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Abstract

The vertical electron density profiles over Dibrugarh (27.5�N, 95�E, 43� dip) a low mid latitude station normally located at the north-
ern edge of the EIA for the period of July 2010 till October 2015 are constructed from the measured bottom side profiles and ionosonde-
GPS TEC assisted Topside Sounder Model (TSM) topside profiles. The bottom side density profiles are obtained by using POLAN on
the manually scaled ionograms. The topside is constructed by the modified ionosonde assisted TSM model (TaP-TSM assisted by
POLAN) which is integrated with POLAN for the first time. The reconstructed vertical profile is compared with the IRI predicted density
profile and the electron density profile obtained from the COSMIC/FORMOSAT radio occultation measurements over Dibrugarh. The
bottom side density profiles are fitted to the IRI bottom side function to obtain best-fit bottom side thickness parameter B0 and shape
parameter B1. The temporal and solar activity variation of the B-parameters over Dibrugarh are investigated and compared to those
predicted by IRI-2012 model with ABT-2009 option. The bottom side thickness parameter B0 predicted by the IRI model is found
to be similar to the B0 measured over Dibrugarh in the night time and the forenoon hours. Differences are observed in the early morning
and the afternoon period. The IRI doesn’t reproduce the morning collapse of B0 and overestimates the B0 over Dibrugarh in the after-
noon period, particularly in summer and equinox. The IRI model predictions are closest to the measured B0 in the winter of low solar
activity. The B0 over Dibrugarh is found to increase by about 15% with solar activity during the period of study encompassing almost the
first half of solar cycle 24 but solar activity effect was not observed in the B1 parameter. The topside profile obtained from TaP profiler is
thicker than the IRI topside in equinox from afternoon to sunrise period but is similar to the IRI in summer daytime. The differences in
the bottom side may be attributed to the non-inclusion of ground measurements from 90�E to 100�E longitude in the ABT-2009 model
while differences in the topside could be due the non-uniform longitudinal distribution of topside sounder profiles data and the stronger
fountain effect in this longitude.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: IRI; B0; B1; Density profile; TSM; POLAN
1. Introduction

The electron density profile of the ionosphere affects
the radio transmission systems and the knowledge of the
temporal, spatial and solar cycle variation of the profile
http://dx.doi.org/10.1016/j.asr.2016.06.041
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is critical for reliable functioning of the communication
and navigation systems employing radio transmission.
The global experimental data on the ionosphere comes
from diverse sources and measurement techniques which
requires reliability check and standardization. The empiri-
cal model International Reference Ionosphere (IRI), a joint
project of International Union of Radio Science (URSI)
and Committee on Space Research (COSPAR) is the
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international standard for ionospheric parameters. The
International Reference Ionosphere (IRI) project was initi-
ated by COSPAR and URSI in the late sixties with the goal
of establishing an international standard for the specifica-
tion of ionospheric parameters based on all worldwide
available data from ground-based as well as satellite obser-
vations (Bilitza and Reinisch, 2008). The first version of
IRI was released in 1978 when IRI provided a set of tables
for typical conditions. The model has been continuously
upgraded with the addition of new available experimental
data and modeling approach and resulted in many
improved version (Bilitza, 1990, 2001a; Bilitza and
Reinisch, 2008; Bilitza et al., 2014). Currently, the IRI pro-
vides monthly mean values of ionospheric parameters as
well as total vertical electron density profile at any location
for specified solar and magnetic activity. The total vertical
density profile is generally divided into two parts – the
region up to the maximum density of the F2 layer is called
the bottom side and the region beyond the height of max-
imum is called the top side. The division is mainly because
of the different physical mechanisms effective in these two
regions. In the IRI, the altitudinal variation of the bottom
side electron density of the ionosphere –N(h), particularly
from the maximum density of the F2 layer to the F1 layer
is described by the following function (Ramakrishnan and
Rawer, 1972):

