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Abstract

The deviation of the IRI estimates of the monthly mean foF2 in the low mid latitude of 95�E–130�E longitude sector is investigated
using simultaneous ground measurements at four stations during 2010–2014. The stations form two conjugate pairs of the same geo-
magnetic latitude at two fixed longitudes enabling direct longitudinal and hemispheric comparison. The temporal, spatial, seasonal
and solar activity variations of the deviations are discussed with reference to the longitudinal density variation in the transition region
between low and midlatitudes. Cases of underestimation/overestimation as well as good estimate are noted. Underestimation (overesti-
mation) in the daytime and overestimation (underestimation) in the nighttime of 95�E (130�E) are common. The longitudinal difference
in the measurements suggests negative (positive) foF2 gradient from west to east in daytime (nighttime). In contrast, the IRI predicts
flatter or increasing longitudinal profiles from 95�E to 130�E. The local time and longitudinal variation of the IRI deviations can be
attributed to the combined role of the longitudinal EIA structure as well as midlatitude zonal wind-magnetic declination effect. The sta-
tion/season independent deviations relate the role of solar activity representation in the IRI. These deviations may be attributed to the
weak IRI response to rapid solar flux fluctuations.
� 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The longitudinal variation of the ionospheric properties
in low and mid-latitude has attracted the attention of the
ionospheric community in the last two decades. The longi-
tudinal variation adds to the complex ionospheric variabil-
ity of the low latitude region. Deminova (1993, 1995)
reported a wavelike longitudinal structure in the critical
frequency of the F2 layer along the equatorial region from
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the Intercosmos II satellite data. Sagawa et al. (2005)
reported wavelike structure in the development of equato-
rial ionization anomaly (EIA) during March-June of 2002,
at nighttime by analysing the OI 135.6-nm nightglow from
Far Ultraviolet (FUV) Imager on board the IMAGE satel-
lites, and, thereby, suggested a longitudinal structure with
Wave Number Four (WN4) or 90� periodicity. Subse-
quently, longitudinal structures have been found in equato-
rial/low latitude Total Electron Content (TEC), density,
EEJ, vertical drift, bottom-side thickness and in neutral
parameters like O/N2, temperature, nitric oxide etc.
(England et al., 2006, Kil et al., 2007, Scherliess et al.,
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2008; Oberheide and Forbes, 2008; Liu et al., 2010; He
et al., 2010). The peaks of the wave structure in equinox
and June solstice are observed along the 100�E, 190�E,
270�E and 10�E in the midday period but move eastward
and, are shifted by about 20�–30� in the nighttime (Lin
et al., 2007; Kalita et al., 2015). In addition to seasonal,
local time and solar activity variation (Liu and
Watanabe, 2008), hemispherical asymmetry in the longitu-
dinal structures is also reported (McDonald et al., 2008).
The non-migrating diurnal tides are considered to be the
source of the EIA longitudinal structure (Immel et al.,
2006). In contrast, the longitudinal density variation in
mid-latitude (Zhang et al., 2011, 2012; Zhao et al., 2013;
Yu et al., 2016) is attributed to the effect of zonal wind cli-
matology associated with the varying magnetic declination
(Challinor and Ecceles, 1971). The eastward zonal wind
produces upward (downward) drag in the region of positive
(negative) or eastward declination angle leading to ascent
(descent) of the F layer and subsequent enhancement
(reduction) in density/TEC in the northern hemisphere.
The effects are in the opposite direction for the same decli-
nation in the southern hemisphere.

