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Abstract. The F2-layer peak density heightF2 is one  the solar radiation with the solar zenith angle causes temporal
of the most important ionospheric parameters characterizingind spatial variations ¢fmF2. Depending on the solar activ-
HF propagation conditions. Therefore, the ability to model ity, daytime and season, the peak density height may range
and predict the spatial and temporal variations of the peakrom 350 to 500 km at equatorial latitudes and from 250 to
electron density height is of great use for both ionospheric350 km at mid-latitudes. Additionally, there is a strong de-
research and radio frequency planning and operation. Fopendency ohmF2 on dynamic forces such as electric fields
global hmF2 modelling we present a nonlinear model ap- and neutral winds. Due to regular and irregular variations of
proach with 13 model coefficients and a few empirically the bottomside plasma density closely related toNing-2
fixed parameters. The model approach describes the temp@andhmF2 variations, the terrestrial signal transmission may
ral and spatial dependencies lof=2 on global scale. For be interrupted or even lost; moreover, the transmission cov-
determining the 13 model coefficients, we apply this modelerage may be affected due to up or down lifting of the iono-
approach to a large quantity of globamF2 observational spheric plasma, changing the¥2 height.
data obtained from GNSS radio occultation measurements Furthermore, the Earth-space transionospheric communi-
onboard CHAMP, GRACE and COSMIC satellites and datacation can also benefit from the knowledge of kim=2 and
from 69 worldwide ionosonde stations. We have found thatNmF2. As an example, GNSS (global navigation satellite
the model fits to these input data with the same root mearsystem) positioning can be improved by mitigating higher
squared (RMS) and standard deviations of 10 %. In comparerder ionospheric propagation effects such as ray path bend-
ison with the electron density NeQuick model, the proposeding errors usindNmF2 andhmF2 information (see Hoque and
Neustrelitz globalhmF2 model (Neustrelitz Peak Height Jakowski, 2008, 2011a). Again, since F2-layer peak is a key
Model — NPHM) shows percentage RMS deviations of aboutanchor point to construct ionospheric electron density pro-
13% and 12 % from the observational data during high andfiles, NmF2 and correspondinigm2 are the most important
low solar activity conditions, respectively, whereas the corre-parameters in empirical ionospheric modelling. The accuracy
sponding deviations for the NeQuick model are found 18 %of the peak height is crucial in some other applications too,
and 16 %, respectively. such as inferring the neutral wind (e.g. Zhang et al., 2003).
To develophnF2 prediction model, early work was done
by Shimazaki (1955), Bradley and Dudeney (1973), Bil-
itza et al. (1979), and Dudeney (1983) utilizing the prop-
agation factor M(3000)F2. The M(3000)F2 can be de-
1 Introduction duced from vertical-incidence ionograms using standard
methods (Piggott and Rawer, 1972, 1978). The propaga-
The ionospheric F2-layer is primarily responsible for the re-tjon factor M(3000)F2 is related to the maximum usable
flection of high frequency (HF) radio waves in the iono- frequency MUF(3000) by M(3000)F2 = MUF(3000)F2,
sphere. Thus, the F2-layer peak density hefghE2 is one  \yhere MUF(3000) is defined as the highest frequency at

