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Abstract 

Current methods for estimating ion density on Swarm rely on the assumption of 100% O + and no along-track ion 
velocity flows. These assumptions are routinely violated, particularly on the nightside and during high-latitude and 
polar cap traversals, compromising the accuracy of the measurements. The use of faceplate current data along with 
the Langmuir probe ion admittance measurements, and orbital-motion limited (OML) theory, make it possible to relax 
some of the assumptions inherent in current ESA Swarm density estimates. This further yields along-track ion drift and 
effective ion mass estimates. This paper describes the theoretical basis for estimating revised ion density, providing 
a new estimate for effective ion mass, as well as an alternative way of estimating along-track ion drift. The complete 
Swarm historical data set has been generated and validated using empirical models (International Reference Iono-
sphere, and an empirical electric field model), as well as ground-spacecraft conjunctions. Case studies and statistical 
results reveal clear geophysical signatures in the new product of light ions at low- and mid-latitudes and along-track 
ion drift at high latitudes, and their response to space weather.

Key points 

• A new data product for Swarm along-track ion drift velocity, density and effective mass has been derived
• The addition of faceplate current to ion admittance enables a refinement to Swarm ion density
• The estimations have been validated against a variety of independent measurements and empirical models
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Introduction
Accurate measurements of key ionospheric parameters, 
such as density, ion species composition, and ion flows, 
are of crucial importance in studies of magnetosphere–
ionosphere coupling (MIC) and determine the dynam-
ics of magnetosphere–ionosphere–thermosphere energy 
transfer. In particular, the auroral zone is known to be a 
key interface where energy and momentum is transferred 
between the two systems at a range of spatio-temporal 
scales. As ion velocities are routinely used to estimate 
electric fields via E= −v × B (e.g., Knudsen et al. 2017; 
Pakhotin et  al. 2018), accurate measurements of these 
flows allow for better understanding of electromagnetic 
transverse disturbances, in the form of both Alfven 
waves and field-aligned currents (FACs), which provide 
the basis of the magnetosphere–ionosphere interface. 
While models such as the Weimer (2005) electric field 
empirical model, and ground radar observations such as 
SuperDARN (Greenwald et  al. 1995) can estimate con-
vection flows, they inherently focus on larger spatial and 
temporal scales. Meanwhile, recent works (e.g.,Codrescu 
et al. 1995; Rother et al. 2007; Pakhotin et al. 2018, 2020, 
2021; Verkhoglyadova et al. 2017, 2018) demonstrate that 
small- and meso-scale disturbances can be responsible 
for a significant total portion of the energetics of MIC. 
These scales are inherently going to be missed by both 
large-scale empirical models and by ground radar-based 
measurements, and require in-situ observations by satel-
lites, such as Swarm sampling at ≤ 1 Hz frequencies.

The primary method for measuring ion flows on 
Swarm is using the Thermal Ion Imager (TII) (Knudsen 

et al. 2017). Despite periods of degraded data quality aris-
ing from residual water vapour and spacecraft–plasma 
interactions, a robust cross-track ion velocity data set 
has been established (Lomidze et  al. 2019, 2021; Kous-
tov et al. 2019) and has been utilized in scientific studies 
including long-duration statistical Poynting flux studies 
(e.g., Pakhotin et  al. 2021). Estimating the along-track 
component of ion drift is inherently more challenging, 
and to date a reliable along-track ion drift data set is 
unavailable (Knudsen et  al. 2017; Burchill and Knudsen 
2020). Clearly there is a need for reliable estimates of this 
component for the full 3D vector to be reconstructed.

The Swarm plasma instrumentation is complemented 
by a Langmuir probe. The plasma instrumentation also 
controls the electrical bias of the faceplate covering the 
TII and measures the current closing through it. The face-
plate thus has a functionality similar to that of a planar 
Langmuir probe. This combination of spherical and pla-
nar Langmuir probes complements the standard methods 
for estimating plasma density and electron temperature 
estimates, which is exploited in this work. Further details 
are given in the “Data and Methodology” Section.

One aim of this paper is to detail an alternative method 
for measuring ion along-track flow component at high 
latitudes, utilizing orbital-motion limited (OML) theory 
(Mott-Smith and Langmuir 1926) and the faceplate current 
measurement, as well as Langmuir probe ion admittance. 
Since the ion velocity measurement is obtained using a dif-
ferent methodology, it is immune from some of the caveats 
associated with the classic TII measurement, and as such, 
forms a valuable addition to the Swarm data product family.
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The low latitude ionosphere, meanwhile, is dominated 
by a range of density perturbations and changes associated 
with, for example, equatorial plasma bubbles (Woodman 
and La Hoz 1976), equatorial plasma fountains (e.g., Balan 
and Bailey, 1995), the Sq current system (e.g., Vasyliūnas 
2012; Yamazaki and Maute 2017), Appleton anomaly 
(Appleton 1946), and others. Typically, these phenom-
ena are not associated with strong drifts, but are heavily 
dependent on density and ionospheric composition. Stud-
ies of near-equatorial Alfven waves, in the form of field-line 
resonances, and interhemispheric Poynting flux transfer 
as, e.g., MSTIDs (Park et al. 2016), as well as space weather 
dynamics, such as ring current evolution (e.g., Ganushkina 
et  al. 2015), also depend on accurate low-latitude estima-
tions of density and ion composition. Ideally, the compo-
sition of individual ions would be measured directly by 
means, such as mass spectrometry. Swarm does not have 
such instruments on board, and in addition there are 
known sensitivity issues with mass spectrometers which 
may prevent them from observing accurate ion composi-
tion of cold or warm plasma. Instead, the swarm Langmuir 
probe ion density and effective mass (SLIDEM) methodol-
ogy allows for the determination of an ion fraction, which 
is a parameter that is sensitive to the presence of light ions. 
As such, even small (< 5%) deviations from 100% O + at low 
latitudes may be observed using this method.

