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ABSTRACT

This study aims to evaluate the performance of the global model of ionos-
pheric slab thickness (GMIST) in terms of F2 layer critical frequency
(foF2) estimation during geomagnetic disturbed conditions. Hourly val-
ues of foF2 as obtained from ionosonde stations located at equatorial,
low- and mid-latitude regions are compared with the corresponding
GMIST and IRI-STORM modeled values. For this purpose, the correla-
tion coefficient, daily mean, root mean square error and improvement per-
centage are calculated at different regions and geomagnetic disturbance
levels. The results show that GMIST is more accurate than IRI-STORM
model in terms of foF2 estimation at low- and mid-latitude regions, while
at equatorial areas GMIST is less accurate during geomagnetically dis-

turbed and quiet conditions.

1. Introduction

The total electron content (TEC), measured by
means of navigation satellite systems such as GPS,
GLONASS, GALILEO, has turned into a key parameter
in the characterization and monitoring of ionosphere
on a global scale. However from the point of view of
ionospheric radio propagation the most important
characteristic is the critical frequency foF2, whose value
directly defines an optimum working frequency for
near veritcal incidence skywave (NVIS) propagation.
The ionospheric density profile and its maximum elec-
tron density (NmF2) is directly related to foF2 which is
be regularly measured by ionosondes. The spatial cov-
erage of foF2 ionosonde observations is not globally
uniform due to the high cost of acquiring and main-
taining ionosondes. This limitation can be surpassed
considering the abundance of GPS receiver networks
that provide TEC observations which can be used
jointly with ionospheric slab thickness models to im-
prove the foF2 predictability and therefore to provide

support for various HF communication systems, radio
amateurs and broadcaster operators.

Houminer [1997] has reviewed the use of GPS
data in relation to short-term foF2 prediction enhance-
ment using one ionosonde station located in Cyprus
and concluded that the high correlation between TEC
GPS with foF2 (varying from 0.53 to 0.78) allows the
use of GPS data for near real time foF2 map updating,
both in temporal (short-term, medium and long-term)
and in spatial (local, regional and global) terms. Kouris
[2004] concluded that there is a high correlation be-
tween the TEC and the square of foF2 (around 0.8), al-
though ionospheric hysteresis is detected before and
after noon time.

Ma and Maruyama [2002], based on GPS TEC data
and Kokubunji ionosonde foF2 data, reported that sea-
sonal variations of ionospheric slab thickness during a
daytime exhibits opposite phase with respect to the
nighttime variation. Ionospheric slab thickness depends
on three parameters; latitude, season, and solar activity.
In the summer, ionospheric slab thickness is greater
during daytime than in the night. The ionospheric slab
thickness depends linearly on the solar activity. Jaya-
candran et al. [2004] concluded that the diurnal varia-
tion of the ionospheric slab thickness during low solar
activity period is generally characterized by higher
value in the night than during the day, while the situa-
tion is reversed during high solar activity at the non-au-
roral region. In auroral areas, the nighttime slab thickness
is higher than the daytime one during both low and
high solar activity periods. Variability of ionospheric
slab thickness is higher in the night than during the day
in the two phases of solar activity for mid-, low- and
high-latitude ionosphere. Suvannasang et al. [2008] con-
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cluded that the diurnal variation of the ionospheric slab
thickness reaches its maximum value at 05:00 LT. The
average daytime slab thickness is minimized at around
equinox, whereas the average nighttime slab thickness
is maximized during summer.