of the most important parameters needed for radio frequencyyhich a radio wave can be received over a distance of
planning and spectrum management. The regular variation of
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3000 km after reflection in the ionosphere (Bradley and Du-with hmF2 measurements in least squares sense. For this, we
deney, 1973). Shimazaki (1955) found tha#2 is inversely  used two types of measurement data, namely space-based
related to M(3000)F2. Bradley and Dudeney (1973), Bil- GNSS ionospheric radio occultation (IRO) measurements
itza et al. (1979), and Dudeney (1983) obtained better re-and ground-based ionosonde observations. CHAMP (CHAI-
sults after considering dependencytofF2 on the ratio of  lenging Minisatellite Payload) IRO data are used for inputs
critical frequencies in the F2 and E layieF2foE, sunspot  under both solar maximum and minimum conditions (2001—
number and geomagnetic latitude, in addition to its depen2008), whereas GRACE (Gravity Recovery And Climate Ex-
dency on the M(3000)F2. In another approach, McNamara eperiment) and COSMIC (Constellation Observing System
al. (1987), Kishcha and Kochenova (1996) computed2 for Meteorology, lonosphere and Climate, also known as
directly from ionosonde measurements using true heighFORMOSAT-3) IRO data are used for the low solar activity
analysis. period 2006—-2010. Additionally, we used a large database of
Similar work was done by Jones and Obitts (1970), Rushpropagation factors M(3000)F2 ahd¥2, collected through
et al. (1983, 1984), Fox and McNamara (1988), Bilitza et a worldwide network of 69 ground ionosondes over the last
al. (1990), Bilitza (2001), and Bilitza and Reinisch (2008) 60 years.
in developing global ionospheric parameter models. Consid-
ering the importance of ionospheric characteristics in radio
frequency planning, the International Telecommunications?2 Data sources
Union (ITU) issued a standard set of ionospheric parameter
models (CCIR, 1967; ITU-R, 1997) on advice from its In- The most powerful source ¢fimF2 data used in the present
ternational Radio Consultative Committee (CCIR), presentlystudy is the IRO observation. We usdohF2 estimates
from its Radio-Communication Sector (ITU-R). The CCIR reconstructed from IRO measurements onboard CHAMP,
models and related software are available via ITU. The CCIRGRACE and COSMIC satellite missions. We used about
model consists of 24 maps, each one containing 441 coeffid300 000 CHAMP retrievals covering high, medium and low
cients for one month of the year and one of the two levels ofsolar activity periods from April 2001 to August 2008.
solar activity, R12 =10 and 100, where R12 is the 12-monthAbout 60 000 GRACE retrievals were used within the time
running mean of the monthly sunspot number (1764 coeffi-period of April 2008 to December 2010. The IRO data
cients in all) (Jones and Gallet, 1962, 1965). Many empir-from CHAMP and GRACE are processed by the German
ical models such as the International Reference lonospher@erospace Center (DLR) Neustrelitz and availablentip:
(IRI) model (Bilitza and Reinisch, 2008), the NeQuick model //swaciweb.dIr.defor registered users. Additionally, we used
(Radicella and Leitinger, 2001; Coisson et al., 2006; Nava etabout 2.5 milliondmF2 estimates reconstructed from COS-
al., 2008) and even some theoretical models use the CCIRIIC IRO observation. The COSMIC IRO data are routinely
maps forfoF2 andhmF2 estimations. The IRl model uses processed by the COSMIC Data Analysis and Archive Cen-
modified Bilitza et al. (1979) equations fomF2 estimation  ter (CDAAC) and available atttp://cosmic-io.cosmic.ucar.
in any place and time using CCIR maps. edu/cdaac/index.html
A new approach for global ionospheric parameters predic- The IRO technique allows all-day all-season monitoring of
tion based on neural network (NN) technique is studied bythe Earth’s atmosphere (Hajj and Romans, 1998; Jakowski et
Altinay et al. (1997), Wintoft and Cander (1999), Kumluca al., 2002). Typical polar orbits of the LEO satellites together
et al. (1999), Tulunay et al. (2000), McKinnell and Poole with the daily rotation of the Earth extend the data cover-
(2001), Poole and Poole (2002), Oyeyemi and Poole (2004)age over the globe. Thus, IRO data include day and night,
and Oyeyemi et al. (2005). Xenos (2002) demonstrated thesummer, winter and equinoxes at high, medium and low lati-
NN technique for single station modelling and regional map-tudes. In general, the retrievénF2 andhmF2 by IRO tech-
ping of M(3000)F2 in the European region. nigues are in good agreement with ionosonde observations
Another approach of ionospheric parameter modellingat medium latitudes (Jakowski et al., 2004; Angling, 2008).
based on empirical orthogonal function (EOF) analysis of However, the accuracy of the reconstructed electron density
the observational data set is studied by Liu et al. (2008), angrofiles may degrade as a consequence of strong spatial gra-
Zhang et al. (2009). Furthermore, Gulyaeva et al. (2008) redients in the ionosphere, especially in the equatorial anomaly
cently developed a numerical model lfiF2 using about  regions (Yue et al., 2010).
90000 electron density profiles derived from observations A large number of ionosonde data from three different
taken by topside sounder satellites ISIS1, ISIS2, IK19 andsources, namely Space Physics Interactive Data Resource
Cosmos-1809 during 1969-1987. (SPIDR), lonosphere Prediction Service (IPS), and National
In this paper, we derive an empiridalF2 model based on  Oceanic and Atmospheric Administration (NOAA) was used
non-linear least squares technique. For this, we consideredia the present study. The National Geophysical Data Cen-
set of nonlinear equations with 13 polynomial coefficientster (NGDC) of the United States of America (USA) pro-
describing the regular variations of the peak density heightvides historical and present ionosonde data records such as
The polynomial coefficients are derived from a nonlinear fit foF2, hmF2, foE etc. to the scientific community via SPIDR.
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The SPIDR database (availablehttp://spidr.ngdc.noaa.gov/ /’"'"”"\
%, -

spidr) currently contains over 60 years of ionospheric data g ‘ B ~.
from over 200 ionosondes worldwide. However, we found % **2: .

that for many stationemF2 data are completely missing and oAl
for some stations data are available only for short periods. A

