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Abstract 

Storm-time topside ionosphere plasma composition, especially the light ion fraction, is an important parameter 
which controls magnetosphere–ionosphere coupling, plays a part in the growth of local instabilities, and provides 
information about the ring current, ion upflow, movement of ionization and other important physical processes and 
parameters. Ion composition is difficult to estimate on fine scales as empirical models tend to be parametrized by 
fixed inputs, ignoring the role of memory in plasma, and to preferentially capture large scales, while ground radars 
have limited coverage. In particular, ionospheric composition measurements at mid-latitude are lacking. Here we 
show, using the new Swarm SLIDEM effective ion mass measurement, a superposed epoch analysis of storm-time 
dayside and nightside effective ion mass changes, demonstrating the extent and timescales of motion of the [O+]/
[H+] transition height with the main phase of geomagnetic storms, as well as directly observing evidence for the 
latitude dependence of these dynamics.
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Introduction
The plasma composition of the topside ionosphere 
(above the F-region peak) and its response to space 
weather form a key part of several significant magneto-
sphere–ionosphere–thermosphere (MIT) coupling pro-
cesses. Storm-time plasmasphere erosion and refilling 
(e.g., Carpenter and Lemaire 1997; Gallagher et al. 2021), 
ion outflow (Yau and André 1997), species-dependent 
ring current evolution (e.g., Chappell 1982; Nosé et  al. 
2020), vertical motion of the F-layer peak (e.g., Rishbeth 
et al. 1987; Rishbeth 1998), equatorial ion fountain (e.g., 
Balan et  al. 2018), etc., all impact the relative composi-
tion of ionospheric plasma. In turn, understanding the 
plasma composition and its dynamics allows to con-
struct more accurate maps of species density profiles, 
estimate characteristic timescales for significant events, 
and potentially infer more accurately the degree of elec-
tromagnetic coupling between the subsystems. Besides 
the so-called transition height (i.e., the altitude where 
[O+] = [H+]), the balance of light and heavy (primar-
ily O+) ions determines the Alfven speed which is an 
important parameter in MIT coupling through its rela-
tionship with integrated Pedersen conductance to form 
the reflection coefficient governing downwards Poynt-
ing flux (Lysak 1991; Knudsen et al. 1992; Pakhotin et al. 
2018, 2020, 2021; Billett et  al. 2022). In addition, the 
propagation of magnetospheric plasma waves such as 
electromagnetic ion cyclotron (EMIC) waves, which play 
a significant role in radiation belt dynamics (e.g., Shprits 
et al. 2008), is governed by the relative abundances of ion 
species. As such, the inner magnetosphere abundances 
of these constituent species will govern the strength and 
location of phenomena such as Buchsbaum resonances 
(Buchsbaum 1960) which significantly affect propaga-
tion pathways of these important instabilities (Kim and 
Johnson 2016; Pakhotin et al. 2022b). Not least, the pres-
ence of light ions has implications for density estimations 
through Langmuir probes (Xiong et al. 2022; Park 2022; 
Pakhotin et al. 2022a, b), when, for example, assumptions 
are made as to the ion composition (Knudsen et al. 2017). 
In all, the constituent ion composition of topside iono-
spheric plasma is an important parameter and the ability 
to measure or estimate light ion abundances at high spa-
tio-temporal resolution helps significantly in ionospheric 
and inner magnetospheric studies.

Unfortunately, plasma composition is not easy to 
measure. Using mass spectrometry may result in the 
lowest-energy particles being missed through not hav-
ing enough energy to reach the detector. It is possible to 
estimate relative ion abundances from ion velocity meas-
urements, as on CNOFS/CINDI and e-POP IRM (Yau 
and James 2015). However, CNOFS was in an equatorial 
orbit and could not obtain measurements at mid-to-high 

latitudes, while e-POP’s IRM coverage is sporadic and 
care is required in interpreting IRM data to obtain relia-
ble physical measurements (Hussain and Marchand 2014; 
Marchand and Hussain 2015). It is also possible to obtain 
the H+ fraction from ground radars, e.g., Jicamarca and 
Kharkiv (e.g., Kotov et  al. 2018). In particular, Kotov 
et  al. (2019) and Reznychenko (2021) used the Kharkiv 
radar to analyze the motion of the F2 layer peak altitude 
(hmF2) with space weather influences and were able to 
track the changes in the H+ fraction with height. These 
ground radars, however, are fixed in space and thus can-
not observe a range of latitudes.

