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Abstract

Presented is a new method for retrieving the topside electron density distribution from space-based observations of the total

electron content. By assuming an adequate topside density distribution, the profile reconstruction technique utilizes ionosonde and

oxygen–hydrogen ion transition level measurements for uniquely determining the unknown ion scale heights and the corresponding

ion and electron density profiles. The method is tested on actual measurements from the CHAMP satellite. Important applications

are envisaged, such as developing and evaluating empirical and theoretical ionosphere–plasmasphere models.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Reliable information on the top-side ionospheric and
plasmaspheric density distribution is required in various
practical activities such as the estimation and correction
of Global Navigation Satellite System (GNSS) propaga-
tion delays, investigation of space-weather effects on
telecommunications, etc. If available in real-time, the
top-side electron profiles can be a valuable input to the
space-weather forecasting (Huang and Reinisch, 2001).
Until recently, such reliable information was difficult to
obtain. Older techniques, such as the vertical incidence
sounding, provided reliable but bottom-side profiles
only. Significant progress has been made with the digital
ionosondes (Reinisch et al., 2001) and automated
procedures have been developed for electron density
profiling (Reinisch and Huang, 1982; Huang and
Reinisch, 1982; Reinisch and Huang, 1983). However,
the topside profiling needs further improvement. Other
e front matter r 2005 Elsevier Ltd. All rights reserved.
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techniques, such as the incoherent scatter probing, top-
side sounding from satellites, in situ rocket and satellite
observations, are available but can be expensive or can
provide observations limited in space and/or time.
The Total Electron Content (TEC) measurements

(Leitinger, 1996a) gave a new impetus to finding other
ways to gain valuable information on the top-side
ionosphere ionization, and particularly for developing a
powerful imaging technique—the ionosphere tomogra-
phy (Austen et al., 1988; Leitinger, 1996b). The Global
Positioning System (GPS) and the ground-based TEC
measurements using GPS have also become well-
established tools for monitoring the outer ionosphere
(Coco, 1991; Jakowski, 1996; Davies and Hartmann,
1997). These measurements can be used successfully for
deduction of the vertical ion and electron density pro-
files. In an earlier publication (Stankov and Muhtarov,
2001) reported was a new method developed for
deducing the electron profiles from ground-based
measurements of TEC and formulated by using the
Sech-squared profiler (Rawer, 1988; Davies, 1990). It
has been tested with real data (Stankov et al., 2002) and
the results were promising. A detailed analysis (Stankov,
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2002c) of the reconstruction behaviour of various
analytical ionospheric models, namely the Sech-squared,
Chapman, and Exponential profilers (Davies, 1990,
1996), showed that the Exponential profiler is much
better suited for day-time density reconstruction than
the original scheme with the Sech-squared profiler.
Recent developments in the GPS receiver technology

allowed for signal receivers to be placed onboard
Low-altitude earth-orbiting (LEO) satellites. This op-
portunity revived the occultation technique (Fjeldbo
et al., 1971) to be applied successfully for deducing
electron density distribution (Jakowski et al., 2002) and
atmospheric parameters such as temperature, pressure
and water vapour (Gurvich and Krasilnikova, 1990;
Hoeg et al., 1995). LEO satellites can deliver the electron
content above the height of the satellite, the so-called
over-satellite electron content (OSEC). Numerically,
OSEC integrates the vertical electron density from the
height of the receiving satellite, hs ðhs4hmF 2Þ, up to the
ceiling height, hc ðhcbhsÞ, and it will be denoted also
with TEC(hs; hc) or sTEC.
The purpose of this paper is to present a new method

for the reconstruction of the vertical electron density
profile from the vertical over-satellite TEC measured by
a LEO satellite. The difference of the proposed method
from other existing density reconstruction techniques is
that it employs two additional types of measurements—
ionosonde observations and empirical values of the
Fig. 1. A schematic view of the topside ion and electron density

distribution.
Oþ–Hþ ion transition height (upper transition level,
UTL), i.e. the height where the Hþ density equals the
Oþ density. In this way, information from independent
sources is utilized, which is expected to improve the
quality of reconstruction (Stankov et al., 2003a) and
eventually to be used for operational monitoring
(Stankov et al., 2003b). However, the reconstruction
technique using ground based TEC measurements is not
applicable to LEO satellite measurements due to the
existing gap between bottom-side measurements (i.e.
below the peak density height hmF2) and measurements
over the LEO satellite height (Fig. 1); it should be noted
that, in some cases, the gap can extend up to several
hundred kilometers. Therefore, a separate treatment of
the space-based reconstruction is required.
The paper is structured in the following way. First,

the reconstruction method is detailed. Second, the input
data required for the method are presented. Next, some
exemplary calculations are made with CHAMP data.
Finally, comparison is made between results of this
reconstruction and other methods and models.
2. Reconstruction method

The method is developed for determination of the
upper electron profile, i.e. above hmF 2. For this purpose,
the profile is presented as a sum of its major
constituents—the oxygen and hydrogen ion density
profiles. Because of the known presence in the upper
atmosphere of atomic hydrogen and because of the
charge-exchange reaction between hydrogen atoms and
oxygen ions, the presence of the Hþ ions in the topside
F 2 layer cannot be neglected. As a result, the presence in
the diffusion problem of two ion species, especially with
such different atomic weights, greatly complicates it.
Further, the individual ion density distributions are
approximated by the hyperbolic secant function in the
following manner:

N iðhÞ ¼ N iðhmÞ sech
2 h � hm

2H i

� �
, (1)

where N iðhÞ is the oxygen or hydrogen ion density at
height h, H i is the ion scale height, and sechð:Þ is the
secant hyperbolic function. The following ‘reconstruc-
tion’ formula is proposed for calculation of the upper
electron density profile:

NeðhÞ ¼ NOþðhmÞ sech
2 h � hm

2HOþ

� �

þ NHþðhmÞ sech
2 h � hm

2HHþ

� �
; h4hm, ð2Þ

where NeðhÞ is the electron density at height h, HOþ

is the Oþ scale height, HHþ is the Hþ scale height,
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NOþðhmÞ and NHþðhmÞ are the O
þ and Hþ densities at

the height hm of the F2-layer maximum electron density.
The necessity of reconstructing the density distribu-

tion in the vertical direction and the fact that the plasma
transport is predominantly along the geomagnetic
field line required the use of a ‘vertical’ corrector
(Fig. 2). The sole purpose of this correction factor is
to ‘map’ the scale height along the magnetic field line
onto the vertical axis, which in effect re-distributes the
plasma density in height direction. Under the assump-
tion that the ionosphere and plasmasphere are isotropic,
the scale heights of Oþ and Hþ along the magnetic
field lines will have a ratio 1:16 following the definition
of scale height. Also, the Hþ is supposed to decrease
exponentially above the level of hmF 2 which is true
but for altitudes above the Oþ–Hþ transition height.
To obtain the vertical density distribution (see also
Section 6.2), the conversion dh ¼ sin I ds is applied,
where dh is the differential element along the vertical,
ds is the differential element along the field line, and I

is the inclination. If the displacement of the geo-
graphic and geomagnetic poles is ignored then dh ¼

sin½arctanð2: tanuÞ�ds, where u is the dip latitude. Thus,
by introducing x ¼ sin½arctanð2: tanuÞ�, the reconstruc-
tion formula will read:

NeðhÞ ¼ NOþðhmÞ sech
2 h � hm

2HOþ

� �

þ NHþðhmÞ sech
2 h � hm

32xHOþ

� �
; h4hm. ð3Þ
Fig. 2. The use of a vertical corrector for ‘mapping’ the scale height

along the magnetic field line onto the vertical axis.
There are three unknown variables in the proposed
formula—the oxygen and hydrogen ion densities at the
peak height, i.e. NOþðhmÞ and NHþðhmÞ, and the oxygen
ion scale height HOþ. These unknowns are determined
in the following way.
The over-satellite electron content is the difference

between the topside electron content (above hm) and the
electron content enclosed in-between the heights hm and
hs, i.e.:

sTEC ¼ TECðhs; hcÞ ¼ TECðhm; hcÞ � TECðhm; hsÞ

¼

Z hc

hm

NeðhÞdh �

Z hs

hm

NeðhÞdh. ð4Þ

Both integrals are solved similarly (Stankov, 2002b)
and, for a scale height H, the result is

Z hs

hm

NðhÞdh ¼ 2HNðhmÞ

1� exp
hm � hs

H

� �

1þ exp
hm � hs

H

� � , (5)

Z hc

hm

NðhÞdh ¼ 2HNðhmÞ. (6)

Further, after integrating NeðhÞ using the ‘reconstruc-
tion’ formula, and considering the above integral
solutions, it follows that

TECðhm; hcÞ ¼ 32xHOþNm þ 2ð1� 16xÞHOþNOþðhmÞ,

(7)

TECðhm; hsÞ ¼ 32xXHþHOþNm þ 2ðXOþ � 16xXHþÞ

�HOþNOþðhmÞ, ð8Þ

XOþ ¼ 1� exp
hm � hs

HOþ

� �� ��
1þ exp

hm � hs

HOþ

� �� �
,

(9)

XHþ ¼ 1� exp
hm � hs

16xHOþ

� �� �
1þ exp

hm � hs

16xHOþ

� �� ��
.

(10)

Hence, the over-satellite electron content is

sTEC ¼ 4YOþHOþNOþðhmÞ þ 4YHþHHþNHþðhmÞ

¼ 64xYHþHOþNm þ 4½YOþ � 16xYHþ�

�HOþNOþðhmÞ. ð11Þ

YOþ ¼ exp
hm � hs

HOþ

� �
1þ exp

hm � hs

HOþ

� �� ��
. (12)

YHþ ¼ exp
hm � hs

16xHOþ

� �
1þ exp

hm � hs

16xHOþ

� �� ��
. (13)
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Using the principle of quasi-neutrality and Eq. 11, the
F2 peak ion densities can be expressed as:

NOþðhmÞ ¼ ðsTEC � 64xYHþHOþNmÞ

=½4ðYOþ � 16xYHþÞHOþ�, ð14Þ

NHþðhmÞ ¼ ð4YOþHOþNm � sTECÞ

=½4ðYOþ � 16xYHþÞHOþ�, ð15Þ

Finally, after a series of transformations (Stankov,
2002b), the following transcendental equation is con-
structed for obtaining the unknown Oþ scale height:

sTEC � 64xYHþHOþNm

4 ðYOþ � 16xYHþÞHOþNm
sech2

htr � hm

2HOþ

� ��

þ sech2
htr � hm

32xHOþ

� ��
¼ sech2

htr � hm

32xHOþ

� �
. ð16Þ

The unknown oxygen ion scale height is obtained after
numerically solving the above transcendental equation
(16). Once the Oþ scale height is found, it is easy to
compute the ion densities NOþðhmÞ and NHþðhmÞ using
expressions (14) and (15). The upper electron density
profile is then recovered by using the reconstruction
formula (3).
The described technique is not restricted to the use of

one particular profiler. A study of various analytical
ionospheric models (Stankov, 2002c) shows that others
can be adopted as well, for example the Exponential
model:

NðhÞ ¼ NðhmÞ exp �
h � hm

H

� �
. (17)

In this case the reconstruction formula is

NeðhÞ ¼ NOþðhmÞ exp
h � hm

2HOþ

� �

þ NHþðhmÞ exp
h � hm

32xHOþ

� �
; h4hm ð18Þ

and most of the calculations are carried out in a
similar way as for the Sech-squared layer. This time,
the Oþ and Hþ densities at hm are expressed in the
form:

NOþðhmÞ ¼
sTEC � 16xYHþNm

ðYOþ � 16YHþÞHOþ

, (19)

NHþðhmÞ ¼
YOþHOþNm � sTEC

ðYOþ � 16YHþÞHOþ

, (20)

YOþ ¼ exp
hm � hs

HOþ

� �
, (21)

YHþ ¼ exp
hm � hs

16xHOþ

� �
(22)
and the transcendental equation (Oþ scale height is the
variable) acquires the following form:

sTEC � 16xYHþHOþNm

ðYOþ � 16xYHþÞHOþNm
exp

hm � htr

HOþ

� ��

þ exp
hm � htr

16xHOþ

� ��
¼ exp

hm � htr

16xHOþ

� �
. ð23Þ

Now, the unknown oxygen ion scale height is obtained
after numerically solving the above transcendental
equation (23). Once the Oþ scale height is found, it is
used for computing the ion densities NOþðhmÞ and
NHþðhmÞ using expressions (19) and (20). Finally, the
upper electron density profile is deduced with the help of
reconstruction formula (18).
3. Space-based observations of TEC

LEO satellites performing dual frequency GPS
navigation measurements are convenient instruments
for obtaining information on the physical processes
taking place in the topside ionosphere and the plasma-
sphere. There are currently several LEO satellites in
operation, for example Challenging Minisatellite Pay-
load (CHAMP), Satelite de Aplicaciones Cientificas-C
(SAC-C), and Gravity Recovery And Climate Experi-
ment (GRACE). In this study we used topside electron
density reconstructions based on GPS navigation data
from CHAMP.

3.1. CHAMP satellite mission

The German geo-research satellite CHAMP was
launched on 15 July, 2000 into a circular and polar
orbit at an 87	 inclination and at an initial altitude of
454 km (Reigber et al., 2003). One of the reasons for
choosing a circular and polar orbit is the benefit of
acquiring a homogeneous and complete global coverage
of the Earth’s space environment. An advantage of an
87	 orbit vs. a dawn–dusk sun-synchronous orbit is the
local time variation of the satellite’s ground track which
is essential for the scientific experiments. It enables
the separation of periodic phenomena constituents
such as tides and day–night variations. CHAMP is
equipped with new generation receivers (‘‘Black Jack’’)
having novel capabilities like ‘‘enhanced codeless’’
tracking (ability to track encrypted GPS signals), higher
signal-to-noise ratio, and lower tracking in the atmo-
sphere.

3.2. GPS TEC data acquisition

The TEC calculation is based on a newly developed
model-assisted technique for reconstruction of the three-
dimensional (3D) electron density structure above the
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CHAMP orbit from GPS observations. Two types of
input are required for the retrieval algorithm: GPS
navigation measurements from CHAMP (0.1Hz) and
orbit data for CHAMP and the involved GPS satellites.
The data processing and retrieval method (Heise et al.,
2002) consists of the following main parts—GPS data
pre-processing, calibration of link related TEC, and
hmF 2 ¼ �176þ 1470
M3000F2 0:0196ðM3000F 2Þ

2
þ 1


 �
= 1:296ðM3000F2Þ

2
� 1


 �� 	1=2
M3000F2 � 0:012þ 0:253=ðf oF 2=f oE � 1:215Þ

. (3)
assimilation of calibrated TEC. During the pre-proces-
sing stage, detected outliers are being removed and cycle
slips corrected. The ionospheric combination of GPS
pseudoranges and carrier phases is used to derive the
TEC value. TEC is consistently calibrated for receiver
and satellite differential group delay biases. The
calibration of numerous link-related TEC values for
instrumental biases is performed with the help of the
Parameterized Ionospheric Model (PIM) (Daniell et al.,
1995). Considering that GPS differential code biases are
reliably estimated by GPS processing centres, the
calibration procedure is focused on the estimation of
the CHAMP receiver bias only. Results show that the
estimated bias is quite stable—variations not exceeding
1 TECU (1 TECU ¼ 1016 m�2). The final part, the
assimilation of calibrated but link-related TEC data
into the PIM model, is used to deduce the 3D electron
density distribution using a global 3D voxel structure. It
involves an iterative process that modifies the electron
densities inside the voxels crossed by CHAMP-GPS
radio links until the integrated electron density along the
radio link equals the corresponding link-related TEC
value. Finally, OSEC is derived by vertical reintegration
of the 3D assimilation results.
4. Ionosonde observations

Previous TEC studies suggest that the bottom-side
profile (below the F -layer peak electron density height,
hmF 2) should be more precisely modeled, and if possible,
connected to measurements of the ground vertical
ionospheric soundings. In this part, a reliable and
flexible way of profiling the bottom-side electron density
distribution will be described. Required ionosonde data
are the F 2-layer critical frequency (f oF2), the propaga-
tion factor (M3000F2), and the E-layer critical frequency
(f oE).
The vertical electron density distribution below hmF2

is calculated with the Epstein layer:

NeðhÞ ¼ NeðhmÞ sech
2 h � hm

Bbot

� �
, (1)
where NeðhÞ is the electron density, Bbot is the bottom-
side thickness, and

sechðhÞ ¼ 1= coshðhÞ; coshðhÞ ¼ 0:5ðexpðhÞ þ expð�hÞÞ.