NðhÞ ¼ NmF2 expð�xB1Þ
CoshðxÞ ; x ¼ hmF2� h

B0
ð1Þ

The B1 and B0 are the shape and thickness parameters
of the profile which together with the maximum F2 layer
density NmF2 and the height of the maximum density
hmF2 completely specify the bottom side density profile
in the IRI model. Unlike the topside of the ionosphere,
where density profile measurements are scarce, the bottom
side of the ionosphere is constantly monitored by global
network of ionosondes. The ionograms recorded by
ionosondes can be inverted by profile inversion techniques
and software (POLAN, NHPC) to obtain the altitudinal
variation of electron density with real height up to the max-
imum of the F2 layer. Based on these measurements and
modeling approach, the current version of IRI 2012 pro-
vides three options for B1 and B0 values- Gul-1987
(Gulyaeva, 1987), Bil-2000 (Bilitza et al., 2000) and ABT-
2009 (Altadill et al., 2009). Using these values the bottom
side electron density at any location can be estimated from
function 1. The large number of studies carried out so far
to test and validate the B1 and B0 models have shown
the short comings of the IRI model options Gul-1987
and Bil-2000, particularly in the equatorial and low latitude
region (Chen et al., 2006; Blanch et al., 2007; Zhang et al.,
2008;Sethi et al., 2009). The ABT-2009, option based on
the work of Altadill et al. (2009) is yet to be investigated
widely. The model is based on data from 27 ionosonde sta-
tions distributed worldwide from high to low latitudes in
both the hemispheres covering most of the longitudes.
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The time series consists of almost the entire solar cycle 23
from 1998 to 2006. The only data gap in this model is in
the Indian zone as no station to the west of 109�E longitude
(in the northern hemisphere) is included. Another weakness
of the model is the ‘‘zero order approximation” which may
hide the longitudinal effect on the variation of the B0/B1
parameters (Altadill et al., 2009).

The widely reported longitudinal variation of the equa-
torial ionization anomaly (Sagawa et al., 2005; Immel
et al., 2006; Luhr et al., 2008; Scherliess et al., 2008) and
other ionospheric parameters like vertical E � B drift (Kil
et al., 2007), EEJ (England et al., 2006), neutral composi-
tion (Oberheide and Forbes, 2008; He et al., 2010) and tem-
perature (Shepherd et al., 2012) etc predicts the strongest
crest of the WN4 structure to be along the 90–100�E longi-
tude. Liu et al. (2010) have investigated the longitudinal
variation of B0 and B1 parameters using density profiles
from COSMIC radio occultation measurements and
reported a stable peak in the 100�E longitude in all seasons.
The B0 estimation is affected by the NmF2 and hmF2 val-
ues both of which show longitudinal structure. Bilitza et al.
(2012) have found that the IRI underestimates the hmF2 in
the low latitude region during the deep solar minimum of
2007–2008 and that more hmF2 data from low latitudes
are required to model hmF2 in the IRI. The IRI topside
provides three options IRI2001, IRI01-Corr and NeQuick.
The NeQuick topside model was developed by S. Radicella
and his collaborators (Radicella and Leitinger, 2001;
Coisson et al., 2005; Coı̈sson et al., 2006) and is the default
option. The model uses an Epstein-layer function with a
height-dependent thickness parameter which provides a
smooth transition from an atomic oxygen dominated iono-
sphere just above the F2 layer to a lighter ion dominated
ionosphere far above it. The model parameters were deter-
mined based on fitting the layer function to ISIS 1, 2 and
Intercosmos 19 topside sounder profiles (Bilitza and
Reinisch, 2008). The longitudinal distribution of these top-
side sounder profile data is highly non-uniform (Bilitza,
2001b; Kutiev et al., 2006) and the coverage of some longi-
tude sectors like the Indian zone along 90–100�E is quite
inadequate. In the absence of regular topside sounder data
and scarce topside profiles, efforts have been made to math-
ematically model the topside using Chapman, parabolic,
Epstein and vary-Chapman functions. The basic approach
is to model the parameters-scale height (fixed and variable)
and transition height which provide the shape of the elec-
tron density profile in terms of the gradient of electron den-
sity and the transition height from atomic oxygen
dominated region to lighter ion dominated upper topside
region respectively. The work of Reinisch et al. (2004),
Stankov and Jakowski (2006), Kutiev et al. (2006),
Kutiev and Marinov (2007), Reinisch et al. (2007),
Kutiev et al. (2009), Gulyaeva (2011), Nsumei et al.
(2012) and many others have significantly improved our
understanding of the topside density profile. Recently the
electron density profiles estimated by the radio occultation
(RO) measurements onboard low earth orbiting satellites
the ionospheric parameters and vertical electron density distribution at
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like CHAMP, COSMIC, SAC-C and others such missions
have provided an additional data source for vertical density
profiles and the topside profile and scale height have been
extracted from RO measurements (Stankov and
Jakowski, 2006; Liu et al., 2010; Xu et al., 2013; Wang
et al., 2015). The topside density profile contributes signif-
icantly to the total electron content and the correct predic-
tion of topside profile is very important for space
communication systems like GNSS.

