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Key Points:9

• The FPMU daytime densities are generally in good agreement with the results from10

the International Reference Ionosphere (IRI)11

• A bulge in the EIA southern crest possibly associated with the Weddell Sea anomaly12

(WSA) was observed during the daytime13

• Two midlatitude summer nighttime anomalies (MSNAs) were observed until the14

early morning and were stronger in a higher solar flux period15
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Abstract16

We performed, for the first time, a season-dependent geomagnetically quiet-time clima-17

tology of mid- and low-latitude ion densities during low and moderate solar flux condi-18

tions using Floating Potential Measurement Unit (FPMU) observations aboard the In-19

ternational Space Station (ISS) from 2008 to 2019. Our daytime observations indicate20

that the main characteristics of the equatorial ionization anomaly (EIA) at ∼400 km are21

consistent with those from other in-situ and remote sensing probes. The FPMU daytime22

densities are also generally in good agreement with the corresponding results from the23

International Reference Ionosphere (IRI). However, the IRI does not reproduce the mid-24

solar flux evening low-latitude measured densities. In this period, the EIA exhibits strong25

longitude-dependent crest-to-trough ratios and asymmetries due to the pre-reversal en-26

hancement (PRE) of the zonal electric field and thermospheric neutral winds. Our data27

also show strong structuring of the daytime and nighttime plasma densities. This includes28

a bulge, discussed for the first time here, in the EIA southern crest in the South Atlantic29

sector during the December solstice and equinox data, which we suggest being generated30

by the transport of plasma from the Weddell Sea anomaly (WSA). We also highlight and31

show the evolution of a midlatitude summer nighttime anomaly (MSNA) during the June32

solstice data in the North Atlantic sector. Our results give new insights into these two33

anomalies, where we show that they are stronger with increasing solar flux levels and that34

they last until the early morning. These latter results are not consistent with those from35

previous studies.36

1 Introduction37

The ionosphere at low latitudes is site of several phenomena driven by complex in-38

teractions between atmospheric, ionospheric, and magnetospheric processes mediated by39

the magnetic and gravitational fields (Kelley, 2009; Rishbeth & Garriott, 1969). The Equa-40

torial Ionization Anomaly (EIA) (Appleton, 1946), characterized by plasma density min-41

ima near the magnetic equator and maxima at magnetic latitudes of about ±15◦, is the42

most prominent feature of the daytime low latitude F-region ionosphere. The EIA re-43

sults from plasma flow along the field lines driven by the effects of the field-perpendicular44

E×B upward plasma motion and field-aligned diffusion (Balan et al., 2018a). The strength,45

location, and asymmetry of the EIA density crests vary with longitude, season, and so-46

lar cycle due mostly to the corresponding variations of the equatorial vertical plasma drifts47

(e.g., Fejer, 2011; Fejer & Maute, 2021) and magnetic meridional winds (e.g., Balan et48

al., 2008, 2018b). In the early night period, the evening pre-reversal enhancement (PRE)49

of the equatorial upward drifts plays a major role in the strong season, solar cycle, and50

longitude-dependent low latitude F-region plasma density distribution and irregularity51

occurrence (e.g., Heelis et al., 1974; Rishbeth, 1981).52

Large latitude and longitude-dependent F-region plasma density gradients asso-53

ciated with vertical plasma drifts and neutral winds have long been known (e.g., Han-54

son & Sanatani, 1971; Wharton et al., 1980). Latitudinal density asymmetries result from55

differences in field-aligned ion motions and F-layer height driven by imbalanced magnetic56

meridional winds on both sides of the magnetic equator (Balan et al., 1997a; Bailey et57

al., 2000). Simulations presented by Luan and Solomon (2008) indicated that most of58

the magnetic meridional winds’ longitudinal variations result from zonal wind and mag-59

netic declination effects. Asymmetric meridional winds give rise to stronger crests in the60

hemisphere of the equatorward flow where chemical loss and downward diffusion are re-61

duced due to the F-layer rise (Balan et al., 2008; Batista et al., 2011).62

Low Earth Orbit (LEO) satellites have yielded extensive global information on low-63

and mid-latitude ionospheric density distribution. J.-Y. Liu et al. (2022) discussed the64

characteristics of plasma depletion bays and the Weddell Sea density anomaly observed65

by the FORMOSAT-3/COSMIC (F3/C) satellite constellation. Plasma depletion bays66
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(PDBs) are broad regions of low nighttime plasma density in the low latitude winter hemi-67

sphere that extend to the summer hemisphere of generally high densities (F.-Y. Chang68

et al., 2020). The Weddell Sea anomaly (WSA), centered near (73◦S, 45◦W) in Antarc-69

tica’s Weddell Sea region, exhibits the unusual pattern of higher summer plasma den-70

sities during nighttime compared to daytime (Penndorf, 1965). Burns et al. (2008) used71