It is also possible to use empirical models such as TBT-
2015 (Truhlik et al. 2015) which is incorporated into the 
International Reference Ionosphere (Bilitza et  al. 2017; 
Bilitza and Xiong 2021). However, these ion composition 
models may not accurately reflect the dynamics occur-
ring in a real ionosphere with memory. In particular, 
TBT-2015 is driven by the daily F10.7 index, which can-
not track the rapid changes in ion composition that occur 
during storms on timescales of hours. The estimates for 
the ion composition can also be obtained from the phys-
ics-based models, however the accuracy of their results 
strongly depends on the empirical model inputs such as 
neutral density and winds (e.g., Krall et al. 2016).

In this study, we use the new Swarm SLIDEM data 
product (Pakhotin et  al. 2022a), which includes an 
improved measure of plasma density (compared with the 
standard Swarm L1b ion density data product), as well as 
effective ion mass, which is a sensitive measure of the rel-
ative abundance of light ions in the ambient plasma. The 
study uses a superposed epoch analysis to study storms 
with a Dst index minimum of below − 50 nT. We observe 
the changes in effective ion mass in the 5 days before and 
after each storm, which reflects considerable ion mass 
composition changes in that range. We demonstrate day-
side and nightside statistics for changes in effective ion 
mass and ion density. The ion composition changes are 
believed to be due to storm-time vertical transport of the 
topside ionosphere, and we corroborate this with meas-
urements from ground-based ionosondes.

Data and methodology
The swarm SLIDEM dataset
The European Space Agency Swarm mission (Friis-
Christensen et  al. 2008) consists of 3 identical satel-
lites launched in 2013 into a low-Earth polar orbit, with 
Swarm A and C flying side by side at heights of ~ 450 km, 
while Swarm B is higher at ~ 520 km. The satellites carry 
Electric Field Instruments or EFI (Knudsen et  al. 2017), 
which comprise the Thermal Ion Imagers (TII) and 
Langmuir Probes (LP). The TII provides cross-track ion 
drifts at 16  Hz while the LP provides spherical probe 
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measurements at 2  Hz and EFI faceplate current meas-
urements at 16 Hz. Recently, the Swarm SLIDEM prod-
uct was developed (Pakhotin et al. 2022a), which utilizes 
current measurements obtained from the EFI faceplate 
and combines them with ion harmonic mode readings 
from the Langmuir probe to obtain more accurate meas-
urements of plasma density, effective ion mass (at lati-
tudes below 50 deg quasi-dipole latitude, or QDlat) and 
along-track ion drift velocity (above 50 deg QDlat). The 
effective ion mass Meff is defined by:

where ms and Ns is the mass and density of the sth ion 
species (H+, O+, He+, N+, any molecular ions, etc.), 
and Ni is the total ion density (summed over all Ns ). Meff 
is also known as reduced ion mass. A feature of Eq. (1) is 
that it is very sensitive to small variations in light ions. 
For example, an increase in H+ fraction from 0% H+ and 
100% O+, to 10% H+ and 90% O+, will lead Meff to drop 
from 16 to 6.4 Atomic Mass Units (AMU). As such, it is a 
sensitive light ion detector which, unlike some spectrom-
etry-based methods, responds to all ions, including cold 
plasma characterized by temperatures much less than 
1 eV.

The methodology is a superposed epoch analysis across 
4  years of data (2016–2020) for the three Swarm satel-
lites. For this time period, the Dst index was obtained 
from NASA OMNIWeb (King and Papitashvili 2005), and 
filtered by including excursions below − 50 nT. For each 
excursion, the time of minimum Dst formed the ‘zero 
epoch’, and for the 5 days before and after the zero epoch, 
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=

1
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,

effective ion mass and density time series were obtained 
for the dayside and the nightside. Figure  1 shows the 
Swarm C SLIDEM effective ion mass estimate as a func-
tion of time and QDLat argument of orbit for an exam-
ple event, where for the descending orbit (the nightside 
during the time period of Fig. 1), the quasi-dipole latitude 
is flipped and shifted by + 180 degrees. In this way, − 90 
to 0 deg is the south hemisphere on the ascending track, 
0 to + 90  deg is the north hemisphere on the ascend-
ing track, + 90 to + 180  deg is the north hemisphere 
on the descending track, and + 180 to + 270  deg is the 
south hemisphere on the descending track. Dashed lines 
denote the ± 50 deg QDlat boundaries beyond which the 
effective mass estimate is expected to be unreliable due to 
the presence of along-track auroral-zone ion drifts. Only 
effective ion mass estimates equatorward of ± 50  deg 
QDlat are considered in this analysis.

