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Abstract. Although the electron density profiles (EDPs) 1 Introduction

from Constellation Observing System for Meteorology,

lonosphere, and Climate (COSMIC) measurement have beeftince the radio occultation (RO) technique using the GPS
validated by ionosonde data at a number of locations dursignals was first employed by the Global Positioning System
ing the solar minimum period, the performance of COSMIC Meteorology (GPS/MET) experiment aboard the Microlab-
measurements at different latitudes has not been well evalul satellite in 1995, the low-earth-orbit-based GPS RO tech-
ated, particularly during the solar maximum period. In this Nique has proven successful in exploring the earth’s lower at-
paper the COSMIC ionospheric peak parameters (peak elednosphere and ionosphere. The RO data provide vertical pro-
tron density of the F region NmF2; peak height of the F re- files of neutral density, temperature, pressure and water vapor
gion —hmF2) are validated by the ionosonde data from anin the stratosphere and troposphere and electron density in
observation chain in China during the solar maximum periodthe ionosphere (Hajj and Romans, 1998; Rocken et al., 2000;
of 2011-2013. The validations show that the COSMIC mea-Schreiner et al., 1999), and they have been widely used in
surement generally agrees well with the ionosonde observaatmosphere and ionosphere research, as well as weather and
tion. The error ilNMF2 from COSMIC and ionosonde mea- Space weather forecasting (Krankowski et al., 2011; Wickert
surements varies with latitude. At midlatitude stations, theet al., 2009).

differences between COSMIBMF2s and those of ionoson- A constellation of six microsatellites, termed the
des are very slight. However, COSMNITF2 overestimates FORMOSAT-3/COSMIC (Formasa Satellite 3 — Constella-
(underestimates) that of the ionosonde at the north (southjon Observing System for Meteorology, lonosphere, and
of the equatorial ionization anomaly (EIA) crest. The rela- Climate) was launched into a low earth orbit at around
tive errors ofhmE2s are much lower than thosedfE2s at 800 km in 2006. Each microsatellite carries a GPS occul-
all stations, which indicates the EDP retrieval algorithm of tation experiment payload to operate the RO measurement.
the COSMIC measurement has a better performance in déDWlng to the multi-satellite configuration, the COSMIC con-
termining the ionospheric peak height. The root mean squarétellation can provide much more vertical electron density
errors (RMSEs) oNnmF2s inF2s) are higher (lower) during  Profiles (EDPs) than previous missions. The availability of
the daytime than during the nighttime at all stations. Correla-COSMIC EDP data significantly enlarges the database for a
tion analysis shows that the correlations for bithF2s and  variety of ionospheric research on a global scale, such as re-
hmF2s are comparably good (correlation coefficient8.9) search into the variation of ionospheric peak parameters and
at midlatitude stations, while correlationsMfrF2 (correla- ~ scale heights (L. Liu et al., 2008, 2009, 2010, 2011), storm
tion coefficients> 0.9) are higher than those bfrF2 (corre-  time ionospheric behavior (Zakharenkova et al., 2012) and
lation coefficients- 0.8) at low-latitude stations. low-latitude F3 layer occurrence (Zhao et al., 2011).
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The COSMIC ionospheric EDPs are retrieved from the Table 1. Coordinates of the ionosonde stations.
RO data by the Abel inversion under the assumption of

ionospheric symmetry (Lei et al., 2007). Statistical com- Geographic ~ Geographic ~ Geomagnetic
parisons of ionospheric peak parametétsit2 andhmF2) Station longitude{E) latitude (N) latitude (' N)
measured by COSMIC satellites and ionosondes indicate pohe 122.3 53.5 435
that there are considerable high correlations between COS-  Beijing 116.2 40.3 30.1
MIC and ionosonde ionospheric parameters (Lei et al., 2007; Wuhan 114.6 31.0 20.8
Chu et al., 2010; Chuo et al., 2011, 2013; Ely et al., 2012; Sanya 109.6 18.3 8.1