(2)

The F2-layer peak height is estimated using the
expression (Dudeney, 1983):
The bottom-side thickness, Bbot, is calculated by (Di
Giovanni and Radicella, 1990): Bbot ¼ 0:385NmF2ðdN=
dhÞ�1max, where ðdN=dhÞmax is the value of the gradient of
NeðhÞ at the base of the F 2 layer, and it is determined by
the following formula:

ðdN=dhÞmax½10
9 m�3 km�1

�

¼ exp �3:467þ 0:857f

� lnðf oF2½MHz�Þ2 þ 2:02 lnðM3000F2Þ
	
. ð4Þ

When F 2 and E layers are both present in the
ionograms, the bottom-side profile is constructed as a
sum of two identical Epstein layers (Rawer, 1988):

NðhÞ ¼ f4Nm exp½ðh � hmÞ=Bbot�g

=f1þ exp½ðh � hmÞ=Bbot�g
2, ð5Þ

where Nm and hm are the (F 2- or E-) layer’s peak density
and peak height respectively. The electron density
distribution at D region heights is not modeled in detail
as its contribution to the TEC is negligible. It is
important to mention that alternative ways can be used
to calculate parameters (for example, f oF2 and
M3000F 2) in case ionosonde data are missing or are
unreliable, and also for real-time reconstruction.
The E-layer critical frequency, f oE, can be calculated

by the following formula (Bilitza and Rawer, 1996):
f oEðR;f; wÞ ¼ ðABCDÞ

1=4, where R is the solar radi-
ance, f is the geographic latitude, and w is the solar
zenith angle. The components A and B express the solar
activity, C—latitudinal, and D—diurnal dependence:

A ¼ 1þ 0:0094ðF10:7� 66Þ;

B ¼ ðcos wnoonÞ
m; m ¼ 1:93þ 1:92 cosf; for jfjo32	;

m ¼ 0:11� 0:49 cosf; for jfjX32	;

C ¼ X þ Y cosf; X ¼ 23; Y ¼ 116; for jfjo32	;

X ¼ 92; Y ¼ 35; for jfjX32	;

D ¼ ðcos wÞp; p ¼ 1:31; for jfjp12	;

p ¼ 1:20; for jfj412	:

The propagation factor, M3000F 2 ð¼ MUF=f oF 2Þ, can be
taken from existing empirical maps of Comite Consultatif
International des Radiocommunications (CCIR) or
Union Radio-Scientifique Internationale (URSI).
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5. Upper ion transition level data

It is assumed that the topside ionosphere consists of
two major components—oxygen and hydrogen ions and
their scale heights are constant with altitude. One
interesting feature of such two-ion distribution is the
behaviour of these ions at and near the Oþ–Hþ

transition height. A sharp increase of the plasma scale
height is observed at the UTL due to the following.
In the topside ionosphere region above the F 2-layer

peak and below UTL the Oþ is still the predominant ion
but the presence of the Hþ ions cannot be neglected. In
addition, the electrons contribute to a larger scale height
for ions by the establishment of an electric field resulting
from a slight charge separation. The electric field is large
enough so that it is a more important force than gravity
for protons by a factor of 8. Consequently, the proton
concentration increases with altitude and at the UTL
protons become the predominant ions. Above UTL, the
Hþ ions are distributed as if their atomic weight were
0.5, and oxygen ions as if their atomic weight were 15.5.
The picture is further complicated by the fact that the
Table 1

The Oþ–Hþ transition height model’s data base for low solar activity (R ¼ 50

(top) and winter (bottom) seasons

Long 0–60 60–120 120–180 180–240 240–300 300–360

Lat Summer: night-time

55–65 824 824 824 824 824 824

45–55 765 770 765 771 775 780

35–45 725 730 730 735 739 739

25–35 714 726 732 730 727 726

15–25 718 714 714 712 710 714

5–15 749 745 745 745 745 745

0 765 765 765 765 765 765

�15–5 750 750 750 750 754 750

�25–15 724 722 720 724 728 724

�35–25 715 713 710 709 702 709

�45–35 730 735 739 739 725 730

�55–45 775 781 785 790 775 780

�65–55 824 824 824 824 824 824

Lat Winter: night-time

55–65 754 754 754 754 754 754

45–55 740 735 741 741 751 745

35–45 705 720 724 720 705 705

25–35 645 650 653 646 645 645

15–25 625 627 628 632 625 625

5–15 715 715 715 713 711 709

0 766 762 762 762 762 762

�15–5 750 748 754 754 754 752

�25–15 690 690 690 692 693 697

�35–25 635 635 635 640 643 636

�45–35 670 670 670 685 689 685

�55–45 725 719 716 709 715 715

�65–55 754 754 754 754 754 754

Values sorted according to geomagnetic latitude and longitude.
Hþ maximum is quite often situated above the UTL. In
our method, it is assumed that the peak is far below—at
the height of the F2 peak; thus, the height distribution of
the hydrogen ions follows the height distribution of the
atomic hydrogen and the two-slope electron profile—
with a sharp increase of the scale height at the UTL—is
readily obtained.
One of the main ideas behind the reconstruction

technique is in the use of the Oþ–Hþ transition level as a
key reconstruction parameter, the anchor utilized when
searching for a unique solution for the topside ion and
electron density profiles. In addition to ensuring the
uniqueness of solution, the use of the UTL value
diminishes expected errors caused by the assumptions
of constant scale height and diffusive equilibrium
conditions. Here, the needed transition height is
determined from an empirical model (ref. Tables 1 and
2), based mainly on satellite in situ measurements of the
individual Oþ and Hþ ion densities (Kutiev et al., 1994).
In this model, the transition level is approximated by a
multi-variable polynomial, providing convenience when
referencing the level with respect to solar activity,
): night-time (left side) and day-time (right side) values [km] for summer

