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Abstract The ionospheric peak electron density height (hm) is one of the most important ionospheric
parameters characterizing high-frequency radio wave propagation conditions. In this paper, a global hm model
based on the empirical orthogonal function (EOF) analysis method is constructed by using Global Navigation
Satellite Systems ionospheric radio occultation measurements from COSMIC and CHAMP as well as global
ionosonde data during the years 2002–2011. The variability of hm can be well represented by the several EOF
base functions Ek and the corresponding coefficients Pk. The rapid convergence of EOF decomposition makes it
possible to use only the first four EOFs components, which express 99.133% of total variance in this study, to
construct the empirical model. The variations of hmwith respect to the magnetic latitude, local time, season, and
solar cycle have been studied, and the EOF-based hm model has been validated through comparisons with
the International Reference Ionosphere (IRI) model and other observation. The evaluations indicate that the EOF
and IRI model give better hmF2 at middle and high latitudes than those at low latitudes. Since the limited data
were used in the EOF model during high solar activity years, its accuracy degrades to some extent. During
nighttime of spring, summer, and winter in the auroral zone, the hm derived from the EOFmodel may range from
90 to 150 km because of the reduction of hm, which is due to particle precipitation, whereas the IRI model
does not include this reduction. During the periods of low solar activity, the F2 peak heights (hmF2) from the
EOFmodel are in good agreement with the observed data, while the IRI model tends to overestimate the hmF2 in
the middle and high latitudes.

1. Introduction

The ionosphere is a weakly ionized atmospheric layer lying between about 60 km and 1000 km. It is composed
of several regions, namely D (60–90 km), E (90–140 km), F1 (140–210 km), and F2 (210–1000 km)
[Davies, 1990]. The dense electrons around the peak electron density height cause the most prominent
impact on transionospheric radio wave propagation. Therefore, the peak electron density height (hm)
is a key parameter for characterizing the ionosphere.

Ionospheric variability is controlled by a number of factors, which can be generally divided as background
thermosphere variation, solar radiation, geomagnetic activity, and meteorological influences [Forbes et al.,
2000; Rishbeth andMendillo, 2001]. The variation of solar radiation with the solar zenith angle causes temporal
and spatial variations of hm. Depending on the solar activity, the peak electron density height may range from
350 to 500 km at equatorial and from 250 to 350 km at midlatitudes [Hoque and Jakowski, 2012].
Nevertheless, because particle precipitation of magnetospheric origin causes additional ionization in the
auroral zone at E layer heights, the hm may range from 90 to 150 km during nighttime at auroral zone
[Mayer and Jakowski, 2009; Tsai et al., 2010; Yue et al., 2013b].

Modeling has been a powerful technique in ionospheric research. An ionospheric model can be either a
theoreticalmodel which is derived from various laws of physics based on the numerical solution of the equations
or an empirical model which is mainly built on statistical analysis of extended data sets utilizing appropriate
theory-based functions to manifest the intrinsic variations in the ionospheric parameters [Bilitza, 2002; Zhang
et al., 2009; A et al., 2012]. Many empirical models are available now, such as the International Reference
Ionosphere (IRI) [Bilitza, 1990, 2001] and NeQuick model [Radicella and Leitinger, 2001; Leitinger et al., 2005].
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IRI is one of the most widely used models, which is driven by geographic location, solar radio flux F10.7, and
geomagnetic activity level. Due to the lack of direct observation of F2 layer peak height, IRI estimates hmF2 based

on its strong anticorrelations with the ionospheric propagation factorM 3000ð ÞF2 hmF2 ¼ 1490
M 3000ð ÞF2þΔM � 176

� �
.