Krankowski et al., 2011; J.-Y. Liu et al., 2010; Hu et al.,
2014). Comparisons of COSMIC-based EDPs with the data
of incoherent scatter radar (ISR) at Millstone Hill, Jicamarca, 60°
Arecibo and Kharkov show that there is good agreement be-
tween the COSMIC and ISR EDPs (Lei et al., 2007; Kelley et
al., 2009; Cherniak and Zakharenkova, 2014). Evaluations of
COSMIC performance by simulations show that teF2
and hnF2 retrieved from COSMIC measurements are gen-
erally in good agreement with the “true values” calculated
from the integrated total electron content (TEC) along the
COSMIC occultation paths, with the “true” electron density
taken from the NeQuick model, but the reliability of the re-  2-
trieved electron density decreases in low-latitude regions and
at low altitudes (Yue et al., 2010, 2011a, b). 0°
According to the simulation results of Yue et al. (2010, 7’\50
2011a, b), the Abel inverted electron density has system-
atic deviation because of the spherical symmetry assumption.
T_he_rglatlve errors of C_:OSMIC ionospheric _parameters haVq:igure 1. The ionosonde locations in the observation chain in
significant geomagnetic latitude and local time dependencycpina.
However, latitude dependency of the performance of COS-
MIC measurements has not been well validated by ground-
based observation. Most of the published validations by mana sequential latitude difference of about°1@ll stations
ually scaled ionosonde data focused on low-latitude regionsare equipped with DPS4D ionosondes performing a routine
particularly during the solar minimum. Chu et al. (2010) car- ionospheric vertical sounding every 15 min after installation.
ried out a global survey of COSMIC ionospheric peak param- The Digital Portable Sounder 4D (DPS4D) ionosonde de-
eters by comparing them with ground-based ionosonde dataeloped by the University of Massachusetts Lowell is the
from the Space Weather Prediction Center (SWPC), NOAA.most widely used one in the world, with the capability of
However, their results were restricted by the inhomogeneougrecise ionospheric sounding and real-time data analysis
distribution of the ionosonde stations. To deal with the above-{Reinisch and Galkin, 2011). The sounding data (ionograms)
mentioned issues, a comparison of ionospheric peak parancan be automatically scaled by ARTIST5 software with con-
eters retrieved from COSMIC and a chain of ionosondes insiderable reliability (Galkin and Reinisch, 2008). However,
China during the solar maximum (2011-2013) is made inall the ionograms were manually scaled using the SAO Ex-
this paper. Statistical analysis of diurnal variation, absoluteplorer software to ensure data accuracy. The ionograms with
and relative errors, and correlationsMiiF2 andhmF2 are  strong spread F or a rather weak trace were eliminated during
presented regarding the different latitudes. the manual data checking step. The ionospheric ENDE2
andhnF2 were then calculated by the true height inversion
algorithm NHPC, embedded in the SAO Explorer software
2 Data processing (Reinisch and Huang, 2001).
The COSMIC EDP data were obtained from the COS-
As a conventional technique for ionospheric observation,MIC Data Analysis and Archive Center (CDAAC) at the Uni-
globally distributed ionosondes provide a large database fowersity Corporation for Atmospheric Research (UCAR). For
calibrating and validating other measurements. An observaeomparison, the COSMIC EDPs in which the tangent point
tion chain consisting of four DPS4D ionosondes was set upof the F layer peak was close to the four ionosonde stations,
during 2010 to early 2011 in China. As shown in Fig. 1 with a maximum difference of 2%5n latitude and longitude,
and Table 1, the four stations are located along the E20 were selected. Although the level 2 ionospheric profile data
longitude, covering the geomagnetic midlatitude (Mohe andhave been post-processed at CDAAC, we further fitted each
Beijing) and low-latitude (Wuhan and Sanya) regions with individual EDP with a Chapmaa function as described by
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Figure 2. Samples of fitting the COSMIC EDP by Chapmafunc-
tion. DOY stands for “day of year”.
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(Kelley etal., 2009; Yue et al., 2010). As indicated by Fig. 2a, pe e e e B

in most cases the COSMIC EDPs are very smooth and the fit-

ted ionospheric peaks are just around the maximum positiorfrigure 3. Comparison of diurnal variations of ionospheric parame-

of electron density. However, in a few cases there exist sputersNmF2 (left panels) antimF2 (right panels) from COSMIC and

structures within the profiles, and the ionospheric peaks carPnosonde measurements for different stations: The blue circle, red
be retrieved reasonably well from the Chapman function fit-40t and green bar stand for parameters from ionosondes (*lono”)
ting (Fig. 2b). and CQSMIC satglllte (“Cos”) and the RMSE b_etweer_1 them. Note
I . . that a bias of 200 is added to the RMSEhofi-2s in the right-hand
For individual RO events close to the ionosonde stations anels

corresponding ionosonde data with a time difference of Iessb '

than 7.5 min were selected to form data pairs for comparison.

