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Key Points:9

• O+ percentages often drop below 80% at ISS altitudes during solar minimum10

• The dropouts in O+ abundance are common in post-midnight sector in winter hemi-11

sphere12

• The climatology of the dropouts is governed by neutral wind variations and low-13

ered O+/H+ transition height.14
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Abstract15

The Floating Potential Measurement Unit (FPMU) onboard the International Space16

Station includes a Wide sweeping Langmuir Probe (WLP) that has been operating in17

the F-region of the ionosphere at ∼400 km since 2006. While traditional Langmuir probe18

estimates include critical plasma parameters like electron density and temperature, we19

have also extracted the O+ percentage from the total ion constituents. This O+ com-20

position dataset from the recent minimum in the Solar Cycle 24 reveals orbits with dropouts21

in O+ to below 80% of the total background ion density at ISS orbital altitudes. The22

observed O+ percentages during these dropouts are much lower than the values predicted23

by the International Reference Ionosphere 2016 (IRI2016) empirical model. In this pa-24

per, we present the climatology of these O+ dropouts with their dependency on season,25

local time and geographical location. The results show that the lowered O+ percentages26

are more significant in the winter hemispheres and are routinely observed for orbits in27

the pre-sunrise periods. The patterns in O+ dropouts can be explained in part from the28

lowering of the O+/H+ transition height during solar minimum along with patterns in29

neutral wind variation.30

Plain Language Summary31

The plasma environment experienced by the International Space Station (ISS) is32

of key importance to the space physics community. A suite of instruments on the ISS33

has been operating since 2006 that consist of a spherical Langmuir probe, called the WLP,34

which is a sensor that periodically collects information about the density and energy of35

the ambient electrons. Recently we presented a technique to also infer the composition36

of O+ ions relative to the total ion density which is an important parameter in under-37

standing the interaction between the terrestrial atmosphere with the exosphere. Results38

from the most recent period of solar minimum reveal dropouts in O+ densities compared39

to predictions from empirical models. We show global climatology plots from 2018 and40

2019 and observe that these large dropouts in O+ are more prevalent in the post-midnight41

region of the winter hemisphere. Past studies have discussed increased presence of lighter42

H+ ions at higher orbital altitudes, but the fact that O+ dropouts are observed even at43

ISS altitudes is striking and one of the prominent features of solar minimum.44

1 Introduction45

The Wide sweeping Langmuir probe (WLP) is a gold-coated spherical Langmuir46

Probe and one of four instruments that constitutes the Floating Potential Measurement47

Unit (FPMU) (Barjatya et al., 2009) hosted on the International Space Station (ISS).48

While the primary objective of the FPMU is to monitor the charging of the ISS (Wright49

et al., 2008; Koontz et al., 2020), the data products from the instruments can be use-50

ful for understanding the behavior and dynamics of the F-region ionosphere at a nom-51

inal altitude of ∼ 400km. With the orbital inclination of the ISS at 51.6◦, the FPMU52

data products cover low- and mid-latitudes and have been recorded since 2006. In par-53

ticular, the WLP is swept over a wide range of voltages, from -20 V to 80 V, with re-54

spect to the chassis ground, and the resulting collected current-voltage (I-V) profile can55

be analyzed to estimate the ambient electron density and temperature at a cadence of56

1 Hz along the ISS orbit. Owing to this wide sweep that goes deep in the ion saturation57

region, it is possible to fit for multiple ion species. Recently Debchoudhury et al. (2021)58

re-analyzed the WLP data, ranging from 2006 to 2020, to extract the relative split of59

the heavier O+ to lighter H+ ions in the topside ionosphere. The resulting composition60

data showed rapid drops of O+ percentage in a number of orbits during the most recent61

solar minimum of Solar Cycle 24 in the years 2018 and 2019, which we now explore fur-62

ther in this paper.63
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A number of observations in the past, both ground-based and in-situ, have been64

used to understand the ionospheric F-region composition in solar minimum conditions.65

Incoherent scatter radar (ISR) observations over Arecibo showed that there is a discernible66

impact on the ionosphere near the O+/H+ transition region resulting from the large dif-67

ference in masses and velocities (Hagen & Hsu, 1974; Vickrey et al., 1976, 1979b, 1979a)68

which describe the coupling between the protonosphere and the ionosphere. Similarly,69