Therefore, ionosonde and GPS receiver TEC measure-
ments are used to reconstruct the vertical electron density
profile over Dibrugarh (27.5�N, 95�E, 43�N dip) a low
midlatitude station located in the transition region between
low and mid latitudes and within the strongest peak
(at 90–100�E) of longitudinal WN4 structure. The iono-
grams are used to obtain the bottom side real height pro-
files by inversion through POLAN (Titheridge, 1985).
The NmF2, hmF2 and B0/B1 parameters are derived from
these profiles and their diurnal, seasonal, solar activity
variations are investigated. The measured B0 and B1 are
compared with the IRI 2012, ABT-2009 option. A modified
Topside Sounder Model (Kutiev et al., 2009, 2012) is used
to reconstruct the top side density profile. The TSM is
assisted by the POLAN (TaP) and is adjusted by the mea-
sured TEC data from the co-located GPS receiver. This is
the first time the TSM model is integrated with POLAN
output to estimate the topside profile and it is called
TSM assisted POLAN or TaP. The vertical electron den-
sity profile so obtained with POLAN bottom side and
TaP topside is compared with the IRI model density profile
as well as the density profile derived from RO measure-
ments in the FORMOSAT (COSMIC) satellite. The data
period is mainly the first half of the solar cycle 24. Solar
cycle 24 is marked by very low solar activity as compared
to previous solar cycles as well as a double peak structure.
2. Data and methodology

The Novatel GPS receiver and the Canadian Advanced
Digital Ionosonde (CADI) were installed in Dibrugarh
(27.5�N, 95�E, 43� dip) in 2009 and 2010 respectively with
the aim of studying the ionospheric phenomena in the tran-
sition region between low and midlatitude at the crest of
the longitudinal WN4 structure in 90–100�E. The two sys-
tems are in continuous operation since then and recorded
slant TEC and ionograms for the ascending and maximum
condition of the solar cycle 24. The present study uses the
TEC data and the ionograms from the 10 quietest days
(Kp < 3) of the month as given in Kyoto University geo-
magnetic data service website (http://wdc.kugi.kyoto-u.ac.
jp/) for the period of July 2010 till October 2015. Around
15,000 ionograms are manually scaled and analyzed using
POLAN to obtain the critical frequency of the F2 layer
foF2 or the maximum density NmF2, the height of peak
density hmF2 and the bottom side real height density
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profile. This density profile is least square fitted to Eq. (1)
between the two anchor points- (NmF2, hmF2) and
(NmF1, hmF1) if F1 layer is observed or to
(0.2384 � NmF2, h0.2384) if no F1 layer is observed. The
point h0.2384 is the height where the density falls to
0.2384NmF2. The process provides the best fit B0, B1
parameters and fitting error to estimate the fitting quality.
The profiles which resulted in fitting error higher than 5%
are discarded. The topside profile is reconstructed by using
a modified Topside Sounder Model (Kutiev et al., 2009,
2012) which is a combination of the empirical models of
topside scale height and transition height based on the
Ne profiles measured by the topside sounders on
Alouette-1a,-1b,-1c and -2 and ISIS-1, 2 satellites and ratio
of these two (Marinov et al., 2004; Kutiev et al., 2006,
2009). The TSM assisted by Digisonde (TaD) model was
originally developed for Digisonde (Kutiev et al., 2009)
and is adapted in this study to take input from POLAN
(TaP) which invert CADI ionograms to bottom side real
height density profile. In addition to the NmF2 and
hmF2 (obtained from POLAN), the model uses GPS recei-
ver measured TEC data to adjust the topside profile
(Kutiev et al., 2012) to fit the measured TEC. The
COSMIC electron density profiles estimated from Abel
inversion of RO measurements are obtained from
COSMIC Data Analysis and Archive Center (CDAAC)
by selecting a latitude–longitude cell of (±3�, ±5�) centered
over Dibrugarh. The COSMIC profiles are not exactly ver-
tical profiles and therefore, only the portion of the profiles
relevant to the ionosphere over Dibrugarh is considered for
comparison. Manual inspections of the data are also car-
ried out to remove poor quality profiles.