Using the available data we computed long-time median A N
and mean of the solar cycle variation, annual-semiannual . o) v
variation and diurnal variation dimF2 for individual sta- &
tions. In some cases the median and mean variations do no i 2
follow the same pattern or largely deviate from the typi- , =
cal diurnal pattern, such as higimF2 values during night- + SPIDR, 0 IPS, x NOAA, A verification stations
time, sharp decrease in morning hours and gradual increase . ) . . »
during daytime. In such cases the station is excluded fro ig. 1. Glopal map of used ionosonde stations including 15 verifi-
the database. Finally, we are able to use data from only 3‘?at'0n stations.
ionosonde stations from SPIDR. We sorteaF2 data for
selected stations and used medians for further processing of
the data.

The IPS Australia is another source of historical iono-
spheric data used in this study (available figt//ftp.ips.
gov.au/wdc-data/iondata/qu/The IPS stations are well-
distributed over Australia. The IPS does not provioh2.
Instead, it provides the propagation factor M(3000)F2. WeUsing Egs. (1)—(6) we converted M(3000)F2 to correspond-
used M(3000)F2 from 27 ionosonde stations provided bying hmF2 values. Then, we computed the solar cycle vari-
the IPS. Different techniques for estimatirgnF2 from ation, annual-semiannual variation and daily variation of
M(3000)F2 are reviewed in Dudeney (1983). However, wehmF2 for individual stations. Depending on the mean and
follow the algorithm/approach used in the NeQuick model, median analysis dimF2 variation, we excluded stations for
which was originally given by Radicella and Zhang (1995) which the median and mean variations largely deviate from
based on the Dudeney (1978, 1983) formula. For readers ofach other. Additionally, we used M(3000)F2 data from five

—

A.
a
e

xeff = 90° — 0.24° exp(20° — 0.2y ) wheny > 86.23. (6)

this paper, we include the algorithm in the following: ionosonde stations provided by NOAA via archivedtpt/
1490V F ftp.ngdc.noaa.gov/ionosonde/datas before, we converted

hmF2= —— — 176 Q) M(3000)F2 to correspondingm2 values using Egs. (1)—(6)
M+ AM and checked them before using in further processing. To view

in which the ionosonde data coverage, a global map of used ionosonde

0.253 — 0012 stations from SPIDR, IPS and NOAA sources is given in
AM = { foF2/foE~1.215 , 2 Fig. 1. Fifteen verification stations that were used for vali-
—0012 if foE=0 dation purposes are also indicated in the map.
We arranged a largenF2 database, bringing together IRO
0.0196M2 + 1 data and ionosonde data. The database includes different
MF=M 120672 —1' (3) combinations of data, like day and night, summer, winter
: and equinoxes, high, medium and low solar and geomag-
In Eq. (1),hmF2 is in km whereM =M(3000)F2 andoF2 netic activity conditions, and high, medium and low geo-
is the critical ionosonde frequency related to the peak elecgraphic/geomagnetic latitudes. After completion, we sorted
tron density byNmF2 = 1.24x 10-2(foF2)?. The quantityfoE and thus minimized the database to reduce the computational
is the critical frequency of the ionospheric E layer. Like the complexity in the fitting procedures. We sorted the database
NeQuick model, for computinfpE we follow the Titheridge  with respect to F10.7 variation, seasonal variation (i.e. day of
model (Leitinger et al., 1995; Titheridge, 1996), which is year), local time variation and geomagnetic latitude and lon-
based on the seasonal relationshigfai with the solar ra-  gitude variations. To consider the seasonal variation;2

dio flux F10.7 and solar zenith angte values were averaged for 27 day-intervals and the 14th day
) 06 was taken as the reference day. The spatial resolution in the
(foE)“ = aev'F10.7 (COSKefr) ™ (49 meridional direction was limited to 25In the zonal direc-

Wwhereae is a seasonal term and its values are given in Nava eflon: the maximum spatial resolution was &t the equator

al. (2008) andyef is the effective solar zenith angle defined and the resolutiqn was graglually deprgased to” 30the
by poles. The local time resolution was limited to 1 h. Thus, the

length of the input data matrix was reduced to about 1 million
Xeft=x When x <8623, (5)  values.

www.ann-geophys.net/30/797/2012/ Ann. Geophys., 30, 7809, 2012


http://spidr.ngdc.noaa.gov/spidr/
http://spidr.ngdc.noaa.gov/spidr/
ftp://ftp.ips.gov.au/wdc-data/iondata/au/
ftp://ftp.ips.gov.au/wdc-data/iondata/au/
ftp://ftp.ngdc.noaa.gov/ionosonde/data/
ftp://ftp.ngdc.noaa.gov/ionosonde/data/