The longitudinal variation introduces an additional forc-
ing mechanism for incorporation in the ionospheric models
which generally are less successful in the low latitudes as
compared to the mid latitude. The International Reference
Ionosphere (IRI) which is the standard empirical model for
the ionosphere, replicates the longitudinal structure
observed by CHAMP satellite reasonably well
(McNamara et al., 2010) with Comite Consultatif Interna-
tional des Radio communications model (CCIR option)
during the nighttime (2000LT). In low latitudes, the model
sometimes underestimates and sometimes overestimates
depending on solar activity and longitude, etc. (Luhr and
Xiong, 2010; Bhuyan and Hazarika, 2013; Kakoti et al.,
2017 etc.). The overestimation is attributed to the overesti-
mation of the equatorial plasma fountain via the vertical
drift in solar minimum whereas underestimation is attribu-
ted to the longitudinal structure as well as solar activity
effects. Recent comparison of the IRI 2012 model with the
low latitude NmF2 (Maximum density of F2 layer) as well
as TEC measurements from 95�E (Bhuyan and Hazarika,
2013; Hazarika and Bhuyan, 2014; Kalita and Bhuyan,
2017; Kakoti et al., 2017) have revealed systematic differ-
ences in the 95�E sector which happens to be within the
strongest WN4 peak. As most of these studies involved sin-
gle station data, a multi-station investigation spanning a
wider longitude region is required to ascertain the effect of
the F region longitudinal variation in the IRI predictions.
In the transition region from low to mid-latitudes where
the F region may be affected by both the longitudinal vari-
ation of the EIA and the magnetic declination effect, the
assessment of the model’s performance is even more critical.

In this work, we have investigated the longitudinal
structure of the IRI 2016 (Bilitza et al., 2017) in the
India-East Asia-Northern Australia region using the simul-
taneous ionosonde measurements of F2 layer critical
frequency foF2 at multiple low mid-latitude stations at
two fixed geo-magnetic latitudes (�±40� dip). We examine
the effect of temporal, longitudinal and solar activity vari-
ation on the monthly IRI estimates.

2. Data and methodology

The foF2 recorded by ionosondes at low latitude sta-
tions Dibrugarh (27.48�N, 94.8�E, 42� dip), and Okinawa
(26.21�N, 127.68�E, 39� dip) in the northern hemisphere
and Cocos Islands (12.2�S, 96.8�E, 42� dip) and Darwin
(12.45�S, 130.95�E, 37� dip) in the southern hemisphere
during geo-magnetically quiet periods (Kp < 3) of 2010–
2014 are used for comparison with the IRI 2016 model.
The locations of the stations are shown in Fig. 1. Dibru-
garh and Okinawa (nearly same magnetic latitude) are at
the outer slope of the northern EIA separated by about
35� in longitude. Cocos Islands and Darwin are magneti-
cally conjugate to Dibrugarh and Okinawa respectively.
Previous studies (Kalita et al., 2015; Kakoti et al., 2018)
indicate that these stations with finite dip angle are in the
transition region from low to midlatitudes.

The IRI 2016 model is run with the CCIR options for the
F2 layer critical frequency. The variance between the
observed hourly averaged foF2 and the IRI foF2 is investi-
gated for the period of 2010–2014. The differences are con-
sidered significant when it is higher than the standard
deviation of the data. The monthly mean of F10.7 in sfu
(1sfu = 10�22 W m�2 Hz�1) is used as indicator of solar
activity. SAMI2 Another Model of the Ionosphere (Huba
et al., 2000) model is used to assess the effect of vertical drift
on the low latitude foF2. The SAMI2 is an open source the-
oretical model which calculates the evolution of the low- to
mid-latitude ionosphere in terms of seven ion species (H+,
He+, N+, O+, N2+, NO+, and O2+) in the altitude range
85–20,000 km through the dynamic and chemical properties
of the plasma. The continuity and momentum equations are
solved for all 7 species; the temperature equation is solved
for H+, He+, O+, and the electrons. The plasma along the
earth’s geomagnetic field from hemisphere to hemisphere
is modelled using an offset, tilted dipole field. The ExB drift
of the plasma and the parameters of the neutral species can
be modelled by the user. The parameter NmF2 (the maxi-
mum density of the F2 layer) is obtained from SAMI2 ver-
tical density profile and is related to critical frequency of F2
layer foF2 by the following relation-NmF2 = 1.24 �
(foF2)2 � 1010 in per m3 where foF2 is in MHz.