Swarm ion densities are typically estimated from 
admittance using a simplified form of OML theory equa-
tions, where density is calculated directly from ion admit-
tance signal via

where Ni is the ion density, ds is the ion admittance (the 
response of the Langmuir probe current to changes in the 
bias voltage, ds = ∂I

∂Vb
 ), vs is the plasma speed in the ram 

direction, ms is the effective (or reduced) ion mass, e is the 
elementary charge, and rp is the spherical Langmuir probe 
radius. By sweeping the bias traditional LPs record the I–V 
curve, and ds would be its derivative. The Swarm LPs nor-
mally estimate the current and derivative in three regions 
of the I–V curve, including a negative bias for the ion cur-
rent. The bias is modulated with a sinusoidal "ripple" and ds 
is recorded as a complex admittance. The ripple sinus fre-
quency is low (typically 128 Hz), consequently the real part 
of the admittance is equivalent to the traditional derivative 
dI/dV, with a negligibly small imaginary part. For a full der-
ivation of (1) please refer to Knudsen et al. (2017), in par-
ticular Eqs. (6) and (11) of that manuscript, also please note 
the voltage in that paper is in ‘energy’ units, i.e., the voltage 
is multiplied by the elementary charge constant.

In calculating the density in the above manner, typi-
cally two assumptions are made: first, that the effective 

(1)Ni =
dsvsms

2e2πr2p

ion mass is 16 atomic mass units (AMU), i.e., that the 
surrounding plasma is 100% singly charged oxygen ions. 
The second assumption is that the plasma ram speed vs 
is equal to the satellite speed, ~ 7.6 km/sec on Swarm A; 
in other words, no along-track ion drifts are assumed. 
Especially on the nightside and at high F-region alti-
tudes, significant amounts of lighter ions, e.g., H + , are 
present (e.g., Smirnov et al. 2021). In addition, strong ion 
drifts in both along- and cross-track directions are com-
mon in the auroral zone. Thus it is reasonable to expect 
that both of these assumptions are often violated, com-
promising the density estimates. Recent studies revealed 
that the Swarm LP ion densities are overall 20–35% lower 
compared to their independent measurements (Lomidze 
et al. 2018, 2021; Larson et al. 2021).

By introducing the faceplate current measurement, it 
is possible to refine the density estimation while relaxing 
the above assumptions, resulting in more accurate esti-
mations of this parameter. In addition, this approach may 
also yield either the effective ion mass, or the along-track 
ion velocity, depending on the latitude. The remaining 
parameter must then be estimated.

The methodology we propose here uses the known 
lack of significant along-track ion drifts at low to middle 
magnetic latitudes and consequently assumes the along-
track ion velocity in those regions to be zero (co-rotating 
velocity does not impact the along-track component). 
Then, effective ion mass and density may be derived, 
from which the fraction of light ions may be estimated. 
However, at high latitudes, we must estimate the effective 
ion mass from, e.g., an empirical model to derive along-
track ion velocity. Since we no longer rely on the assump-
tion of zero velocity, we expect more realistic ion density 
estimates. The three parameters obtained in this manner 
are validated against estimates from empirical models, 
primarily using the International Reference Ionosphere 
2016 or IRI-2016 (Bilitza et al. 2017; Truhlik et al. 2015) 
for effective ion mass and density comparisons, and the 
Weimer (2005) electric field model for along-track ion 
drifts.

The rest of the paper is structured as follows. “Data 
and Methodology” Section presents the OML equations 
and Swarm measurement details, as well as outlining the 
empirical models. “Results” Section presents case stud-
ies and statistical examples of the SLIDEM products and 
validation data sets, while “Discussion” Section discusses 
the validity of the products. “Conclusions” Section sum-
marises the paper.

Data and methodology
In this section, the theoretical basis for estimating 
along-track ion drift and effective ion mass from the 
Swarm measurements and an empirical high-altitude ion 
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composition model is introduced. Empirical models and 
incoherent scatter radar data used for data validation are 
described.

Swarm measurements and OML equations
The Swarm mission (Friis-Christensen et  al. 2008) was 
launched in 2013 into a low-Earth polar orbit. In the 
main science phase, Swarm A and C fly side by side with 
a 1.4 degree cross-track separation at the equator and a 
varying along-track separation, typically ~ 10 s, at an alti-
tude of ~ 450  km in the beginning of the main science 
phase. Meanwhile, Swarm B orbits ~ 60  km higher, with 
its local time typically different from that of Swarm A/C. 
The spacecraft are equipped with the 50 Hz Vector Field 
Magnetometer Merayo et  al. (2008)  as well as Thermal 
Ion Imagers to obtain ion velocity drifts at up to 16 Hz, 
a pair of Langmuir probes to obtain ion density and elec-
tron temperature estimates at 2  Hz, and a planar fixed-
bias probe (“faceplate”) for current measurements at 
16 Hz (Knudsen et al. 2017).

The Langmuir probes operate > 99% of the time in 
what is known as the Harmonic Mode (Knudsen et  al. 
2017). This allows them to sample electric current and 
admittance parameters for three separate regions of the 
Volt–Ampere characteristics: “ion”, “linear electron” and 
“retarded electron”. For the purposes of this paper we 
use only the ion admittance, which, for a straightforward 
OML approximation, is given by (Knudsen et al. 2017)

where di is the ion admittance, I is probe current, and 
V_b is the applied bias. As the right-most side of Eq. (2) 
indicates, the ion admittance is a function of ion density 
Ni , effective ion mass Meff  , and ion ram velocity vi , as well 
as Langmuir probe radius rp , and ion net charge, assumed 
to be the elementary charge e. The ESA Level 1b density 
estimate uses this equation, assuming a 100% O + iono-
sphere ( Meff  = 16 A.M.U.) and no along-track ion drifts 
such that vi =  ~ 7.6 km/sec is the satellite speed.

Because the ion admittances of individual ion species 
sum in proportion to their relative concentrations, the 
effective ion mass in the above equation, in contrast to 
average mass, is equal to the reciprocal of the reciprocals 
of the constituent species:

where ms is the mass of the sth ion species. It is also 
referred to as reduced mass. A feature of this parameter is 
that it is much more sensitive than average mass to small 
amounts of light ions. For example, even a 10% H + frac-
tion will reduce this value from 16 AMU to 6.4 AMU. 