Evans and Holt (1971, 1978) used data from the Millstone-Hill ISR to study the coupling70

between the ionosphere and the plasmasphere and its impact on the O+ fluxes with sea-71

son and solar activity. The local time and seasonal dependence on the two ion fluxes72

were explored theoretically by Bailey et al. (1977, 1982, 1987). They found that inter-73

hemispheric transport can be significant especially at low latitudes where the net flux74

tube content in the protonosphere is much smaller compared to the ionosphere.75

In-situ ion composition data from the topside ionosphere are, most often, measured76

by ion mass spectrometers and retarding potential analyzers (RPAs) on a satellite plat-77

form. Breig et al. (1992) presented data from the RPA and the magnetic and Bennett78

ion mass spectrometers (MIMS and BIMS resepctively) onboard the Atmospheric Ex-79

plorer C (AE-C) mission to demonstrate strong ion flows and decreases in O+/H+ ra-80

tio in the winter hemisphere at 500 km. The composition data from the BIMS and MIMS81

onboard the AE-C and AE-E satellites and BIMS data from the Intercosmos 24 (IK-24)82

satellite are the bases of the TTS03 empirical model by Tř́ısková et al. (2003). This model83

was improved by Truhĺık et al. (2015)to the TBT15 model, which serves as the default84

topside composition setting for the International Reference Ionosphere 2016 (IRI2016)85

empirical model (Bilitza et al., 2017). Truhĺık et al. (2004) validated the IK24 BIMS data86

to an RPA operating in the planar trap mode on the same satellite for solar maximum87

and demonstrated that the upper transition height was significantly raised in daytime88

and high solar activity. Heelis et al. (2009) and Klenzing et al. (2011) used RPA data89

from the C/NOFS satellite (de La Beaujardière et al., 2004) in a low-inclination orbit90

to study the variation in the O+/H+ transition height during the prolonged deep min-91

imum of Solar Cycle 23. Very recently, Huba et al. (2021) reported instances of dropout92

in O+ densities from measurements made by the Ion Velocity Meter (IVM) instrument93

from the Ionospheric Connection Explorer (ICON) satellite at an altitude of 600 km and94

an orbital inclination of 27◦. The authors argue that the lowered O+/H+ transition height95

from the prolonged downward E×B drift in the pre-midnight sector contribute to the96

decrease in topside O+ densities during solar minimum as indicated by previous stud-97

ies performed by Hysell et al. (2009) and Klenzing et al. (2011). The downward E×B98

drift is the mechanism that directly explains the lowering of the O+/H+ transition height99

for the equatorial ionosphere.100

In this paper, we present the spatial and temporal distribution of the O+ obser-101

vations recorded over the most recent minimum of Solar Cycle 24. To the best of our knowl-102

edge, the data presented here serve as the largest dataset of the ion composition near103

400 km spanning the minimum of Solar Cycle 24 and the only one derived from Lang-104

muir probe measurements. Additionally with the ISS in a mid-inclination orbit, the re-105

sulting data covers all longitude sectors within a geodetic latitude range of ∼ ±52◦ al-106

lowing us to investigate broad seasonal and solar activity impact over the mid- and low-107

latitudes. The rest of the paper is arranged as follows: in the succeeding section, we present108

the nature of these O+ dropouts and their seasonal, local time and geographic depen-109

dencies. We follow this with discussions on the features observed in the climatology of110

the O+ dropouts, before concluding with remarks on the contributions of the measure-111

ments to the ionospheric and space physics community.112
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Figure 1. The figure shows operational status of the FPMU first unit over its nearly 13 year

lifetime. The panel to the left shows the days of the year when FPMU was operational, while

the panel to the right charts the variation of the sunspot number (blue) and the solar F10.7 flux

(red). The green shadowed regions highlight the solar minimum, while the red shadowed region

highlights solar maximum.