3. Results

3.1. The comparison of the quiet time monthly mean foF2

with the IRI

Kalita and Bhuyan (2017) compared the seasonal varia-
tion of the F region parameters measured with a Canadian
Advanced Digital Ionosonde (CADI) over Dibrugarh with
those of the IRI 2012 and found underestimation by the



Fig. 1. The map of the observatory/stations used in this study.
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model in March equinox. Figs. 2 and 3 shows the diurnal
variation of the DfoF2 (monthly mean foF2Obs-foF2IRI)
over the northern and southern hemisphere stations
(details in section 2 above) for low (from August 2010 to
August 2011) and high (from September 2011 to July
2014) solar activity conditions respectively, during the
ascending phase of the current solar cycle 24. The monthly
mean F10.7 < 100 is considered as low and F10.7 � 120 is
considered high solar activity. The positive (negative) val-
ues of DfoF2 indicate underestimation (overestimation)
by the IRI model. It is evident that the difference between
the observed values and the model predictions varies with
local time, month, season, solar activity and observing
location. In the southern hemisphere (SH), during the
low solar activity period the model underestimates the
foF2 during the equinoctial months of March-April and
overestimates the foF2 during July-August in the post
noon period. The trend over Darwin is mostly of overesti-
mation whereas the trend over Cocos Islands (CI) in the
daytime is that of either agreement or underestimation
whereas in the nighttime it is of overestimation. In the
northern hemisphere, during the low solar activity period,
the IRI 2016 estimates differ significantly from the
observed foF2 over Dibrugarh during midday of March-
April. The DfoF2 fluctuates with local time between posi-
tive and negative from September to February but it
remains positive throughout the day in March-April. Good
agreement is seen in May-June. In contrast, over Okinawa,
the IRI tends to overestimate (except March-April) the
daytime foF2 but underestimate the nighttime values, par-
ticularly in the equinoctial months. Between the hemi-
spheres, the IRI mostly overestimates (agrees) in the
respective winter (summer). In most months the diurnal
trend of DfoF2 varies with local time and the same (differ-
ent) meridian stations are in phase (out of phase). In gen-
eral, in this low activity period till August 2011, the
largest (smallest) difference between the measured foF2
and the model values are noted in the equinoctial period
(solstice months of May-July) but there is significant local
time, longitudinal and hemispheric asymmetry in the
DfoF2.

The solar activity increases in September 2011 and fluc-
tuates between 100 and 170 sfu (F10.7) till July 2014. In
this period the months with mean F10.7 � 120 are consid-
ered as high solar flux condition. In the southern hemi-
sphere (Fig. 3), the IRI estimates agree with the foF2
over Darwin from September to December and in the fore-
noon period of January to April months. Post noon under-
estimation from January to April reverses to whole day
overestimation from May to August (winter). The limited
data from Cocos Islands in high solar flux indicate under-
estimation during the equinoctial months and overestima-
tion during May-June. In general, the IRI estimates are
better in the early morning to midday period as compared
to the nighttime. In the northern hemisphere (Fig. 3), the
DfoF2 over Dibrugarh fluctuates from September-



Fig. 2. The longitudinal variation of DfoF2 (foF2Obs-foF2IRI) at southern (left) and northern hemisphere (right) low mid-latitude stations (±40� dip) for
the low solar activity period of August 2010 to August 2011. Dibrugarh –Cocos Islands at 95�E and Okinawa-Darwin at 130�E form conjugate pairs.
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October (positive in afternoon) to November-December
(negative in nighttime).

During January-February, the positive trend in the day-
time reverses to negative in the nighttime. The IRI under-
estimates the Dibrugarh foF2 during March-April (post
noon) and July-August but agrees fairly well in May-
June period. The DfoF2 over Okinawa is predominantly
negative except during the nighttime of equinox months
and afternoon period of July-August. Good agreements
are seen during May-June (northern summer) and midday
of March-April. The trend as well as the phase is similar to
that over Dibrugarh during March -April and July-August,
but a phase difference is noted in other months. Between
the hemispheres, agreement during the respective summer
solstice and overestimation during the winter solstice is
noteworthy. In this period of high solar flux, the observed
difference with the IRI increases.