COSMIC data to hypothesize that an evening downward plasma flux from the plasma-72

sphere may contribute to this phenomenon. Lin et al. (2009) used F3/C electron den-73

sity measurements to suggest that the poleward offset of the magnetic equator from the74

geographic equator is important in its formation. On the other hand, L. C. Chang et al.75

(2015) used HWM93 (Horizontal Wind Model) to demonstrate that equatorward and76

upward neutral wind effects are essential in the WSA development. The WSA is part77

of the midlatitude summer nighttime anomalies (MSNAs), all of which exhibit the same78

formation mechanisms (e.g., Chen et al., 2012; Lin et al., 2009, 2010; H. Liu et al., 2010)79

described earlier.80

The Floating Potential Measurement Unit (FPMU) on board the International Space81

Station (ISS) has been making plasma density and electron temperature measurements82

since 2006. Most of these data have been used only for validation purposes under dif-83

ferent geophysical conditions (Barjatya et al., 2009; Coffey et al., 2008; Debchoudhury84

et al., 2021; Hartman et al., 2019). Recently, FPMU data has also been used for study-85

ing morning electron temperature overshoots (Yang et al., 2020), and nighttime O+ dropouts86

(Debchoudhury et al., 2022). In addition, Newheart et al. (2022) used a few days of FPMU87

and SWARM spacecraft ionospheric densities along with Total Electron Content (TEC)88

observations to examine well-defined EIAs around local midnight during geomagnetically89

quiet periods.90

We use FPMU measurements from 2008 to 2019 for the first comprehensive study91

of the seasonal and solar cycle-dependent quiet time mid- and low-latitude F region cli-92

matology and large-scale structures at ∼400 km. We will focus on the evolution of evening93

and nighttime low-latitude ionospheric structures during moderate solar activity and mag-94

netically quiet conditions. In the following sections we first briefly describe our data and95

then proceed to present and discuss our results. The Supporting Information presents96

all the figures in a colorblind-friendly format.97

2 Measurements and Data Analysis98

The Floating Potential Measurement Unit (FPMU) was developed with the pri-99

mary purpose of studying the surface charging of the ISS (Barjatya et al., 2009). The100

ISS operates at an altitude varying from about 380 to 420 km with an orbital inclina-101

tion of 51.6◦ and an orbital period of 92 min, corresponding to ∼16 orbits per day. The102

FPMU consists of a suite of four instruments (Wide Langmuir Probe, Narrow Langmuir103

Probe, Floating Potential Probe, and Plasma Impedance Probe) providing 1-s measure-104

ments of the ISS frame potential and in-situ plasma densities and electron temperatures105

(Barjatya et al., 2009). FPMU-derived ion densities and electron temperatures are avail-106

able at the NASA Space Physics Data Facility (SPDF) Coordinated Data Analysis Web107

(CDAWeb) website, https://cdaweb.gsfc.nasa.gov. Very little data is available from108

40◦E-90◦E due to limited communications between the ISS and ground stations.109

We used FPMU plasma densities measured during magnetically quiet periods (Kp110

< 3) from December 2008 to December 2019. This period encompasses the Solar Cycle111

24, which was mostly characterized by low solar activity. Our data was divided into low112

(Φ < 100 sfu, solar flux unit = 10−22 W m−2 Hz−1) and moderate (Φ > 100 sfu) solar113

flux levels, with mean values of 75 and 130 sfu, respectively; and three seasons: Decem-114

ber solstice (November-February), equinox (March, April, September, and October), and115

June solstice (May-August). The plasma densities were first averaged in each bin of a116