The M(3000)F2 parameter can be deduced from vertical incidence ionograms, and the correction term
ΔM can be found in Bilitza et al. [1979]. In order to avoid confusion between the hm and hmF2, it is
necessary to clarify their difference. In this paper, the dominant source of data set is from ionospheric
radio occultation (IRO) measurements. The ionospheric peak electron density retrieved from IRO
measurements appears not only in the F2 layer but also in E layer in the auroral zone sometimes.
Therefore, we defined the height of ionospheric peak electron density as hm. In addition, as is well
known, the hmF2 is always defined as the height of the peak density in the ionospheric F2 layer.

Another empirical model based on neural network (NN) technique is studied by Altinay et al. [1997],
Wintoft and Cander [1999], Kumluca et al. [1999], McKinnell and Poole [2001], Oyeyemi and Poole [2004],
and Oyeyemi et al. [2005]. Xenos [2002] used the NN technique for single-station modeling and
regional mapping of M(3000)F2 in the European region. Recently, Hoque and Jakowski [2012] presented
a new empirical hmF2 model utilizing Global Navigation Satellite Systems (GNSS) ionospheric radio
occultation and ionosonde data. Their hmF2 model applied a nonlinear approach based on 13
coefficients and a few empirically fixed constants and performed very similar to the NeQuick model.
Furthermore, the hmF2 modeling based on empirical orthogonal function (EOF) analysis of global
ionosonde and IRO data set was presented by Zhang et al. [2009, 2014]. The main difference between
Zhang et al. [2009, 2014] and our study is that the model we constructed is a hm model rather
than hmF2 model.

In this paper, we present a global hmmodel that is constructed based on the IROmeasurements from COSMIC
and CHAMP as well as global ionosonde data during the years 2002–2011, utilizing EOF decomposition
and regression analysis to fit the associated EOF coefficients. The structure of paper is as follows. We
present the two types of data sources in section 2. The implementation of the EOF analysis to hm data is
discussed in section 3, and the model validation is shown in section 4. We then give the summary and
conclusion in section 5.

2. Data Sources

In the present work, the dominant hm data are derived from the IRO measurements. We used the globally
distributed hm data from the CHAMP retrievals (about 0.3 million) and COSMIC retrievals (about 3.1 million)
to construct the global hm model, their periods are from March 2002 to August 2008 and April 2006 to
December 2011, respectively, and the hm data from GRACE retrievals (about 0.1 million) from February 2007
to October 2011 are used to validate the global hm model. All the IRO data are processed by the University
Corporation for Atmospheric Research COSMIC Data Analysis and Archive Center and the hm data derived
from IRO measurements are available at http://www.cosmic.ucar.edu/. All the COSMIC hm from April 2006
to December 2011 are given in Figure 1, which shows mainly the diurnal variation of hm in magnetic and
local time coordinates.

In comparison with the ground-based ionosphere observations, the main advantages of the GNSS IRO
technique include global coverage, high vertical resolution, and all weather capability. To retrieve the
electron density profile (EDP) from the integrated slant total electron content (TEC), many methods have
been applied by the community [Herńandez-Pajares et al., 2000; Schreiner et al., 1999; Lin et al., 2012, 2013].
Abel inversion is the most widely used technique. Generally, the NmF2 and hmF2 retrieved from IRO
measurements are in good agreement with the incoherent scatter radars and ionosonde observations
[Jakowski et al., 2004; Lei et al., 2007; Hoque and Jakowski, 2012]. This inversion method is implemented
under several assumptions and approximations, mainly including straight line signal propagation,
circular Low Earth Orbit (LEO) satellites orbits, first-order of electron density at the top of EDP, and
spherical symmetry assumption. Among these assumptions and approximations, the assumption
of spherical symmetry in Abel inversion is the most significant source of errors in the retrieval of
EDP [Lei et al., 2007; Yue et al., 2010, 2011, 2013b].
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In order to further demonstrate the accuracy of hmF2 retrieved from Abel inversion technique, we performed
simulation study based on the orbit information of COSMIC IROs during the time period from day 70 to 100
of the year 2008 (2008.70–100). The simulated TEC along the LEO-GPS ray through the ionosphere given
by IRI model are used to retrieve electron density profiles via Abel inversion, and comparisons between the
retrieved profile and those obtained directly from IRI model indicate the inversion bias caused by Abel
inversion. The detailed description of the simulation technique can be found in Yue et al. [2010, 2011].
The corresponding statistical parameters including correlation coefficient (R), root-mean-square error (RMSE),
and relative deviation (RD) are given in Figure 2, as well as the RD distribution with respect to the local time
and magnetic latitude. The definitions of RD and RMSE are given below.