Therefore, the IRI generally underestimates in March
equinox, overestimates in winter and agrees with observa-
tion in summer. The hemispherical differences are promi-
nent only during the solstice and seem to be related to
the seasonal changes. The local time variation shows that
the DfoF2 in the same meridian (conjugate stations) is
mostly in phase. But, longitudinally, the two sectors are
mostly out of phase in the northern hemisphere with the
changes in 130�E lagging by about 6–8 h (Figs. 2 and 3).
Daytime underestimation (overestimation) at Dibrugarh
(Okinawa) is common. In the southern hemisphere, the



Fig. 3. Same as Fig. 2 for the high solar activity period (September 2011-August 2014). Only data for F10.7 > 120 is used.
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two longitudes show both in phase and out of phase rela-
tion with mostly underestimation in Cocos Islands and
overestimation in Darwin. The monthly and seasonal trend
is obscured by the solar activity variation. Quantitatively,
the minimum (maximum) variance between the measured
values and the model estimates are observed during the
summer solstice (March equinox). In terms of local time,
the maximum (>2 MHz) difference over Dibrugarh, Cocos
Islands and Darwin is noted in the afternoon to post sunset
hours (Figs. 2 and 3) and the minimum difference is
observed during late night-early morning hours
(<0.1 MHz). In contrast, the difference between the mea-
sured foF2 over Okinawa/Darwin and the IRI estimate is
maximum (>3.5 MHz) during the evening to nighttime
and minimum (<0.1 MHz) during the forenoon hours
(Fig. 3).
4. Discussion

In this study, while examining the performance of the
global IRI we haven’t considered the possible contribution
of the insufficient data input into the IRI from the 95�E
longitude although only interpolations may have been used
in the current IRI for this region.

In addition to the lack of sufficient input from the 95�E
sector to the IRI, there are multiple variables affecting the
daily variation of the difference between the observed mean
foF2 and the IRI estimates presented in results section-(1)
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latitude and longitude of observation (2) local time and
month (3) solar activity and (4) finally the IRI representa-
tion of these factors. We discuss below how these factors
affect the foF2 and how the IRI attempt to reproduce these
forcing.

4.1. IRI performance vis a vis longitudinal and hemispherical

variations

Firstly, we focus on the longitudinal and hemispherical
variation of the IRI performance which is also linked to
the local time and seasonal variation respectively. The geo-
graphic region under consideration in this study mainly
encompasses north-east India, south-east Asia and north-
ern Australian region at two specific latitudes (�27�N
and �12.5�S) and longitudes (�95�E and �130�E). The
trends are qualitatively similar in the same longitudes but
opposite in the two longitudes under study, with subtle dif-
ferences between the hemispheres. To examine this longitu-
dinal asymmetry, the longitudinal foF2 profiles predicted
by the IRI for the month of April (2012), June (2013)
and December (2013) during 1400LT and 2000LT for 27�
N and 12.5�S are shown in Fig. 4. It is evident from the fig-
ure that the IRI doesn’t reproduce a notable longitudinal
structure in the northern low latitudes except during day-
time winter conditions (December). In contrast, longitudi-
nal variation is predicted in the southern low latitudes
except during daytime of summer (December). The IRI
predicts higher foF2 in the 120�–130�E sector as compared
Fig. 4. The IRI foF2 longitudinal profiles for the northern he
to the 95�E sector in all conditions except during daytime
of northern winter and nighttime of northern summer. Pre-
vious observational studies (Kalita et al., 2015) suggest that
foF2/NmF2 in Dibrugarh-Okinawa latitude is higher
(lower) in the 95�E sector as compared to the 130�E sector
in the daytime (nighttime). To investigate the longitudinal
foF2 variation in the southern latitudes, the local time vari-
ation of the difference between the monthly mean measured
foF2 over Cocos Islands and Darwin are shown in Fig. 5
for the sample year 2011. The observed foF2 in the 95�E
is lower than that in the 130�E sector only during the post
midnight and early morning period but higher during the
rest of the day. Therefore, observations suggest a negative
(flat or positive) longitudinal gradient similar to that in the
northern hemisphere from 95�E to 130�E during the post
noon period (nighttime) whereas the IRI uses a positive
gradient, which leads to the systematic difference between
the observed foF2 and the model estimates. In the southern
hemisphere, the IRI overestimates in the 130�E sector
because the model consistently predicts a peak around
120�E longitudes. The local time variation DfoF2 charac-
terised by the distinctive reversal of daytime underestima-
tion (overestimation) to nighttime overestimation
(underestimation) in 95�E (130�E) as well as the west-east
difference clearly indicates an evolving longitudinal struc-
ture. Previously, Lin et al. (2007) have shown that the four
peaked EIA longitudinal structure evolve with local time
and tend to move eastward with a velocity of several tens
of meters per second. In particular, the daytime density
misphere at 27�N and the southern hemisphere at 12.5�S.