2 Data Presentation113

2.1 Observations114

Figure 1 shows the progression of the solar cycle during the lifetime of this FPMU115

from 2006 through 2020. This first one was replaced by a second FPMU that became116

operational in 2021. Thus, data presented here are not from the recently installed FPMU.117

The days when FPMU was operational are shown as shadowed blocks as a function of118

the day of the year shown on the left y-axis. The panel to the right records the sunspot119

number and the F10.7 solar flux in blue and red respectively, both of which are frequently120

used to quantify the level of solar activity. Each of these solar indices has been smoothed121

using a 91-day moving average filter. Shadowed sections in green show the last two so-122

lar minima of Solar Cycles 23 and 24 when both the solar flux and sunspot numbers were123

lowest. As can be seen in Figure 1, the two minima are very much comparable with the124

median F10.7 fluxes being ∼69 solar flux units (sfu) for each of the two solar cycle phases.125

The median sunspot number was also 0 for these minima of the last two solar cycles.126

For the purposes of the paper, we focus on the years 2018 and 2019, when the so-127

lar activity was low in the declining phase of Solar Cycle 24. It is important to note that128

while the FPMU has been operational since 2006, the data collection is not continuous129

but rather on a campaign basis. The bulk of this data is in Solar Cycle 24 which makes130

the most recent minimum a more complete time segment to study the F-region ionospheric131

behavior.132

The data from the FPMU over the years 2018 and 2019 show that the recorded plasma133

densities were lower, and the measured electron temperatures were higher compared to134

the predictions by the IRI2016 model. The algorithm used to derive these parameters135

has been discussed in detail by Debchoudhury et al. (2021). In the same paper, the au-136

thors detail the process of extracting ion composition information from the ion-saturation137

region of the WLP. The most abundant ion at F-region altitudes is the singly-charged138

O+ ion that is generally significantly higher in composition than heavier molecular ions139

that are typically present at lower altitudes and lighter H+ and He+ ions which are more140

–4–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Space Physics

03:00 03:15 03:30 03:45 04:00 04:15 04:30 04:45 05:00 05:15 05:30
60
70
80
90

100

Northern Winter (Day 334)
F10.7: 66 sfu

14:58 19:25 23:58 02:25 06:07 11:14 13:50 17:00 22:25 01:21
Local Time (HH:MM), Year 2018

10
10

10
11

10
12

09:00 09:15 09:30 09:45 10:00 10:15 10:30 10:45 11:00 11:15 11:30
60
70
80
90

100

O
+ 

pe
rc

en
ta

ge
 o

ve
r I

SS
 o

rb
it 

(%
)

Northern Summer (Day 160)
F10.7: 68 sfu 10

10
10

11
10

12

To
ta

l p
la

sm
a 

de
ns

ity
 (m

3 )

20:43 23:15 02:39 07:58 10:43 13:37 19:00 22:12 00:50 05:53

15:30 15:45 16:00 16:15 16:30 16:45 17:00 17:15 17:30 17:45 18:00
UT (HH:MM), Year 2018

60
70
80
90

100

Equinox (Day 261)
F10.7: 69 sfu

19:57 00:33 04:56 07:23 11:18 16:16 18:49 22:05 03:28 06:19 09:09

10
10

10
11

10
12

Figure 2. The panels show O+ percentage composition measured by the WLP (red, left axis)

and predicted by the IRI (black, left axis). Also shown for reference is the quasineutral plasma

density obtained from the WLP (green, right axis). From top to bottom, the three panels present

data in the solar minimum of 2018 over three days in the seasons which are Northern Winter,

Northern Summer and Equinox respectively. For each panel, the top axis describes the local time

and the bottom axis shows the universal time, while greyed out regions show times when the sun

is fully eclipsed from the ISS.

important at higher altitudes above the O+/H+ transition altitude. However, the FPMU141

2018-2019 orbit-track O+ abundance data product revealed sharp drops in O+ compo-142

sition down to 80% of the total density and lower for some orbits.143

Figure 2 shows a few orbits from three such days in 2018 when these dropouts were144

detected. Each panel in Figure 2 represent a day in three different seasons when both145

the solar and geomagnetic activities were low. The variation in the O+ percentage along146

the ISS orbit is shown in red as measured by the WLP, while the IRI prediction is de-147

scribed in black. For all the figures in the paper, the IRI predictions are computed us-148

ing the pyglow python wrapper for IRI2016 where the default topside composition is from149

the TBT15 model (Truhĺık et al., 2015). The universal time (UT) and the local time along150

the ISS path are shown on the bottom and top axes respectively, while the greyed out151

regions demarcate eclipse conditions (zero solar intensity) as seen by the ISS at F-region152