RD ¼ hmF2inv � hmF2IRI
hmF2IRI

� 100% (1)

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Np

XNp

i¼1

hmF2inv � hmF2IRIð Þ2
vuut (2)

where Np is the total number of retrieved profiles.

It can be seen that the R, RD, and RMSE are 0.96, 0.6% and 6.9 km, respectively, which shows excellent
retrieval accuracy in terms of hmF2. However, in low latitude and equatorial region, the retrieved hmF2 has a
larger systematic error because the assumption of spherical symmetry is often invalid there.

Figure 1. Distribution of COSMIC peak heights from April 2006 to December 2011 in magnetic latitude and LT coordinates.

Figure 2. The distribution of RD (%) during the day of year 70–100, 2008 in magnetic and LT coordinates, and the corre-
sponding RMSE and correlation coefficients are also given.
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The ionosonde data from January 2002 to December 2011 from the National Geophysical Data Center
(NGDC) are also used in the present study; the detailed descriptions of the estimation of hmF2 can be found in
M.-L. Zhang et al. [2010] and Y. Zhang et al. [2010]. Figure 3 shows the global distribution of the 107 stations
used for the present hm global model construction.

We use the monthly median data to construct the EOF model, so the magnetic activity effects can be ignored
in the model. Figure 4 illustrates the distributions of IRO and ionosonde hm data as function of solar flux index
F10.7, day number of year, local time, andmagnetic latitude. The amount of data is relatively small during high
solar activity years, because hm data retrieved from COSMIC mainly cover low solar activity years.

Figure 4. Data distributions as F10.7, day of year, magnetic latitude, and local time.

Figure 3. Global distribution of the NGDC ionosonde stations for the modeling study. The red line indicates the geomag-
netic equator with respect to geomagnetic (dipole) coordinates, the green lines indicate ± 30° magnetic latitude, and the
black lines indicate ± 60° geomagnetic latitude.
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3. Modeling Technique
3.1. Brief Introduction of EOF Analysis Method

The EOF analysis method, also known as principal
component analysis, which was originally invented
by Pearson [1901], has been widely used in data
analysis. In essence, the EOF method seeks to
reduce the dimension of a data set by finding a few
orthogonal linear combinations of the original
variables with the largest variance and to preserve
the major variation of the original variables [Jolliffe,
2002]. In EOF decomposition, the orthogonal base

functions are not designed artificially in advance but are calculated according to the original data set itself.
For the further descriptions of EOF analysis method, readers may refer to Storch and Zwiers [1999], Xu and
Kamide [2004], and Zhang et al. [2009]. In the ionospheric community, Dvinskikh [1988] first introduced
EOF analysis into the empirical modeling of the ionospheric parameters. It has been confirmed by many
researchers that EOF analysis is a powerful method on the construction of ionospheric and thermospheric
empirical models [e.g., Marsh et al., 2004; Zhao et al., 2005; Liu et al., 2008; Mao et al., 2008; M.-L. Zhang et al.,
2010; Y. Zhang et al., 2010; Matsuo and Forbes, 2010; A et al., 2012].

