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Abstract

La Plata Ionospheric Model (LPIM; Brunini et al., 2011) has been upgraded to a new stage enabling the ingestion of sTEC values
retrieved from GPS receivers on board the FORMOSAT-3 Constellation Observing System for Meteorology, Ionosphere and Climate
(COSMIC) satellites, in order to determine corrections to the global mean values of the ionosphere F2 layer critical frequency, f,F2
(related to the peak density, N,,F2) and the F2 layer peak height, 4, F2.

Once the corrections were computed, La Plata Ionospheric Model determined new f F2 and 4,,F2 values which were used to repro-
duce ionospheric electron density profiles depending on Universal Time, geographical coordinates, and solar and geomagnetic activity
levels. These new profiles were compared with those obtained using LPIM but without COSMIC-GPS data ingestion and against Inter-
national Reference Ionosphere (IRI) profiles; while the new values of the F2 peak parameters were compared with ionosonde measure-
ments. These comparisons served to show that the incorporation of COSMIC-GPS data seems to provide LPIM with a better capability
to render a more reliable representation of the F2 layer of the ionosphere.

Consequently, results of the data ingestion process, as well as intra-technique and against IRI and observations comparisons are
described, and general conclusions are presented. The most important being that:

e Without data ingestion LPIM tends to overestimate N,,F2 and to slightly underestimate /,,F2.
e LPIM has improved its representation of the F2 peak of the ionosphere.

© 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction based on theoretical assumptions extensively revised and
upgraded using (increasing) observational datasets, iono-

The climatological behavior of the ionosphere has been  spheric models have provided a very good understanding
studied for decades in many different ways. Particularly, of the main characteristics of the ionosphere (Schunk
et al., 2002, 2005; Bilitza et al., 2014). Examples of well

accepted semi-empirical models by the international scien-
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et al., 1998), the NeQuick (Nava et al., 2008) and the La
Plata Ionospheric Model (Brunini et al., 2011). Specifically,
this paper will focus on La Plata Ionospheric Model
(LPIM).

The current version of LPIM consists of two main algo-
rithmic modules. One of them has been designed to com-
pute hourly global maps of vertical total electron content
(vTEC) based on GPS ground receivers observations, for
any level of solar activity and different geomagnetic condi-
tions. It also possesses a sub-module, in which a local map
of vTEC is produced for any specific location of the globe
every 15 min. This complete module was developed by
Brunini, 1998; and is continuously updated by the Space
Geodesy and Aeronomy (GESA) department of the
National University of La Plata, Argentina (Brunini
et al., 2004; Azpilicueta et al.,, 2006; Brunini and
Azpilicueta, 2010; Conte et al., 2011).

The second and newest module is capable of reproduc-
ing vertical electron density (ED) profiles of the ionosphere
(Brunini et al., 2012). Using a special set of Chapman func-
tions depending on several measurable ionospheric key
parameters (e.g. critical frequency, peak height and scale
height of E, F1 and F2 regions, etc.), these profiles can be
obtained ingesting observational data (data ingestion
mode) or without any data ingestion (autonomous mode).
Nevertheless, to have a good representation of the actual
ED distribution, the data ingestion mode is recommended.
This “ingestion mode” incorporates ED profiles provided
by the FORMOSAT-3 Constellation Observing System
for Meteorology, lonosphere and Climate (COSMIC)
satellites in order to determine corrections to the iono-
spheric key parameters mentioned before (Brunini et al.,
2009). The FORMOSAT-3/COSMIC mission consists of
six satellites that measure the neutral atmosphere and iono-
sphere using GPS radio-occultation observations (Anthes
et al., 2008). The satellites were launched in April 2006 into
an initial orbit of approximately 500 km, and then gradu-
ally (over a period of 18 months) elevated to a final orbit
height of ~800 km.

Before the completion of the work that will be described
in this paper, LPIM did not have the capability of process-
ing GPS raw data (i.e. RINEX files) gathered by receivers
on board the Low Earth Orbit (LEO) satellites. Conse-
quently, an effort to adapt LPIM to process COSMIC-
GPS raw data was carried out. Once LPIM was capable
of assimilating these new datasets, sTEC (defined as the
integral of the electron density along any given ray path)
values were computed and used to calculate corrections
to the global mean values of the ionospheric F2 layer crit-
ical frequency, f,F2, and F2 layer peak height, £,,F2. Then,
the corrected f,F2 and h,,F2 values were used to recalcu-
late ED profiles, which were compared to those determined
without COSMIC-GPS data ingestion (intra-techniques
assessment), and against IRI profiles. On the other hand,
the old and new (corrected) values of the F2 peak parame-
ters were compared with measurements provided by Julius-
ruh ionosonde (northern Germany).