In Fig. 1a, a rapid rise in effective ion mass is seen dur-
ing the storm main phase during 30 August–1 September 
2019, signifying increased [O+] fraction, which begins 
to return to pre-storm values ~ 2–3  days after the Dst 
minimum. As noted, the TBT-2015 model (Truhlik et al. 
2015), plotted in Fig. 1b, fails to capture the Meff changes 
as it is driven by the daily F10.7 index and does not cap-
ture storm-time changes on the timescale of hours.

In our analysis to study the response of SLIDEM data 
to the geomagnetic storms, an average of the effective ion 
mass is obtained for each time 2.4-h time bin, across the 
whole ± 50 deg QDlat range. This analysis is repeated for 
each storm (< − 50 nT Dst) and the superposed epoch 
statistics are calculated with median values, as well as 
the 25% and 75% quartiles. The same analysis is also 
repeated for SLIDEM density, which is taken across the 

Fig. 1 a SLIDEM effective ion mass plot for a sample time period (Dst minimum on 1 Sept 2019), with the Dst index overplotted as a black curve; b 
shows the same but for the TBT-2015 model. Dayside is in the bottom half of the plot, nightside in the top half. Ascending MLT = 12.5, descending 
MLT = 0.5
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entire range ± 90 deg QDlat for dayside and 90–270 deg 
QDlat for nightside. Unlike effective ion mass, SLIDEM 
ion density estimates are generally valid for all latitudes.

It should be noted that occasionally, Meff values of > 16 
AMU are observed in SLIDEM data. It is not clear 
whether these are of physical origin, signifying the pres-
ence of molecular ions, or of instrumental origin; further 
discussion may be found in Pakhotin et  al. (2022a, b). 
The overall measured diurnal trends agree well with the 
empirical model albeit with larger amplitudes that may 
be related to calibration of the technique. We therefore 
retain Meff values of > 16 AMU in the technical analysis.

Conjunctions with ionosondes
In order to obtain independent confirmation of the 
nature of the storm-time dynamics inferred from the 
Swarm SLIDEM product, data from ground-based iono-
sondes were utilized. The ionosonde data were obtained 
from the Digital Ionosonde Database (Reinisch and 
Galkin 2011) which comprises data for 2016–2020 from 
a network of ionosonde stations across the world. For 
this study, the maximum F2-layer height (HmF2) and the 
F2 critical frequency (f0F2) are utilized. The maximum 
F2-layer density (NmF2) may be obtained from the criti-
cal frequency (e.g., Ezquer et al. 2011) using:

where NmF2 is in  m−3 and f0F2 is in MHz.

Results
The statistics for Swarm A and C, as well as Swarm B, 
superposed epoch results for dayside effective ion mass 
and density are displayed in Fig. 2 (the upper and lower 
error bars represent the 75% and 25% quartiles, respec-
tively). It can be seen that Swarm A and C results are 
largely self-similar, although Swarm C displays less vari-
ation of Meff and has more stable quartile ranges over 
the temporal development. This is primarily believed to 
be due to the greater availability of SLIDEM results for 
Swarm C, because SLIDEM requires the TII faceplate to 
be biased at − 3.5 V, which precludes the operation of TII 
in its main role to collect ion velocity measurements, dur-
ing which the faceplate bias is − 1.0 V. Since ion velocity 
measurements are more often collected on Swarm A, on 
Swarm C the TII faceplate is more often run at − 3.5 V. 
In fact, for the year 2019, Swarm C has an almost con-
tinuous coverage for the SLIDEM product. Another dif-
ference in Fig. 2 is that Meff on Swarm A appears to be 
somewhat larger, by ~ 1 AMU. This may be due to instru-
mental differences which have not been accounted for 
by the SLIDEM processor. Finally, inter-quartile ranges 

(2)NmF2 = 1.24e10× f0F2
2 ,

become more focused around the time corresponding to 
the maximum Meff value, which is best seen for Swarm B.

