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Abstract

Unlike the conventional representations of the vertical electron density profile N(h)F2 of the F2
layer in the ionosphere around peak density NmF2 by a single-maximum ‘pointed-peak’ function,
this paper introduces the Peak Density Thickness (PDT) formalism, which allows the possibility
for the plasma density at the peak to remain constant within an altitude interval . Several
independent observations support such a ‘broad-peak’ or ‘flat-nose’ concept, including
simultaneous measurements of the sub-peak and super-peak density profiles using different radar
techniques. In particular, profile measurements obtained at the mid-latitude MIT Haystack
observatory by the Millstone Hill Incoherent Scatter Radar (MH-ISR) reveal the presence and
diurnal variation of PDT, ranging from ~ 0 km at nighttime to tens of km at midday. The PDT
measurements by MH-ISR were coordinated with the Digisonde Portable Sounder DPS4D
soundings of the sub-peak ionosphere up to hmF2. Remarkable agreement of these independent
measurements of the lower boundary of the y interval, hmF2, and the peak density, NmF2, is
observed compared to MH-ISR when its ion-line acoustic resonance scattering specification of
N(h) is complemented with an accurate F2 peak plasma-line ordinary Langmuir wave
measurement of NmF2 for the profile calibration. PDT remains highest during the afternoon
hours before starting to decrease after sunset. Case studies demonstrate how PDT can be
estimated from the Digisonde bottomside thickness parameter BO. Allowing for the flat-nose
section y in the F-region profile formalism will improve the accuracy of the topside specification
deduced from ground-based ionosonde measurements.

1 Introduction

The generally accepted wisdom says that the Earth's ionosphere has a well-defined
pointed peak of the ionized gas density due to opposing vertical trends in the ionizing Solar
radiation and the atmospheric density (Fleming, 1902); the peak admits several formal “layer-
like” representations that use various physics-based (e.g., Chapman, 1931) or numerical (e.g., the
quasi-parabolic definition by Croft and Hoogansian, 1968) constructs. Such formal
representations of the pointed peak shape have become quite common in academic literature and
applications, albeit not always matching the observed properties of the ionosphere. A notable
exception was reported in comparative studies by the coordinated bottomside and topside plasma
specifications of the peak height hmF2 using ground and spacecraft ionosondes. Although the
observed O-wave critical frequency of the F2 layer, foF2, matched well during these ground-
spacecraft conjunctions (meaning that the peak densities NmF2 were in agreement), an apparent
discontinuity in the virtual heights h’ near foF2 provided by sub-peak and super-peak sounding
(solid lines in Figure 1, after Jackson et al., 1980) was common, suggesting a gap between the
sub- and super-peak heights hmF2. Remarkably, despite the observed h’ discontinuity, the
combined Ne(h) profile representation of the observations (dashed curve in Figure 1) was still
assumed to follow the commonly accepted layer formalism, even though it would lack physical
justification.
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Figure 1. Reproduced figure (Jackson et al.,1980). Vertical electron profile (dashed line, left
vertical axis) derived from the O-wave virtual ranges (heights) (solid lines, right vertical axis) as
observed upward from the ground and downward from the satellite. Data are for 1651 GMT,
June 10, 1968, Wallops Island, VA.

The disagreements between sub- and super-peak observations of hmF2 have not been
thoroughly investigated on a case-by-case basis in the literature due to the rare occurrences of
such simultaneous measurements by spaceborne topside and ground-based bottomside
ionosondes. A notable study of the monthly median hmF2 values at mid-latitude locations in
North America and Europe was conducted by Nsumei et al. (2010), in which ISIS-2 topside
ionosonde measurements in 1973-1983 were compared to the ground-based ionosonde
measurements 1-2 decades later. Statistically, a fair agreement of hmF2 was reported by that
comparative study, with the exception of spring evening hours when hmF2(top) - hmF2 (bottom)
disagreement of medians reached ~100 km. By this date, the discrepancy remains unexplained
and argued to be a possible artifact of the data acquisition or computation.

Another notable deviation from the commonly accepted peak density profile shape, as
demonstrated in this paper, is seen in the unprocessed N(h) profiles of the ionospheric plasma
above and below hmF2 provided by the Incoherent Scatter Radars (ISR). Open-data availability
of the ionosonde and ISR measurements allows coordinated investigations of the peak density in
the ionosphere with comparisons of the sub-peak and super-peak descriptions provided by
collocated sensor instruments. One such investigation is presented here using the bottom- and
topside profiles acquired by simultaneous measurements from the Millstone Hill ISR (MH-ISR)
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(Evans, 1965; Erickson et al., 1998; 2012) and the collocated Digisonde DPS4D (Reinisch et al.,
2009).