Gerzen et al. [2013] have used Neustrelitz global
TEC model (NTCM-GL) [Jakowski et al. 2011] to sim-
ulate TEC and the Neustrelitz Peak Density Model
(NPDM) [Hoque and Jakowski 2011] to generate NmF2.
Based on these two ionospheric parameters, they model
ionospheric slab thickness. Then, ionospheric slab thick-
ness model was employed for NmF2 estimation from
operational GNSS global TEC model. Validation of the
NmF2 reconstruction from GNSS TEC model shows
that both the model and the reconstruction approach
produce improved results, however, the reconstruction
has a factor of 1.75 better mean value during low to
middle solar activity period. Still, NmF2 reconstruction
has not been validated during an ionospheric storm.
Muslim [2010] has developed a global model of ionos-
pheric slab thickness (GMIST) by using global ionos-
pheric map (GIM) model and measured foF2 ionosonde
values. The aim of this study is to evaluate the GMIST
model performance in terms of foF2 estimation during
disturbed geomagnetic conditions. In particular, the ca-
pacity of the model to estimate foF2 during six geo-
magnetic storm events (moderate, strong, severe, and
great) during the period 2000-2014 was assessed.

2. Ionospheric slab thickness
TEC can be expressed as an integral of electron
density ranging from a lower limit to an upper limit of
the ionospheric layer. Considering electrons from 60
km to 20,000 km TEC can be written as
h=20,000
[N, dn (1)

h=60

TEC=

If the single layer model of the ionosphere is as-
sumed at an altitude of 350 km and NmF2 is the maxi-
mum electron density of the ionosphere, Equation (1)
can be expressed as

TEC=1N, F, )

where T is equivalent to the ionospheric slab thickness.

Ionospheric characteristics are extracted from
ionograms that are inverted to produce altitude profiles
of electron density. The critical frequency of the F2
layer (foF2) is related to the maximum electron density
in the F2 layer NmF2 as follows:

N, F, =124x10"(f oR2)’ (3)

So Equation (2) becomes

TEC=124x10"7(f,F, ) (4)

and ionospheric slab thickness can be expressed in term
of foF2 by
TEC

Tz:iTEZZ;Z;ZS{IO (5)

where TEC is measured in TECU (express this in elec-
trons per cubic meter), foF2 in MHz, and 7 in km.

3. Global model of ionospheric slab thickness

GMIST formulations are based on the model of
simplified low-latitude region of ionosphere MSILRI
[Muslim et al. 2007, Muslim 2010], which are harmonic
functions that describe ionospheric diurnal variation,
and use polynomial function for representing the lati-
tudinal variation of the ionosphere, and a linear func-
tion to capture the ionospheric slab thickness response to
the solar activity. Since the thickness model is a global
model that includes high, mid, low and equatorial lati-
tudes, the geographical latitude dependence of MSILRI
is replaced by geomagnetic latitude dependence.

Considering data availability for 2 days ahead pre-
diction of foF2, Muslim [2010] has used TEC data de-
rived from global ionospheric maps that are produced
every day at the Center for Orbit Determination in Eu-
rope (CODE GIM). CODE GIM based on GPS data as
obtained from about of 150 IGS receivers and other in-
stitutions. TEC is modeled in a solar geomagnetic ref-
erence frame using a spherical harmonic expansion up
to degree and order of 15. GIM time resolution is 2
hours and spatial resolution is 2.5° and 5° of latitude
and longitude, respectively. GIM models can be ob-
tained from ftp:// ftp.unibe.ch/aiub/CODE. In order
to develop the ionospheric slab thickness model, GIM
data during the period 2000-2009 were employed. The
ionospheric foF2 data were obtained from ionosonde
observations located in Sumedang, Darwin, Vanimo,
Singapore, Manila and other locations as listed in Table
1 and shown in Figure 2.

The GMIST model is developed considering the
following four assumptions: (a) linear response of foF2,
TEC and slab thickness to solar activity for both de-
scending and ascending solar cycle, (b) no longitudinal
dependence of the three ionospheric parameter at same
local time, (c) conversion of geographical to geomagnetic
coordinates does not affect the local time variation of
ionosphere and (d) slab thickness is constant during
variation of foF2 and TEC for both quiet and disturbed
geomagnetic conditions. The last assumption allows for
slab thickness model application for short term foF2
prediction using real-time TEC data.