(2)di =
∂I
∂Vb

=
2Nie

2

Meff vi
πr2p

(3)1

Meff
=

1

Ni

∑k
s=1

Ns
1

ms

It can be seen that in this scenario the density obtained 
under a 100% O + assumption dramatically overestimates 
the true ion density. This effect is expected to be particu-
larly strong on the nightside where higher concentrations 
of light ions can be present.

Similarly, the assumption of zero along-track ion drift 
can fail in the auroral zones where ion drifts of up to sev-
eral km/s are not uncommon (e.g.,Lomidze et  al. 2019; 
Archer et al. 2017). As such it can be seen that both of the 
assumptions used in calculating ion density are expected 
to be routinely violated.

One solution to this problem is to bring in current 
measurements from the Thermal Ion Imager (TII) face-
plate. Neglecting the effects of plasma sheath, and assum-
ing all ions have a single charge and flow at the same 
speed, the current collected by the frontal faceplate is

where AFP is the faceplate area (804  cm2). Equation  (4) 
may be combined with Eq.  (1) to obtain revised expres-
sions for high-latitude ion density Ni

and along-track ion drift

The effective ion mass must still be assumed; for this 
study we use the IRI 2016 high-altitude ion composi-
tion model (Truhlik et al. 2015) to calculate an empirical 
effective ion mass based on four ion species (O + , N + , 
He + , and H +).

Similarly, at low-to-mid-latitudes the along-track ion 
drift may be neglected in comparison with the satellite 
speed, yielding

The faceplate bias is at times set to -1 V to optimize the 
TII science operations (Knudsen et  al. 2017). However, 
this bias seems to not sufficiently repel electrons which 
then can contaminate the ion current. To obtain reliable 
ion density estimates the bias is set to the more negative 
−  3.5  V whenever the TII operations allow it (~ 10–70% 
of the time). SLIDEM product measurements are, there-
fore, available only when the faceplate voltage is set to 
− 3.5 V, amounting typically to several orbits per day until 
mid-2018. Swarm TII operations have required setting 
the faceplate voltage to − 1 V increasingly often in recent 
years, reducing the availability of SLIDEM products. A 
notable exception was that the faceplate was operated at 

(4)IFP = −NieviAFP

(5)Ni =

√

−diIFPMeff

2e3AFPπr2p

(6)vi = vsat −

√

−2eπr2pIFP
diAFPMeff

.

(7)meff =
−2eπr2pIFP

diAFPv
2
sat
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− 3.5 V almost continuously on Swarm C from mid-2019 
to mid-2020. It should be noted that plasma sheath effects 
modify the effective areas of both the frontal faceplate and 
the Langmuir probe, such that they are not equal to their 
physical areas. For the faceplate, Particle-In-Cell simula-
tions indicated that a correction factor for the effective area 
is required (Resendiz Lira et al. 2019):

where �D =

(

ε0kTe

e2n

)1/2

 is Debye length, k is the Boltz-

mann constant, Te is electron temperature, V  is potential 
(spacecraft floating potential plus faceplate bias), ε0 is the 
permittivity of free space, α = 0.06929, β = 0.11552, 
γ = 66.0913 ×  106 are fitting parameters. This δFP term 
may be applied in place of AFP , e.g., Aeff = AFP ∗ (1+ δFP)

.
Meanwhile, the Langmuir probe cross section is also 

modified by the plasma sheath effects; however, the 
geometry is more complex. As per (Resendiz Lira and 
Marchand 2021), since the probe is positioned near the 
negatively charged satellite body, lighter ions are preferen-
tially deflected towards the satellite rather than towards the 
detector. As such, depending on ion composition, the effec-
tive area is generally smaller than the physical area. The 
equation, identical to Eq. 15 in Resendiz Lira and March-
and (2021), is as follows:

where α = 7.996 × 10e−3, β = 5.431, γ = 0.2191, ζ

=5.915e-3 / V and ξ= − 1.743e−2. This correction factor 
is applied to probe area, πr2p*(1-δLP ). Thus the corrected 
form of Eq. (6) becomes:

For the frontal faceplate, the effective area is generally 
larger than the physical area, while for the Langmuir probe, 
the effective cross-sectional area is generally smaller than 
the physical cross-sectional area. It can be seen then, that 
for both velocity and effective ion mass, the combined 
effects of the Langmuir probe and frontal faceplate plasma 
corrections generally act to make the numerator smaller 
and the denominator larger, i.e., to decrease both quanti-
ties. Meanwhile, the corrected density equation would be:

(8)δFP =
αP�D
AFP

(

1−
eV

1

2
Meff v

2
⊥

− β eV
kTe

−
γ
eV

e2

4πε0�D

)

(9)δLP = α �D
rp

(

1− β
eVf

1

2
Meff v

2

d

− γ
eVf

kTe

)

− ζVf + ξ

(10)vi = vsat −

√

−2e(1−δLP)πr2pIFP
di(1+δFP)AFPMeff

(11)Ni =

√

−diIFPMeff

2e3AFP(1+δFP)(1−δLP)πr2p

Provision has been made for post-processing the SLI-
DEM along-track ion drift to detrend slowly varying off-
sets across the polar regions. Mid-latitude drift, which 
can be several km/s in the raw estimates, are thereby 
zeroed at poleward quasi-dipole latitudes between 50 
and 51 degrees. This approach is similar to the one used 
for the cross-track flow data set (Koustov et  al. 2019; 
Lomidze et al. 2019; Burchill and Knudsen 2020).

