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Abstract The ionospheric upper transition height (HT) is found to increase dramatically by ~100 km
from 2008–2009 to 2010 only for a marginal increase in solar activity (F10.7) by 11.76 solar flux units. The
latitudinal variation of HT surface during 2008–2009 period exhibits a local minimum at equatorial latitudes
and increase at low latitudes. Further, the HT at equatorial latitudes exhibits slower rate of increase than at
low latitudes. These interesting features are new and different from those reported in literature. A quick loss
of O+ and increase in H+ ions are observed around ~550 to 650 km indicating that the charge exchange
reaction is responsible for the slower rate of increase and lowered HT at equatorial latitudes. These new
aspects of HT are more conspicuously observed during this deep solar minimum period where the resonant
charge exchange reaction is taking place at altitudes as low as ~550 km.

1. Introduction

The topside ionosphere is primarily composed of electrons, the dominant O+ and H+ ions along with a minor
He+ contribution. The photoionization, chemical and transport processes applied at lower altitudes determine
the abundances of the two major O+ and H+ ions in the topside ionosphere. The dominant ion at the F2
layer peak is O+ which decreases exponentially with height so that the lighter ions H+ and He+, which have the
scale height much larger than that for O+ become dominant at greater altitudes. The altitude where the
dominant ions changes from O+ to lighter ions (H++He+) is defined as the ionospheric upper transition height
(HT). The vertical distributions of O+ and H+ ions are controlled by several processes like photoionization of
atomic oxygen (O) at lower altitudes, ion temperature (which influences the scale height), abundances of
neutral oxygen and hydrogen (which affects the charge exchange process), and field-aligned transport induced
by F region neutral winds. Therefore, the transition height (HT) is an important parameter that responds to
the changes in the underlying photochemical and transport processes in the ionosphere. The transition height
is also an important parameter considered in many empirical models to describe the altitudinal distribution
of ion density and composition [Bilitza et al., 2007, and references therein]. As the transition height represents
the base of the plasmasphere, an accurate description of this parameter plays a critical role in models that
reconstruct the ion/electron density profiles by smoothly connecting the upper ionospheric profiles with
plasmaspheric profiles deduced from topside measurements [Reinisch et al., 2007].

A number of studies on the transition height and its spatial and temporal variations can be found in the
literature. All these studies principally employ two different observational techniques to determine the
transition height: (i) ion composition measurements by in situ sensors [e.g., Miyazaki, 1979; Kutiev et al.,
1980; Gonzalez et al., 1992; Heelis et al., 2009] or by incoherent scatter radars [e.g., Hysell et al., 2009] and
(ii) altitudinal profiles of ion density measured by topside or ground-based sounders [e.g., Titheridge, 1976;
Webb et al., 2006; Kutiev et al., 1994;Marinov et al., 2004; Kutiev and Marinov, 2007] and GPS radio occultation
[e.g., Yue et al., 2010]. A detailed description of the variation of transition height is provided by Titheridge
[1976] who used theoretical ion density profiles (described by analytical functions) to fit with topside
profiles observed by Alouette-1 by iteratively changing the temperature, temperature gradient, and
transition height until a best fit was obtained. The best fit transition heights derived by Titheridge [1976]
show a broad minimum around the geomagnetic equator and low latitudes with a sudden enhancement
around the plasmapause location near 55°N during daytime of solar minimumperiod (1962–1965). This sudden
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enhancement is attributed to a large vertical flux of protons and polar wind causing a depletion of H+ ions
outside the plasmasphere where the flux tubes are continually refilling [Titheridge, 1976]. Using in situ
observations of ion composition from the Taiyo satellite, Miyazaki [1979] also showed a similar broad
minimum in the transition height (about 800 km) at the dip equator and an increase to ~1200km at ±30° dip
latitudes during the solar minimum period of 1975–1976. Miyazaki [1979] explained this increase in the
transition height as due to charged particle temperature increase and upward movement of O+ ion density.
On the other hand, the transition heights derived using the shape and/or scale height of topside ion
density profiles [Marinov et al., 2004; Kutiev and Marinov, 2007; Yue et al., 2010] show a distinct maximum
around the geomagnetic equator and a decrease with latitudes away from the equator. This discrepancy
observed in Marinov et al. [2004], Kutiev and Marinov [2007], and Yue et al. [2010] perhaps arises because
of (i) their assumption of constant scale height of O+ above the F2 peak and (ii) the influence of E× B drift
on the profile shape at equatorial latitudes [Tulasi Ram et al., 2009, 2010]. Many of the above studies (except Yue
et al. [2010]) present the latitudinal variation of HT either during (June and December) solstices or combining
the data from solstices and equinoxes together. One of the common features observed from these studies
is that the HT in the summer hemisphere is higher than in the winter hemisphere because of field-aligned
upward transport of O+ by summer to winter transequatorial neutral wind. However, there were not many
studies (except Yue et al. [2010] and Tulasi Ram et al. [2010]) on the latitudinal behavior of HT exclusively
during equinoxes where the transequatorial neutral wind effects were minimized and the effect of E× B is
maximized over equatorial latitudes.

