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Abstract

The electron density profiles in the bottomside F2-layer ionosphere are described by the thickness parameter B0 and the shape param-
eter B1 in the International Reference Ionosphere (IRI) model. We collected the ionospheric electron density (Ne) profiles from the FOR-
MOSAT-3/COSMIC (F3/C) radio occultation measurements from DoY (day number of year) 194, 2006 to DoY 293, 2008 to investigate
the daytime behaviors of IRI-B parameters (B0 and B1) in the equatorial regions. Our fittings confirm that the IRI bottomside profile
function can well describe the averaged profiles in the bottomside ionosphere. Analysis of the equatorial electron density profile datasets
provides unprecedented detail of the behaviors of B0 and B1 parameters in equatorial regions at low solar activity. The longitudinal
averaged B1 has values comparable with IRI-2007 while it shows little seasonal variation. In contrast, the observed B0 presents semi-
annual variation with maxima in solstice months and minima in equinox months, which is not reproduced by IRI-2007. Moreover, there
are complicated longitudinal variations of B0 with patterns varying with seasons. Peaks are distinct in the wave-like longitudinal struc-
ture of B0 in equinox months. An outstanding feature is that a stable peak appears around 100�E in four seasons. The significant lon-
gitudinal variation of B0 provides challenges for further improving the presentations of the bottomside ionosphere in IRI.
� 2010 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The most famous and widely used empirical model of
the ionosphere is the International Reference Ionosphere
(IRI), which specifies the monthly average distributions
of the ionosphere. The IRI model has been developed
and updated by a joint working group of Committee on
Space Research (COSPAR) and the International Union
of Radio Science (URSI) for decades (e.g., Bilitza, 1990).
The IRI adopts the analytical function

N eðhÞ ¼
N mF2 exp �xB1ð Þ

coshðxÞ ; x ¼ hmF2� h
B0

ð1Þ

to describe the ionospheric electron density profile Ne(h)
below the peak height (hmF2) of the F2-layer (see Bilitza,
1990). NmF2 in Eq. (1) is the peak electron density of the
F2-layer; B0 is the thickness parameter measuring the
bottomside F2-layer profile thickness; and B1 is the shape
parameter determining the shape of the profile between
hmF2 and h0.238 (the height where the values of Ne drops
to 0.238NmF2). The IRI-B parameters (B0 and B 1) are
two key parameters used in IRI to specify the ionospheric
electron density profiles in the bottomside F2-layer. There
are two options available in the IRI model; that is, the
standard table option (Bilitza, 1990; Bilitza et al., 2000)
and Gulyaeva’s option (see Gulyaeva, 1987).

Since the bottomside F2-layer profiles critically depend
on the IRI-B parameters in addition to NmF2 and hmF2,
there are many studies conducted to explore the behaviors
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of the IRI-B parameters at different locations in the past
years (e.g., Adeniyi and Radicella, 1998; Altadill et al.,
2008; Batista and Abdu, 2004; Blanch et al., 2007; Chen
et al., 2006; McKinnell et al., 2009; Mosert, 1998; Obrou
et al., 2005; Sethi et al., 2009; Zhang et al., 2000, 2008;
Zhang and Huang, 1998). Attempts are also made to vali-
date and improve the predictability of IRI parameters after
its first release in 1978 (e.g., Bilitza et al., 2000; Gulyaeva,
1987; Lee et al., 2008; Mahajan and Sethi, 2001; Radicella
et al., 1998; Reinisch and Huang, 1998; Sethi et al., 2003;
Zhang et al., 2000, 2007; Zhang and Huang, 1998). Altadill
et al. (2009) made a try to overcome the scarcity of data via
extracting the bottomside parameters covering the time
interval from 1998 to 2006 at world-wide 27 ionosonde sta-
tions, but their results may possibly hide some longitudinal
effects. These works were conducted mainly with ground-
based observations, such as ionosondes and incoherent
scatter radars. It is reported that there are some limitations
in the IRI model, due to uneven data coverage as well as
the complicated behaviors of the ionosphere. For example,
there are scare ground observations over oceanic regions
and in global equatorial regions.

