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Abstract In this paper, we present the preliminary results of a new global three-dimensional (3-D)
ionospheric model developed using artificial neural networks (ANNs) by assimilating long-term
ionospheric observations from nearly two decades of ground-based Digisonde, satellite-based topside
sounders, and global positioning system-radio occultation measurements. The present 3-D model is named
ANN-based global 3-D ionospheric model (ANNIM-3D), which is the extension of previous work on the
ANN-based two-dimensional ionospheric model by Sai Gowtam and Tulasi Ram (2017a, https://doi.org/
10.1002/2017JA024795) and Tulasi Ram et al. (2018, https://doi.org/10.1029/2018JA025559). The vertical
electron density profiles derived from ANNIM-3D model are found to be consistent with the ground-based
incoherent scatter radar observations at Jicamarca and Millstone Hill. The model results have been
thoroughly validated and found in good agreement with the ground-based Digisonde and satellite in situ
observations at different altitudes. This model successfully reproduces the large-scale ionospheric
phenomena like diurnal and seasonal variations of equatorial ionization anomaly and its hemispheric
asymmetries, ionospheric annual anomaly, and the main ionospheric trough. Also, the present model has
predicted the ionospheric response that is consistent with the neutral composition changes and meridional
wind circulations during disturbed geomagnetic activity periods. Finally, the merits and limitations of

this model and the scope for the potential improvements have been discussed.

1. Introduction

The accurate determination of the ionospheric conditions is a crucial element to serve the ever increasing
Satellite-Based Augmentation System needs. Since the ionosphere is a region sandwiched between the
neutral-dominated lower atmosphere and the plasma-dominated outer space, the ionospheric plasma
density is significantly influenced by various forces from both the lower atmospheric origin and direct solar
control. Apart from production and loss, the plasma transport processes play a vital role in the spatial and
temporal variability of the ionosphere. The electrodynamic drifts due to electric fields and collisional drag
due to thermospheric neutral wind circulations in the presence of the Earth's magnetic field chiefly control
the field-perpendicular and field-aligned plasma transport in the ionosphere. Further, the magnitude and
polarity of these processes vary dramatically under disturbed space weather conditions. Since the first
theoretical descriptions of the ionospheric layers by Chapman (1931a, 1931b), great efforts have been made
across the world to model the ionosphere during the past seven decades. The present ionospheric models can
be broadly classified into two categories as empirical and theoretical models. Empirical models use
climatological ionospheric data from various observations and fit the ionospheric parameters with given
set of control parameters using predefined analytical functions. For example, the International Reference
Tonosphere (IRI; Bilitza, 2001, Bilitza & Reinisch, 2008; Bilitza et al., 2014, 2017) and NeQuick
(Hochegger et al., 2000; Nava et al., 2006; Radicella & Leitinger, 2001) are widely used global empirical
models for the three-dimensional ionosphere. Also, some interesting works on the development of
two-dimensional ionospheric models on global and regional scales can be found in the literature. For
example, Altadill et al. (2013) developed a global empirical model for the F2-layer peak height (h,,F2) and
effective scale height for quiet geomagnetic conditions using spherical harmonic analysis. Zhang et al.
(2014) have built a global empirical model for h,,F2 from ionosonde and global positioning system-radio
occultation (GPS-RO) observations based on two-layer empirical orthogonal function analysis. Shubin
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(2017) has reported a global foF2 model for quiet geomagnetic conditions using ionosonde and GPS-RO
observations. Recently, Themens et al. (2017) have reported the new Empirical Canadian High Arctic
Ionospheric Model for N,,,F2 and h,,,F2 over the Arctic region (>50°N geomagnetic latitudes). Physics-based
theoretical models, on the other hand, solve the conservation (continuity, momentum, and transport) equa-
tions of individual constituents to predict the ionospheric variability in spatial and temporal domains. The
Sheffield University Plasmasphere and Ionosphere Model (Bailey et al., 1997; Bailey & Balan, 1996),
Thermosphere-Ionosphere-Electrodynamics General Circulation Model (Richmond et al., 1992; Roble
et al., 1988), Coupled Thermosphere Ionosphere Model (Fuller-Rowell et al., 1996), and the
SAMI2/SAMI3 is Another Model of Ionosphere (Huba et al., 2000; Huba et al., 2008) are some of the well-
known theoretical models. With the advantages and limitations of these models, the accurate prediction
of ionospheric variability under varied space weather conditions is still a challenging task due to various
simultaneously operating dynamical processes and the complex nonlinear behavior of the ionosphere.