5◦ × 5◦ grid covering latitudes up to ±50◦ and then smoothed using a Savitzky-Golay117
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filter (Savitzky & Golay, 1964) with a 9◦ longitude window length and a second-degree118

polynomial along each latitude.119

3 Results and Discussion120

3.1 Ionospheric Density Climatology at the ISS height121

Figures 1-3 present climatologies of afternoon and evening mid- and low-latitude122

plasma densities at about 400 km measured by FPMU from 2008 to 2019 during the De-123

cember solstice, equinox, and June solstice, respectively. These figures show the largest124

densities at 14:00-16:00 LT (panels c-d) and decreasing values toward the night. In gen-125

eral, the peak densities increase from about 106 cm−3 during low solar flux to about 2.5126

× 106 cm−3 during moderate solar flux conditions, while the anomaly crests remain at127

about the same geomagnetic latitudes until ∼14:00 LT. Later, the low solar flux anomaly128

significantly weakens with time and essentially disappears close to sunset, while under129

moderate solar flux conditions, the anomaly intensifies towards sunset with crests fur-130

ther poleward and increasing crest-to-trough density ratios. This is readily explained by131

the transport of plasma to higher equatorial altitudes and geomagnetic latitudes in re-132

sponse to the increase of late afternoon and evening upward plasma drifts with solar flux133

(Fejer, 1991; Fejer et al., 2008).134

Our solstice data (Figures 1 and 3) show that the winter hemisphere crests tend135

to be closer to the dip equator than the summer hemisphere crests, as reported earlier136

(e.g., Cai et al., 2020; Khadka et al., 2018; Xiong et al., 2013). This was attributed to137

the upward and downward shifting of the anomaly crests driven by the meridional neu-138

tral winds. The neutral wind effect is also responsible for the greater densities seen in139

the summer hemisphere crests. In contrast to the result by Luan et al. (2015), our data140

show that this solstitial asymmetry is more evident for low solar flux conditions. On the141

other hand, the absence of a clear southern crest during the June solstice in both flux142

levels of Figure 3 indicates a weaker solar flux effect on the EIA response to the ther-143

mospheric wind. Additionally, Figure 1 indicates that the December solstice EIA crest144

latitude separation is smaller in the region of large magnetic declination, i.e., roughly145

from Eastern Asia to Western South America, consistent with the study of Eastes et al.146

(2023). This is especially true during the evening. Furthermore, the December solstice147

densities are greater than the June solstice. This is the so-called annual asymmetry, con-148

sistent with previous studies (e.g., Burns et al., 2012; Zeng et al., 2008).149

The equinox exhibits the most dramatic density changes with solar flux. The low150

flux panels in Figure 2 indicate that the northern EIA crest is, in general, stronger and151

at higher latitudes than the southern until 16:00 LT. During the evening, the separation152

between the two crests is not evident, but instead, the EIA appears as a single peak at153

the dip equator. The crests are possibly at a lower altitude given that the correspond-154

ing PRE amplitude is reduced in a low solar flux (Batista et al., 2011). Additionally, there155

is an intrinsic 4-wave modulation in the evening EIA which we associate with the wavenumber-156

4 (WN4) longitudinal structure (e.g., Lin et al., 2007; Wan et al., 2008). The longitu-157

dinal structure shown in Figures 2a, c, e, and g has density peaks in the Pacific, South158

American, African, and Eastern Asian sectors, in agreement with solar minimum ion den-159

sity measurements presented by Choi et al. (2023). The vertical E×B drift, which is160

generally associated with the WN4, is the most effective driver of this structure in the161

daytime (Bankov et al., 2009; Fejer et al., 2008).162

In contrast to the generally single density peak at the magnetic equator during equinoc-163

tial low flux conditions, the evening and early night EIA is symmetric around the dip164

equator during equinoctial moderate flux conditions, as illustrated in Figures 2f and 2h.165

In the equinox, the meridional wind effect is minimal compared to that during solstices166

due to a weaker pressure gradient between the two hemispheres (Cai et al., 2020; Huang167
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FPMU - DECEMBER SOLSTICE

Figure 1. Middle and low latitude average December solstice plasma densities measured by

the FPMU for low (left panels) and moderate (right panels) levels of solar activity. The solid

black line is the magnetic dip equator and the dashed black lines represent the dip latitudes of

±20◦ and the 40◦ magnetic longitude.

et al., 2010). Balan et al. (2013) and Tulasi Ram et al. (2009) stated that zonal winds168

have a continuous and substantial influence throughout the equinox. Indeed, a wave-4169

pattern exists in the evening ion density for the low flux, demonstrating the small effect170

of the meridional winds. Our data at the ISS height show the greatest densities during171

the equinox, illustrating the so-called semi-annual density variation (e.g., Balan et al.,172