Weimer 2005 empirical convection electric field model
The Weimer 2005 electric field model is an empirical elec-
tric potential and field model for the northern and south-
ern hemisphere high-latitude regions, derived from DE-2 
data between 1981 and 1983 (Weimer 2005). This model 
uses spherical harmonic fitting to obtain convection cell 
mapping as a function of solar wind parameters, such as 
IMF By, IMF Bz, solar wind speed, solar wind density, 
and AL Index. Recently, the Swarm TII cross-track ion 
velocity flows were validated against the Weimer (2005) 
model by Lomidze et al. (2019, 2021), who showed good 
statistical agreement between the two, similar large-scale 
median flow patterns, and examples of matching data 
for individual polar orbits. The methodology of Lomidze 
et al. (2019) is adapted to the present study to assess the 
validity of the SLIDEM along-track ion drift estimates. 
While the Weimer 2005 model is not generally expected 
to reproduce flows on a measurement-by-measurement 
basis, it is believed to be reliable when predicting gross 
features for relatively steady ionospheric conditions.

International reference ionosphere
The International Reference Ionosphere is a joint effort 
between COSPAR and URSI to obtain an international 
standard of key ionospheric parameters (Bilitza et  al. 
2017). The SLIDEM product includes empirical estimates 
of effective ion mass based on the latest high-altitude 
(> 350  km) IRI ion composition model (Truhlik et  al. 
2015), which provides relative ion concentrations of O + , 
N + , He + , and H + . Although this model is not intended 
to reproduce Swarm measurements point-by-point, it 
serves as a solid basis for demonstrating expected trends 
in effective ion mass, and it is expected to be more relia-
ble at high latitudes for the ion density and drift estimates 
than assuming pure O + . The IRI 2016 model is also used 
to obtain electron and ion temperatures and electron 
densities for product validation. The IRI is used here as 
a common reference to compare SLIDEM with respect 
to the existing L1b product, particularly to investigate 
the hypothesis that light ions on the nightside lead to sig-
nificant errors in density when assuming pure O + . It is 
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noted that there is compelling evidence that IRI signifi-
cantly overestimates topside ionospheric density (Bilitza 
and Xiong, 2021), particularly during low solar flux con-
ditions. Thus, we expect both SLIDEM and L1b to sys-
tematically show lower ionospheric densities compared 
with IRI.

Incoherent scatter radar
A series of conjunctions between Swarm and the Jicama-
rca, Millstone Hill, Arecibo, RISR-C, RISR-N and Poker 
Flat radars were identified for statistical comparisons of 
the density measurements. The methodology is similar to 
that utilized in Lomidze et al. (2018), in particular plasma 
frequency was used in place of density, as high-density 
samples tend to affect overall characteristics of measure-
ment discrepancies and estimates regression coefficients 
less severely in the frequency domain.

In addition, a set of seven overflights (conjunctions) 
by Swarm A of several incoherent scatter radar facili-
ties (Evans, 1969) was identified to validate the meas-
ured faceplate current and ion admittance. The radar 
sites were chosen to cover equatorial (Jicamarca), mid-
dle (Millstone Hill) and high latitudes (EISCAT-Tromso). 
For each radar, one dayside and one nightside conjunc-
tion was identified. In addition, a second nightside con-
junction was identified between Swarm A and Jicamarca, 
where the floating potential of Swarm A recorded an 
unusually low value (−  8.42  V), to investigate whether 
this would invalidate the SLIDEM methodology.

For each of the seven conjunctions, values for electron 
density and electron temperature have been obtained 
separately from the ground radar, from the Swarm satel-
lite itself (using the Swarm SITE product (Lomidze et al. 
2021)), and from IRI-2016. In addition, relative ion com-
position for  H+,  He+,  N+, and  O+ was obtained from IRI-
2016. From these parameters the theoretical faceplate 
current and ion admittance have been estimated using 
the empirical correction models of Resendiz Lira et  al. 
(2019) and Resendiz Lira and Marchand (2021), and the 
results are compared with the Swarm A measured face-
plate current and high-gain probe ion admittance.

Results
This section presents statistical and time series data for 
the three primary outputs: ion density, effective ion mass, 
and the along-track component of ion drift. Intervals of 
data were chosen on the timescales of days to months to 
both demonstrate robustness of the results and to cap-
ture both seasonal and orbital variability. In particular, 
each Swarm orbit drifts on the timescale of months such 
that the ascending orbital track changes from the day-
side, through dawn-dusk, to the nightside. For effective 
ion mass and density, the magnetic quasi-dipole (QD) 

argument of orbit parameter is used in place of latitude, 
where + 180 degrees is added to QD latitude values on 
the descending orbit track. This allows both the dayside 
and nightside tracks to be displayed on a single plot, 
showing differences in plasma density and effective ion 
mass day/night variation. The SLIDEM product gener-
ates effective ion mass estimates around the entire orbit, 
but measurements are flagged as valid only for quasi-
dipole latitudes equatorward of ± 50 degrees. Ion drift is 
estimated only at quasi-dipole latitudes poleward of ± 50 
degrees.

Density
A series of statistical conjunctions between Swarm and 
six incoherent scatter radar (ISR) ground stations were 
identified between 2014 and 2020 and analysed, follow-
ing the methodology described in Lomidze et  al. (2018, 
2021). The results of the analysis are displayed in Fig. 1. 
The lines of best fit are calculated using orthogonal least 
squares. Swarm A, B and C are treated separately, with 
SLIDEM on the left and L1b on the right. Plasma fre-
quency was used in place of density, following Lomidze 
et al. (2018). It can be seen that, for all cases, SLIDEM is 
slightly closer (by ~ 2–7%) to the theoretical one-to-one 
fit line (in cyan), though the difference is within the esti-
mated errors.

An example of the time series of the density estimates 
obtained from SLIDEM (blue), from the existing ESA 
Level 1b product (red), and from the IRI model (black), 
is displayed in Fig. 2. Density variations with latitude are 
correctly captured by SLIDEM on the dayside and on the 
nightside. The dayside ionosphere exhibits higher densi-
ties, in line with expectations as this is the side exposed to 
EUV radiation. The nightside equatorial regions is where 
the difference between the two Swarm products is most 
pronounced. Since the nightside ionosphere may contain 
a higher fraction of light ions, its effective ion mass can 
be significantly different from the assumed 16 A.M.U. As 
such, SLIDEM is expected to exhibit an improved night-
side ionosphere density estimation performance. It shows 
lower disagreements when compared with IRI, while 
the Level 1b product can be larger than IRI-2016 night-
side densities by ~ 50%, as can be seen at 10:20 UT and 
at 11:50 UT in Fig.  2. This is in line with recent results 
suggesting that light ions lead to density over-estimations 
from Swarm Langmuir probe measurements (Xiong et al. 
2022).

