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Abstract.7

We have investigated the solar activity dependence of the electron den-8

sity at equatorial and low latitudes using six years of measurements between9

Aug. 1, 2000–Aug. 1, 2006 from the CHAMP satellite, and compared it with10

the International Reference Ionosphere model (IRI). The solar activity depen-11

dence observed by CHAMP at 400 km altitude exhibits significant variation12

with latitude, season and local time. First, the electron density in the crest13

regions of the Equatorial Ionization Anomaly (EIA) grows roughly linearly14

from solar minimum to solar maximum, with higher growth ratethan that15

in the EIA trough region. Second, the solar activity dependence in the EIA16

crest regions varies strongly with season. The growth rate of the electron17

density with increasing solar activity around equinoxes isabout 1.5 to 218

times of that near solstices. Third, the solar activity dependence of the EIA19

structure varies significantly with local time. In the noon sector, the crest-20

to-trough ratio (CTR) obtained at 400 km altitude varies within only a small21

range between 1.14 and 1.43 from solar minimum to solar maximum. In the22

post-sunset local time sector, however, the CTR grows remarkably with solar23

activity level, reaching values of above 3.9 at solar maximum. These differ-24

ences are attributed to the different solar activity dependence of the vertical25

plasma drift in corresponding local time sectors. The IRI model was found26

to reproduce well the equatorial electron density near 400 km in the noon27

sector at all solar activity levels. However, it significantly overestimates it in28

the post-sunset to pre-midnight sector at high solar activity levels. The major29
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cause for this overestimation has been found to be the IRI’s inadequate rep-30

resentation of the F2 layer maximum height (hmF2) in this sector, while the31

IRI’s lack of equatorial spread F seems to play only a very small role.32
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1. Introduction

The Earth’s ionosphere is mainly formed via photo-ionization of the upper atmosphere by33

solar EUV and X-ray radiation. Since the solar radiation changes significantly at various time34

scales, the ionosphere tends to undergo similar variations. Among these, solar cycle is an impor-35

tant long-term variation [e.g.Bilitza and Hoegy, 1990;Balan et al., 1994a;Truhĺık et al., 2003].36

A number of ionospheric quantities have been found to be solar cycle dependent, for instance,37

the maximum F-region electron density (NmF2) and the related critical frequency (foF2), the38

total electron content, etc [see e.g.Balan et al., 1994b;Bilitza and Williamson, 2000;Liu et al.,39

2006, 2007b]. In addition to solar radiation, the state of the neutral atmosphere and ionospheric40

electrodynamics strongly influence various ionospheric properties as well. Particularly in trop-41

ical regions (including equatorial and low latitudes), theionospheric structure is dominantly42

controlled by the so-called fountain process, which is driven by the large-scale eastward electric43

field via ~E × ~B drift [e.g. seeRishbeth, 2000, and references therein]. It forms the well-known44

EIA structure, with an electron density trough at the dip equator sandwiched by two high den-45

sity bands off the dip equator. This unique electrodynamic process related to the equatorial46

fountain is expected to play an important role in the solar activity dependence of the F-region47

ionosphere in tropical regions, and to distinguish the EIA trough from crest regions. This forms48

the principle motivation of our study.49

Another purpose of this study is to evaluate the IRI model in tropical regions. The IRI is an50

important empirical climatological model of the Earth’s ionosphere and has been continuously51

updated [Bilitza, 1992, 2003]. The model version IRI-2001 has included a large collection of52

ground and satellite observations and is expected to give a reasonably description of the iono-53
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sphere under quiet geomagnetic conditions. However, thereare evidences showing the need for54

further improvement in specific regions. Particularly in the post-sunset equatorial and low lati-55

tudes, key ionospheric parameters like the maximum densityof the F2 region electron density56

and height (NmF2 and hmF2) often deviate significantly from observations [e.g.Adeniyi et al.,57

2003;Obrou et al., 2003;Souza et al., 2003;Abdu et al., 2004]. This strongly affects the IRI’s58

predictions of the electron density in terms of either height profile or absolute values at certain59

altitude in this local time sector [Uemoto et al., 2007;Liu et al., 2007a]. On the other hand,60

this region is an interesting and important part of the ionosphere, where the combination of the61

zonal wind and the local time/longitude gradient of the field-aligned integrated E-region con-62

ductivity across the evening terminator causes the development of the pre-reversal enhancement63