GMIST employs the MSILRI formulation so as to
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No Station Time period ii(i)tgul;::)?"i)c lf);r‘:;igtf;g::h(i:) Ge;)a r;:ug:il:tic
1 Dikson 1957-1997 73.5 80.4 63.46
2 Pruhonice 1958-1999 50 14.6 49.53
3 Boulder 1958-2002 -40 -105.3 47.92
4 Belgrade 1962-1993 44.8 20.5 43.43
5 Athens 1961-1987 38 23.6 36.27
6 Wakanai 1957-1997 45.4 141.7 35.95
7 Akita 1957-1993 39.7 140.1 30.16
8 Yamagawa 1957-2000 31.2 130.6 20.99
9 Manila 1964-1993 14.6 121 3.97
10 Kodaikanal 1957-1987 10.2 77.5 0.91
11 Trivandum 1957-1976 8.5 77 0.72
12 Singapore 1957-1971 1.3 103.8 -9.47
13 Vanimo 1964-2006 2.7 141.3 -11.8
14 Sumedang 1997-2007 -6.9 107.85 -17.69
15 Darwin 1982-2005 -12.4 130.9 -22.35
16 Grahamstown 1973-1997 -33.3 26.5 -33.95
17 Brisbane 1950-2004 -27.53 152.92 -34.92
18 Canberra 1950-1994 -35.3 149 -43.14
19 Campel Island 1970-1985 -52.5 169.2 -56.64

20 Macquire Island 1950-1992 -54.5 159 -60.5

21 Halley Bay 1957-1980 -75.5 -26.6 -66.5

Table 1. List of ionosonde stations used for ionospheric slab thickness model development.

describe the ionospheric variation with latitude using
geomagnetic latitude instead of geographical latitudi-
nal representation. At a certain ionosonde station, TEC
and foF2 response to solar activity index R12 are ex-
pressed as

TEC,.=A4,+A4R, (6)

foR2,y=B,+BR, @)

R12 is used in GMIST model due to the pre-
dictibility and availability of long historical data that
make possible the recontruction of past time foF2 data
from TEC and vice-versa. Using Equations (6) and (7) at
a month for all local time, the ionospheric slab thick-
ness at station x of Equation (5) is written as

()= TECmod(1)10° )
1.24[f oR mod(r) f
where x refers the station and t refers to local time.
Eleven order harmonic analysis of the estimated
slab thickness from t =0 until 23, results to 23 coeffi-
ciens of harmonic function

m=11 n=11
T, = CmCos[zTn- nt )+ ZSnSin[z%rnt] )
n=l1

m=0

Harmonic analysis of slab thickness for all stations
results to X sets of harmonic coefficients Cn and Dn
which can be represented as a function of geomagnetic
latitude using

C,=c, +c,L+c,L’+c,L +c,L' +c, L’ (10)
S, =s,, +s,L+ sn2L2 + sn3L3 + sn4L4 + snSL5 (11)

From Equations (10) and (11) we have two sets of
polynomial coefficients of ¢, for R12 =0 and 100 as well
as polynomial coefficients of s,. Using the two sets of the
polynomial coefficients, the linear regression of polyno-
mial coefficients to solar activity is expressed by equations

Cn = }‘cn + ﬁcan2 (12‘)

s, =A,+P.,R, (13)

GMIST procedures adopt the MSILRI procedures.
MSILRI procedures adopt the simplified ionospheric re-
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Figure 1. GMIST modeling procedures.

gional model (SIRM) procedures [Zolesi et al. 1996].
Figure 1 shows the GMIST procedures as follows:

(a) From a set of monthly mean TEC at local time
t, and monthly smoothed R12, the linear regression of
TEC against R12 results to coefficients A0 and A1 using
Equation (6). Linear regression of monthly median
foF2 versus R12 results to coefficients B0 and B1 with
Equation (7).

(b) Using linear regression coefficients, TEC-
mod100 and foF2mod100 arecalculated for R12 =100,
that represent TEC and foF2 model for high solar ac-
tivity as well as TECmod0 and foF2modo for low solar
activity R12 =0.