The IRI predictions for the monthly mean value (15th of
each month) of B0 and B1 are downloaded from the IRI
2012 web interface (http://omniweb.gsfc.nasa.gov/vitmo/
iri2012_vitmo.html). For obtaining the IRI predicted den-
sity profile, the following options were used:

1. CCIR model for F2 layer peak density.
2. ABT 2009 model for bottom side parameters B0 and B1.
3. Scotto-1997 no L model for F1 occurrence probability.
4. NeQuick option for topside profile.
5. Measured foF2 and hmF2 over Dibrugarh as input.

3. Results and discussion

The solar activity condition for the period of study is
shown in Fig. 1 when average solar activity varied from
80 sfu (Solar Flux Unit 10�11 W m�2 Hz�1) to around
200 sfu at the maximum of solar cycle 24. The variations
of NmF2 (foF2) and hmF2 affect the estimated bottom side
parameter and therefore the diurnal and seasonal variation
of foF2 (NmF2) and hmF2 are briefly discussed in Sec-
tion 3.1 before presenting the results for the B0 and B1
parameters.
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Fig. 1. The daily solar activity proxy F10.7 cm flux from July 2010 to
October 2015.
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3.1. The diurnal and seasonal variation of foF2 and hmF2

and comparison with IRI-2012

The climatology of NmF2 and hmF2 over Dibrugarh
for the period of 2010–2014 has been recently reported
Fig. 2. The seasonal variation of (i) the measured and (ii) the IRI-2012 foF
standard deviation from the mean.
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by Kalita et al. (2015). Fig. 2 shows the average seasonal
variation of the diurnal foF2 variations for the period of
2010–2015 and the corresponding IRI-2012 model foF2
with CCIR option. The diurnal variation with midday peak
is observed in summer, autumn and winter whereas a semi-
diurnal variation is observed in spring. Except for spring
equinox and winter solstice, the model foF2 is close to
the seasonal mean of the measured foF2. The model under-
estimates the foF2 from afternoon to sunrise period of
spring and the underestimation is as high as 50% during
post sunset period. The post sunset (2000 LT) peak in
springtime foF2 observed over Dibrugarh in high solar
activity conditions is comparable to the midday peak and
may be related to the Pre Reversal Enhancements (PRE)
of zonal electric field at the equator. The enhanced equato-
rial fountain due to PRE in vertical drift around sunset
period transports ionization to the low latitudes and causes
a secondary enhancement in foF2 over Dibrugarh. In win-
ter the IRI overestimates the foF2 around midnight. In
summer and autumn, the IRI slightly overestimates the
measured foF2 in the forenoon period as the model predic-
tions are on the upper edge of the data scatter.

Fig. 3 shows the comparison of the seasonal variation of
diurnal hmF2 over Dibrugarh for the period of 2010–2015
with IRI 2012 model predictions. The hmF2 exhibits
2 averaged for the years 2010–2015. The vertical error bars indicate the
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complex diurnal variation with sunrise, midday and night
time peaks. Except for winter, the hmF2 is higher in the
midday period than in the night time. The pre-sunrise spike
and subsequent morning collapse is very prominent across
all seasons. The midday hmF2 is highest in summer and
lowest in winter. In winter the higher values of hmF2 in
the night time as compared to the day time is reminiscent
of midlatitude behavior (Mikhailov and Marin, 2001;
Ratovsky et al., 2009). Dibrugarh being located in the tran-
sition region between low and midlatitude regions, the
hmF2 is expected to manifest the effect of both electric field
and thermospheric meridional winds. Further, in winter the
fountain generally rises to lower heights and consequently
the EIA peak forms closer to the equator. The IRI mostly
underestimates the hmF2 in the midday period. The model
is not able to replicate the pre sunrise peak in the hmF2. In
general, the IRI daytime and night time peaks are compa-
rable in all seasons whereas the measured daytime peak is
higher than the night time peak in summer and vis a versa
in winter.