1997b, 1998; Burns et al., 2012). Balan et al. (1997b) and Balan et al. (1998) attribute173

this variation to solar zenith angle, thermospheric composition, and equinox-neutral winds,174

influencing chemical and dynamical processes. As indicated above, the EIA displays sym-175

metric crests’ latitudes and densities only during the equinoxes, which is in accordance176

with the comprehensive study by Xiong et al. (2013).177

The June solstice data also displays a wavelike density modulation. This can be178

seen in Figures 3a, c, and e where there is a 3-wave longitudinal modulation from 12:00179

to 18:00 LT in the northern EIA crest. A similar wave-3 pattern in the northern sum-180

mer was found by Huang et al. (2010) and by H. Liu et al. (2010), who also observed it181

at 12:00 LT. Moreover, our low and moderate June solstice data show plasma depletions182

in the South American sector northern crest at 18:00-20:00 LT, which are more pronounced183

for low solar flux conditions. We associate these structures to a plasma depletion bay,184

although seen at later local times in previous studies (e.g., J.-Y. Liu et al., 2022).185
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FPMU - EQUINOX

Figure 2. Same as Figure 1, but for the equinox.

3.2 Comparison with IRI-2020186

We compared the FPMU climatology shown in Figures 1-3 with corresponding re-187

sults from IRI version 2020 (Bilitza et al., 2022), which is available for download at https://188

irimodel.org/. We observed generally a very good agreement between the IRI and the189

FPMU daytime plasma densities at about 400 km, although the model slightly overes-190

timates the densities during low solar flux conditions and underestimates them for mod-191

erate conditions. The largest variations were observed for moderate solar flux near dusk192

at low latitudes. Therefore, we focus on results only during these conditions.193

Figure 4 illustrates that the IRI strongly underestimates the moderate solar flux194

evening and early night FPMU densities. In particular, the well-defined EIA crests are195

not seen in any season in the IRI data. The IRI densities are higher in the summer hemi-196

sphere, but they are much smaller than the corresponding FPMU values. The largest197

discrepancies are observed during the equinox where the symmetric crests shown in the198

data are not reproduced by the model. The main differences shown in Figure 4 can be199

attributed to the IRI’s use of monthly averages and its mid-latitude main data sources200

(Bilitza et al., 2022), leading to better performance there compared to low-latitudes and201

the smoothing of evening and early night PRE effects, which play a major role in the202

anomaly generation. We note that the PRE increases with solar flux and is generally strongest203

during equinox (e.g., Scherliess & Fejer, 1999). We proceed to examine this effect in more204

detail.205

–6–



manuscript submitted to JGR: Space Physics

-40

-20

0

20

40

a)
Φ ≈ 75 SFU

12:00-14:00 LT b)
Φ ≈ 130 SFU

12:00-14:00 LT

-40

-20

0

20

40

c) 14:00-16:00 LT d) 14:00-16:00 LT

-40

-20

0

20

40

e) 16:00-18:00 LT f) 16:00-18:00 LT

-180 -120 -60 0 60 120 180

-40

-20

0

20

40

g) 18:00-20:00 LT

-180 -120 -60 0 60 120 180

h)

L
A

T
IT

U
D

E
(°

)

LONGITUDE (°)

18:00-20:00 LT

0.01

0.50

1.00

0.01

0.50

1.00

1.50

2.00

N
i

(c
m
−

3
)
×

1
0

6

FPMU - JUNE SOLSTICE

Figure 3. Same as Figure 1, but for the June solstice.

3.3 Evening results206

Figure 5 shows the FPMU densities at 18:00-20:00 LT and 20:00-22:00 LT for Φ ≈207

130 sfu, along with the peak values of the evening vertical plasma drift velocity (PRE208

peak) and their time-integrated (integrated PRE) values. These parameters were retrieved209

from Stolle et al. (2008) and obtained from ROCSAT-1 (Republic of China Satellite 1)210

measurements (Fejer et al., 2008). The integrated PRE values were obtained by sum-211

ming the vertical drift values at each local time and multiplying them by the time dif-212

ference between adjacent local time bins, therefore its unit is length. For the PRE peak,213

