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Abstract We present observations of the topside ionosphere made at the Jicamarca Radio Observatory
in March and September 2013, made using a full-proﬁle analysis approach. Recent updates to the
methodology employed at Jicamarca are also described. Measurements of plasma number density, electron
and ion temperatures, and hydrogen and helium ion fractions up to 1500 km altitude are presented for
3 days in March and September. The main features of the observations include a sawtooth-like diurnal
variation in ht , the transition height where the O+ ion fraction falls to 50%, the appearance of weak He+
layers just below ht , and a dramatic increase in plasma temperature at dawn followed by a sharp
temperature depression around local noon. These features are consistent from day to day and between
March and September. Coupled Ion Neutral Dynamics Investigation data from the Communication
Navigation Outage Forecast System satellite are used to help validate the March Jicamarca data. The
SAMI2-PE model was able to recover many of the features of the topside observations, including the
morphology of the plasma density proﬁles and the light-ion composition. The model, forced using
convection speeds and meridional thermospheric winds based on climatological averages, did not
reproduce the extreme temperature changes in the topside between sunrise and noon. Some possible
causes of the discrepancies are discussed.
1. Introduction
This is an examination of the topside equatorial ionosphere made possible by some recent improvements
in hardware and software at the Jicamarca Radio Observatory. We follow Banks et al. [1976] by deﬁning the
protonosphere as that region above 2000–3000 km altitude where H+ is the dominant thermal ion and all
reaction processes can be neglected. The topside ionosphere is then that part of the ionosphere above the
F2 peak and below the protonobase, where multiple ion species exist and where chemistry competes with
transport in determining composition. Heat transport meanwhile dominates local heating and cooling in
the topside and includes both thermal conductivity and energetic electron transport. (Below the F peak,
chemical production and loss and heating and cooling essentially balance locally.) At low latitudes, the topside ionosphere is conﬁned to the inner plasmasphere, whereas at middle and high latitudes, it resides in
the outer plasmasphere and outside the plasmasphere, respectively.
The properties of the equatorial topside ionosphere are strongly inﬂuenced by the geomagnetic ﬁeld which
inhibits vertical transport locally. Since the magnetic ﬁeld does not appear in the Hamiltonian of the plasma,
it cannot aﬀect the equilibrium conﬁguration of the ionosphere. It can, however, retard the approach
to equilibrium and eﬀectively prevent it from being reached. Stark diﬀerences between the topside at
equatorial and middle latitudes is evidence of the eﬀect.
Topside light-ion composition at middle latitudes was studied by González and Sulzer [1996] during equinox,
solar minimum conditions. They found that oxygen, hydrogen, and helium ions behave in accordance with
1-D diﬀusive equilibrium (i.e., hydrostatic balance mediated by the parallel ambipolar electric ﬁeld). Oxygen
and hydrogen ions undergo resonant charge exchange, with the former (latter) serving as a source for the
latter (former) during the day (at night). The O+ /H+ transition height (ht , the altitude where the O+ fraction
falls below 50%) exhibited a diurnal variation between about 500 km and 1200–1400 km. The He+ ion fraction maximized near ht at 10–20%. (Under high solar ﬂux conditions, He+ abundances increase dramatically
at middle latitudes, and He+ can become the dominant species near ht [González et al., 2004; West, 2009]).
Under conditions of extremely low solar ﬂux, ht decreases further [Heelis et al., 2009; Aponte et al., 2013].
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Heelis et al. [1990] studied He+ abundances during solar minimum at middle and low latitudes on the basis
of data from the DE 2 satellite. They identiﬁed a deep minimum in He+ at the magnetic equator, where He+
is always a minor species. They attributed this to E × B drifts at the equator which plunge the ionosphere
to low altitudes each day, removing He+ through recombination and preventing the accumulation of the
species over multiday intervals. A controlling role for electric ﬁelds (and, by extension, thermospheric winds)
at the equator was therefore implied. González et al. [1992] examined AE-E satellite data during solar minimum and found the equatorial ht to vary between 750–825 km during the day and 550–600 km at night.
He+ was highly variable, always a minor species and exhibited peak daytime densities of about 103 cm−3
near 500 km altitude.
A number of studies have concentrated on the role of interhemispheric (meridional) winds and the adiabatic heating and cooling of the topside ionosphere at low latitudes, particularly near the solstices [Rishbeth
et al., 1977; Bailey and Heelis, 2000; Venkatraman and Heelis, 1999, 2000]. These studies identiﬁed a topside temperature trough near the dip equator. Balan et al. [1997] associated the nighttime trough not with
meridional winds but with the adiabatic expansion of the plasma driven by the prereversal enhancement
of E × B convection. Bailey [1983] also studied the eﬀect of E × B convection and found that there were signiﬁcant eﬀects on plasma density and temperature during the day but not at night. Bailey et al. [1993] were
able to reproduce the morphology of the equatorial topside during the day in simulation but not at night
unless the neutral winds were assumed to be small (zero).
In addition to heating by expansion and contraction, Varney et al. [2011] considered the relative eﬀects
of local heating and cooling, transverse and parallel advection, thermal conduction, and photoelectrons
in establishing equilibrium topside ionospheric temperatures at the magnetic equator. Thermal conduction (down magnetic ﬁeld lines) and energetic electron transport (up) were found to be the main heating
agents in the topside, working together to balance local cooling. The energetic electron transport treatment was oversimpliﬁed, and so Varney et al. [2013] reexamined the problem, this time incorporating an
energetic electron transport code in their numerical analysis (see below). In both studies, small variations in
the density and height of the F layer were found to be able to shift the heat balance appreciably by regulating the penetration of energetic electrons into the topside, implying signiﬁcant sensitivity of the topside
thermal structure to electric ﬁelds and thermospheric winds and the development of the F region at oﬀequatorial latitudes.
A limited number of incoherent scatter data were available for the aforementioned studies, and those data
suﬀered from certain systemic deﬁciencies which have since been corrected. In this paper, we undertake a
more exhaustive study of the topside over Jicamarca during equinox conditions in 2013 when the F10.7 solar
ﬂux index was low but not exceptionally so (95–125). After describing the manner of data acquisition and
analysis, which has undergone improvement in recent years, representative data are presented. These are
compared with a numerical model (SAMI2-PE), and the overall data/model agreement is assessed.