altitudes. In addition, we show the total quasineutral plasma density in green along the153

right axis for each panel. For all the three cases presented, O+ percentages recorded over154

the night-time F-region were much lower than IRI predictions and show instances when155

the relative presence of O+ number density drops below 80% of the background ions. For156

the orbits presented the total density profile did not present evidence of dawn density157

depletions like the ones reported in solar minimum by de La Beaujardière et al. (2009)158

and Gentile et al. (2011). Thus, the dropouts in O+ densities are not indicative of the159

presence or absence of dawn density depletions as reported from the C/NOFS and DMSP160

satellites. These O+ dropouts at F-region altitudes were briefly discussed in Debchoudhury161

et al. (2021), but their occurrence is investigated in a greater detail in this paper. In par-162

ticular, we attempt to investigate the broad climatology of these O+ dropouts over the163

days for which FPMU was operational in the minimum of Solar Cycle 24 spanning the164

years 2018 and 2019.165
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(a) (b)

(c) (d)

(e) (f)

O+ Distribution by Local time, Years 2018-2019 O+ Distribution by Local time, Years 2013-2014
Northern Winter Northern Winter

Northern Summer Northern Summer

EquinoxEquinox

Figure 3. O+ percentages measured by the WLP instrument as a function of geodetic lati-

tude versus local time sector are shown in each panel. Panels (a), (c) and (e) describe the varia-

tion over the minimum of Solar Cycle 24 (1/2018 - 12/2019), while panels (b), (d) and (f) show

the variation over two years of solar maximum (1/2013 - 12/2014) in the same solar cycle. In ad-

dition, the three rows of panels describe the seasonal variation of the O+ variability, with panels

(a) and (b) showing Northern Winter conditions, (c) and (d) describing the Northern summer

season, and (e) and (f) indicating equinoctial conditions.

2.2 Latitude versus Local Time166

The dependence of the O+ percentage composition on season is studied by clas-167

sifying the day of the year (DOY) into 3 broad seasonal categories:168

1. Northern Winter: DOY 1 (Jan 1) - DOY 60 (Mar 1), DOY 305 (Nov 1) - DOY169

365 (Dec 31)170

2. Northern Summer: DOY 121 (May 1) - DOY 243 (Aug 31)171

3. Equinox: DOY 61 (Mar 2) - DOY 120 (Apr 30), DOY 244 (Sep 1) - DOY 304 (Oct172

31)173

For each day in each of the seasons in 2018 and 2019, the measured O+ percent-174

age is binned into a 1◦ latitude sector for every 1 hour of local time ranging from 0 to175

24 hours. The mean O+ percentage is thus obtained by averaging the aggregated oxy-176

gen ion composition values over each bin and smoothed using a Gaussian filter (refer to177

matplotlib package in python for details). Gaps in data have been interpolated unless178

several successive pixels are missing (not sufficient data), which we present as blocks of179

white spots in the images. The resulting numbers are shown as colorplots in Figure 3.180

Panels (a), (c) and (e) show the aggregated O+ distribution in the years of solar min-181

imum 2018 and 2019 for the three seasons - Northern Winter, Northern Summer and Equinox182

respectively. For comparison purposes, the panels (b), (d) and (f) describe the same for183

the years of solar maximum ranging from 2013 and 2014. For each panel, the colorbars184

indicate the O+ percent composition levels from 75% (more blue) to 100% (more red).185
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As is evident in Figure 3, dropouts in O+ abundance were frequently recorded by186

the FPMU in the night-time F-region ionosphere during solar minimum, while these dropouts187

were absent in solar maximum. The O+ dropouts are more prevalent in the post mid-188

night ionosphere for all three seasons, and more intense in the winter hemispheres. In189

the Northern Summer case, some of the O+ dropouts were also recorded in the post-sunset190

pre-midnight time period, which are mostly congregated in the southern hemisphere in191

accordance with the general tendency of the dropouts to be abundant during winter. For192

both the solar minimum and solar maximum years, the highest O+ percentages were mea-193

sured in the afternoon sector with the maximum number much closer to 100% in solar194

maximum compared to solar minimum.195

2.3 Climatology of post-midnight O+ dropouts196

We focus on the post-midnight dropouts in O+ densities and investigate possible197

patterns in their geographical distribution over the three seasons. Such climatological198

descriptions of depletions have been reported from DMSP and CNOFS topside ionosphere199

density records (de La Beaujardière et al., 2009; Gentile et al., 2011) but these studies200

did not resolve the O+ composition. For this study we focus only on the local times of201

