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Abstract

In this report, we have evaluated the performance of International Reference Ionosphere (IRI-2016) model in predicting the diurnal
variation of F-region peak electron density height (hmF2) at Millstone Hill (MH, 42.6�N, 288.5�E) during the solar cycle 24 for both high
and low-solar activity years. The new methodology is adopted to derive hmF2 values from the Incoherent Scatter Radar (ISR) measure-
ments. The hmF2 derived from ISR along with ionosonde measurements operating at MH has been used to evaluate the performance of
IRI-2016 model. The IRI-2016 model has three options to predict hmF2, namely, BSE-1979, AMTB-2013, and SHU-2015. The observed
hmF2 from ISR and ionosonde are compared with all the three options provided by IRI-2016 to predict hmF2. Results show that hmF2
from IRI-2016, ISR and ionosonde exhibit similar diurnal variation. The deviations between measurements and model predictions were
found to increase during nighttime. The SHU-2015 model emerged out to be the best in predicting the hmF2 values over MH as com-
pared to other two options. The BSE-1979 option also provides reasonably better prediction as compared to the relatively latest AMTB-
2013 options. Based on this statistical analyses, we recommend SHU-2015 option of IRI-2016 hmF2 model over MH area.
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1. Introduction

There are numerous parameters that are typically used
to characterize the state of the ionosphere. Some of these
parameters are: NmF2, the maximum density of electrons
in the F2 layer; hmF2, the height of the maximum electron
density; and foF2, the maximum plasma frequency in the
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Fig. 1. Electron density profile on 14 September 2009. Green scatter
represent the ISR derived electron density profile and blue curve depict the
fitted curve. Red curve shows electron density profile from MH ionosonde
observation. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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F2 layer. These parameters are important for terrestrial
and satellite telecommunications so that they have been
constantly monitored (Bremer et al., 2004; Bencze, 2005).
Studies show that neutral meridional wind is derived from
hmF2 data (Miller et al. 1986; Dyson et al., 1997; Liu et al.,
2003). It is important to evaluate the performance of Inter-
national Reference Ionosphere (IRI) to predict hmF2
because, among many applications, IRI-hmF2 can be used
to produce the global scale midlatitude meridional wind cli-
matology (Miller et al., 1997).

The IRI is a standard model of the terrestrial ionosphere
and recognized in an International Organization for Stan-
dardization (ISO). The IRI is a joint project supported by
the Committee on Space Research (COSPAR) and the
International Union of Radio Science (URSI) with the goal
of developing and improving an international standard for
the parameters in Earth’s ionosphere (Bilitza et al., 2014,
2017). IRI working group has given high priority to
improve the model with new data source available and
new technique. The prediction of IRI hmF2 are evaluated
with ionosonde data at different locations for different sea-
sons and solar activity levels (Zhang et al., 2004; Yadav
et al., 2010; Magdaleno et al., 2011; Kalita et al., 2015;
Tsagouri et al., 2018 and reference therein). Magdaleno
et al. (2011) reported that IRI hmF2 and ionosonde
hmF2 show disagreement and proposed an empirical
model to improve IRI model performance during geomag-
netically quiet conditions over the ionosonde locations
used in their study. The validation of IRI hmF2 at equator
latitude during low solar activity (Lee et al., 2008; Ehinlafa
et al., 2010; Shreedevi et al., 2018), at low and middle lat-
itudes during low solar activity (Sethi et al., 2008; Yadav
et al., 2010, 2013), and at high latitudes during high solar
activity (Oyeyemi et al., 2010; Shreedevi et al., 2019) shows
deviation from ionosonde measurements.

The IRI-2016 model has three options to predict F2
peak hmF2: BSE-1979, AMTB-2013, and SHU-2015
(Bilitza et al., 2017). BSE-1979 model is derived based on
monthly median M3000F2 values obtained by using ~150
ionosondes around the globe (Bilitza et al., 1979).
AMTB-2013 model is developed based on 26 digisonde
data from the Global Ionosphere Radio Observatory
(GIRO) network during the period 1998–2006 (Altadill
et al., 2013). SHU-2015 is based on radio occultation data
from COSMIC (years: 2006–2012; ~3,500,000), GRACE
(2007–2011; ~100,000), CHAMP (2001–2008; ~300,000),
and hmF2 data from 62 digisondes during 1987–2012
(Shubin, 2015). The detailed information about these three
options can be found in Bilitza et al. (2017). It is required
to provide the IRI user community the ability to compare
different hmF2 model predictions against various data
sources which would eventually help to improve the accu-
racy of these models and measurement techniques.