Stolle et al. (2008) used the highest drift value between 17:00 and 21:00 LT at each lon-214

gitude for each season. The PRE is season- and longitude-dependent and is strongest215

when the sunset terminator and magnetic field lines are aligned (Abdu et al., 1981). It216

peaks between about 18:30 LT and 19:30 LT and affects the F-region plasma densities217

in approximately half the typical daytime response time of 3-4 hours, as shown by ex-218

tensive VTEC (Vertical Total Electron Content) and airglow observations (Kumar et al.,219

2021).220

Figure 5 shows that during the December solstice, the PRE and its integrated value221

are maximum at approximately -45◦ longitude, coinciding with the location where the222

EIA crests density increase and have the greatest latitudinal separation. During the equinox,223

the PRE and its integrated value peak around -100◦ and 0◦ longitudes but have little224

longitudinal variation. In this case, the strongest plasma densities in the anomaly oc-225

cur at about 10◦ further east, which is consistent with the evening eastward motion of226

the F-region plasma (e.g., Fejer & Maute, 2021). During the June solstice, the PRE peak227

and integrated PRE are both close to zero in the South American and South Atlantic228

sectors, concordant with the absence of the EIA. These results are consistent with ear-229
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Figure 4. FPMU (left panels) and IRI-2020 (right panels) moderate solar flux evening and

early night plasma densities.

lier studies indicating that the longitudinal distribution of the evening and nighttime anomaly230

is determined primarily by the PRE (e.g., Li et al., 2008; Whalen, 2004). We have con-231

sidered moderate solar flux conditions only; however, evening vertical drifts can strongly232

affect nighttime ambient low-latitude F region electron density also for solar minimum233

conditions (e.g., Dao et al., 2011). As mentioned earlier, neutral winds also play impor-234

tant roles in the morphology of the anomaly. In addition, the north-south crest asym-235

metry is also affected by ambipolar diffusion from high and subauroral latitude ionosphere236

(J. Liu et al., 2016), displacement of the geographic and geomagnetic equators (Balan237

et al., 2013; Khadka et al., 2018; Zeng et al., 2008), and by the distance of the subso-238

lar point to the magnetic equator (Eastes et al., 2023).239

3.4 Plasma Density Structure in the Atlantic and American Sectors240

The FPMU climatologies presented above illustrate the occurrence of strong day-241

time and nighttime plasma density structures or so-called anomalies. We now proceed242

to examine them in detail focusing on the Atlantic and American sectors.243
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Figure 5. Upper panels. FPMU evening average plasma densities. Lower panels. Peak PRE

plasma drifts and their time-integrated values in units of 10 km (adapted from Stolle et al.,

2008).

3.4.1 Midlatitude Summer Nighttime Anomalies244

Figures 6-8 show nighttime average FPMU plasma densities in the 95◦W-15◦E lon-245

gitude sector. These figures illustrate the midlatitude summer nighttime anomalies, which246

here encompass the Weddell Sea anomaly and the nighttime June solstice density en-247

hancement, for low (left panels) and moderate (right panels) solar flux conditions. We248

will now present their season-dependent characteristics at the ISS altitude.249

December solstice. The enhanced plasma densities in the far southward-displaced250

southern EIA crest at the 20:00 LT December solstice panels (Figures 6c-d) appear to251

give rise to the Weddell Sea anomaly by 22:00 LT (Figures 6e-f). In our flux levels and252

ISS height, this anomaly is centered at South Pacific and South American longitudes un-253

til 02:00 LT, when it moves eastward until the early morning. It is stronger and concen-254

trated to the north for moderate solar flux. In a broader perspective, the WSA is merged255

with the EIA southern crest. Additionally, the shape and location of the plasma excur-256

sion from the EIA southern crest suggest a strong connection with the excursion of the257

magnetic dip equator into the southern hemisphere.258

June solstice. In this season, Figure 8 shows density peak structures along the259

20◦ dip latitude line in the North Atlantic sector. These are the above-mentioned night-260

time June solstice density enhancement or North Atlantic MSNA. For Φ ≈ 130 sfu, this261

anomaly starts between 18:00 and 20:00 LT (Figure 8b) as a density bulge in the north-262

ern EIA crest, developing into a tongue-like shape at 20:00-22:00 LT. At 22:00-24:00 LT263

(Figure 8f), the structure is now displaced to the east and to the north, following the264

tilt of the 20◦ dip latitude line. Although the density decreases over the nighttime hours,265

the structure still retains the highest plasma density in the middle and low-latitude iono-266

sphere.267

The June solstice low flux density anomaly shown in the left panels of Figure 8 starts268

at 20:00-22:00 LT, which is later compared to the moderate flux case. During most of269

the nighttime, it displays the same behavior as at the higher flux level, but with a lower270
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sector in low (left panels) and moderate (right panels) solar flux conditions. The solid black line

denotes the magnetic dip equator and the dashed gray lines correspond, from left to right, to the