(PRE) [see e.g.Kelley, 1989]. This subsequently raises the ionosphere to higher altitude, which64

promotes the generation of the equatorial spread F (ESF) [Tsunoda, 1985] and the formation65

of the fast neutral wind channel [Raghavarao et al., 1991], which are important phenomena in66

equatorial regions. Therefore, it is highly desirable to have a more reliable IRI representation67

of this region for various theoretical and practical purposes. In present study, we focus on the68

tropical region and carry out a model-data comparison for various solar flux levels. By doing69

so, we attempt to characterize systematic differences between the IRI predicted electron den-70

sity with those observed by the CHAMP satellite, hence to provide useful information for its71

improvement.72

2. Data selection and analysis

The CHAMP (CHAllenging Minisatellite Payload) satellite was launched on 15 July 200073

into a near-circular orbit with an inclination of87.3◦ and an initial nominal altitude of 456 km.74

Its orbital plane precesses through all local times every four months and through all longitudes at75
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a fixed local time every 24 hours. The CHAMP measures the in-situ ion density (assumed to be76

O+) using a Planar Langmuir Probe (PLP) every 15 s. The Ne retrieving procedure is described77

in McNamara et al.[2007] along with a validation of the Ne measurements. By comparing78

with the plasma frequency measurements of the Jicamarca digisonde, they found the mean79

discrepancy between the PLP and the ionosonde records to be 4% and 2.6% for CHAMP orbital80

heights below and above the F2 peak, respectively. Readers are kindly referred toMcNamara81

et al. [2007] for detailed procedures regarding this comparison.82

Our analysis of the solar activity dependence of the electron density is based on the PLP83

data from Aug. 1, 2000 to Aug. 1, 2006. IRI-2001 Model (markedas IRI in the follow-84

ing) predictions were generated for every sample point of the measurements. Only data under85

quiet geomagnetic conditions (Kp≤3+) are used to limit effects from geomagnetic disturbance.86

Furthermore, since the CHAMP orbit has decayed from 456 km height to about 350 km dur-87

ing these six years, a normalization of the data to a common altitude of 400 km has been ap-88

plied to possibly exclude variations induced by the orbit decay. The normalization is done as:89

CHAMP (400km) = CHAMP (h) IRI(400km)
IRI(h)

, whereh denotes CHAMP’s orbital height (h).90

Although this procedure may introduce some uncertainties from the model to the data, for the91

analysis of the solar activity dependence, it is highly necessary to avoid density variations due92

to the large altitude changes.93

In this study, we have chosen the proxyP = (F10.7 + F10.7A)/2 to represent the solar94

activity. Here F10.7A is the 81-day average of the F10.7 values centered on the day of interest.95

Previous studies [e.g.Richards et al., 1994;Liu et al., 2006] have shown that this proxy is96

more suitable than F10.7 as a linear indicator for the Solar EUV radiations. The variation of97

the F10.7 and P during the period of Aug. 1, 2000 – Aug. 1, 2006 are shown in Figure 1. Figure 198
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Due to the smoothing behavior of P the range of the solar flux variation becomes smaller when99

using P instead of F10.7 as the proxy. We have repeated the following analysis with both P and100

F10.7, and found that using P gives a significantly higher correlation when the solar activity101

dependence is studied quantitatively like those shown later in Figures 7 and 8. But it makes102

little difference for qualitative analysis which uses onlyrough grouping of the solar activity,103

like that discussed for Figures 2 and 6 in the following sections.104

3. Results

In this section, after examining the solar activity dependence of the diurnal variations at the105

dip equator, we expand in latitudes to investigate the EIA structure and its solar activity depen-106

dence. In particular, we focus on the differences between the EIA crest and trough regions, and107

also on the differences between the noon and post-sunset local time sectors.108

3.1. Solar activity dependence of the diurnal variation at the dip equator

We have compared the diurnal variation of the electron density obtained from CHAMP within109

±5◦ dip latitudes with that modeled by IRI at three different solar activity levels, low forP <110

100, moderate for100 ≤ P ≤ 150, and high for150 < P < 200. Since saturation occurs for111