2. Experimental Method
Jicamarca topside data are analyzed using a “full-proﬁle” approach like the one outlined by Holt et al. [1992]
only with a few adaptations. This is in contrast to the “gated” analyses more routinely applied to incoherent
scatter data. The motivations for using full-proﬁle analysis with Jicamarca topside data were given by Hysell
et al. [2008] and Hysell et al. [2009]. Our analysis yields estimates of topside electron and ion temperatures
and light ion composition in addition to plasma density. A few special complications enter in the analysis of
data from Jicamarca as described below.
The incoherent scatter experiment used for topside research at Jicamarca interleaves the traditional
double-pulse Faraday rotation experiment developed by Farley [1969b] and Pingree [1990] with a long-pulse
experiment. The long pulse is typically 1.6 ms long, and the combined experiment incorporates the transmission of one long pulse and two double-pulse pairs every 40 ms. Samples are acquired at a rate which
is a multiple of 10 kHz, but digital boxcar averaging during data processing reduces the sample interval
to 100 μs. The long-pulse data provide most of the information about the topside. The double-pulse data
are useful for estimating ionospheric state parameters in the bottomside and near the F peak. Faraday
rotation information from the double-pulse mode also provide a means of absolute density calibration
[Farley, 1969a].
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The full-proﬁle analysis is a global optimization in which the ionospheric state
parameter proﬁles (plasma number density, electron and ion temperature, and
light ion fractions) are found which minimize the discrepancy between predicted
and measured data along with certain
other cost or regularization parameters.
The data are the measured lag product
estimates along with their experimental
variances, which arise from the stochastic nature of the radar data and the use of
ﬁnite time averages as proxies for ensemble averages. While estimates of the full
error covariances could well be used in
the analysis, only the variances are used
in our analysis at the present time. The
analysis is carried out using the formulas
Figure 1. Six representative (of 16 possible) ambiguity functions for
in Hysell et al. [2008], who also describes
the long-pulse experiment. Plotter symbols indicate sample points
for numerical quadrature (see text). For our experiments, lags are
how error analysis is performed. While
separated by 𝜏 = 100 μs and ranges by c𝜏∕2 = 15 km intervals.
neglecting the oﬀ-diagonal part of the
error covariance matrix introduces inaccuracy in the overall error analysis, it should not bias the results signiﬁcantly [Huuskonen and Lehtinen, 1996].
The error norm that is minimized is the usual chi-square parameter.
State parameter proﬁles are speciﬁed at certain discrete altitudes and then computed as continuous functions of altitude, as necessary, using interpolation. In our algorithm, cubic B-spline interpolation is used [see,
e.g., De-Boor, 1978]. Each state variable is speciﬁed at typically 25 equally spaced (cardinal) knots.
Predictions of the lag products are computed from the state parameter proﬁles using standard incoherent
scatter theory for magnetized ionospheric plasmas at small magnetic aspect angles, including the eﬀects of
Coulomb collisions [see Sulzer and Gonzalez, 1999; Woodman, 2004; Milla and Kudeki, 2006]. Incoherent scatter theory can be used to predict the radar scattering cross section and autocorrelation function at a given
altitude for a given lag time. Combining these into lag product predictions necessitates the speciﬁcation of
the range-lag ambiguity functions, the instrument functions of the incoherent scatter radar [see, for example, Lehtinen, 1986; Lehtinen and Huuskonen, 1996; Nygrén, 1996]. (General treatments of the complete radar
instrument function can be found in reviews by Woodman [1991] and Lehtinen and Huuskonen [1996]).
Figure 1 represents graphically six of the 16 lag products that deﬁne the long-pulse radar mode. The ambiguity functions are the averaging kernels that relate the scattering autocorrelation function, a continuous
function of range and lag time, to the discrete lag products estimated in incoherent scatter radar (ISR) experiments. Gray scales in Figure 1 denote the weight. The shapes of the ambiguity functions depend on the
transmitted pulse shape and the impulse response function of the receiver. Here the ambiguity functions
are calculated just once at the start of data processing on the basis of measurements of the radar system
and stored for later use in a table. Recent upgrades to the transmit and receive chains at Jicamarca have rendered the transmitted pulse and the receiver impulse response functions to be precisely box-car shaped for
all intents and purposes.
The plotter symbols in Figure 1 give the positions of the discrete samples to be used in the theoretical prediction of the lag products, which requires numerical quadrature. Figure 2 illustrates our quadrature scheme
in more detail. To the left are shown the weights for a uniform sample grid in two dimensions following
Simpson’s rule for numerical integration (which are just the product of the weights for one-dimensional
numerical integration). We have found no appreciable change in the computational results when doubling
the density of sample points in range and in lag compared to what is depicted in Figure 1. We have furthermore found no appreciable change in results when replacing the weights from Simpson’s method with the
sparse-grid approximation shown to the right of the ﬁgure.
HYSELL ET AL.