00-05 LT for the solar minimum years of 2018 and 2019. Similar to the procedure out-202

lined for Figure 3, we accumulate the O+ composition data into 1◦×1◦ latitude-longitude203

bins for every season. The data were then smoothed using an uniform filter with a slid-204

ing window of 5◦×10◦ in the latitude and longitude direction respectively. The result-205

ing average distribution of the O+ abundance is plotted on a map for every season and206

shown for the three panels in Figure 4. Panel (a) represents the Northern Winter case,207

panel (b) describes the Northern Summer case, while panel (c) indicates the behavior208

over equinox. Data from the white patch in the Indian sector during the Northern Win-209

ter and Northern Summer plot has been intentionally removed since the data over this210

sector was not available over a significant amount of locations to perform a realistic smooth-211

ing operation.212

Similar to Figure 3, in Figure 4, we find that in non-equinoctial conditions, the bulk213

of the lower O+ densities were in the winter hemisphere. So, for the Northern Winter214

case, the nighttime post-midnight O+ dropouts are present predominantly in the North-215

ern Hemisphere, while for the Northern Summer, the lowest O+ percentages are seen in216

the Southern Hemisphere. For equinox, low O+ abundance are seen in both hemispheres217

on either side of the magnetic equator, and are on an average much less severe than the218

low percentages seen in summer and winter. The general climatology of the O+ varia-219

tion agrees with the IRI predictions as seen from the corresponding panel to the right220

in Figure 4. However, as is also seen in Figure 2, the empirical IRI model does not pre-221

dict any of the deep O+ dropouts observed by the WLP and the average IRI magnitude222

of the low O+ percentage in the winter hemisphere is higher than that observed by the223

WLP. Thus, the colorbar range for the IRI plots in Figure 4 are intentionally made dif-224

ferent with a much higher percent value for the lower limit to reveal the hemispherical225

differences in predicted O+ abundance. The patterns demonstrated by Figure 4 also re-226

veal a number of significant differences between the WLP measurements and the IRI pre-227

dictions which we highlight below:228

1. In the the Northern hemisphere during the Northern Winter season, low O+ per-229

centages below 80% were observed in all longitude sectors, except for the region230

between 60◦W - 0◦, where the O+ percentages were higher.231

2. Similar to the IRI prediction, the observed O+ densities are deeper for the south-232

ern winter than the Northern Winter. However, in the the Southern winter, deep233

dropouts in O+ densities were seen over the South Atlantic ocean which had the234

deepest seen O+ dropouts across all three seasons.235
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(a) (b)

(c) (d)

(e) (f)

Observed O+ Distribution (00-05 LT), Years 2018-2019 IRI O+ Distribution (00-05 LT), Years 2018-2019
Northern Winter Northern Winter

Northern Summer Northern Summer

EquinoxEquinox

Figure 4. Figure shows the spatial distribution of the O+ abundance measured by the WLP

over Northern Winter (panel a), Northern Summer (panel c) and equinox (panel e) in the years

2018 and 2019. The corresponding IRI predictions are shown in panles (b), (d) and (f), respec-

tively. The colors in the figure conform to the colorbar shown to the right of each panel. The

magnetic equator is shown with a black line for reference in each of the plots.

3. For the same season (Northern Summer), the O+ abundance in the summer hemi-236

sphere over the higher mid-latitudes (40◦S and higher) in the longitude sector be-237

tween 60◦E - 0◦ is higher than neighboring regions.238

3 Discussions239

The relative concentration of the O+ and H+ ion in the F-region ionosphere at 400240

km is affected by a number of factors. The primary chemical equation that determines241

the ionospheric composition is the charge-exchange process (Rishbeth & Garriott, 1969):242

O+ +H ⇀↽ O +H+. (1)