Recently, Heelis et al. [2009] have reported that the O+/H+ transition heights during the past deep solar
minimum of 2008 were remarkably low resulting in an unusually contracted ionospheric shell. They have
attributed these extremely low transition heights to very low levels of EUV (extreme ultraviolet) heating
and photoionization in the upper atmosphere. In addition to EUV heating and photoionization, F region
meridional winds produce a significant latitudinal gradient in the transition height across the magnetic
equator. In this paper, we report further important results on the local time and latitudinal variations of HT

during equinoxes observed during the transition from the deep solar minimum period 2008 to slightly
higher solar activity levels in 2010 and responsible mechanisms are discussed in terms of equatorial E× B drift
and the O+/H+ charge exchange reaction.

2. Data and Observations

The Coupled Ion-Neutral Dynamics Investigation (CINDI)-Retarding Potential Analyzer (RPA) on board the
C/NOFS (Communication/Navigation Outage Forecast System (C/NOFS)) with its elliptical orbit (perigee
near 400 km and apogee near 860 km) provides unprecedented altitudinal coverage of in situ ion density,
temperature and composition measurements in the equatorial and low latitudes. In this study, the CINDI-RPA
data during exclusively equinoctial months of 2008–2009 (September–October 2008 and March–April 2009)
and 2010 (March, April, September, and October 2010) were considered. The transition heights (HT) in this
study is defined as the altitudes at which the O+ density becomes equal to the light ions (H+ +He+) density in
a manner similar to that employed by Tulasi Ram et al. [2010]. The derived transition heights are accumulated
in 1 h local time and 1° latitudinal intervals to study the temporal and spatial variations of the transition
height surface at equatorial and low-latitude regions (between ±13° geomagnetic latitudes).

The local time and latitudinal variations of O+/(H+ +He+) transition height surface during the equinoctial
months of September–October 2008 and March–April 2009 are presented in Figure 1a. The monthly average
F10.7 centimeter solar flux values for the above months are 67.7, 67.75, 68.42, and 70.11 solar flux units
(1 sfu = 10�22Wm�2 Hz�1), respectively, which are indicative of extremely low solar activity conditions. It can
be seen from this figure that the HT increases rapidly at sunrise in response to rapid production of O+ and
thermal expansion of neutral and ionized atmosphere via EUV heating. The HT decreases after sunset and
collapses to its lowest values ~450 km during the postmidnight to predawn hours. For better clarity, the line
plots showing magnetic latitudinal variation of HT at 1 h intervals from sunrise to noon (06–12 LT) were
presented in the right-hand side of Figure 1a. An important feature that can be observed from both contour
and line plots of Figure 1a is that the latitudinal variation of the HT exhibits a clear minimum around
geomagnetic equator. This local minimum at the magnetic equator persists up to local noon (~1200 LT).
During the afternoon hours, the HT at equatorial latitudes increases and a maximum at the magnetic equator
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is seen from 1700 LT. This maximum remains prominent until 2000 h, when the transition height collapses
rapidly to levels near 500 km that are retained throughout the night up to sunrise. This latitudinal variation is
in significant contrast with the broad minimum of HT from equator to plasmapause (~55°N) observed by
Titheridge [1976]. It is also different from that observed by Yue et al. [2010], Marinov et al. [2004], and Kutiev
and Marinov [2007] in which the HT shows a distinct maximum at equator and decreases at latitudes away
from the equator during the periods of low solar activity.