In the days preceding the storm, for Swarm A and C 
the effective ion mass was ~ 14–15 AMU on the dayside. 
After the beginning of the storm and during the main 
phase, the effective ion mass rises rapidly in the course of 
several hours to ~ 15.5–16 AMU, suggesting almost 100% 
O+. After the main phase storm minimum, Meff declines 
to pre-storm levels over the course of the next several 
days. The same dynamics are observed with the higher-
orbiting Swarm B (Fig.  2e, f ), but the Meff values there 
rise from ~ 12.5 AMU to ~ 15 AMU, signifying larger light 
ion (most likely predominantly H+) abundances at the 
higher orbit. Interestingly, unlike Meff , the density data 
(Fig. 2b, d, f ) do not show such clear variation, although 
all 3 Swarm satellites do observe minor dayside density 
enhancements around the time of the main phase, and 
the upper quartiles also feature secondary density max-
ima around 1–1.5  days after zero epoch, which is not 
seen on the nightside (Fig.  3). In all, the three satellites 
observe dayside increases in Meff within several hours 
preceding the Dst index minimum, which continues for 
several hours after the Dst minimum and is followed by 
a slower ‘recovery’ to pre-storm values over the next sev-
eral days. In fact, the Meff dynamics closely mirror the 
Dst index dynamics, which is not the case for density. 
The ion and electron temperature estimates using SITE 
(Lomidze et al. 2021), displayed in Additional file 1: Fig. 
S1, also show no significant changes with the Dst index.

The same analysis has been performed for the night-
side, with the results displayed in Fig.  3. It can be seen 
that, in general for Meff , the same dynamics are observed, 
with a rapid increase in Meff beginning in the hours pre-
ceding minimum Dst, and with Meff reaching its peak 
values several hours after the Dst minimum. On the 
nightside, Swarm A and C observe increases in nighttime 
Meff from ~ 9 AMU to ~ 13 AMU, while for Swarm B Meff 
rises from ~ 6 to ~ 11 AMU. These Meff values are lower 
than dayside Meff , in line with expectations of greater 
nightside [H+] abundances. Interestingly, the storm-time 
density enhancements are less pronounced for Swarm A 
and C, and more noticeable for Swarm B.

In order to corroborate the observed Swarm results, 
ground-based ionosonde data were utilized to indepen-
dently analyze hmF2 and NmF2 changes with storm 
times. For each of the 39 identified storms, the Dst 
minimum (employing the zero epoch methodology as 
for Swarm), the date and nearest hour were identified. 
Then, for that date and hour, ionosonde stations were 
identified, comprising the closest station to local time 
noon (12 LT) and local midnight (00 LT). For exam-
ple, if the Dst minimum occurred close to 08 UTC, a 
suitable ionosonde station observing local midnight 
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Fig. 2 Superposed epoch analysis of dayside effective ion mass (left) and density (right) for Swarm A (top), C (middle) and B (bottom), for the years 
specified in the panel titles. a, c and e show the effective ion mass for Swarm A, Swarm C and Swarm B respectively, while b, d and f show the ion 
density for the same spacecraft. The plots show the median values (red), while error bars denote the upper and lower quartiles. Blue solid curves 
denote the median Dst index (with an inverted scale to the right), while blue dashed curves denote the 25% and 75% quantiles
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Fig. 3 As Fig. 2 but for the nightside. Superposed epoch analysis of nightside effective ion mass (left) and density (right) for Swarm A (top), C 
(middle) and B (bottom), for the years specified in the panel titles. a, c and e show the effective ion mass for Swarm A, Swarm C and Swarm B 
respectively, while b, d and f show the ion density for the same spacecraft. The plots show the median values (red), while error bars denote the 
upper and lower quartiles. Blue solid curves denote the median Dst index (with an inverted scale to the right), while blue dashed curves denote the 
25% and 75% quantiles.
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would be at Point Arguello, California, while local noon 
would be et al. Dhafra, UAE. Stations near the magnetic 
equator were avoided in order to try and minimize the 
effects of phenomena such as Equatorial Spread-F (e.g., 
Szuszczewicz et al. 1981). Likewise, stations located in 
the auroral zone were avoided since the Swarm effec-
tive mass product becomes invalid at those latitudes. 
A list of the selected stations for each storm can be 
found in Additional file  1: Table  S2. Once the suitable 
stations were selected, for the time corresponding to as 
close as possible to the hour of the Dst minimum, the 
hmF2 and f0F2 readings were taken. Such hmF2 and 
f0F2 readings were also taken for up to − 5  days from 
zero epoch, as well as up to + 5 days from zero epoch. 
This approach makes it possible to observe hmF2 and 
f0F2 (and thus, NmF2) evolution with storm time in the 
same way as with Swarm data. In total, out of the 39 
storm events, 22 dayside and 31 nightside events had 