2 Data Acquisition, Selection, and Pre-processing

2.1 Millstone Hill ISR

Inspection of the profile shape in the area of the maximum plasma density in the
ionosphere was possible using the vertical electron density profiles acquired by the Incoherent
Scatter Radar (ISR) at Millstone Hill (MH), operating at MIT Haystack Observatory as part of
the National Science Foundation’s Millstone Hill Geospace Facility. MH-ISR measures the mid-
latitude electron density profile from the E region up into the topside ionosphere. MH-ISR
observes the ionosphere in a wide variety of experiment modes targeting different altitude
regions. For the purpose of this investigation, two MH-ISR modes were used simultaneously to
measure ionospheric parameters, including electron density: (M1) the ion-acoustic resonance that
yields the vertical electron density profile N(h), and (M2) the ordinary-wave Langmuir-mode
plasma resonance technique that produces an accurate peak density NmF2 value in addition to the
entire M1-provided N(h) profile. For brevity, we refer to the M1 mode as ‘ion-line’, and the M2
mode as ‘plasma-line’.

Millstone Hill has operated since 1960 as a mid-latitude incoherent scatter radar facility,
measuring the narrow bandwidth ion-line at E, F, and near topside regions. Beginning in 2015,
software radio and radar technique advances allowed routine observation of the very weak
plasma line resonance, located up to several MHz or more away from the ion-line center
frequency at typical mid-latitude ionospheric electron densities. Accordingly, we searched in
the Madrigal database for full Millstone Hill electron density profiles that would also include
both bottomside and topside parts and that included both ion line and plasma line observations.
Up until 2022, there are ~ 40 days where ion line full electron density profile measurements were
computed and archived. Of these experiments, only a few days have a continuous 24-hour
timeline of the full profile due to facility funding limitations. June 22, 2016 is one of these days
selected for this study.

The selected MH-ISR ion-line profiles on June 22nd, 2016, employed an alternating code
with phase-modulated pulses (Lehtinen and Haggstrom, 1987) optimized to measure the
bottomside and the lower topside electron density profiles with an effective altitude resolution of
~4.5 km in the E region, slowly increasing with altitude. For the plasma-line mode, we also
selected the concurrent data measured around the exact same times the ion acoustic profiles were
measured. The plasma-line measurements are only available in the daytime due to the need for
the presence of photoelectrons which enhance the strength of the Langmuir mode to detectable
levels (Showen, 1979). Therefore, we selected only daytime plasma-line NmF2 for this study.

The main MH-ISR data products in the Madrigal databases undergo significant
processing to form a calibrated, cleaned, verified Level 2 observation result. One of the
commonly used Level-2 products in the Madrigal databases is subjected to so-called ‘gridded
data transformation’, in which the electron density profile is averaged and fitted into a uniform
15-minute time cadence and a standard constant altitude grid with the fixed upper altitude
boundary of 548 km. The MH-ISR gridded data transformation uses several techniques beyond
the scope of this investigation, including a cubic spline fit that adheres to the classic pointed-
peak profile shape at NmF2 in order to produce the output product (Holt, 2008). Since we are
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looking for deviations from the classic shape formalism, the MH-ISR source N(h) profiles prior
to their gridded transformation need to be retrieved from the Madrigal database. Not only do
these records contain the profile information before averaging, calibrating, and rebinning, but
also they are more likely to be simultaneous with collocated Digisonde measurements because of
their instantaneous rather than 15-minute average nature. Also, the instantaneous ion line mode
has higher altitude resolution compared to the gridded data mode, and this is useful for
comparisons in this study.

Analysis of the source Ne profiles from MH-ISR requires significant instrument expertise.
Figure 2 is an example of the overlaid source and binned profiles that illustrates the challenges of
data analysis required to promote this data product to the next Level 2 category.
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Figure 2. Comparison of the MH-ISR observed source N(h) profile (red squares) derived using
the ion-line analysis with the overlaid gridded-data 15-min average profile (green squares) and
NmF2 value provided by the plasma-line computation (vertical red line), and the Digisonde-
observed bottomside Nyot(h) profile (blue circles).