0–60 60–120 120–180 180–240 240–300 300–360

Summer: day-time

1248 1200 1152 1152 1200 1248

1237 1189 1142 1142 1189 1237

1198 1152 1106 1106 1152 1198

1128 1085 1042 1042 1085 1128

1035 995 955 955 995 1035

988 950 893 893 950 988

978 940 903 903 940 978

986 948 911 911 948 986

1012 973 935 935 973 1012

1043 1002 962 962 1002 1043

1104 1061 1019 1019 1061 1104

1136 1092 1049 1049 1092 1136

1144 1100 1056 1056 1100 1144

Winter: day-time

1078 1078 1100 1122 1122 1100

1070 1070 1092 1113 1113 1092

1040 1040 1061 1082 1082 1061

982 982 1002 1022 1022 1002

954 954 973 992 992 973

929 929 948 967 967 948

918 918 936 955 955 936

930 930 949 968 968 949

959 959 978 998 998 978

994 994 1014 1034 1034 1014

1049 1049 1070 1091 1091 1070

1073 1073 1095 1117 1117 1095

1078 1078 1100 1122 1122 1100
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Table 2

The Oþ–Hþ transition height model data base for increased solar activity (R ¼ 100): night-time (left side) and day-time (right side) values for summer

(top) and winter (bottom) seasons

Long 0–60 60–120 120–180 180–240 240–300 300–360 0–60 60–120 120–180 180–240 240–300 300–360

Lat Summer: night-time Summer: day-time

55–65 1100 1100 1100 1100 1100 1100 1430 1430 1430 1430 1430 1430

45–55 922 912 902 922 942 932 1420 1420 1420 1420 1420 1420

35–45 950 940 930 940 950 950 1380 1380 1380 1380 1380 1380

25–35 1011 991 981 976 971 991 1300 1300 1300 1300 1300 1300

15–25 1040 1030 1030 1025 1020 1030 1250 1250 1250 1250 1250 1250

5–15 1049 1039 1039 1039 1039 1039 1200 1200 1200 1200 1200 1200

0 1050 1040 1040 1040 1040 1040 1150 1150 1150 1150 1150 1150

�15–5 1080 1090 1090 1090 1090 1090 1200 1200 1200 1200 1200 1200

�25–15 1050 1050 1050 1070 1070 1070 1250 1250 1250 1250 1250 1250

�35–25 1000 1000 1000 1020 1030 1030 1330 1330 1330 1330 1330 1330

�45–35 970 970 970 1030 1040 1040 1380 1380 1380 1380 1380 1380

�55–45 1060 1060 1060 1070 1080 1080 1420 1420 1420 1420 1420 1420

�65–55 1100 1100 1100 1100 1100 1100 1430 1430 1430 1430 1430 1430

Lat Winter: night-time Winter: day-time

55–65 910 910 910 910 910 910 1363 1363 1363 1363 1363 1363

45–55 880 900 900 908 916 917 1293 1293 1293 1293 1293 1293

35–45 721 729 731 736 736 738 1224 1224 1224 1224 1224 1224

25–35 672 679 682 685 685 689 1200 1200 1200 1200 1200 1200

15–25 667 660 660 653 653 660 1190 1190 1190 1190 1190 1190

5–15 687 680 680 680 680 680 1170 1170 1170 1170 1170 1170

0 1000 1000 1000 1000 1000 1000 1150 1150 1150 1150 1150 1150

�15–5 1028 978 948 948 948 948 1170 1170 1170 1170 1170 1170

�25–15 686 686 686 726 766 726 1180 1180 1180 1180 1180 1180

�35–25 660 660 660 695 730 690 1200 1200 1200 1200 1200 1200

�45–35 731 731 731 811 881 811 1220 1220 1220 1220 1220 1220

�55–45 998 898 848 938 998 998 1293 1293 1293 1293 1293 1293

�65–55 1100 1100 1100 1100 1100 1100 1363 1363 1363 1363 1363 1363

Values sorted according to geomagnetic latitude and longitude.
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season, local time, longitude and latitude. The model
has been recently upgraded (Stankov, 2002a; Stankov
et al., 2003a) to provide better diurnal and longitudinal
variations at low solar activity conditions. Other models
also exist and can be implemented as well (Marinov
et al., 2004).
6. Results and discussion