The total numbers of data pairs are 583, 429, 343 and 502 for

Mohe, Beijing, Wuhan and Sanya, respectively. The differ-local dawn (04:00-06:00LT) and then start to increase in

ence in the number of data pairs results from several factorghe morning until reaching the maximum around noontime

such as a lack of measurements during power shutdown an(l2:00-14:00 LT). Th&NmF2 peak is very sharp at 14:00 LT
ionosonde maintenance, data rejection during manual ionoat Wuhan, while th&mF2 maintains a very high level during
gram scaling, and the nonuniform latitudinal distribution of the whole afternoon at Sanya.

COSMIC RO events. However, a difference in the ionospheric peak density
from both measurements could be observed, which varies
with latitude and local time. COSMIQINF2 agrees very

3 Results well with that of the ionosonde at Mohe. The RMSEs of
NnmF2s in most hours are less thanl®& 10°cm3. At

Figure 3 shows the diurnal variation of ionospheric peak pa-Beijing, the COSMICNNF2 slightly overestimates that of

rameters retrieved from COSMIC and ionosonde measurethe ionosonde between 10:00 and 21:00LT. The RMSEs

ments at four stations. The hourly valued\ofF2 andhm2 of NnF2s are larger than those at Mohe during this pe-
were averaged from the selected data pairs with a time difriod. At Wuhan, the COSMIQNNF2 overestimates that of
ference of less than 30 min from a given hour. The hourlythe ionosonde, with much higher RMSE and longer dura-
root mean square errors (RMSESs) between peak parametet®dn (08:00-23:00LT). In contrast to the overestimation at
from the COSMIC and ionosondes measurements are alshigher latitude, COSMIOQNmMF2 tends to underestimate that
provided. It should be noted that a bias of 200 is added toof the ionosonde in most hours at Sanya except for during
the RMSE ofthmF2s in order to show all the data in the sub- 05:00-09:00LT. The RMSE oNmF2s can be as high as
figure together. The result indicates that the COSNIG-2 0.5 x 10°cm~2 during 12:00-21:00 LT.

andhmF2 generally follow the same trends of diurnal varia- Regarding ionospheric peak height, the hourly averaged

tion as those of the ionosondes at four stations.NimE2s of ~ hmF2s from both measurements show the same tendency in

both measurements at all stations reach the minimum aroundiurnal variation. COSMIG\nF2 agrees well with that of the

MimF2 (108/cm)
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ionosonde at midlatitude stations (Mohe and Beijing), with Absolute error Relative error
an RMSE othnmF2s that is less than 30km in each hour. The x
hmF2 decreases at dawn and maintains a low level at abour ~ |RMSE-06*10%em? Mohe Mean [Rel. Errorir11.4% — Mohe
250 km during the daytime. In the evening, the-2 starts to £ 40
enhance and reaches its maximum around midnight. Unlike %
thehnF2 at midlatitude stations, which remains steady dur- &

ing the daytime, thénmF2 at low-latitude stations (Wuhan . "
and Sanya) exhibits another peak at 14:00LT. The daytime 2
peak is even greater than the nighttime one at Sanya. In addi RMSE-0.17+10%/cm’ Beijing Mean [Rel. Error[e16.7%  Beijing
tion, the differences between COSMHBF2 and ionosonde
hnmF2 at low-latitude stations are much larger than at midlati-
tude stations. The COSMIRMF2 either overestimates or un- el

derestimates that of the ionosonde in most hours. For exam: IIIII
ple, the COSMIChnF2 underestimates the ionosorider2 X T a0

