifts eastward at 

about 2o GLON per hour MLT. 

 

IRI is an international standard ionospheric model and an essential resource to space scientists 

and engineers.  Studies have shown that although the topside ionosphere is an important 

contributor to total electron content (TEC), models struggle to accurately reconstruct topside 

electron density profiles due to the limited availability of in situ measurements.  We address this 

need with a new data set of over 11,000 magnetic conjunctions between DMSP and C/NOFS 

from 2009 through the C/NOFS orbital decay at the end of 2015.  We investigate the error of the 

most recent version of IRI in reproducing the topside profile shape at various local times and 

under different geophysical conditions.  The model was found to underestimate the Ne profile 

slope and plasma scale height in morning but matched the profile shape well in the afternoon 

(1400-1800 MLT.)  Percent error decreased with increasing effective mass, particularly when 

F10.7 was >100 SFU.  Percent error increased with increasing Ti and Te in the afternoon but did 

not show a linear trend with Ti or Te in the morning.  This is consistent with a diffusive 

equilibrium condition in the afternoon, whereas strong ion flows in the morning produce a more 

complex relationship between the Ni profile shape and temperatures. 

 

2.2  Relevance to Research Community 

The investigation of how the solar EUV irradiance drives variability in the topside ionosphere 

across varying levels of solar activity, and in particular how this variability depends on the 

ionospheric composition is very relevant to the space science research community.  This research 
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addresses objectives in NASA's Recommended Roadmap for Science and Technology 2005-

2035:  Objective H: "identify impacts of solar variability on Earth's atmosphere;" "H3:  

Understand the role of the Sun as an energy source to Earth's atmosphere and, in particular, the 

role of solar variability in driving change." 

  

Studies of the ionospheric response to EUV typically use solar EUV proxies such as F10.7, the 

10.7 cm radio flux measured at Penticton, Canada, or MgII, the core-to-wing ratio of the MgII 

spectral line at 280 nm.  While the use of proxies such as F10.7 and E10.7 capture the overall 

variation in the solar EUV and are valuable tools in modeling studies, they cannot capture the 

spectral variations in the solar EUV on a wavelength-by-wavelength basis. This is of course why 

solar EUV monitors such as SEE and EVE are flown on spacecraft.  We used the spectrally-

separated EUV data measured by the SDO and TIMED satellites, since the proxies do not 

capture the full variability of spectrally-separated EUV.  

 

The investigation of the variability of the wave-number 4 (WN4) pattern, is also very relevant. 

The National Research Council’s Decadal Survey for the 2013-2022 Decade identified 

“Determine the dynamics and coupling of Earth’s magnetosphere, ionosphere, and atmosphere 

and their response to solar and terrestrial inputs” as a Key Science Goal.  More specifically, the 

Panel on Atmosphere-Ionosphere-Magnetosphere Interactions (AIMI) identified “Understand 

how tropospheric weather influences space weather” as one of three AIMI science priorities.  

While DE3 propagation and WN4 signatures have been much studied in recent years in the 

mesosphere-lower thermosphere region, relatively little is known about how WN4 impacts the 
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ionosphere above the F-peak [Bankov et al. 2009].  A better understanding of atmospheric tides 

as a driver of variability in the topside ionosphere will yield important clues to whole-

atmosphere coupling. 

 

Finally, the investigation of the ability of the IRI 2016 empirical model to accurately model the 

ion and electron density profiles in the topside region, and the dependence of the error on various 

conditions and parameters, is important because of the large contribution of the topside 

ionosphere to the total electron content (TEC) [Jakowski et al., 2002], which affects GPS 

measurements.  A special issue of Advances in Space Research [Reinisch and Bilitza, 2017] 

compared IRI-2012 with recent data sources in the equatorial and low latitude region.  They 

concluded that more work is needed to better understand and model the topside electron density 

profiles.   
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CHAPTER 3 

DATA SOURCES AND MODELS 

3.1  TIMED SEE 

The TIMED spacecraft was launched in December of 2001 into a circular orbit at 625 km.  The 

Solar Extreme-ultraviolet Experiment (SEE) aboard the TIMED spacecraft has provided solar 

EUV measurements in the 0.1-195 nm range continuously since January 22, 2002.  SEE contains 

an XUV Photometer System (XPS) and EUV Grating Spectrometer (EGS), and the data has been 

processed into a Level 3 data product [Woods et al. 2005].  SEE spectra in the range 7-27 nm are 

extrapolated from a single broad-band photodiode measurement, so EUV measurements in this 

critical wavelength range are supplemented with new measurements from SDO EVE.   

 

3.2  SDO EVE 

SDO (Solar Dynamics Observatory) was launched in February of 2010 into a circular, 

geosynchronous orbit (~36,000 km with a 28.5o inclination) as part of the Living With a Star 

(LWS) program.  The Extreme ultraviolet Variability Experiment (EVE) aboard the SDO 

spacecraft measures radiation in the 0.1-105 nm range with a 0.1 nm spectral resolution.  Together, 

TIMED and SDO provide measurements of solar flux at a wide range of wavelengths at high 

resolution in the XUV/EUV range with some overlap [Woods et al. 2009]. 

 

3.3  DMSP 

The DMSP spacecraft fly in sun-synchronous, dawn-to-dusk and pre-midnight to pre-noon orbits 

at ~800 km altitude with ~99o inclinations and orbital periods near 100 in.  This orbit means that 
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DMSP measurements from individual satellites are taken at nearly constant solar local time.  The 

Special Sensor-Ions, Electrons and Scintillation (SSIES) instrument package [Greenspan et al., 

1986] consists of  an Electron Probe (EP), Retarding Potential Analyzer (RPA) , Ion Drift Meter 

(DM), and Scintillation Meter (SM) in order to monitor the behavior of thermal plasma in the 

topside ionosphere.  These instruments have been on every DMSP spacecraft since F10 was 

launched in 1990, and at times there have been up to 5 DMSP satellites operating in orbit at once, 

so DMSP represents a valuable long-term data set. 

 

The RPA, SM, and DM are the instruments of interest for the studies here. The RPA consists of a 

series of biased grids in front of a collector.  One or more grids are biased to reject a portion of the 

distribution of charged particles approaching the instrument,  and the rest of the distribution is 

collected as current.  Sweeping the bias voltage produces a current-voltage (I-V) curve, from which 

it is possible to derive a total ion density; fractional components of O+, H+, and He+;  an average 

ion temperature, and the component of the ion drift velocity parallel to the spacecraft velocity 

vector. The current-voltage curves on the DMSP spacecraft are produced at a normal rate of one 

every four seconds for F11 – F15 and every second for F16 – F19. 

 

The SM is similar to the RPA expect without the swept bias voltage. The total ion density is thus 

determined at a higher sampling rate than the RPA (12 Hz). The data used in this dissertation are 

one-second averages of the SM data.   
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The DM consists of a gridded collimator and segmented collector. The ratio of the collected 

current on opposite sides of the collector is used to determine the angle between the ambient ion 

velocity vector and the spacecraft velocity vector. Knowledge of the spacecraft velocity and 

attitude allows determination of the ion velocity vector in the plane perpendicular to the 

spacecraft velocity vector. The DM data has a sampling rate of 6 Hz for the horizontal and 

vertical ion drift components and is averaged to one-second for the studies here.  

 

3.4  C/NOFS 

C/NOFS was launched in April 2008 into an elliptical orbit with a perigee near 450 km, apogee 

near 850 km and a 13o inclination.  It reentered the atmosphere in November, 2015. The Coupled 

Ion Neutral Dynamics Investigation (CINDI) onboard C/NOFS carries an RPA and a DM similar 

to those on DMSP.   

 

3.5  IRI  

The International Reference Ionosphere (IRI) is an industry-standard empirical model maintained 

by the Committee on Space Research (COSPAR) and the International Union of Radio Science.  

The model goes through regular cycles of review by the research community, who compare 

model predictions with recent measurements and make recommendations for improvement.  The 

latest version, IRI-2016, is reviewed by Bilitza et al. [2017].  IRI provides electron densities, ion 

composition, and ion and electron temperatures, as well as vertical total electron content (TEC), 

at a user-specified date, time, and location (up to 2000 km altitude.)  IRI-2016 includes two new 
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models for the F2 peak electron density, the height of the F2 peak (hmF2), and improvements to 

the ion composition at low and high solar activity. 
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CHAPTER 4 

TOPSIDE IONOSPHERIC RESPONSE TO 

SOLAR EUV VARIABILITY 

The following work on the long-term, global effects of solar extreme-ultraviolet radiation (EUV) 

on the topside ionosphere is reprinted with permission from Wiley.  It was published in the 

Journal of Geophysical Research: Space Physics article "Topside ionospheric response to solar 

EUV variability" by Phillip C. Anderson and Jessica M. Hawkins (©2015. American 

Geophysical Union. All Rights Reserved.)  We presented an analysis of measurements of 

ionospheric density, composition, and temperature in the topside ionosphere by the DMSP 

spacecraft near 800 km for two full solar cycles. These measurements provided a unique 

opportunity to examine the influence of solar EUV variability on the topside ionosphere over a 

period of time never accomplished before. The observed variations were interpreted in terms of 

the variability in solar EUV using the E10.7 solar EUV flux proxy as well as high-resolution 

solar EUV measurements from the TIMED SEE and SDO EVE instruments. 