(c) Then the ionospheric slab thickness at both
solar activities level, 70 and 7100 is obtained using
Equation (9).

(d) Repeating procedures (a) until (c) for all local
time from 0 until 23 LT, the 24 values of ionospheric

slab thickness at R12=0 and R12=100 are produced.
Using harmonic analysis of the 11th order, 23 coeffi-
cients of the harmonic function are obtained using
Equation (9).

(e) Repeating procedures (d) for all stations, each
harmonic coefficients can be represented by using the
polynomial function with the polynomial regression
for R12=0 and 100.

(f) Polynomial coefficients of harmonics coeffi-
cients of Equations (10) and (11) can be represented as
R12 function using the linear response assumption of
the ionosphere to solar activity. The last procedure re-
sults to coefficients o and .

4. Data and methodology

In order to evaluate GMIST capability to produce
foF2 values during disturbed geomagnetic conditions,
we have used foF2 data as obtained from ionosonde sta-

No Date Dst (nT) Maximum time Classification

1 July 15-16, 2000 -301 July 16, 01:00 UT Severe
-353 October 30, 01:00 UT Great

2 October 29-31, 2003
-383 23:00 UT Great

3 April 5-6, 2010 -81 April 6, 15:00 UT Moderate

4 March 7 and 9, 2012 -118 March 9, 18:00 UT Strong

5 April 11-12, 2014 -80 April 12, 10:00 UT Moderate

Table 2. List of geomagnetic storm events used in GMIST evaluation.
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Figure 2. Map of ionospheric stations used for GMIST development and evaluation.

No Location URSI CODE Latitude (°) Longitude (°) Geomagnetic latitude
1 Jicamarca JIog -12.10 -76.8 -1.30
2 Brisbane BRS2P -27.50 152.00 -34.92
3 Learmonth LM42B -22.25 114.00 -32.60
4 Sumedang SMe69S -6.90 107.85 -17.69
5 Tucuman TUJ20 -26.90 -65.40 -16.06
6 Nicosia NI135 35.03 33.16 31.66
7 Chilton RLO052 51.50 -0.6 53.81
8 Pruhonice PDo052 50.00 14.60 49.53
9 Rome RO041 41.90 12.50 42.12
10 Ebre EB040 40.80 0.50 43.30
11 Dourbes DB049 50.10 4.60 51.49
12 Juliursuh JRO05 54.60 13.4 54.14
13 San Vito VT139 40.70 17.8 39.87

Table 3. List of ionosonde stations used for the evaluation of GMIST.

tions located at mid, low, high latitude and equatorial
areas (see Table 3 and Figure 2) during six geomagnetic
storm events that are shown in Table 2. These storm
events were classified as moderate, strong, severe, and
great with the aid of Dst geomagnetic index [Loewe
and Prolss 1997]. As reference days characterized by
quiet ionospheric conditions, we considered one or two
days before the geomagnetic storm event. The critical
frequency of F2 layer was calculated using GMIST
model as derived from CODE GIM.

The accuracy of the GMIST foF2 has been quan-
tified by calculating the daily RMSE between the model

and observed foF2 values and by comparing it with the
foF2 RMSE value calculated by the IRI-STORM model
The equations of RMSE and percentage improvement
that were used are:

(14)

I = RMSE y, — RMSE;) /7
RMSE,,

x100% (15)
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Figure 3. Diurnal variation of (a) Dst index and (b) foF2 estimated by GMIST, IRI and ionosonde observations on July 15-16, 2000, at ionos-
pheric stations of different regions of the globe. The geomagnetic latitude and geographic longitude of each station is given at the low-right

edge of each plot.

where m,=the model output (GMIST or IRI), o,=the
observed values, I=the percentage improvement

The RMSE and percentage improvement, I, are
calculated for different geomagnetic latitude and geo-
magnetic disturbance levels.