In recent times, the artificial neural networks (ANNs) and machine learning techniques have been used to
solve the more complex problems, such as classification, clustering, control, decision making, nonlinear data
fitting, and prediction. In ANN-based modeling, sufficiently large data sets are trained with a set of inputs to
get a nonlinear input-output relationship. The utilization of ANNSs in ionospheric and magnetospheric stu-
dies is steadily increasing with time. For example, the prediction of ionospheric peak height (h,,F2), peak
density/critical frequency of ionosphere (N,,,F2/foF2), total electron content, sunspot number, and interpla-
netary conditions using ANNSs can be found in the literature (Athieno et al., 2017; Clausen & Nickisch, 2018;
Hu & Zhang, 2018; Huang & Yuan, 2014; Kumluca et al., 1999; Lamming & Cander, 1999; Oyeyemi et al.,
2005; Oyeyemi & Poole, 2004; Poole & Poole, 2002; Watthanasangmechai et al., 2012; Wintoft, 2000;
Xenos, 2002; Zhao et al., 2014; Zhelavskaya et al., 2016). These studies demonstrate the ability of ANNSs to
model and predict the ionospheric and the magnetospheric parameters under various geomagnetic condi-
tions. However, most of these studies aimed to develop a neural network-based model to predict the iono-
spheric parameters at a given location or region with a limited number of observations. However, with the
availability of globally distributed long-term data sets from various GPS-RO, ground-based Digisondes, and
topside sounder observations, it is now possible to develop a global ionospheric model using ANNs.
Recently, an ANN-based global two-dimensional ionospheric model (ANNIM) was developed to predict
the N,,F2 and h,,F2 by utilizing the long-term data from Formosa Satellite-3/Constellation Observing
System for Meteorology, Ionosphere and Climate (FORMOSAT-3/COSMIC) radio occultation mission (Sai
Gowtam & Tulasi Ram, 2017a). Later, Tulasi Ram et al. (2018) improved ANNIM by assimilating additional
data from the Digisonde Global Ionosphere Radio Observatory (GIRO, Reinisch & Galkin, 2011), CHAMP
and GRACE (Gravity Recovery And Climate Experiment) radio occultation measurements and modified
gridding approach. Through the controlled simulations, Tulasi Ram et al. (2018) have shown that the
ANNIM could successfully distinguish the roles of recurrent geomagnetic activity and solar irradiance on
ionospheric variability. The present work is the extension of the previous works by Sai Gowtam and Tulasi
Ram (2017a) and Tulasi Ram et al. (2018) in developing a new three-dimensional (latitude, longitude, and
altitude) ionospheric model based on ANNs (hereafter, ANNIM-3D) by using long-term ionospheric observa-
tions. The main objective of this study is to assess the ANN architecture and the methods used in this model
development and to present the preliminary results of ANNIM-3D. The organization of the present paper is as
follows. The data sets assimilated in the model and data preparation are described in section 2. The adopted
methodology including the ANN architecture, training, and profiling the vertical electron density variation
are presented in section 3. The validations of ANNIM-3D results with ground-based Digisondes, incoherent
scatter radars (ISRs), and satellite in situ measurements at different altitudes are presented in sections 4.1-
4.3. The ANNIM-3D simulations of large-scale ionospheric phenomena such as diurnal and seasonal
variations of equatorial ionization anomaly (EIA), main ionospheric trough, and the ionospheric response
during quiet and disturbed geomagnetic periods are discussed in sections 4.4-4.6. Finally, the merits and
limitations of this model along with the scope for future improvements are summarized in section 5.

2. Data

The quantum of GPS-RO, Digisonde, and topside sounder data assimilated in the development of the present
model is presented in Figure 1. This database from 1971 to 2016 spreads over different epochs of solar cycles
20 to 24 with a major portion of observations from solar cycles 23 and 24. The daily F10.7 solar flux variation
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Figure 1. Quantum of data assimilated in artificial neural network-based global three-dimensional ionospheric model. (a) The daily variation of F10.7 solar flux
from 1971 to 2016. (b) Number of global positioning system-radio occultation (GPS-RO) profiles per month from CHAMP, GRACE, and FORMOSAT-3/
COSMIC together. (c) Number of bottomside profiles per month from GIRO-Digisonde network. The locations of the Digisonde stations considered in the study can
be seen in the inset of Figure 1c. The blue bars (in Figures 1b and 1c) indicate the total number of electron density profiles per month, and the green bars represent
the electron density profiles after the quality control measures. (d) The total number of electron density profiles per month from the topside sounders onboard
International Satellites for Ionospheric Studies satellites.

from 1971 to 2016 is shown in the top panel (Figure 1a). The GPS-RO observations provide the electron
density profile (Ne(h)) as a function of tangent point altitude from the satellite orbital altitude to ground
(Rius et al., 1998; Schreiner et al., 1999; Syndergaard et al., 2006). The present study considers the electron
density profile data from the GPS-RO missions FORMOSAT-3/COSMIC (2006-2016), CHAMP (2002-
2008), and GRACE (2007-2015), provided by the University Center for Atmospheric Research (UCAR;
available at https://cdaac-www.cosmic.ucar.edu/). The RO-retrieved vertical electron density profiles were
found to exhibit good correlation with the ground-based ionosonde and ISR measurements (Lei et al.,
2007; Schreiner et al., 2007). The GPS-RO profiles provide more or less uniform spatial coverage all over
the globe including the large oceanic and inaccessible regions. In order to avoid noisy and fluctuating
profiles, we have applied a three-step quality control as recommended in Yang et al. (2009), Potula et al.
(2011), and Uma et al. (2016). In the first step, RO profiles with an average standard deviation greater
than 1.5 are treated as “noisy profiles” and are removed. Second, the unusual RO profiles with h,, F2
greater than 550 km and some profiles with strong enhancements in E region densities are omitted, since
they may be influenced by strong sporadic E layers. Some of the retrieved electron density profiles show
negative electron density values that are unreal, and hence, they are removed from the analysis in the
third step. Figure 1b shows the number of GPS-RO electron density profiles per month, from CHAMP,
GRACE, and FORMOSAT-3/COSMIC together. The blue bars indicate the total number of profiles, and
the green bars indicate the number of profiles after applying the discussed quality control measures.