P above 200 as shown by several studies [Balan et al., 1994b;Liu et al., 2006] and also will be112

seen in section 3.2.2, data points atP ≥ 200 are not used in this section. It should be noted that113

the diurnal variations presented here are longitudinally averaged.114

We see in Figure 2 that at low and moderate solar activity levels, the Ne diurnal variation Figure 2115

generally consists of a dayside maximum, whose local time varies around 14 LT depending on116

season. However, the maximum at 18 LT near Sept. equinox at low solar flux level appears to be117

different from that shown in all other cases in Figure 2. At the moment, we cannot explain this118
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single deviating behavior. After reaching the maximum, thedensity then decays monotonically119

till dawn, forming a minimum at about 05 LT. At high solar activity levels, however, the post-120

sunset decay is dramatically intensified in all seasons. Thedensity rapidly drops to a minimum121

near 20 LT, then increases again towards midnight. This feature, combined with the density122

decay after midnight, results in a midnight density maximumwhich is not discernible at low123

and moderate solar activity levels. In comparison, the IRI model reproduces pretty well the124

observed diurnal variation at low and moderate solar activity levels at all local times. However,125

a striking CHAMP-IRI discrepancy stands out in the post-sunset period at high solar flux levels.126

It reaches nearly 100% near March equinox and above∼50% in other seasons. Consequently,127

the IRI is unable to capture the midnight density maximum seen by CHAMP.128

The post-sunset period is a region experiencing extreme electrodynamic processes and also129

frequent occurrence of the ESF. If CHAMP happens to be sampling through ESFs, which are130

characterized by large density depletion, it would then tend to give a lower average Ne than131

the IRI predictions (the IRI does not include ESF signatures). To investigate the possibility of132

such ESF influences, we examined the longitudinal distribution of the CHAMP-IRI difference133

between 19–23 LT at high solar activity levels. Results are shown in Figure 3. Figure 4 presents Figure 3

Figure 4

134

the ESF occurrence rate in corresponding seasons as detected from CHAMP’s total magnetic135

field measurements, which represents a linear measure of therelated electron density gradients136

[Stolle et al., 2006]. Comparing these two figures, we notice the followingfeatures. The lon-137

gitudinal distribution of the CHAMP-IRI difference seems to somehow follow that of the ESF.138

For instance, the difference maximizes near290◦ around December solstice, and near20◦ and139

150◦ around June solstice. These longitudinal sectors coincident with those of frequent ESF140

occurrences, hence indicating possible ESF contribution to the lower average Ne values from141
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CHAMP. However, this figure also shows evidences that the ESFis not the principle contributor142

to the CHAMP-IRI discrepancy. This is because, first, the CHAMP Ne values are significantly143

(∼ 20%) below the IRI values at all longitudes, even in regions where almost no ESF occurs.144

Second, the CHAMP-IRI difference exhibits a clear seasonalvariation, being largest near March145

equinox. This cannot be explained by the seasonal variationof the ESF occurrence rate. Take146

the longitude sector near180◦ for example, the CHAMP-IRI difference near March equinox147

reaches value of∼90%, which is nearly double of that around June solstice. However, the ESF148

occurrence rate near March equinox is only about half of thataround June solstice. Therefore,149

there must be a more principle cause for the CHAMP-IRI discrepancy.150

This principle cause is likely to be the IRI’s inadequate representation of the F2 peak height in151

post-sunset periods [Bilitza, 2003;Adeniyi et al., 2003;Souza et al., 2003;Abdu et al., 2004]. It152

is known that the ionosphere is lifted up considerably aftersunset by increasing upward plasma153

drifts related to the pre-reversal enhancement of the eastward electric field [e.g.Abdu, 2001, and154

references therein]. The degree of uplift positively depends on the pre-reversal enhancement,155

whose magnitude has been shown byFejer et al.[1995] to increase with solar cycle, particularly156

near equinox and December solstice. However, the IRI’s description of the post-sunset hmF2 at157

equatorial regions has been shown to fall more than 100 km below the real hmF2 at high solar158

flux levels [see figures in e.g.Adeniyi et al., 2003;Obrou et al., 2003;Abdu et al., 2004]. In this159

case, the altitude of 400 km becomes much closer to the IRI-predicted hmF2 than to the real160

hmF2, leading to the IRI’s overestimation of Ne at 400 km. Since the pre-reversal enhancement161

is stronger near equinoxes and December solstice than near June solstice, the CHAMP-IRI162

discrepancy can be expected to vary accordingly. And this isexactly what Figure 2 reveals, with163

larger differences near March equinox and December solstice, and smaller difference near June164
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solstice. This provides strong evidence that the large data-model discrepancy in the post-sunset165

period is dominantly due to IRI’s strong underestimation ofthe hmF2 at high solar activity166