3.2. Data Processing and Model Construction

Before utilizing the EOF to decompose the data set, hm are binned with respect to the magnetic latitude,
local time, and universal time (5° × 1 h× 2 h in the magnetic latitude range of 85°S–85°N and local/universal
time range of 0–24 h) for each month, and for each grid the monthly median is calculated. If there are no
available data for a grid, the Kriging interpolation method is applied to fill in the gap [Zhang et al., 2014].
Based on the gridded data, the hm data are decomposed as follows:

hm LT;Mlat;UT;mð Þ ¼
XN
k¼1

Ek LT;Mlatð Þ � Pk UT;mð Þ (3)

Here Ek(LT, Mlat) are the EOF orthogonal base functions that change with local time and magnetic latitude,
which can describe the diurnal variation and latitudinal dependence of the original hm data. EOF associated
coefficients Pk(UT,m) represent the variation of hm versus the universal time (UT) and month (m), which can
indicate the longitude and solar cycle dependency of the hm data. N presents the number of EOF base
functions and its associated coefficients. Table 1 shows the variances contributed by the first six EOF series. As
shown in Table 1, the first four EOF series take up 98.632%, 0.361%, 0.074%, and 0.067% of the total variance,
respectively. Therefore, only the first four EOF functions and its associated coefficients (N=4 in equation (1))
are used to characterize the hm variation. It fully demonstrates the unique advantage of the EOF analysis,
which captures most of the variability with only a few EOF series.

Figure 5 shows the contour plots of the first four EOF base functions Ek in the magnetic latitude and local time
coordinates. It can be seen apparently that the EOF first-order base function E1 shows mainly a diurnal
variation, which closely resembles the distribution of COSMIC peak heights shown in Figure 1. It is worth
mentioned that the first-order base function E1 contains a strong global average, which dominates the overall
hm variation since the first-order EOF series takes up to 98.632% of the total variance. As indicated in
Figure 5a, the influence of the equatorial ionization anomaly on hm is that it produces a higher hm in the lower
latitudes in daytime (approximately 11–16 LT). The nighttime enhancement of hm in the midlatitudes
(Mlat 20°S–60°S and 20°N–60°N) is the second typical phenomenon. According to Luan et al. [2008], long-
lasting higher hm values occur around midnight (22–02 LT) in the midlatitudes, which seem to be caused by
the equatorward neutral wind. The third remarkable feature is the enhancement of hm near equator during
post sunset hours. This feature is mainly driven by the evening prereversal enhancement of the E× B drift,
which is caused by the enhanced zonal electric field near themagnetic equator [Fejer et al., 1995]. The second
base function E2 mainly manifests the north-south asymmetry, which is closely related to the seasonal
change of the solar zenith angle. This can also be confirmed by the annual variation pattern in the EOF E2
associated coefficient P2 as shown in Figure 6. In Figure 5c, the third base function E3 mainly displays the

Table 1. Summary of the Variances Through Decomposition
for the First Six Empirical Orthogonal Function Series

EOF
Series

Variances
(%)

Cumulative
Variances (%)

E1 × P1 98.632 98.632
E2 × P2 0.361 98.993
E3 × P3 0.074 99.067
E4 × P4 0.067 99.133
E5 × P5 0.051 99.185
E6 × P6 0.034 99.298
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reduced values at the four corners, which is caused by the enhanced E layer ionization in the auroral zone.
Because particle precipitation of magnetosphere origin causes additional ionization in the auroral zone at
E layer heights especially during winter midnight time, the E layer ionization may overwhelm the F2 layer
ionization level (i.e., NmE>NmF2) [Mayer and Jakowski, 2009]. Therefore, the hm indicates the E layer peak
height over here.

Figure 5. (a–d) The distribution of the first four orders of EOF base functions obtained from EOF decomposition of hm data
in the magnetic latitude and local time coordinates.

Figure 6. (a–d) The distribution of the EOF associated coefficients corresponding to the first four orders of EOF base functions.
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Figure 6 displays the distribution of the coefficients Pk corresponding to the first four orders of the
EOF base functions. As shown in Figure 6a, the associated coefficient P1 presents a variation
pattern with a very strong dependence on the solar activity embedded with seasonal variation. It
is demonstrated from Figures 6b–6d that the associated coefficients (P2–P4) present obviously annual
and semiannual variations of the ionosphere.