5. Results

Figure 3 shows the diurnal variability of Dst index
and estimated foF2 by GMIST, IRI and observations data
for the quiet day (Dst > —30nT) of July 14, 2000, and the
severe geomagnetic storm (Dst < —300 n'T) of July 15-
16, 2000. The vertical blue line in Figure 3b represents the
time of geomagnetic storm peak. During geomagnetic
storm, the GMIST model underestimates the foF2 ob-
servations and the IRI foF2 modeled values especially
the foF2 minimum occurring before sunrise at the low-
latitude ionosphere (Figure 3b, right-lower panel) and
mid-latitude Southern Hemisphere (Figure 3b, left-lower
panel). The largest negative ionospheric storm occurred

on July 15, 2000, following the peak of geomagnetic
storm time. GMIST modeled foF2 values shows a good
agreement with observational foF2 values during quiet
and geomagnetic storm in the Northern Hemisphere
mid-latitude region (Figure 3b, upper panel).

In Figure 4, the scatter diagrams between modeled
(GMIST and IRI) and observed ionosonde foF2 values
are presented. In addition, the correlation coefficient
(R), the foF2 mean (M) and the RMSE values for a quiet
day (July 14, 2000) and during the geomagnetic storm
of July 15-16, 2000, are shown in Figures 3a and 3b re-
spectively. As it can be observed, the correlation coeffi-
cient between GMIST and foF2 observations are high
(R>0.9) both during quiet and disturbed conditions, in
all areas except for the low-latitude areas (Figure 4b,
right-lower panel). However, during geomagnetic storm,
the mean values of GMIST and IRI foF2 are lower at
low latitude and higher at mid latitude than observa-
tions (Figure 4b, right-upper panel). As it can be seen
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from Figure 4 (right-lower panel), the mean foF2 mod-
eled value at low latitude is around 9.59 MHz 4, or 0.9
MHz lower than the foF2 observed value. Contrary to
low-latitude region, mean foF2 modeled values at mid-
latitude are higher than observed foF2 values, with
modeled foF2 being equal to 6.18 MHz whereas mean
observed foF2 values being around 5.7 MHz (Figure 4b,
right-upper panel). Compared to the mean values of
foF2 during quiet day (Figure 4a), the GMIST foF2
mean values during geomagnetic storm (Figure 4b) are
about 0.4 MHz higher at mid-latitude areas and 0.2
MHz lower at low-latitude areas.

The Dst index variation, and foF2 values as gener-
ated from GMIST and IRI models and observed from
ionosondes during the great geomagnetic storm of Oc-
tober 29-31, 2003, are presented in Figure 5. As it can

be seen, the GMIST foF2 is in good agreement with ob-
servations for the low-latitude region (Figure 5b, right-
lower panel) especially during positive ionospheric
storm, while after the peak of the storm, the GMSIT
model overestimates foF2 observed values. In the
Southern Hemisphere, negative ionospheric storms oc-
curred at low- and mid-latitude regions (Figure 5b,
lower panel). Close to equator, GMIST model under-
estimates foF2 observations around the minimum of
diurnal variation on October 30, 2003, while it overes-
timates foF2 values near the diurnal foF2 maximum
(Figure 5b, right-upper panel). In general, GMIST over-
estimates foF2 at high/mid-latitude areas as seen in the
left-upper panel of Figure 5b. The scatter diagram be-
tween modeled (GMIST and IRI) and observed foF2
values are shown in Figure 6. The highest RMSE for
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Figure 5. (a) Dst index during period of great geomagnetic storm and (b) estimated foF2 from GMIST, IRI, and ionosonde observations at
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right edge of each plot.

GMIST corresponds to the equatorial region both for
quiet days and geomagnetic storm (Figures 6a and 6b,
right-upper panels). High overestimations of GMIST
foF2 values were detected in all stations during this se-
vere geomagnetic storm.

