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Abstract
The Ion Velocity Meter (IVM) on NASA’s Ionospheric Connection Explorer (ICON) reports
the in-situ ion density, ion temperature and 3-component ion drift velocity, retrieved from
measurements by a retarding potential analyzer and an ion drift meter. ICON was launched
during a deep solar minimum in late 2019, followed by a solar quiet (F10.7 < 80) period
until September 2020. In order to quantify the uncertainties in the IVM’s drift velocity in a
low plasma density environment, we compared IVM’s vertical drift velocity with eastward
electric field (EEF) obtained from Swarm’s equatorial electrojet current measurements, the
vertical drift from ground-based incoherent scatter radar (ISR) at Jicamarca Radio Obser-
vatory (JRO) and from Jicamarca Unattended Long-term studies of Ionosphere and Atmo-
sphere (JULIA) coherent mode. The main results of this study show that (1) the vertical
drift derived from Swarm’s EEF and ISR are in good agreement with the zonal electric field
derived from JULIA’s vertical drift regardless of the F10.7 value. (2) The zonal electric
field derived from IVM’s meridional drift is in good agreement with Swarm’s EEF in 2021,
whereas the distribution is highly scattered in the deepest solar minimum in 2020. (3) An
ad hoc IVM correction based on the 24-hour running mean of meridional drift can bring
the IVM data into better agreement with Swarm and JULIA. An additional quality control
based on O+ fractional composition may be needed for some studies using IVM’s vertical
drift. By using the same methodology presented in this work, future missions could calibrate
their drift measurements to facilitate meaningful integration with ICON/IVM observations
through the comparision with ground-based measurements.
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1 Introduction

Ionospheric Connection Explorer (ICON) launched into a Low-Earth Orbit at ∼600 km
with 27o orbit inclination in 2019 to study the interaction between the lower atmosphere
and the highly variable ionosphere (Immel et al. 2018). ICON is equipped with instruments
measuring both ionospheric and neutral atmospheric components. Neutral wind vectors and
temperatures are retrieved from the Michelson Interferometer for Global High-resolution
Thermospheric Imaging (MIGHTI) (Harding et al. 2017; Harlander et al. 2017; Englert
et al. 2017; Stevens et al. 2018), and O/N2 density ratio are derived from the airglow emis-
sion observed by the FUV imager (Mende et al. 2017) in the daytime. For the ionospheric
quantities, EUV (Stephan et al. 2018) and FUV imagers provide O+ density profile in the
daytime and nighttime, respectively. In addition to the aforementioned remote-sensing in-
struments, the Ion Velocity Meter (IVM) measures in-situ ion density, ion temperature and
3-components of the ion drift velocity, at the orbit altitude ∼600 km (Heelis et al. 2017) in
the topside ionosphere above the F-layer density peak altitude. ICON provides unique obser-
vations to understand ionospheric electrodynamics when the spacecraft is near the magnetic
equator, during which the MIGHTI wind measurements in the E-region are magnetically
connected to the ICON/IVM’s measurements. This alignment provides the necessary condi-
tions to investigate the influence of the wind dynamo effect on the ionosphere on the same
magnetic field line (Immel et al. 2021).

ICON/IVM shares the same design with the IVM on the Communications and Naviga-
tion Outage Forecasting System (C/NOFS) satellite and COSMIC-2 (Schreiner et al. 2020).
Heelis et al. (2017) described the detailed design, pre-flight instrument calibration, and un-
certainty analysis of ICON/IVM. A retarding potential analyzer (RPA) and an ion drift meter
(IDM) are the two major sensors on IVM to determine the energy of the incoming ions and
the arrival angle of the ion flows, respectively. The ion density, major ion fractions and tem-
perature are retrieved from fitting the curve of the integrated current measured by RPA as a
function of step-in voltage. The 3-dimensional ion drifts require simultaneous measurements
from both RPA and IDM. The cross-track components of the ion drift are derived from the
combination of the ram ion drift measured by RPA and the angle of arrival resolved by IDM.
Since O+ is the heavier and typically more dominant species than H+ around 600 km in
the ionosphere, the uncertainty of the ion drift measurement is influenced by the total ion
density and the O+ fraction. The largest uncertainties occur when both the total ion density
and the O+ fraction are low, producing higher errors in both RPA and IDM, and resulting
in low sensitivity in the ram drift from RPA. To achieve the scientific goal of the ICON
mission, ICON/IVM is designed to measure the meridional drift at low latitudes, with a dy-
namic range ± 750 m/s and accuracy of 7.5 m/s. The pre-flight uncertainty analysis (Heelis
et al. 2017) demonstrated that the root-mean-square error (RMSE) of the ram ion drift ve-
locity should be less than 10 m/s when O+ fraction is greater than 0.2 and O+ density is
larger than 104/cm3. Immel et al. (2021) used ICON data to show the first direct evidence
connecting variability in the equatorial vertical drift with lower thermospheric winds. Due
to IVM offsets occurring during the very low F10.7 conditions in early 2020, they found it
necessary to preprocess the IVM data to force the 24-hour-mean meridional drift to be zero.