The resulting O+ densities would hence depend directly on the neutral number density243

ratio [O]
[H] . Haaser et al. (2010) presented evidence that the cold thermosphere near 400244

km in pre-sunrise hours during the minimum of 2008-2009 was predominantly composed245

of lighter hydrogen and helium which indicates that the fractional oxygen to hydrogen246

ratio [O]
[H] may be depleted which would reduce the O+ percentage. Similarly Kotov et247

al. (2015) showed calculations from a physical model to argue that redistribution of neu-248

tral hydrogen during prolonged periods of diminished solar activity can increase the neu-249

tral hydrogen over mid-latitude topside ionosphere and result in O+ percentage reduc-250

tion which was subsequently observed over Ukraine in the equinox periods of the min-251

imum of Solar Cycle 23. The reduced O+ percentages from the FPMU WLP dataset in252

Figures 3 and 4 indicate that this is a possible explanation for the deep O+ dropouts in253

the post-midnight F-region ionosphere during solar minimum.254
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The O+/H+ transition height is also a key factor in regulating the composition in255

the F-region ionosphere. Huba et al. (2021) presented model simulations to show that256

the O+/H+ transition height was lowered to 500 km during the night in December 2019257

when ICON observed dropouts of O+ densities at 600 km. Since O+ densities decrease258

and H+ densities increase rapidly as the altitude approaches the O+/H+ transition height259

(Figure 4, Huba et al. (2021)), a lowering of the O+/H+ transition height to a heights260

close to the ISS orbit would entail significant reduction in the O+ percentage composi-261

tion. Heelis et al. (2009) observed from in-situ C/NOFS satellite data that the transi-262

tion altitude at night in the low-latitudes fell to 450 km during the minimum of Solar263

Cycle 23. Measurements from Arecibo incoherent scatter radar during equinox of the same264

solar minimum, presented by Aponte et al. (2013), agreed with these findings where the265

authors show that the transition height was lowest in the pre-sunrise sector and much266

lower than IRI predictions. Since the ISS is maintained in a nearly circular orbit, it is267

impossible to determine the transition height as it had been done with C/NOFS by Heelis268

et al. (2009). However, given that the depth of the minima of Solar Cycles 23 and 24 are269

comparable, as seen in Figure 1, it is not unreasonable to assume that the transition height270

could have been lowered to similar low altitudes, close to the ISS, for a number of days271

during the post midnight period during 2018 and 2019. This, in turn, can explain the272

O+ density dropouts that we observe in the WLP data. Interestingly, similar to the ob-273

servations reported by Huba et al. (2021), instances of equatorial plasma bubbles (EPBs)274

and nighttime irregularities were also encountered by the ISS for a number of orbits. The275

corresponding O+ densities within these irregularities were structured showing some dropouts;276

however, the occurrence conditions and level of these O+ dropouts inside EPBs have not277

been studied yet and will be subject of a future study.278

Neutral winds also play a key role in determining the longitudinal variations of the279

plasma composition and modulating the effect of the lowered transition height. This was280

demonstrated by West and Heelis (1996) in a study of the 1993 solar minimum using DMSP281

data at 700 km. Similar arguments presented by the authors also apply to the geograph-282

ical distribution of O+ percentages seen in Figure 4. To demonstrate this we present in283

Figure 5, the average meridional and zonal winds as obtained from the Horizontal Wind284

Model, Drob et al. (2015) (HWM 14), for the same period of time in which the WLP col-285

lected data in the post-midnight sector (00-05 LT). These are arranged for the different286

seasons as in Figures 3 and 4. Also shown are the dip and declination contours of the287

geomagnetic field in panels (g) and (h), which aid the logic of the following discussion.288

The direction of plasma flow at the F-region altitudes, in response to a neutral wind,289

is most affected by the component of the neutral wind parallel to the magnetic field (Rishbeth290

& Garriott, 1969). Of particular importance, in this context, is the role in moving plasma291

upwards or downwards in altitude since the lifted or lowered ionosphere can change the292

composition measured at a certain altitude. Coupled with commonly observed physical293

processes observed in solar minimum such as the lowering of the O+/H+ transition al-294

titude (Heelis et al., 2009) and the interhemispheric field-aligned H+ flux from the sum-295

mer to the winter hemisphere (Bailey et al., 1987), a significant downward plasma mo-296

tion can reduce the relative O+ composition at ISS altitudes.297

When the dip angle is non-zero, the contribution of the neutral winds can be sig-298

nificant in relation to the vertical motion of the plasma. In general, for magnetic field299