valid ground station data coverage. The obtained statis-
tical results, in the form of medians and quartiles, are 
displayed in Fig.  4. It can be seen that, in agreement 
with the results inferred from Swarm data, hmF2 rises 
during storm times both on the dayside and the night-
side by ~ 50–60  km compared to its pre-storm values. 
In addition, small storm-time increases in electron 
density (NmF2) are also observed, which are again in 
agreement with Swarm SLIDEM results. Note however 
that the error bars for the density are larger compared 
with the hmF2 results, suggesting that it is not possible 
to obtain statistically significant results from this data 
regarding storm-time NmF2 changes. For hmF2, on the 
other hand, there is a clear storm-time increase, with 
the F2-layer peak moving upwards by ~ 50–60 km rela-
tive to its pre-storm values, and returning close to its 
pre-storm values ~ 2 days after the Dst minimum.

Fig. 4 Statistical results based on ionosonde data for the same set of storms as was utilized for the Swarm SLIDEM analysis, and where appropriate 
ionosonde data were available. Panels a, b show the storm-time hmF2 evolution, panels c, d show the evolution in f0F2 and panels e, f show NmF2 
calculated using Eq. (2). The plots show the median values, while the upper and lower error bars denote the 25% and 75% quantiles, respectively



Page 8 of 11Pakhotin et al. Earth, Planets and Space           (2023) 75:62 

Latitude dependence of effective mass dynamics
Taking advantage of Swarm’s relatively short orbital 
period (~ 90 min), it is possible to observe the latitude 
dependence of any storm-time Meff  changes, to deter-
mine whether they originate from low or high latitudes. 
This in turn makes it possible to determine which physi-
cal mechanisms predominate in the storm-time vertical 
transport dynamics. In Fig.  5, an example storm time 
period (for the storm of 13 October 2016) is examined. 
Effective ion mass, SLIDEM ion density, as well as ion 
and electron temperatures derived from SITE (Lomidze 
et al. 2021) are displayed. In Fig. 5a it can be seen that, 
for the nightside storm-time changes in Meff  (top half 
of the plot, signified by lower Meff  values indicative of 
greater light ion abundances), both the main-phase 
Meff  enhancement and the later recovery-phase Meff 
drop, appear to begin at higher latitudes first and with 
the changes then propagating equatorward. A density 
enhancement also appears around Dst minimum, both 

on the dayside and the nightside. From Fig.  5c it can 
be seen that storm-time ion temperature undergoes a 
small increase on both the dayside and the nightside, 
starting at high latitudes and propagating equatorward. 
Finally, from Fig.  5d, it appears that storm-time day-
side electron temperatures drop around Dst minimum, 
though their latitude dependence is hard to disentangle 
from diurnal variation. The dayside storm-time elec-
tron temperature drop in Fig. 5d appears to correspond 
with the density increase in Fig. 5b, in line with past lit-
erature (e.g., Su et al. 2015). There also appears to exist 
a small storm-time electron temperature increase on 
the nightside, similarly to the ion temperature increase. 
In all, it comprises evidence of localized heating, pos-
sibly initiated by, e.g., Joule heating processes at higher, 
auroral latitudes, which can be associated with latitude-
dependent [O+] fraction increase, as well as a storm-
time increase in ion density, resulting in an enhanced 
ion-neutral frictional heating.