Cross-platform validations are crucial to independently evaluate the data quality of the
space-borne plasma measurements when the observatory is in orbit. The outcome not only
provides the relative measurement uncertainties of the new data set with respect to the ex-
isting dataset, but also often reveals the temporal or spatial variation of the uncertainties due
to different geophysical conditions. Chou et al. (2021) compared two independent measure-
ments on COSMIC-2, IVM ion density and Tri-GNSS Radio-Occultation System (TGRS)
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orbit electron density and found that the mean difference is less than |0.03 × 104|/cm3. The
authors also pointed out that the mean difference is larger in the nighttime compared to day-
time due to the error from the low background density in the nighttime. Choi et al. (2023)
reported the comparison of the ion density measured by COSMIC-2/IVM and ICON/IVM
using measurements ∼ 50 km apart in altitude. The authors stated that the climatology of
the diurnal variation and the interhemispheric asymmetry of the ion density distributions be-
tween the two measurements are similar, but the nighttime (daytime) ion density observed by
ICON/IVM is slightly greater (lower) than COSMIC-2. Stoneback et al. (2012) reported the
comparison of the vertical drift between the measurements from the Jicamarca incoherent
scatter radar and IVM on C/NOFS. The results show an excellent correspondence between
the two measurements as a function of local time (LT) in a total of 8 days of data, supporting
the methodology used to extract ion drift from C/NOFS. Through the relation of the electric
field and the cross product of the drift velocity and magnetic field (E = v × B), Alken et al.
(2015) validated the daytime equatorial electric field (EEF) derived from magnetic field sig-
natures measured by European Space Agency (ESA)’s Swarm satellites (Friis-Christensen
et al. 2006) with the vertical ion drift of the 150 km echo measured by Jicamarca Unattended
Long-term studies of Ionosphere and Atmosphere (JULIA) coherent mode at the Jicamarca
Radio Observatory (JRO) (Kudeki and Fawcett 1993). The correlation between Swarm’s
EEF and JULIA is high (r = 0.78), and the best line fit shows the slope close to 1.

In this study, we focus on the cross-comparison of the vertical drift (zonal electric field)
near the magnetic equator measured by ICON/IVM, the EEF obtained by Swarm, and the
vertical drift from the VHF incoherent scatter radars (ISR) and 150 km echo from the JULIA
mode at JRO. The main target of this validation work is to quantify the error in the ICON/
IVM vertical drift, with a secondary goal of evaluating the efficacy of quality-control and
pre-processing algorithms. The introduction to the data and method of finding conjunctions
between two measurements is given in Sect. 2. The results of the correlation analysis among
all these measurements are discussed in Sect. 3. In Sect. 4, we revisit the assumption of
zero mean vertical drift taken in Immel et al. (2021). The discussion and the main result are
summarized in Sect. 5 and Sect. 6, respectively.

2 Data and Data Selection

The ICON/IVM data product represents the drift vector in magnetic coordinates, with the
variable ICON_L27_Ion_Velocity_Meridional perpendicular to the magnetic field (B) and
pointing in a poleward direction, which is the component corresponds to the vertical drift
near the magnetic equator. Our analysis is based on version 06 of the ICON/IVM dataset,
and we have specifically utilized data with no flagged quality issues in both the drift me-
ter flag (ICON_L27_DM_Flag = 0) and the RPA flag (ICON_L27_RPA_Flag = 0). It is
worth noting that future versions of the dataset may address identified errors and implement
improvements to quality control.