Some of previous researches have showed some short-
comings of both options of the IRI-B parameters (e.g.,
Lee et al., 2008; Zhang et al., 2008), particularly in the
equatorial and low latitudes. Under the framework of the
ICTP Task Force Activities, new table values of B0 and
B1 have been developed to update the old one in the IRI
(Bilitza et al., 2000; Radicella et al., 1998). Besides search-
ing for better B0 and B1 (Reinisch and Huang, 1998), more
observations with different techniques and at global loca-
tions are certainly required to be digested for improving
the IRI model, especial for the equatorial region. As we
know, the equatorial region is one of the most important
parts of the ionosphere because it contains the highest
amount of electrons in the ionosphere. Moreover, the day-
time plasma fountain effect produces the equatorial ioniza-
tion anomaly, which provides unique challenges for
empirical modeling the equatorial ionosphere. The predic-
tions of the IRI-B parameters have been examined with
some equatorial observations at Jicamarca (76.9�W, dip
latitude 1�N), Korhogo (5.4�W, dip �0.67�), Ouagadougou
(1.5�W, dip latitude 5.9�N), and São Luı́s (44.2�W, dip lat-
itude 4.5�S) (Adeniyi and Radicella, 1998; Batista and
Abdu, 2004; Lee et al., 2008; Obrou et al., 2005). Large dis-
crepancies are still found between the observations and the
IRI model. Further, recent investigations indicate a strong
longitudinal variation of Ne (e.g., Lin et al., 2007; Wan
et al., 2008), electron temperature (Ren et al., 2008), and
plasma gradient scale height (Liu et al., 2008) in equatorial
ionosphere. It is truly a question whether the IRI-B param-
eters in such a narrow longitudinal range can represent for
their behaviors in global equatorial regions. In other
words, does B0 show strong longitudinal variations as in
electron density, drift velocity, plasma temperature and
scale height? Therefore, more equatorial ionospheric data
at different longitudes are required to reveal the character-

istics of these parameters and also to validate and enhance
the predictability of the IRI.

In this report, we collect the Ne profiles from the FOR-
MOSAT-3/COSMIC (a Constellation Observing System
for Meteorology, Ionosphere, and Climate mission; F3/C,
for short) ionospheric radio occultation (IRO) observa-
tions during the interval from DoY (day number of year)
194, 2006 to DoY 293, 2008 which are archived at Univer-
sity Corporation for Atmospheric Research (UCAR, USA)
to investigate the behaviors of the IRI-B parameters over
global equatorial regions. F3/C registered up to 2600
occultation events per day. With this huge database of
F3/C IRO Ne profiles, we conduct a statistical analysis
on the equatorial behaviors of IRI-B parameters. Our
emphasis is on their seasonal and longitudinal features dur-
ing the daytime. The most significant feature in our results
is the wave-like longitudinal pattern in daytime equatorial
B0, which is not detected before yet.

2. Data source and processing

The F3/C was launched on 15 April 2006 in a circular low-
Earth orbit originally at 512 km altitude with a 72� inclina-
tion. The F3/C consists of six microsatellites which are cur-
rently operating at around 800 km altitude and 30�
separation in longitude between each satellite. Electron den-
sity profiles of the ionosphere can be retrieved from the F3/C
IRO measurements (e.g., Lei et al., 2007; Lin et al., 2007).
The reader is referred to Lei et al. (2007) for a detail descrip-
tion on the F3/C mission and IRO Ne profile inversion
technique. The F3/C has already had a significant impact
on various fields of ionospheric physics and meteorology.

Similar to that of Liu et al. (2008, 2009), the F3/C Ne

data collected for this investigation are obtained from the
COSMIC Data Analysis and Archive Center (CDAAC)
of UCAR. We collect the F3/C Ne data during the interval
from DoY 194, 2006 to DoY 293, 2008 to investigate the
behaviors of the IRI-B parameters (B0 and B1) in equato-
rial regions. The data distribution of the F3/C Ne dataset
has been introduced by Liu et al. (2008). During this inter-
val the solar 10.7 cm flux F10.7 was quite low. Therefore, we
will ignore the possible solar cycle effects when we examine
the average behaviors of the ionosphere during this period.