Figure 1b shows the similar local time and latitudinal variations of HT surface during the equinoctial
months (March, April, September, and October) under slightly higher solar activity conditions in 2010.
The monthly average F10.7 solar flux values during this period increased only marginally and are 82.12,
76.24, 81.81, and 80.89 sfu, respectively. The 4months average of F10.7 centimeter solar flux is only
increased by 11.76 sfu (i.e., from 68.5 sfu in 2008–2009 to 80.26 sfu in 2010). However, it is interesting note
from Figure 1b that the transition heights during 2010 are, in general, higher by ~100 km than those
observed during 2008–2009 period at almost all local times and latitudes owing to the overall increase in
solar activity. The line plots of magnetic latitude versus HT during 06–12 LT were shown in the right-hand
side for better clarity. The latitudinal variation of HT during 2010 also shows a local minimum at the
magnetic equator across sunrise (06–07 LT). However, it is much shorter lived than in the previous case,
extending only out to about 0900 h. At this local time a local maximum in the transition height appears
and persists well beyond sunset and toward midnight. It should be mentioned here that this local equatorial
minimum in HT is not observed during the sunrise hours of higher solar activity year 2011 (not shown in
figure). However, the HT during 2011 is much higher and beyond the apogee of C/NOFS (inaccessible)
during most of the daytime hours.

Comparison of Figures 1a and 1b also suggests that during the extreme solar minimum at the magnetic
equator the transition height rises less rapidly after sunrise but is lowered more rapidly after sunset, that at
periods of higher solar activity. To investigate these features in more detail, the local time variations of HT

at three selected latitudinal bins of the equator and low latitudes (�12° and 12° geomagnetic) during
2008–2009 and 2010 are presented in Figures 2a and 2b, respectively. In the 2008–2009 period the HT at
low latitudes (blue and red curves) exhibits a rapid increase around sunrise and quickly reaches a maximum
at ~0800 LT. The HT then decreases slowly throughout the day until 2000 LT when it drops dramatically.

Figure 1. The local time and geomagnetic latitudinal variations of O+/(H+ + He+) transition height (HT) surface during
equinoctial months of (a) the extremely low solar activity period 2008–2009 and (b) slightly higher solar activity period
2010. The right-hand side panels show the line plots of magnetic latitude variation of HT during 06–12 LT for better clarity.
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The low-latitude HT during 2010
period (Figure 2b) also exhibits similar
surge around sunrise but continues
to increase slowly during the
daytime to reach a maximum in the
afternoon hours before decreasing
almost linearly with time until well
after midnight.

During the deep solar minimum
period of 2008–2009 (Figure 2a),
the rapid increase in HT around
sunrise is distinctly absent at the
magnetic equator. In fact, it increases
continuously during the day, reaching
a peak just after sunset before
rapidly decreasing over a period of 2
to 3 h. This contrasts rather markedly
with the behavior seen during the
2010 period when HT behaves much
as it does at latitudes off the equator,
with an increase after sunrise to a
maximum near local noon and a
gradual decrease throughout the
afternoon and evening hours.

The important points that can be
noted from Figures 1 and 2 are first

that the transition heights are increased by ~100 km from 2008–2009 to 2010 due to a marginal increase
of solar activity (F10.7 solar flux) by 11.76 sfu. Further, during the extreme solar minimumperiod, the latitudinal
variation of HT surface exhibits a minimum at the magnetic equator that extends from sunrise to local noon.
This contrasts rather sharply with the behavior seen at slightly higher solar activity levels when HT shows a
very shallow minimum at the magnetic equator that extends only from sunrise to 0900 LT.