The reconstruction method has been tested exten-
sively for various spatial and temporal conditions.
Several aspects of this reconstruction have been
considered, e.g., what effects will input parameter
changes have on the reconstruction results; which
ionospheric profiler will be better suited for a given
location, time and ionosphere–plasmasphere status;
qualitative and quantitative analysis of the recon-
structed density profiles including comparison with
empirical models; possible applications, opportunities
for improvement, etc. All required TEC values have
been obtained from CHAMP observations using GPS.
6.1. Exemplary calculations using CHAMP

measurements

At first, reconstruction tests have been performed
with the Sech-squared profiler after finding coincidences
between the CHAMP and ionosonde measurements.
Normally, there is a great number of such coincidences
in the European region considering the good coverage
provided by the satellite and the high density of
ionosonde stations.
As an example, presented are the reconstructed top-

side oxygen and hydrogen ion density profiles together
with the corresponding full-height electron profile
(Fig. 3). Notice that for altitudes above hmF2 the electron
density at a given height is obtained after summing up the
corresponding ion densities. It is therefore assumed that
the principle of plasma quasi-neutrality holds true. In
the given example, selected is the site of the North-
European ionosonde station Juliusruh (JR055: 54:63	N,
13:38	E) on 14/03/2001 for night-time conditions
(03:18UT) and on 16/03/2001 for day-time conditions
(15:41UT). At this latitude, the effect of the vertical
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Time: 03:18UT
Date: 14 Mar 2001
Satellite: CHAMP
Ionosonde:JR055
Longitude:13.38E
Latitude: 54.63N
Profile: Sech-squared
TEC(o.s.) = 4.40x1016m-2

foF2 = 4.50 MHz
UTL = 982.7 km
F10.7 = 140.7
Kp = 2.0

Time: 15:41UT
Date: 16 Mar 2001
Satellite: CHAMP
Ionosonde:JR055
Longitude:13.38E
Latitude: 54.63N
Profile: Sech-squared
TEC(o.s.) = 10.91x1016m-2

foF2 = 10.0 MHz
UTL = 1206.6 km
F10.7 = 138.5
Kp = 2.0

H+

H+

O+
O+

Fig. 3. Reconstructed ion and electron density profiles at the site of the Juliusruh ionosonde station (JR055: 54:63	N, 13:38	E) for night-time and
day-time conditions. The topside part of the electron profile is obtained after summing up the Oþ and Hþ ion densities.
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correction factor is relatively small. The selected days are
typical near-equinox days with quiet geomagnetic activity
(Kp ¼ 2:00) and relatively high solar activity condi-
tions ðF 10:7 ¼ 140:7½W=m2=Hz�; 138:5½W=m2=Hz�Þ. The
required input parameters are as follows: over-
satellite electron content (sTEC¼4:40� 1016½m�2�;
10:91� 1016½m�2�Þ, height of satellite (hs ¼ 419:5½km�,
423.2[km]), upper transition level (htr ¼ 982:7½km�,
1206.6[km]), F2-layer critical frequency (f oF 2 ¼

4:5½MHz�, 10.0[MHz]), E-layer critical frequency
(f oE ¼ 0:0½MHz�, 2.3[MHz]), and propagation factor
(M3000F2 ¼ 2:6, 3.1). The calculated Oþ scale height is
about 93.3 km for the night-time profile and slightly
higher—about 100.3 km—for the day-time profile. Such
an increase is a consequence of the complex interplay of
the three major shape factors for the top-side profile—
on the one hand, increased Oþ peak density (from about
2:5� 1011 m�3 at night to about 1:2� 1012 m�3 at day),
but on the other hand, decreased peak density height
(from 396.7 km at night to 294.5 km at day) and
increased ion transition level (from 982.7 km at night up
to 1206.6 km at day). A greater difference is observed
between the calculated night-time and day-time Hþ ion
scale heights.
The reconstruction method provides a good oppor-

tunity to estimate the contribution of the upper iono-
sphere and/or the plasmasphere into the total electron
content. In the above example, the night-time TECtotal is
estimated at 6.75 TECU with TECtop of 4.97 TECU,
hence the combined upper ionosphere and plasmasphere
contribution of about 73.6% from the total. In the day-
time case, TECtotal is estimated at 32.85 TECU with
TECtop of 24.99 TECU, hence a combined contribution
of about 76.1% from the total. Considering the
availability of concurrent information about the bot-
tom-side ionosphere (through the ionosonde), all this
can lead to a better understanding of the ionospher-
e–plasmasphere system’s status, ionization, coupling,
and other processes.

6.2. Vertical correction factor—conditions and effects

As mentioned before (Section 2), the plasma transport
occurs predominantly along the geomagnetic field line
while we are interested in obtaining the density
distribution in vertical direction. The discrepancy is
negligible at high geomagnetic latitudes, but at lower
and equatorial latitudes the tilt of the geomagnetic field
lines (dip) should be of concern.
It follows from simple geometrical considerations

(Fig. 2) that dh ¼ sin I ds, where dh—differential ele-
ment along the vertical axis, ds—differential element
along the field line. This relationship is applied to the ion
scale heights instead of the densities in order to avoid
the usual practice of performing calculations along
several field lines. Common sources for the inclination
are measurements at a given observing station or model
values derived from a spherical harmonics expansion of
the geomagnetic field. Sometimes the inclination in the
ionosphere (e.g. at the F2 peak height, hmF2) is taken
instead of the inclination at the ground. The construc-
tion here simply adopts the relation between magnetic
latitude and inclination (dip angle) for a dipole leading
to the equation tanj ¼ 0:5 tan I (where j is the dip
latitude, I is the inclination). Finally, the correction
factor is found to be: x ¼ sin½arctanð2: tanjÞ�. In effect,
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Fig. 4. Density profiling along the dipole field line and vertical axis.