 

4.1  Data 

To examine the influences of the solar EUV variability on the topside ionosphere, we analyzed 

the DMSP data for two full solar cycles, from 1992 through 2014. We produced daily averaged 

values of the ionospheric density, H+/O+ ratio, and ion temperature in 4-degree geographic 

latitude (GLAT) bins from 60° south to 60° north. Although the motions of the ionospheric 

plasma tend to be organized geomagnetically, we choose geographic coordinates as the solar 

zenith angle (SZA) is related to GLAT. 
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As the DMSP spacecraft fly in sun-synchronous, dawn-to-dusk and post-dusk to post-dawn 

orbits, one (or more) satellite is always in one of four specific local time sectors: ~1800 

ascending node solar local time (ANSLT - Dusk), ~0600 ANSLT (Dawn), ~2000 ANSLT (post 

dusk), and ~1000 ANSLT (post dawn).  Figures 4.1 and 4.2 show examples of the daily averaged 

(a) ionospheric density, (b) H+/O+ ratio, and (c) ion temperature along with the (d) solar zenith 

angle from the dawn/dusk spacecraft in the dawn (Figure 4.1) and dusk (Figure 4.2) sectors for  

  

       

 

Figure 4.1. Examples of the daily averaged (a) ionospheric density, (b) H+/O+ ratio, and (c) ion 

temperature along with the (d) solar zenith angle in the dawn sector for two complete solar 

cycles from 1992 through 2014.  The data are from three spacecraft - DMSP F11 (blue), F13 

(red), and F17 (green). The E10.7 solar EUV proxy is shown in black in (a). 
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Figure 4.2. Daily averaged values in the dusk sector in the same format as Figure 4.1. 

 

two complete solar cycles from 1992 through 2014.  The data are from three spacecraft - DMSP 

F11 (blue), F13 (red), and F17 (green) - in the GLAT range between 3 and 7 N. There was a 

small seasonal variation in the SZA plus a small overall drift of SZA (ANSLT) in time for 

individual satellites (caused by atmospheric drag) and a difference between satellites (the 

satellites are not launched with exactly the same ANSLT). We primarily showed the data from 

the dawn/dusk spacecraft. Similar results were obtained from the data from the post-dusk to post-

dawn spacecraft but there were almost three fewer years of data available from those spacecraft 
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(starting in late 1994) and the consistency in ANSLT was not as good. The E10.7 solar EUV 

proxy is shown in black in (a). There is obviously a strong correlation between the ionospheric 

density and the E10.7 over the solar cycle, with extreme variations in the E10.7 driving extreme 

variations in the ionospheric density. The cross correlation coefficient (CCC) between the 

density and E10.7 was 0.86 in the dawn sector and 0.85 in the dusk sector.  

 

There was also a clear solar cycle variation in the H+/O+ ratio as shown in Figures 4.6b and 4.7b. 

During solar maximum, the ionosphere at DMSP altitude (~800 km) is typically dominated by 

O+ while during solar minimum, it is dominated by H+. As mentioned in the introduction, the 

H+/O+ transition height can vary significantly during the solar cycle, seasonally, and during 

geomagnetic storms [e.g., Garzón, et al., 2011; Hysell et al., 2009] due to thermospheric heating 

and winds, and electric fields. This transition height can be above or below the DMSP spacecraft 

depending on these drivers. The solar output was extremely low during the last solar minimum 

leading to a very cold thermosphere and transition heights well below DMSP altitudes. This can 

be seen in the H+/O+ ratio, particularly in the dawn sector during the last solar minimum; the 

ionosphere at DMSP was almost completely H+ dominated. H+ was not found to dominate as 

much in the dusk sector but still showed the solar cycle dependence and was more dominant in 

the last minimum, generally making up more that 80% of the ionosphere at DMSP altitudes. 

The ion temperature, shown in Figures 4.1c and 4.2c, was found to vary with the solar EUV, but 

did not show the solar cycle dependence the density and the composition did.  However, there 

was a strong dependence on SZA, even for the small variations in SZA seen near the equator in 

Figures 4.6d and 4.7d. This variation was particularly apparent after 2007 in the dawn sector. 
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The data is from the F16 spacecraft, which was launched into a slightly earlier ANSLT (such that 

the SLT on the dawn side is earlier) - notice the discontinuity in SZA. Thus the SZA was greater 

on the dawn side. The large dips in the ion temperature during the years ~2007 - 2011 are likely 

because the satellite was crossing the terminator into darkness.  

  

Figure 4.3 shows the time shifted CCCs for both the dusk sector and the dawn sectors. The 

maximum CCC occurred at a time shift of one day indicating that the greatest response in the 

topside ionosphere to changes in the solar EUV occurs with a one-day time lag. This is  

 

Figure 4.3. Time shifted CCCs between density and E10.7 for both the dusk (black) and dawn 

(red) sectors.  

 

similar to the results from others [e.g., Rich et al. 2003; Coley and Heelis 2012]. Notice that 

there were several CCC peaks at other time lags. The peaks were separated by ~27 days and are 
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related to the solar variability associated with the 27-day solar rotation. This is illustrated in  

 

Figure 4.4. (a) The daily averaged densities (black) for a 180-day period in 2003 along with the 

solar EUV flux at 28 nm (red) measured by the SEE instrument on the TIMED spacecraft, the 

E10.7 (blue - scale not shown), and the SZA  (b) The same format as (a) but for a 200-day period 

in 2013 with the daily averages of the SDO EVE-measured fluxes at 25.5 nm. 

 

Figures 4.4a and 4.4b. Figure 4.4a shows the daily averaged densities from the DMSP F15 

spacecraft for a 180-day period in 2003 along with the E10.7, the solar EUV flux at 28 nm 

measured by the SEE instrument on the TIMED spacecraft, and the SZA. This data is from the 

post-dawn sector (F15 is in a post-dusk to post-dawn orbit) and thus the SZA is smaller. The 
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variation in the SZA during this period naturally creates a variation in the density that is overlaid 

on the variation due to the solar EUV. However, despite the SZA effects, the solar rotation 

variability was found to dominate and the CCC between the solar EUV and the density was very 

high at 0.9. The CCC between the E107 and the density was only slightly lower at 0.88. Figure 

4.4b shows the daily averaged densities from the DMSP F17 spacecraft for a 200-day period in 

2012 along with the E10.7, the solar EUV flux at 25.5 nm measured by the EVE instrument on 

the SDO spacecraft, and the SZA. In this case the correlation with the EVE data was 0.86 while 

the correlation with E10.7 was much less at less than 0.73. This illustrates that, while solar EUV 

proxies such as E10.7 are extremely useful, direct measurements of the solar EUV are critical for 

accurate modeling of the ionosphere. 

  

The data presented so far have been from near the equator to mitigate the effects of the seasonal 

variations in SZA on the ionosphere in the analysis. Figures 4.5, 4.6, and 4.7 show the data in a 

similar format to Figures 4.1 and 4.2 but for various GLATs in the northern and southern 

hemispheres - black for southern hemisphere and red for northern. Also, the scale for the H+/O+ 

ratio is smaller by a factor of ten. The red and black bars at the top of the plots show when the 

H+/O+ ratio exceeds 20. This data is only from the dawn sector. The seasonal effects were seen to 

naturally become larger at higher latitudes as the variation in SZA increases. There was a 

significant hemispherical asymmetry in the SZA and thus the density variations, particularly at 

higher latitudes. This asymmetry was driven by the axial tilt of the Earth and the sun-

synchronous nature of the DMSP orbits. The DMSP orbit at 99, with ascending node in the 

evening/dusk side, means that the orbit plane was always tilted toward the sun in the northern 
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hemisphere and away from the sun in the southern hemisphere. Thus the SZA was smaller in the 

northern hemisphere during the solstices than in the southern hemisphere. This also leads to a 

dichotomy in the density, composition, and ion temperature measurements, particularly during 

winter solstice. The densities were lower in the southern hemisphere and the H+/O+ ratio was 

larger. 

  

 

Figure 4.5. Daily averaged values in the dawn sector in the same format as Figure 4.1 but for +/-

5 GLAT. 



 

37 

 
Figure 4.6. Daily averaged values in the dawn sector in the same format as Figure 4.5 but for +/-

30 GLAT. 

 



 

38 

 
Figure 4.7. Daily averaged values in the dawn sector in the same format as Figure 4.1 but for +/-

50 GLAT. 

 

There was a strong seasonal variability in the measurements due to the SZA variations along 

with the solar cycle variation. This was most clearly seen in the measurements at +/- 30° GLAT. 

The seasonal variation fluctuated with the solar cycle and was clearly seen in all of the 

measurements but most dramatically in the composition measurements. H+ dominated during 

winter solstice in both hemispheres but was more dominant in the southern hemisphere. This 

dominance was greater during solar minimum than solar maximum and was more apparent in the 

last solar minimum into the last solar maximum than in the previous cycle. Notice that there 

were large dips in the ion temperature during the solar minimums. These dips did not occur 

during solar maximum even though the SZAs were similar.  
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4.2  EOF analysis 

Even small variations in the SZA can cause significant changes in the ionization. That variation 

becomes dramatic at high latitudes but is still present near the equator. (See Figures 4.1, 4.2, and 

4.5.) Figure 4.8 shows the daily averages of the SZA and the density from the DMSP F15 and 

 

Figure 4.8. Daily averages of the (a) SZA and the (b) density from the DMSP F15 (black) and 

F16 (red)spacecraft for 250 days during 2005.  