-5◦, 10◦, and 25◦ magnetic longitudes.

area and density. At 02:00-04:00 LT (Figure 8i), the anomaly moves north of the 20◦ dip271

latitude line and maintains this pattern until the early morning. From 06:00 LT, the North272

Atlantic MSNA is no longer seen (not shown here).273

We can also notice the evolution of the June solstice anomaly by following the three274

dashed gray lines in Figure 8, which correspond to the -5◦, 10◦, and 25◦ magnetic lon-275

gitudes. The anomaly holds until ∼02:00 LT and then slowly decreases due to the weak-276

ening of the EIA during post-midnight hours, but it can be clearly observed until 06:00277

LT. Albeit not clear in Figure 8, the anomaly is accompanied by a decrease in the plasma278

density at the conjugate location in the southern hemisphere. In contrast to the low so-279

lar flux case, in the right panels of Figure 8, the North Atlantic MSNA is observed at280
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Figure 7. Same as Figure 6, but for the equinox.

a nearly constant longitude range from the nighttime until the early morning and con-281

tains the greatest densities from low- to mid-latitudes.282

Equinox. The equinoctial data (Figure 7) shows both the Weddell Sea anomaly283

and the North Atlantic June solstice density enhancements appearing at 24:00-02:00 LT284

(Figures 7g-h), though less prominently. This is particularly the case for the WSA, in285

which only a weak anomaly is seen in the South Pacific. As is the case for the June sol-286

stice, from 20:00-22:00 LT to 02:00-04:00 LT the equinoctial northern hemisphere den-287

sity enhancements are accompanied by density decreases in the conjugate hemisphere.288

Compared to the June solstice, the equinoctial North Atlantic MSNA is seen only un-289

til 02:00-04:00 LT, after which the anomaly is no longer clearly seen.290

The MSNAs characteristics inferred from the FPMU data are consistent with those291

reported by Lin et al. (2010) and H. Liu et al. (2010), who suggested that these midlat-292

itude structures are restricted to longitudes where the magnetic and geographic equa-293
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Figure 8. Same as Figure 6, but for the June solstice.

tors are apart from each other. Moreover, Figures 6 and 8 indicate that the December294

solstice WSA plasma density and its spatial coverage are greater than in the June sol-295

stice North Atlantic region, also in agreement with H. Liu et al. (2010). In our data, the296

WSA encompasses a very large longitude and latitude area, from the Australian to South297

Atlantic sectors (the total WSA area is not shown in Figure 6), whereas the North At-298

lantic structure in June solstice is seen restricted from Eastern Central America to West-299

ern Europe. This can be explained by the large declination angle near the South Amer-300

ican anomaly, which produces a zonal wind more effective in the South Pacific than in301

the North Atlantic.302

In contrast with previous results (e.g., Chen et al., 2012), the FPMU data show303

that the MSNAs during December and June solstice have similar local time occurrences.304

Additionally, our data show that both the WSA and the June density anomaly are stronger305

and have a longer lifetime during moderate solar flux conditions, which differs from the306

negative solar activity dependence suggested by Chen et al. (2012) and H. Liu et al. (2010).307
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These different results might be explained by our in-situ ion densities at 400 km, near308

hmF2 at night, where the MSNAs are expected to be more prominent (H. Liu et al., 2010).309

Many earlier studies used plasma densities from TEC and NmF2 measurements, which310

often do not correspond to the height of our in-situ plasma density data.311

3.4.2 Plasma Depletion Bays312

There is another feature clearly seen at the nighttime June solstice. Plasma deple-313

tion bays are observed almost at all local times shown in Figure 8. The PDBs appear314

as regions of depleted plasma density “curving in” to the northern hemisphere from the315

southern over North Atlantic longitudes. This feature is one of the South PDBs described316

by F.-Y. Chang et al. (2020). In the left panels of Figure 8, this depletion is seen from317

18:00-20:00 LT, but only from 20:00-22:00 LT in the right panels, suggesting its earlier318

predominance during a low solar flux level. Our data shows that this feature appears at319

night during solstice months, consistent with previous studies (e.g., F.-Y. Chang et al.,320