The VHF ISR located at JRO (geographic coordinates 11.8S, 77.2W; geomagnetic dipole
latitude 0.8S) have been instrumental in equatorial ionospheric studies for several decades.
These radars provide valuable and unique observations of various ionospheric parameters,
including electron density, thermal structure, and ion compositions. At JRO, two types of
vertical drift observations are provided at different altitude ranges: drift profiles in the F-
region ranging from 200 km to 600 km, and daytime vertical drift in the E-region. The
F-region drift profiles are obtained using the high-power incoherent mode, which involves
measuring the line-of-sight ion velocities with uncertainties of 0.5-1.0 m/s (Kudeki et al.
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1999). On the other hand, the E-region vertical drift is derived from 150-km echoes using
the low-power coherent mode, also known as the JULIA mode (Kudeki and Fawcett 1993;
Chau and Kudeki 2006). Chau and Woodman (2004) have confirmed a strong agreement be-
tween the vertical drift obtained from the 150-km echoes and the F-region drift, supporting
the use of JULIA data at 150 km to corroborate ICON/IVM drift measurements at approxi-
mately 600 km. Conjunctions between the satellite missions (ICON and Swarm) and JULIA
are considered successful when they occur within 20 degrees longitude and 5 degrees lati-
tude of JRO, with a time difference no larger than 10 minutes. In the years 2020 and 2021
between LT 11 to 17, a total of 200 ICON/IVM-JULIA conjunctions have been identified
and utilized to investigate the uncertainty of ICON/IVM drift measurement in this study.
Similarly, for the ICON/IVM-ISR conjunctions, a comparable RMSE to that of the ground-
based measurement was achieved by selecting IVM data within 20 degrees longitude and 5
degrees latitude of the JRO site, with a time difference not exceeding 10 minutes. A total of
89 ICON/IVM-ISR conjunctions were identified for analysis.

The equatorial electrojet (EEJ) manifests as a strong zonal (east-west) current predomi-
nantly observed in low-latitude regions during the daytime. Its intensity is influenced by the
interplay between the vertical polarization electric field and the nearly horizontal magnetic
field at the equator. The Swarm satellite constellation, operating in a polar orbit, facilitates
the acquisition of scalar magnetic field measurements that encompass comprehensive latitu-
dinal coverage. The Sq contribution is isolated by employing spherical harmonic expansion
techniques thereby enabling the retrieval of EEJ and the EEF in the E-region (Alken and
Maus 2010). In a comparative investigation, Alken and Maus (2007) explored the relation-
ship between the EEJ current and the corresponding eastward electric field inferred from
vertical drift, considering both cases with and without accounting for conductivity. The find-
ings demonstrated a notable enhancement in correlation, increasing from 0.83 to 0.91 when
the estimated conductivity was incorporated, namely multiplying electric field by the con-
ductivity. In the Swarm data, the relative error (RelErr) of EEF is quantified as the difference
between the satellite-derived and modeled current profiles divided by the satellite-derived
current (Alken et al. 2015). For the purposes of this study, we consider only the Swarm EEF
data with a RelErr value of less than 2 in the performed comparisons. This criterion ensures
the inclusion of data points with acceptable levels of measurement and retrieval error.

The cross comparison of the measured vertical drift (zonal electric field) measured by
ICON and estimated by Swarm magnetic field measurements necessitates the occurrence of
a conjunction between the two satellites. A successful ICON-Swarm conjunction is achieved
when both satellites closely intersect in space and time, during daytime (LT 11-17) in prox-
imity to the magnetic equator. Figure 1 provides an illustration of such a conjunction occur-
ring at the magnetic equator. The diagram showcases multiple dipole-like field lines, with
the highest apex corresponding to the altitude of the ICON orbit (∼600 km). ICON, fol-
lowing a low inclination orbit, predominantly moves eastward (out of the paper, towards the
viewer), while Swarm travels in a north-south direction (right-left, parallel to the plane of
the paper). The region where EEJ flows aligns with areas of heightened conductivity within
the Cowling region, depicted in yellow. Additionally, the diagram highlights the relatively
high conductivity E region through a thick dashed line, spanning altitudes ranging from 100
to 130 km. Throughout the 11 to 17 solar LT on the dayside, we have identified a total of 107
ICON-Swarm conjunctions during the years 2020 and 2021. To meet the criteria for conju-
gacy, the two satellites were required to be horizontally separated by no more than 2000 km
and within a 20-minute time window of each other at the point of equator crossing.