Further, the bottomside electron density profile data from the ground-based Digisonde GIRO for the period
from 1997 to 2016 were also considered. The GIRO is a network of Digisondes installed at 100+ locations
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across the world (Reinisch et al., 2009; Reinisch & Galkin, 2011). The locations (geographic latitude and geo-
graphic longitude) of the Digisonde stations considered are shown in the inset of Figure 1c. The Digisonde
ionograms are automatically scaled and the bottomside true height electron density profiles are computed
using the Automatic Real-Time Ionogram Scaler with True height (ARTIST-5) software (Galkin et al.,
2008). The bottomside true height profile data from the GIRO Digisonde network are downloaded using
the Standard Archive Output (SAO) Explorer application from the Digital Ionogram Data Base (DIDBase)
web portal (http://umlcar.uml.edu/DIDBase/). In the present study, the bottomside profiles with the confi-
dence score below 90 are discarded to avoid scaling errors due to noisy ionogram traces and spread-F echoes.
The blue bars in Figure 1c represent the total number of bottomside profiles per month extracted from the
GIRO Digisonde network, and the profile data with confidence score greater than or equal to 90 are indicted
by green bars. Further, we have also assimilated the topside sounders data from the United States/Canadian
International Satellites for Ionospheric Studies satellites for the period from 1971 to 1984. The ionograms
from the topside sounders were converted into topside electron density profiles using the Topside
Ionogram Scaler with True height Algorithm (TOPIST) software (Benson, 2010; Bilitza et al., 2004; Huang
et al., 2002). The total number of topside electron density profiles per month is shown in Figure 1d. These
data were acquired from the National Aeronautics and Space Administration’s Space Physics Data Facility
center (https://nssdcftp.gsfc.nasa.gov/). The daily averaged values of F10.7 solar flux and 3-hourly Kp index
have been obtained from National Aeronautics and Space Administration's space physics data facility
(https://omniweb.gsfc.nasa.gov/). It should be mentioned here that the electron density profiles from differ-
ent sources (GPS-RO from Format-3/COSMIC, GRACE, CHAMP, GIRO-Digisonde, and Topside Ionogram
Scaler with True height Algorithm) cover different altitude regions of the ionosphere. However, the com-
bined data set provides sufficiently dense observations between 150- and 700-km altitudes after applying
the quality control.

To validate the model results, we have also used the vertical electron density profiles measured by the
ground-based ISRs at Jicamarca (11.95°S, 76.87°W) and Millstone Hill (42.62°N, 71.49°W), and in situ elec-
tron density measurements from ROCSAT-1, CHAMP, and SWARM-A satellites. The first scientific satellite
of Republic of China, ROCSAT-1, launched in 1999 into an inclined (35°) circular orbit at an altitude of ~600
km, measured the ion density using the Ionospheric Plasma and Electrodynamics Instrument (IPEI).
CHAMP was launched in May 2000 into a circular polar orbit at an altitude of 455 km, and the orbit slowly
descended to 300 km in 10 years. The SWARM (European Space Agency Magnetic Field Mission) is a con-
stellation of three satellites (SWARM-A, SWARM-B, and SWARM-C), launched by the European Space
Agency into a circular orbit at an altitude of 460 km. CHAMP and SWARM measure the in situ electron den-
sity using the onboard planar Longmuir probe. In the present study, in situ plasma density observation from
ROCSAT-1, CHAMP during March 2004, and SWARM-A during March 2016 are considered for comparison
with ANNIM-3D results.

3. Method of Model Construction

In the present study, globally distributed vertical electron density profiles from GPS-RO missions, GIRO-
Digisonde network (bottomside only), and the topside sounder data are divided into 840 small spatial grids
from —180°W to 180°E at 15° longitude and —87.5°S to 87.5°N at 5° dip latitude intervals. The architecture of
ANNSs used in the present work is shown in Figure 2. The controlling input parameters of ANNs (Figure 2a)
are date (DD/MM/YYYY) or day of the year (DOY), universal time (UT), geographic latitude (¢), geographic
longitude (1), altitude (h), daily F10.7 solar flux, and 3-hourly Kp index. These primary inputs also flow to the
International Geophysical Reference Field (IGRF-12; Thébault et al., 2015) and Horizontal Wind Model
(HWM-14; Drob et al., 2015) to compute the declination, inclination, dip latitude, and zonal and meridional
winds through internal subroutines indicated by the blues boxes (Figure 2b). The additional parameters
computed from IGRF and HWM models are also fed to the ANNs to improve the functionality of the model
and better learning of neural networks. The output layer (target) of the neural network is the electron den-
sity, which is a function of given input parameters. For the neural networks training, we have implemented
the feed-forward neural network with Levenberg-Marquardt algorithm since it has excellent ability to han-
dle complex problems with the fastest convergence rate (Hagan & Menhaj, 1994; Levenberg, 1944;
Marquardt, 1963; Rumelhart et al., 1986). Figure 2c represents the architecture of the ANN used in the
ANNIM-3D. The neural network in the present study has one input layer (with 12 input nodes), one
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Figure 2. Architecture of the feed-forward neural network used in artificial neural network-based global three-dimen-
sional ionospheric model. DOY = day of the year; UT = universal time.

hidden layer with 40 neurons, and one target layer (electron density). The electron density data between 150-
and 700-km altitudes in each spatial grid are separately trained with the same neural network architecture.
About 70% of data in each spatial grid is used for training the neural network, and the remaining 30% of data
is used for validation and testing purposes. In general, the neural network architecture and the learning
procedure implemented in this study are similar to that in Tulasi Ram et al. (2018), which gives further
details. In the end, a total of 840 trained neural networks are combined through a front-end subroutine to
construct a global three-dimensional ionospheric model that can initially predict the vertical electron
density profile between 150- and 700-km altitudes for the given inputs shown in Figure 2. The initially
predicted profile is then extrapolated up to 1,000 km in the topside and down to 70 km in the bottomside
using another internal subroutine as described in the following paragraphs.

The vertical electron density variation in the topside ionosphere is usually expressed by analytical functions,
such as exponential, parabolic, a-Chapman, and Epstein functions (Booker, 1977; Di Giovanni & Radicella,
1990; Rawer et al., 1985; Rawer, 1988; Reinisch & Huang, 2001; Reinisch et al., 2004, 2007; Stankov et al.,
2003; Bilitza et al., 2006; Tulasi Ram, Su, Liu, Reinisch, et al., 2009). One of the important parameters in
all these analytical functions is the topside scale height (Ht), which determines the shape of the electron
density profile. In the present model, we have adopted the a-Chapman function (Hargreaves, 1979, 1992)
to extrapolate the topside profile up to 1,000 km, which is given by the following equation.