In this report, the performance of IRI-2016 predicted
hmF2 is evaluated during the solar cycle 24 (2009–2016).
The three options of IRI-2016 hmF2 (BSE-1979, AMTB-
2013, and SHU-2015) are compared with experimentally
observed Millstone Hill (MH) Incoherent Scatter Radar
(ISR) hmF2 data and ionosonde hmF2 data during
2009–2016. This paper is organized as follows: Section 2
presented data and methodology used, and Section 3 dis-
cusses IRI-2016 model performance during the solar cycle
24. We also present a new technique to derive hmF2 from
the irregularly spaced measurement data points on the ver-
tical profile of electron density. Comparison between
observed hmF2 and IRI hmF2 for all the three options is
performed by evaluating the root-mean-squared-error
(RMSE). Finally, Section 4 gives conclusion.

2. Data and methodology

The primary data source for the present study is ISR
and ionosonde operating at Millstone Hill (geographic
42.6�N, 288.5�E). The solar local time (LT) lags behind
the universal time by approximately 5 h i.e., LT � UT
� 5. The ISR data are obtained from Madrigal Database
(http://openmadrigal.org/). The MH ISR system operates
with a zenith-directed 68 m fixed parabolic antenna and
details of MH ISR data is available at Holt et al.
(2002). Millstone Hill ionosonde data are available at
GIRO DIDbase (http://giro.uml.edu/didbase/scaled.php).
Ionosonde data from GIRO DIDbase are obtained using
the Automatic Real-Time Ionogram Scaler with True
height (ARTIST) software (Reinisch and Galkin, 2011).
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Ionosonde observations provide ionospheric electron
density profile including F2 layer peak, and hmF2 is
obtained from the true height inversion program NHPC
(Huang and Reinisch, 1996). The electron density profile
derived from ISR and ionosonde measurements has been
used during the solar cycle 24 (2009–2016) to derive
hmF2. All the available geomagnetic quiet days during
2009–2016 have been used for the study. The Fortran
source code of IRI-2016 is available at http://irimodel.
org. In this study CCIR option is used to generate IRI
hmF2. CCIR option is recommended over continent areas
(Ssessanga et al., 2015).

The method adapted for deriving hmF2 values from the
ISR electron density profile is described as follows. First of
all, the irregularly spaced vertical electron density profiles
Fig. 2. Diurnal variation of ISR hmF2 (green), ionosonde hmF2 (black dashe
hmF2 (black solid line) during solar minimum (2010) and solar maximum (20
legend, the reader is referred to the web version of this article.)
from MH ISR are collected in 1-hour window and fitted
with a polynomial function as follows:

Given M points, there is a unique polynomial

p xð Þ ¼
XM
i¼1

cixi�1 ð1Þ

satisfying M equations

f bj
� � ¼

XM
i¼1

cib
i�1
j ð2Þ

where j = 1, 2, 3, . . ., M.

Let f ¼ ½f b1ð Þ � � � f ðbMÞ�T is a vector of the function val-

ues and c ¼ ½c1 � � � cM �T is a vector of the polynomial
coefficient.
d line), SHU-2015 hmF2 (red), AMTB-2013 hmF2 (blue), and BSE-1979
13 and 2014). (For interpretation of the references to color in this figure

http://irimodel.org
http://irimodel.org
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Eq. (2) can be written using the Vandermonde matrix,
V, as