lines with an eastward declination, an eastward (positive) zonal wind will move plasma300

downwards in the Northern latitudes while a westward zonal wind will move plasma up301

along the field line. For low and mid geomagnetic latitudes, a northward (positive) merid-302

ional wind moves plasma down a field line in the magnetic north latitudes since the dip303

angle is downward (positive) while the reverse is true for southern latitudes. This ex-304

plains the relatively higher O+ percentage in Northern Winter over the mid-latitude At-305

lantic sector between 60◦W - 0◦ in Figure 4a. Here the wind is southward (Figure 5a),306

primarily eastward (Figure 5b), both of which drives plasma up the westward field line307

–9–
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(d) HWM Average Zonal wind (0-5 LT) over Northern Summer
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(f) HWM Average Zonal wind (0-5 LT) over Equinox
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Figure 5. Figure shows the meridional (panels a,c,e) and zonal winds (panels b,d,f) as pre-

dicted by HWM at the same time when FPMU recorded data in the years 2018 and 2019. The

wind patterns are shown for the three seasons - Northern Winter (panels a,b), Northern Summer

(panels c,d) and equinox (e,f). The dip and declination of the magnetic field lines at ISS altitudes

are also shown in panels g and h respectively.

(Figure 5h) and account for the increased O+ relative to the rest of the Northern Hemi-308

sphere. For high geomagnetic latitudes when the dip angle is very high, meridional winds309

do not have a big impact in moving plasma up or down in altitude. At these latitudes,310

if the declination of the magnetic field is significant, zonal winds play a crucial role in-311

stead. This effect is reflected in the higher O+ percentage in the southern high latitude312

region of Figure 4c which matches with the pattern of the westward zonal wind (Figure313

5d). This is a region where field lines are almost vertical and to the west (Figure 5h) in314

the longitude region between 60◦E - 120◦E and the upward moving plasma lifts the F-315

peak higher.316

In other places, the effect of the neutral wind is much more complicated and re-317

lies on accurate measurements of winds. For example, the deep O+ dropout in the South318

Atlantic sector in Northern Summer and moderately in the equinox seasons cannot be319

explained solely by the HWM horizontal winds. Here the negative declination (Figure320

5h) and eastward zonal wind (Figure 5d) would imply increased H+ due to favorable con-321

ditions of plasma velocities down the upward pointing field line, but the northward merid-322

ional winds show a tendency to counter this effect. Figure 5c show that a region of sep-323

aration exists when meridional winds turn northward in Southern winter, which if more324

southwards, could possibly explain the deep O+ density dropouts. A vertical wind, which325

is generally assumed to be negligibly small compared to the horizontal winds, could also326

be significant at these latitudes. Finally, precise calculations of the interhemispheric flux327

–10–
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using observations can possibly provide some explanation for the behavior in these re-328

gions which can only be monitored using satellites. In equinoctial conditions, the merid-329

ional wind has much less of an effect in producing asymmetrical composition responses330

in the different hemispheres, since for moderate dip angles of the field-line, the values331

of the meridional wind are smaller (Figure 5e). Instead the zonal wind patterns in Fig-332

ure 5f play some role in the different responses for different geomagnetic declinations,333

as discussed by West and Heelis (1996).334

4 Conclusions335

We present observations of O+ percentage composition measured by the WLP in-336

strument from the FPMU suite onboard the ISS. Data from the most recent solar min-337

imum from 2018 and 2019 reveal frequently seen dropouts in the relative O+ percent-338

age which was not observed in solar maximum. The O+ percentages often dropped be-339

low 80%, and are seen in the post-midnight sector of the winter hemisphere. Seasonal340

asymmetries are also seen with the southern winter recording more intense O+ dropouts,341

concentrated over the South Atlantic sector, versus the Northern Winter hemisphere. These342

drops in O+ percentage are not captured by the empirical IRI model and the data sug-343

gest that these dropouts occur frequently depending on season and local time. Several344

aspects of the climatological features can be explained through global wind patterns over345

varying geomagnetic regions. However, future studies need to be performed with mod-346

eling and observations, particularly of the neutral winds and the interhemispheric flux,347

to augment the observations and understand the physical processes that are responsi-348

ble for their occurrence.349
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(f) HWM Average Zonal wind (0-5 LT) over Equinox
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