The second EOF is performed to further decompose Pk(UT,m) into linear combination of a series of
orthogonal base functions Fkn(UT) varying with UT as the following:

Pk UT;mð Þ ¼
XM
n¼1

Fkn UTð Þ � Akn mð Þ (4)

Here Akn(m) are the corresponding associated coefficients representing the long-term variations.
Figure 7 shows the distribution of the first four orders of the base functions Fkn(UT) and the associated
coefficients Akn(m) obtained from the second EOF decomposition. As indicated in Figure 7, the base
functions (left) mainly display longitude variations and the coefficients (right) represent the solar cycle,
annual, and semiannual variation patterns.

In order to model the variations of hm, Akn(m) are firstly fitted by the following function:

Akn mð Þ ¼ Bkn1 mð Þ þ Bkn2 mð Þ þ Bkn3 mð Þ
Bkn1 ¼ ckn1 þ dkn1F10:7 mð Þ
Bkn2 ¼ ckn2 þ dkn2F10:7 mð Þð Þ cos2πm

12
þ skn2 þ tkn2F10:7 mð Þð Þ sin2πm

12

Bkn3 ¼ ckn3 þ dkn3F10:7 mð Þð Þ cos2πm
6

þ skn3 þ tkn3F10:7 mð Þð Þ sin2πm
6

(5)

Here F10.7(m) represents monthly median F10.7 and ckn1, ckn2, ckn3, dkn1, dkn2, dkn3, skn2, skn3, tkn2, and tkn3
are the fitting parameters, which are estimated by the least squares method. Bkn1, Bkn2, and Bkn3
correspond to the solar cycle, annual, and semiannual variation components in the associated
coefficient Akn, respectively. So the coefficient Akn can be modeled by utilizing the estimated
coefficients and input F10.7(m). Then the EOF coefficient Pk can be determined using equation (4) from
the base functions Fkn and the associated coefficient Akn. Finally, hm can be obtained with the
coefficient Pk and the base function Ek through equation (3).

Figure 7. Distribution of the (left) base functions and the (right) corresponding associated coefficients obtained from the second EOF decomposition.
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4. Model Validation

In order to validate the global hmmodel constructed by the EOF technique, we have performed comprehensive
comparisons between the hm from the EOF and IRI prediction and those from GRACE IRO data and
ionosonde measurements.

First, in order to validate the performance of the two models in the auroral zone, we show the hm distribution
with respect to the local time and magnetic latitude (50°N–85°N) for all seasons in Figure 8. The hm in the
left column is obtained from the EOF model and the right column is derived from the IRI model. From the top
to the bottom are for March, June, September, and December, respectively. Due to particle precipitation,
the E layer ionization may dominate over the F2 layer ionization level at auroral zone during nighttime
[M.-L. Zhang et al., 2010; Y. Zhang et al., 2010]. Therefore, hmmay range from 90 to 150 km [Mayer and Jakowski,
2009; Tsai et al., 2010]. As indicated from Figure 8, the hm obtained from EOF model ranges from 90 to 150 km
during nighttime in the auroral zones for all seasons except summer time (June). However, the hm derived
from the IRI model ranges from 250 to 330 km in the auroral zones during March, September, and
December. In order to clearly indicate the difference of two models in the auroral zone, Figure 9 shows
the comparisons between the hm obtained from the two models and those derived from GRACE IRO
data at magnetic latitude 65°N for all seasons. It can be seen apparently that the hm obtained from the
EOF model and GRACE IRO data are generally consistent and the difference of hm between IRI model
and GRACE IRO data is significant during nighttime in March, September, and December. Therefore,
we can draw the conclusion that the EOF model can describe the variation of hm related to the particle
precipitation during nighttime at the auroral zone in spring, summer, and winter, whereas the IRI model
can not well represent this effect [Bilitza, 2001; Bilitza and Reinisch, 2008].