Fig. 5. The local time variation of the DfoF2 (foF2Cocos Islands-foF2Darwin) showing the east-west difference in the southern hemisphere.

Table 1
The magnetic declination at the northern and southern stations from the
IGRF model.

Dibrugarh (27.48�N, 94.8E�) Okinawa (26.21�N, 127.68�E)
Declination �0.48�W Declination- �5.3�W
Cocos Islands (12.2�S, 96.8�E) Darwin (12.46�S, 130.84�E)
Declination �2.3�W Declination �3�E
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peak along 90�–100�E moves to around 120�E by nighttime
(Liu and Watanabe, 2008). Previous studies (Kalita et al.,
2015; Kakoti et al., 2018) using both NmF2 and TEC data
from this region suggest that the stations Dibrugarh, Oki-
nawa and Cocos Islands are affected by the EIA, but the
effect varies with season and solar activity. The latitudinal
foF2 profile of IRI 2016 (not shown) predictions place
these stations inside the anomaly region.

The strength of the EIA/plasma fountain is controlled
by the equatorial vertical drift (E � B) and the drift esti-
mated from the ROCSAT-1 measurements (Kil et al.,
2007, 2008) indicates clear longitudinal variation with day-
time (nighttime) peak near 90�–100�E (120�E). Therefore,
the evolving longitudinal EIA structure can manifest as
daytime (nighttime) underestimation in the western (east-
ern) sector.

We note that the magnetic dip angles at the four stations
are around 37��42� (section 2), and, therefore, significant
effects of neutral winds cannot be ruled out. Kalita et al.
(2015) have shown that Dibrugarh can behave like a mid-
latitude station particularly during the December solstice.
The longitudinal density variation in the midlatitude exhi-
bits day-night structure due to the changing direction of the
zonal winds from westward in the daytime to eastward in
the nighttime (Zhang et al., 2011, 2012 etc.). The mecha-
nism for longitudinal variation in midlatitude depends on
the east–west difference in magnetic declination as illus-
trated in Fig. 5 of He et al. (2011) and Fig. 2 of Zhang
et al. (2012). In the longitude range under consideration,
the magnetic declinations are less (as compared to the
American sector) but finite, and, can lead to an east-west
density difference (Zhao et al., 2013; Yu et al., 2016). The
magnetic declinations for the four stations used in this
study are shown in the Table 1.