To ensure a valid intercomparison of electric fields and related drift measurements taken
at different altitudes, it is important to understand how electric fields vary with altitude at the
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Fig. 1 Schematic illustration of a view looking westward parallel to the magnetic equator. See the text for
the description. Quasi-dipole (QD) magnetic latitude is applied

Fig. 2 The vertical drift at
240 km against the vertical drift
at 600 km, measured by the JRO
ISR for all available data between
10 and 17 LT from Dec 2019 –
Sep 2021

equator. Previous studies have already demonstrated the agreement between average vertical
drifts at 150 km altitude and model predictions of F-region drifts (Chau and Woodman 2004;
Rodrigues et al. 2015). Additionally, Shidler and Rodrigues (2019) have shown that the av-
erage altitudinal gradient of the vertical drift from 200 km to 600 km at the magnetic equator
is small during the daytime, supporting the assumption that vertical drift measurements at
different altitudes are comparable and can be mutually validated. To further substantiate this
assumption, we present Fig. 2, which depicts the comparison of vertical drift measurements
from the ISR at 240 km with those at 600 km. The analysis covers the period between 10
to 17 LT from December 2019 to September 2021 during geomagnetic quiescence. The cor-
relation coefficient is calculated to be 0.93, and the RMSE is 2.7 m/s. This high correlation
indicates that over 86% of the variability in the topside (600 km) ionosphere drift can be ex-
plained by the drift at the bottomside (240 km) during the daytime. Based on these findings,
it is reasonable to compare the vertical drift measured by ICON/IVM at 600 km, the vertical
drift associated with the zonal EEF at 110 km, and the vertical drift measured at 150 km.
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Fig. 3 F10.7 solar index from 2020 to the end of 2022

Moreover, given the RMSE of 2.7 m/s shown in Fig. 2, we consider the altitude gradient of
the vertical drift to be a negligible issue for our study.

3 Results

ICON was launched at a deep solar minimum in 2019/2020 during which the F10.7 index
was approximately 70 sfu for most of the time before October 2020, followed by a dramatic
pulse-like variation of F10.7 reaching 113 sfu in November 2020 on top of a gradual in-
crease in 2021 that surpassed 80 sfu in April 2021 (Fig. 3). The high correlation between
JULIA vertical drift and Swarm EEF reported by Alken et al. (2015) was under a solar
maximum condition from November 2013 to October 2014. Therefore, we revisit the work
with the data in the most recent solar minimum to see whether the significant difference in
solar radiation has an impact on the Swarm EEF-JULIA comparison. Figure 4 shows the
distribution of the EEF from Swarm-A against JULIA vertical drift. The resulting correla-
tion coefficient is 0.89 and the slope of orthogonal distance regression is 1.18, while Alken
et al. (2015) reported a correlation of 0.8 and a slope of 1.14. This result indicates that the
high correlation between Swarm-A and JULIA vertical drift reported by Alken et al. (2015)
also holds at solar minimum. The magnetometer measurement not requiring an abundant
ambient ion density may grant the stable Swarm-JULIA relation, despite electric field and
magnetic perturbations reportedly being affected by the geomagnetic conditions.

The JULIA coherent radar serves as a valuable ground truth reference to validate both
ICON and Swarm measurements at a specific location, while the conjunctions between
ICON and Swarm provide cross-validation over a broader spatial range. Figure 5 illustrates
the comparison between IVM’s vertical drift and the JULIA vertical drift for radar conjunc-
tions in 2020 and 2021. In Fig. 5a, during the deep solar minimum of 2020 (with an annual
median F10.7 of approximately 75 sfu), the distribution of data points exhibits significant
scattering. However, as shown in Fig. 5b, the correlation between the two datasets improves
in 2021, corresponding to an increase in F10.7 values (with an annual median F10.7 of
around 87 sfu). The correlation coefficient increases from 0.51 in 2020 to 0.64 in 2021,
while the slope of the relationship changes from 0.18 to 0.38. Figure 5b also reveals that the
data points for 2021 with a low O+ fraction (represented by blue dots) tends to deviate from
the dashed unity line. Note that the line fitting in this study is performed by orthogonal dis-
tance regression to reduce the influence of the outliers in the distribution. This observation
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Fig. 4 Scatter plot comparing the
zonal electric field derived from
JULIA vertical drift
measurements and the equatorial
electric field from Swarm-A,
between 11 and 17 LT spanning
from January 2020 to May 2021.
The black dashed line represents
a slope of 1, indicating a
one-to-one relation between the
two parameters. The red solid
line represents the linear
regression based on all data from
2020 and 2021