2020). J.-Y. Liu et al. (2023) state that the number of PDBs can be affected by the ob-321

servation altitude. Hence, at the ISS height, we only observe one PDB.322

The equinox (Figure 7) shows a density depletion forming at 24:00-02:00 LT, seen323

until the early morning for both flux ranges. This depletion is located between South324

America and Africa, but it is not clear if it is associated with a plasma depletion bay,325

although there are similarities with this same phenomenon during the June solstice.326

3.5 Relevant Atlantic and American Sectors Nighttime and Daytime Struc-327

tures328

The phenomena described in the previous sections highlighted the peculiarity of329

the Atlantic and American sectors. We proceed to examine some of their phenomena in330

more detail to investigate their evolution.331

3.5.1 Nighttime332

Figure 9 shows the density variation at 20:00-22:00 LT along the -5◦, 10◦, and 25◦333

magnetic longitudes drawn in Figures 6-8. A clear longitudinal variation can be observed334

in the three seasons. During the December solstice, the strongest increase in the crest-335

to-trough density ratio with solar flux occurs along the 10◦ magnetic longitude line. The336

densities along the other two longitudes display well-defined crests for both fluxes. Ad-337

ditionally, the -5◦ and 10◦ lines show a density asymmetry with larger values in the north-338

ern crest. Comparing this result with those in Figures 5 and 6, we suggest that the asym-339

metry is a consequence of the EIA longitudinal variations.340

The Weddell Sea anomaly significantly influences the December solstice densities341

in Figures 9a and 9b, as well as the equinoctial densities in Figure 9a, particularly at south-342

ern dip latitudes, with higher values toward the west. Hence, Figure 9 shows that the343

Weddell Sea anomaly is observed at 20:00-22:00 LT during the equinox for low, but not344

for moderate flux. The 10◦ magnetic longitude line displays an opposing behavior com-345

pared to the other two in Figure 9a during the equinox since it is the only one with a346

northern EIA crest greater than the southern. In Figure 9b, the three lines show well-347

developed and asymmetric EIA crests, with the northern having higher densities than348

the southern.349

During the June solstice, Figure 9a shows only a single density peak at the -5◦ line,350

but strong asymmetries at 25◦ and 10◦ longitudes, with a much larger northern than south-351

ern crest. In fact, there is no southern crest at all at 10◦ longitude. In Figure 9b, the asym-352

metry for these two lines holds, but now the -5◦ also displays the same asymmetry be-353

tween the southern and northern EIA crest. These equinox and June solstice asymme-354
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tries for both fluxes correspond to the northern hemisphere MSNA shown in Figures 7-355

8. As above-mentioned, the 10◦ magnetic longitude, which essentially crosses all of South356

America, is the one with the largest density variation with solar flux among all three sea-357

sons. Furthermore, it is evident from Figure 9 that the South American sector displays358

marked longitudinal plasma density variations.359
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Figure 9. FPMU densities at 20:00-22:00 LT along the -5◦ (black), 10◦ (green), and 25◦

(pink) magnetic longitude lines for our a) low and b) moderate solar flux conditions.

3.5.2 Daytime360

There is a pronounced feature in the daytime December solstice and equinox for361

both solar fluxes shown in Figures 1-2. A density bulge can be seen in the southern EIA362

crest in the -60◦ to 0◦ longitude sector from 12:00 to 16:00 LT. This bulge is identified363

as an increase in the latitudinal width or range of the South Atlantic EIA crest from 08:00364

LT to 16:00 LT. Except for the work by H. Liu et al. (2010), which shows a similar bulge365

at 12:00 LT during the December solstice but does not mention it in the text, this is the366

first time this EIA bulge is examined in some detail along with a suggestion of its pos-367

sible origin.368

Figure 10 shows the local time evolution of the plasma density in the bulge region369

and along the 40◦ magnetic longitude lines (also drawn in Figures 1-2) during low and370

moderate solar flux levels for the December solstice and equinox and in three different371

local times prior to the ones presented in Figures 1-2: 06:00-08:00 LT, 08:00-10:00 LT372

and 10:00-12:00 LT. The 40◦ magnetic longitude line crosses the bulge region. The den-373

sity variation in each field line was smoothed using a non-parametric fitting technique374

with a locally weighted smoothing regression algorithm. The 40◦ magnetic longitude lines375

were drawn in the June solstice maps in Figure 3 only for comparison since no bulge can376

be observed during this season.377

December solstice displays the most distinctive bulge for both solar flux levels when378

compared to the equinoctial. This feature is more prominent in the moderate flux (Fig-379

ures 10b, f, j) than in the low data (Figures 10a, e, i). At 06:00-08:00 LT, the Weddell380