©2015. American Geophysical Union. All Rights Reserved.

3901

Journal of Geophysical Research: Space Physics

10.1002/2015JA021168

Figure 2. (left) Two-dimensional quadrature scheme based on Simpson’s rule. (right) Simpliﬁed quadrature scheme using
coarse, sparse sampling.

In practice, the autocorrelation functions are evaluated at every range and lag of interest, tabulated, and
then used, together with the tabulated ambiguity function weights, to compute the predicted lag proﬁles.
As the ambiguity functions for diﬀerent lag products overlap, most autocorrelation function values are used
multiple times.
The range-lag ambiguity functions describe two dimensions of a three-dimensional averaging kernel important for interpreting data from Jicamarca. The third dimension is that of magnetic aspect angle. Jicamarca
illuminates a span of magnetic aspect angles approximately 1◦ wide, and the aspect-angle variation of the
radar scattering cross section and autocorrelation function generally must be considered in the aforementioned numerical quadrature [e.g., Milla and Kudeki, 2011; Kudeki and Milla, 2011]. The relevant controlling
function for volume scatter is the backscatter gain [Bowles et al., 1962]. Calculations of the backscatter gain
for Jicamarca show that the function, with its dependence on hour angle integrated away, is reasonably
well approximated by a Gaussian function with a half width of 𝜎 = 0.62◦ . A quadrature scheme based on
Gauss-Hermite integration is indicated. A three-point rule places samples at the midpoint of the beam and
at the midpoint ±1.225𝜎 with corresponding weights of 1.18 and 0.295. While this consideration is very
likely important for experiments conducted with Jicamarca’s on-axis antenna position, it has not been found
to be important at the 4.5◦ position used for the experiments described here.
The optimization algorithm is iterative and relies upon a good initial guess for success. The initial guess
for the electron density proﬁle is derived in part from the zero-lag proﬁle. The transmitted pulse shape is
deconvolved from this proﬁle to yield an estimate of the power proﬁle with good range resolution. Deconvolution is performed using Tikhonov regularization [see, e.g., Menke, 1984; Tarantola, 1987; Aster et al.,
2005]. Although the deconvolution problem is linear, we solve it iteratively, using a nonnegative least
squares algorithm which only admits nonnegative solutions [Lawson and Hanson, 1987]. The power proﬁle thus obtained is combined with the power proﬁle from the double-pulse experiment, which is accurate
at lower altitudes. Power is converted to electron density taking into account the eﬀects of range and the
inﬂuence of the electron-ion temperature ratio on the scattering cross section. Finally, the density proﬁle is
normalized to the proﬁle obtained from Faraday rotation.
Initial guesses for the electron and ion temperature and the proton fraction are obtained using a grid search.
Of the order of 1000 candidate proﬁle sets are examined, a chi-square value calculated for each one. The
proﬁle set with the minimum chi-square becomes the initial guess. The candidate functions are derived from
simple, parameterized functions inspired by proﬁle shapes found using radar experiments based on coded
pulses. The grid search typically yields an initial guess with a model prediction error (chi-square divided by
the number of data) no more than about 2.
During iteration, the penalty function being minimized includes chi-square plus 10 regularization parameters. Regularization is necessary to reduce the solution space of the optimization problem, which is
mixed determined and to improve stability and guarantee convergence. Five of the regularization parameters minimize the curvature of the ﬁve state parameter proﬁles. Five more parameters constrain the ion
HYSELL ET AL.
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Figure 3. Incoherent scatter measurements for 11–13 March 2013. (left column) Electron density, H+ ion fraction, and He+ ion fraction. (right column) Electron
temperature and ion temperature. UT = LT + 5 h. White space denotes missing data.

temperature at low altitudes, the proton fraction at high altitudes, the Te ∕Ti ratio (which should not be less
than 1), the oxygen ion fraction (which should be between 0 and 100%), and the He+ abundance, which is
only predicted to the extent there is support for it in the data.
Optimization is performed iteratively using a Levenberg Marquardt scheme [Levenberg, 1944; Marquardt,
1963]. Iteration to convergence generally produces ﬁts to the data with a model prediction error close to 1,
implying that the ﬁtting has been neither overregularized nor under-regularized.
At present, we make no provisions for assigning diﬀerent temperatures to diﬀerent ion species. This is
potentially an important eﬀect, particularly around sunrise, and its neglect may be introducing a bias in
helium ion concentration estimates [Sulzer and González, 1996]. The problem remains to be addressed in
the future.

3. Experimental Results
Experiments were conducted in March and September 2013 with the results shown in Figures 3 and 4,
respectively. We plot all of the data collected during the two 3 day campaigns. Data gaps arise from brief
transmitter outages, echoes from debris and other clutter, and from coherent echoes associated with
equatorial spread F, which is practically ubiquitous after sunset during equinox. The F10.7 solar ﬂux index
was 125 (95) during the March (September) experiments.
HYSELL ET AL.
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Figure 4. Same as Figure 3 except for 9–11 September 2013. UT = LT + 5 h.