 

F16 spacecraft for 250 days during 2005. The 27 solar-ration variation is clearly visible. The 

difference in the SZA varied from about 11 to about 8 while the density difference varied from 

about 25% to about 10%. To first order, assuming the SZA dependence as predicted by the 

Chapman ionization theory [Chapman, 1961; Yonezawa, 1966], the ionization should vary as the 

exponent of the secant of the SZA. In order to develop an improved metric of the behavior of the 

plasma around the peak of the F2 layer and remove the effects of the SZA on ionization, 
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Gulyaeva [2009] used ionosondes to derive a SZA correction factor to the ionospheric peak 

density. They found the correction to be a nonlinear function of the inverse of the SZA. The 

correction factor requires a normalization factor equal to the ratio of the SZA to the SZA at local 

noon.  

 

We used Empirical Orthogonal Functions (EOFs) to separate the effects of variations in the solar 

EUV flux and the effects of SZA variations in the analysis. EOFs provide a way to achieve this 

separation that depends purely on the data. This method is a decomposition of a signal or data set 

in terms of orthogonal basis functions, which are determined from the data. EOFS (or natural 

orthogonal components) have long been used in the atmospheric sciences [see review by 

Hannachi et al., 2009] and have recently been used in the ionosphere. The method of natural 

orthogonal components  (MNOC – Kendall and Stuart [1976]) has been used to separate out the 

structure of the geomagnetic field into longer and shorter wavelengths [Frynberg, 1975; 

Rotenova et al., 1982], to separate geomagnetic field variations into quiet and disturbed 

components [Golovkov et al., 1978], and to generate a data based model of the geomagnetic field 

in space and time [Golokov et al., 2007]. Sun et al. [1998] used MNOC to separate the directly 

driven and unloading components of the ionospheric currents during substorms. A et al., [2012] 

used EOF analysis to construct a global ionospheric total electron content model from GPS data 

and was able to represent the variance in the data using only four modes.  Zhao et al., [2005] 

used EOF analysis to decompose DMSP density data over an 8-year period into a time mean plus 

the sum of orthogonal functions multiplied by time-varying coefficients. They found that 95% of 

the variance in the data could be explained by the first three EOFs. The first two EOFs were 

http://en.wikipedia.org/wiki/Basis_function
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clearly associated with the solar EUV variation (as determined by F10.7) and the solar 

declination (or SZA) and were the dominant modes controlling the density variability. They 

interpreted the third EOF as being due the effects of wind patterns and the equatorial electric 

fields.  

 

We applied such analysis to the DMSP data presented above.  EOF analysis, closely related to 

Principal Components Analysis and dimensionality reduction in the signal processing literature, is 

based on the singular value decomposition of a matrix.  For any real m-by-n matrix A of rank r, 

  𝐴 = ∑ 𝜎𝑘𝑢𝑘𝑣𝑘
𝑇 = 𝑈𝛴𝑉𝑇𝑟

𝑘=1    (4.1) 

where the columns of U and V are eigenvectors, and Σ is a diagonal matrix of eigenvalue-square 

roots: 

𝐴𝐻𝐴𝑣𝑘 = 𝜎𝑘
2𝑣𝑘    (4.2) 

 𝐴𝐴𝐻𝑢𝑘 = 𝜎𝑘
2𝑢𝑘   (4.3) 

Note that since AHA and AAH are each Hermitian matrices, their eigenvectors are orthogonal.  

Thus SVD is a series expansion on an orthogonal basis, and the singular values σk are ordered by 

convention from largest to smallest, so the first term in the series represents the largest variation 

in a data set A.  In the present study, A is a unit-normalized, zero-meaned matrix of daily averages 

of total ion density measured by DMSP spacecraft as a function of geographic latitude and time.  

uk were the principal components, and vk were the EOFs.  

 

Using this analysis, we found that over 95% of the variance in the data could be accounted for in 

the first two principal components (there are 121 for the 121 4-degree bins from -60° to 60° 
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GLAT). The first principal component (PC1) for the dawn/dusk satellites in the dawn sector is 

shown in Figure 4.9 along with the E10.7. It is very clear that the first principal component 

(PC1) was associated with the solar EUV – even the 27-day rotation was captured. Indeed there 

was a .91 CCC for the PC1 with the E10.7. 

 

Figure 4.9. The first principal component (PC1 - red) for the dawn/dusk satellites in the dawn 

sector and (black) the E10.7. 

 

Figure 4.10 shows the time shifted CCCs between the PC1 and E10.7 for both the dusk sector 

and the dawn sectors. They were very similar to those shown in Figure 4.8, albeit with greater 

CCCs showing the maximum CCC occurred at a time shift of one day and the peaks at 27-day 

separations.  
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Figure 4.10. Time shifted CCCs between PC1 and E10.7 for both the dusk (black) and the dawn 

(red) sectors.  

 

Figure 4.11 shows the second principal component (PC2) along with the density at 30° GLAT. It 

is clear that PC2 was associated with the SZA effects. This is even more clear when considering 

the EOFs (or eigenvectors of the covariance matrix) for the first two principal components as 

shown in Figure 4.12. The EOFs are plotted vs. GLAT in this figure. The second EOF was near 

zero at the equator and maximum at high latitudes (where the SZA annual variation was the 

greatest), as expected. The first EOF showed little variation in latitude indicating that the solar 

EUV effects were relatively independent of latitude.  
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Figure 4.11. The second principal component (PC2 - red) and the density (black) at 30° GLAT. 

 

 

Figure 4.12. The EOFs (or eigenvectors of the covariance matrix) for the first two principal 

components. 
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4.3  Discussion 

As mentioned in the introduction, studies of the 27-day variation in the topside ionospheric 

density have shown remarkable correlation with the solar EUV variation while this correlation is 

much poorer for other ionospheric measurements such as TEC. GPS TEC measurements include 

the density in the magnetosphere and plasmasphere, which does not necessarily mirror the 

density in the lower ionosphere. In fact, Rich et al. [2003] showed that the TEC measurements 

do not show a clear 27-day variation and suggested that, as the TEC is strongly influenced by the 

ionosphere around the F2 peak, the signatures in the plasma parameters are influenced by plasma 

dynamics that do not affect the topside ionosphere. 

 

Figure 4.9 showing PC1 and Figures 4.1a, 4.2a, and 4.3a showing the density near the equator 

illustrate that density fluctuations due to solar EUV and SZA fluctuations are much stronger 

during high solar activity, in contrast to the saturation effect of ion densities at the F peak 

(NmF2) and of total electron content (TEC) [Liu et al. 2007]. This is somewhat difficult to 

quantify in the density measurements as the solar EUV variability is also smaller during solar 

minimum. Nevertheless, the CCCs between PC1 and E10.7: 0.76 from 2012 to 2015 and 0.54 

from 2006 to 2009.  This relationship is clearly demonstrated by the plots of PC2 shown in 

Figure 4.11.  

 

The variation in PC2, associated with the density fluctuations produced by fluctuations in the 

SZA, was much larger during solar maximum than during solar minimum, despite similar 

fluctuations in SZA. This was interpreted as the result of the change in the composition 
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associated with the change in the H+/O+ transition height in turn caused by heating/expansion 

and cooling/contraction of the thermosphere.  The scale height in an H+ dominated topside 

ionosphere is a factor of 16 larger than the scale height in an O+ dominated topside ionosphere 

(for the same temperature). Thus during solar maximum, when the topside ionosphere at DMSP 

altitudes is O+ dominated, DMSP may be several more scale heights above the F peak than 

during solar minimum. 

 

This relationship can be illustrated using conjunctions of the C/NOFS spacecraft at low altitude 

and the DMSP spacecraft. C/NOFS was launched in April 2008 into an elliptical orbit with a 

perigee near 450 km, apogee near 850 km and a 13o inclination.  The Coupled Ion Neutral 

CINDI onboard C/NOFS carries an RPA similar to those carried on board DMSP. Magnetic 

conjunctions between DMSP and C/NOFS spacecraft were calculated using NASA's Satellite 

Situation Center online. Two of these conjunctions, chosen when C/NOFS was at nearly the 

same altitude near 500 km (within 11 km), are shown in Figure 4.13; both occurred in the 

southern hemisphere at nearly the same latitude. The conjunction in Figure 4.13a occurred on 

July 2, 2010 near solar minimum and northern summer equinox.  F17 was well above the 

transition height, such that the ionosphere was almost all H+, while C/NOFS was near the 

transition height with almost equal concentrations of H+ and O+.  The ion temperature measured 

by F17 was about 2000 K hotter.  The conjunction in Figure 4.13b occurred during higher solar 

activity and southern summer on December 23, 2011.  In this case, the transition height was 

raised to an altitude above F17, with very little H+ measured by C/NOFS, and the ion 

temperature was about 1000 K higher at F17.  The scale height at DMSP (assuming a single 
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species - O+ or H+) in the first case was ~2500 km, while in the second case it was ~106 km.  

Looking at Figure 4.11, the variation in PC2 was much smaller in 2010 when DMSP was above 

the transition height than in 2011 when DMSP was below the transition height.  

 

 

Figure 4.13. Two conjunctions of DMSP (asterisks) and C/NOFS (lines). H+ (red) and O+ 

(black) densities are shown in the top panels and temperatures are shown in the bottom panels. 

The vertical lines indicate the times of the conjunctions.  