3.2. The diurnal and seasonal variation of observed B0 and
B1 and comparison with IRI 2012

The diurnal and seasonal variation of the thickness
parameter B0 obtained from fitting of measured bottom
Fig. 3. The seasonal variation of (i) the measured and (ii) the IRI-2012 provide
the standard deviation from the mean.
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side electron density profiles is shown in Fig. 4. The results
for the spring and autumn equinox are grouped together as
no significant equinoctial asymmetry was observed. The
results are shown separately for low and high solar activity
in Fig. 4a and b respectively. The period of July 2010 till
August 2011 is considered as low solar activity (monthly
mean F10.7 � 90 sfu) and the period of September 2011 till
October 2015 is considered as high solar activity (monthly
mean F10.7 � 150 sfu). From Fig. 4, we observe that the
measured B0 at Dibrugarh exhibit significant seasonal
and solar cycle variations. The B0 is largest in summer sol-
stice in all solar activity conditions and tend to increase
with solar activity. In all seasons midday B0 values are
higher than night time values. In low solar activity period
of summer and equinox, the B0 increases from midnight
to sunrise period and then decreases for a brief period
whereas the B0 in winter decreases from midnight till sun-
rise. Subsequently the B0 increases till pre-noon period to
decrease again till sunset hours. In the post sunset period,
B0 exhibit weak tendency for enhancement and then satu-
rate in the midnight period. In all the seasons, the B0 exhi-
bit sharp morning and afternoon collapse and the local
time and the magnitude of the collapse depend on the sea-
son. The morning collapse is observed earlier in summer
around 0500–0600 LT whereas it is observed around
0700 LT in equinox and winter. The morning collapse in
d hmF2 averaged for the years 2010–2015. The vertical error bars indicate
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Fig. 4. The diurnal and seasonal variations of the measured thickness parameter B0 over Dibrugarh and comparison with the IRI 2012-ABT 2009 for (a)
low solar activity and (b) high solar activity conditions.
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B0 has been reported earlier (Sethi and Mahajan, 2002; Lei
et al., 2004; Chen et al., 2006; Chuo, 2012). The morning
collapse of the B0 is closely related to the pre-sunrise height
rise and subsequent decrease in the hmF2 (Fig. 3). The
afternoon collapse starts earlier in summer than other sea-
sons and reaches a plateau around 1600 LT and then
resumes again. In summer, the mean B0 increases from
midnight value of around 70–90 km in the sunrise period
and then collapses to around 60 km in the morning. The
B0 increases from morning to pre-noon period and
decreases from noon to evening. The B0 then increases
again from evening till around midnight. The diurnal max-
imum B0 of seasonal mean (145 km) is observed around
1000–1100 LT which coincides with the daytime maximum
hmF2 (Fig. 3). The pre-noon peak in diurnal variation of
B0 in summer has been reported earlier (Sethi and
Mahajan, 2002; Lei et al., 2004). In equinox, the mean
B0 increases from midnight value of around 77–95 km in
the sunrise period before falling to 75 km around
0700 LT. The diurnal maximum of seasonal mean B0
(126 km) is reached around 1100 LT. Therefore the local
time of the diurnal maximum B0 value in summer and
equinox may be related the vertical E � B drift which peaks
around this local time (Chandra and Rastogi, 1970; Fejer
et al., 1995, 2008). The mean B0 in winter decreases from
Please cite this article in press as: Kalita, B.R., Bhuyan, P.K. Variations of
the northern edge of the EIA from 2010 to 2015 along 95�E and compa
10.1016/j.asr.2016.06.041
midnight value of around 90–60 km in the morning and
increases to diurnal maximum of 111 km around 1300 LT.