800 M. M. Hoque and N. Jakowski: A new global model for the ionospheric F2 peak height

3 Modelling approach magnetic field instead of using any multi-pole representa-

tion, such as the International Geomagnetic Reference Field
In our recent papers (Jakowski et al., 2011a, b; Hoque angiGRF) model (Mandea and Macmillan, 2000). The latitu-
Jakowski, 2011b), we developed basic approaches for moddinal distribution ofhmF2 shows a maximum at the geo-
elling ionospheric parameters on global scale, e.g. NTCMmagnetic equator, gradually decreasing on both sides of the
(Neustrelitz TeC Model) and NPDM (Neustrelitz Peak Den- equator. Our investigation shows that the peak over the geo-
sity Model) approaches. Following the same basic approachmagnetic equator is prominent during daytime, but becomes
in the present work we developed a set of nonlinear equationgeaker during nighttime. Considering this, we modelled lati-
describing the dependenciestoff2 on local time, season,  tudinal distribution ohmF2 in connection with the local time
geomagnetic field and solar activity as variation in such a way that the magnitudehofF2 peak is
maximum at 14:00 LT and minimum during nighttime. Thus,
the latitudinal distribution ohmF2 is modelled by the fol-
lowing expression:

hmF2 = F1 FoF3F, (7)

where the factorg’ 4 contain explicitly the model functions
including model coefficients that describe four main depen- ( 2 )

dencies ohmF2. The factorFy describes the daily variation Fz =1+ cigexp %;

with local time (LT in hours) as 91
2 2
LT — 14
F1 =1+ cicosy™ +c11exp<—2(p—”2‘) exp(—(2—2)>. (14)
<cz cos(Vp) + c3sin(Vp) + c4€os Vsp) )cos . Mz o
~+c5SIN(Vsp) + cg o Vp) + c7Sin(Vrp) The half widths of the Gaussian function are best fitted as

(8)  op1 =40, 042 =20 andor =4h.
We have found a strong solar activity dependendendi2,
which is modelled by the following equation:

2L T 2L T 2L T
Wo=—71. sb=——— ViD=—(5— 9
24 12 8 F107
Fs= exp| — 15
where Vp, Vsp and Vrp are the angular phases of the di- 4= €12+ €13€Xp ,%10_7 (15)

urnal, semi-diurnal and terdiurnal harmonic components, re-
spective'y. The functions ng and coy *k describe the de_ where F10.7 is the solar radio flux Commonly measured in
pendency on the solar zenith angleas flux units (Lflux unit 1022Wm~2Hz 1) andéri07 = 10.8

flux units.

(10) Equations (7)—(15) explicitly describe the functional de-
pendencies ohmF2 on local time, season, geographic and
geomagnetic latitudes, and solar cycle variations. The equa-
tions contain 13 unknown polynomial coefficients in addition

cosy ™ = singsins + cosp coss + Pr1 (11) to a few empirically fixed known parameters. In the next sec-

) o o tion, we derive the polynomial coefficients by applying the
whereg is the geographic latitude aidds the declination of  1,54¢l approach to the model database.

the sun. The valu®r; = 0.4 in Eq. (11) is chosen in such a

way that the term cgg™ has always a positive contribution.

The factorF, describes the annual (A) and the semi-annual4 Modelling results
(SA) variation ofhmF2 as given by Eq. (12):

L 20 .
cosy ™ = sing sind + cosp coss — d siné
T

In the previous section, we formulated a set of nonlinear

Fo =1+ cgcoqVp) + cgcogVsa), (12) equations that explicitly contain model functions and coef-

] ] ficients. Now, we consider that the model coefficients and

in which observation data are related through a nonlinear system of
(doy— doyA) (doy— dOYSA) equations. Then, by non-linear .Ie.ast square methqu, we ob-

Va = ZNW, Vsa = 4”W' (13) tained a set of 13 model coefficients. The coefficients best

fit the data in the sense of minimizing the sum of squares of
The phase shifts are best fitted as gey181 days and residual errors. To assess the degree of certainty for model
doysa = 49 days for the annual and the semi-annual varia-coefficients, we computed the approximate covariance ma-
tion, respectively. trix. The standard deviations of the individual model coef-
There is a geomagnetic control over the structure of theficients were estimated by taking square roots of the diago-
peak electron density and its height. Therefore, the pealnal elements of the covariance matrix. The solution coeffi-
height depends on the geomagnetic latitygie For simplic-  cients and their percentage standard deviations are given in
ity, we used a simple dipole representation of the Earth’sTable 1. The estimated standard deviations (STD) confirm
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Table 1.Optimal set of model coefficients and their percentage stan- 4