It is known that the spatial and temporal variations of HT can be controlled by several factors including the
total ion density via production and the ion temperature via thermal expansion of neutral and ionized
atmosphere. Therefore, the in situ ion density and temperatures measured by C/NOFS-CINDI during the same
period were examined. Figure 3 shows the latitudinal and local time (between 05 and 11 LT) variations of total
ion density (Ni) and ion temperature (Ti) at different altitudes between 450 km and 700 km during the
equinoctial months of 2008–2009 period. Figures 3a–3f show the variations in total ion density (Ni), and
Figures 3g–3l show the variations in ion temperature (Ti).

Figure 3a shows that the ion density increases rapidly after sunrise at 450 km indicating that the production and
upward field-aligned transport of O+ are the dominant processes at this upper F region altitude. Near 0800 LT
the total ion density shows a local maximum at the magnetic equator indicating that upward E× B drifts at
the equator also contribute to upward transport of O+ over the equator. At higher altitudes, no clear latitudinal
variation of ion density is observed indicating that at this altitudes/local time periods E × B drift effects
become insignificant. In Figure 3g, the ions are in good thermal contact with the neutral gas near 450 km
altitude. But at higher altitudes the ion temperature increases rapidly at sunrise and is inversely proportional
to the ion density as one would expect for heat that is distributed throughout the magnetic flux tubes.

In Figure 4 we examine separately the latitude and local time distributions of the constituent O+ (Figures 4a–4f)
and H+ (Figures 4g–4l) densities measured by C/NOFS-CINDI in the altitude range from 450 km to 700 km for
the extremely low solar activity period of 2008–2009. It can be seen from these figures that at relatively low
altitudes of 450 and 500 km, the O+ density is higher than H+ at all latitudes and local times except the predawn
period of 05–06 LT, when they are comparable. After sunrise, the O+ density increases rapidly at lower altitudes,

Figure 2. The local time variation of HT at three selected latitudinal bins of
equator (green) and ±12° geomagnetic latitudes (blue and red) during the
equinoctial months of (a) 2008–2009 and (b) 2010 periods.
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but the increase at higher altitudes is delayed in local time since the rapid production of O+ takes place
below the F peak at altitudes below the satellite. At low altitudes (450–500 km), the O+ density shows some
enhancement at the equator, but at higher altitudes and later local times, a local minimum in the O+ density
appears as indicated by arrows. By contrast, during this equinoctial period, the H+ density shows a local peak at
the equator throughout the daytime. This behavior is associated with a more gradual rise in the transition
height at the equator compared to the rapid rise seen at latitudes away from the equator. We note that the local
minimum in O+ at the equator appears only at altitudes where H+ becomes the dominant ion with a local
maximum at the equator.

Figure 5 shows similar latitudinal and local time (between 05 and 11 LT) variations of O+ and H+ densities
during the relatively higher solar activity period of 2010. In this case the O+ density does not show a predominant
local peak at the equator when it is the dominant species. Thus, the transition height rises at the same rate at all

Figure 3. The latitudinal and local time (between 05 and 11 LT) variations of (a–f) total ion density and (g–l) ion temperature
at different altitudes starting from 450 to 700 km during equinoctial period of 2008–2009. The scale shown for Ni is multiples
of 104 cm�3.
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latitudes that are shown here. The O+ remains the dominant ion at all latitudes below about 650 km. Below
this altitude the O+ shows little variation with latitude beyond a small gradient that produces slightly higher
densities at northernmagnetic latitudes than at southernmagnetic latitudes. We note that the 13° inclination of
the C/NOFS orbit produces a bias in the data that prefers northern magnetic latitudes are sampled where the
magnetic equator is at geographic southern latitudes. Thus, the northern magnetic latitudes are sampled at
smaller solar zenith angles than southern magnetic latitudes. Above about 650 km we note that O+ density
shows a local minimum (as indicated by arrows) at the magnetic equator while H+ shows enhancement and
becomes the dominant ion. The change in solar activity produces these signatures at later local times and
higher altitudes than seen previously (2008–2009 period).