The structure of this paper is as follows. Section 2
explains the adaptations performed on LPIM in order to
give the model the ability to process GPS data gathered
by receivers on board the COSMIC satellites. Section 3
describes the way in which the sTEC values obtained from
COSMIC-GPS observations were linked to the F2 peak
parameters, f,F2 and h,F2, and presents the correspond-
ing results. Section 4 shows the intra- and inter-
techniques comparisons. Section 5 describes the compar-
isons with ionosonde measurements; and Section 6 is used
to address the conclusions.

2. Incorporating COSMIC-GPS data into LPIM

Since 1998, LPIM has been capable of processing GPS
data from ground receivers distributed all over the world
(IGS network; http://www.igs.org/). However, due to the
fact that the geometrical configuration of COSMIC-GPS
observations (i.e. radio-occultation geometry) is completely
different from that corresponding to GPS ground receivers,
an important modification to LPIM’s code was required in
order to adapt the model to also process GPS observations
gathered by space-borne receivers.

The data package analyzed for this purpose comprises
the RINEX files determined by two of the four GPS recei-
vers (antennas POD1 and POD2) on board the six COS-
MIC satellites (for details on the FORMOSAT-3/
COSMIC mission, visit: http://www.cosmic.ucar.edu).
The observations from antennas OCC1 and OCC2 were
not used because of a problem detected inside the corre-
sponding RINEX files. It is well known that the iono-
spheric GPS observables for the carrier-phase and the
code, (L1 — L2) and (P1 — P2) respectively, have different
mathematical signs. Besides, the sign of each observable
cannot change for the entire RINEX file. However, several
sign changes for both observables were detected in many
RINEX files, all of them corresponding to antennas
OCCl and OCC2 (the problem was not detected in
POD1 and POD?2 antennas). Therefore, this imposed a
reduction on the available data of about 60%, that later
would impact on the Root Mean Square Error (RMSE)
of the fitting process implemented to determine the new
values of the F2 peak parameters. The entire dataset con-
sidered contains approximately 1200 RINEX files, corre-
sponding to 20days (5 for each equinox and each
solstice) for the years 2007, 2008, 2009, 2010 and 2011.
All days correspond to periods of quiet geomagnetic condi-
tions (daily average Dst above —50 nT. For more details on
the magnetic Dst index, see http://wdc.kugi.kyoto-u.ac.jp/
dst_final/index.html). This data time span allows taking
into consideration the variability due to the solar cycle of
11 years, as well as that corresponding to seasonal changes
of the ionosphere.

The ionospheric GPS observable is related to the sTEC
by the following expression

"4, = STEC + b+ b° + (, (1)


http://www.igs.org/
http://www.cosmic.ucar.edu
http://wdc.kugi.kyoto-u.ac.jp/dst_final/index
http://wdc.kugi.kyoto-u.ac.jp/dst_final/index
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where "L4; is the GPS ionospheric observable (L4 leveled
to the code; Ciraolo et al., 2007; Conte et al., 2011); b;
and b* are the differential code biases (DCBs) for the recei-
ver k and the satellite s, respectively; and { encompasses the
multipath errors for L1 and L2, as well as the random error
associated to any measure. All the quantities in Eq. (1) are
in TECu (1TECu = 10'° e~ /m?).

Processing GPS data from space-borne receivers for
ionospheric purposes involves two major problems:

(a) Detection of cycle slips and estimation of correspond-
ing ambiguities.

(b) Dealing with the geometry of radio-occultation obser-
vations (the shape of a GPS arc observed by a ground
receiver is a concave up parabola. However, the shape
of a GPS arc observed by a space-borne receiver
changes significantly from arc to arc, requiring differ-
ent order polynomials — instead of only one for
ground receivers — to describe the shape of these arcs).

In order to solve these problems, a combination of two
filters was applied. The first filter consists of a simple selec-
tion criterion that takes into account the expected length of
an entire COSMIC-GPS arc. Considering that GPS recei-
vers on board the COSMIC satellites have a sampling
interval of 1s, a minimum time interval of continuous
observations equal to 300 s was established; thus guaranty-
ing a reasonable (from a statistical point of view) amount
of observations per arc. On the other hand, it is worth men-
tioning that the time length of a COSMIC-GPS arc gener-
ally does not exceed the limit of 30 min, while a GPS
satellite observed by a receiver located on the Earth’s sur-
face usually remains visible for at least 4 h. Besides, since
COSMIC satellites travel at an average speed of 7 km/s,
the length of intervals without measurements is signifi-
cantly reduced, allowing time intervals with no data of only
20 s. Finally, it is of importance underlining the fact that
cycle slips smaller than

(where Ny = N, = 1; 4; 2 0.19 m and 4, = 0.24 m, equiva-
lent to 1.85 TECu and 2.28 TECu, respectively) are very
difficult to determine because the quantity given by Eq.
(2) represents the phase shift upper bound within one cycle.
This means that most cycle slips smaller than 4.1435 TECu
will be hardly detected.