dard deviations. 8 X 10
- IRO+ionosonde data IRO data only
Coefficients . - - mean: —1.1
Optimal values STD % Optimal values 6 std: 10.2
c1 0.09246 0.7 0.10409 wn rms: 10.3
o 0.19113 0.2 0.18189 Q@
3 0.02297 1.2 0.01958 =
c4 0.05666 0.4 0.06091 S
o5 ~001687 13 ~0.02510 &5
e —0.01590 -1.4 —0.01255
c7 0.01194 1.9 0.01374 27
cg —0.01781 -0.9 —0.01216
c9 —0.00618 -25 —0.00668
€10 —0.14070 -0.5 —0.10836 ‘ ‘ ‘
c11 0.46728 0.2 0.45153 _%O -40 -20 0 20 40
c12 348.66432 0.1 334.01077 _ 0
c13 —184.15337 -0.2 —172.63000 100(0bS NPHM)/ObS [/0]

Fig. 2. Histogram of percentage residuals.

that the model coefficients have a large degree of certainty. Figure 3 displays sample plots for the local time variation
It should be noted that the coefficients are related to the in-of hmF2 during a summer and a winter day at high, mid
put data set and they may change if another or additionabnd low latitudes at Omeridian and F10.7 =80 flux units.
extended data set is used. The same is true for all the paranwe see that the model follows the data trend for most cases.
eters fixed at certain values in the previous section, i.e. theyn Fig. 4, the seasonal variations during daytime and night-
may change when other data sets are used. Additionally, téime are plotted at mid-latitudes for the same solar activity
examine the reliability of the IRO data for ionospheric pa- level. We see that during nighttime the model follows the data
rameters modelling, we computed the 13 model coefficientarend, whereas during daytime it overestimate$=2 com-
using only IRO data in the database. The computed modepared to the input data. Figure 5 gives sample plots for the
coefficients are also given in the Table 1. However, the pa-geomagnetic latitude dependency during daytime and night-
rameters fixed at certain values in the previous section ar¢éime. We see that during daytime the model can successfully
kept the same. It should be mentioned that all comparisongollow the input data. During nighttime, it tries to follow the
and validations of NPHM given in this paper are done usingdata trend although the data trend is not clear in the input
coefficients obtained for IRO +ionosonde data. The only ex-data.

ception is Fig. 9 where both sets (IRO +ionosonde and IRO

only) of coefficients are used to compare their relative perfor-

mance and verify the reliability of the IRO data in ionosphere5  Validation

modelling.

To assess the overall fitting quality, we computed modelFor validation purposes, we did comprehensive test compar-
residuals, i.e. the differences between the input data anisons with observational IRO data and ionosonde data from
model values. Then, we computed percentage residuals bgelected time periods, and also with=2 estimations from
(100x modelresidual/input) %. The histogram of percent- the NeQuick model. It should be noted that the data used
age residuals is plotted in Fig. 2. The mean deviation, stanfor validation purposes are already used as input data sets
dard deviation (STD) and root mean squared (RMS) esti-in the adjustment procedures. However, using a large input
mates of percentage residuals are calculated (see in Fig. 2) database (about 1 million input data sets) we derived only 13

We see that the histogram is normally distributed with a model coefficients; therefore, we assume that it may not be
small bias of about-1% and shows no obvious asymmet- unjustified to use some input data for validation purposes as
ric pattern. The RMS and standard deviation are found towell.
be equal with a value of about 10% each. Some example For comparisons to observational IRO data, we used
plots of model results and input data as a function of locala large database that includes five years (2002—-2006) of
time, day of year (doy) and geomagnetic latitude are givenCHAMP data and three years (2007-2009) of COSMIC data.
in Figs. 3-5. Comparing input data and model values, weThe IRO data include data from day and night at high,
see the model accuracy in describing different nonlinear bemedium and low latitudes. The data contain a mix of high and
haviours of the input data. low geomagnetic activity conditions. Since we are concerned

www.ann-geophys.net/30/797/2012/ Ann. Geophys., 30, 7809, 2012



M. M. Hoque and N. Jakowski: A new global model for the ionospheric F2 peak height

802
doy: 14, 71.25°N, 0 °E doy: 203, 51.25 °N, 0 °E
320 . 320 .
X X input x input
3000 —NPHM_ 304 —NPHM |
£ x £
= 280 = 280
o x x N
E 250"\\/ 'E 260
= x x X =
240 X% 240
x X *x
x X Xy X gx
x
200 5 1015 20 25 2% 5 10 15 20 25
Local Time /hour Local Time /hour
doy: 14, 21.25°N, 0 °E doy: 203, 1.25°N, 0 °E
400 . 400 x .
X input X input
—NPHM —NPHM
350§ » x 350
_E xX X Xx x ¥
—~ x xx X XXy yx
E 300 X %
e x
= ¥ xX x
250 "X % z *UX O xex

x" Xy%

% 5 10 15 20 25 % 5 10 15
Local Time /hour Local Time /hour

doy: 14,-21.25°N, 0 "E doy: 203, -51.25°N, 0 °E

20 25

340

400
% input N X input
—NPHM 320 —NPHM
350 x * %
E E 300 , X
== =~ % x_ x x
m E 28
E E 260
XX
240 XExx
2l x
2[)(]0 10 15 20 25 220 10 15 20 25
Local Time /hour Local Time /hour