The most important characteristics of the data are as follows:
1. The ht follows a diurnal pattern with a sawtooth shape. The transition height varied between 600–1100
km in March and 600–1000 km in September.
2. A layer of He+ resides just below ht and is most evident in the morning. The He+ fraction was always less
than 10%, and the layer was stronger in March than September.
3. The electron temperature in the topside undergoes a strong maximum for a few hours after dawn,
exhibits a local minimum around midday, and then exhibits a local maximum in late afternoon before
assuming its nighttime minimum, when the temperatures are equal and uniform. Topside temperatures
were somewhat higher in March than September.
4. The electron temperature greatly exceeds the ion temperature in the F 1 region throughout the day and
near the F peak brieﬂy at sunrise.
A limited validation of the Jicamarca analysis has been performed by comparing the results with measurements from the Coupled Ion Neutral Dynamics Investigation (CINDI) instrument on the Communication
Navigation Outage Forecast System (C/NOFS) satellite during close conjunctions of the satellite orbit with
the volume probed by Jicamarca occurring in March 2013. The CINDI instrument includes a retarded potential analyzer and ion drift meter [see, e.g., Heelis and Hanson, 1998]. The former provides estimates of plasma
number density, composition, and ion temperature.
Figure 5 shows the results of comparing CINDI and Jicamarca data directly during conjunctions which
occurred near sunrise. Overall, the agreement appears to be satisfactory over a broad range of topside
HYSELL ET AL.
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Figure 5. Comparison of Jicamarca and CINDI measurements during C/NOFS satellite conjunctions in March 2013. From
top to bottom: (ﬁrst row) Electron number density. (second row) Ion temperature. (third row) Hydrogen ion fraction.
(fourth row) Helium ion fraction. (ﬁfth row) C/NOFS satellite altitude during conjunctions. UT = LT + 5 h.

altitudes. There appears to be a tendency for Jicamarca to show lower ion temperatures than CINDI above
about 700 km altitude, although the data are too few in number to support the idea of a trend. A more
extensive database is presently being assembled for more complete validation.

4. Model and Analysis
For analysis, we use the SAMI2-PE ionospheric model which is based on SAMI2 (SAMI2 is Another Model of
the Ionosphere) [Huba et al., 2000]. SAMI2 incorporates neutral parameters and forcing from the NRLMSIS00
(Naval Research Laboratory Mass Spectrometer and Incoherent Scatter 2000) and HWM93 (Horizontal Wind
Model 1993) empirical models and then solves self-consistently for plasma density, temperature, and composition in two dimensions in a nonorthogonal, corrected magnetic dipole coordinate system. Additional
forcing is imported from the empirical E × B drift model of Scherliess and Fejer [1999].
SAMI2 models seven ion species plus electrons, taking into account 28 chemical reactions in addition to
photo-production of O+ , He+ , N+2 , and O+2 . Nighttime photo-production sources are considered. The chemical reactions modeled by SAMI2 most critical for the topside include the photo-production of helium
ions, charge exchange between oxygen and hydrogen, and helium-ion recombination via interaction with
molecular oxygen and molecular nitrogen.
SAMI2 solves the conservation equations corresponding to the ﬁrst ﬁve moments of the Boltzmann
equation, assuming Maxwellian distribution functions, and with a heat ﬂow vector prescribed by Fourier’s
law [see, e.g., Schunk and Nagy, 2004]. Ions in the model are heated by electrons, exchange heat between
themselves, and are cooled by the neutrals locally, while heat is transported by conduction parallel to B,
advection parallel to B, and convection perpendicular to B. Thermal electrons are heated by photoelectrons
(see below) and cooled by neutrals and ions locally, while heat is transported by conduction parallel to B
and convection perpendicular to B. Quasi-neutrality is mediated by the ambipolar electric ﬁeld, but parallel
currents are not considered explicitly.
HYSELL ET AL.
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Figure 6. SAMI2-PE model simulations of the March 2013 Jicamarca incoherent scatter data plotted using the same format as Figure 3. UT = LT + 5 h.