We fit individual density profiles with Chapman-a func-
tion in a least-squares sense. A related coefficient and the
ratio of mean square root between the fitted profile and
data to 20 and 80 percentiles of each profile can be
obtained from the above fitting processing. According to
the related coefficient and the relative mean square roots,
we discard some bad profiles, about 5% of all profiles.
After rejected those Ne profiles with poor data quality,
we apply a 7-point moving smooth to individual Ne profiles
and interpolate the data to regular altitude levels (170–
500 km with a step of 2 km). To obtain the general daytime
patterns, we select data points with dip angles in the range
of ±7� for the following analysis. The daytime equatorial
Ne points are sorted in month bins. When we explore the

L. Liu et al. / Advances in Space Research 46 (2010) 1064–1069 1065



Author's personal copy

longitudinal behavior, we further split data points into sub-
bins according to their geographic longitudes.

It is reported that electron density profiles Ne(h) in the
F2-region can be reasonably represented in terms of the
Chapman function (see Liu et al., 2007, and references
cited therein)

N eðhÞ¼N mF2exp
1

2
1�h�hmF2

Hm

�exp �h�hmF2

Hm

� �� �� �
:

ð2Þ

If we assume that the F2-region Ne profiles can be approx-
imated by Eq. (2), the peak parameters (hmF2, NmF2, and
the Chapman scale height Hm) for each bin can be ex-
tracted from the data points in a least-squares sense. When
the peak parameters (hmF2 and NmF2) have been deter-
mined, the IRI-B parameters (B0 and B1) for each bin
are then deduced from the bottomside data points via
applying a least-square fitting in terms of Eq. (1). To pro-
vide ample points for a reliable fitting, (1) the size of the
bins is chosen to be one month around 13:00 LT, when
we consider the general behavior of the IRI-B parameters
(i.e., ignore the possible longitudinal dependence); (2) two
months data in the time interval of 12:00–14:00 LT are bin-
ned together, if the longitudinal effect is explored.

As an example, Fig. 1 shows the altitude variation of
equatorial electron densities around 13:00 LT in April.
The blue dots in Fig. 1 are the electron density data from
the F3/C global observations with dip angles in the range
of ±7� around 13:00 LT in April. We set the lower altitude
limit of the data to 170 km. The grey curve shows the result
fitted with a Chapman-a profile function (Eq. (2)) in a
least-squares sense, while the red curve represents the fit-
ting with the IRI bottomside profile function (Eq. (1)).

For the latter analysis, the fitting covered an altitude range
between hmF2 and hmF2-120 km. It can be seen that, Chap-
man-a profile function can well represents the average F3/
C electron density profile in the altitudinal range of 170–
500 km, and Eq. (1) can reasonably describe the average
bottomside F2-layer profile. It supports that the conclusion
of Reinisch and Huang (1998); they speculated that wrong
values of B0 and B1 are responsible for the large deviations
of IRI values from observations, rather than limitations of
Eq. (1) in functional description of the bottomside profiles.
Moreover, an important feature is a moderate spread in
electron densities around the average profile at all altitudes,
partly due to the day-to-day variability and complicated
longitudinal dependency of the ionosphere. We just explore
the daytime behavior, take 13:00 LT for instance in this
report.

3. Seasonal variation of the parameters (B0 and B1)

Fig. 2 shows the seasonal variation of the monthly B0
and B1 parameters around 13:00 LT in dip equatorial
region. The B1 and B0 parameters are averaged over all
geographical longitudes. The top and middle panels of
Fig. 2 illustrate the B1 and B0 deduced from the equatorial
F3/C IRO electron density observations at all longitudes,
and the bottom panel depicts the B0 values predicted by
the IRI-2007 model (Bilitza and Reinisch, 2008). The B0
provided by the IRI standard table option is represented
with solid line, and that of Gulyaeva’s option in dashed
curve with dots.