B0

during 21:00-23:00 LT (04:00-06:00 LT) at Wuhan (Sanya), RMSE=0.36*10%/cm® Wuhan Mean [Rel. Error[38.9%  Wuhan

while it overestimates the ionosonden2 during 12:00—

15:00LT (11:00-22:00LT) at Wuhan (Sanya). The RMSEs

of hmF2s are also higher than those at Mohe and Beijing in ~ =

most hours. Il'l ||||||||IIIIII I
Figure 4 displays the absolute and relative errors between ° — = 2 =

COSMIC and ionosond®&limF2s at four stations. It can be RMSE=0.5110%crr? Sanya Mean [Rel. Errort23.8%  Sanya

seen that the absolute and relative erroMdin-2s vary with

latitude. The RMSE and meanrelative errott of NmF2s and

hnF2s are also provided. Because the relative errors are o™ x

sign, the meanrelative errot is averaged from the absolute

value of relative errors in order to avoid the neutralization s e L o 0 o,

effect. At Mohe and Beijing the errors ®{nF2s are very ANmFZ (10%/cm?) ANmE2NmME2 g ()

slight. The absolute and relative errors are distributed nearly )

symmetrically around 0. Most of the absolute and relative er-/9uré 4. Absolute and relative errors bimF2s from COSMIC and

rors of NMF2s are within-0.3 x 10 to 0.3 x 1fcm-3and  '°Onosonde measurements.

—30 to 30 %, respectively. The overall RMSESNiIfF2s are

0.06 x 10° and 017 x 10° cm~2 for Mohe and Beijing. The

corresponding meajrelative errorg of NnF2s are 11.4 %

and 16.7 %. At Wuhan, the absolute and relative errors ofor overestimation. However, slight difference can still be

NmF2s are mostly positive, which indicates the overestima-found between stations. The RMSEslofF2s are smaller

tion of NmF2. The corresponding RMSE and meaelative  at midlatitude stations (13km at Mohe and Beijing) and

errors| of NmF2s are 86 x 10°cm™2 and 38.9%. In con- larger at low-latitude stations (22 km at Wuhan and 29 km

trast, most of the absolute and relative errordNaf-2s are  at Sanya). The megmelative errorg are about 3% at mid-

negative at Sanya, which represents the underestimation cotatitude stations (Mohe, Beijing), while they are greater than

dition. The corresponding RMSE and meaalative errors 5% at low-latitude station (Wuhan and Sanya).

of NmF2s are (51 x 10 cm=3 and 23.8 %. It is interesting Figures 6 and 7 show the RMSE blimF2s andhimF2s

to note that, although the RMSE NinF2s is larger at Sanya from COSMIC and ionosonde measurements in different lo-

than at Wuhan, the mearelative errorg is smaller at Sanya cal times and seasons. May to August and November to

than at Wuhan. This discrepancy is caused by the differenc&ebruary are denoted as summer and winter, respectively,

in backgroundNmF2s at these two stations: since thelF2 and March to April and September to October are denoted

measured by ionosonde at Wuhan is usually much smalleas the equinox period. It could be found that the RMSEs

than that at Sanya. For example, the average®2s from  of NmF2s anchm2s increase with decreasing latitude. The

ionosonde measurements are 1.30 arg9 & 10°cm=2 at RMSE of NnF2s is higher during the daytime than during

Wuhan and Sanya, respectively, during the period of 12:00-the nighttime at all stations. In contrast, the RMSHofF2s

14:00 LT for the selected data sets. is slightly lower during the daytime than during the night-
Regarding the absolute and relative errors between COStime. Regarding the seasonal variation, the RMSHEoFF2s

MIC and ionosondehm2s presented in Fig. 5, it can be islowestin summer for all stations and highest in the equinox

found that the errors ofmF2s are quite small at all sta- period at Beijing, Wuhan and Sanya. The seasonal variation

tions. Both the absolute and relative errors are distributed irof the RMSE ofhnmF2s differs greatly between low- and

a similar symmetric pattern, without distinct underestimation midlatitude stations. The RMSE d¢fimF2s is lowest in the
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Figure 5. The same as Fig. 4 but fomF2s.

equinox period at Mohe and Beijing, while it is highest in the

equinox period and lowest in summer at Wuhan and Sanya.