levels.167

Figure 5 shows several types of Ne profiles seen on CHAMP satellite passes at high solar Figure 5168

activity levels. The corresponding IRI predictions are given by the black curves.The satellite169

tracks are all near 20 LT. The pink and green ones show normal quiet-time EIA profiles, but170

with ESF signature in the green track. The red curve shows large depletion in the EIA trough171

regions which often appears during magnetic storms. We can see that the IRI overestimates172

the equatorial Ne values for all types of profiles, with a shorter distance between the two EIA173

crests. This strongly suggests the post-sunset F region by IRI is not lifted sufficiently high174

enough. Superposed on this, ESF can also contribute to the CHAMP-IRI discrepancy to a very175

small degree. Storm-time passes like the red curve are not included in the current study of176

quite-time ionospheric features, but is shown here to serveas an example of huge uplift of the177

F2 layer. In this case, CHAMP tends to sample regions far downto the bottomside of the F2178

layer and hence lead to even larger CHAMP-IRI difference.179

3.2. The solar activity dependence of the EIA structure

The variation of the electron density with solar activity isdifferent for different local times,180

as we have seen in Figure 2. Two local time sectors show particularly strong solar activity181

dependence. One is the noon time sector, the other is the post-sunset sector. In this section,182

we take a closer look at how Ne varies with solar activity in these two local time sectors and183

how this solar activity dependence differs in the EIA troughand crest regions. To emphasize184

the first-order LT variation, we tried to minimize the effectof longitudinal variations. This185

is done by taking daily averaged values from CHAMP. Since CHAMP has a full longitudinal186
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coverage during one day, using daily averaged values keeps the longitudinal bias to be negligible187

in the following figures. Furthermore, daily values are moresuitable for quantitative correlation188

analysis between Ne and P, like the one shown later in Figures7 and 8. This is because the solar189

flux indices P or F10.7 are generally available as daily values. Using track by track satellite190

data which includes all variations with time-scales down to93 minutes (the orbit period) would191

inevitably degrade the correlation significantly.192

3.2.1. Comparison between the noon and post-sunset local time sectors193

Figure 6 presents the EIA latitudinal profiles at four solar activity levels in the noon (11–15 Figure 6194

LT) and post-sunset sector (18–23 LT) around equinoxes. A common parameter to character-195

ize the EIA structure is the crest-to-trough ratio (CTR). Similar to that given inMendillo et al.196

[2000], this parameter is defined here asCTR = Nencrest+Nescrest

2Netrough
, which are the ratio of the197

mean of the northern and southern EIA crest peak value to the minimum Ne in the EIA trough.198

In this way, a CTR value of one indicates there is no discernible EIA structure. Table 1 sum-199

marizes the CTR values at different P levels derived from CHAMP electron density curves in200

Figure 6. This figure also shows that the location of the peak value in the EIA crests tends to201

move poleward with increasing solar activity. This trend isstronger in the post-sunset sector202

than in the noon sector.203

We now compare the EIA variation in the noon and post-sunset local time sectors. At noon,204

the CTR varies within a small range from 1.14 for low P levels to 1.43 for very high P levels.205

This reflects the fact that the noon-time EIA profiles tend to be lifted up as a whole, but with206

little change in shape as seen in Figure 6. In addition, the blue curve is falling nearly on top of207

the red one, indicating a trend of saturation for P above 200 in tropical regions. After sunset,208

the CTR slightly increases from 1.30 to 1.47 from low to moderate P levels. But it jumps to209
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3.9 at high P levels. The nearly 3 times enhancement of the CTRvalue is mainly caused by210

large rise of Ne values in the EIA crest regions. The trough region Ne stays nearly the same211

as that for moderate P levels. The resulted large CTR value isaccompanied by an apparent212

poleward movement of the EIA crests from about±10◦ at moderate P levels to about±15◦ at213

high P levels. For very high solar activity levels withP > 200, the crest Ne tends to show little214

increase, whereas the trough Ne decreases to values far below that for low P levels. This leads to215

an extremely high CTR value of 29.17. Therefore, the post-sunset EIA structure and the related216

electron density exhibits a much stronger solar activity dependence than those around noon.217