Fig. 3. Local time variation during summer and winter days for day of year 203 and 14 at high, mid and low latitude$N; 5225 N,
21.25 N, 1.25 N, —21.25 N and—51.25 N at ®® meridian for F10.7 =80 flux units.

about the ionospheric F2 layer peak height, the observationszed in Table 2. The table shows that both the NPHM and
that exceed the limit 200 kra hmF2 < 550 km are excluded NeQuick residuals have negative biases for all years consid-
from comparisons. ThiemF2 is calculated by NPHM as well ered. Comparing NPHM and NeQuick models, we see that
as by NeQuick model at the same location and time windowthe biases are less for NPHM for all cases. The maximum
as the IRO data. The percentage residuals are then computdiases (absolute values) are found.8 % and—10.2 % for
by 100x (obs— model)/obs % for each year of data and their NPHM and NeQuick model, respectively, during 2009 and
histograms are shown in Fig. 6. the minimum biases are found0.5 % and—4.4 %, respec-
The corresponding RMS, mean and standard deviation ofively, during 2003. Similarly, the RMS and STD estimates
percentage residuals are given in Fig. 6, and also summaare found less for NPHM in comparisons with the NeQuick

Ann. Geophys., 30, 797809 2012 www.ann-geophys.net/30/797/2012/
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51.25°N, 0 °E, 13 LT 51.25°N,0°E, 1 LT

5 % input X |qput
260 —NPHM 349 X —NPI—EVI __
= =
= 250 x | <
N~ T~ |«
L x x L
€ 240 ¥y x x =
= % g X X ox oy =
230 % ¥ % w VB i
% *® % x x
220 e ) - , :
0 90 180 270 365 0 90 180 270 365
Day of Year Day of Year

Fig. 4. Seasonal variation at mid-latitudes 51°2§ —51.25 N at ¢° meridian for F10.7 =80 flux units.

doy: 14, LT: 13 doy: 203, LT: 1
450, - — . 340 : : — 1
% input " ;_lnput
400. x —NPHM| 550 NPHM |
x
£ & =
= 350 o x - < 300
o N
L [
£ 300 | E 280
= £
250/ - | 260
B T 0 45 oo 0 “us 0 45 90
Geomagnetic Latitude /deg Geomagnetic Latitude /deg

Fig. 5. Geomagnetic latitude variation during summer and winter days for day of year 203 and 14 at 13:00 LT and 01:00 LT for F10.7 =80
flux units.

model for all years. The maximum STDs are found 13% and Due to lack of observational data for the specified one-
16.2 % for NPHM and NeQuick models, respectively, during month period May 2002, we selected May 2001 for Rome
2002 and the minimum STDs are found 10.9% and 13.7 %,and May 2003 for Puerto Rico as the test periods. The station
respectively, during 2009. In general for both models, thename, location and test period are given in Table 3. Figures 7
RMS and STD of residuals are slightly higher during times of and 8 compare the NPHM and NeQuick model results with
high solar activity compared to those during low solar activ- the ionosonde measurements as a function of Universal Time
ity periods. Comparing the statistical estimates given in Ta-(UT) at the selected station locations. TheF2 values are
ble 2, we see that although the NPHM performs slightly bet-averaged at each UT hour for all days in May and December.
ter than the NeQuick model, their differences are not much. Figures 7 and 8 show the comparisons to the observational
For validation with ionosonde data, we chose two one-ionosonde data for the Northern and Southern Hemisphere
month periods from high and low solar activity in years 2002 stations, respectively.
and 2006, respectively. We chose the months May for 2002 Figure 7 shows that NPHM performs better than the
and December for 2006; they correspond to the NortherrNeQuick model at Tromsg, Juliusruh, Rome, Dyess and
Hemisphere summer and winter, respectively. Depending orfPuerto Rico during the selected high solar activity month
the data availability during the specified one-month period,May. Only at Eglin AFB NeQuick performs better than
we selected 15 reference ionosonde stations distributed oNPHM. During low solar activity period December 2006,
both sides of the equator at high, medium and low latitudesNPHM performs better at Dyess, Eglin AFB and Kwajalein,
covering the American, European and Australian longitudewhereas NeQuick performs better at Tromsg, Juliusruh and
sectors. Athens. Figure 8 shows that at Southern Hemisphere sta-
tions Hobart and Macquarie Island, NPHM performs better
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Table 2. Estimates of percentage residuals for NPHM and NeQuick model in comparison with IRO data.