Figure 8 presents the scatterplotsiF2s andhmF2s

retrieved from COSMIC and ionosonde measurements. Th
sample numbers and correlation coefficients are also dis-

played. The correlations dimF2s between COSMIC and
ionosondes are considerable. The correlation coefficients d

Comparing the scatter dots with the diagonal lize=<(x),
the overestimation oNmF2 at Wuhan and underestimation
at Sanya are distinctive. The correlationshofF2s at Mohe

and Beijing are much higher than those at Wuhan and Sany
and no evident underestimation or overestimation is found

Regarding the difference in the correlation fF2s and

hnmF2s, the correlations of both parameters are compara-

tively high at Mohe and Beijing. However, the correlations of
NmF2s are much higher than thosehofF2s at Wuhan and
Sanya, which are closer to the equatorial ionization anomal
(EIA) region.

4 Discussion
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Figure 6. Root mean square errors NfF2 andhmF2 from COS-
MIC and ionosonde measurements during the day and night.

symmetry. The ionospheric horizontal gradient is not consid-
ered in the EDP calculation under this assumption. However,
the ionospheric gradient does exist and has latitude and lo-
cal time dependency, such as the EIA occurring during the
daytime due to the fountain effect. Thus, the performance of
Abel inversion decreases at the latitude region where the hor-
izontal symmetry of ionosphere is not well satisfied. In this

study, the ionospheric peak parameters from the COSMIC
measurement were compared with those from the ionoson-

éjes observation in different latitude regions. The results in-

dicate that the performance of the COSMIC measurement
varies with latitude and local time. The COSMNeF2 and
hmF2 agree with those of the ionosonde at Mohe very well.

crease with latitude from 0.97 at Mohe to 0.90 at Sanya(.irholjghthe agreement between kims2s of the two types of

measurements is still good at Beijing, the overestimation of
NmF2 arises during the daytime. At a lower latitude, COS-
MIC NmF2 overestimates that of the ionosonde at Wuhan,
with a larger discrepancy and longer duration, while it un-
derestimates that of the ionosonde at Sanya.
" Yueetal. (2010, 2011a, b) conducted a series of studies on
validating the EDP retrieval algorithm from the COSMIC RO
measurement concerning the latitudinal and local time de-
pendency. Their simulation results showed that the retrieved
DPs represent the EIA reasonably well and track the latitu-
dinal and height variations of the true electron density mod-
eled by NeQuick during the daytime (12:00-14:00LT) of the
spring equinox in 2008. However, the retrieved electron den-
sity underestimates the true electron density in the region
surrounding the EIA crestf10-30 latitude), while it over-

The most critical assumption during the retrieval of iono- estimates the true electron density near the equath)
spheric EDP from RO measurement is the global ionospheri@and in the north and south of the EIA crests30-50) (Yue

www.ann-geophys.net/32/1311/2014/ Ann. Geophys., 32, 131319 2014
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et al., 2010). The errors of ionospheric parameters are more
significant in low-latitude regions and between noontime and
sunrise (Yue et al., 2011a). The latitudinal distribution of the Figure 8. Scatterplots of COSMIC and ionosonde-baséu-2s
estimation error can be explained by the spherical symmetryleft panels) andmF2s (right panels). The correlation coefficients
assumption. When the tangent points are in the EIA crest re(R) and number of data pairg) are also provided. The diagonal
gions, electron densities are underestimated because the rdie represents they(= x) function.
slant TEC does not support high values in that spherical layer.
In the nearby region the electron density will be overesti-
mated because the effects of the EIA peak region are spreadependency. The winter crest appears larger and is ear-
by the inversion under the spherical symmetry assumptiorier than the summer crest, and the summer crest appears
(Yue et al., 2010). at a lower latitude than that of other seasons. The lati-
Our comparison also shows overestimation and underestitudinal variation of absolute deviation between COSMIC-
mation of NmF2 at stations with different latitudes. But the retrieved and NeQuick-calculated electron density was sim-
areas of overestimation/underestimation are slightly differ-ulated from globally distributed RO events during the day-
ent from those in the simulation results of Yue et al. (2010).time (12:00-14:00LT) of the spring equinox during solar
For example, Wuhan and Sanya are located at areas ahinimum (2008) (Yue et al., 2010). However, our compar-
“underestimation” and “overestimation” according to the ison is based on ionosonde observations in all seasons and
model results, but contrary results are presented by curall the local time during solar maximum (2011-2013) along
rent ground-based comparison. The discrepancy may resuthe 120 E longitude. The difference in the period and spatial
from the deviation betweefoF2s from NeQuick calcula- coverage of data may lead to the difference in position and
tion and ionosonde observation. Lu and Liu (2008) eval-strength of the EIA. It is reasonable to expect the underes-
uated the prediction ability of NeQuick model doF2 timation and overestimation ddmF2 at Sanya and Wuhan
over Asia-Australia sector. Their results indicate that theif the position of the EIA moves towards the lower latitude.
foF2 from NeQuick model overestimates/underestimates thaHowever, the correlation between the deviation of electron
from ionosonde observation in most hours at Wuhan anddensity and the presence, strength and position of the EIA
Taipei (121.8E, 25.0N) (see Fig. 1 of the reference). is beyond the scope of this paper. It will be investigated in
The discrepancy may also result from the seasonal and sduture work.
lar cycle variation of the EIA. As pointed out by Huang  Our results are also slightly different from the global
and Chen (1996), the strength and the latitude position okurvey of COSMIC ionospheric peak parameters by Chu
the most developed EIA have a seasonal and solar cyclet al. (2010). Their results show that the mean values of