 

4.4  Conclusions 

We presented an analysis of 23 years of thermal plasma measurements in the topside ionosphere 

from the DMSP spacecraft. The solar cycle variations of the daily averaged densities, 

temperatures, and H+/O+ ratios showed a strong relationship to the solar EUV as described by the 

E10.7 solar EUV proxy. The densities near the equator showed a very strong correlation with the 

E10.7 producing CCCs greater than 0.85. The H+/O+ varied dramatically from solar maximum to 
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solar minimum; during solar minimum the topside ionosphere at DMSP was H+ dominated while 

it was O+ dominated during solar maximum. These ionospheric parameters also varied strongly 

with season, particularly at latitudes well away from the equator where the SZA varies greatly 

with season. 

 

The time-shifted CCCs between E10.7 and density showed strong 27-day periodicities, 

associated with the periodicities in the solar EUV driven by the solar rotation. (These CCCs are 

highest when the time shift is a multiple of 27 days, in other words, when E10.7 and density are 

varying in-phase with each other.) The directly measured solar EUV fluxes from the TIMED 

SEE and SDO EVE instruments often clearly showed this 27-day periodicity which was also 

reflected in the densities over shorter time periods. Examples of this correlation over periods on 

the order of six months showed CCCs between the solar EUV at 28 and 25.5 nm between 0.86 

and greater than 0.9; the CCCs with the E10.7 were slightly lower. 

 

The seasonal variations of the SZA make it more difficult to quantify the relationship between 

the solar EUV and the ionospheric parameters at latitudes away from the equator. However, EOF 

analysis allows separation of the effects of the solar EUV and SZA variations. The first two 

principal components of the analysis captured over 95% of the density variation. PC1 was clearly 

associated with the solar EUV showing a 0.91 CCC with the E10.7 proxy while the PC1 EOFs 

remained relatively constant with latitude indicating that the solar EUV effects are relatively 

independent of latitude. PC2 was clearly associated with the SZA variation, showing strong 
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correlation with the SZA and concomitant density variation at latitudes away from the equator 

with the EOFs having magnitudes near zero at the equator and maximum at high latitude. 

 

The magnitude of the variation of the response of the topside ionosphere to solar EUV variability 

was shown to be closely related to the composition. The CCCs between the density and E10.7 

and PC1 were greater during solar maximum, when the topside ionosphere at DMSP was O+ 

dominated than during solar minimum when it was H+ dominated. This was clearly visible in the 

response of the ionosphere to the SZA changes, which was much stronger during solar maximum 

than during solar minimum. We interpreted this as the result of the effect of composition on the 

scale height in the topside ionosphere. When the topside ionosphere is H+ dominated, DMSP 

may be much less than a scale height above the F2 peak while when it is O+ dominated, DMSP 

may be several scale heights above the F2 peak.  
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CHAPTER 5 

WN4 VARIABILITY IN DMSP ION DENSITIES ACROSS 

SEASON, SOLAR CYCLE, AND LOCAL TIME 

In this work we examine how the WN4 pattern in the topside ionosphere varies across season, 

solar cycle, and local time, using monthly averages of ion density measurements by DMSP 

satellites over a complete solar cycle.  This work is reprinted with permission from Wiley.  It 

was published in the Journal of Geophysical Research: Space Physics article "WN4 variability in 

DMSP ion densities across season, solar cycle, and local time" by J.M. Hawkins and P.C. 

Anderson (©2017. American Geophysical Union. All Rights Reserved.)  As mentioned before, 

the DMSP satellites orbit at ~840 km above the Earth, well above the F peak  in sun-synchronous 

orbits, i.e. at a nearly constant local time (LT). Total ion density was obtained from the SM, and 

fractional O+ from the RPA.  The present work extends previous studies of WN4 in the topside 

ionosphere to include multiple levels of solar activity, as well as seasonal effects in Ni at local 

times not previously examined. 

 

5.1 Satellites and Instrumentation 

This study uses measurements from the DMSP F13, F15, F16, F17, and F18 satellites, each at a 

different and roughly constant local time.  Given the 28 geographic longitude bins used in this 

study, it takes about 2 days for at least one orbit of each satellite to pass through every bin.  

Although the DMSP orbits limit what can be learned about tides on timescales shorter than a 

day, the constant altitude and local time simplifies data processing tremendously, and the 

combination of multiple DMSP satellites allows for solar cycle-length data sets and a variety of 
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local times. 

 

Orbital characteristics for the relevant satellites are given in Table 5.1.  Note that the following 

two sections rely heavily on F17 because WN4 patterns were strongly present at this local time, 

and because F17's local time stayed remarkably constant from 2008 through 2014, allowing us to 

examine the WN4 characteristics across a range of solar activities at constant LT. Ion densities 

were obtained from the SM, and fractional O+, H+, and He+ from the RPA, 

 

 

5.2 Analysis Methods 

We used monthly averages of total ion densities (Ni) to examine the variability of the WN4 

feature at DMSP altitudes.  Ion densities were separated into 5-degree magnetic latitude bins 

(except for the data shown in Figure 5.1, which uses 5-degree geographic latitude bins) and 28 

equally-spaced geographic longitude bins, and then averaged over one month.  The magnetic 

Table 5.1.  Periods of on-orbit performance for the DMSP satellites and solar local time 

(SLT) of ascending node at launch/currently (or loss of function). 

 

Satellite Launch Date Loss of Function Ascending Node SLT 

F13 Apr 1995 Nov 2009 1711/1810 

F15 

F16 

Dec 1999 

Oct 2003 

 2110/1630 

2000/1820 

F17 Nov 2006  1745/1755 

F18 Oct 2009  2000/1950 
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latitude (MLAT) used in this paper is the Corrected Geomagnetic (CGM) latitude of a point at 0 

km in altitude directly below the satellite position (sub-satellite point.)  CGM coordinates were 

calculated at AFRL based on the algorithm by Gustafsson [1970].  The magnetic equator is set as 

the dip equator, and low latitudes not included in the original Gustafsson model were 

interpolated. 

 

A line is drawn to approximate the center of the WN4 feature in each case according to a 

weighted form of the equation for the centroid: 

𝐶𝑒𝑛𝑡𝑒𝑟𝑀𝐿𝐴𝑇𝑖 =
∑ (𝑁𝑖𝑗

3𝑥𝑗)+30
−30

∑ (𝑁𝑖𝑗
3)+30

−30
     (5.1) 

 

where i is an index over GLON, j is a summation index over MLAT from -30 to +30, and Nij is 

the total ion density at (GLON, MLAT) = (i, j).  Equation 5.1 yields the latitudinal position 

(center MLAT) of the “bulk” of the WN4 feature in the ith GLON slice.  This is important 

because the tidal features do not perfectly trace the magnetic equator, and we would like to find 

the latitudes with the most prominent tidal features prior to extracting WN4. 

 

In order to obtain an amplitude and phase of the WN4 feature, the Ni along this center line was 

fit to a sine wave of fixed wavelength (90o GLON) and variable amplitude and phase (ϕ).  Since 

a quarter wavelength is 22.5o GLON, for a given phase ϕ, the WN4 peaks are located at 22.5 – ϕ, 

(90+22.5) – ϕ, (180+22.5) – ϕ, (270+22.5) – ϕ, and the WN4 troughs are at (90-22.5) – ϕ, (180-

22.5) – ϕ, (270-22.5) – ϕ, and (360-22.5) – ϕ in longitude.  So for example, a WN4 fit with phase 

ϕ = 15o GLON is farther west than a fit with phase ϕ = 10o GLON. 
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5.3 Seasonal Variations 

Figure 5.1 shows the total ion density and fractional O+ measured by the DMSP satellite F17 in 

2009.  In this year, the F17 ascending node had a local time of ~17:30. Each panel is a global 

picture of the ionosphere at ~840 km using in situ measurements from a single DMSP satellite. 

The rainbow color scale shows the level of total ion density (Ni.) The green-purple panels show 

the ion composition (fractional O+); green indicates a region where O+ is the dominant ion, and 

purple indicates a region of primarily light ions (H+ and He+). 

 

Tidal patterns are present throughout the year, but WN4 is clearest at equinox.  This is consistent 

with the seasonal pattern in the tropospheric driver [Zhang et al., 2012.]  They studied altitude-

 

Figure 5.1.  Monthly averages of total ion density (rainbow panels) and fractional O+ 

(green and purple panels) measured by DMSP satellite F17 in 2009 at 17:30 LT. 
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averaged total tropospheric heating of the DE3 tide using data from International Satellite Cloud 

Climatology Project (ISCCP) and Tropical Rainfall Measuring Mission (TRMM), and found that 

maximum heating occurred in April-May and August-September, with the September maximum 

being dominant. 

 

The centroid of the density peaks follows the magnetic equator.  This is as expected, since WN4 

in the topside ionosphere is thought to be a result of electrodynamic lifting, and the vertical ExB 

drift is greatest along the magnetic equator.  The composition (fractional O+) follows the seasons 

and the solar zenith angle. There is more O+ in the topside ionosphere during local summer 

because solar heating expands the atmosphere and raises the O+ to H+ transition height [i.e. 

Hysell et al., 2009.]  This transition height can vary significantly depending on thermospheric 

heating and winds, as well as electric fields.  It can be above or below the DMSP orbit altitude 

depending on these conditions (for example, see section 4.3 of this dissertation.) 