Second, in order to objectively compare the hmF2 from the twomodels, we exclude the hm data less than 200 km
from the observed data (i.e., GRACE IRO and ionosonde data). Figure 10 shows the comparisons between
GRACE IRO hmF2 and those respectively obtained from EOF and IRI model during the low solar activity year

Figure 8. The comparisons of scatterplots between models and GRACE hmF2 in the low solar activity year.
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(2008). Figures 11 and 12 are similar to Figure 10 and show the statistical results compared with ionosonde
hmF2 respectively during the low and high solar activity years. We calculated statistical parameters such as RD,
RMSE, and the correlation coefficients (R) between the observed and modeled hmF2 (i.e., hmF2obs and
hmF2mod) in order to identify the accuracy of the EOF model. Here the hmF2inv and hmF2IRI in equations (1)
and (2) are replaced with hmF2mod and hmF2obs respectively, and Np is the total number of the data used
for the comparisons.

As shown in Figure 10, the hmF2 derived from EOF model are in agreement with the GRACE hmF2 (bottom),
and the EOF model obviously performs better than the IRI model. For the low solar activity year (Figure 11),
the hmF2 from EOF model performs well and is slightly better than those from IRI model; while for the high

Figure 10. Distribution of hm from the EOF and IRI model with respect to the local time (0–24) and magnetic latitude
(50°N–85°N) for all seasons.

Figure 9. Comparison between the hm obtained from the EOF (blue curve) and IRI (black star) model and those derived
from GRACE IRO data (red curve) at magnetic latitude 65°N in all seasons.
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solar activity year (Figure 12), the EOF model accuracy degrades to some extent because the IRO database
used for high solar activity periods is much less than the data used for low solar activity times. It is worth
noting that the RD calculated for IRI and EOF model is 9.29 and �0.73 respectively in Figure 10 and 6.14%
and �1.36% respectively in Figure 11; the difference of the two RDs is more obvious than the other two
statistical parameters (R and RMSE). In addition, we present the monthly comparison between the hmF2
obtained from the two models and those observed from individual ionosonde station at high, middle, and

Figure 12. The comparisons of scatterplots between models and ionosonde hmF2 during the high solar activity year.

Figure 11. The comparisons of scatterplots between models and ionosonde hmF2 in the low solar activity year.
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Figure 13. Sample plots of model values and ionosonde hmF2 for the (left) low solar activity year 2008 and the (right) high solar activity year 2002. From top to
bottom in the left panel, the ionosonde stations are GA762(64.2°N, �145.0°E), MHJ45(42.6°N, �71.5°E), and KJ609 (9.0°N, 167.2°E), respectively; in the right panel,
the ionosonde stations are GSJ53 (53.3°N, �60.4°E), AT138(38.0°N, 23.5°E), and JI91J(�12.1°N, 77.0°E), respectively.
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low geographical latitudes during the low solar activity year 2008 (left) and the high solar activity year 2002
(right) in Figure 13. It is illustrated that in the high and middle latitudes during the year 2008 (left top and
middle), the hmF2 from IRI model become larger than those from EOF model and ionosonde observations
from September to December. This is consistent with the high RD values (6.16% and 7.98%) of IRI model from
the ionosonde observations for high and middle latitudes during periods of low solar activity as listed in
Table 2. Previous studies [Heelis et al., 2009; Yue et al., 2013a] have pointed out that in the latter half of
2008 the radio emission from the Sun was at the lowest levels ever seen in the last 50 years and the
persistence of these low levels has never been recorded before, so the solar activity is extremely low during
this year. IRI model clearly overestimates the ionospheric NmF2, as well as hmF2 for this extremely low
solar activity year. Furthermore, the hmF2 in middle and high latitudes from both models have statistically
better agreement with ionosondes measurements than those in low latitudes, as given in Table 2.