Ann. Geophys., 32, 13111319 2014 www.ann-geophys.net/32/1311/2014/
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peak electron density measured by COSMIC satellites are Scatterplots show high correlations between iono-
systematically smaller than those observed by ionosondespheric peak parameters from COSMIC and ionosonde
while the COSMIC-measured peak height is systematicallymeasurements (Fig. 8). At midlatitude stations (Mohe and
higher than the ionosonde derivddrF2. The COSMIC  Beijing), the correlations of bottNmF2s andhmF2s are
NmF2s are larger than those of ionosondes in high-latitudegreater than 0.9. High correlations dimF2s (0.99) and

(> 60°) regions by about 10-30% and smaller in low- hmF2s (0.95) are also reported by Krankowski et al. (2011)
latitude and equatorial regions by less than 10%. The COSin a similar latitude region. At low-latitude stations (Wuhan
MIC hnF2s are higher than those of ionosondes by aboutand Sanya), the correlations WfrF2s are higher than those
0-15% in high-latitude region and 10-25 % in low-latitude of hmF2s. Some correlation analysis between COSMIC and
and equatorial regions (Chu et al., 2010). However, no evionosonde measurements have been conducted at different
ident overestimation ohmF2 is shown in our results. The locations in low-latitude regions. Comparisons at Jicamarca
difference may result from the data source and method ofluring the solar minimum of 2006-2008 show high corre-
data processing. The data used by Chu et al. (2010) wertations between the two types of measurements, with cor-
collected from inhomogeneously distributed stations duringrelations greater than 0.9 and 0.8 fdmF2 andhmF2, re-

a period of 8 months during solar minimum (July 2006 to spectively (J.-Y. Liu et al., 2010; Chuo et al., 2011). Com-
February 2007), while the data used in this analysis are fronparison of characteristics of ionospheric parameters obtained
the ionosonde observation chain in China during the solafrom COSMIC and a digisonde over Ascension Island also
maximum of 2011-2013. Since the ionospheric gradient isillustrates similar diurnal variation and high correlation for
dependent on locations and solar activity, the difference inbothNmF2 (> 0.91) anchnF2 (> 0.72) in the equinox, sum-
data period and station distribution may lead to the discrep-mer and winter periods (Chuo et al., 2013). Comparison be-
ancy in the comparison results. In addition, the ionosondeween RO EDPs from the COSMIC satellites with digisonde
hmF2 employed in the research of Chu et al. (2010) was di-data over the Brazilian region shows generally good correla-
rectly obtained from SWPC, which was estimated from thetion for NmF2 (0.92) anchmF2 (0.78) (Ely et al., 2012). In
virtual heights based on the POLynomial ANalysis (POLAN) addition, all the mentioned comparisons unanimously show
method. However, the ionosontie¥2s involved in this re-  higher correlation foNmF2 than forhmF2.