Therefore, an east-west difference of around 5� in decli-
nation can be assumed for the station pairs. In the northern
hemisphere, the declination effects should be negligible
over Dibrugarh whereas it should contribute finitely over
Okinawa. In the southern hemisphere, the classic positive
and negative declination at Darwin and Cocos Islands
respectively with zero declination in between creates the
right configuration for the westward (eastward) zonal wind
in daytime (nighttime) to produce a downward (upward)
drag in the 130�E sector (Zhang et al., 2012 etc.). Conse-
quently, the daytime density in this sector would be
reduced and nighttime density would be enhanced. The
opposite effect due to negative declination may lead to
enhancement in the daytime over Cocos Islands and conse-
quently to the underestimation effect. The seasonal and
hemispherical variation of the zonal wind together with
the hemispherical asymmetry in the field line geometry
may lead to the slightly different temporal variation of
the trend in the northern and southern hemisphere. Here
we are not considering the effect of the meridional wind
as longitudinal variation of the meridional wind at such
longitude scale is not reported.

4.2. The role of longitudinal variation of E � B vertical drift

and magnetic declination

To examine relative role of the equatorial vertical drift
induced plasma transport and the magnetic declination
effect, we simulate the NmF2 over Dibrugarh and Okinawa
using the SAMI2 physical model, and, the results (after



Fig. 7. The vertical drag for March 2014 induced by the zonal wind due to
the finite magnetic declination. The positive values are for upward drag.
Nighttime upward drag in the 130�E sector can be noted.
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conversion of NmF2 to foF2) are shown in Fig. 6 for
March 2014 condition. The equinoctial month is chosen
to eliminate the effect of the inter-hemispheric neutral
winds. The observed and model values are shown in the
top panel of Fig. 7 for Dibrugarh in 95�E and for Okinawa
in 130�E sector. In the bottom panel the ROCSAT-1
empirical model (Kil et al., 2008) vertical drift along with
the drift models used in the SAMI2 and IRI model are
shown. In contrast to the IRI, which underestimated
Dibrugarh foF2 from forenoon to pre-midnight, the
SAMI2 foF2 is nearly the same as of that of Dibrugarh.
The IRI shows very good agreement with daytime mea-
surements over Okinawa but underestimates the post noon
foF2. These results have been discussed previously with
Fig. 3. The SAMI2 overestimates (underestimates) the day-
time (post mid night) values over Okinawa. Interestingly,
the vertical drift over Dibrugarh is higher according to
the empirical model, which may lead to stronger fountain
effect and the resultant daytime underestimation in the
equinoctial months. The similarity in the empirical model
drift and the IRI drift in the 130�E sector corresponds to
the good agreement between the IRI and the observation
at Okinawa during daytime. We run the SAMI2 over Oki-
nawa again by reducing the drifts to compensate for the
overestimation over Okinawa. The simulated density with
reduced (half) vertical drift matches the observed values
Fig. 6. The observed and model foF2 at Dibrugarh and Okinawa and the respec
performance in the two sectors.
in daytime, but it is lower than the observed density in
the nighttime. Therefore, the equatorial vertical drift and
consequently the EIA may play a role in the daytime den-
sity variation over this low midlatitude region, but other
factors may also be effective, particularly in the nighttime
tive E � B drift for March 2014. Note the role of the E � B drift in the IRI
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as empirical model vertical drift estimates seems quite reli-
able. Increase of winds in the SAMI2 model reduces the
nighttime density (not shown) without affecting the day-
time density (foF2). To examine the effect of the zonal wind
due to the finite magnetic declination, we calculate the ver-
tical drag as given by Uzon SinDCosISinI, where Uzon is the
zonal wind from the HWM14 wind, D is declination angle
and I is the inclination angle at the respective stations. The
effective vertical drifts (Titheridge, 1995) at the four sta-
tions are shown in Fig. 7. A westward (eastward) zonal
wind in the daytime (nighttime) would produce a down-
ward (upward) drag at Okinawa/Darwin. The upward drag
in the nighttime leading to the higher altitude of the F layer
helps sustain the density due to lower recombination at
higher altitude. Previous studies of hmF2 variation
(Kalita et al., 2015) indicate higher altitude of the nighttime
F2 layer over Okinawa as compared to that over Dibru-
garh. The nearly 5 m/s difference in the nighttime vertical
drag leading to F layer height difference between the two
longitudes may partially account for the higher nighttime
density in the eastern longitude and the consequent under-
estimation by the IRI.
Fig. 8. The DfoF2 (foF2Obs-foF2IRI) for periods of rapid solar flux variation. Th
4.3. The role of solar activity in the measured and the model