Consequently, the above mentioned considerations
imply that LPIM determines a potential cycle slip every
time one (or both) of the following conditions is fulfilled:

At; =t — t; > Atyax = 20s; (3)
|AL4;| = L4, — L4;| > AL4,,,. = 4.1435TECu (4)

The suffixes i and i 4 1 represent two consecutives obser-
vations, for the instants # and ¢, respectively.

L4; = L1, — L2;,, where L1 and L2 are the GPS carrier-
phase observables.

Egs. (3) and (4) plus the elimination of those arcs with
time length shorter than 300s constitute the first filter
implemented by LPIM to detect potential cycle slips. In
other words, LPIM discards every arc that lasts less than
300 s and then implements the conditions given by Egs.
(3) and (4) to mark the potential cycle slips.

This first selection criterion represents a coarse way to
pinpoint cycle slips, so a second filter that takes into con-
sideration the geometry of the observational problem is
required. A practical way to tackle the problem of the
radio-occultation geometry consists in the analysis of the
interpolation polynomial that better fits the actual shape
of the COSMIC-GPS arc. Fig. 1(a) shows the expected
shape of a GPS arc observed from a ground receiver, basi-
cally, a concave up parabola. On the other hand, the shape
of the curve corresponding to GPS radio-occultation is
completely different, as can be inferred from Fig. 1(b).

The changes of curvature observed in Fig. 1(b) suggest
that a polynomial of at least fourth degree should be con-
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Fig. 1. L4 values after applying the carrier-to-code leveling procedure for
two different geometrical configurations for a representative day. (a)
Ground GPS receiver. (b) GPS receiver on board the COSMIC satellite.
L4 values are given in TECu.
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sidered. However, in other cases a polynomial of third
degree was satisfactory, while sometimes it was necessary
to use fifth degree polynomials. Hence, the necessity of dif-
ferent polynomial degrees and the increasing numerical
variability associated to higher order polynomials require
some compromise. Consequently, the RMSE that results
from the fitting process of polynomials with different
degrees was analyzed; leading to the conclusion that the
best option is to apply a polynomial of degree equal to 5.
Besides, another interesting result is that a sustainable
increase of the RMSE was detected for polynomials of
degree higher than 6. Table 1 shows the RMSE determined
for polynomials of degree n = 3,4, 5,6.

The values presented in Table 1 were determined for the
5 days of each equinox and each solstice of the years 2007
(low solar activity) and 2011 (middle-high solar activity),
and for the PODI1 and POD?2 antennas of each COSMIC
satellite. Each interval comprises then
(5x4)x(2x6) =240 RMSE values (480 considering
both years). As can clearly be seen from Table 1, the case
n =5 presents the lowest maximum RMSE and also the
smallest intervals, for both levels of solar activity.

With the polynomial degree established (n = 5), the sec-
ond filter implemented the corresponding fitting to the
GPS carrier-phase observable (L4 = L1 — L2) values, and
then established a discontinuity between epochs # and
t;;1 every time the following condition was fulfilled

L+t
)|
> Max{3a; 1.5TECu}, (5)

AL4; — polynomial,_s <

where o is the standard deviation of the fitting process. The
value equal to 1.5TECu was empirically determined. It has
to be clear that a discontinuity between epochs ¢ and #;,
implies that two ambiguities will have to be estimated
(one for each epoch).

In summary, LPIM implements the following procedure
to determine the L4 leveled to the code observable:

(1) Looks for COSMIC-GPS arcs longer (or equal) than
300 s, and discards the rest.

(2) Implements Egs. (3) and (4) to pinpoint potential
cycle slips, thus determining an estimate of the final
amount of different arcs.

(3) Fits a fifth degree polynomial to each and every
selected arc in step 2.

(4) Implements the condition given by Eq. (5) to
establish the final amount of ambiguities.

Table 1
RMS errors for polynomials of degree n = 3,4,5,6.

(5) Applies the carrier-to-code leveling procedure
(Ciraolo et al., 2007) to all determined COSMIC-
GPS arcs.

Fig. 2 depicts two plots where the results of the filter
implementation can be appreciated. Fig. 2(a) shows values
of L4 leveled to the code with no filter applied. Only a part
of the final arc is shown in this plot. On the other hand,
Fig. 2(b) shows a plot with two curves: the blue one was
obtained after applying only the second filter (i.e. the fifth
degree polynomial fitting plus Eq. (5)) to highlight the fact
that the second filter is the most important one but that is
not sufficient, and the first filter is also necessary. The red
curve shows the result obtained after applying both filters.
Fig. 2(a) corresponds to the area of Fig. 2(b) where the
small horizontal blue segment can be observed.