Fig. 5. Comparison between profile reconstructions based on Sech-

squared and Exponential models for fixed values of TEC and UTL.
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the use of the factor leads to a redistribution of the
plasma density in height direction as demonstrated for
the geomagnetic latitude of 20:0	N (Fig. 4). The
difference between the two types of profiling—the
one along the dipole field line and the other along
the vertical axis is clearly visible in the figure. While
there is no much difference between the electron profiles
in the topside ionosphere, the discrepancies become
obvious near the UTL and above in the plasmasphere,
where the profile along the field line is much steeper than
the vertical profile.
In conclusion, the technique offered in this paper is

supposed to be used at middle and high geomagnetic
latitudes. Covering the equatorial region would require
additional developments related to complex local
phenomena such as the E� B drift and inter-hemi-
spheric flows.

6.3. Selection of ionospheric profiler

The method was originally developed using the Sech-
squared profiler. Later on, the use of the Exponential
model was studied for reconstruction purposes. Both
models produce quite different (in shape) top-side
density profiles which is demonstrated (Fig. 5, top
panel) for a given scale height of 100 km, maximum
density of 1� 105½cm�3�, and height of the peak density
of 300 km. It is also evident that the Sech-squared
topside profile tends to asymptotically approach the
exponential profile at very great altitudes (hbhmF 2).
The demonstrated large differences in the profile shapes
proves once again the necessity of an ‘anchor’ some-
where above hmF2 which would point at the most
appropriate model. As written before, the UTL value
can successfully play this role. In fact, the information
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about the UTL is not used outside the solution but is
rather introduced into the equation about the Oþ scale
height which is the better approach. It is obvious from
the vertical density distribution produced with a same
scale height for all profilers that larger density values at
all altitudes are obtained with the Sech-squared profiler
and smaller—with the Exponential profiler. Hence, for a
fixed scale height, larger TEC values are expected from
the Sech-squared profiler and smaller—from the Ex-
ponential profiler. From a reconstruction point of view
however, we need to investigate how the reconstructed
profiles will behave when forced to satisfy the UTL
conditions for a fixed TEC and UTL values. In order to
preserve the same TEC value, the Oþ scale height
calculated using the reconstructed method should be
larger if the Exponential model is employed, and
oppositely, it should be smaller if the Sech-squared
model is used. To prove that, electron profiles were
deduced using fixed TEC of 34:9� 1016m�2 and UTL of
1400 km (Fig. 5, bottom panel). As expected, the scale
heights obtained via the Exponential profiler are higher,
thus yielding much steeper electron density profile. As a
result of the differences in the calculated oxygen ion
scale heights, significant differences are observed in the
hydrogen ion density profiles—both in scale height and
in absolute ion density values. The increased ion scale
height obtained via the Exponential profiler leads to
higher electron density at greater altitudes and therefore
higher contribution to TEC from the plasmasphere,
which should be expected during daytime.
The way in which the plasma diffusion controls the

F layer has been well investigated during the years.
During the night, the F layer develops into a stationary
(but decaying) form resembling a Chapman layer.
During the day, the electron density near the F 2 peak
approximates to the equilibrium value which it would
have in the absence of diffusion. Above the peak the
electron density is mainly controlled by plasma diffusion
and at greater altitudes the distribution is expected to be
exponential with a scale height corresponding to the
mass of the positive ions. The variation of electron
density is then largely controlled by the variation of the
peak electron density NmF2 which is a key input
parameter in the proposed reconstruction technique
and is provided—with a high precision—by ground
ionosonde(s). By using ground-based TEC measure-
ments, it has been confirmed that the vertical distribu-
tion of the major ion can be successfully reconstructed
with the exponential profiler under some conditions but
particularly for the day-time ionosphere (Stankov,
2002c).

6.4. Comparison with IRI calculations

From previous studies (Belehaki et al., 2004a, b) with
ground digisonde reconstructions (Reinisch, 1996;
Huang and Reinisch, 2001) it has been found that the
latter tend to underestimate the contribution from
the plasmasphere, thus the topside electron profiles are
strongly depleted. The reason is probably in the use of
the Chapman profiler for deducing the top-side iono-
sonde-based profiles. It has been estimated that ITEC
(the ground ionosonde derived TEC value) is generally
within 10% of the GPS TEC and also that the
Chapman profile above 700 km contributes less than
2% of the total content. Since a large portion of the
TEC is delivered by the electron profile immediately
above the F2 peak height, the correct determination of
the plasma scale height in this region is of utmost
importance.
As a step in the evaluation of the described

reconstruction method, here we compare representative
reconstruction results with corresponding electron
profiles deduced from IRI (Bilitza et al., 1993;Bilitza,
2001) model calculations. For this purpose, several
CHAMP observations of TEC have been selected for
the site of the Juliusruh digisonde (54:63	N, 13:38	E) for
both night-time (Fig. 6, left panels) and day-time (Fig. 6,
right panels) hours, and for summer, equinox, and
winter seasons during high solar activity and quiet
geomagnetic conditions (Table 3). In order to better
compare the topside profiling, the IRI-2001 model has
been run in two modes—one, with NmF 2 and hmF2

provided by the model itself (denoted with ‘IRI’) and
another, with NmF2 and hmF2 provided by the
ionosonde measurements (denoted with ‘IRIadj’).
Below hmF 2, the electron profiles are calculated

similarly, so there are no large discrepancies between
the bottom-side sections of the profiles and hence
between their electron content values. This fact justifies
the more important comparison of the top-side profiles.
The IRI simulates the F 2 layer peak density and peak
height values well only for the daytime winter and
equinox conditions. This underlines the significance of
binding our reconstruction method to a reliable source
such as the ground ionosonde.
In contrast to the bottom-side ionosphere, above

hmF2 the differences between the electron profiles of the
presented approaches are becoming quite significant. In
some cases, there is a good agreement between topside
scale heights obtained from IRI and the Over-Satellite
Electron Content (OSEC) reconstruction method, par-
ticularly during summer. However, in the rest of the
cases, large differences are observed. A possible reason
can be the climatological features in IRI, but also,
inaccuracies in the ion transition level values. The
importance of the ion transition level in reconstructing
the topside density distribution has been already pointed
out. The results here also confirm the necessity of this
additional information to be included in the reconstruc-
tion. IRI profiles show constant transition levels which
is not realistic (Kutiev et al., 1980; Stankov, 2002a). One
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Fig. 6. Reconstructed electron profiles (solid line) using CHAMP OSEC compared with the corresponding profiles calculated from IRI-2001