As seen in Figure 2, the peak density NmF2 in the ion-line profile N(h) disagrees with the
plasma-line NmF2, which necessitates N(h) recalibration in this particular case. Here
recalibration refers to a procedure of transforming the original ion-line N(h) values so that their
maximum value matches the accurate plasma-line NmF2 reference. The recalibration procedure is
illustrated in Figure 3. The original N(h) profiles (the left column of Figure 3, panels (a) and (c),
red squares) are shown prior to their standard calibration, averaging, and gridding to produce the
Madrigal Level 2 data product (Holt, 2008). The right panels (b) and (d) display NmF2-calibrated
profiles after their ‘elastic’ transformation that, instead of simply shifting the profile to the lower
densities, recognizes the proportionality of the overestimating to the ambient density. The elastic
transformation algorithm starts by determining the value of NmF2 derived from the ISR ion-line
profile, and compares the NmF2 value to the NmF2 derived from the ISR plasma line. The
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absolute difference is calculated and multiplied by a constant relaxation factor. The result of this
product is subtracted from NmF2 ion-line to produce the relaxation boundaries of the elastic
transformation. A weighted shift is applied on the ion-line density profile within the relaxation
boundaries and each point is shifted towards the plasma line NmF2 value based on its absolute
difference from the relaxation boundaries.
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Figure 3. The original ISR ion-line electron density profile N(h) (the left column, red squares) is
elastically scaled to match the ISR plasma-line NmF2 value (the vertical red lines) to produce the
Nm-calibrated ion-line profile (the right column, red squares).

2.2 Millstone Hill Digisonde

Millstone Hill (MH) Digisonde bottomside profiles used in this study were retrieved from
the Digital lonogram Database (DIDBase) operated by the University of Massachusetts Lowell
as a part of the Realistic lonosphere project (Galkin et al., 2018) and its world-wide ionosonde
network of the Global lonosphere Radio Observatory (GIRO) (Reinisch and Galkin, 2011). All
ionograms used in this study were manually validated using the software client “SAO Explorer”
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with read/write access to DIDBase over the Internet (Khmyrov et al., 2008). The MH Digisonde
has a large archived data collection at DIDBase, and since we are looking for simultaneous ISR
measurements, our selection of the bottomside profiles was dictated by MH-ISR data
availability. The example ionogram in Figure 4 was acquired on June 22, 2016, one day when
24-hour ISR measurements with full-altitude profiles were available.
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Figure 4. Manually scaled Digisonde ionogram on 2016/06/22 1915 UT, close to the time of the
ISR measurement at 19:16 UT (Figure 2). The O-wave (red) and X-wave (green) echoes of the
Digisonde transmissions form traces of the virtual height h’(f) as functions of the operating
frequency f: h’(f) = % t ¢ , where t is the measured pulse travel time, and c the free space speed
of light. The O-wave h’(f) traces are scaled (thin black lines), to be then inverted to the true
height profile h(f) (solid black line for observed data, and dashed lines for model-based
computations). This is an example of a truncated O-wave trace cusp near the critical frequency,
foF2. The MH Digisonde is not authorized to transmit HF frequencies in the band from 6.2 to 6.8
MHz (restricted frequencies). All restricted frequencies are marked by a black underscore line
along the frequency axis. The left table enlists standard URSI-specified characteristics derived
from the ionogram image.

The bottomside ionograms on SAOEXxplorer were inspected and manually scaled to
produce reliable bottomside electron density profiles as in Figure 4. The MH Digisonde
transmissions are restricted in several frequency intervals indicated by a black underscore line in
Figure 4, which sometimes results in truncating the X or O trace cusps in the vicinity of the
critical frequency. Yet, one of the O- and X-wave cusps is well-defined in the ionograms,
allowing the other cusp to be restored by replication, given that the separation of the foF2 and
fxF2 is equal to the half-gyrofrequency. Careful manual inspection of the ionograms for this
case-by-case investigation ensured a good quality of the bottomside electron density profiles.
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3 Recalibrating lon-Line Profile using Peak Density NmF2

Inspection of different MH-ISR modes on June 22, 2016, showed that, in most cases, the
ISR ion acoustic NmF2 is greater than the ISR plasma line NmF2 due to a systematic calibration
offset, in this data set, in the ISR ion acoustic electron density profiles (Figure 5). ISR plasma
line NmF2 measurements are only available in the daytime due to the need for the presence of
photoelectrons, hence the values of the ISR plasma line NmF2 during nighttime are set to zero.

<101 NmF2 obtained on 2016/06/22 using different MH-ISR modes

—+&— ISR ion-line NmF2
—— ISR plasma-line NmF2 /
6F | —©— Digisonde NmF2 /
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 Il |
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Figure 5. NmF2 values obtained from 29 profiles on June 22, 2016 using ISR ion acoustic
density measurements (red squares), Digisonde measurements (blue circles), and ISR plasma line
measurements (black x). Plasma line NmF2 values have good agreement with Digisonde NynF2
values. NmF2 values obtained from ISR ion acoustic electron density profiles are slightly greater
than NmF2 values obtained from both the plasma line and the Digisonde measurements.