At midday, the observed B1 has highest values in March
equinox months and lowest values in solstice months. The
longitudinal averaged values of the parameter B1 at
13:00 LT varies from 1.8 in January to 2.3 in March. In
contrast, Adeniyi and Radicella (1998) found daytime B1
at Ouagadougou (1.5�W, dip 5.9�N) at low solar activity
having a fairly constant value of 1.7. Bilitza et al. (2000)
calculated the average B1 at Ouagadougou and, Korhogo.
They found that B1 exhibits little change with season and
solar activity. As a result, the B1 in the new IRI takes a
value of 1.9 during the daytime. Further, no seasonal effect
is included for equatorial B1 in IRI.

The observed equatorial B0 takes values varying from
154.5 km to 182.6 km. The middle panel of Fig. 2 shows
that, there is an obvious semiannual variation in the
observed B0 during the daytime, with higher values in sol-
stice months and lower values in March and September
equinox months. It indicates that the average profiles for
the bottomside F2-layer have a seasonal trend, being thin-
ner in equinox months and thicker in solstice months. This
seasonal feature of the observed B0 is opposite to that of
the F2-layer peak density NmF2 (Liu et al., 2009). Daytime
NmF2 presents a significant semiannual variation with
maxima in equinox months and minima in solstice months.

Lee et al. (2008) also provided a seasonal pattern of
equatorial B0 at low solar activity by analyzing the iono-
grams at Jicamarca in 1996. Their work demonstrated B0

Fig. 1. The equatorial electron density data of the F3/C global observa-
tions within 1 h around 13:00 LT in April. The grey curve shows the fitting
results with a Chapman-a profile function, while the red curve represents
the fitting with the IRI bottomside profile function (see Eq. (1) in the text).
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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at Jicamarca mainly of an annual component with a July–
August maximum. However, a secondary peak can also be
seen in December and January. Moreover, the seasonal
pattern of daytime B0 presented in Lee et al. (2008) can
be reproduced with the F3/C data, if we analyze those data
with longitudes around that of Jicamarca. The difference of
our result from Lee et al. (2008) may partly or mainly come
from the longitudinal structure of B0. A question naturally
arises: what is the longitudinal dependency of B0? It will be
addressed in the next section.

Discrepancy in the seasonal variation of equatorial B0 is
found between our observational result and IRI. As the
third panel of Fig. 2 illustrated, the IRI table option (the
solid line) has a roughly comparable value with the obser-
vations, but the latter has larger semiannual trend. In con-
trast, the Gulyaeva’s option (dashed curve with dots)
provides a seasonal variation mainly with an annual com-
ponent. In equatorial region, Gulyaeva’s B0 has lowest val-
ues (138 km) in December solstice months and highest
values (209 km) in June solstice months. It should be men-
tioned that, in IRI, the seasonal variation of B0 is opposite

in both geographic hemispheres; that is, B0 in the southern
hemisphere is assumed to simply have a phase shift of
6 months, compared to the northern hemisphere.

4. Longitudinal behavior of the B0 parameter

As mentioned before, the longitudinal pattern of B0 is
not known yet due to insufficient data coverage. We
explore the longitudinal behavior of B0 by evaluating the
median values of B0 with the equatorial Ne data points
within 2 h around 13:00 LT in the given geographic longi-
tude and DoY bins. Fig. 3 depicts the longitudinal varia-
tion of daytime equatorial B0 for four seasons. From
Fig. 3, we can see a complicated longitudinal structure in
equatorial B0, which is strongly variable with season. In
other words, the seasonal differences of B0 are dependent
on longitude. Naturally the seasonal variation of B0 at
Jicamarca (Lee et al., 2008) is slightly different from that
of our longitudinal averaged result. In contrast, no regular
longitudinal structure can be detected in B1, as illustrated

Fig. 2. Seasonal variation of (A) B1 and (B) B0 deduced from the global
F3/C IRO electron density profiles around the dip equator at 13:00 LT
during the interval from DoY (day of year) 194, 2006 to DoY 293, 2008.
(C) Seasonal variation of IRI B0 at dip equator at 13:00 LT. The dashed
curve with dots shows the values of Gulyaeva’s option of B0, while the
solid line illustrates that of the IRI standard table option.