Fig. 5 Plots for the 13 October 2016 storm, with Dst index overplotted in black. Panel a shows the effective ion mass, b shows the SLIDEM density, 
c shows the SITE ion temperature, while d shows the SITE electron temperature. Ascending MLT = 16, descending MLT = 4
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Discussion and conclusions
Using the superposed epoch analysis of the Swarm SLI-
DEM ion composition data, we found that the [O+] frac-
tion in the topside ionosphere rapidly increases both on 
the dayside and nightside during storm times, begin-
ning ~ 5–14 h before the Dst minimum and reaching its 
maximum values ~ 5–14  h after Dst minimum. Thereaf-
ter, it returns to pre-storm values over the next several 
days. At the same time, no significant global changes 
in ion or electron temperatures are observed, although 
localized temperature changes are evident in some indi-
vidual events (Fig.  5). Small density increases are also 
observed around Dst minimum, though not as clearly as 
the effective ion mass increases.

The storm-time changes, observed in tandem on 
Swarm A/C and Swarm B, along with the absence of 
large-scale temperature changes, are indicative of an 
upward storm-time transport of the topside ionosphere, 
which begins after the SSC and reaches its maximum 
shortly after the Dst minimum. Thereafter, the topside 
ionosphere returns to its pre-storm height. This uplift-
ing is believed to be caused by two candidate mecha-
nisms (e.g., Prölss 1995; Rishbeth et al. 1998; Namgaladze 
et  al. 2000): high-latitude heating leading to neutral 
thermospheric winds propagating equatorward and lift-
ing the F2 layer, and/or the increased storm-time elec-
tric fields (prompt penetration electric field (PPEF) on 
short timescales, and disturbance dynamo electric fields 
(DDEF) on longer timescales), leading to upward E x B 
drift. Prölss (1995) argues that these two mechanisms 
will have different latitude dependence, i.e., the ther-
mospheric winds will cause the F2-layer to rise first at 
higher latitudes, then at lower latitudes, whereas the 
ExB drift of the prompt penetration E-fields will cause 
the rise at lower latitudes first, then at higher latitudes. 
From Fig. 5, it appears in that event, on the nightside, the 
increased [O+] fraction is observed at higher latitudes 
first, propagating to lower latitudes. This suggests that 
in this case, thermospheric winds are the cause. A more 
comprehensive statistical study of the latitude depend-
ence of the F2-layer rise and fall is left for a future study.

These results are in agreement with recent studies by 
Kotov et al. (2019) and Reznychenko (2021) who used the 
Kharkiv ISR data to investigate the [H+] fraction during 
small geomagnetic storms. The authors likewise report 
on the rise of hmF2 during storm times, while observing 
no major changes in plasma temperatures, in line with 
our observations.

It can be inferred from Figs.  2 and 3 that, since the 
storm-time Meff values on Swarm B rise above pre-storm 
values on Swarm A and C, that the storm-time [H+]/
[O+] transition height moves upwards by at least ~ 70 km 
(the vertical separation distance between Swarm A/C 

and Swarm B orbits) on the timescale of hours. This is 
true for both the dayside and nightside. This result, as 
well as the increases in storm-time density, is consistent 
with earlier findings by Huang et al. (2005) who observed 
the F-region peak rising by ~ 80  km during storm time. 
Timoçin (2022) likewise reported on density changes 
observed by Swarm during storm times, which were 
interpreted as being due to PPEF influence.

Ground-based ionosonde data were utilized as inde-
pendent measurements to confirm that the dynamics 
observed by Swarm are consistent with vertical plasma 
transport. Indeed, our analysis suggests that this appears 
to be the case as the ionosonde data show clear storm-
time upward motion of hmF2 (Fig.  4) for the same 
storms as were studied in the Swarm SLIDEM analysis. 
The upward motion of ~ 50–60 km is consistent with the 
vertical motion of ~ 70–80 km inferred from the Swarm 
data. The slightly higher Swarm values may to be due to 
the fact that the maximum F2-layer heights do not occur 
exactly at Dst minimum, but in general some hours after 
it (see Figs. 2, 3). Another possibility is bias in either the 
Swarm SLIDEM measurements and/or the ground iono-
sondes with inferring hmF2.

For NmF2, the results are less clear, although it does 
show evidence of storm-time increases on average. 
Interestingly, the nightside NmF2 storm-time increases 
observed by ionosondes are less clear than for the day-
side. It is known that both positive and negative F-layer 
storms exist (e.g., Rishbeth et  al. 1998) and that main- 
and recovery-phase density dynamics can be opposite 
on opposing MLT sectors, i.e., a main-phase density 
increase at noon can correspond to a main-phase density 
decrease at midnight (Timoçin 2022). From the dataset 
selected for this study it is not possible to tell whether the 
observed evidence of storm-time density increases points 
to the fact that there are more positive storms than 
negative storms, or whether the positive storm density 
increases are simply larger (or more often) for this par-
ticular dataset.