Results like those shown in Fig. 2) where obtained in
~88% of the cases. In the remaining 12%, the filters
applied by LPIM were not capable to solve all the cycle
slips detected. An example of one of those situations is
depicted in Fig. 3); where it can clearly be seen that the
first two blue segments are part of the rest of the observed
COSMIC-GPS arc. However, the filters ignored this issue
and simply eliminated these parts. On the other hand, it is
important mentioning that those segments are separated
by less than 1 TECu, a quantity that, as was mentioned
before, is extremely difficult to resolve since it represents
around 25% of the phase shift upper bound for one cycle
(see Eq. (2)). Nonetheless, the rest of the arc presents a
smooth resolution, suggesting that a future upgrade of
the first filter might be the proper way to obtain a tech-
nique that renders acceptable results for 100% of the cases
analyzed.

Consequently, based on the above mentioned results, we
concluded that the technique performs in a satisfactory
way, solving almost 90% of all the cases analyzed.

3. N,,F2 and h,, F2 corrections from sTEC values

Once the L4 leveled to the code (“L4) values were deter-
mined, LPIM proceeded to solve a system of equations
given by
M4, = STEC + begy, + b + ¢, (6)
where by, and b’ are the DCBs for the COSMIC receiver k

and the GPS satellite i, respectively; and & represents a
combination of multipath and random errors, as well as

Polynomial degree

RMSE for low solar activity

RMSE for middle-high solar activity

n=3 0.86 < RMSE < 2.86
n=4 0.81 < RMSE < 2.55
n=>5 0.27 <RMSE <1.90
n=~6 0.72 < RMSE < 3.25

0.48 <RMSE <5.72
0.43 < RMSE <4.20
0.10 < RMSE < 3.10
0.36 < RMSE < 4.50
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Fig. 2. L4 leveled to the code: (a) before applying the two filters. (b) Blue:
after applying only the second filter (fifth degree polynomial fitting and
Eq. (5)). Red: after the implementation of both filters. L4 values are given
in TECu. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

any residual that could have remained after the implemen-
tation of the carrier-to-code leveling technique.

The main objective of this research consists in the esti-
mation of corrections to the critical frequency and the
height of the F2 peak on the bases of COSMIC-GPS data-
sets. In order to link the sTEC with the corresponding elec-

tron density distribution, LPIM uses a series of
mathematical expressions. More precisely,
Py
STEC = / N (LT, h, §) - ds, 7)
Py
where p© is the modip Ilatitude (Rawer, 1984);

LT = UT + A — 12 is the hour angle, UT being the Univer-
sal Time and A the geographical longitude, both in hours
(12 h are subtracted to set the zero at noon); 4 is the height
(in km); p is a vector containing many ionospheric param-

Red: adapted to GPS-COSMIC geometry // Blue: without the first filter
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v
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Fig. 3. L4 leveled to the code. Blue: after applying only the second filter.
Red: after the implementation of both filters. L4 values are given in TECu.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Radio-occultation simplified geometry. P, represents the point of
the P, P, ray path that is closest to the surface of the Earth (blue and red
segments are perpendicular). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

eters that will be defined later; and ds represents the differ-
ential ray path. The trajectory between points P; (position
of the GPS satellite) and P, (position of the COSMIC satel-
lite) is considered a straight line (see Fig. 4)).

Clearly, some modeling over N, is necessary to accom-
plish the aforementioned connection. A first order polyno-
mial expansion with respect to the F2 peak parameters
(f,F2 and h,,F2) was applied to N,, i.e.

Ne :NE(/"L?LTahafonahszaHanﬁr)

_ 4 ONe Of,F2 L _ON. OhuF2
s 8f0F2 8(100 Py o0 maF2 8000 Po
. AC()() + é, (8)
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where HF?2 is the F2 layer scale height; p, represents a vec-
tor containing the rest of the ionospheric key parameters
(Brunini et al., 2013a); ag and ¢ are the corresponding
first coefficients of the Spherical Harmonics expansions
used to map the spatial and temporal behavior of f, F2
and £, F2, respectively (Brunini et al., 2013b); Aagy (Acoo)
is the correction factor for agy (cqo); and & is the error of
the fitting process. Besides, N, is given by

NO:NE(H(P0)7LT(P0)7h(s)7foF2(P0)7hanz(P0)>HF2(PO)’ﬁr(PO))'

©)