(h—hmF2)

Ne (h) = NpF2.exp(0.5%(1—z—e %)) withz = I ,
T

)
where N,,,F2 and h,, F2 are the density and height of the F2-layer peak and Hr is the topside effective scale
height. As mentioned above, the model can initially predict the electron density profile between 150 and 700
km from which N,,,F2 and h,, F2 are obtained, and Hr is derived by least squares fitting the initial profile
between h,F2 and h,,F2 + 200 km using the equation (1). Similarly, we have used an IRI function
(Bilitza et al., 2014) to extrapolate the bottomside electron density profile down to 70 km, which is given by

_ exp(—ZP) _ (hnF2—h)
Ne (h) = N F2. TR )

where By and B; are the thickness and shape parameters, respectively. B; is derived from the analytical fit
between h,,,F2 and the height where the bottomside density is 0.24 X N,,,F2 (similar to Bilitza et al., 2014)
or 150 km, whichever is less. Thus, by deriving the N,,,F2, h,,F2, Ht, By, and B; from the model-predicted
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—— Primary Profile between 70 to 1,000 km using the equations (1) and (2). For example,

Extrapolated Profile 1 the blue solid curve in Figure 3 represents the primary vertical electron
density profile predicted by the model between 150 and 700 km. The top-
side electron density is extrapolated using the a-Chapman function, and
the bottomside is extended using the IRI equation as explained above to
get the vertical electron density profile between 70 and 1,000 km. The
red dashed curve in Figure 3 represents the vertical electron density pro-
file after the extrapolations.

4. Results and Discussion

In this section, the preliminary results of the ANNIM-3D model are pre-
sented in comparison with ground-based Digisonde, ISRs, and satellite
- in situ observations alongside the empirical IRI 2016 model. The
ANNIM-3D simulations of diurnal and seasonal variations of EIA, main
ionospheric trough, and ionospheric response to quiet and disturbed geo-
magnetic conditions are presented and discussed in this section.

4.1. Comparison With Digisonde Observations at Different F10.7
Solar Flux Conditions

With a view to examine the ANNIM-3D response under variable solar
activity conditions, the vertical electron density profiles have been simu-
lated at an equatorial location, Jicamarca (11.95°S, 76.8°W and 0.7°N

1

0

dip latitude), and a midlatitude station, Grahamstown (33.3°S, 26.5°E

1.5 2 2.5 and 46.5°S dip latitude), for different F10.7 solar flux inputs at 12 local

Electron density (Nelcm3) x10° time under March equinox conditions (DOY = 81). Figure 4a shows the

variations in the vertical electron density profile at Jicamarca for F10.7

Figure 3. The typical example of initial vertical electron density profile data  gg]ar flux variations from 60 to 220 sfu (solar flux units, 1 sfu = 10722

(Ne (h)) predicted by artificial neural network-based global three-dimen-
sional ionospheric model between 150 and 700 km (blue solid curve) and the
extrapolated Ne profiles using the analytical functions (red dashed curve).
Please refer text for more details.

W-m~2-Hz™%). It can be observed that the F10.7 dependence is well cap-
tured by the ANNIM-3D. Both the electron density and the height of the
F-layer peak are found to increase with the increasing solar activity.
Figures 4b and 4c show the N,,F2 and h,,F2 variation from the ANNIM-
3D profiles as a function of F10.7 solar flux (red curves). The blue solid circles in the Figures 4b and 4c
are the actual N,,,F2 and h,,,F2 observations from the collocated Digisonde at Jicamarca. It can be seen from
these figures that both N,,,F2 and h,,F2 increase with the solar flux, matching well with the collocated
Digisonde observations. A careful observation of Figure 4a reveals another interesting feature that the bot-
tomside height and the steepness of the profile between 150 and 350 km increase with increasing solar activ-
ity. Further, the topside profile becomes broader with increasing F10.7. As Jicamarca being an equatorial
location, the shape of the vertical electron density profile is largely influenced by the primary dawn-dusk
electric field through vertical E x B drift. The vertical motion of plasma through E X B drift causes the eleva-
tion of equatorial F layer and steepens the profile as observed in Figure 4a. The E X B drift also influence the
topside scale height leading to the broadening of the profile with increasing solar activity (Tulasi Ram, Su,
Liu, Reinisch, et al., 2009). It is reassuring to see that these solar activity-dependent and E X B drift-related
variations in the shape of the vertical electron density profiles have been well captured by the ANNIM-3D
despite the absence of a zonal electric field input. This indicates that these features that exist in the database
have been captured by the model through systematic learning of ANNs. Figures 4d—4f show similar vertical
electron density profile variations with F10.7 solar flux and comparison of N,,,F2 and h,,,F2 with collocated
Digisonde observations at a midlatitude station, Grahamstown. Both the N,,F2 and h,,F2 increase with
increasing solar activity and exhibit good correspondence with the collocated Digisonde observations
(Figures 4e and 4f).

The results presented in Figure 4 indicate that the ANNIM-3D can well reproduce the solar activity-
dependent variations for F10.7 varying between 60 and 220 sfu. However, as shown in Figure 1, the majority
of the GPS-RO data considered in this study comes from the FORMOSAT-3/COSMIC mission from the year
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Figure 4. Vertical electron density profiles for 12 local time under March equinox conditions, simulated by ANNIM-3D for varying F10.7 solar flux inputs and com-
parisons of N,,,F2/h,,,F2 with collocated Digisonde observations at an equatorial location, Jicamarca (a—-c) and a midlatitude station, Grahamstown (d-f). ANNIM-
3D = artificial neural network-based global three-dimensional ionospheric model.

2006 and later. This period belongs to the solar minimum to moderate solar maximum of solar cycle 24.
Further, the major portion of GIRO-Digisonde data also covers solar minimum to moderate maximum of
solar cycle 24. This low to moderate solar activity weightage in the GPS-RO and GIRO-Digisonde data
may impact the model performance at very high F10.7 solar flux conditions (above 220 sfu).