In high solar activity period (Fig. 4b), the diurnal and
seasonal variation trends are similar to those in low solar
activity period with subtle differences. The morning col-
lapse of B0 in this period is observed later as compared
to the case of low solar activity period. The mean B0
in summer increases from midnight value of around
77–92 km in the sunrise period and then collapses to
around 66 km in the morning. The maximum mean B0 of
175 km is observed around 1100 LT after which the mean
B0 decreases till sunset. Therefore, with increase of solar
activity the daytime peak in summer is delayed by about
an hour. In high solar activity period of equinox, the mean
B0 changes from 80 km at midnight to 147 km at midday
(1100–1200 LT). The peak daytime B0 in summer and
equinox shows about 15% increase from low solar activity
condition. The lower increase of B0 with solar activity
observed in this study is in line with moderate solar
activity in the maximum of solar cycle 24. In high solar
activity winter, mean night time value is 100 km and day
time maximum is 118 km and therefore the solar activity
effect is insignificant. In winter the difference between night
time and the day time B0 is least as compared to the other
two seasons.
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The effect of increase of solar activity in the measured
B1 parameter was observed to be insignificant and there-
fore the diurnal and seasonal variations of B1 averaged
for the whole period of study (2010–2015) is shown in
Fig. 5. The semi-diurnal variation is marked by higher val-
ues around pre-sunrise and post sunset period and lower
values in the midday period. The B1 collapses after the sun-
rise to reach a valley in the local afternoon and then
recover in the post sunset period. During sunrise period
B1 can be as high as 6 and mostly takes the value 3.3.
The mean B1 is lower around 1.8 in the midday period
and odd values can be as low as 0.5. The seasonal variation
shows slightly higher values in winter than in summer but
the highest scatter as well as the lowest values of B1 is
observed during summer. The scatter is lowest during the
local noon and midday period of winter.

The B0 variations in the daytime seems closely related
to the hmF2 variation and a correlation analysis of B0
and hmF2 during 0800–1600 LT period showed highest
correlation of 0.55 in equinox whereas the correlation
was poor in case of summer. In summer and autumn,
midday B0 (0800–1600 LT) was found to be negatively
correlated with the NmF2 with a correlation of 0.52.
The negative correlation of NmF2 and daytime B0 is
weak in winter and spring.

The IRI 2012 model predictions of B0 obtained with
ABT-2009 option are shown in Fig. 4 for comparison.
Fig. 5. The diurnal and seasonal variations of the measured shape parameter B
the IRI 2012 ABT 2009 option.
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The performance of the IRI model vis-a-vis the
measurements shows seasonal and solar cycle variations.
In low solar activity period (Fig. 4a) the IRI 2012 generally
overestimates the mean B0 over Dibrugarh in summer and
equinox conditions but predicts the B0 values quite well in
winter conditions. In summer, the IRI overestimates the
day time B0 values in the morning and afternoon hours
whereas it is within the scatter of the data in the fore-
noon–noon hours. In equinox, the IRI predictions are sim-
ilar to the measured B0 during pre-noon period but the
measured B0 decreases at a faster rate than the model values
in the afternoon period. The model B0 is almost within scat-
ter of the measured B0 for most times of the day except in
the late afternoon period. In these two seasons the time of
occurrence of the diurnal peak is around 1000–1100 LT
which is about one/two hour earlier than the IRI predicted
time for the peak. The maximum difference between the
measured B0 and the IRI B0 in summer and equinox are
found to be 45 km and 20 km respectively. In winter
the IRI is successful in predicting the B0 values within the
scatter of the measured data at most times. In high solar
activity period (Fig. 4b), the IRI predictions of B0 are in
line with measured values at most times except in the after-
noon hours when the IRI overestimates the measured B0.
The maximum difference between the measured and the
IRI B0 in the afternoon of high solar activity is about
49 km in summer, 42 km in equinox is and 32 km in winter.
1 over Dibrugarh averaged for the years 2010–2015 and comparison with
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The IRI 2012 model B1 predictions with ABT-2009
option are compared with the measured B1 in Fig. 5. In
summer, the IRI predicted B1 is well within the scatter of
the measured B1 except in the post sunset period. In equi-
nox, the measured B1 is very close to the IRI in the midday
period but is slightly higher than the IRI in the sunrise per-
iod and post sunset period as the measured B1 is consis-
tently observed above 2.5. In winter the measured B1 is
higher (lower) than the IRI in the sunrise (forenoon) per-
iod. Therefore, the magnitude of the variation of the B1
across the sun rise period is very high. The IRI matches
the measured B1 in the afternoon hours of winter.