In Figure 7, the modeled (using GMIST and IRI-
STORM) as well as the observed foF2 variations during
the moderate geomagnetic storm of April 4-6, 2010, are
demonstrated. Qualitatively, GMIST performance is su-
perior to IRI STORM model at low- and mid-latitude
regions, while it is less accurate than IRI STORM
model at the equatorial region. The largest RMSE is
also detected in the equatorial region (Figure 7c, right-
lower panel).

During the geomagnetic storm of July 15-16, 2000,
overall, the GMIST and IRI RMSE are increased. The
RMSE between modeled (GMIST and IRI) observations
for selected geomagnetic storm events and selected
ionosonde stations are showed in Table 4. The improve-
ments of GMIST foF2 over IR STORM foF2 values were
also calculated. In the same table, the RMSE and per-
centage improvement were grouped into 3 ionospheric
regions; mid-latitude, low-latitude and equatorial regions
and separated between quiet and storm time. As it can
be seen, in general GMIST foF2 improvement is positive

(efficient) for mid- and low-latitude areas but it has neg-
ative value (or inefficient) at the equatorial region during
both quiet and disturbed geomagnetic conditions. Sig-
nificant improvement is noted at low-latitude regions
where the GMIST improvement accuracy over IRI
STORM foF2 is by 29.73% during geomagnetic storm
and by 44.44% for quiet days. At the mid-latitude region,
the GMIST improvement efficiency is significant only
during geomagnetic storm where percentage improve-
ment is approximately 14.57% while during quiet day the
percentage improvement is minor (5.27%).

More analytically, GMIST model demonstrates
higher improvement at the mid-latitude regions, in all
stations apart from Learmonth during the storm event
of July 15-16, 2000, with the negative percentage im-
provement value —51.52% approximately. The GMIST
estimate foF2 over Learmonth is lower than observa-
tional data. This was observed during the severe nega-
tive ionospheric storm event of July 15-16, 2000 (max
Dst —301 nT).

Concerning Nicosia station, during the recent mod-
erate geomagnetic storm of April 12, 2014, the GMIST
model RMSE is around 0.1 MHz whereas the IRI
STORM model RMSE is about 0.09 MHz, and correla-
tion coefficient between modeled and observations val-
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Figure 6. Scatter diagram of estimated foF2 by GMIST and IRI STORM from observations at ionospheric stations of different regions of
the globe. The geomagnetic latitude and geographic longitude of each station is given at the low-right edge of each plot.

ues is higher than 0.95 both for GMIST and IRI-STORM
model. The corresponding percentage improvement
has a negative value, indicating that IRI-STORM model
can approximate well the observations. On the contrary,
during the geomagnetic storm that occurred on March
7-9, 2012, GMIST model shows a positive foF2 im-
provement around 13%. Overall, at Nicosia station the
GMIST model performance in terms of foF2 calcula-
tion is improved by 3%. On the opposite, the GMIST
for Chilton during the October 2003 great geomagnetic
storm was not accurate as the respective percentage im-
provement was negative and around —13.63%. How-
ever, during the moderate geomagnetic storm GMIST
model was capable of reproducing foF2 more accu-
rately than IRI STORM model at about 33.38%.

As regards the foF2 estimation at low latitudes a

significant improvement of GMIST model as compared
with the IRI STORM model was concluded. Apart from
the geomagnetic storm of July 2000 where a negative
improvement (—6.95 %) was detected, GMIST model
improvement during geomagnetic storms (Table 2) is
high (>23%). In general, the GMIST model can per-
form better than the IRI-STORM model at the low-lat-
itude regions during quiet geomagnetic conditions
with the percentage improvement reaching 44.44%.
Opposite to low-latitude regions, at equatorial re-
gions, GMIST performance in terms of foF2 estimation
is worse compared to the IRI STORM model perform-
ance during both storm and quiet day as seen in Table
4. This ineffectiveness is caused by the overestimation
of GMIST over IRI STORM and observations as shown
in right-upper panel of Figure 4b. During the negative
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Figure 7. (a) Dst index, (b) comparison of GMIST foF2, IRI model and observations during April 4-6, 2010, and (c) scatter diagram GMIST
foF2 and IRI vs foF2 data at ionospheric stations of different regions of the globe. The geomagnetic latitude and geographic longitude of

each station is given at the low-right edge of each plot.

ionospheric storm, the foF2 decreases significantly and
results in larger GMIST RMSE over IRI STORM.