Sea anomaly is still evident for all the maps at this local time period, except for the equinox381

during the low solar flux period. Most of the earlier studies cited in Section 3.4.1 observed382

the WSA until ∼04:00 LT. At 08:00-10:00 LT in Figure 10f, the WSA has moved north383

to lower latitudes. At 10:00-12:00 LT the December solstice enhancement moved north-384
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Figure 10. Local time evolution of the plasma density bulge region during December solstice

(first and second columns) and equinox (third and fourth columns). The line plots in m-p show

the plasma density variation along the 40◦ magnetic longitude line at 06:00-08:00 LT (red), 08:00-

10:00 LT (blue), and 10:00-12:00 LT (pink) corresponding to columns in panels a-l.

ward (Figure 10j), merging with the EIA southern crest to form the bulge seen in Fig-385

ure 1. The same process occurs during the equinox, but the bulge is less prominent. For386

Φ ≈ 75 sfu, the northern displacement of the WSA is less pronounced during both the387

December solstice and equinox, but a faint bulge can still be noticed in the EIA south-388

ern crest.389

From the line plots perspective (Figures 10m-p), there is a density peak at approx-390

imately -38◦ dip latitude for both fluxes during the December solstice and only for Φ ≈391

130 sfu during the equinox. This peak becomes more intense and moves northward un-392

til it merges with the EIA southern crest, adding a bulge to it. From 08:00 LT to 12:00393

LT, the asymmetry between the southern and northern crests is evident for both fluxes394

and seasons. We speculate that the bulge is associated with the WSA. The effect of the395

WSA is still observed during the early morning in our data and is responsible for the den-396

sity peak at 06:00-08:00 LT in Figures 10m-n, p. Also, the bulge appears to be related397

to the WSA since it occurs in the region of greater separation between the geographic398

and magnetic equators, where the mid-latitude nighttime enhancements are preferred399
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to take place. Therefore, an equatorward meridional wind may oversee the WSA shift400

northwards. However, more detailed observations and numerical modeling are clearly nec-401

essary to determine the origin of this unusual plasma density feature.402

4 Summary and Conclusions403

We presented the first climatological study of mid- and low-latitude plasma den-404

sities derived from 12 years of FPMU measurements onboard the ISS during low and mod-405

erate solar flux conditions. Our daytime climatological results on the development, sea-406

sonal, and solar flux dependence of the EIA and location of their crests are consistent407

with earlier experimental results and can be largely explained as due to corresponding408

variations in the zonal electric fields and thermospheric neutral winds. Our middle and409

low-latitude daytime data also generally agree well with corresponding IRI ion densities.410

The FPMU evening and early night densities highlight the fundamental role of the PRE411

on the longitudinal variation of the crest-to-trough EIA anomaly crest ratios and of the412

meridional thermospheric winds on their hemispheric asymmetries. During this period413

the IRI density signatures strongly underestimate the moderate flux in-situ data for all414

three seasons.415

We have shown a structuring in the daytime EIA southern crest during the Decem-416

ber solstice and equinox that, to the best of the authors knowledge, was not noticed in417

previous studies. In the South Atlantic sector, this EIA latitudinal density bulge was stronger418

during moderate solar flux conditions. We suggest that this bulge is formed by the trans-419

port of plasma from the Weddell Sea anomaly. We showed that the ion density in the420

American and Atlantic sectors displays strong seasonal and longitudinal variations dur-421

ing the evening and the nighttime. This is particularly the case in the South American422

region. We also examined two midlatitude summer nighttime anomalies, the Weddell Sea423

anomaly in the South Pacific during the December solstice and the North Atlantic den-424

sity enhancement during the June solstice. Our results indicate similarities between these425

anomalies. Both are stronger during a higher solar flux period and have all-night life-426

times at the ISS height, which is not consistent with earlier results, perhaps due to al-427

titudinal effects. Additionally, since we have shown for the first time the WSA in the early428

morning, we discussed whether this supports its correlation with the density bulge in the429

EIA.430

5 Open Research431

The plasma densities used here are derived from FPMU telemetry at NASA Mar-432
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