For further investigation, we compared the hmF2 obtained from IRI and EOF models and those from GRACE
IRO measurements during 2007–2011, and the distributions of RD in magnetic latitude and local time
coordinates are given in Figures 14 and 15, respectively. As shown in Figure 14, the hmF2 values obtained
from IRI model are overestimated compared to the observed GRACE IRO in middle and high latitudes,
especially at high latitude (60°S–85°S and 60°N–85°N) nighttime. For the low latitude, the hmF2 values from
the IRI model are generally underestimated except for the sunrise period and noontime over the equatorial
regions. It is necessary to mention that the GRACE hmF2, which is similar to other IRO result retrieved from
the Abel inversion, tend to be overestimated in daytime in the off-equatorial low latitudes and to be
underestimated at noontime equatorial regions (Figure 2). Thismight explain the disagreement of hmF2 between
IRI model and GRACE IRO observations in the low latitude. The hmF2 from EOF model are in generally consistent
with GRACE IRO, with smaller RD than IRI model (Figure 15). The negative RD over four corners is related to
the fact that the hm less than 200 km obtained from GRACE IRO data have been excluded for comparison.

Table 2. Statistical Estimates (R, RD, and RMSE) Between the Modeled Values and Ionosonde Observations Based on Low, Middle, and High Latitudes During the
Periods of Low and High Solar Activity

Solar Activity Statistical Estimates

High Latitudes Middle Latitudes Low Latitudes
(±60°–85°Mlat) (±30°–60°Mlat) (±30°Mlat)

EOF IRI EOF IRI EOF IRI

Periods of high solar activity RD (%) �2.8 �3.6 1.03 0.75 �4.7 �3.6
R 0.85 0.87 0.88 0.87 0.76 0.68

RMSE (km) 19.13 18.25 15.05 15.21 32.70 34.90
Periods of low solar activity RD (%) �1.06 6.16 �0.86 7.98 �3.26 �2.76

R 0.92 0.88 0.93 0.89 0.64 0.71
RMSE (km) 16.09 18.84 13.58 15.65 30.59 28.71

Figure 14. Distribution of RD (%) derived from IRI model in magnetic and LT coordinates, during 2007–2011.
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5. Conclusions

In the present study, we construct a global model of the ionospheric peak height based on the EOF
decomposition by using the GNSS IRO data from COSMIC and CHAMP as well as global ionosonde data
during the years 2002–2011. Our preliminary findings and conclusions are the following:

1. Themodel can capture themain hm features with only a few EOF series, and the EOF series rapidly converges.
2. The first-order EOF base function E1 represents a diurnal variation with a strong global average

component, dominating most of the hm variation. The second-order base function E2 manifests the
north-south asymmetry, and the E3 mainly displays the reduction of hm in auroral zones during night.
The solar cycle and seasonal dependency (annual and semiannual variations) are manifested in the
corresponding coefficients.

3. The accuracy and quality of the model have been validated through comparisons with IRI model, GRACE,
and ionosonde observations. During nighttime in the auroral zone of spring, summer, and winter, the
EOF model can capture the reduction of hm due to the particle precipitation; however, the IRI model does
not respond to this reduction. During the periods of low solar activity, the hmF2 obtained from the
constructedmodel based on the EOF analysis agree better with the observed data than those obtained from
IRI model. Furthermore, it is found that the hmF2 values derived from IRI model are overestimated in the
middle and high latitudes during the low solar activity year. However, during the periods of high solar activity,
the EOF model accuracy degrades to some extent because the hmF2 data used for high solar activity
periods are much less than the data used for low solar activity times. During the years 2002–2011, whichever
model is used, the hmF2 values in middle and high latitudes are statistically better than those in low latitudes.
In this study, we used the monthly median data to construct the global hm model due to limited IRO
data. With data extensions in the future, it is promising to construct daily hm model based on EOF analysis
method to capture the small-scale variations in ionosphere.
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