The derivatives are also evaluated over P, (see Fig. 4)).
From this last equation, it is evident that the height 4
depends on the trajectory s. Besides, in order to determine
the electron density profile of the entire ionosphere (N,),
LPIM uses three Chapman functions to represent the iono-
spheric E, F1 and F2 regions, and a Chapman function
with scale height dependent on the altitude to describe
the top-side of the ionosphere. In other words, N, is deter-
mined by the following mathematical expression

ZN i expz{ H;"'—
vag-,/ﬁ("h)-exp%{l —

—exp (_ . ngm)] o h> By
(10)

xp(—h_Th,-"”)} B S s

Ne(h) =

hm,3 Hy(n)

where the i = 1 corresponds to the E region; i = 2 to the F1
region; i = 3 to the F2 region; and the equation for & > A,, 3
represents the top-side of the ionosphere. Additionally,

N,,1: maximum density of E region;

hy1: height of the E region peak;

H,: scale height of the E region;

N,»: maximum density of F1 region;

hno: height of the F1 peak;

H,: scale height of the F1 region;

N,,3: maximum density of F2 region;

hn3: height of the F2 peak;

Hj: scale height of the F2 region;

Hy(h) = Hr + s - tanh ( k= f2r>: scale height for

the top-side;

hr: transition height;

H: scale height for A7

p: parameter that describes the shape of top-side. This

parameter, as well as H; and A7, are determined accord-

ing to Meza et al., 2008.

N,;=1.24x10"-(f,.)% f,; being the corresponding

critical frequency (Bilitza, 2002).

Particularly, the critical frequency (f,F2) and height
(h,F2) of the F2 peak (i.e. the quantities to be corrected)
are determined according to Brunini et al., 2013b, where
the spatial and temporal behavior of the F2 peak parame-

ters is described with a Spherical Harmonics expansion of
degree and order L =15,

L) 4 by, (1) - sin (2nED)) - Py [sin(p)]

f 2= ZZ am(t cos

1=0 m=0

hy F2 = ZZ Cimlt

1=0 m=0

-cos (2nLL) + dy, (1) - sin (2nEL)) - Py [sin(u)]

(1)

In this last equation, 7 is the Universal Time; u is the
modip latitude; a;, (¢), by, (t), ¢in(2) and d;,(¢) are the time
dependent coefficients (mathematically represented by a
stepwise function with a refreshing interval of 1h); and
P, are the associated Legendre functions. The coefficients
were tabulated for every month of the year, and for two
levels of solar activity (low — Rj; =0 and high -
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Ri> = 100. R}, defined as the 12 month running mean value
of the monthly mean sunspot number).Introducing Egs. (8)
and (9) into Eq. (7) leads to the following expression

Py

STEC:STECQ+AGOO / F](Po,h(S)) 'dS+ACOO

Py

~/P2F2(P0,h(s)) Cds+ W, (12)

1
where
(13a)

’
Aaoo = Adyy — Aoo

(13b)

Acyy = 060 — Coo
P
STECO = / NO . dS, (13C)
Py

_ ON, Of F2
- 6f0F2 8a00

_ ON.
p OfF2

Fy(Py, h(s)) ; (13d)

Py
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Note that the derivatives of f,F2 and 4,,F2 with respect
to ag and ¢y are equal to Py = 1 (see Eq. (11)). Besides,
ag and cg are determined using Eq. (11); and ap, and ¢,
represent the new coefficients. Finally, introducing Egs.
(12) and (13a)—(13f) into Eq. (6) gives

Py
AL4}S; :STECO +Aa00./ Fl(Po,h(S)) 'dS+ACOO

Py

Py
/ Fa(Po,h(s)) - ds + b + B + Y, (14)

Py

which constitutes the system of equations to be solved. The
unknowns are Aay and Acgy (representing the corrections
to the global mean values of f F2 and A,,F2, respectively),
the COSMIC DCBs, by (12 in total; 2 for each COSMIC
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Fig. 7. Electron density profiles for different locations over the same meridian (315°). The corresponding latitudes are @ = —61°, —34°, —11°, 53°. The
plots are for UT = 18h, and for the year 2007 (low solar activity). The red curve is the “data-ingested” ED profile and the blue represents the profile
obtained without data ingestion. The blue curve is dotted to better differentiate it with respect to the red one. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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satellite), and the GPS DCBs, 5°. AL4,S2 is the GPS iono-
spheric observable leveled to the code; and Y comprises
the multipath, fitting, approximation and random errors.
Additionally, it is important to underline the fact that since
the electron density as well as its derivatives are evaluated
at the point Py, they only vary with the height, (s). These
three quantities were numerically computed, while the
actual observational data was incorporated by AL4;§.