search are calculated by the NHPC algorithm after all the

ionograms are manually scaled. As reported by Sauli et

al. (2007), there are significant systematic differences bedS Summary

tween electron density profiles calculated by POLAN and i )

NHPC inversion methods. The reflection true height for a 1"€ COSMIC ionospheric peak parametefémE2 and

given frequency computed by NHPC is systematically higher'F2) over China are validated by the ionosonde data from
in nighttime profiles. By contrast, the reflection true height & observation chain which consists of four stations during

for a given frequency computed by POLAN in daytime pro- 2011-2013. The _diurnal variation, absolute and relative er-
files is higher, and the standard mean deviation represent©'s; and correlations of tHémF2 andhmF2 from COSMIC

ing the significance of the result is smaller especially in two-2nd ionosonde measurements are analyzed. Itis the first val-

layer profiles. idation of latitudinal variation by manually scaled ionosonde
Error analysis shows that the error NmF2s varies sig- data, which provides a reference for ionospheric research

nificantly with the latitude (Fig. 4). However, the latitudinal Pased on the Abel-retrieved EDPs, especially the one relating

dependency of the error imF2s is not so distinct (Fig. 5). to different latitude regions. The results are as follow:
Neither underestimation nor overestimation is evident in the 1. Comparison results show that the COSMIC measure-

a_b_solute or relative error ihmF2s at four_ stations. In ad- ment generally agrees well with ionosonde observations
dition, the meanrrelative errott of hmF2s is much smaller during the solar maximum period. The diurnal varia-

than that oNnFZs at e.ach station. All these results indicate tions of NnmE2 andhmE2 from the COSMIC measure-
that the retrieval algorithm of COSMIC EDP performs bet-

ter when determining the ionospheric peak height than when
determining the peak density. Similar results have been re-

ported by simulation and ionosonde validation. The standard 2. The COSMIC NmF2 has evident latitudinal depen-

ment follow the same trend as those from ionosonde ob-
servations.

deviation of the relative retrieval error is 15 % for NmF2 dency. It differs slightly from the ionosondemF2 at
and~ 2% forhmF2 on the basis of 43180 COSMIC occulta- midlatitude stations but overestimates and underesti-
tion events simulated during the spring equinox of 2008 (Yue mates the ionosondsmF2 in the north (Wuhan) and
et al., 2010). The relative standard deviationNofF2 and south (Sanya) of the EIA crest.

hnF2 are 8.4 and 4.9 % obtained by comparing the profiles

from COSMIC with those from the Pruhonice and Juliusruh 3. The relative error inhmF2s is much less than that

ionosondes in Europe during 2008 (Krankowski et al., 2011). of NmF2s, which indicates that the COSMIC data re-
trieval algorithm performs better when determining the

www.ann-geophys.net/32/1311/2014/ Ann. Geophys., 32, 131319 2014
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ionospheric peak height than when determining theHuang, Y.-N., and Cheng, K.: Solar cycle variations of the
peak density. equatorial ionospheric anomaly in total electron content in
the Asian region, J. Geophys. Res., 101, 24513-24520,
4. The RMSEs ofNmF2s are lower during the nighttime ~ d0i:10.1029/96JA012971996. _
and in summer, while the RMSEs bfF2s are higher ~ Kelley, M. C., Wong, V. K., Aponte, N., Coker, C., Mannucci,
during nighttime for all stations. A. J., and Komjathy, A.: Comparison of COSMIC occultation-
based electron density profiles and TIP observations with

5. The correlation ofNMF2s decreases with latitude. At Arecibo incoherent scatter radar data, Radio Sci., 44, RS4011,

. . . . doi:10.1029/2008RS004082009.
midlatitude stations, the correlation ddnmF2s and . .
. ! . . Krankowski, A., Zakharenkova, |., Krypiak-Gregorczyk, A., Shag-
hmF2s is the same. At low-latitude stations, the correla- WSl v yp! gorezy g

. o= imuratov, |., and Wielgosz, P.: lonospheric electron density ob-

tion of NmF2s is higher than that ¢frF2s. served by FORMOSAT-3/COSMIC over the European region

and validated by ionosonde data, J. Geodesy, 85, 949-964,
doi:10.1007/s00190-011-0481-2011.
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