4.2. Comparison With ISR Observations at Jicamarca and Millstone Hill

The vertical electron density profiles predicted by ANNIM-3D at Jicamarca for different local times have
been compared with the Jicamarca ISR observations. For this purpose, we have considered 2 days of vertical
profile observations during 6 and 7 March 2013 from the Faraday rotation long-pulse experiment (Hysell,
2000; Hysell et al., 2008) with the Jicamarca radar system. For example, Figure 5a compares ANNIM-3D-
predicted profiles (blue curves) with ISR profiles (red curves) at 3-hr local time intervals. The IRI 2016
model-predicted profiles (green curves) are shown for comparison. The difference between model predic-
tions and ISR observations expressed in percentage (ANe % = ((model profile — ISR profile)/ISR profiles)
X 100) are shown in the insets on the rightside of each panel using the same color code. It can be seen from
this figure that the ANNIM-3D-predicted profiles are in general agreement with the Jicamarca ISR profiles at
all local times with reasonable deviations that are usually expected for a model result when compared with
measured data, and the same is the case for IRI 2016 model predictions as well. The ANNIM-3D-predicted
electron density profiles exhibit good similarity with the ISR profiles at most local times, except in postmid-
night to predawn hours (00-06 LT) where the ANNIM-3D significantly overestimates the electron density. It
should be noted that the large ANe (greater than 300%) at local times and at altitudes where the ISR electron
density is very low due to the normalization by the background electron density in the denominator while
computing the percentage deviation. Nevertheless, the ANe in ANNIM-3D profiles are relatively small com-
pared to the IRI 2016 profiles except during postmidnight hours (00-03 LT).

Similarly, the ANNIM-3D electron density profiles have been compared with ISR observations at a midlati-
tude station, Millstone Hill (48.62°N, 71.49°W), at different local times as shown in Figure 5b. One can see
that the ANNIM-3D-predicted profiles agree well with the Millstone Hill ISR profiles at all local times except
in predawn hours (03-06 LT) where the ANNIM-3D overestimates the electron density. The percentage
deviations (ANe) in the ANNIM-3D predictions are very small around F2-region altitudes (200-500 km).
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Figure 5. Comparison of artificial neural network-based global three-dimensional ionospheric model-predicted electron density profiles (blue curves) with ground
based ISR profiles (red curves) at Jicamarca (Figure 5a) and Millstone Hill (Figure 5b) during March 2013. The IRI 2016-predicted (green curves) profiles have
also shown for comparison. The percentage of deviations in the model predictions with respect to ISR observations (ANe % = ((model Ne — ISR Ne)/ISR Ne) x 100)
were shown in the right-hand side insets in each panel using the same color scheme. ISR = incoherent scatter radar.

However, the ANe values show a systematic overestimation at altitudes below 200 km and slight
underestimation above 500 km by ANNIM-3D at all local times. On the other hand, the IRI 2016 (green
curves) exhibits an overestimation in the topside ionosphere (above 500 km).
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In general, the comparisons with the ISR profiles at equatorial latitudes (Jicamarca) and midlatitudes
(Millstone Hill) shown in Figures 5a and 5b indicate that the ANNIM-3D predictions are reasonably good
with deviations that are expected when the model results are compared with observations. It should be noted
that one of the major sources of deviations is the day-to-day variability of the ionosphere that is present in the
observations while the model can predict only the average state of the ionosphere for the given set of input
conditions. Nevertheless, the percentage deviations in the ANNIM-3D predictions are only slightly smaller
compared to IRI 2016 model predictions for Jicamarca and nearly equal for Millstone Hill. This indicates
that the performance of ANNIM-3D is as good as the IRI 2016 model. However, one notable limitation of
this model is the overestimation of electron density at midnight to predawn hours at both locations.

4.3. Comparison With Satellite In Situ Observations

The in situ measured plasma densities from three satellites (ROCSAT-1, SWARM-A, and CHAMP) orbiting
at three different altitudes in the topside ionosphere were considered for comparison with the ANNIM-3D,
and the results are presented in Figure 6. The ROCSAT-1 and CHAMP in situ data correspond to the year
2004, whereas the SWARM-A data correspond to the year 2016. The orbital altitudes of ROCSAT-1,
SWARM-A, and CHAMP during the periods of study are ~580, 460, and 385 km, respectively. In order to
construct the global electron density distribution maps, the in situ data for a 40-day window centered on
the March equinox (day number 80 + 20 days) were binned into 5° geographic longitude X 2.5° geographic
latitude bins and averaged. For example, Figures 6a—6¢ (top panels) show the global local noon (12 LT)
plasma density distributions from ROCSAT-1 (580 km), SWARM-A (460 km), and CHAMP (385 km),
respectively. The middle panels (Figures 6d-6f) show the model-predicted electron density distributions
for the same input (day number, UT, latitude, longitude, F10.7, and Kp) conditions as for the satellite in situ
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data. The bottom panels (Figures 6g-6i) show similar electron density distributions simulated from IRI 2016
model for comparison.

One can see from this figure that the electron density values predicted by the ANNIM-3D (Figure 6d-6f) are
generally comparable with the satellite in situ measurements by ROCSAT-1 (Figure 6a), SWARM
(Figure 6b), and CHAMP (Figure 6c). Further, the spatial (longitudinal and latitudinal) variation of the elec-
tron density is well represented by this model. On the other hand, the topside electron density values around
580 and 460 km are generally underestimated by the IRT 2016 model compared to the in situ observations of
ROCSAT-1 and SWARM-A, respectively. The electron density values predicted by the ANNIM-3D and IRI
2016 are nearly comparable around CHAMP orbit (~385 km), which is close to the F2 peak. However, the
IRI 2016 better represents the electron density distribution at this altitude; for example, the low-latitude elec-
tron densities over African and Asian (0-100°E) longitudes is underestimated by the ANNIM-3D compared
to the IRI 2016.