Year Number of obs. used RMS (%) Mean (%) STD (%)
NPHM  NeQuick NPHM  NeQuick NPHM  NeQuick

2002 33897 13.1 17.8 -15 -7.5 13 16.2
2003 46389 13 15.8 -0.5 —-4.4 13 15.2
2004 41566 12.7 15.7 -2.1 -5.8 12.5 14.6
2005 39539 12.2 15.5 -15 -5.8 12.1 14.4
2006 42474 11.8 15.6 -2 —6.8 11.6 14.1
2007 633637 11.8 16.2 -3.2 -8.3 11.3 13.9
2008 491808 11.8 16.6 -3.3 -8.9 114 14
2009 500669 11.9 17.1 -4.8 -10.2 10.9 13.7

than the NeQuick during May 2002. The NeQuick performs model shows comparatively better performance. Figure 9
better at Vanimo, Townsville and Port Stanley. During De- also confirms these findings.

cember 2006, at Hobart and Mawson NPHM performs bet-
ter, whereas at Vanimo, Jicamarca and Townswille NeQuickcoefficients (see Table 1) depending on the used database:

Ann. Geophys., 30, 797809 2012

As already mentioned, we determined two sets of model

www.ann-geophys.net/30/797/2012/



M. M. Hoque and N. Jakowski: A new global model for the ionospheric F2 peak height 805

2002, May, Tromsg 2008, Dec, Tromse 2002, May, Juliusruh
400, | 350, 450
-.x ionoson = jonoson
E  >nPHM S B LoNPHRL -
350~ NeQuiek-.._ o 300.--*NeQuick N Tt
[ - [y xS . L
E . E R
g)socr S ‘ i g,250
< o =
25 6 12 18 24 2000 6 12 18 24 25 6 12 18 24
UT /Hour UT /Hour UT /Hour
20086, Dec, Juliusruh 2001, May, Rome 2006, Dec, Athens
350
£ £
o~ o~
L L
E E
o (=2}
Z %
200 & 12 18 24 % 5 4 13 24 % & 12 18 24
UT /Hour UT /Hour UT /Hour
2002, May, Dyess 20086, Dec, Dyess 2002, May, EglinAFB
400 450 m
E | e £
f‘; 350 § =
L .. o
[T L
E =
';300.-. =
z 2
o xxn =
250,
o 6 12 18 24 % g 4o 43 24 PHh s 12 18 4
UT /Hour UT /Hour UT /Hour
2006, Dec, EglinAFB 2003, May, PuertoRico 2006, Dec, Kwajalein
350 350 % 400
£ . . £ 7
2z, A, T = 3502
ﬁ 300;" K . ” E 300-
E | E 3000 o
2 25
2 %0 e e, > 0 250 .
<< * wEx <<
20 B8 24 2% 18 24 © 18 24

6 12 6 12 6 12

UT /Hour UT /Hour UT /Hour
Fig. 7. Monthly mean of NPHM and NeQuick as a function of UT in comparison with ionosonde observation at Northern Hemisphere
stations.

IRO +ionosonde or IRO only. For both sets of model co- worst performances at Vanimo and Jicamarca, respectively,
efficients, the RMS estimates of hourly model residualsduring December 2006.
(obs— model) are computed at each verification station for Our comparisons show that the NPHM and NeQuick re-
the selected two one-month periods and their bar charts arsults are comparable, although in terms of number of coeffi-
shown in Fig. 9. Comparing the bar plots of IRO +ionosondecients, the NPHM model is much simpler than the NeQuick
and IRO only, we see no significant difference in the modelmodel. To computémF2 the NeQuick model uses the ITU
performance; that means the IRO data alone can be used feecommended CCIR (1967) model foF2 and M(3000)F2,
ionosphere parameters modelling. whose coefficients are derived from worldwide ionosonde
Comparing bar plots in Fig. 9, we see that although NPHM observations. The CCIR model uses two sets of 24 files, each
performs comparatively better than NeQuick model in thefile in one set containing 998 coefficients and in the other set
Northern Hemisphere, their differences are not much, except41 coefficients fofoF2 and M(3000)F2 mapping, respec-
at Tromsg and Eglin AFB during May 2002. In the Southern tively. The proposed NPHM needs only 13 coefficients and a
Hemisphere, NeQuick model performs comparatively betterfew empirically fixed parameters for globafn=2 mapping.
for both periods. The NPHM and NeQuick model show their
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Fig. 8. Monthly mean of NPHM and NeQuick as a function of UT in comparison with ionosonde observation at Southern Hemisphere
stations.