suggests a potential relationship between the error of the IVM drift measurement and the
ambient O+ fraction and density. The finding is consistent with expectations, as the instru-
ment exhibits greater sensitivity in an O+-rich plasma environment compared to an H+-rich
plasma environment.

To establish general criteria based on O+ density and O+ fraction, Fig. 6a illustrates the
RMSE between ICON/IVM and JULIA vertical drift as a function of O+ fraction and O+

density, which are used as the lower limits for data selection. The corresponding sample
count under each condition is presented in Fig. 6b. It is worth noting that when the sample
size is large (i.e., sample size ≥ 31 or degree of freedom ≥ 30), the Student t-density function
closely approximates the normal distribution, making the application of the Central Limit
Theorem statistically meaningful for using sample averages to represent the expected value
of an unknown population (Wong et al. 2009; Freedman et al. 2007). Based on the analysis
of all conjunctions in 2020 and 2021, Fig. 6a demonstrates a clear transition in the RMSE,
shifting from values greater than 15 m/s to less than 10 m/s when an O+ fraction greater
than 0.8 is applied, regardless of the O+ density value. This condition yields a total sample
count of approximately 30. On the other hand, if an O+ density of 2 × 105/cm3 is used as
the lower bound, the same level of RMSE less than 10 m/s can be achieved, although with
a reduced sample count of fewer than 20. Consequently, the utilization of an O+ fraction
greater than 0.8 as an advanced data quality control criterion is preferable over relying solely
on O+ density.

Returning to scatter plots depicted in Fig. 5, Fig. 5c presents a scatter plot including
all ICON/IVM-JULIA conjunctions in 2020 and 2021, showing a correlation coefficient of
0.53. However, the RMSE is relatively high, reaching approximately 19.90 m/s. By impos-
ing a constraint of O+ fraction > 0.8 for testing purposes (Fig. 5d), the correlation for the
combined dataset from 2020 and 2021 improves to 0.71, accompanied by an increased slope
of 0.56. As a result, the RMSE is significantly reduced to 6.41 m/s with a sample count of
34. Despite the improvement, the slope of 0.56 indicates that the IVM measurement is ap-
proximately twice as large as the vertical drift reported by JULIA. While the constraints
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Fig. 5 Scatter plots comparing vertical drift measurements between JULIA and ICON/IVM between 11 and
17 LT for the years 2020 (a) and 2021 (b). Panel (c) displays the total conjunctions for both years, while
panel (d) presents the conjunctions limited to an criterion of O+ fraction >0.8. Successful ICON/IVM-
JULIA conjunction is when IVM is within 20 degrees longitude and 5 degrees latitude from JULIA, with
measured time difference less than 10 minutes. The black dashed line represents a slope of 1, indicating
a one-to-one relation between the parameters. The red solid line represents the linear regression function.
The linear function, correlation coefficient, and root-mean-square difference are indicated in the lower-right
corner of the plots

used in this study, specifically an O+ fraction > 0.8, exceed the recommended levels pro-
posed in Heelis et al. (2017) based on pre-flight calibration, the observed slope of 0.56
suggests two potential scenarios. First, there may be additional unknown factors influencing
the absolute magnitude of the measured drift by IVM, beyond the influence of O+ fraction
alone. Second, the bias could potentially lie on the side of the JULIA measurements. To
further investigate and validate these scenarios, incorporating a third measurement source
would provide additional insights and help elucidate the contributing factors to the observed
discrepancies.