4 The Peak Density Thickness in MH-ISR profiles

The MH-ISR-provided joint bottomside and topside measurements consistently show the
presence of an altitude interval around the peak density NmF2 where the observed density N(h)
remains constant until it starts decreasing into the topside part of the ionosphere. We describe
this ‘broad peak’ or ‘flat-nose’ property of the density profile shape as the Peak Density
Thickness (PDT) parameter y (Figure 6). The start point of the PDT is determined when the
plasma line intersects with the error bars of the "recalibrated” ion line profile (similar to Figure
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3b and Figure 3d) and ends at the highest intersection between the MH-ISR plasma-line NmF2
and the recalibrated ion-line profile N(h).
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Figure 6. The combined ionosonde-derived (blue circles) and ISR-derived (red squares)
measurements show a flat nose F2 peak with a Peak Density Thickness x= 36 km. In this
particular example, both Digisonde and ISR have considerably different F2 peak heights;
hmF2isr is measured by ISR, and hmF2pigi is measured by the Digisonde (in this paper, hmF2
without a subscript also refers to hmF2pigi).

Figure 7 shows computed PDT values on June 22, 2016 (blue line) versus the Digisonde-
provided standard IR parameter BO (Bilitza, 1990) that can be interpreted as a measure of the
sub-peak F2 layer thickness:

N(h)/NmF2 = exp( -XB1)/cosh(X) (1)

with X = (hmF2-h)/BO

In Figure 7, BO is plotted scaled by a factor of % in order to fit the chart. PDT has
minimum values during nighttime and reaches its maximum at the local solar noon. The
comparison reveals a correlation between the PDT parameter and the Digisonde BO parameter.
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Figure 7. The red line represents B0/4 where BO is the Digisonde bottomside thickness
parameter and the blue line represents the measured PDT values. Data from June 22nd, 2016

5 Discussion

Proposed addition of the flat-nose PDT segment to the N(h) profile specification will
improve the accuracy of the electron density characterization by the “Digisonde-assisted” class
of topside ionosphere models (Reinisch and Huang., 2001, 2004a,b; Kutiev et al., 2009; Belehaki
et al., 2012) that use the sub-peak N(h) shape measurements to constrain the model
representation of the super-peak plasma. If the Digisonde-assisted models take into account the
altitude gap x between the bottomside and the topside F2 layer profile, their improved agreement
with the MH-ISR measurement is expected, as illustrated in Figure 8 where the Vary-Chap
topside ionosphere model (Nsumei et al. 2012), is provided with additional PDT segment.

Figure 8 shows the Vary-Chap topside profile using Nsumei’s model-parameters values
of the summer season at Millstone Hill, adopted from Nsumei et al. [2012]. The figure also
shows the simultaneous measurements of the Millstone Hill Digisonde bottomside profile and
the ISR topside profile. The thin blue line shows the Vary-Chap profile starting from the F2 layer
peak height hmF2 while the crossed blue line shows the Vary-Chap profile starting from hnF2 +
x . The Vary-Chap model and the ISR topside measurements agree better when the PDT of the
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F2 layer is considered. In this example, the peak density thickness starts at the Digisonde peak
height hmF2pigi and ends at the height where the ISR NmF2 density starts to decline.

Millstone Hill - 06/22/2016 19:16 UT

((((((

Eloctron density in m™®

Figure 8. Combined measurement of N(h) profile using MH ISR and Digisonde, same as in
Figure 6, with the superimposed topside Vary-Chap model before (thin blue line) and after
(crossed blue line) addition of the PDT segment . The PDT-augmented topside Vary-Chap
profile starts from hmF2 + y rather than hmF2, thus bringing the topside profile representation into
good agreement with the ISR measurements.