f ¼ V b1; � � � ; bMð Þ:c ð3Þ
The polynomial coefficient vector c is computed as

c ¼ V b1; � � � ; bMð Þ�1
:f ð4Þ

After fitting the electron density profile, the height of the
peak electron density (hmF2) has been found out. Fig. 1
depicts the ISR (green) and ionosonde (red) derived verti-
Fig. 3. Diurnal variation of difference between IRI hmF2 and ISR hmF2 duri
hmF2, AMTB-2013 hmF2, and BSE-1979 hmF2 are given in red, blue, and bl
reader is referred to the web version of this article.)
cal electron density profile on 14 September 2009 at 1800
UT. The blue in the figure shows the polynomial fitting
over the data as described above. The ISR and ionosonde
electron density profile shows a peak at around ~240 km
and ~250 km, respectively and decreased exponentially
thereafter. Owing to irregularly spaced vertical electron
density profiles in the ISR observations, it is difficult to
decipher the peak electron density height. However, by
using the fitted curve, the height of peak electron density
(hmF2) can be found out.
ng solar minimum (2010) and solar maximum (2013 and 2014). SHU-2015
ack. (For interpretation of the references to color in this figure legend, the



Fig. 4. Same as Fig. 3 but difference between IRI hmF2 and ionosonde hmF2.

Table 1
RMSE from the comparison between IRI hmF2 predictions with ISR hmF2 and ionosonde hmF2 during high-solar activity and low-solar activity.

Season SHU-2015 AMTB-2013 BSE-1979

ISR IONO ISR IONO ISR IONO

Solar Minimum Winter 11.70 20.40 25.67 39.15 12.48 23.39
Spring 27.51 19.08 27.36 28.96 23.72 24.11
Summer 29.91 18.00 27.08 29.91 21.77 24.83
Fall 17.93 14.77 20.98 29.48 13.28 22.39

Solar Maximum Winter 12.56 25.56 20.05 28.47 16.77 20.54
Spring 24.72 19.27 27.66 20.46 27.64 20.03
Summer 30.57 18.37 22.71 23.73 29.47 18.82
Fall 12.45 19.83 17.98 27.98 16.32 22.56
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The performance of IRI-2016 hmF2 model has been
evaluated by calculating the root-mean-squared-error
(RMSE) between the predicted and observed hmF2 values
from ISR and ionosonde. The RMSE of the IRI-2016
hmF2 model prediction with respect to MH ISR and iono-
sonde is defined as

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

ðXobs;i � Xmodel;iÞ2

n

vuuut ð5Þ

where n is the number of data points, Xobs is observed
hmF2 from MH ISR and ionosonde, Xmodel is IRI-2016
model prediction of hmF2 using SHU-2015, AMTB-
2013, and BSE-1979.
3. Results and discussions

Seasonal average values of the observed hmF2 is calcu-
lated from the daily hourly values to represent different
seasonal values of hmF2. Fig. 2 shows the diurnal varia-
tion of observation hmF2 (MH ISR and ionosonde) and
IRI hmF2 for winter, spring, summer, and fall during the
year 2010 which represent low-solar and during the year
2013 and 2014 to represent high-solar activity. The figure
depicted ISR hmF2 (green), ionosonde (black dashed),
SHU-2015 hmF2 (red), AMTB-2013 hmF2 (blue), and
BSE-1979 hmF2 (black solid). At mid-high latitude,
Fig. 5. Percentage deviation of IRI hmF2 model options relative to ionosonde o
data observed by ionosonde.
during daytime the plasma moves downward along the
Earth’s magnetic field direction and during nighttime
the plasma elevated up by the equatorward winds
(Fuller-Rowell et al., 2008). This process produces diurnal
variation of hmF2 as shown in the figure, with lower val-
ues of hmF2 during daytime and higher values of hmF2
during nighttime. Overall, IRI hmF2 predictions follow
the hmF2 diurnal variation observed from ISR and iono-
sonde data; showing larger values during solar maximum
than during solar minimum. ISR hmF2 observations
show larger values during summer while lower values
are observed during winter. The mean ISR hmF2 and
ionosonde hmF2 during solar minimum winter is 263
Km and 250 km; during solar maximum winter is 298
Km and 280 Km, respectively. The mean values of
hmF2 from ISR and ionosonde during solar minimum
summer shows 280 Km and 250 Km; during solar maxi-
mum summer shows 309 Km and 282 Km, respectively.
Figs. 3 and 4 show the difference between IRI hmF2
and ISR hmF2, IRI hmF2 and ionosonde hmF2, respec-
tively, during solar minimum (2010) and solar maximum
(2013 and 2014). During nighttime SHU-2015 hmF2
underestimates ISR hmF2. Similarly, AMTB-2013 hmF2
overestimates ISR hmF2 during nighttime. The three
IRI hmF2 options overestimate ionosonde hmF2 during
nighttime except BSE-1979 for solar maximum. All IRI
hmF2 options underestimate ISR hmF2 and ionosonde
hmF2 during daytime.
bservation during 2009 to 2016. The white color from the plot is means no
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In order to evaluate qualitative performance of IRI, we
have performed the statistical analysis to estimate the root
mean square error (RMSE) between the observation and
IRI predicted hmF2 for all the three options. The results
of the analysis are depicted in Table 1. The least RMSE
between the observations and model prediction is observed
for SHU-2015 and BSE-1979. This fact is true for almost
all the seasons and both solar activity levels. Seasonally,
lowest values of RMSE occur during winter and highest
values of RMSE occurs during the summer season. It is
observed that generally the performance of IRI remains
better under solar minimum conditions as compared to
solar maximum (Pandey et al., 2003).