foF2

Now, we discuss the role of solar activity in the DfoF2
variations. We have noted that the deviations of the IRI
in certain months are one directional in all the stations.
Rapid fluctuations in the solar activity prior to these peri-
ods seem to be related to the uncharacteristic IRI beha-
viour, where the regular seasonal pattern of DfoF2 (noted
in section 3 from Figs. 2 and 3) are missing. The IRI rep-
resentation of the solar activity effect of the ionospheric
density particularly NmF2 (foF2)/TEC have been sub-
jected to numerous scrutiny, and, certain deviations from
the observed solar activity trend were noted, particularly
on the solar activity variation of daily values (Kakoti
et al., 2017 and references therein). In this study, we have
noted the diverse response of the monthly mean DfoF2 to
solar forcing, and, we attempt to ascertain the underlying
conditions.

A time line of the IRI response with solar activity vari-
ation is presented in Fig. 8 in form of monthly DfoF2 to
show the response of the model to the stimulus of rapid
e DfoF2 trend is different from the seasonal trend observed in Figs. 2 and 3.



B.R. Kalita et al. / Advances in Space Research 63 (2019) 1914–1925 1923
solar activity fluctuations. The IRI usually overestimates
(agrees with) the nighttime foF2 in the month of
November-December (second panel Figs. 2 and 3) for
northern winter (southern summer), but, when solar activ-
ity increases rapidly from 103 sfu (monthly F10.7) in
August 2011 to about 149 sfu in November 2011, we note
that the IRI underestimates the measured foF2, particu-
larly over Dibrugarh by more than 5 MHz in the post sun-
set period (top right panel Fig. 8). This is followed by
reasonably good agreement or overestimation in March
2012, whereas the IRI generally underestimates the foF2
in March equinox (Figs. 2 and 3). To illustrate this point,
we have compared the daily variations of foF2 over Dibru-
garh and Cocos Islands in March 2011 and March 2012
with their respective IRI estimates in Fig. 9. The solar
activity in March of 2011 and 2012 are similar (F10.7–
115) and the means of the measured foF2 are also similar
with peak around 14–15 MHz but the IRI estimates are dif-
ferent. The model predicts higher foF2 (>2 MHz) in March
2012 as compared to 2011 in the afternoon to the pre-
midnight period. The IRI estimates higher (lower) values
for March 2012 (November 2011) as compared to March
2011 probably because the solar activity in the preceding
time period of March 2012 (November 2011), i.e.
November-December 2011 (July-August 2011) is higher
(lower). The IRI uses the twelve months running mean
ionospheric index IG12 with the CCIR (1967) foF2 model
(Bilitza et al., 2017) which is closely correlated (R � 0.98)
with the 12-month running mean of sunspot number
(Rz12). The IG12 (Rz12) is around 79 (66) in March 2012
as compared to 31 (35) in March 2011. Therefore, the
IRI estimates higher and better in March 2012 when the
solar activity is increasing steadily but couldn’t reproduce
the post sunset foF2 increase in November 2011 when
the solar activity jumps in the previous months. The IRI
Fig. 9. The variation of the foF2 and the IRI estimates over Dibrugarh and C
these months are similar but the IRI predictions differ widely corresponding t
uses a semi-annual foF2 variation with equinoctial peaks,
and, the lower estimates in November 2011 could partly
be due to the seasonal dependence of the IRI solar activity
trend. Interestingly, the IRI underestimates the foF2 in the
95�E sector in May 2013 (Fig. 8) as F10.7 increases, and,
subsequently overestimates the foF2 in September 2013
as the solar activity decreases sharply. This is a break away
from the regular trend of good agreement (overestimation)
of the IRI with observations in May-June period for north-
ern (southern) hemisphere and underestimation/agreement
in September-October period (Figs. 2 and 3). To illustrate
the relation of the IRI deviation with solar activity, we
show the daytime integrated monthly mean foF2 over
Dibrugarh and Cocos Islands with the monthly mean
F10.7 and IG12 for the period of August 2010 to June
2014 in Fig. 10. Daytime integration or sum over all hours
is used to eliminate the local time bias. A pattern of alter-
nate underestimation during increasing phase/high of solar
activity and overestimation during decreasing phase/low of
solar activity is evident. Overestimation in low solar flux
and underestimation in high solar flux by the IRI was also
noted by Bhuyan and Chamua (2002) for topside measure-
ments over Indian zone. From Fig. 10, we note that the
IG12 variation after September 2011 is slow and minimal.
The highest IRI peak is noted March-April 2012 corre-
sponding to the flat peak in IG12, delayed from the Novem-
ber 2011 peak in F10.7. The second peak of IG12 is noted
around August 2014 whereas the F10.7 peaks in February
2014. The measured foF2 pattern over Dibrugarh and
Cocos seems to follow the monthly variation of the F10.7
(except for the seasonal bias during June solstice) whereas
the IRI foF2 clearly follows the IG12. Therefore, during the
rapid solar flux variation in the time scale of 3–4 months,
the twelve months averaging IG12 would introduce higher
(lower) input to the model at the down-swing (up-swing)
ocos Islands during March 2011 and March 2012. The measured values in
o similar F10.7 but different IG12/Rz12. respectively.