The cause for the depletion of the post-sunset trough regionat P above 150 is possibly related218

to the relative location of the observational altitude (400km) to hmF2 at different solar activity219

levels. As mentioned in section 3.1, the ionosphere is lifted to higher altitude due to the pre-220

reversal enhancement near the evening terminator. The degree of the uplifting increases with221

increasing solar activity. Thus, the altitude of 400 km may possibly be above hmF2 at low222

solar activity levels (P<150) but below it at high solar activity levels (P>150). We have done223

a rough calculation with the vertical drift model ofScherliess and Fejer[1999] to estimate the224

uplift effect. We found that the large equatorial depletionshown in the blue curve of Figure225

6 can be sufficiently produced by pre-reversal enhancementswith peak upward drift of about226

50 – 60 m s−1 at high solar flux levels. The resulting uplift of the F-layercan reach 150–200 km227

within the time span of the pre-reversal enhancement (whichcommences after the local sunset228

at ionospheric heights and continues till the westward turning of the zonal electric field). This229

would most probably lift the hmF2 to altitudes above 500 km like those observed byAbdu230

et al. [2004]. The dropping of the observational height relative to hmF2 would potentially lead231

to a stronger decrease of Ne at the dip equator, hence a largerCTR than the one that would232
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be obtained from the NmF2. This makes it somewhat complicated to quantitatively relate the233

CTR variation from CHAMP at a fixed altitude to the vertical plasma drift. However, it does234

demonstrate the extremely dynamic nature of the post-sunset ionosphere.235

In comparison to CHAMP measurements, IRI reproduces the noon time EIA structure reason-236

ably well, though some overestimation ofNe at both high and low P levels can be noticed. In the237

post-sunset sector, the model deviates largely from the observations. In particularly, it strongly238

overestimates the trough region Ne for P above 150, which is consistent with that shown in the239

right column of Figure 2. Underestimation of the crest region Ne occurs at all solar activity lev-240

els with P over 100. In addition, the EIA crests locate about5◦ equatorward than the observed241

ones. These discrepancies strongly suggest an IRI underestimation of the hmF2 at the equator242

in the post-sunset period.243

3.2.2. The Ne-P correlation244

Scatter plots of Ne over P in the EIA trough and crest regions are shown in Figure 7 and Figure 7245

Figure 8 for noon and post-sunset local time sectors, respectively. The significance of the solar Figure 8246

activity dependence can be represented by the slopes of the fitted lines and has been summarized247

in Figure 9. Figure 9248

The noon sector exhibits several noticeable features. First, regardless of trough or crest region,249

a significantly positive correlation prevails for solar activity levels with P<200. Saturation tends250

to occur for P above 200, as can be seen in Figure 7 around September equinox and December251

solstice, where data are available. Due to this reason, the slopes have been calculated without252

data samples atP > 200 for all cases in Figures 7 and 8. Second, the solar activity dependence253

is apparently stronger in the EIA crest regions than in the trough region as shown in Figure 9.254

Third, the solar activity dependence in the EIA crest regions varies with season. It is highest255
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around March equinox and lowest near June solstice. This contrasts strongly with the EIA256

trough region, where little seasonal variation is observed.257

In the post-sunset period, the solar activity dependence ofthe EIA crest Ne experiences a258

clear seasonal variation, being strong around equinoxes and weak around June solstices. Fur-259

thermore, unlike the equinox asymmetry at noon, the post-sunset EIA crest regions exhibits260

similar values for the slopes near March and September equinox, resulting in prominent semi-261

annual variation of the solar activity dependence. The values of the slopes are generally larger262

than those at noon in corresponding seasons. In the EIA trough region after sunset, however,263

Ne is nearly uncorrelated with the solar flux, as indicated bythe low ”R” values in Figure 8.264

Detailed examination shows that the equatorial Ne tends to slightly increase with P at solar flux265

levels with P<150, while decreases rapidly with P for P>150 around March equinox for in-266

stance. This is consistent with the post-sunset EIA behavior in the trough region presented in267

Figure 6, where the trough Ne value increases first then depletes at P above 150.268