The overestimation of the measured B0 by the IRI in the
afternoon hours may be related to two factors 1) The ABT-
2009 model does not include any low latitude stations in
the Indian zone (77–95�E). The stations closest to Dibru-
garh are Wuhan (30.5�N, 114.4�E) and Hainan (19.4�N,
109�E) which are to the east of 100�E where Liu et al.
(2010) reported a consistent strong peak of midday
(1300 ± 2 LT) B0 in the equatorial region which could be
due to the WN4 peak in vertical E � B drift. Many workers
(Lin et al., 2007; Liu and Watanabe, 2008; Scherliess et al.,
2008; Kalita et al., 2015) have also reported the movement
of the longitudinal structure in density, TEC and E � B
drift etc from the 100�E longitude towards the east in the
afternoon period. It may be noted that the magnitude of
the IRI B0 and the measured B0 are similar in low solar
activity winter when the longitudinal WN4 structure is
reported to be weakest (Liu and Watanabe, 2008). There-
fore more data from this zone and further study in this
direction is required to investigate the effect of ionospheric
longitudinal gradient on the B0. 2) The identification of F1
layer peak in ionograms by auto scaling software is not
reliable and therefore in this study, the profiles in the per-
iod of 0800–1700 LT are manually checked for the presence
of F1 layer. The scaled profiles are fitted from the F2 layer
peak to the F1 layer peak for estimating B0 values when-
ever the F1 layer exists. This generally results in smaller
B0 as compared to the fitting from the F2 layer peak to
0.24NmF2 when the profile is normalized to the E layer
at 100 km. The presence of F1 ledge over Dibrugarh till
late afternoon (1600 LT) probably caused the best-fit B0
to be smaller than the IRI estimate. This is investigated fur-
ther in Section 3.3 by comparing the measured density pro-
files with the IRI profiles.

3.3. Comparison of the vertical electron density profile with
the IRI 2012 profile

The vertical electron density profiles reconstructed from
the POLAN bottom side and the TaP topside were com-
pared with those predicted by the IRI with ABT-2009 for
bottom side and NeQuick for topside. As the IRI NmF2
and hmF2 differs from the measured values at most times
of the day, we provide the measured NmF2 and hmF2
from Dibrugarh in the IRI model and the resultant profile
is called the IRI-Di (IRI with measured Dibrugarh input)
Please cite this article in press as: Kalita, B.R., Bhuyan, P.K. Variations of
the northern edge of the EIA from 2010 to 2015 along 95�E and compa
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profile. The comparison of the measured bottom side and
TaP topside thickness is more convenient with the IRI-Di
profile.

Fig. 6 shows the results for a sample day in summer con-
ditions at four different local times. From the figure, it is
observed that the IRI bottom side profile is similar to the
measured profile in the night time and early morning per-
iod but thicker in the midday period. The IRI topside is
thicker than the TaP topside in the morning period but
the IRI-Di topside approaches the TaP topside in the day-
time. The COSMIC profile in summer is close to the mea-
sured bottom side. In equinox (Fig. 7), the IRI
underestimates the NmF2 over Dibrugarh and the IRI-Di
is slightly thicker than the measured bottom side in the
daytime. The TaP topside is thicker than the IRI in the
afternoon and pre sunrise period. The COSMIC topside
matches the TaP topside in day time but deviates from
TaP topside in the night time. In winter (Fig. 8), the IRI/
IRI-Di estimates the bottom side profile correctly at most
time of the day. The TaP topside is thicker than the IRI
topside in the night time but collapses after sunrise and is
thinner than the IRI in the morning hours.