SAMI2 splits parallel and perpendicular transport into successive operations. The latter operation is governed by magnetic dipole geometry and prescribed vertical E × B drifts. The thermodynamic eﬀect of
perpendicular convection due to E × B drifts is introduced by making electron and ion number density and
temperature inversely proportional to the volume of the ﬂux tube element the plasma inhabits. This implied
adiabatic heating and cooling with 2 degrees of freedom. The eﬀects of zonal transport are not considered
in this 2-D model.
The SAMI2 model was augmented recently with an expanded treatment of energetic electron transport by
Varney et al. [2012]. This model considers electron transport with multiple pitch angle streams and includes
cascade and pitch angle scattering eﬀects as well as provisions for secondary ionization and degradation
through elastic and inelastic collisions.
Simulations were run for the conditions of the March and September 2013 experiments at Jicamarca, and
the results are shown, respectively, in Figures 6 and 7. The simulations begin from “cold starts” and require
approximately 24 h to reach dynamic equilibrium. We regard the latter portions of the simulations as being
most meaningful. The model is not data driven here but yields results expected to be representative of the
climatology. It is not expected to reproduce day-to-day variability.
Note that the simulation is able to predict diﬀerent temperatures for diﬀerent ions. The ion temperature
plotted in this paper are for oxygen ions. Hydrogen ions are found to be up to about 5% warmer than oxygen ions at some altitudes brieﬂy during the morning heating phase. This is a small diﬀerence which justiﬁes
ﬁtting the ISR data for single-ion temperatures.
HYSELL ET AL.
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Figure 7. Same as Figure 6 only for September 2013 conditions. UT = LT + 5 h.

In many respects, the simulations capture the salient features of the Jicamarca data sets, including the gross
diurnal variations in the electron and ion temperature, the plasma density, and the light-ion composition.
Observed and simulated plasma number densities share very similar morphologies, in particular. The diurnal behavior of ht in simulation is similar to what is observed although it is somewhat higher in simulation,
varying between about 700–1100 km in the March runs and 600–1200 km in the September runs. Moreover,
the oxygen ion fraction remains signiﬁcant at the highest altitudes shown in simulation during the daytime
whereas it is always a minor constituent at 1500 km altitude in the observations.
The morphology of the He+ layers in the simulations is also similar to what is observed in the ISR measurements. Helium ion abundance is the greatest in the early morning in a layer that rises and falls with ht .
Helium ion densities are greater in the March run than in the September run. The simulated He+ densities
are somewhat greater than what is observed, particularly in the March run which also places the layer at
somewhat higher altitudes. These discrepancies are consistent since the charge exchange reactions that
remove helium ions run more slowly at higher altitudes.
The simulated electron and ion temperatures are similar to radar observations in the bottomside but differ markedly in the topside. The simulated temperatures are considerably lower than observations around
sunrise and then signiﬁcantly higher throughout much of the rest of the day. The midday temperature minimum in simulation is relatively modest compared to what is observed and is conﬁned to altitudes below
about 1300 km.
HYSELL ET AL.
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Figure 8. Measured and modeled proﬁles for six local times during the 12 March 2013 experiments. Experimental and model results are shown with and without
error bars, respectively. In the leftmost panel in each case, red and black curves represent electron and ion temperatures, respectively. In the rightmost panels in
each case, black, blue, and green curves represent electron density, H+ fraction, and He+ fraction proﬁles, respectively. UT = LT + 5 h.