The solar radio flux index F10.7 is the main driving func- show that the performance of the new model is very simi-
tion of the proposed NPHM. However, the NPHM is clima- lar to that of the NeQuick model. The NeQuick as well as
tological, i.e. it maps the long- time average behaviour ofthe IRl use the CCIR M(3000)F2 maps famF2 estima-
the peak density height. The small-scale features of the peations at any place and time. The IRl uses modified Bilitza
density height are smoothed out in the averaging and fittinget al. (1979) equations for M(3000)F2 conversiorhto-2
procedures. It should be mentioned that an empirical modelvhereas the NeQuick model uses the algorithm given by
based on climatology cannot predict the actual variability andRadicella and Zhang (1995) based on the Dudeney (1978,
dynamics of the ionosphere. However, in operational iono-1983) formula. In the present paper we did not compare our
spheric parameters reconstruction using real-time observamodel with the IRI. However, since both the NeQuick and
tions, the use of any empirical model as a background modelRI use CCIR maps fohmF2 estimations, it is expected that
is very helpful (see use of the background model for TEC comparisons with the IRl will be quite similar with those
reconstruction, Jakowski et al., 2011b). with the NeQuick model.

Our comprehensive validation studies using CHAMP and For global distribution ohmF2, our new model uses only
COSMIC IRO observations and ionosonde measurement43 polynomial coefficients. Thus the number of coefficients
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Fig. 9. Comparisons between NPHM (IRO+ionosonde and IRO solutions) and NeQuick model for RMS estimates of their differences from

observational data.

Table 3. Geographic coordinates of the verification stations.

\erification stations

Geographic latitudéd  Geographic longitudé/E

Validation period

May 2002 Dec 2006

Tromsg 69.7 19 J Vv
Juliusruh 54.5 13.4 i i
Rome 41.8 12.5 May 2001 -
Athens 38.0 235 - Vv
Dyess AFB 324 —99.7 i J
Eglin AFB 30.4 —86.7 J W
Puerto Rico 18.5 —67.2 May 2003 -
Kwajalein 9.0 167.2 - v
Vanimo 2.7 141.3 Vv Vv
Jicamarca -121 -77 V4 v
Townsville —19.63 146.85 i J
Hobart —42.92 147.32 Vv J
Port Stanley -51.7 -57.8 v Vv
Macquarie Island —54.5 159.0 i -
Mawson —67.6 62.88 - Vv

used by the new model is at least 2 orders of magnitude les6 Conclusions
than those used by the CCIR map. Therefore, the great ben-

efit of the new model is the ease of implementation and useWWe presented a global peak density height model NPHM,
Due to limited number of coefficients, both the computation consisting of a set of nonlinear equations that explicitly de-
time and power will be significantly reduced in real-time scribe the functional dependenciestofF2 on local time,
ionosphere monitoring or modelling using the new model.Season, geographic/geomagnetic latitudes, and solar cycle
The new model can also be used as an alternative of the CCIRariations. The NPHM approach contains 13 unknown poly-
map within any 3-D ionosphere model. nomial coefficients in addition to a few empirically fixed
known parameters. The polynomial coefficients are derived
by applying the model approach to a vast quantity of global
hmF2 data derived from radio occultation and ionosonde
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measurements. Comparisons between NPHM and electro@oisson, P., Radicella, S. M., Leitinger, R., and Nava, B.: Topside
density NeQuick models for RMS estimates of their differ-  electron density in IRl and NeQuick: Features and limitations,
ences from observational data show that during high solar Adv. Space Res., 37, 937-942,2006.

activity period the RMS deviations are about 13 % and 18 opDudeney, J. R.: An improved model of the variation of electron con-
for NPHM and NeQuick models, respectively. During low centration with height in the ionosphere, J. Atmos. Terr. Phys.,
solar activity periods, the corresponding RMS estimates are, 40, 195—203'_ 1978. . -
12% and 16 %, respectively. The performance of the new udeney, J. R.: The accuracy of simple methods for determining

. . . the height of the maximum electron concentration of the F2-layer
model may be further improved in the future by extending from scaled ionospheric characteristics, J. Atmos. Terr. Phys., 45,

the model database by integrating available topside sounder 629-640d0i:10.1016/S0021-9169(83)800801483.

data and utilizing IRO data from upcoming satellite missions. Fox, M. W. and McNamara, L. F.: Improved world-wide maps of
monthly median ofoF2, J. Atmos. Terr. Phys., 50, 1077-1086,
1988.
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