 

Two additional seasonal effects are apparent in the ion densities.  Figure 5.2 shows March, June, 

September, and December Ni in 2008, also from the F17 satellite at a local time of 17:00-18:00, 

now binned by magnetic latitude in 5-degree bins from -30 to 30 MLAT.  It can be seen that the 

MLAT of the WN4 peaks varies significantly with season.  This is more clearly illustrated in 

Figure 5.3, which shows the movement of the Ni center line by season in 2008 at 17:00-18:00 

LT.  The WN4 feature moves 5-10 degrees northward in northern summer, and southward in 

northern winter.  Additionally, ion densities are enhanced in the longitude range from 180 to 270 

during northern summer, and reduced during northern winter.  This second effect is likely a 
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Figure 5.2.  Monthly averages of total ion density for March, June, September, and 

December in 2008, measured by DMSP satellite F17 at 17:30 LT.  A horizontal line 

through each panel approximates the latitude of peak densities (see Equation 5.1.) 
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transport effect independent of the tidal driver, and has been noted previously by Kil et al. [2008] 

and Ren et al. [2008].  This longitude range corresponds to a region where the magnetic 

declination is positive (Figure 5.4.)  During northern summer in the evening, the field-aligned 

components of an eastward day-to-night wind and a southward summer-to-winter wind increase 

 

Figure 5.3.  Magnetic latitudes of the WN4 feature for March, June, September, and 

December in 2008, using data from F17 at 17:30 LT, showing how the peak ion densities 

move with season.  These are the same lines overlaid on each panel in Figure 5.2. 

 

Figure 5.4.  Magnetic declination as a function of geographic longitude (GLON.) 
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Ni in this region.  During northern winter in the evening, winds blow eastward and northward, 

driving Ni away from this region and leading to a minimum. 

 

This seasonal asymmetry is even clearer when we subtract out deviations from a 90-degree 

running median, in order to bring out longitude features independent of WN4.  Figure 5.5 shows 

a 90-degree running median across GLON of the ion densities shown in Figure 5.2.  This has the 

effect of smoothing the data zonally, to de-emphasize the peaks and troughs of the WN4 feature.  

Again a comparison with Figure 5.4 shows a clear seasonal change in Ni in the longitude range 

with positive magnetic declination.  The deviations from the running median, shown in Figure 

5.6, again indicate a strong WN4 pattern in both March and September. 

 

The seasonal changes in Ni across longitude regions with a strong declination angle make it 

difficult to reliably estimate the amplitude and phase of WN4 during solstice months.  However, 

we attempted to extract WN4 using only 2 peaks over a range of longitudes with moderate 

declination angle, -25.7 to 154.3 GLON, for the years 2008-2014, using Ni data from DMSP 

satellite F17 at 17:30-18:00 LT.  The R2 values of these fits are shown in Figure 5.7.  R2 values 

for equinox months, especially September, were generally high, while R2 values during solstice 

months were either low (<0.5) or inconsistent (varying from year to year.)  This suggests that 

WN4 may not be the dominant tide during solstice months at this local time. 
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Figure 5.5.  Total ion densities smoothed zonally using a 90-degree running median, for 

March, June, September, and December in 2008.  The data is from DMSP satellite F17 at 

17:30 LT.  These monthly averages before smoothing are shown in Figure 5.2, and 

deviations from the running median are shown in Figure 5.6. 
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Figure 5.6.  Deviations from the 90-degree running median (Figure 5.5) of total ion 

densities (Figure 5.2) for March, June, September, and December 2008.  The data is 

from DMSP satellite F17 at 17:30 LT. 



 

60 

 

The next two sections use data for the month of September, since WN4 is clearest during 

equinox months. 

 

5.4 Solar Cycle Variations 

Previous studies found solar cycle effects in DE3 temperatures and winds in the E region above 

120 km, but not at mesosphere/lower thermosphere heights [Oberheide et al., 2009].  Here we 

investigate the solar cycle dependence of WN4 in ion densities in the topside ionosphere. 

 

Figure 5.8 shows the total ion density (Ni) averaged over the month of September for seven 

selected years over more than a solar cycle, from 2001 to 2014.  The F10.7 solar flux index 

ranged from 67.8 SFU in the low solar minimum of 2008, to 237.2 SFU in the solar maximum of 

2001.  These were all acquired from data in the period from the F13 and F17 satellites near 

 

Figure 5.7.  Goodness of fit (R2) vs. month of the WN4 fitting procedure over a range of 

longitudes with moderate declination angle (-25.7 to 154.3 GLON).  The data is from 

DMSP satellite F17 at 17:30-18:00 LT over the years 2008-2014.  The trend is a polynomial 

fit to the R2 values. 
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Figure 5.8.  Total ion densities measured by DMSP satellite F17 at 17:30-18:00 LT (top five 

panels) and F13 at ~18:15 LT (bottom two panels), averaged over the month of September, 

for seven years.  The average value of the F10.7 solar index for each plot is given in 

parentheses.  A horizontal line through each panel approximates the latitude of peak densities 

(see Equation 5.1.) 
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17:30-18:00 LT.  Average F10.7 values for each month are labeled in parentheses. The figures 

were ordered by F10.7 rather than year and only selected years are shown as the F10.7 was 

similar in September for some of the years. 

 

Figure 5.9 shows dN/N along the center line for the same months/years as Figure 5.8.  There is 

some variation, but no trend in dN/N with solar cycle/F10.7.  For instance, notice that the 

greatest negative excursions near 140° GLON occur in 2012 and 2013, when F10.7 was 

moderate.  The greatest negative excursions near 225° and 315° GLON occur during 2014, again 

during moderate F10.7.  The positive excursions are, in general, similar for all years.  

 

 

Figure 5.9.  Fractional ion densities (dN/N) along the center of the WN4 feature (see Equation 

5.1), for September during the seven years shown in Figure 5.8.  The F10.7 solar index values 

are given in parentheses. 
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We used the fitting procedure described in the Analysis Methods section to estimate the 

amplitude and phase of WN4 across solar cycle for these same seven years.  The amplitude of 

the Ni fluctuations versus the F10.7 solar index is shown in Figure 5.10 and listed in Table 5.2.  

Amplitude prior to normalization shows a clear increase with solar cycle since the background Ni 

is increasing.  However, when the amplitude is normalized by the average Ni of the fit (Figure 

5.11), the amplitude stays relatively constant with solar cycle, ranging from 11.5% to 21.5% of 

the background Ni.  The phase (Figure 5.12) ranged from 9.5 to 18.1 degrees GLON over these 

years and showed an eastward trend with increasing F10.7. 

 

 

Figure 5.10.  WN4 amplitude of September Ni during the seven years shown in Figure 

5.8, vs. the monthly average of the F10.7 index.  Amplitude has not been normalized for 

this figure. 
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Figure 5.11.  WN4 amplitude of September Ni during the seven years shown in Figure 

5.8, vs. the monthly average of the F10.7 index.  Here, amplitude has been normalized by 

the mean Ni of the fit to account for changes in the background Ni due to solar cycle. 

 

Figure 5.12.  WN4 phase of September Ni during the seven years shown in Figure 5.8, vs. 

the monthly average of the F10.7 index. 
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Lines through the center of the WN4 structure for September of these same years are shown in 

Figure 5.13.  While the latitude of the WN4 peaks varies slightly (<5 degrees), its variation with 

season is much stronger than its variability across a solar cycle (compare Figures 5.13 and 5.3.) 

 

5.5 Local Time Variations 

The sun-synchronous nature of the DMSP satellites allows us to examine WN4 patterns at 

several local times in the morning and afternoon/evening.  The development of WN4 in the 

morning is shown in Figure 5.14.  Ion densities (Ni) measured by 3 DMSP satellites (F13 at 

~6:00 LT, F18 at ~8:00 LT, and F15 at ~9:30 LT) were averaged separately for the month of 

September.  The F13 and F15 data are shown for 2001 and 2003, and the F18 data are shown for 

2014 and 2015.  The observed features are remarkably consistent from year to year.  Note that 

the plots are to different scales.  At 6:00 LT, tidal patterns are obscured by other rapid changes in 

the ionosphere at dawn, but by 9:30 LT, WN4 is a recognizable feature in Ni.   

 

Figure 5.13.  Magnetic latitudes of the WN4 feature for September of the same seven 

years in Figure 5.8, showing the variability in location of the peak densities over a solar 

cycle.  The blue line shows the center line of the month with the lowest F10.7 value in this 

set (2008, F10.7=67.8), and the red line shows the center line of the month with the 

highest F10.7 value in this set (2001, F10.7=237.2)  
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Figure 5.15 shows afternoon and evening Ni in September 2014 measured by 3 different 

satellites (F15 at ~15:48 LT, F17 at ~18:06 LT, and F18 ~19:48 LT.)  The familiar WN4 pattern 

is strongly present at all of these times, showing roughly a factor of 2 increase of the peak 

densities over the background shape.  There is no significant change in the latitude position of 

WN4 over these times. 