It is not possible to unambiguously determine the 
individual ion composition from Meff when more than 
two ion species are present. We nevertheless assume 
a 2-species plasma on the dayside to gain insight into 
the role of light ions relative to heavier ions at the alti-
tude of the satellite. This was done also, for example, by 
Park (2022). This assumption is justified since [H+] is 
the lightest ion, and therefore the one which dispropor-
tionately affects the effective mass parameter, while [O+] 
is by far the most abundant. Minor ions such as [He+], 
[N+] and [NO+] only have a minor influence on effec-
tive mass under most conditions encountered in a real-
istic ionosphere. Additional file  1: Fig.  S3 demonstrates 
the control of effective mass by [H+] under various 
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theoretical minor ion abundances. At Swarm A/C heights 
(~ 450 km), the quiet-time dayside ionosphere with Meff 
~14 AMU would correspond to ~ 1% H+ and 99% O+, 
which changes to virtually 100% O + during storm times. 
Meanwhile at Swarm B height (~ 520 km), the quiet-time 
Meff ~ 12 AMU maps to ~ 2% H+, which falls to >  = 1% 
H+ during storm times. If we apply the same approach to 
the nightside, on Swarm A/C the H+ fraction would fall 
from ~ 5 to ~ 2% during storm times, while on Swarm B 
the H+ fraction would drop from ~ 11 to ~ 5%.

Dayside latitude dependence of effective ion mass 
is unclear. Although there is some evidence for Meff 
changes beginning at high latitudes and propagating to 
lower latitudes, it is not symmetric across hemispheres, 
with dayside northern hemisphere values exhibit-
ing lower Meff values than southern hemisphere dur-
ing the event in Fig.  5. The origin of this phenomenon 
is currently unknown, and it may be due to instrumen-
tal effects, such as photoelectron current. Until this is 
resolved, we believe it may not be prudent to draw con-
clusions on latitude dependence on the dayside. This does 
not affect the superposed epoch results, since the Meff 
values for Figs. 2 and 3 are obtained from those averaged 
over the entire domain ± 50 deg QDlat, i.e., over both the 
northern and southern hemispheres. Statistical effective 
mass responses to storm times as a function of hemi-
sphere are included in Additional file 1: Fig. S4.

The storm-time vertical motion of the topside iono-
sphere, and its associated effective mass signature 
observed by Swarm, may make it possible to empirically 
infer both hmF2 and f0F2 (the critical frequency of the 
ionospheric F2 layer, which is a function of electron den-
sity) from SLIDEM data. These parameters are of crucial 
importance in high-frequency (HF) radio propagation 
(e.g., Rush et al. 1974; Fagre et al. 2019). This study is left 
for future follow-up work. As evidenced in Fig.  1, it is 
not possible to capture these rapid storm-time changes 
of plasma ion composition using IRI or similar empiri-
cal models, and so their observation using Swarm may 
provide a timely and high-resolution estimation of these 
critical parameters.
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Additional file 1. Fig. S1: For Swarm A, C, and B, superposed epoch 
statistics of SITE ion temperatures (a, b, c, respectively) and electron tem-
peratures (d, e, f, respectively). Solid line denotes the median values, while 
the error bars denote the 25% and 75% quartiles. Table S2: Ionosonde 
HmF2 and f0F2 values for the same geomagnetic storms dataset as used 
to generate the Swarm plots. Every 11-row section denotes a storm, with 
the middle row denoting the day and hour of the storm (zero epoch) 
while the 5 rows above and below it denote the 5 days above and below 
the storm, respectively. Fig. S3: A graph demonstrating the control of 

effective mass by the [H+] fraction under various concentrations of [He+], 
[N+], [O+] and [NO+]. Fig. S4: Effective mass superposed epoch statistics 
highlighting hemispheric differences. Blue plots denote M_i_eff statistics 
in the northern hemisphere, red show the southern hemisphere, and pink 
shows equatorial latitudes.
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