In Table 4, three to fourth negative percentage im-
provement at mid and low latitude are occurred during
the severe geomagnetic storm. Figure 8a shows that the
GMIST RMSE from observational data is increase with
increasing geomagnetic disturbance level at mid, low
latitude, and the equatorial region. The bottom panel
of Figure 7b shows that the GMIST RMSE is lowest at
mid-latitude at about 42.12°ML. Largest RMSE is at
low latitude for both models, followed by RMSE at the
high/mid-latitude region of about 53.81°ML.
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6. Discussions

We found that the GMIST foF2 estimation im-
provement over IRI STORM during the geomagnetic
storm is significant for the low-latitude region, mod-
erate effective for middle latitude and ineffective for
equatorial region. This is caused by latitudinal vari-
ability of ionospheric response to the geomagnetic
storm. High/mid-latitude, low-latitude, and equatorial
ionosphere are affected significantly by the geomag-
netic storm that caused the slab thickness changing
more than at mid latitude. Constant slab thickness as-
sumption of GMIST caused foF2 estimation is also a
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Figure 8. Effect of the maximum deviation of Dst index on RMSE for mid-, low-latitude and equatorial region (upper panel) and geomag-

netic latitude variation of RMSE (bottom panel).

contributing factor for errors.

The GMIST foF2 improvement is highest during
geomagnetic storm due to the use of low-latitude
Sumedang ionosonde data for GMIST modeling. How-
ever, GMIST RMSE over Tucuman low-latitude region
that is not included for GMIST modeling is highest
compared to mid-latitude and equatorial ionosphere.

Ineffectiveness of GMIST foF2 for equatorial re-
gions can be caused by data used for GMIST modeling
that only include the Asian sector for equatorial region
while validation uses equatorial data at the American
sector. This is caused by large longitudinal variability
between Asian and American sector. GMIST also use
assumptions of no longitudinal dependence on ionos-
pheric parameters in a local time reference frame. Ignor-
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ing the longitudinal variability of GMIST contributes sig-
nificantly to the ineffectiveness of GMIST foF2 not only
for an equatorial region but also for mid- and low-lati-
tude region. Ignoring longitudinal variability also
caused overestimation of GMIST during quiet days.

Compared to geomagnetic storm condition, GMIST
improvement over IRI STORM for quiet days is more
effective for low-latitude region. Although less effective
for mid-latitude region the GMIST improvement is
5.27% over IRI STORM.

Based on model performance, the GMIST can be
used as an alternative model for foF2 prediction during
quiet and storm geomagnetic condition at mid- and
low-latitude region. However, significant revision is re-
quired to improve GMIST accuracy. Revisions of
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GMIST will include longitudinal variability and geo-
magnetic disturbance index as an input parameter.

7. Conclusions

Evaluation of GMIST foF2 estimation was carried
out using ionosonde data for 5 geomagnetic storm events
ranging from moderate to great. The results show that
for the mid-latitude region the GMIST foF2 improves a
storm time foF2 estimation over IRI STORM by 14.57%,
and for low latitude by 29.73%. For the equatorial re-
gion, GMIST foF2 improvement over IRI STORM is in-
significant due to GMIST estimating foF2 higher than
observations even during quiet days.

To improve the accuracy of the GMIST foF2 esti-
mation for equatorial regions, more foF2 data over the
equatorare needed, and longitudinal variability should
also be examined. To improve GMIST accuracy during
severe and great geomagnetic storms, the modeling
procedures should consider geomagnetic disturbances
index as a paremeter input to GMIST.
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