 

The WN4 pattern in Ni at 800 km is remarkably consistent throughout the afternoon and evening, 

but there are significant differences between how WN4 manifests in the afternoon/evening vs. in 

the morning.  Unfortunately, due to the DMSP orbits, no data is available near local noon.  At 

9:30 LT, the peak near 180 GLON is further north than its position in the afternoon/evening, the 

peaks near 90 and 270 GLON are similar to their afternoon/evening latitudes, and the peak near 

0 GLON is further south and significantly weaker than the other peaks.  Additionally, at 9:30 LT, 

the peak near 180 GLON is strongest; at ~15:48 LT, the peak near 90 GLON is strongest; and by 

~19:48 LT, the peak near 0 GLON is strongest. 
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Figure 5.14.  Total ion densities averaged over the month of September in six different 

years, measured by DMSP satellites (a) F13 at ~6:00 LT, (b) F18 at ~8:00 LT, and (c) F15 

at ~9:30 LT. 
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Data from only two, three, or sometimes four DMSP satellites are available in the 

afternoon/evening in any given year, so to examine the WN4 behavior across MLT, we extracted 

WN4 for the month of September across multiple DMSP satellites over the years 2008-2014.  

The amplitude and phase values for these fits are given in Table 5.2.  Figure 5.16 shows phase as 

a function of MLT, color-coded by year, with the overall trend.  Over these years and local 

times, the phase varied from 9.9 to 23.5 degrees GLON, and showed an overall eastward trend of 

2 degrees per hour MLT.  The WN4 amplitude (normalized by the mean Ni of the fit) varied 

from 14.0 to 24.6% of Ni, and did not show a trend with MLT. 

 

 

Figure 5.15.  Total ion densities averaged over the month of September in 2014, measured 

by DMSP satellites F15 at ~15:48 LT, F17 at ~18:06 LT, and F18 at ~19:48 LT. 
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5.6 Conclusions 

Non-migrating tides are in fact often the dominant source of longitudinal variability in the low-

latitude topside ionosphere.  We used monthly averages of ion densities (Ni) measured by DMSP 

satellites to investigate the seasonal, solar cycle, and local time variations of the WN4 pattern.  

The main results are as follows: 

 

1.  Tidal patterns are present near the magnetic equator throughout the year, and WN4 is most 

clearly present at September equinox. 

 

Figure 5.16.  Estimated phase of WN4 for total ion densities measured by several DMSP 

satellites (see Table 5.2) during the month of September, showing the eastward trend of 

phase with evening magnetic local time. 
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2.  In May-August, Ni near 180°-270° GLON is increased; in November-February, Ni in this 

region is decreased.  This is interpreted as the result of the positive geomagnetic field declination 

in this region.  During northern summer in the evening, the field-aligned components of an 

eastward day-to-night wind and a southward summer-to-winter wind increase Ni in this region.  

During northern winter in the evening, winds blow eastward and northward, driving Ni away 

from this region and leading to a minimum. 

3.  In May-August, WN4 moves northward 5-10° in MLAT; in November-February, WN4 

moves southward 5-10° in MLAT. 

4.  No solar cycle effects were found in the magnitude of dN/N. However, the longitude position 

of the peaks (phase) was observed to vary by about 10° with F10.7, moving eastward with 

increasing F10.7. The latitude variation was less than 5° and did not show a trend with F10.7. 

5.  The WN4 pattern changes rapidly near dawn, but appears fully developed by 9:30 LT.  WN4 

is very constant throughout the afternoon and evening in terms of dN/N and latitude position of 

the peaks.  The strong afternoon/evening presence of WN4 is consistent with the upward 

propagation mechanism of the DE3 tide into the F-region and topside ionosphere proposed by 

Immel et al. [2006].  Dynamo electric fields in the E-layer associated with the ExB drift of 

plasma lifted up into the F-region are present in the morning and daytime, leading to a strong 

WN4 signature in the topside Ni in the afternoon and evening, but this mechanism weakens or 

disappears at night, allowing the WN4 signature in the topside Ni to dissipate by 6:00 LT.  WN4 

drifts eastward in the afternoon/evening at about 2 degrees GLON per hour MLT, and there is 

variation in this rate from year to year. 
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6.  Compared to the afternoon/evening WN4 pattern in September, at 9:30 LT, the 180° GLON 

peak is further north and strengthened, the 90° and 270° GLON peaks are similar in MLAT, and 

the 0° GLON peak is further south and much weaker. 

 

Table 5.2.  Magnetic local time (MLT), amplitude prior to normalization (cm-3), phase, 

amplitude normalized by mean Ni, and goodness of fit (R2) of WN4 fits used in this paper.  

All fits listed are for the month of September. 

 

Year Satellite MLT 
Amplitude 

(cm-3) 
Phase (o GLON) 

Normalized 

Amplitude 
R2 

2001 F13 18.24 55408.0 9.537 0.115 0.664 

2002 F13 18.36 56631.7 10.054 0.149 0.700 

2008 F16 19.81 4409.0 15.328 0.212 0.830 

2008 F17 17.54 4558.7 16.128 0.166 0.839 

2009 F16 19.41 4353.4 20.171 0.182 0.656 

2009 F17 17.54 4608.9 19.915 0.148 0.778 

2010 F16 18.92 8126.4 15.890 0.211 0.681 

2010 F17 17.59 6886.8 18.108 0.169 0.688 

2010 F18 20.15 4940.0 13.259 0.246 0.700 

2011 F15 16.43 20971.6 19.302 0.188 0.776 

2011 F16 18.36 22800.8 17.760 0.215 0.827 

2011 F17 17.67 21875.4 16.691 0.229 0.808 

2011 F18 20.26 13373.1 12.249 0.239 0.759 

2012 F15 15.80 29465.0 21.283 0.192 0.595 

2012 F16 17.79 20507.1 15.446 0.152 0.561 

2012 F17 17.80 21271.9 15.016 0.166 0.593 

2012 F18 20.24 11079.3 10.282 0.141 0.640 

2013 F16 17.24 20042.9 16.290 0.212 0.726 

2013 F17 17.95 17281.4 13.503 0.195 0.760 

2013 F18 20.09 12000.1 9.927 0.218 0.773 

2014 F15 15.80 31990.5 23.501 0.165 0.539 

2014 F16 16.76 33121.1 20.104 0.208 0.613 

2014 F17 18.11 33789.4 15.463 0.215 0.696 

2014 F18 19.82 18961.1 11.785 0.162 0.570 
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CHAPTER 6 

TOPSIDE PROFILE SHAPE VARIATIONS USING 

DMSP / C/NOFS CONJUNCTIONS AND IRI 

In this work, we explore the topside ionospheric altitudinal structure and the ability of the IRI 

2016 empirical model to accurately model the ion density profiles and the dependence of the 

model error in the topside scale height on various conditions and parameters.  We use a database 

of over 11,000 magnetic conjunctions between the C/NOFS and DMSP satellites over the years 

2009-2015, together with the most recent version of the IRI empirical model. IRI is currently the 

International Standardization Organization (ISO) standard for the ionosphere and as such, it is 

very important to know the accuracy of the specification of the topside ionospheric structure. As 

mentioned in section 2.2, the topside ionosphere is a large contributer to the total electron 

content (TEC) [Jakowski et al., 2002], which affects GPS measurements, and Reinisch and 

Bilitza [2017] concluded that more work is needed to better understand and model the topside 

electron density profiles.  The topside ionsopheric structure and composition in IRI was 

originally based on a relatively small sampling from in situ measurements on the IK-24, AE-C. 

and AE-E spacecraft. Recently, the addition of data from the C/NOFS spacecraft has improved 

the accuracy of IRI, especially during solar minimum conditions [Bilitza, et al., 2017]. While 

numerous validation studies on IRI have been performed using various ionospheric datasets, [e.g. 

Bilitza 2009; Nigussie et al., 2013; Lühr et al., 2010; Araujo-Pradere et al., 2013; Wang et al., 

2016], none of them were able to test the accuracy of the altitudinal profiles of the density in the 

topside ionosphere for a large range of conditions and locations to any degree of thoroughness. 

Several methods have been used to reconstruct topside electron and ion density profiles and to 
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extract important parameters such as the scale height and O+ to H+ transition height, each with 

their own problems. Ground-based measurements of necessity are limited in coverage and are 

dependent on bottomside dynamics while in situ measurements from single satellites do not 

provide an altitudinal distribution other than in a statistical sense, or in the case of satellites with 

elliptical orbits, distributed in location. Having two near-simultaneous measurements at two 

different points along a magnetic field line allows specification of the altitudinal profile or the 

scale height in the topside ionosphere and thus permits us to test the dependence of the accuracy 

of the IRI model in specifying the topside scale height and the dependence of the model error on 

various conditions and parameters.   

 

6.1 Satellite Conjunctions Data Set 

To identify magnetic conjunctions, we first used the Locator Tabular tool at NASA's Satellite 

Situation Center (SSC) website to generate files of the latitude and longitude of the footprints of 

the magnetic field line mapped from the location of the C/NOFS satellite and the DMSP 

satellites to 100 km altitude in both hemispheres. The geomagnetic model used was the epoch-

appropriate International Geomagnetic Reference Field (IGRF). One-minute values were 

produced by the SSC website for all satellites from 2009 to C/NOFS reentry in November 2015. 

These values were then interpolated to a 1-second time resolution. Conjunctions were identified 

where the field line tracings from C/NOFS and any DMSP spacecraft were within 2º GLAT and 

1.5º GLON within 5 minutes of each other. A further requirement was that the satellites 

themselves were within 4º GLAT and 4º GLON, and in the same hemisphere.  
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The density data from each satellite was averaged over a 30 second window centered on the 

times when the satellite footprints were closest together, and at least 15 good quality data points 

were required from each satellite within its window for the conjunction to be retained in the data 

set. We also required that the variation of the density over the 30 s window be less than 50%. 