The fact that LEO satellites are exposed to extreme con-
ditions that may change abruptly, producing (among other
effects) sudden variations on the hardware response of the
GPS receivers, is the main reason why the DCBs were con-
sidered constants for periods of only 1 h. Normally, the
DCBs are supposed to remain constant over a period of
1 day (Ciraolo et al., 2007). However, reducing that inter-
val to 1 h might help to cope with the above mentioned
sudden changes. Therefore, one system of equations for
every hour of 5 consecutive days (under quiet geomagnetic
conditions) for each equinox and each solstice of the year
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was established. This means that 24 x 5 sets of unknowns
will be determined for the months of March, June, Septem-
ber and December of the years 2007, 2008, 2009, 2010 and
2011. The 5 years time span allowed to analyze the variabil-
ity introduced by the solar activity, taken into considera-
tion by the R, index (4.2 < Rj; < 98.4, for the cases
studied in this work).

Consequently, the integrals and derivatives in Eq. (14)
were respectively solved with the Composite Simpson’s rule
and the Centered Difference Formula (Burden and Faires,
2010), and each and every system of equations was resolved
using the Least Squares Method to finally obtain the cor-
rections Aag and Acyo plus m DCBs
(m< (2x6)+32=44) per hour. That is,
24 x (5 x4) x5 values encompassed in the following
intervals

2.2 < ACIOQ < —0457 [Aaoo] = MHZ,

0.4 < ACOO < 5457 [ACOO] = km,
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Fig. 8. Electron density profiles for different locations over the same meridian (315°). The corresponding latitudes are ¢ = —61°, —34°, —11°, 53°. The
plots are for UT = 184, and for the year 2011 (middle-high solar activity). The red curve is the “data-ingested” ED profile and the blue represents the
profile obtained without data ingestion. The blue curve is dotted to better differentiate it with respect to the red one. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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with the maximum number of cases around —0.7 MHz and
2 km, respectively, as can clearly be deduced from the his-
tograms presented in Figs. 5 and 6. Besides, the absolute
values of all DCBs were never higher than 2.5 TECu;
specifically,

—2.411 < DCBs < 2.35;[DCB] = TECu.

At a first glance, the quantities obtained for Aag and
Acyy might seem almost insignificant. However, these two
correction factors represent modifications to the global
mean values of f,F2 and 4, F2, respectively. Hence, a glo-
bal value of about 0.7 MHz cannot be neglected, since it
could easily be the resulting average of values ranging from
several hundreds of kHz up to 12-14 MHz. On the other
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Fig. 9. ED profiles determined using LPIM without data ingestion (blue
dotted curve), corrected (or “data-ingested”) LPIM (red curve) and IRI
(black curve) for A=315° ¢ =53° and UT = 18h; (a) for low solar
activity (March 2007) and (b) middle-high solar activity (December 2011).
The blue curve is dotted to better differentiate it with respect to the red
one. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

hand, even though a quantity of 2 km could be the result-
ing average of values between some km and 50 km or more,
the impact of 2 km on a parameter with typical values of a
few hundred kilometers is considerably less significant than
that of the F2 layer critical frequency correction factor.

On average, the correction factors determined for
middle-high solar activity periods were smaller than those
corresponding to periods of low solar activity. This means
that an enhancement of the solar activity levels may have
some impact on the exactitude of the results. In fact, the
RMSE obtained for epochs of middle-high solar activity
was ~1.5 TECu larger than the corresponding RMSE for
epochs of low solar activity. On the other hand, the stan-
dard deviations computed for Aagy and Acy, showed values
of around 1072 — 107> MHz and km respectively, which
guarantees a satisfactory level of precision for the new coef-
ficients, ag, and cj.

4. Intra- and inter-techniques comparisons

Once the corrections to the global mean values of the F2
peak parameters were determined, they were used to com-
pute new values of f F2 and £,F2 in order to obtain the
“data-ingested” ED profiles and compare them against
those calculated without COSMIC-GPS data ingestion.
Both types of ED profiles were determined for the selected
20 days of each of the 5 years considered. Besides, different
geographical locations and moments of the day were ana-
lyzed. The results obtained were similar in all the cases
studied: the “data-ingested” ED profiles showed a smaller
maximum and a slightly higher corresponding height. In
Fig. 7) and Fig. 8) some representative profiles obtained

16 March 2007 /#/ UT = 12h 16 March 2007 /#/ UT = 12h

Corrected hmF2 - hmF2(IRI) [km]

-4 2 0 2 4

Fig. 10. Global maps of the differences between LPIM’s corrected (or
“data-ingested”) F2 peak parameters minus those computed by IRI, for
low solar activity (March 2007) and middle-high solar activity (December
2011) at 12 h of UT.
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for different levels of solar activity (low and middle-high,
respectively) but for the same geographical locations
(A =315% ¢ = —61°, —34°, —11°, 53°) and moment of the
day (UT = 18h) are presented. The specific longitude and
hour of the day were selected to analyze the performance
of LPIM over the region under the influence of the South
Atlantic Magnetic Anomaly (Abdu et al., 2005) during
daylight. The objective of this specific selection was to ana-
lyze LPIM’s results in one of the most complex ionospheric
regions of the globe.