Figure 4. The latitudinal and local time (between 05 and 11 LT) variations of (a–f) O+ and (g–l) H+ concentrations at different
altitudes starting from 450 to 700 km during equinoctial months of 2008–2009 period. The scales shown for O+ and H+ is
multiples of 104 cm�3.
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3. Discussion

It is generally accepted that the variation of transition height is primarily controlled by the varying amounts of
O+ due to production, loss, and transport in the F region [Titheridge, 1976; Kutiev et al., 1980; Gonzalez et al.,
1992; Heelis et al., 2009, and references therein]. At sunrise, the transition height increases rapidly due to rapid
production of O+ ions at F region heights and upward field-aligned plasma flows. The thermal expansion
of ionosphere and atmosphere by photoelectron heating is the other important factor that contributes to
this sunrise increase in the transition height [Titheridge, 1976;Miyazaki, 1979; Heelis et al., 2009]. In addition,
the upward E× B drift at the equator would also expect to contribute for the upward transport of O+ ions.

Figure 5. The latitudinal and local time (between 05 and 11 LT) variations of (a–f) O+ and (g–l) H+ concentrations at different
altitudes starting from 450 to 700 km during the equinoctial months of slightly higher level of solar activity period 2010. The
scales shown for O+ and H+ is multiples of 104 cm�3.
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In the topside ionosphere, H+ ions are produced via resonant charge exchange from O+ and a chemical
equilibrium condition [Hanson and Ortenburger, 1961] is attained when

n Hþ½ �=n Oþ½ � ¼ 9=8 n H½ �=n O½ � (1)

At the beginning, one could think of this latitudinal structure of equatorial minimum and low-latitude
increase in HT surface as due to effect of E× B drift on O+ at the equator and the resultant equatorial fountain
or equatorial ionization anomaly (EIA) structure. However, this structure is not observed in either total ion
density (Ni) or O+ density at lower altitudes (450 to 550 km) where the EIA is pronounced than at altitudes
above 550 km. Similarly, this structure in HT and O+ is observed starting from sunrise to local noon but
becomes unclear at afternoon hours where the EIA actually maximizes. Also, this latitudinal structure in
HT and O+ density is observed only during the extremely low solar activity period of 2008–2009, however,
not observed during the slightly higher solar activity period 2010 when the EIA is expected to be stronger.
Therefore, it can be understood that the equatorial fountain process or EIA is not the likely candidate
responsible for this latitudinal structure observed in HT and O+ density.

The observations discussed here show that at the magnetic equator the transition height rises much less
rapidly with local time during the extreme solar minimum than it does during even moderately increased
solar activity levels. They also show that the transition height is increased in altitude by ~100 km at all
locations in the equatorial region. We can conclude that over the altitude regions we have considered the
satellite is much closer to the F peak during the moderately increased solar activity levels than during the
extreme solar minimum. In the following discussion we consider separately the regions away from the
magnetic equator and those very close to the magnetic equator.

In the regions away from the magnetic equator, after sunrise the O+ concentration rises rapidly and the H+,
which is produced by charge exchange between O+ and neutral H, flows upward to occupy a large flux tube
volume above the observation altitude. At extremely low levels of solar activity the observations are taken
at altitudes much above the F peak. At sunrise the plasma distribution departs significantly from diffusive
equilibrium and the transition height rises rapidly as O+ is produced by photoionization. The H+, produced by
charge exchange, begins to fill the flux tubes, and the transition height is gradually lowered as a state of
diffusive equilibrium for O+ and H+ is reached until it drops sharply at sunset. For more moderate levels of solar
activity, the observations are made closer to the F peak and a state of diffusive equilibrium is reached more
rapidly. Thus, the transition height rises in accord with the O+ production rate and drops at sunset as expected.