Moving on to the ICON/IVM-Swarm conjunctions, to ensure consistency in drift mea-
surements, we calculate the vertical ion drift by dividing EEF by the magnetic field mag-
nitude obtained from the International Geomagnetic Reference Field (IGRF) at 110 km al-
titude. The ICON/IVM-Swarm comparison is presented in Fig. 7a for 2020 and Fig. 7b
for 2021. The results reveal a similar level of agreement as observed in the ICON-JULIA
comparison. In 2021, the correlation coefficient improves to 0.77 compared to 2020, and
the RMSE decreases from 13.55 m/s to 8.26 m/s. Applying the same criteria used for the
ICON-JULIA conjunctions, Fig. 7c showcases the data combining both 2020 and 2021,
while Fig. 7d presents the scatter plot with the additional constraint of O+ fraction > 0.8.
Notably, the ICON/IVM-Swarm pairs exhibit a stronger agreement than the ICON/IVM-
JULIA pairs. Furthermore, Fig. 8a demonstrates that the RMSE can be reduced to less
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Fig. 6 (a) RMSE between vertical drift measurements from ICON/IVM and JULIA, considering the corre-
sponding O+ fraction and O+ density as the lower limit for data selection from all conjunctions between 10
and 17 LT in 2020 and 2021 (Fig. 5c). (b) Similar plot as in (a), but displaying the sample size under the
corresponding O+ fraction and O+ density limit

Fig. 7 Same as Fig. 5 but comparing ICON/IVM vertical drift with the drift derived from the equatorial zonal
electric field of Swarm-A. Successful ICON/IVM-Swarm conjunction is when IVM is within 2000 km from
Swarm-A, with measured time difference less than 20 minutes

than 10 m/s for ICON/IVM-Swarm pairs by requiring an O+ fraction > 0.7 or O+ density
< 5 × 104/cm3 compared to the O+ fraction > 0.8 or O+ density < 2 × 105/cm3 criteria
needed for ICON/IVM-JULIA pairs to achieve the same level of RMSE. Alongside the high
correlation, the slope approaches unity for the ICON-Swarm pairs, and the overall RMSE
when O+ fraction > 0.8 is 8.52 m/s.
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Fig. 8 (a) RMSE between vertical drift measurements from ICON/IVM and Swarm, considering the corre-
sponding O+ fraction and O+ density as the lower limit for data selection from all conjunctions between 10
and 17 LT in 2020 and 2021 (Fig. 7c). (b) Similar plot as in (a), but displaying the sample size under the
corresponding O+ fraction and O+ density limit

Fig. 9 Same as Fig. 5 but comparing ICON/IVM vertical drift with the vertical drift measured by ISR between
570 and 600 km altitude between 11 and 17 LT. Successful ICON/IVM-ISR conjunction is when IVM is
within 20 degrees longitude and 5 degrees latitude from JRO, with measured time difference less than 20
minutes

ICON/IVM-ISR conjunctions provide the one-to-one comparison of vertical drift at
ICON altitude (∼575 km). In Fig. 9, we compare the ISR vertical drift data which error
less than 10 m/s averaging over 550 km to 600 km with in-situ ICON/IVM measurements.
2021 has better correlation and RMSE than 2020 just like the other comparisons. In general,
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Fig. 10 (a) RMSE between vertical drift measurements from ICON/IVM and ISR, considering the corre-
sponding O+ fraction and O+ density as the lower limit for data selection from all conjunctions between 10
and 17 LT in 2020 and 2021 (Fig. 7c). (b) Similar plot as in (a), but displaying the sample size under the
corresponding O+ fraction and O+ density limit

the slope between ICON/IVM and ISR is close to 1 even before applying the restriction of
O+ Fraction. It implies again that the accuracy of ICON/IVM is trustworthy, as we stated
in the comparison between ICON/IVM and Swarm. Also, Fig. 10 shows a less stringent re-
quirement for achieving an RMSE of less than 10 m/s, which involves having an O+ fraction
> 0.55 and O+ density of 1×105 /cm3. Using the same criteria as we applied to the conjunc-
tions with Swarm and JULIA, the resulting RMSE and r of ICON/IVM-ISR conjunctions
under O+ fraction >0.8 is 8.83 m/s and 0.61.