This yielded a total of 11,430 conjunctions from the year 2009 to the end of 2015. As shown in 

Figures 6.1a and 6.1b, the vast majority of conjunctions had field line footprints with differences 

in latitude and longitude less than a few 10ths of a degree: 10931 had longitude differences less 

than 0.3° and 7424 had latitude differences less than 0.5°. 

 

The local time, altitude, and latitude/longitude coverage of the data set is shown in Figure 6.2.  

(The gap in coverage during 2013 was due to a government sequester which led to the C/NOFS 

satellite being put in standby mode.)  The local times of the conjunctions (Figure 6.2a) ranged 

from 0430 - 0900 and 1630 - 2100 MLT in 2009 and were determined by the local times of the 

DMSP orbits. The changes in MLT over the time period occurs because the DMSP orbits precess 

in ascending node local time to earlier times due largely to atmospheric drag. Thus, by the year 

2015 some of the conjunctions (with the F15 satellite) occurred as early as 0200 and 1400 MLT. 

The altitude (Figure 6.2b) of the DMSP satellites remained very constant over the time period 

(between 830 and 870 km), but C/NOFS decreased in altitude significantly, particularly in 2014 

and 2015. 
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The latitude, longitude, and difference in altitude between the DMSP and C/NOFS satellites are 

highly coupled as shown in Figure 6.2c. Due to the conjunction selection criteria and the 

geomagnetic dip angle, there are relatively few conjunctions close to the magnetic equator, and 

these occur at small altitude separations. This means that, for example, in the range 

0o<GLON<180o GLON, there are far more conjunctions in the southern hemisphere than in the  

 

Figure 6.1.  Histogram of the number of conjunctions with a given footprint (a) latitude 

difference and (b) longitude difference between satellites. 
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Figure 6.2.  (a) The magnetic local time (MLT) of all conjunctions over time.  (b) 

Altitudes of the DMSP and C/NOFS satellites over time.  (c) Geographic latitude and 

longitude of C/NOFS at all conjunctions.  The conjunctions with a satellite altitude 

difference greater than 400 km are highlighted in red. 
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northern hemisphere, because the magnetic equator is farther north than the geographic equator. 

Additionally, the conjunctions with a large difference in altitude between the satellites (shown in 

red) are all farther from the magnetic equator, and therefore are only present at certain 

geographic latitudes and longitudes. For example, the only conjunctions with a satellite altitude 

difference greater than 400 km in the northern hemisphere are restricted to -150o<GLON<-50o. 

 

6.2 Analysis Methods 

In our analysis, we used the total density measurements from the RPA on C/NOFS and the SM 

on DMSP. The RPA on DMSP has a lower temporal resolution than that on C/NOFS (2 or 4 

seconds vs 0.5 or 1 second) so we use the SM as it has a much higher sampling rate (12 Hz) 

which is averaged to one-second samples. To ensure that the C/NOFS and DMSP instruments 

were similarly calibrated, we calculated a correction factor based on Ni measurements from the 

conjunctions where the altitude difference between the satellites was less than 20 km.  In this set 

of 538 conjunctions, the Ni measurements between the satellites were found to be overall in good 

agreement, with the DMSP SM reading on average 3.6% higher than the C/NOFS RPA with a 

standard deviation of 11%.  This correction factor was applied to the DMSP ion densities prior to 

further analysis. 

  

For each conjunction in the data set, we ran IRI 2016 at the date, time, and location (latitude, 

longitude, and altitude) of each of the two satellites.  (We used the most recent recommended 

settings for IRI 2016 including the NeQuick model for the topside Ne profile, URSI maps for the 

F2 peak density, the AMTB-2013 model for the F2 peak height, and the RBV10+TTS05 option 
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for the ion composition.)  We then calculated a measure of the difference in slope between the 

electron density (Ne) profile in the IRI model and the two Ni measurements along a field line 

provided by DMSP and C/NOFS, which we label as the % error between IRI and the adjusted 

satellite data: 

 𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑𝐷𝑀𝑆𝑃𝑁𝑖 = 𝑁𝑖𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑏𝑦𝐷𝑀𝑆𝑃 ×
𝐼𝑅𝐼𝑁𝑒𝑎𝑡𝐶/𝑁𝑂𝐹𝑆

𝑁𝑖𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑏𝑦𝐶/𝑁𝑂𝐹𝑆
    (6.1a) 

        %𝐸𝑟𝑟𝑜𝑟 = 
𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑𝐷𝑀𝑆𝑃𝑁𝑖−𝐼𝑅𝐼𝑁𝑒𝑎𝑡𝐷𝑀𝑆𝑃

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑𝐷𝑀𝑆𝑃𝑁𝑖
× 100%           (6.1b) 

 

This method allows us to take advantage of a unique feature of this data set, namely having two 

near-simultaneous measurements along a magnetic field line, in order to gain insight into the 

shape of the topside ion density profiles. 

  

If the % error is greater than 0, then the “slope” of the satellite Ni measurements is steeper than 

the slope of the Ne profile in IRI, and IRI is underestimating the plasma scale height.  For an 

idealized Chapman profile in diffusive equilibrium, we expect this to correlate with higher 

temperatures (Ti + Te) and/or lower effective plasma mass (meff), through a greater H+/O+ ratio.  

These interpretations are summarized in the table below.  Of course, the assumption of diffusive 

equilibrium is not always valid, for example near sunrise and sunset when heating and ExB drift 

can produce rapid ion flows. 
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Table 6.1.  A quick reference for interpretation of % error. 

% error < 0 means: % error = 0 means % error > 0 means: 

IRI model overestimated the 

Ni profile slope. 

The Ni profile slope 

matched IRI. 

IRI model underestimated the Ni 

profile slope. 

Plasma scale height was 

smaller than predicted by IRI. 

Plasma scale height 

matched IRI. 

Plasma scale height was greater 

than predicted by IRI. 

If we can assume diffusive 

equilibrium, then expect 

lower Ti+Te or higher meff. 

 If we can assume diffusive 

equilibrium, then expect higher 

Ti+Te or lower meff. 

 

6.3 Results 

Figure 6.3 shows the % error between IRI and the adjusted data vs. satellite altitude difference.  

The first panel includes the complete data set, and the second and third panels are separated into 

morning and afternoon magnetic local times (MLT.)  All the conjunctions are shown in gray.  A 

running median is shown in blue, with the upper and lower quartiles as blue bars.  The % error 

for the complete data set (Figure 6.3a) is 0 for a satellite distance of 0 because we have 

intercalibrated the satellite measurements to be the same, on average, when they are close 

together, as mentioned previously.  As the satellite altitude difference increases in the morning, 

the % error increases and is consistently positive.  However, in the afternoon, the median % error 

is within ±10% for all satellite altitude differences.  This means that the IRI model tends to 

underestimate the Ne profile slope and the plasma scale height in the topside ionosphere in the 

morning, but corresponds very well on average with the satellite data in the afternoon.  In all 
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three panels, the interquartile distance increases as the difference in altitude between the 

satellites increases, indicating greater variability in the % error over a greater distance between 

measurements. 

 

 

Figure 6.3.  Percent error between IRI and the adjusted conjunction data vs. satellite 

altitude difference, separated into morning and afternoon local times.  Gray scatter shows 

all the data points; blue trace shows a running median, with upper and lower quartiles as 

blue bars. 
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The variation in % error with MLT, now separated by satellite altitude difference, is further 

illustrated in Figure 6.4.  In the first panel, which shows the results for all altitudes, the median  

 

Figure 6.4.  Percent error vs. magnetic local time, separated by satellite altitude 

difference.  The panels are in the same format as Figure 6.3. 
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% error varies from 20-40% in the morning, but is less than 10% in the afternoon and evening.  

As the altitude difference increases, the % error naturally increases, but, again, IRI 

underestimates the slope and plasma scale height in the morning, but represents the data well in 

the afternoon and evening.  For all panels shown, the interquartile distance is smaller during the 

day than pre-dawn or post-sunset, indicating less % error variability during the daytime.  The 

median % error also changes rapidly pre-dawn and post-sunset; the increase in scale height pre-

dawn, and the decrease in scale height post-sunset, appear to be stronger than changes in scale 

height predicted by the model. 

 

Figure 6.5 shows % error vs. the effective mass (amu) measured by DMSP.  The columns 

separate the data into morning and afternoon local times, and the rows separate the data into low, 

medium, and high levels of the F10.7 index. An effective mass of 1 indicates a completely H+ 

ionosphere at DMSP, while an effective mass of 16 indicates entirely O+.  Note that at high 

levels of F10.7 in the afternoon (bottom right panel) the ionosphere at DMSP is almost always 

O+ dominated, whereas at solar minimum in the morning (second row, second column), the 

ionosphere is more often H+ dominated. 

  

The top left panel shows that on average across the whole data set, the % error decreases as the 

effective mass increases.  This is as expected, since a decreasing % error indicates a decreasing 

plasma scale height, and the plasma scale height is inversely proportional to effective mass.  

However, the different panels show that there are subtle differences in this effect in the morning  
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Figure 6.5.  Percent error vs. effective mass measured by DMSP, in the same format as 

Figures 6.3 and 6.4.  The rows show different levels of solar cycle, represented by the 

F10.7 solar index.  The columns separate the data into morning and afternoon local times. 
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vs. the afternoon and at different parts of the solar cycle.  Comparing the panels in the left     

column, this effect is more pronounced at medium and high levels of F10.7 (>100 SFU) than at 

low levels of F10.7 (<100 SFU.) 