In regions very close to the magnetic equator, the flux tube volumes are quite small compared to the regions at
higher latitudes. Thus, after sunrise the plasma reaches a state of diffusive equilibrium much more rapidly. At
extremely low solar activity, this equilibrium is observed in a region where the neutral O/H ratio is small and
the flux tube volume is small. In this case the O+/H+ transition height evolves in the same way as the neutral
transition height. Note, for example, the depletion of O+ and enhancement in H+ density that is evident around
550–650 km in Figure 4. Under these conditions the transition height raises throughout the day as the neutral
temperature rises and drops dramatically at sunset as recombination ofO+ dominates the plasma distribution. At
more moderate levels of solar activity the diffusive equilibrium behavior is observed where the neutral O/H
ratio is larger and the transition height varies with time in much the same way as at other latitudes. We note that
it is the unique combination of small flux tube volume between the F peak and the magnetic apex height and
the relatively large neutral hydrogen concentration in this volume that leads to the significant minimum in
the transition height at the equator and to the dramatically different evolution of the transition height with local
time. However, this hypothesis could be investigated further, perhaps, by model simulations.

4. Conclusions

A detailed study on the ionospheric upper (O+/(H+ +He+)) transition height and its latitudinal and local time
variability during the equinoctial months of deep solar minimum period 2008–2009, as well as in more
moderate but low solar activity in 2010, is carried out using C/NOFS-CINDI ion composition measurements.
The transition heights are increased by ~100 km from 2008–2009 to 2010 though the solar activity is only
increased marginally. The transition heights (HT) at low latitudes generally exhibit a rapid increase after
sunrise; however, the rate of increase of HT over equator is significantly lower than at latitudes displaced
from the equator. This difference in the temporal gradients of HT between equatorial and low latitudes is
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predominantly seen during the deep solar minimum period of 2008–2009. As a result, the latitudinal variation
of HT surface exhibits a pronounced minimum over equatorial latitudes that persist from sunrise to local
noon. This interesting latitudinal shape of HT surface is more conspicuous during 2008–2009 and becomes
less significant during 2010. The latitudinal, altitudinal, and local time variations of total ion density (Ni),
temperature (Ti), and O+ and H+ densities suggest that this latitudinal structure of HT surface is not related to
plasma dynamics of the equatorial anomaly. A clear depletion of O+ and simultaneous enhancement of H+ at
equatorial latitudes suggest that the resonant charge exchange reaction between O and H dominates the
observations between 550 and 650 km during the deep solar minimum period of 2008–2009. The unique
combination of small flux tube volume between the F peak and the magnetic apex height and the relatively
large neutral hydrogen concentration in this volume leads to the unique latitudinal shape and temporal
evolution of the transition height surface during extreme solar minimum.

References
Bilitza, D., B. W. Reinisch, S. M. Radicella, S. Pulinets, T. Gulyaeva, and L. Triskova (2007), Improvements of the International Reference

Ionosphere model for the topside electron density profile, Radio Sci., 41, RS5S15, doi:10.1029/2005RS003370.
Gonzalez, S. A., B. G. Fejer, R. A. Heelis, and W. B. Hanson (1992), Ion composition of the topside equatorial ionosphere during solar minimum,

J. Geophys. Res., 97, 4299–4303, doi:10.1029/91JA03111.
Hanson, B. W., and B. I. Ortenburger (1961), The coupling between the protonosphere and the normal F region, Planet. Space Sci., 24, 229–245.
Heelis, R. A., W. R. Coley, A. G. Burrell, M. R. Hairston, G. D. Earle, M. D. Perdue, R. A. Power, L. L. Harmon, B. J. Holt, and C. R. Lippincott (2009),

Behavior of the O
+
/H

+
transition height during the extreme solar minimum of 2008, Geophys. Res. Lett., 36, L00C03, doi:10.1029/