Generally the difference between the measured bottom
side profile and the IRI profile is observed in the afternoon
and the sunrise period. The difference in the afternoon per-
iod may be related to the presence of F1 ledge in the mea-
sured profile whereas the IRI model for F1 layer
occurrence predicts no F1 ledge or lower hmF1 in the after-
noon. It has been previously reported (Lee, 2014) that in
IRI-2012 the F1 ledge occurrence probability is lower with
Scotto-97 no L option and the model height hmF1 is also
lower than the observed values. The TaP profile is generally
thicker than the IRI topside except in the morning–fore-
noon period when the TaP topside is thinner. The differ-
ence between the TaP topside and the IRI in the night
time shows solar activity variation in summer and equinox
(not shown). The TaP topside in the night time is consider-
ably thicker than the IRI topside in the low solar activity
period but the difference is reduced in the high solar activ-
ity period. During these hours the TaP topside thickness is
higher than the IRI topside in 90% of the profiles investi-
gated whereas in the afternoon hours, the TaP topside is
thicker than (same as) the IRI in 60% (40%) of the cases.
Marinov et al. (2013) have shown that the empirical scale
height model of TSM systematically provide lower scale
height than the Incoherent Scatter Radar model (ISRIM)
and therefore predict thicker topside. The relatively thicker
topside and significantly higher foF2 (Fig. 2) over Dibru-
garh in the afternoon hours hint at the role of the plasma
transport from the equatorial region by the fountain effect
due to stronger E � B drift in the crest region of the longi-
tudinal wave structure in vertical E � B drift (Kil et al.,
2007). Overall the IRI model profile is closest to the
observed bottom side profile during winter and TaP top-
side during summer. The IRI-Di is close to the measured
profile at most times considering the scatter of the mea-
sured profile.
the ionospheric parameters and vertical electron density distribution at
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Fig. 7. The comparison of the vertical electron density profile over Dibrugarh with IRI 2012 (ABT-2009 + NeQuick) and COSMIC in equinox.

Fig. 6. The comparison of the vertical electron density profile over Dibrugarh with IRI 2012 (ABT-2009 + NeQuick) and COSMIC in summer.
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Fig. 8. The comparison of the vertical electron density profile over Dibrugarh with IRI 2012 (ABT-2009 + NeQuick) and COSMIC in winter.
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4. Summary and conclusions

The vertical electron density profiles and the bottom
side parameters B0/B1 over Dibrugarh a low mid latitude
station for the period of 2010–2015 are presented. The
diurnal, seasonal and solar activity variations of the density
profile and the B-parameters are compared to those pre-
dicted by IRI-2012 and COSMIC radio occultation esti-
mated profiles.

The following conclusions can be drawn:

1. The IRI underestimates the foF2 over Dibrugarh from
afternoon to sunrise period of spring equinox. The IRI
underestimates the daytime hmF2 in spring equinox
and summer solstice.

2. The bottom side thickness parameter B0 as predicted by
the ABT-2009 option in IRI 2012 is close to the B0 mea-
sured over Dibrugarh only in the night time and the
forenoon hours. The IRI overestimates the B0 over
Dibrugarh in the afternoon hours of summer, equinox
and high solar activity winter. The IRI does not cor-
rectly estimate the morning collapse of the hmF2 and
B0 observed over Dibrugarh. The IRI model predictions
are closest to the measured B0 in the low solar activity
winter conditions. The COSMIC electron density profile
bottom side is nearly same as the ionosonde measured
bottom side.
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the northern edge of the EIA from 2010 to 2015 along 95�E and compa
10.1016/j.asr.2016.06.041
3. The difference between the model and the measurements
may be attributed to the lack of data from the Indian
zone and 90–100�E longitude in the ABT-2009 model.
The role of longitudinal structure in B0 may also be sug-
gested and needs to be investigated with multi-station
data.

4. The measured B0 is found to increase by about 15%
from low to moderate solar activity of cycle 24 but solar
activity effect could not be detected in the B1 parameter.

5. The topside density profile is reconstructed with TaP
profiler (TSM assisted by POLAN and adjusted by the
measured TEC data). The TaP topside over Dibrugarh
in daytime is generally thicker than the IRI topside in
equinox but is almost similar to the IRI in summer. This
could be due to dominant role of the fountain effect in
the crest region of WN4 longitudinal structure in verti-
cal E � B drift.

6. Overall, the IRI model profile with measured NmF2 and
hmF2 input from Dibrugarh approaches the measured-
TaP profile.

Further work to fine tune the integration of TSM with
POLAN is being carried out. The measured electron den-
sity profile over Dibrugarh may be a useful addition to
the IRI for correct estimation of F2 layer contribution to
the TEC in the low midlatitude region around 100�E
longitude.
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