To examine longer periods, residuals are calculated by 
subtracting the densities obtained by SLIDEM from those 
obtained from IRI, as percentages of the IRI density val-
ues. The same is done for the Level 1b product to obtain 
residuals for that scenario. Both residuals are divided by 
IRI-2016 values to obtain relative percentage residuals, 
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which are then plotted in Fig. 3 as a function of time and 
magnetic quasi-dipole argument of orbit. The streaks of 
white background in the left-hand panel indicate una-
vailability of data. From Fig. 3, it can clearly be seen that 
the Level 1b product (right-hand panel) routinely returns 
higher nightside densities compared with IRI, as seen 
in Fig. 3b when the argument of orbit is between 0 and 
50 deg. The improved agreement for the SLIDEM prod-
uct (left-hand panel) is clear particularly with respect 
to overestimation, although both in-situ measurements 
show lower densities than IRI at systematic intervals, 
similar to Bilitza and Xiong (2021). For the time interval 
displayed in Fig. 3, the mean of the absolute of the resid-
ual between SLIDEM and IRI (Fig. 3a) is 43.9% (similar 
to the 42% bias for NeQuick topside option within IRI as 
detailed in Bilitza and Xiong, 2021), while that between 
the existing Level 1b density product and IRI (Fig. 3b) is 
55.2%. Note, only those L1b-IRI2016 residual elements 
where data existed for SLIDEM-IRI2016 residuals were 
used in calculating the above values. The additional resid-
ual within L1b, beyond that expected for IRI/spacecraft 

comparisons, is believed to be due to the significant dif-
ferences on the nightside due to effective ion mass devi-
ating from 16 AMU. The SLIDEM methodology removes 
this assumption, yielding lower nightside residuals when 
compared with IRI-2016. A comparison between the SLI-
DEM and L1b densities (not shown) indicates the overall 
median difference of 17.3% but with noticeably larger L1b 
values on the nightside.

Effective ion mass
The effective ion mass time series for a representative 
time period are displayed in Fig. 4. It can be seen that, as 
Swarm traverses from dayside to nightside, the increas-
ing fraction of light ions such as H + decreases the effec-
tive ion mass to values much lower than 16 A.M.U. (red, 
dashed line). This is evidenced both by the IRI-2016 
model (red) and SLIDEM observations (black). The SLI-
DEM effective ion mass estimates are not expected to be 
generally valid at higher latitudes as the spacecraft enters 
the auroral zone, since along-track ion velocity may no 
longer be neglected. Nevertheless, at lower latitudes 

Fig. 1 ISR-Swarm conjunctions for Swarm A (top), Swarm B (middle) and Swarm C (bottom) panels. SLIDEM is on the left; L1b is on the right. The 
dashed black lines denote orthogonal-least-squares regression fits to the data, while the solid cyan line denotes a theoretical ‘ideal’ one-to-one 
correspondence. Both x- and y-axes are in units of MHz (plasma frequency) rather than density, following Lomidze et al. (2018) and references 
therein. The errors are given as standard errors at 95% confidence
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Fig. 2 Swarm A density estimations for 1 January 2018, using the SLIDEM methodology, the existing Level 1b estimate, and an independent 
measurement from IRI-2016

Fig. 3 Statistical analysis of the residual of density estimates between SLIDEM (IDM) and IRI-2016, as well as Level1b and IRI, for the time period 
1–30 January 2018. Gaps in (a) denote periods of missing SLIDEM data coverage. Residuals are in units of percentage of the total density
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the agreement is good and small-scale features, as well 
as variations between consecutive orbits, are present in 
both the IRI-2016 and SLIDEM data. The SLIDEM esti-
mate not unexpectedly shows more structure than the 
IRI model. All measurements are here plotted irrespec-
tive of quality flags to illustrate the range of variability 
and possible quality issues, such as effective ion mass 
occasionally falling below 1 AMU.

The effective ion mass estimates may be plotted against 
argument of orbit and time, as shown in Fig.  5 for one 
full year (2018). It can be seen that as the Swarm orbit 
drifts, the areas of low effective ion mass (typically found 
on the nightside) swap from the ascending track to the 
descending track. This is evidenced both in the IRI and 
in the SLIDEM product, and it can be seen that SLIDEM 
performs reasonably well at reproducing the effective ion 
mass at different local times.

Further analysis shows that SLIDEM is responsive 
to changes in space weather associated with variations 
in ion composition. Effective ion mass measurements 
for the 22 June 2015 storm (Tu et  al. 2019) as obtained 

by SLIDEM (Fig.  6b, black) show significant changes in 
nightside effective ion mass on the timescale of hours, 
e.g., around day 22.4 in June 2015, suggestive of addi-
tional O + on the nightside (e.g., Kistler et  al. 2016). 
These changes are captured by IRI-2016 (Fig. 6b, red) but 
as that model is parametrized by daily input parameters, 
the effective ion mass for IRI-2016 changes abruptly 
around the diurnal change line, which is not physically 
accurate. In this sense, SLIDEM provides superior esti-
mates of effective ion mass than IRI-2016 during intense 
geomagnetic storms.

Ion velocity
In Fig.  7a plots are along-track ion drift estimates for 
auroral zone crossings on 28 Oct 2014. The direct out-
put of the SLIDEM algorithm, obtained using Eq. (10), is 
shown in the light-gray points. Variability of order 1 km/s 
is evident, with respect to random errors (measurement 
resolution) of much less than 100  m/s. The systematic 
flow towards the satellite is interpreted as the measure-
ment accuracy (~ 0.8  km/s). Detrending the resulting 

Fig. 4 Swarm A effective ion mass estimation using SLIDEM and IRI-2016 for a representative time period (1 May 2018). Data is shown for the entire 
orbit period, including times when significant along-track ion drifts are present
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drift, using the method applied to cross-track TII cali-
bration (Burchill and Knudsen 2020), allows to capture 
the correct range of the drift during the auroral crossing, 
while ensuring it is around zero at lower latitude. The 

resulting detrended drift time series (black points) clearly 
show significant drift-related disturbances of geophysi-
cal origin at high latitudes, with drift settling down at 
mid-latitudes.