A more detailed comparison between the Jicamarca and SAMI2-PE results is made in Figure 8 which shows
measured and modeled state parameter proﬁles for six diﬀerent local times extracted from 12 March
2013. The measured and simulated electron density proﬁles can be seen here to be remarkably similar,
although there is a tendency for the simulation overestimate topside electron densities at night while
HYSELL ET AL.
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underestimating them around midday. The measured and simulated
composition proﬁles exhibit similar trends generally. The simulations
reproduce the measured transition
height ht closely most of the time
but underestimate the hydrogen ion
fraction at the highest altitudes.
The most signiﬁcant discrepancy is
in the electron and ion temperature
proﬁles between sunrise and midday. Whereas the ISR measurements
Figure 9. Comparisons of modeled (solid lines) and measured (plotted
exhibit a drastic downward swing
symbols) of electron (black) and ion (red) temperatures at an altitude of
in topside temperatures (2000 K or
600 km for the 12 March 2013 period. UT = LT + 5 h.
more) in the early morning hours, the
simulations predict more gradual variations. This is illustrated in Figure 9, which compares modeled and
measured temperatures at 600 km altitude on 12 March 2013. The 600 km altitude was chosen because
the eﬀect is clear here. The ﬁgure also illustrates how measured ionospheric temperatures increased from
their nighttime value an hour before local sunrise, a feature which was not captured in by the model and
which can most likely be attributed to the eﬀects of zonal transport. The measured electron temperatures
are markedly greater than the ion temperatures in the afternoon. Finally, measured plasma temperatures are
uniform throughout the night whereas the model predicts decreasing temperatures throughout the night.
Further insight into the thermodynamics of the topside can be gained by examining the most important
components of the thermal forcing of the electrons. Figures 10a and 10b illustrate the electron heating
rates at the magnetic equator for various mechanisms included in SAMI2-PE for the times and conditions
depicted in Figures 9a and 9b, i.e., shortly after sunrise and around midday, respectively. Electron heating
is via energetic electrons transported upward along magnetic ﬁeld lines from the F 1 region where they
are principally created. In the topside, this heating is balanced mainly by thermal conduction back down

Figure 10. Electron heating rates calculated for the conditions and times shown in Figures 8a and 8b. Solid (dashed)
lines imply heating (cooling) rates. Curves depict the eﬀects of electron-neutral collisions (black), electron-ion collisions
(blue), heat conduction (cyan), transverse convection (violet), and energetic electrons (red). UT = LT + 5 h.
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the ﬁeld lines in the direction of the F peak. In Figure 10a, these two mechanisms nearly balance throughout most of the topside, with cooling through electron-ion collisions in the highly rareﬁed plasma only
becoming signiﬁcant below about 600 km.
Heating by energetic electrons causes a substantial increase in plasma temperature in the topside at dawn
when the plasma is rareﬁed and the heat capacity is low. Temperatures subsequently decrease as topside plasma density and heat capacity increases. Furthermore, with increasing topside plasma density and
decreased electron mean free paths, energetic electron transport to the magnetic equator becomes somewhat less eﬃcient. Electron heating in the topside is balanced by thermal conduction, ion cooling (to a
greater extent than was the case earlier), and signiﬁcantly by transverse convection. The last mechanism is
associated with E × B drifts and the daily rapid ascent of the equatorial ionosphere. In simulation, this mechanism is the main agent for electron temperature reduction near the base of the topside for a few hours
after sunrise.