4. Discussion

We have investigated the solar activity dependence of electron density at an altitude of 400269

km obtained from the CHAMP satellite observations. Significant variations with latitude, season270

and local time have been identified.271

First, the solar activity dependence varies with latitudes. It is stronger in the EIA crest regions272

than in trough regions. This is consistent with the trend found byLiu et al. [2006] in NmF2 and273

by Huang and Cheng[1995] in TEC. Though explicit explanation was not given in their studies,274

we think it is likely to be related to the dynamical effect of the equatorial fountain driven by275

the ~E × ~B drift. Under the influence of the equatorial fountain, the plasma drifts upward at the276

dip equator, then falls down to off-equator latitudes and forms the EIA structure. This process277
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tends to remove Ne from the dip equator, and deposit it to the crest regions. When superposed278

on the enhanced photo-ionization with increasing solar activity levels, it results in a stronger Ne279

enhancement with P in the crest region than in the trough region on the dayside. In post-sunset280

periods, the strengthening of the fountain process together with the lack of photo-ionization281

evidently lead to even larger difference between the solar activity dependence in the crest and282

trough regions, as seen in Figure 9.283

Second, the solar activity dependence of Ne in the EIA crest regions varies significantly with284

season. It is stronger around equinoxes than solstices as seen in Figure 9. In the post-sunset285

period, the seasonal variation finds good agreement with theresults ofWhalen[2004]. The286

author found that NmF2 measured in the EIA crest region at 21 LT grows roughly linearly287

with the solar activity, but with clearly higher growth rates near equinoxes than near December288

solstice, and higher growth rates near December solstice than near June solstice. The cause for289

this has been demonstrated by Whalen to be the~E × ~B vertical drift. The vertical drift at the290

dip equator exhibits linear relation to the solar activity in all seasons, but the linear function291

has been shown to vary from season to season. The slope of the function is found to be largest292

around equinoxes and smallest near June solstice. Therefore, the seasonal variation of Ne’s293

solar activity dependence in the post-sunset period can be attributed to that of the~E× ~B vertical294

drift. In the noon sector, our results are consistent with that ofLiu et al.[2006], who studied the295

solar activity dependence of the dayside NmF2. They found stronger solar activity dependence296

around equinox than solstices. Furthermore, they noticed an equinox asymmetry, with stronger297

dependence near March equinox than near September equinox.Since the dayside vertical drift298

varies little with solar activity levels, this equinox asymmetry should be caused by other factors.299

An important one is the solar activity dependence of the neutral density. In Figure 10, we have Figure 10300
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examined the neutral mass density simultaneously obtainedfrom the CHAMP satellite at 400301

km altitude [Liu et al., 2005]. Since atomic [O] dominates near 400 km, these variations can302

roughly represent that of [O]. Evidently, the solar activity dependence of [O] is about60%303

stronger around March equinox than around September equinox. This difference is sufficient to304

account for the higher solar activity dependence of the Ne near March equinox.305

Furthermore, the solar activity dependence of the EIA varies with local time. Strongest con-306

trast is seen between the noon and post-sunset local time sector. At noon, the crest-to-trough307

ratio obtained at 400 km altitude varies within only a small range between 1.14 to 1.43 from308

solar minimum to solar maximum. After sunset, however, it grows remarkably larger at high P309

level, reaching values of 3.90 and 29.17 at 400 km altitude. This is accompanied with poleward310

movement of the EIA crests and a depletion of the trough as seen for P>150. Since the EIA is di-311

rectly driven by the vertical drift of the plasma at the dip equator, this difference may be viewed312

in light of the climatology of the vertical plasma drift. Based on AE-E satellite observations,313

Fejer et al. (1995) found that the F-region vertical plasma drift is nearly independent of solar314

activity at daytime, but enhances considerably with solar activity after sunset. Therefore, extra315

photo-ionization with increasing solar activity combinedwith a nearly constant vertical trans-316

port seems to have led to the increase of Ne at the noon-time dip equator at 400 km altitude.317

In the post-sunset sector, no photo-ionization exists and the equatorial ionosphere experiences318

decay via chemical recombination, and upward and poleward transport related to the fountain319

process. Since the fountain intensifies at high solar flux levels due to enhanced vertical drift, the320

equatorial Ne near 400 km tends to experience stronger depletion correspondingly. Therefore,321

CHAMP observations demonstrate the dynamical nature of thepost-sunset ionosphere caused322

by pre-reversal enhancement and its strong solar activity dependence.323
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Regarding the IRI, we may conclude that it reproduces well the equatorial electron density324

near 400 km in the noon sector at all solar activity levels. However, it significantly overestimates325

it in the post-sunset to pre-midnight sector. The CHAMP-IRIcomparison indicates that IRI’s326

post-sunset hmF2 at the dip equator falls significantly below the true hmF2, particularly at high327

solar flux levels. This underestimation seems to be mainly caused by the limited order used328

for the spherical harmonics representation of M(3000)F2 onwhich the IRI-hmF2 is based. As329

pointed out byAdeniyi et al.[2003] andObrou et al.[2003], using measured M(3000)F2 values330

can significantly improve IRI’s estimation of hmF2. Furthermore, the possibility of using the331

correlation between vertical plasma drift and hmF2 to improve the IRI’s hmF2 model has also332

been attempted byObrou et al.[2003].333
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Truhlı́k, V., L. Třı́sková, and J.̌Smilauer (2003), Response of outer ionosphere electron temper-399

ature and density to changes in solar activity,Advances in Space Research, 31, 697–700.400