4 Revisiting the 24-hour Running Mean Removal Method in Immel
et al. (2021)

The comparisons between ICON and the JULIA and Swarm instruments provide valuable
insights into understanding the potential sources of variation in the ICON/IVM measure-
ments, whether they stem from geophysical factors or instrumental efficiency. However,
imposing the criteria of O+ fraction > 0.8 for data selection would result in the exclusion
of approximately 75% of the data collected in 2020. Alternatively, Immel et al. (2021) pro-
posed a pre-processing step that involves removing the 24-hour mean from all the original
meridional drift regardless of their latitudes. This approach is based on the expectation that
the vertical drift exhibits an upward trend during the day and a downward trend during the
night in low-latitude regions. Therefore, the 24-hour mean of the vertical drift is expected
to be close to zero, which is consistent with the irrotational nature of the electric field. Nev-
ertheless, it is important to acknowledge that this assumption may be violated if there are
significant changes in the global electric field over a day, such as those induced by prompt
penetration electric fields or planetary waves. The value of the 24-hour mean thus serves as
an estimation of the systematic offset that necessitates correction to enhance the accuracy of
the data.

Figure 11 provides a comprehensive view of the continuous IVM vertical drift data from
January 2020 to the end of 2021. The top trace displays the 24-hour running mean, repre-
sented by the green solid line. It is evident that the 24-hour running mean of the vertical
drift exhibits substantial fluctuations and deviates from zero before October 2020, while it
becomes smoother and approaches zero thereafter. This pattern is also discussed by Heelis
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Fig. 11 (Top) IVM vertical drift measurements from December 6, 2019, to the end of January 2022. The
green solid line represents the 24-hour running mean. (Bottom) Difference between various instruments and
ICON/IVM overlaid on the 24-hour running mean vertical drift without the application of selection criteria

Fig. 12 Scatter plot comparing ICON/IVM drift measurements against drift measurements from other instru-
ments selecting between 10 and 17 LT in 2020 and 2021. Panel (a) displays the scatter plot using raw IVM
data, while panel (b) shows the scatter plot using 24-hour running mean detrended IVM data

et al. (2022), which indicate a noticeable correlation between the short-term excursions and
the aperture potential, particularly when there is a significant population of H+. These re-
sults further underscore the significance of the O+ fraction as a key parameter for evaluating
the data quality in 2020.

In the lower panel of Fig. 11, the conjunction measurements from JULIA, Swarm, and
the ISR are superimposed on the 24-hour running mean without any filtering. Using JULIA,
Swarm, and ISR as a reference, each dot in the lower panel represents a conjunction, indi-
cating the difference between the IVM vertical drift and the vertical drift measured by the
reference measurements. These comparisons manifest that the largest discrepancies between
the IVM and the other instruments coincide with offsets in the IVM’s 24-hour mean drift.
Furthermore, Fig. 12 illustrates the comparison of drift data obtained from ICON/IVM be-
fore and after removing the 24-hour running mean. Figure 12a displays the raw data without
any pre-processing, while Fig. 12b presents the same set of data after the 24-hour running
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mean is subtracted. As shown in Fig. 12b, the pre-processing significantly reduces scattering
and brings the slope closer to unity, changing from 0.37 in Fig. 12a to 0.76 in Fig. 12b. The
RMSE is improved from 16.1 m/s before to 10.8 m/s after detrending the 24-hour running
mean. The improvement of the correlation and RMSE in Fig. 12b highlights the effective-
ness of removing the 24-hour running mean in mitigating errors while retaining data from
the deep solar minimum with acceptable uncertainty.

One benefit of employing the 24-hour running mean removal method to mitigate un-
certainty in ICON/IVM drift measurements is the utilization of nighttime data, where O+