More precisely, the plasma temperature in Figure 9 reﬂects the behavior of the equatorial ionization
anomaly (EIA) which ﬁlls during the day as plasma is transported poleward under the action of the fountain
eﬀect and empties in the evening as the fountain eﬀect reverses, partially reﬁlling the equatorial ionosphere.
The temperature peak between 1000 and 1300 UT (0500 and 0800 LT) corresponds to a time when the E × B
drift is weak and the EIA is undeveloped. Increased E×B drifts between 1300 and 1600 UT (0800 and 1100 LT)
result in increased electron density and decreased temperature at the equator. The EIA subsequently
becomes more developed between 1600 and 2100 UT (1100 and 1700 LT) as plasma is transported away
from the equator, and the temperature increases somewhat as a result. Finally, the reverse fountain reﬁlls
the equatorial ionosphere somewhat between about 2300 and 2400 UT (1800 and 1900 LT), and the plasma
temperature drops once again.
The meridional winds, meanwhile, are essentially convergent at night and divergent during the day, leading
to enhanced F layer densities in the former case and reduced in the latter. The diurnal pattern of the meridional winds, therefore, counters the diurnal pattern of the E × B convection, helping to regulate topside
temperatures in large part. We ﬁnd that the model results can be brought into somewhat better agreement
with the data presented here by (a) scaling the E × B drifts from the Scherliess and Fejer [1999] model by a
factor greater than 1 or (b) by scaling the meridional winds from HWM93 by a factor less than 1. This is not
to suggest that these models are not representative of reality. Rather, we merely highlight the sensitivity of
the model results to forcing which went unmeasured in these cases.
Improving congruity between the model and the data may require augmentation of the transport phenomena included in the model. Blelly and Schunk [1993] compared transport in models based on Maxwellian
distribution functions including 5-, 8-, and 13-moment models along with a 16-moment equation set based
on bi-Maxwellian distributions. They found important diﬀerences between the “standard” ﬁve-moment
treatment and the other treatments at the altitudes of interest here. The eight-moment equations arise from
assuming functional dependencies of the distribution functions on heat ﬂow. This leads to corrections to
the momentum equations pertaining to interspecies heat ﬂow diﬀerences (thermal diﬀusion eﬀects) and
to the energy equations pertaining to interspecies velocity diﬀerences (diﬀusive thermal and thermoelectric eﬀects.) The corrections may be important in the context not only of the polar wind for which they were
considered but also in the equatorial topside.
For example, diﬀusive thermal and thermal diﬀusion eﬀects imply that the electron thermal conductivity
should involve both electron-electron and electron-ion Coulomb collisions, whereas only the former enter
into the heat ﬂow equations used in the ﬁve-moment standard set [Blelly and Schunk, 1993]. The thermal
conductivity decreases when these eﬀects are considered, meaning that the equilibrium electron temperatures in the topside should increase. The thermoelectric eﬀect becomes another potential heat source for
electrons when the return current associated with the energetic electrons is considered. Finally, thermal diffusion leads to upward transport of heavy ions predominantly and to an overall increase in topside plasma
density [Blelly and Schunk, 1993]. As discussed above, this would have the eﬀect of lowering temperatures in
the topside.
Another issue is the neglect of the ambipolar ﬁeld in the treatment of energetic electron transport. The
ambipolar ﬁeld undergoes a regular diurnal variation that should modulate the ability of suprathermal
HYSELL ET AL.
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electrons to penetrate to the topside. A prescription for including the eﬀect was provided by the polar wind
analysis conducted recently by Varney et al. [2014] and references therein.