A brief review of our selection of the Vary-Chap topside profile model for this
investigation is warranted in order to explain how PDT is added to the formalism. Indeed, many
efforts have been made to address the problem of finding suitable functions for the topside
electron density profile, e.g., exponential (Llewellyn and Bent 1973; Stankov et al. 2003), sech-
squared (Kutiev and Marinov 2007), semi-Epstein (Themens et al. 2018; Depuev and Pulinets
2004; Radicella and Leitinger 2001; Rawer 1988), a combination of multi-layer Epstein
functions with constant scale heights for O+ and H+ (Sibanda and McKinnell 2011). Fonda et al.
(2005) compared different functions for the topside ionosphere and concluded that Chapman
functions are most suitable in describing the topside profile. Many efforts were made to describe
the topside profile using a single-layer Chapman function (Chapman 1931; Reinisch et al., 2004;
McNamara et al., 2007; Tulasi Ram et al., 2009; Venkatesh et al. 2011), a combination of multi-
layer Chapman functions with constant scale heights for O+ and H+ [e.g., Kutiev et al., 2006], a
combination of multi-layer Chapman functions with a constant scale heights for O+, and a linear
varying scale height for H+ and He+ ions (Zhu et al. 2015), a single layer Chapman function
with a linear varying scale height (Hernandez-Pajares et al. 2017) or a tangential varying scale
height (Reinisch et al. 2007). Reinisch et al. [2007] used the general Chapman function
[Rishbeth and Garriott, 1969], which allows the scale height to vary continuously with height
resulting in the “Vary-Chap” profile,

N [%)]_mexp{%u ~Y = el whee Y = / o @
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where Nm, Hm, and hm are the density, scale height, and height, respectively, of the F2 layer peak
and H(h) is the scale height. This previous analysis suggests the use of the scale height value Hm
at the F2 peak derived from the bottomside profile for the construction of the topside normalized
scale height function H(h)/Hm (Reinisch et al., 2007; Bilitza et al., 2011). This approach led to
unsatisfactory results [Kutiev et al., 2009], and therefore, Nsumei et al. [2012] used the same
Vary-Chap technique and replaced H(h)/Hm by a shape function S(h):

_ 1
N(h) =Npn[S (h)] l/zexp{E [1 -Y - exp(Y ” }, (3)
h
1 dh
where Y (h)=— [ ——
hml, S (h)

]I:'|

Nsumei et al. [2012] used a parametrized shape function S(h) that is specified by three
parameters a, 3, and hr:

L (i) s
S(h) sech (ﬁ/hn) o Ty @

where hm is the F2 layer peak height hmF2. The transition height parameter htis used in the
boundary condition that governs C1 and C2. z = h/hm where h is the independent variable of
height.

The current study adopts Nsumei et al. [2012] Vary-Chap profile, but instead of using
hmF2 to reconstruct the topside profile, the current study uses the sum of the peak height hnF2
and the Peak Density Thickness (PDT) . Hence, the Vary-Chap equation becomes:

N(h) =Ny |[S (h)}_l/zexp{% [1 -Y — exp(Y )]} ®)
h
|
where Y = EDT hf %

here hppt= hmF2+  and y is the Peak Density Thickness (PDT).
The parameterized shape function S(h) is now specified by four rather than three
parameters: a, 3, ht and y:

I ,(z—1 | z (6)
s(h) mwm(W%)+qU+%f
Figure 9 shows other examples of simultaneous Millstone Hill Digisonde bottomside
profile and the ISR topside profile measurements. We fitted the parametrized Vary-Chap
function to the ISR topside profile using Least Square Fitting (LSF), and started the Vary-Chap
profile from hmF2isr~= hmF2-+y. The start point of the PDT is determined when the plasma line
intersects with the error bars of the "recalibrated™ ion line profile (similar to figure 3b and figure

3d). The endpoint of the PDT is determined when the plasma line is no longer within the error
bars of the ion line profile.
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Figure 9. The Vary-Chap profile starts at hmF2isr~= hmF2+ PDT (blue line) and is fitted to the
ISR ion acoustic profile (red squares) that has been elastically transformed to match it to the ISR
plasma line NmF2. The simultaneous Digisonde measurement (blue circles) is also plotted and
used to obtain NmF2 and hmF2. Measurements were recorded on June 22nd, 2016.

6 Conclusion

Simultaneous measurements of the electron density profile using the Millstone Hill
Digisonde and the Incoherent Scatter Radar (ISR) at MIT Haystack Observatory suggest the
profile shape around the F2 peak density is flat with a peak density thickness that varies during
the 24 hours. Results suggest the F2 Peak Density Thickness PDT has a diurnal correlation with
the Digisonde bottomside thickness parameter BO. In this research, we reconstructed the
Millstone Hill ISR topside profile using a Vary-Chap function combined with the Peak Density
Thickness PDT parameter. The results suggest the PDT parameter can be approximated by B0/4
where BO is taken from the Digisonde measurements. Therefore, ground-based Digisondes
measurements can be reliably used to construct the density profile between the bottomside and
the topside electron density profiles.

Future work should involve applying the Vary-Chap technique combined with the PDT
parameter during different geomagnetic and solar conditions. Also, we suggest investigating
simultaneous measurements of co-located Digisondes and ISRs at equatorial and high latitudes.
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