fractions tend to be below 0.8 regardless of the level of solar radiation. This approach allows
for the inclusion and analysis of data collected during nighttime hours, which would other-
wise be excluded based on the O+ fraction criterion. Figure 13 showcases the agreement of
vertical drift from ICON/IVM and ISR with respect to the LT frame. All ICON/IVM-ISR
conjunctions recorded in 2020 and 2021 are included without any restrictions, but note that
the first 3 panels from the top showing the correlation coefficient (r), RMSE, and slope are
based on the data after 24-hour running mean removal. To ensure the statistical significance,
LT bins shown in the plot are those sample size larger than 10. The data gap observed from
5 LT to 10 LT due to the implementation of quality control measures to account for the in-
fluence of photoemission within the instrument (Stoneback et al. 2012; Heelis et al. 2022).
In summary, this analysis reveals a significant correlation (r ∼ 0.5) between the vertical drift
derived from ISR and IVM in the 13 to 16 LT range, with an RMSE of less than 13 m/s.
This finding is consistent with the observations in Fig. 9 of Stoneback et al. (2011), which
demonstrate a decent agreement between ISR and C/NOFS vertical drift during the same LT
range. However, at 18 LT, the influence of the prereversal enhancement leads to an increase
in RMSE. Overall, the RMSE during nighttime exceeds 20 m/s, significantly higher than
the values observed in the afternoon sectors. This result is expected due to the presence of
plasma bubbles and ionospheric scintillation during nighttime hours.

5 Discussion

Assessing the conjunctions without imposing O+ fraction restrictions (Fig. 5c, Fig. 7c,
and Fig. 9c), it is noticeable that the higher RMSE of ICON/IVM-JULIA conjunctions
(22.96 m/s) compared to the conjunctions with both Swarm and ISR (around 11 m/s). Fig-
ure 11 and Fig. 12 provide clear evidence that the majority of IVM-JULIA conjunctions
occurred before October 2020, during a period when IVM exhibited a significant displace-
ment in its 24-hour running mean from zero. In contrast, the conjunctions with Swarm and
ISR took place during a period when the displacement was less than 20 m/s. While Fig. 12
shows that 24-hour running mean removal method can effectively reduce the uncertainty in
ICON/IVM drift, it is important to consider that the 24-hour running mean removal alone
improves the RMSE to approximately 11 m/s, which is not better than the RMSE for the
conjunctions with Swarm (Fig. 7c) and ISR (Fig. 9c) without the imposition of O+ fraction
restrictions. Therefore, achieving higher accuracy and precision still requires consideration
of the ambient plasma environment. Additionally, it is worth acknowledging that this study
may not have encompassed all factors contributing to the observed discrepancies. Further
investigation is needed to explore potential influences such as spacecraft charging under low
plasma density conditions.
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Fig. 13 Vertical drift comparison between ICON/IVM and ISR conjunctions as a function of solar LT without
any constraint in O+ fraction. The panels display the correlation coefficient (r), RMSE, slope, and sample
size. Each LT bin includes data from one hour before to one hour after the specified time. The vertical
drift measurements from ISR, ICON/IVM, and ICON/IVM after detrending the 24-hour running mean are
provided at the bottom panel

6 Conclusion

Upon revisiting the correlation analysis between Swarm/EEF data and the JULIA radar, a
notable correlation coefficient of 0.89 is obtained. This outcome aligns with prior studies,
affirming the persistence of the correlation even during the period of more solar minimum
conditions in 2020-2021 when the ICON/IVM instrument was operational. To delve into
the uncertainty of the vertical drift in ICON/IVM, comprehensive comparisons are made
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with Swarm, JULIA mode, and ISR vertical drift measurements. Without imposing any re-
strictions, the ICON/IVM shows favorable agreement with Swarm and ISR, displaying an
approximate RMSE of 11 m/s. However, in the case of the ICON/IVM-JULIA conjunc-
tions, a larger RMSE of 22 m/s is observed, primarily attributed to numerous conjunctions
occurring during instances of significant offset in the 24-hour mean drift. To ensure statis-
tical significance and enhance the agreement with JULIA, a minimum O+ fraction of 0.8
is employed, resulting in a reduced RMSE of 7.4 m/s between ICON/IVM and JULIA, and
8.5 m/s between ICON/IVM and Swarm. It is worth highlighting that the largest discrepan-
cies between ICON/IVM and the other instruments arise when offsets in the 24-hour mean
drift are present. By eliminating the 24-hour running mean from the ICON/IVM vertical
drift data, these discrepancies are effectively mitigated, bringing the regression line closer
to unity and maintaining data integrity from the deep solar minimum period with an ac-
ceptable level of uncertainty. By using the same methodology presented in this work, future
missions could calibrate their drift measurement to facilitate meaningful integration with
ICON measurement.
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