Fig. 5 Year-long plot of effective ion mass for Swarm A for the year 2018, for IRI-2016 a and SLIDEM (b). The colorbar is inverted, i.e., red colours 
denote periods of lower effective ion mass. The y-axis is quasi-dipole latitude. The dashed lines delineate the periods of validity, since significant 
along-track ion drifts are expected to be present at higher latitudes
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Figure  7b shows an example time series plot of an 
auroral zone crossing with such SLIDEM estimates of 
ion velocity, downsampled to 0.25  Hz (red). Output 
from the Weimer (2005) electric field model, obtained 
following to Lomidze et  al. (2019), is plotted in blue. 
At large scales the data exhibits near perfect agree-
ment with the model, correctly capturing drift dynam-
ics including reversals at the right times. Smaller-scale 

signal is present on top of the large-scale convection, 
suggestive of large-magnitude, small-scale Alfven 
waves embedded within the large-scale FACs (e.g., 
Rother et al. 2007; Pakhotin et al. 2018, 2020).

To further evaluate the validity of ion drifts, following 
the same methodology as Lomidze et al. (2019), statisti-
cal maps of SLIDEM along-track drift data, obtained by 
calculating median components of drifts as a function 

Fig. 6 Plot of the SYM-H a as well as Swarm A IRI-2016 and SLIDEM Mef f  estimates for the time around the 22 June 2015 storm, denoting the 
change in effective ion mass during this active time period. In this plot, Mef f  estimates outside of the validity range of this parameter (i.e., at high 
latitudes) are omitted both for SLIDEM and for IRI-2016
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of magnetic latitude and local time, were created and 
compared with corresponding Weimer 2005 model 
drifts. Polar plots of the magnetic eastward projection of 
along-track drift are displayed in Fig.  8 for Swarm A in 
the southern hemisphere. The SLIDEM product captures 
some of the topology associated with the high-latitude 
ion convection, as well as its dependence on the direction 
of the IMF. For IMF By > 0 condition (left and middle pan-
els of Fig. 8) both the SLIDEM and Weimer (2005) data 
show eastward (positive) flows around −  80° and west-
ward (negative) flows around − 70° in the post-noon sec-
tor. For By < 0 conditions (right panel in Fig. 8) the overall 
agreement is also reasonably good poleward of ~  −  70°. 
Furthermore, the  By-dependent asymmetry, i.e., change 
from predominantly westward to eastward flows pole-
ward of 70° as  By changes from positive to negative (left 
and middle panels vs right panel in Fig. 8) is evident from 
Weimer 2005 model and well reproduced by the SLI-
DEM data. The consistency, however, is generally poor 
for the dawn sector around − 70°, where Weimer 2005 
shows eastward flows, while the SLIDEM shows only the 
reduced westward drifts. The ion convection typically 
becomes more intense when the IMF is southward as 
indicated by the Weimer model. The corresponding pat-
tern seems to be largely missing from the SLIDEM data 
in Fig. 8; however, a clear pattern appears in the north-
ward ion drift component (not shown). Part of the noted 
discrepancies are possibly due to remaining baseline/bias 
issues in the SLIDEM product. Others indicate certain 
limitations of the data and thus provide opportunity for 
their further refinement.

Incoherent scatter radar overflights
For the ground-spacecraft conjunctions, theoretical val-
ues for faceplate current and admittance were calculated 
using the SLIDEM methodology, using inputs from the 
radar measurements, from Swarm A, and from IRI-2016. 
They were then compared with actual observed current 
and admittance measurements. Figure 9 shows the face-
plate current (a) and ion admittance (b) measurements 
from Swarm A vs theoretical values calculated from radar 
(R), Swarm SITE (S), and IRI (I) estimates of electron 
density and temperature. Colours indicated the radar 
overflown (JRO—Jicamarca; MH—Millstone Hill; ET—
EISCAT Tromso) and the part of the orbit (day, night, 
dawn, or dusk, and whether the satellite was ascending 
or descending in latitude). Both faceplate current and ion 
admittance follow the expected linear trend yet exhibit 
a significant amount of scatter. The significant scatter in 
the faceplate currents arise predominantly from large dif-
ferences in estimated electron density between the radar, 
Swarm, and IRI model. The Swarm faceplate measure-
ments are generally explained best by the in-situ density 
(SITE).

A significant amount of scatter may be expected par-
ticularly in the ion admittance due to small variations in 
the concentration of light ions. To illustrate this, Fig. 10 
shows the theoretical empirically adjusted ion admit-
tance as a function of effective ion mass for the dayside 
ascending Jicamarca overflight using the radar density 
and temperature estimates. The point at upper right 
is the theoretical admittance for the Swarm A dayside 
ascending overflight of the Jicamarca incoherent scatter 

Fig. 7 for a representative auroral zone crossing, a shows along-track drift estimation using the SLIDEM methodology using various methods. 
The gray plot in a shows the along-track ion velocity estimate derived using Eq. (10), where effective ion mass has been estimated using IRI-2016. 
Meanwhile, the black plot shows the detrended version of the gray plot, to normalize it such that ion drift at low latitudes is around zero. b Shows a 
different auroral zone crossing on the same day, with the SLIDEM ion velocity output (red) alongside Weimer 2005 ion drift estimations (blue)
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radar facility, using the radar estimates for electron 
density and temperature and IRI estimates for ion com-
position. An increase to 3.5% H + with concomitant 
decrease to 94.9% O + (lower left point) decreases the 
expected ion admittance by almost 2 nA/V.