5. Summary and Conclusion
The full-proﬁle incoherent scatter analysis used at Jicamarca has been updated and is now used routinely
for topside data analysis. The analysis has been simpliﬁed and streamlined and can now run in real time on
a single I7 processor core under nominal experimental circumstances. Experiments performed in March and
September of 2013 during low solar ﬂux conditions yielded state parameter proﬁles to altitudes of about
1500 km with a cadence of about 10 min. Results were consistent from day to day and between March
and September, allowing for the fact that the solar ﬂux index was somewhat higher in March (125) than in
September (95).
The main features of the data sets include a regular, sawtooth-like diurnal variation in the ht transition
height, the appearance of weak helium ion layers just below ht , and drastic elevations in electron and ion
temperatures at sunrise followed by distinct depressions around local noon. This is the ﬁrst unambiguous
measurement of He+ layers at Jicamarca in many years and the ﬁrst time density, temperature, and light-ion
composition have been measured self-consistently.
The SAMI2-PE model recovers the most salient features of the radar data set. The most signiﬁcant discrepancy is the topside electron and ion temperatures which do not exhibit the kind of extremes in simulation
found in the observations. Since we have neither E × B drift nor neutral wind measurements to accompany the model analysis, both drivers are modeled empirically, a factor which may be contributing to
the discrepancy. SAMI2-PE also neglects some potentially important terms in its treatment of electron
thermodynamics—parallel advection and diﬀusive thermal and thermoelectric eﬀects in particular. The
signiﬁcance of these and other neglected phenomena in the equatorial topside remains to be assessed.
It is important to recognize that the plasma temperature in the topside over Jicamarca is controlled by
energetic electron production at oﬀ-equatorial locations, in the midlatitude ionization anomalies notably.
Future modeling studies of this kind will need to incorporate regional in addition to local observations. Networks of ionosondes, HF beacons, and GPS receivers have been deployed to Jicamarca’s longitude sector
in recent years. It should be possible to correlate state parameters in the topside with anomaly development and, perhaps ultimately, to diagnose the condition of the ionosphere regionally on the basis of local
proﬁle measurements.
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