 

Figure 6.6 shows the % error vs. ion temperature (Ti) measured by DMSP, in the same format as 

Figure 6.5, separated into low, medium, and high levels of F10.7, and into morning and 

afternoon local times.  Similarly, Figure 6.7 shows % error vs. electron temperature measured by 

DMSP.  In both figures, in the afternoon (right column), the % error increases as temperature 

increases, particularly for higher temperatures and lower F10.7 values (F10.7<150 SFU.)  

However, in the morning (center column) there is not a linear trend of % error with Ti. or Te.   

 

Ti and Te at DMSP (Figures 6.8a and 6.8b) can each rise by 2000 K between 5:00 and 7:00 MLT.  

During this time, the vertical ion flows at DMSP (Figure 6.8c) jump from downward to upward, 

and the vertical ion flows at C/NOFS (Figure 6.8d) may be either upward or downward.  In 

contrast, the median and upper and lower quartile Ti and Te at DMSP at 14:00-18:00 MLT 

remain constant, and the vertical ion flows at both DMSP and C/NOFS stay close to 0 with little 

variation (small interquartile distance.)  The topside ionosphere at 14:00-18:00 MLT is in 

diffusive equilibrium, but between 5:00 and 7:00 MLT, it is not.  This explains why in Figures 

6.6 and 6.7, % error increases linearly with Ti and Te, but in the morning, % error shows a more 

complex relationship with Ti and Te that may not correspond to a simple Chapman plasma scale 

height. 
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Figure 6.6.  Percent error vs. ion temperature (Ti) measured by DMSP, in the same format as 

Figure 6.5. 
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Figure 6.7.  Percent error vs. electron temperature (Te) measured by DMSP, in the same 

format as Figure 6.5. 
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Figure 6.8. (a)  Ion temperature (Ti), (b) Electron temperature (Te), and (c) upward vertical 

ion drift (vz)as a function of magnetic local time (MLT), measured by DMSP. (d)  Vertical 

ion drift (vz) vs. MLT measured by C/NOFS. 
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6.4 Conclusions 

We presented a new data set of over 11,000 magnetic conjunctions between the DMSP and 

C/NOFS satellites from 2009 to the end of 2015.  This is a valuable long-term data set that 

covers a variety of solar cycle conditions, from the minimum in 2009 to the maximum in 2014, 

and multiple local times, longitudes, and altitudes.  The conjunctions provide two near-

simultaneous in situ satellite measurements of topside ionospheric parameters, a unique and 

important addition to existing methods of reconstructing topside ion and electron density 

profiles, and in particular to topside modeling in IRI. 

 

We used the conjunction data set together with the most recent version of the IRI empirical 

model to investigate how the error in the IRI profile shape varies with local time and under 

different geophysical conditions, and found significant differences in the % error between 

morning and afternoon.  In the morning, % error was consistently positive, indicating that IRI 

underestimates the Ne profile slope and plasma scale height in the morning, but IRI matched the 

profile shape well in the afternoon.  % error decreased with increasing effective mass, 

particularly when F10.7 was >100 SFU.  % error increased with increasing Ti and Te in the 

afternoon, but did not show a linear trend with Ti or Te in the morning.  This is consistent with a 

diffusive equilibrium condition in the afternoon (14:00-18:00 MLT), whereas strong ion flows in 

the morning produce a more complex relationship between the Ni profile shape and 

temperatures.   
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CHAPTER 7 

CONCLUSION 

In its Recommended Roadmap for Science and Technology 2005-2035, NASA called the space 

science community to “identify impacts of solar variability on Earth’s atmosphere.”  The first 

study in this dissertation found that the solar EUV as described by the E10.7 solar EUV proxy 

correlated strongly with daily averaged densities, temperatures, and H+/O+ ratios measured by 

the DMSP spacecraft.  During solar minimum, the topside ionosphere at DMSP was H+ 

dominated while it was O+ dominated during solar maximum.  The cross-correlations between 

EUV and densities showed strong 27-day periodicities associated with periodicities in the solar 

EUV driven by the solar rotation.  While the use of solar EUV proxies such as E10.7 are 

common in studies of the ionospheric response to EUV, proxies do not capture the full variability 

of spectrally-separated EUV.  Therefore we also used the spectrally-separated EUV data 

measured by the SDO and TIMED satellites.  We showed examples of higher correlations of 

densities with the 28 nm line from TIMED and the 25.5 nm line from SDO than with the proxy. 

 

NASA’s Recommended Roadmap also called the space science community to “Understand the 

role of the Sun as an energy source to Earth’s atmosphere and, in particular, the role of solar 

variability in driving change.”  The role of solar variability in driving change in the topside 

ionosphere was found to be closely related to the composition.  We used EOF analysis to 

separate the effects of the solar EUV and SZA variations and found that the first two principle 

components accounted for over 95% of the variation in density.  The first principle component 

(PC1) correlated strongly with the solar EUV, while the second principle component (PC2) was 
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associated with the SZA variation.  We made two important observations of these EOF results:  

1) cross-correlations between the density and E10.7 and PC1 were greater during solar 

maximum, when the topside ionosphere was O+ dominated than during solar minimum when it 

was H+ dominated, and 2) the ionospheric response to SZA changes as represented by PC2 was 

much stronger during solar maximum than solar minimum.  These two observations led to the 

interpretation that variations in density such as those produced by EUV and SZA variations are 

amplified when the ionosphere is O+ dominated, rather than H+ dominated, because of the effect 

of composition on the scale height. 

 

While DE3 propagation and WN4 signatures have been much studied in recent years in the 

mesosphere-lower thermosphere region, relatively little is known about how WN4 impacts the 

ionosphere above the F-peak.  The second study in this dissertation showed that non-migrating 

tides are in fact often the dominant source of longitudinal variability in the topside ion densities 

near the equator.  This research addressed science priorities of the National Research Council 

and the Panel on Atmosphere-Ionosphere-Magnetosphere Interactions (AIMI) and provided 

important clues to whole-atmosphere coupling.  Monthly averages of DMSP ion densities 

showed tidal patterns present near the magnetic equator throughout the year, and WN4 was most 

clearly present at September equinox.  In May-August, Ni near 180°-270° GLON is increased; in 

November-February, Ni in this region is decreased.  This is interpreted as the result of the 

positive geomagnetic field declination in this region.  During northern summer in the evening, 

the field-aligned components of an eastward day-to-night wind and a southward summer-to-

winter wind increase Ni in this region, whereas during northern winter in the evening, winds 
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blow eastward and northward, driving Ni away from this region and leading to a minimum.  

Additionally, WN4 moves northward 5-10° in MLAT in May-August; in November-February, 

WN4 moves southward 5-10° in MLAT.  No solar cycle effects were found in the magnitude of 

dN/N or in latitude variations. However, the longitude position of the peaks varied by about 10° 

with F10.7, moving eastward with increasing F10.7. The WN4 pattern changes rapidly near 

dawn, appears fully developed by 9:30 LT, and is strong and constant throughout the afternoon 

and evening in terms of dN/N and latitude position of the peaks.  The strong afternoon/evening 

presence of WN4 is consistent with the upward propagation mechanism of the DE3 tide into the 

F-region and topside ionosphere proposed by Immel et al. [2006].  Dynamo electric fields in the 

E-layer associated with the ExB drift of plasma lifted up into the F-region are present in the 

morning and daytime, leading to a strong WN4 signature in the topside Ni in the afternoon and 

evening, but this mechanism weakens or disappears at night, allowing the WN4 signature in the 

topside Ni to dissipate by 6:00 LT.  WN4 drifts eastward in the afternoon/evening at about 2o 

GLON per hour MLT, and there is variation in this rate from year to year.  Compared to the 

afternoon/evening WN4 pattern in September, at 9:30 LT, the 180° GLON peak is further north 

and strengthened, the 90° and 270° GLON peaks are similar in MLAT, and the 0° GLON peak is 

further south and much weaker. 

 

The IRI model is the International Standardization Organization (ISO) standard for the 

ionosphere and an essential resource to space scientists and engineers.  As an empirical model, 

its accuracy relies on incorporating information from all available data sources and validation 

from the space science community.  Accurate models of the topside electron density profiles are 
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particularly important because of the region’s large contribution to total electron content (TEC) 

[Jakowski et al., 2002], which affects GPS measurements.  In a special issue of Advances in 

Space Research, Reinisch and Bilitza [2017] found that more work is needed to understand and 

model topside electron density profiles in the equatorial and low latitude region.  The third study 

in this dissertation addressed this need by investigating how the error in the topside profile shape 

in IRI at low latitudes varies with local time and under difference geophysical conditions.  We 

presented a new data set of over 11,000 magnetic conjunctions between the DMSP and C/NOFS 

satellites providing two near-simultaneous in situ measurements of topside ionospheric 

parameters from 2009 through the end of 2015.  We found that IRI underestimates the Ne profile 

slope and plasma scale height in the morning, but matches the profile shape well in the afternoon 

(1400-1800 MLT.)  % error decreased with increasing effective mass, particularly when F10.7 

was >100 SFU.  % error increased with increasing Ti and Te in the afternoon, but did not show a 

linear trend with Ti or Te in the morning.  This is consistent with a diffusive equilibrium 

condition in the afternoon, whereas strong ion flows in the morning produce a more complex 

relationship between the Ni profile shape and temperatures. 
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