The spacecraft floating potential—which enters into 
several of the SLIDEM equations—is obtained from 
the Langmuir probes, as an average between the low-
gain and high-gain probe. Figure  11 shows one day of 
data records (~ 16 orbits) of the floating potential dif-
ferences between the two Langmuir probes as a func-
tion of QD latitude (blue curve). The two potentials 
usually disagree, sometimes by more than 1.5 V, a value 
much larger than the potential difference associated 
with e.m.f. from motion of the satellite through the 
geomagnetic field (red curve). The observations suggest 
the presence of strong electric fields in the vicinity of 
the instruments, or an issue with the calibration of the 
potential estimates, as well as the fact the two probes 
are made of different materials. The SLIDEM products 

are flagged for cases when the two probe estimates for 
floating potential differ by more than 0.3 V.

Discussion
The SLIDEM methodology aims to estimate three param-
eters using Swarm data:

– density
– effective ion mass
– along-track ion drift

In the process it also estimates the plasma sheath 
effects of the faceplate and Langmuir probe and the local 
Debye length, but these parameters are not investigated 
in this paper. For the three primary parameters of inter-
est, the SLIDEM estimates are corroborated by empirical 
models and by space-ground conjugate measurements.

The primary advantage of density estimations using 
SLIDEM over existing Swarm L1b LP data is its ability to 
take into account the changes in ion composition in the 

Fig. 8 Magnetic latitude-local time maps for Swarm A magnetic eastward ion drift components obtained from along-track data for different 
IMF conditions in the southern hemisphere. Northward IMF Bz, positive IMF By results are shown in a for Weimer (2005) and in d for SLIDEM. For 
southward IMF Bz and positive IMF By, Weimer 2005 is shown in b while SLIDEM is shown in (e). The case of southward IMF Bz and negative IMF By is 
shown in c for Weimer (2005) and in f for SLIDEM
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topside and removal of non-zero ion drift assumption 
at high latitudes. Our statistical analysis of density data 
yields better agreement with conjugate ISR observations 
(Fig.  1), with IRI-2016 (Figs.  2, 3), particularly on the 
nightside where light ions significantly change effective 
ion mass from the generally assumed 16 AMU. Similar to 

Bilitza and Xiong (2021) who showed—42% percentage 
deviation compared to other measurements, our results 
also show that the IRI overestimates densities in the 
topside ionosphere. Overall difference between the two 
Swarm products is smaller than that with IRI, however, 
assuming IRI better captures density variation related 
to the light ions, the smaller difference between the SLI-
DEM and IRI at night could indicate an advantage of the 
new data product.

Our results showed the SLIDEM values tend to be 
lower than those by Swarm LP on the nightside. Pre-
vious analysis of Swarm LP data (Lomidze et  al. 2018, 
2021; Larson et  al. 2021), however, demonstrated that 
overall the Swarm data are 20–35% lower than those 
by other independent measurements. In those stud-
ies, coincident data from ISRs, ionosondes, and radio 
occultation were used, and all latitudes and local times 
were covered. The analysis of Swarm LP data at lower 
and middle latitudes during nighttime was part of the 
Lomidze et  al. (2018) study who found ~ 4–12% lower 
Swarm densities (equivalent to 2–6% lower plasma fre-
quencies) than those by the COSMIC radio occultation, 
thus the difference was smaller (less underestimation) 
than the overall trend. In addition, note that the period 
considered in that study (December 2013–June 2016) 
is characterized by a higher solar activity than Janu-
ary 2018 (considered for SLIDEM). The composition of 
light ions, furthermore, is known to be more significant 
at a given altitude in the topside for lower solar activity 

Fig. 9 Incoherent scatter radar facility validation. a Measured faceplate current vs theoretical current for each radar facility and for each of three 
estimates used for electron density and temperature. Ion composition was estimated using the IRI in all cases. b Measured vs theoretical ion 
admittance. Theoretical values include adjustments based on PIC simulations from Resendiz Lira et al. (2019) and Resendiz Lira and Marchand (2021)

Fig. 10 Illustration of the large sensitivity of ion admittance to small 
variations in light ion composition. The point at lower right is the 
theoretical admittance for the Swarm A dayside ascending overflight 
of the Jicamarca incoherent scatter radar facility, using the radar 
estimates for electron density and temperature and IRI estimates for 
ion composition. An increase to 3.5% H + with concomitant decrease 
to 94.9% O + (upper left point) decreases the ion admittance by 
almost 2 nA/V
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conditions at night. To better evaluate the performance 
of SLIDEM density, and understand how the low lati-
tude, nighttime Swarm LP density accuracy varies com-
pared to independent measurements as solar activity 
changes from high to low, it is important to extend the 
corresponding analyses to the entire Swarm mission in 
a future study.

For effective ion mass estimations, SLIDEM estima-
tions correctly capture Meff  variations both as a result 
of orbital dynamics (Figs.  4, 5) and space weather 
(Fig. 6). The disagreement on the timing of the change 
in Meff  (Fig. 6) may likely be due to IRI-2016 not cap-
turing the time-delayed chain of events which occur 
during a geomagnetic storm. Indeed, the model out-
puts instant values when initialized with a set of param-
eters. Meanwhile, a real magnetosphere has memory 
and information about what has happened in the past 
is necessary to correctly predict future behavior during 
rapidly changing geomagnetic conditions.

For along-track ion velocity estimation, (Fig.  7b), 
the employed scheme is capable of producing realis-
tic ion velocity drifts which can be in good agreement 

with Weimer (2005) model estimates, capturing both 
the correct magnitudes as well as the large-scale struc-
ture. Smaller scale structures superimposed on the 
large-scale drifts is likely indicative of large-magnitude 
Alfven waves.