As it was expected, the ED profiles corresponding to
periods of middle-high solar activity (year 2011; Fig. 8))
show a larger value of maximum density than those corre-
sponding to periods of low solar activity (year 2007;
Fig. 7)). However, the differences between the ‘“data-
ingested” ED profiles and those obtained without data
ingestion are smaller when the levels of solar activity
increase. Based on the fitting RMSE calculated for periods
of higher solar activity levels (~1.5 TECu larger than those

F2 layer critical frequency for Juliusruh
T T T T

corresponding to low solar activity periods), a possible
explanation for the aforementioned differences could be
that the enhanced solar activity is introducing more vari-
ability in the adjustment performed to determine the cor-
rections to the F2 peak parameters. Besides, the
transition from the F1 region to the F2 region is smoother
for epochs of low solar activity than for epochs of middle-
high solar activity. Additionally, it is important to mention
that the shape of the ED profiles has not been altered in
any case. This is due to the fact that only corrections to
the global mean values of the critical frequency and the
height of the F2 peak were calculated; which represents
an enlargement (or contraction) of the maximum of the
profile and a vertical displacement of this value. The
observed differences between the “data-ingested” ED pro-
files and those obtained without data ingestion were
between 5% and 10% in all the cases studied in this work.

As a first step to assess the impact of the data ingestion
on the ED profiles rendered by LPIM, a second compar-
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ison has been done against profiles provided by a different
ionospheric model. For this purpose, LPIM was compared
with IRI, a reliable and well respected model that, particu-
larly, provides a very good description of the ionospheric
ED distribution for the F2 peak region (Bilitza et al.,
2011). Hence, for the same geographical coordinates,
moments of the day and levels of solar activity, ED profiles
were determined using the IRI. The results for A = 315° and
¢ =53° (UT = 18h) March 2007 and December 2011 are
shown in Fig. 9a) and Fig. 9b), respectively. A brief inspec-
tion of these figures shows that the data ingestion has some
effect on LPIM’s capability to describe the ionospheric ED
distribution, as it can be seen from the matching (in the
region corresponding to the F2 peak) between the red curve
(“data-ingested” LPIM) and the black curve (IRI). Besides,
even though some structures in the equatorial region and
over the South Pacific Ocean can be observed, the global
maps of the differences between LPIM’s “data-ingested”

687

F2 peak parameters minus those from IRI (Fig. 10)) exhibit
an overall good agreement for both low and middle-high
solar activity levels, although during periods of middle-
high solar activity the differences are slightly increased.
Note that since the “not ingested” f,F2 (h,F2) values
are larger (smaller) than the “data-ingested” ones, the cor-
responding differences with respect to IRI would be greater
than those depicted in Fig. 10). For example, given that the
LPIM without data ingestion calculates higher values of
the F2 layer critical frequency, the equatorial and South
Pacific Ocean regions would show even larger differences
compared to IRI. Similarly, the global maps of the height
of the F2 peak would depict differences even more negative
due to the fact that the “not ingested” LPIM produces
smaller 4,,F2 values.

In consequence, this second comparison serves as indi-
cator that the ingestion of COSMIC-GPS data affects
LPIM’s F2 peak representation. However, to demonstrate
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that this effect is indeed an improvement of the model,
comparisons against observational datasets are necessary.

5. Comparison with ionosonde measurements

In order to determine if the ingestion of COSMIC-GPS
raw data improved LPIM’s representation of the iono-
spheric F2 peak, f, F2 and h,F2 hourly values calculated
with the corrected LPIM and the LPIM without data inges-
tion were compared to those provided by Juliusruh iono-
sonde station (northern Germany; ¢ = 54 37'49.3N;/ =
13°22'34.2F). The experimental F2 critical frequency was
manually determined while the height of the F2 peak was
calculated according to Bilitza et al., 1979. Again, both
low (year 2007) and middle-high (year 2011) solar activity
levels were taken into consideration.