Figure 7 shows the comparisons of ANNIM-3D-predicted (top panels) and IRI 2016-predicted (bottom
panels) electron densities with satellite in situ observations by ROCSAT-1 (a, b), SWARM (c-f), and
CHAMP (g—j). The comparisons are shown separately for the low latitudes (0° to +30° dip latitudes) and
midlatitude (£30° to £60° dip latitudes) as indicated at the top of the panels. Since the ROCSAT-1 is a
low-inclination (35°) orbiting satellite, only comparisons at low latitudes have been presented. The red
straight lines indicate the linear regression between the ANNIM/IRI predictions and in situ data. The regres-
sion coefficients (R) and RMSE between the model predictions and in situ observations are indicated in each
panels. Figure 7 shows that the model-predicted Ne exhibits good correlation with the satellite in situ obser-
vations. The regression coefficient (R) is varying between 0.66 to 0.79 for ANNIM and 0.53 to 0.64 for IRI
2016. One can notice that the ANNIM-3D predictions exhibit slightly better regression coefficients and smal-
ler RMS errors than IRI 2016 with respect to the in situ data, particularly in the topside ionosphere where the
IRI 2016 found to underestimate the electron density and tends to saturate at lower values. Nonetheless,
from Figures 6 and 7, one can conclude that the ANNIM-3D predictions compare well with the satellite in
situ observations at the three different altitudes.

4.4. Diurnal Evolution and Seasonal Variations of EIA

The temporal evolution of EIA over the Indian (75°E) longitude sector during moderate solar activity
(F10.7 = 120 sfu) and quiet geomagnetic (Kp = 1) conditions was simulated using ANNIM-3D.
Figure 8a shows the latitude and altitude distribution (longitudinal cut) of electron density at 3-hr local
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Figure 8. The altitudinal and latitudinal distributions of the electron density simulated using ANNIM-3D at every 3-hr local time intervals under moderate solar
activity conditions (F10.7 = 120 sfu) during March equinox (Figure 8a), June (Figure 8b), and December (Figure 8c). The pink arrows in the panel corresponding to
12 LT in Figure 8a indicate the artificial plasma caves.

time intervals during the March equinox (day number = 80). It can be noticed from this figure that the
ionization in the F region starts building around 6 LT, which is due to photoionization by the solar
radiation. The small peaks of ionization around ~15°N and ~40°S at 6 LT could be due to action of
neutral winds. However, there is no clear signature of the EIA until 9 LT. Around 9 LT, the ionization
at the dip equator is depleted and transported toward low latitudes due to the so-called equatorial
plasma fountain process, leading to the formation of double ionization crests away from the dip
equator. At 12 LT, one can notice a well-developed EIA around the equatorial and low-latitude region.
The altitudes of the EIA crests are more or less similar in both Northern and Southern Hemispheres.
Further, the EIA is maintained throughout the afternoon hours and gradually suppressed after sunset.
After 21 LT, the EIA is completely absent with only one peak of electron density being maintained in
the equatorial region from midnight to predawn hours.

Figures 8b and 8c show similar latitudinal and altitudinal distribution of electron density predicted by
ANNIM-3D during June and December solstices at 3-hr local time intervals over the Indian (75°E) sector.
It can be noticed from Figure 8b that during June solstice, the ionization starts building first in the
Northern Hemisphere around 6 LT because of early sunrise in the summer (Northern) hemisphere. A small
peak in electron density around 40°N may be due to the action of neutral winds. Around 9 LT one can see the
formation of EIA with two electron density peaks away from the dip equator with a slightly stronger EIA
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crest in the winter (Southern) hemisphere. Interestingly, the EIA crest in the summer hemisphere becomes
stronger compared to the winter hemisphere at 12 LT. Further, the higher electron density values in the
summer EIA crest are maintained at relatively higher altitudes throughout the afternoon hours (12-18
LT). The observed interhemispheric asymmetry of EIA has been explained by Lin et al. (2007) and Tulasi
Ram, Su, and Liu (2009) as being due to the interplay between the transequatorial neutral winds and the
equatorial plasma fountain. During the solstices, the transequatorial neutral winds blow from the summer
hemisphere to the winter hemisphere. This transequatorial neutral wind transports the plasma
upward/equatorward in the summer hemisphere and downward/poleward in the winter hemisphere due
to the finite inclination of magnetic field lines. During the morning hours when the equatorial plasma foun-
tain is relatively weak, the transequatorial winds can transport the plasma from the summer hemisphere to
the winter hemisphere causing stronger winter EIA crests as observed around 09 LT. During noontime, the
field-aligned plasma transport due to winds is counteracted by the strong equatorial plasma fountain. In the
summer hemisphere, the plasma transport due to neutral winds and the equatorial fountain are in opposite
directions, which leads to the formation of the stronger EIA crest at relatively higher altitudes in the summer
hemisphere where the loss due to recombination is less. On the other hand, the transport due to the inter-
hemispheric wind and the equatorial fountain are in the same direction in the winter hemisphere. Thus,
the transport due to wind and equatorial fountain acts together to push the plasma to lower altitudes where
the recombination loss is larger, causing weaker EIA crest in the Southern Hemisphere. Similar interhemi-
spheric asymmetry of EIA with stronger EIA crests at relatively higher altitudes in the summer (Southern)
hemisphere than in the winter (Northern) hemisphere can also be observed during the December solstice
(Figure 8c) around 09-21 LT. The temporal evolution of EIA and its interhemispheric asymmetries during
the solstices observed in Figures 8b and 8c are consistent with previous reports by Lin et al. (2007), Tulasi
Ram, Su, and Liu (2009), Balan et al. (2013), Luan et al. (2015), and Sai Gowtam and Tulasi Ram (2017c).
It is interesting to note that the effects of the interaction between transequatorial neutral winds and the
equatorial fountain process during solstices has been successfully captured by the ANNIM-3D. Another
interesting observation from Figures 8b and 8c is that the ionization during the December solstice
(Figure 8c) is significantly higher than in the June solstice (Figure 8b) at all local times, which is generally
known as ionospheric annual anomaly (Berkner & Wells, 1938; Dang et al., 2017; Mendillo et al., 2005;
Rishbeth & Muller-Wodarg, 2006; Sai Gowtam & Tulasi Ram, 2017b; Yonezawa, 1971; Zeng et al., 2008).
Therefore, from Figures 8a to 8c, we can conclude that the model has successfully captured the diurnal evo-
lution, the seasonal variations of EIA and its interhemispheric asymmetries during solstices, and the iono-
spheric annual anomaly.