Fig. 3. Longitudinal variation of daytime B0 and B1 around the dip
equator in four seasons. The B0 and B1 are deduced from the F3/C IRO
electron density profiles around the dip equator during the interval from
DoY (day of year) 194, 2006 to DoY 293, 2008.
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in the upper panel of Fig. 3. Therefore, it requires more
data from different longitudes for IRI to improve its pre-
sentation of the bottomside ionospheric profiles.

Overall, during daytime the longitudinal structure of the
observed equatorial B0 presents a wave-like pattern, which
has amplitude comparable to that of the seasonal variation.
The presence of a wavenumber-four structure in B0 is
clearly detected in March and September equinoxes. In
contrast, there are three distinct peaks in the longitudinal
variations of B0 in June and December solstices. An inter-
esting feature is the quite stable peak around 100�E, which
appears in four seasons. The wave-like longitudinal pattern
of equatorial B0 is reported for the first time.

It has long been recognized that the tilt of the magnetic
field configuration leads to the longitudinal dependence of
the ionospheric parameters and their variations. However,
the wave-like longitudinal dependency of B0 cannot be
explained solely with the control of the magnetic field con-
figuration. Recent works suggest there are possible cou-
plings of sources with lower atmospheric origins, like the
non-migrating tide mode DE3 (e.g., Kil et al., 2007; Wan
et al., 2008). The modulation of the tide winds through
daytime E-region dynamo effect will cause significant longi-
tudinal variations in the equatorial vertical drift, which has
been reported by Kil et al. (2007). As we know, the equa-
torial and low latitude ionosphere is strongly controlled
by the vertical drift through the plasma fountain effect.
Thus, the longitudinal structure of the vertical drift will
in turn modulate that of B0 (the thickness of the bottom-
side ionosphere) in addition to Ne. The wave-like longitudi-
nal structure has been found in daytime Ne (e.g., Lin et al.,
2007; Lühr et al., 2007; Ren et al., 2008), total electron con-
tent (Wan et al., 2008), scale height (Liu et al., 2008), and
even in the annual and semiannual amplitudes of equato-
rial Ne (Liu et al., 2009). Now we found similar wave-like
structure for the longitudinal variation of B0 which is in
agreement with the above idea.

5. Summary

We have analyzed global Ne data from the F3/C IRO
observations from DoY (day number of year) 194, 2006
to DoY 293, 2008 to investigate the daytime behaviors of
IRI-B parameters (B0 and B1) in equatorial regions at
the low level of solar activity. In summary, the major fea-
tures are outlined as follows:

(1) The IRI bottomside profile function, as given in Eq.
(1), can well describe the average profiles of equato-
rial electron densities in the bottomside ionosphere
at low solar activity.

(2) The longitudinal averaged values of B1 derived from
observations have comparable values with IRI-2007.

(3) The observed B0 has semiannual variation with max-
ima in solstice months and minima in equinox
months, which is not reproduced by IRI-2007. There
is significant longitudinal variation of B0 with pat-

terns varying with seasons. Wave-like structure is dis-
tinct in equinoxes with four longitudinal peaks. An
interesting feature is that a stable peak appears
around 100�E in four seasons. The complicated longi-
tudinal variation of B0 provides challenges for fur-
ther improving the presentations of the bottomside
ionosphere in IRI.

Note added in proof

After this work being accepted and quequing for publi-
cation, Yue et al. (2010) made an error analysis of Abel
retrieved electron density profiles from radio occultation
measurements. Their result shows that the retrieved
NmF2 and hmF2 are generally in good agreement with
the true values, but the reliability of the retrieved electron
density degrades in low latitude regions and at low alti-
tudes. Therefore, we do not know the possible effects on
the profile parameters of this possible retrieval error, which
require further investigation.
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