From a thoroughly inspection of Fig. 11) it can be seen
that the ingestion of COSMIC-GPS raw data has indeed

improved LPIM’s representation of the F2 layer critical
frequency. Before the data ingestion (Fig. 11a)), the differ-
ences between the f F2 values measured by Juliusruh iono-
sonde and those determined by LPIM are, on average,
greater than 1.5 MHz. On the other hand, after the data
ingestion (Fig. 11b)) the differences were significantly
reduced to values of around 0.5 MHz (on average). This
becomes more evident after inspection of Fig. 12), where
the f,F2 daily mean differences between Juliusruh and
both versions of LPIM are presented in the form of error
bars respect to Juliusruh data. However, when the levels
of solar activity increase, the reduction in the differences
is smaller, as it can be induced from Fig. 13) and
Fig. 14). For the LPIM without data ingestion
(Figs. 13a) and 14a)), the highest differences are
of ~ 2 MHz; while in the case of the corrected LPIM the
corresponding differences have decreased to values
of ~ 1.5 MHz (Figs. 13b) and 14b)). Once again, it would
seem that an enhancement in the solar activity has some
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impact on the fitting process implemented by LPIM to cal-
culate the F2 peak parameters. Nevertheless, for both
years, LPIM can reproduce the seasonal variability of the
F2 layer critical frequency over Juliusruh, but with a more
accurate magnitude when COSMIC-GPS observations are
ingested into the model.

The case of the height of the F2 peak is different. This
was expected since most of the corrected values were (on
average) ~2km greater than those determined without
data ingestion. In other words, a change of 2 km for quan-
tities in the range of approx. 225 km to 455 km will have a
very small impact, as can be seen in Fig. 15), where the
h,F2 daily mean differences between Juliusruh ionosonde
and LPIM without and with data ingestion for years
2007 (Fig. 15a)) and 2011 (Fig. 15b)) are shown (only daily
mean values are presented for better visualization pur-
poses). For low solar activity periods (2007), the greatest
differences are of approx. £30 km; while for middle-high

solar activity levels (2011), the corresponding differences
reach values of 55 km. The daily mean differences between
Juliusruh ionosonde and LPIM with data ingestion (red
crosses in Fig. 15)) are very similar to those obtained for
LPIM without data ingestion (black curve in Fig. 15)). This
is due to: (i) the corrections for 4, F2 (hourly values) are of
only ~ 2 km; (i1) the daily average partially attenuates these
differences. During the year 2011 the geomagnetic activity
was considerably higher than in 2007, which indicates that
the variability and magnitudes observed in Fig. 15b) are in
part due to the geomagnetic conditions. In fact, the height
differences of around 50-55 km observed during days 150
and 256 coincide with the highest K, daily average values
of 2011 (for details on the K, magnetic index, visit:
http://www.gfz-potsdam.de/en/section/earths-magnetic-

field/data-products-services/kp-index). Nonetheless, for
the above mentioned 4, F2 range of values, 50 km is an
acceptable result since it only represents a difference of
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~14%. Besides, given that both the old and new coefficients
(Eq. (11) and Eq. (13), respectively) were computed for
quiet geomagnetic conditions, one should not expect very
well represented disturbed periods.

Consequently, the comparison of both versions of
LPIM against ionosonde observations served to demon-
strate that, at least for a mid-latitude location, the ingestion
of COSMIC-GPS raw data improved LPIM’s representa-
tion of the F2 peak parameters, especially the F2 layer crit-
ical frequency.

6. Final remarks and further work

By means of a series of modifications that mostly dealt
with a proper way to solve the COSMIC-GPS carrier-
phase ambiguities, La Plata Ionospheric Model was
adapted to process GPS raw data (RINEX files) gathered
by receivers on board the six satellites of the

FORMOSAT-3/COSMIC Mission. Periods of low to
middle-high solar activity levels and quiet geomagnetic
conditions were analyzed. The observational datasets were
then used to determine corrections to the global mean val-
ues of the critical frequency of the F2 layer and the corre-
sponding peak height. The results obtained showed that the
data ingestion modified the global mean representation of
the aforementioned parameters by approximately
0.7 MHz and 2 km (on average), which in turn provided
LPIM with a better capability to represent the actual state
of the F2 peak of the ionosphere; a fact that was analyzed
by means of a comparison between the so-called corrected
LPIM and the LPIM without data ingestion, and a second
and third comparisons of both versions of LPIM against
IRI and ionosonde measurements, respectively. Particu-
larly, the comparison with ionosonde observations showed
the improvements due to data ingestion and that the cor-
rected LPIM represents quite well the F2 layer critical fre-
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quency of the western mid-latitude European sector iono-
sphere, especially for low solar activity periods.

Nevertheless, an extension of the work described in this
paper is necessary to investigate the performance of our
technique during days of very disturbed geomagnetic con-
ditions and higher levels of solar activity. Furthermore,
comparisons against more observational datasets provided
by other ionosondes and incoherent scatter radars will help
to definitively assess the improvement accomplished in this
research on both local and global scales. Besides, an inte-
gration of the obtained ED profiles is under way in order
to analyze the results in the sTEC domain.
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