Climatology obtained using the SLIDEM drifts are 
capable of reproducing some of the main features of the 
high-latitude convection, in agreement with Weimer 
2005. In particular, the westward drifts in the post-noon 
equatorward sector and the eastward drifts in the pole-
ward noon sector, as well as the IMF  By-dependent asym-
metry and IMF  Bz-dependent flow enhancements (for 
the northward drifts). Certain features, e.g., the eastward 
drifts in the equatorward morning sector and enhanced 
zonal drifts with southward IMF are not well-repro-
duced, and further analysis is needed. Overall, compari-
son results also imply the general level of accuracy of the 
ion drift attained, being of the order of several hundred 
m/s. Furthermore, the fact that the SLIDEM drifts are 
often of very small in magnitude equatorward of -60° is 
an indication of the effectiveness of the post-processing 
linear detrending. In general, the product would benefit 

Fig. 11 Example of the difference of floating potential estimates between Langmuir probes 1 and 2 (blue) as a function of QD_Mlat, for nightside 
(ascending, top) and dayside orbits (descending, bottom). The red plot shows the theoretical inter-probe potential variation which may be 
expected as a result of electro-magnetic forces created by the spacecraft’s motion
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from further refinement to remove sources of uncertainty 
and investigate the effects of Langmuir probe plasma 
sheath effects more rigorously. Nevertheless, it is capa-
ble of producing reasonable agreement with independent 
model estimates and it may be possible to use SLIDEM 
along-track estimates to improve the quality of the TII 
along-track ion velocity estimations which currently 
suffer from known issues (Knudsen et al. 2017; Koustov 
et al. 2019).

A brief discussion of potential sources of uncertainty 
will follow. These present potential error sources which 
may be responsible for disagreement between SLIDEM 
products and independent estimates, particularly with 
along-track ion drift estimations.

Photoelectron effects refer to those electrons emitted 
as a result of solar irradiation of the satellite. Resendiz 
Lira et al. (2019) argue that these may be safely neglected 
on the nightside, and in areas of high density where col-
lected ion currents exceed those from photoelectron 
emission. As a result, they do not appear in the faceplate 
nor the Langmuir probe effective area correction terms.

The geomagnetic field may be positioned in such a way 
that the Swarm body shields the Langmuir probe from 
incoming field-aligned electrons, whose small gyroradii 
mean they impact the satellite before the probe. If true, 
this effect should be observed on one hemisphere but 
not on the other, since the magnetic field will be ‘discon-
nected’ from the Langmuir probe on one side of the equa-
tor and ‘connected’ on the other from the magnetosphere 
side. There is some evidence of a small interhemispheric 
change in effective ion mass estimates (see, e.g., Fig.  4) 
which may be due to this effect, and it is worth explor-
ing further. Nevertheless, it is not believed to be large 
enough to account for significant differences between 
simulated and measured admittance values. It should be 
noted that SLIDEM utilizes the ion admittance measure-
ments (negative probe bias), and thus the admittance is 
not expected to be directly impacted by aforementioned 
electron dynamics.

Finally, the aforementioned ambiguities in spacecraft 
floating potential estimates, which often vary between 
the two probes, present a further potential error source, 
since this parameter enters into Eqs. (8) and (9) and thus 
affects the extent of the plasma sheath effects.

Conclusions
A new plasma density, effective ion mass and along-
track ion velocity product has been developed, follow-
ing OML methodology and relaxing the assumptions 
present in the existing Level 1b Swarm density estima-
tion method. The new density data product has been 
validated through comparison with empirical models. 

A significant finding is that for the month-long period 
analyzed, the revised ion density estimate has consist-
ently lower residuals with respect to IRI ion density, 
particularly on the nightside, when compared with the 
Level 1b methodology, due to improved estimation of 
the effective ion mass which deviates significantly from 
16 AMU when light ions are present. Likewise, ground-
satellite conjugate observations for the duration of the 
mission, using Swarm A, B and C, demonstrate that 
SLIDEM density estimations result in improved agree-
ment with ground ISR density measurements when 
compared with the existing Level1b product. The effec-
tive ion mass estimations have also been compared with 
IRI and have been found to exhibit good agreement in 
longer, year-long comparison, reproducing changes in 
effective ion mass associated with space weather as well 
as due to Swarm orbital drift.

For along-track ion velocity, the data product was 
compared with the Weimer 2005 electric field model. 
Cases with good agreement were found for individual 
passes, while statistical analysis following Lomidze 
et al. (2019) demonstrated reasonable agreement repro-
ducing some major features of global ion convection 
related to latitude, local time, and IMF variation. It is 
found that detrending the flows following the method 
used for TII cross-track ion velocities (Burchill and 
Knudsen 2020) is required. The future improvements in 
the data quality are needed to address some of the cave-
ats that were found from the analysis.

A historical data set, PREL 0101, has been generated 
covering the same interval as the Swarm EXTD_LP_FP 
data set (2 October 2014 through 18 October 2021). 
The final product is anticipated to become available as 
one of the Swarm data products distributed via ESA 
EO PDGS. The link would be under "https:// earth. esa. 
int/ eogat eway/ missi ons/ swarm/ data". Currently it is 
available through FTP at “swarm-diss.eo.esa.int” in the 
“Advanced” folder. Data quality flagging is at an early 
stage of development; users are encouraged to read the 
SLIDEM Product Description Document (Pakhotin and 
Burchill 2021). It is anticipated that this data set will 
facilitate new scientific investigations in ionospheric 
physics and space weather as well as investigations into 
the Swarm TII ion drift and LP ion density data quality.

Appendix
Table of conjunction times between Swarm A and 
ground stations for data shown in Fig.  9. Data from 
Fig. 1 are for conjunctions selected from Lomidze et al. 
(2021).

https://earth.esa.int/eogateway/missions/swarm/data
https://earth.esa.int/eogateway/missions/swarm/data
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Conjunction Time (UT)

Swarm-A/Jicamarca (dayside) 2017-09-07 15:18

Swarm-A/Jicamarca (nightside) 2019-03-25 00:25

Swarm-A/Jicamarca (nightside) 2015-05-28 06:38

Swarm-A/Millstone Hill (dayside) 2015-04-10 22:33

Swarm-A/Millstone Hill (nightside) 2015-07-16 01:21

Swarm-A/EISCAT-Tromso (dayside) 2015-07-08 08:50

Swarm-A/EISCAT-Tromso (nightside) 2016-01-07 03:33
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