Tsunoda, R. T. (1985), Control of the seasonal and longitudinal occurrence of equatorial scintil-401

lations by the longitudinal gradient in integrated E regionPedersen conductivity,J. Geophys.402

Res., 90, 447–456.403

Uemoto, J., T. Ono, A. Kumamoto, and M. Iizima (2007), Comparison of the IRI 2001 model404

with electron density profiles observed from topside sounder on-board the Ohzora (EXOS-C)405

and the Akebono (EXOS-D) satellites,Adv. Space Res., doi:10.1016/j.asr.2006.10.019.406

Whalen, J. A. (2004), Linear dependence of the postsunset equatorial anomaly electron den-407

sity on solar flux and its relation to the maximum prereversalEXB drift velocity through408

its dependence on solar flux,Journal of Geophysical Research (Space Physics), 109(A18),409

doi:10.1029/2004JA010528.410

D R A F T July 25, 2007, 9:09am D R A F T



LIU ET AL.: SOLAR ACTIVITY DEPENDENCE OF THE EQUATORIAL IONOSPHERE X - 21

8/2000 8/2001 8/2002 8/2003 8/2004 8/2005 8/2006
50

100

150

200

250

300

Month/Year

S
o

la
r 

F
lu

x

 

 
F10.7
P

Figure 1. Values of F10.7 and P in unit of10−22 W m−2 Hz−1 during the period of Aug. 1, 2000–

Aug.1, 2006 which are used in this study.

Table 1. The Crest-to-Trough Ratio (CTR) near Equinoxes

P < 100 100 ≤ P ≤ 150 150 < P < 200 P ≥ 200
(Low) (Moderate) (High) (Very high)

Noon 1.14 1.34 1.42 1.43
Post-sunset 1.30 1.47 3.9 29.17
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Figure 2. Diurnal variation of the electron density at the dip equatorat 400 km obtained from CHAMP

(star lines) and the IRI model (solid lines) at three solar flux levels. The error bars represent standard

deviation. The average P values are about 85, 122, and 178. The mean satellite altitudes are given by

the line in the upper part of each panel.
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Figure 3. Longitudinal distribution of the percentage difference between the CHAMP and IRI elec-

tron density within 19–23 LT sector. The given seasons are the three-months periods centred at the

equinox/solstice dates.

Figure 4. Longitudinal distribution of the occurrence rate of ESF magnetic signatures as observed by

the CHAMP satellite for different seasons. The figure was adapted from Figure 5 inStolle et al.[2006].

The given seasons are the three-months periods centred at the equinox/solstice dates.
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Figure 5. Several types of Ne latitudinal profiles seen in CHAMP satellite passes in comparison to

those predicted by IRI2001. Since the PLP has a lower threshold of 2 × 103 cm−3, the plateau in the

red curve is an instrument effect and the real density could be even lower.
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Figure 6. Quiet-time equinoxes (combined) Ne latitudinal distribution near 400 km altitude for various

solar flux levels in noon (upper panel) and post-sunset (lower panel) local time sectors. Thick lines:

CHAMP; thin lines: IRI. The mean P values are 81, 120, 177, and217, respectively.
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Figure 7. Solar activity (P) dependence of noon-time (11-15 MLT) Ne indifferent seasons for three

latitude regions. Left column: the northern EIA crest; Middle column: the dip equator; Right column:

the southern EIA crest. Data points at P>200 are not used in the fitting, hence has no influence on the

slopes.
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Figure 8. Same as Figure 7 but for post-sunset (18-23 MLT) sector. Leftcolumn: the northern EIA

crest; Middle column: the dip equator; Right column: the southern EIA crest.
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Figure 9. Slopes of the solar activity dependence of Ne in different seasons in the EIA trough and

crest regions for noon and post-sunset local time sectors.
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Figure 10. Solar activity dependence of the noontime neutral density at the dip equator.
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