Another interesting observation from Figure 8 is that the electron density values below the F2-peak altitudes
are showing slightly higher values around the dip equator and relatively lower values below the anomaly
crests as shown by magenta arrows in the panel that corresponds to 12 LT of Figure 8a. One can clearly
see similar one peak and two caves structure below 200-km altitudes in other panels too during the hours
when the EIA is well developed. A similar latitudinal variation of the electron density below the F2 peak
was earlier reported in the FORMOSAT-3/COSMIC RO observations by Liu et al. (2010) and Yue et al.
(2010) and referred to as the “artificial plasma caves.” This latitudinal structure is mainly due to the inherent
and systematic bias that is introduced in the standard Abel retrieval of electron density profiles from GPS-RO
measurements under the assumption of spherical symmetry (Hajj et al., 2000; Hajj & Romans, 1998).
However, the spherical symmetry assumption is poorly valid around the EIA latitudes, which leads to the
formation of pseudo troughs (caves) below the EIA crests at low latitudes and a pseudo peak below the
EIA trough at equatorial latitudes (Liu et al., 2010; Tulasi Ram et al., 2016; Yue et al., 2010). It seems that
the ANNIM-3D has captured this feature as the model is heavily weighted by the GPS-RO data.
Nonetheless, it also indicates that the present ANN architecture and the training method adopted in the
development of ANNIM-3D has successfully captured this feature that is inherently present in the GPS-
RO data.

4.5. Main Ionospheric Trough

The latitudinal distribution of electron density often exhibits a large-scale plasma depletion at subauroral
latitudes, known as the main ionospheric trough. With a view of examining this feature with the ANNIM-
3D, the latitudinal-altitudinal variation of electron density (longitudinal cut) along the Indian (75°E)
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Figure 9. The latitudinal and altitudinal distribution of electron density simulated using artificial neural network-based global three-dimensional ionospheric
model along Indian (75°E) sector during the March equinox showing the main ionospheric trough at nighttimes.

sector is shown for different local times in Figure 9. Figure 9 is constructed from the model run used for
Figure 8a; however, it focuses on 50° to 87.5°N latitudes with enhanced color scale for better visibility of
the main ionospheric trough features. A depletion in electron density between middle and high latitudes
can be observed from this figure particularly during nighttime. A small trough appears around 78°N at 18
LT that becomes clearer and strengthens as the night progresses. Further, the location of the trough
moves equatorward and reaches ~65°N around 02-04 LT. The trough weakens and moves poleward after
sunrise (06-08 LT) and disappears completely by 10 LT. The observed local time variations in the location
and strength of the trough are consistent with the main ionospheric trough between the middle and high
latitudes reported in the literature (Lee et al., 2011; Moffett & Quegan, 1983 and Parker et al., 2018).

4.6. Ionospheric Response Under Quiet and Disturbed Geomagnetic Conditions

In order to study the ANNIM-3D response for quiet and disturbed geomagnetic activity conditions, we have
run the model for two cases with Kp = 2 (quiet) and Kp = 8 (disturbed) while keeping all the other inputs
unchanged. Figure 10 presents the longitudinal and latitudinal distributions of N,,F2 (left panels) and
h,,F2 (right panels) at global local noon (12 LT) for day number 80 under moderate solar activity conditions
(F10.7 =120 sfu). The top (Figures 10a and 10b) and middle (Figures 10c and 10d) panels correspond to quiet
(Kp = 2) and disturbed (Kp = 8) geomagnetic activity conditions, respectively. The bottom panels
(Figures 10e and 10f) represent the relative deviations in N,,,F2 and h,,F2 (AN,,F2 and Ah,,F2) predicted
by ANNIM-3D for disturbed conditions with respect to quiet conditions and expressed in percentage. From
Figure 10e, one can observe that the AN,,F2 is largely negative (40% to 50%) indicating a negative iono-
spheric storm at middle and high latitudes (>~45°) in both the hemispheres. On the other hand, the
AN,,,F2 exhibits small positive values (5% to 15%) indicating a positive ionospheric storm at equatorial
and low-latitude region. The Ah,,F2 variations presented in Figure 10f show a significant enhancement
(about 20% to 30%) around the auroral and high-latitude regions but only a small positive values at low
and middle latitudes.
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Figure 10. Spatial (geographic longitude and latitude) distributions of N,,,F2 (left panels) and h,,, F2 (right panels) simulated using artificial neural network-based
global three-dimensional ionospheric model under quiet (Kp = 2) and disturbed (Kp = 9) geomagnetic conditions. Figures 10e and 10f (bottom panels) present the
disturbances in N,,,F2 and h,,, F2, respectively, under disturbed (Kp = 8) conditions with respect to quiet-time (Kp = 2) conditions expressed in percentage.