Fig. 10. The variations of the integrated (sum over all hours) foF2 over Dibrugarh and Cocos Islands with monthly mean F10.7 and IG12.
Underestimation during high solar flux and overestimation during low solar flux can be noted. The delayed peak in IG12 as compared to F10.7 and the
corresponding IRI estimate is shown by the arrows.
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producing higher (lower) estimates. We also note that the
IRI as well as observation responds differently to solar flux
variation in equinox and solstice e.g. July 2012, November-
December 2013 and March 2014. This seasonal dependence
of the solar activity effect conceals the true solar activity
response. In general, the IRI responds weakly to the rapid
changes in solar activity probably due to the slow temporal
variation of the IG12 index. The solar activity response is
easily perceptible only in the 95�E sector probably due to
the lack of data input to the IRI from this region.
5. Summary and conclusions

The difference between the observed monthly mean foF2
and the IRI foF2 is examined for the period of 2010–2014 in
twomagnetically conjugate lowmid-latitude station pairs in
the 95�E and 130�E longitude sectors. The temporal, spa-
tial, seasonal and solar activity variations of the IRI devia-
tion from observation are discussed to assess the relative
role of these factors on the IRI estimates. Cases of underes-
timation as well as overestimation are noted depending on
observing station, local time, season and solar activity.
Clear local time variation of the DfoF2 with phase lag
between 95�E and 130�E are noted in most months. The
IRI longitudinal profiles in both hemispheres show a flat
or positive density gradient from west to east, whereas the
observation indicates opposite foF2 gradient in the day-
time. The month-to-month fluctuation of solar activity in
the solar cycle 24 added to the complexity of the seasonal
variation, and thereby led to IRI performance degradation.
The IRI was found to react weakly to rapid fluctuations in
solar activity leading to the underestimation during
upswing and overestimation in the downswing. The main
conclusion of the study can be summarized as follows-

1. The source of the underestimation/overestimation of the
foF2 at the low to midlatitude transition region within
India-east Asia-north Australia zone could be the longi-
tudinal variation caused by the longitudinal variation in
the EIA as well as the longitudinal variation in the mag-
netic declination.

2. The IRI’s estimate of the monthly mean foF2 deviates
from observations due to weak reaction of the model
to rapid solar fluctuations.
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