We also have examined the percentage deviation of the
IRI predictions with respect to the ionosonde measured
hmF2 over MH. The percentage deviation between IRI
and ionosonde measurements is obtained as [(hmF2IRI-
hmF2obs)/hmF2obs]. Fig. 5 depicts the percentage devia-
tion of IRI hmF2 model options relative to ionosonde
Fig. 6. RMSE of IRI hmF2 model relative to ISR(left) and ionosonde (
observation during 2009 to 2016. The white color from
the plot means no data observed by ionosonde during that
time. The diurnal variation of percentage deviation can be
noted for all the solar activity levels. The IRI predictions
appeared considerable better for SHU-2015 as compared
to BSE-1979. Generally, the percentage deviation for
SHU-2015 remained around ±20%, whereas for AMTB-
2013 it increased to ±40%, and for BSE-1979 it remained
around ±30%. From Figs. 3 and 4, the maximum deviation
was observed during midnight to the morning sector where
the IRI predicted values were seen to overestimate the mea-
surements. This could be attributed to the fact that night-
time ionosphere is primarily driven by dynamical effect
(Fuller-Rowell et al., 2008). The nighttime thermospheric
wind are known to be equatorward which pushes the iono-
sphere up along the geomagnetic field lines, causing
increase in hmF2.

Fig. 6 depicts the overview of the RMSE analysis
applied between ISR measurements and IRI prediction
right) observation during daytime and nighttime for different years.
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(left) and ionosonde measurements and IRI prediction
(right). The different panels of Fig. 6 depict the results
for ISR and ionosonde measurements during the entire
day, daytime and nighttime. The RMSE for different
options of IRI is depicted by different colors. It can be seen
that RMSE shows the lowest values for SHU-2015 for
almost all years during all day when compared with the
other options. RMSE was found to be as low as 13 Km
compared with ISR and 18 Km compared with ionosonde.
On the other hand, the RMSE for AMTB-2013 option
appeared to exceed 30 Km and 40 Km during nighttime
using ISR and ionosonde, respectively. The RMSE
appeared to be least for daytime where it reached values
of 11 Km while the maximum RMSE was observed during
nighttime for all the options.

4. Summary and conclusions

We have evaluated the performance of IRI-2016 model
for all the three hmF2 options (SHU-2015, AMTB-2013,
and BSE-1979) during the solar cycle 24. The analysis
revealed that the best option for the prediction of hmF2
at mid-latitude station like MH was SHU-2015. It is worth
noting that BSE-1979 option also provides reasonably good
predictions for hmF2 as compared to the relatively latest
AMTB-2013 version. The daytime hmF2 values show rea-
sonable agreement with the model predictions as compared
to the nighttime values. The RMSE was found to be lower
for the low solar activity as compared to high-solar activity
levels. It is worth noting that RMSE using ISR data
increased for the declining phase of the solar activity.

In addition to the evaluation of IRI, this work also pro-
vides a new methodology for estimating the hmF2 values
using ISR measurements. The exponential fit was used to
derive hmF2 from irregularly spaced vertical profile of elec-
tron density. Although we recommend SHU-2015 option
for the prediction of hmF2 over MH, we suggest some
more statistical analyses between observations and model
predictions for different solar cycles and seasons.
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