During the geomagnetically disturbed periods, the enhanced particle and Joule heating at auroral latitudes
leads to strong meridional wind circulation (Fuller-Rowell et al., 1994). The upwelling neutral wind at aur-
oral and high latitudes causes significant changes in the thermospheric neutral composition and O/N, den-
sity ratio decreases because of upwelling molecular rich air. As a result, the plasma density decreases due to
increased recombination loss with neutrals causing a negative ionospheric storm at high and middle lati-
tudes. The equatorward boundary of negative ionospheric storm disturbance can vary depending on the
strength of meridional wind circulation cells, which in turn depend on the geomagnetic activity and auroral
precipitation. The meridional wind circulation brings the atomic oxygen-rich air to low latitudes and the
ionospheric plasma density increases causing a positive ionospheric storm (Crowley et al., 2008;
Strickland et al., 2001). Hence, the negative ionospheric storm predicted by ANNIM-3D for high and middle
latitudes and positive ionospheric storm for low latitudes (Figure 10e) are consistent with the storm-time
meridional wind circulation and associated neutral composition changes (Fuller-Rowell et al., 1994;
Crowley et al., 2008; Pedatella et al., 2010 and Tulasi Ram, Lei, et al., 2010, Tulasi Ram, Liu, et al., 2010).
The Joule and particle heating at high latitudes further causes the thermal expansion of upper atmosphere
and increased neutral and plasma scale heights (Lei et al., 2008; Sojka et al., 2009; Thayer et al., 2008). The
significantly enhanced Ah,,F2 (~20-30%) at auroral and high latitudes (Figure 10f) can be attributed to ther-
mal expansion due to particle and Joule heating during the enhanced geomagnetic activity periods.
Therefore, from the results presented in Figure 10, one can conclude that the storm-time ionospheric
changes predicted by the ANNIM-3D are consistent with the particle precipitation, Joule heating, and mer-
idional wind circulation mechanisms reported in the literature.
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It should be mentioned here that the present model considers the Kp index to represent the geomagnetic dis-
turbances; however, the Kp index does not indicate the phase of a geomagnetic storm. On the other hand, the
ionospheric response during the geomagnetic storm periods depends highly on upstream solar wind condi-
tions and phase of the storm through different electrodynamic disturbances, composition changes and neu-
tral wind circulations. The present ANNIM-3D with Kp index input can only represent the ionospheric
disturbances due to composition changes associated meridional wind circulation. Certainly, this model
needs thorough validations and further improvements for disturbed space weather periods.

5. Summary, Limitations, and Future Improvements

A new global three-dimensional ionospheric model, namely, ANNIM-3D, has been developed using the
long-term ionospheric observations from global Digisonde, topside sounder, and GPS-RO measurements
by implementing the ANNs. The ANNIM-3D model predictions have been thoroughly validated with
ground-based Digisonde (Figure 4), ISRs (Figure 5), and satellite in situ observations at different altitudes
(Figures 6 and 7) alongside the well-established empirical model IRI 2016. In general, the ANNIM-3D results
are found to be consistent with the ground-based and satellite in situ observations. Further, the ANNIM-3D
better represents the topside in situ electron density observations by ROCSAT-1 and SWARM-A than the IRI
2016 model (Figure 6) with higher regression coefficients and smaller RMS errors (Figure 7). However, the
ANNIM-3D slightly underestimates the electron density when compared with the in situ observations of
CHAMP (at 385 km) near the F2-peak altitudes. The ANNIM-3D has also successfully reproduced the diur-
nal evolution, seasonal variations of EIA and its interhemispheric asymmetries during solstices (Figure 8).
Further, the large-scale ionospheric features such as ionospheric annual anomaly and main ionospheric
trough are well represented by this model (Figures 8 and 9). Moreover, the new model also successfully pre-
dicted the ionospheric changes due to neutral composition changes associated with high-latitude heating
and meridional wind circulation during disturbed geomagnetic activity periods (Figure 10).

The observational data assimilated in this model come from the descending phase of solar cycle 23 and solar
cycle 24. Nevertheless, the vertical electron density profiles simulated from ANNIM-3D under varying F10.7
solar flux conditions and comparison with Digisonde observations (Figure 4) indicate that the new model is
valid over the solar flux values ranging from 60 to 220 sfu. The low to moderate solar activity pertinence of
data assimilated in this model could impact the model prediction for very high solar flux conditions (e.g.,
F10.7 > 220 sfu). This shortcoming will be overcome when additional data, particularly from the high solar
activity periods, are included in the model development.

It may also be recalled here that this model initially predicts the vertical electron density profile between 150
and 700 km and then extrapolates up to 1,000 km using a-Chapman function (equation (1)) and down to 70
km using IRI function (equation (2)). These profile extrapolations may also introduce some error in the pre-
dicted electron densities, particularly, in the bottomside where the same IRI function (equation (2)) is
employed to extrapolate the profile between the altitudes from 150 to 70 km (which include the F1, E,
and D regions during daytime). In other words, the present version of this model cannot properly treat
the F1 and E layers, a limitation that will be addressed in future efforts. The extrapolation of the bottomside
profile between 150 and 70 km could also be one of the reasons for the consistent overestimation of the bot-
tomside density compared with Millstone Hill ISR observations (Figure 5b); however, such a consistent over-
estimation is not observed at Jicamarca (Figure 5a).

Further, the spherical uniformity of electron density is one of the major assumptions in the retrieval of ver-
tical electron density profiles from GPS-RO observations (Yue et al., 2010). However, this assumption is often
violated at the EIA latitudes where the horizontal density gradients are larger. Hence, the F2-layer peak den-
sity is often underestimated around the EIA crest latitudes, whereas the electron densities around the dip
equator are slightly overestimated in GPS-RO data. Since the present model is largely based on the GPS-
RO data, the systematic errors introduced in the Abel retrieval are also captured by ANNIM-3D. This can
be seen the artificial plasma caves at altitudes below 200 km in the latitude-altitude-electron density distri-
butions presented in Figure 8. This could also be one of the reasons for the slightly underestimated electron
density values predicted by the ANNIM-3D compared to the CHAMP in situ observations around 385-km
altitude. Tulasi Ram et al. (2016) have developed a self-consistent improved Abel retrieval method by incor-
porating suitable weights that can account for the spherical inhomogeneity while retrieving the electron
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density profiles in GPS-RO observations. Assimilation of corrected and improved GPS-RO data using the
Tulasi Ram et al. (2016) method may reduce the errors associated with GPS-RO, which will be addressed
in our future efforts.

Finally, the present model can also predict the ionospheric disturbances due to disturbed geomagnetic con-
ditions that are consistent with Joule heating and meridional wind circulation. However, the present model
considers only Kp index, which cannot distinguish between the different phases of the geomagnetic storm
and upstream solar wind conditions. Assimilation of suitable electric field models and high-latitude energy
inputs would improve the model performance, which will be addressed in our continued efforts to improve
this model for varying space weather conditions.
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