2009GL038652.
Hysell, D. L., J. L. Chau, and J. D. Huba (2009), Topside measurements at Jicamarca during solar minimum, Ann. Geophys., 27, 427–439.
Kutiev, I., and P. Marinov (2007), Topside sounder model of scale height and transition height characteristics of the ionosphere, Adv. Space

Res., 39, 759–766.
Kutiev, I., R. A. Heelis, and S. Sanatani (1980), The behaviour of the O

+
-H

+
transition level at solar minimum, J. Geophys. Res., 85, 2366–2372,

doi:10.1029/JA085iA05p02366.
Kutiev, I., S. Stankov, and P. Marinov (1994), Analytical expression of O

+
-H

+
ion transition surface for use in IRI, Adv. Space Res., 14, 135–138.

Marinov, P., I. Kutiev, and S. Watanabe (2004), Emperical model of O
+
-H

+
transition height based on topside sounder data, Adv. Space Res., 34,

2021–2025.
Miyazaki, S. (1979), Ion transition height distribution obtained with the satellite Taiyo, J. Geomagn. Geoelectr., 31, 113–124.
Reinisch, B. W., P. Nsumei, X. Huang, and D. K. Bilitza (2007), Modeling the F2 topside and plasmasphere for IRI using IMAGE/RPI and ISIS data,

Adv. Space Res., 39, 731–738.
Titheridge, J. E. (1976), Ion transition heights from topside electron density profiles, Planet. Space Sci., 24, 229–246.
Tulasi Ram, S., S.-Y. Su, C. H. Liu, B. W. Reinisch, and L.-A. McKinnell (2009), Topside ionospheric effective scale heights (HT) derived with ROCSAT-1

and ground-based ionosonde observations at equatorial and midlatitude stations, J. Geophys. Res., 114, A10309, doi:10.1029/2009JA014485.
Tulasi Ram, S., C. H. Liu, S. Y. Su, and R. A. Heelis (2010), A comparison of ionospheric O

+
/light-ion transition height derived from ion-composition

measurements and the topside ion density profiles over equatorial latitudes, Geophys. Res. Lett., 37, L20107, doi:10.1029/2010GL045199.
Webb, P. A., R. F. Benson, and J. M. Grebowsky (2006), Technique for determining midlatitude O

+
/H

+
transition heights from topside

ionograms, Radio Sci., 41, RS6S34, doi:10.1029/2005RS003391.
Yue, X., W. S. Schreiner, J. Lei, C. Rocken, Y.-H. Kuo, and W. Wan (2010), Climatology of ionospheric upper transition height derived from

COSMIC satellites during the solar minimum of 2008, J. Atmos. Sol. Terr. Phys., 72(17), 1270–1274, doi:10.1016/j.jastp.2010.08.018.

Journal of Geophysical Research: Space Physics 10.1002/2014JA020647

TULASI RAM ET AL. ©2015. American Geophysical Union. All Rights Reserved. 9

Acknowledgments
This work is supported by Department
of Science and Technology, Government
of India through project GITA/DST/TWN/
P-47/2013. The CINDI data are provided
through the auspices of the CINDI team
at the University of Texas at Dallas
supported by NASA grant NAS5-01068
and available at http://cindispace.
utdallas.edu/.

Alan Rodger thanks Dieter Bilitza and
Stanimir Stankov for their assistance in
evaluating this paper.

http://dx.doi.org/10.1029/2005RS003370
http://dx.doi.org/10.1029/91JA03111
http://dx.doi.org/10.1029/2009GL038652
http://dx.doi.org/10.1029/2009GL038652
http://dx.doi.org/10.1029/JA085iA05p02366
http://dx.doi.org/10.1029/2009JA014485
http://dx.doi.org/10.1029/2010GL045199
http://dx.doi.org/10.1029/2005RS003391
http://dx.doi.org/10.1016/j.jastp.2010.08.018
http://cindispace.utdallas.edu/
http://cindispace.utdallas.edu/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