(dashes) and IRI-2001 adjusted to the peak density characteristics (dots). Left panels: night-time conditions, right panels: day-time conditions.
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significant consequence is the overestimated electron
density in the plasmasphere. Evidences of some dis-
crepancies between measured and IRI-modelled top-side
electron profiles do exist (Jakowski and Tsybulya, 2004).
Considering that we are using UTL model values from
independent sources, it is quite possible that the figures
really show overestimated plasmasphere profiles from
IRI. In addition, the OSEC reconstruction method
offers better Hþ scale height, more realistically bound to
the current geophysical conditions through its connec-
tion to the top-side Oþ scale height, the UTL and TEC
measurements.
7. Summary and conclusions

Presented was a new approach to reconstructing
the topside ion and electron density distribution from
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Table 3

Reconstruction of the electron profiles: required input data and results

Season Winter Winter Equinox Equinox Summer Summer

Parameter Night Day Night Day Night Day

Geogr.Coord’s 13:4	E, 13:4	E, 13:4	E, 13:4	E, 13:4	E, 13:4	E,
(deg) 54:6	N 54:6	N 54:6	N 54:6	N 54:6	N 54:6	N
Geom.Coord’s 99:7	E, 99:7	E, 99:7	E, 99:7	E, 99:7	E, 99:7	E,
(deg) 54:3	N 54:3	N 54:3	N 54:3	N 54:3	N 54:3	N
Date 08.01.2001 06.01.2001 14.03.2001 16.03.2001 31.07.2001 28.07.2001

DoY 8 6 73 75 212 209

UT (h) 21:48 09:22 03:18 15:41 03:15 14:58

LT (h) 22:48 10:22 04:18 16:41 04:15 15:58

F10.7 (W=m2=Hz) 161.5 173.4 140.7 138.5 120.3 119.0

Kp 2.33 1.00 2.00 2.00 4.00 2.00

ECOS ðm�2Þ 2:90� 1016 4:98� 1016 4:40� 1016 10:91� 1016 5:83� 1016 6:30� 1016

ECTOT (m�2) 3:64� 1016 35:85� 1016 6:75� 1016 32:85� 1016 10:10� 1016 17:45� 1016

f oF 2 (MHz) 2.90 11.20 4.50 10.00 4.80 6.20

f oE (MHz) 0.00 2.25 0.00 2.25 0.00 3.35

M3000F2 2.40 3.35 2.55 3.05 2.70 2.90

NmF2 (m
�3) 1:042� 1011 1:555� 1012 2:511� 1011 1:239� 1012 2:857� 1011 4:767� 1011

HmF2 (km) 433.90 258.02 396.73 294.48 364.69 269.02

HLEO (km) 433.95 461.27 419.51 423.17 453.66 460.23

UTL (km) 1001.42 1401.87 982.73 1206.59 917.34 1176.59

HOþ (km) 114.90 88.18 93.33 100.33 115.96 141.89

The ionosonde measurements are made at Juliusruh, JR055 (54.63N, 13.38E).
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space-based observations of the total electron content and
concurrent ground-based ionosonde measurements. The
method utilizes additional information on the oxygen–
hydrogen ion transition level in order to uniquely
determine the unknown ion scale heights. As a result,
ion and electron density profiles are reconstructed and
bound to the observed geophysical conditions.
The efficiency of a reconstruction method should be

considered from several aspects including reliability,
availability of measurements, and applicability of
results. The reliability of the approach is based on
previously developed reconstruction techniques for
ground based observations—both TEC and ionosonde.
Also, the method employs precise and efficient numer-
ical methods. During the years the LEO satellites have
been providing observations in abundance and with
good temporal and spatial coverage. The availability of
TEC measurements is guaranteed by current (CHAMP,
SAC-C, GRACE) and future (e.g. COSMIC—Constel-
lation Observing System for Meteorology Ionosphere
and Climate) LEO missions.
The here presented reconstruction method has been

tested on actual measurements from the CHAMP
satellite and the following conclusions can be made:
�
 The method tightens the density profiles to existing
ground and space based observations, thus ensuring
higher reliability.
�
 The technique can complement the digisonde profile
reconstruction to yield better results for the top-side
ionosphere and the plasmasphere.
�
 The IRI model tends to generally overestimate the
topside ionospheric and plasmaspheric contribu-
tion.
�
 The LEO satellite fleet, together with the advanced
global navigation satellite systems, offer rich oppor-
tunities.

Several important applications are envisaged. Current
and future LEO satellite missions, together with the
development of complex global navigation satellite
systems, offer opportunities to apply the proposed
reconstruction technique in ionosphere–plasmasphere
system monitoring (Stankov et al., 2003b), in evaluating
and improving empirical and theoretical ionosphere–-
plasmasphere models, in better studying the ion
composition, ionosphere–plasmasphere coupling, iono-
spheric irregularities, etc.
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