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Abstract

Spire Global’s CubeSats has been collecting global navigation satellite system ionospheric radio occultation (RO) measure-
ments since November 2019. This study presents a comprehensive evaluation of storm-time ionospheric electron density
measurements derived from Spire precise orbit determination (POD) antenna by comparing them with measurements obtained
from digisonde, incoherent scatter radar (ISR), and the constellation observing system for meteorology, ionosphere, and
climate 2 (COSMIC2) mission during February 2020-December 2021. Results showed electron density profiles (EDPs)
retrieved from Spire POD antenna are in general agreement with those from digisonde, ISR, and COSMIC2 RO observa-
tions, although Spire-retrieved EDPs sometimes are noisier than others. Spire-derived F2 layer peak density (NmF2) and
peak height (hmF2) agree well with collocated measurements from digisonde and COSMIC2. The good performance of
Spire-derived ionospheric parameters provides a baseline reference for subsequent merged observations from POD and RO
antennas and suggests that low-cost CubeSats can provide reliable ionospheric measurements to significantly contribute to

global ionospheric monitoring.
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Introduction

Global navigation satellite system (GNSS) radio occultation
(RO) sounding uses GNSS measurements obtained by a low
earth orbiting (LEO) satellite to retrieve atmospheric and
ionospheric profiles (Hajj and Romans 1998; Schreiner et al.
1999; Yue et al. 2014). It has been proven to be a powerful
technique for retrieval of ionosphere electron density profiles
(EDPs) with high vertical resolution and global coverage.
The Abel inversion algorithm is widely applied to obtain the
EDPs, which assumes the spherical symmetry of the electron
density field (Schreiner et al. 1999; Mannucci et al. 2020;
Angling et al. 2021). Generally, the Abel inversion algo-
rithm can be implemented in two approaches when retrieval
of ionospheric EDPs (Schreiner et al. 1999). The first one
is based on the bending angle caused by the ionospheric
refractive index. The second one is thorough the estimation
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of total electron content (TEC), assuming the straight-line
propagation of GNSS RO signals where elevation angles
are below 0°.

Over the past two decades, ionospheric RO products
based on the original or improved Abel inversion algorithms
have been generated by various GNSS RO missions, such as
global position system/meteorology (GPS/MET) (Schreiner
et al. 1999), challenging minisatellite payload (CHAMP)
(Wickert et al. 2001; Jakowski 2005), scientific application
satellite-C (SAC-C) (Hajj et al. 2004; Colomb et al. 2004),
gravity recovery and climate experiment (GRACE) (Beyerle
et al. 2005), constellation observing system for meteorol-
ogy, ionosphere, and climate 1 (COSMIC1) and its follow-
on mission COSMIC2 (Schreiner et al. 2007; Ho et al. 2020;
Chou et al. 2017; Lin et al. 2020), PlanetiQ (Kursinski et al.
2021), GeoOptics (Chang et al. 2022), and Spire Global
(Angling et al. 2021).

In particular, Spire Global is a commercial space-to-
cloud analytics company that operates more than 120 LEO
3U CubeSats. Currently, more than 40 Spire CubeSats are
equipped with low-cost, low-power, and low-mass GNSS
receivers which can provide ionospheric RO measurements
at low latency to support space weather monitoring (Angling
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et al. 2021). However, it is important to evaluate the reliabil-
ity and feasibility of Spire ionospheric RO-related measure-
ments before they are applied for scientific and assimilative
purposes. Forsythe et al. (2020) assessed Spire RO iono-
spheric electron density measurements by comparing them
with collocated digital ionosonde (digisonde) and incoherent
scatter radar (ISR) measurements using a limited data set of
14 consecutive geomagnetically quiet days. Results showed
that there are good agreements between these independent
measurements. This paper extends the work of Forsythe
et al. (2020) to implement a comprehensive assessment of
ionospheric electron density measurements obtained from
the Spire CubeSats POD antennas for all available storm-
time Spire RO events during February 17, 2020-December
3,2021.

The objective of this study is to obtain a baseline per-
formance assessment of the Spire RO ionospheric electron
density measurements made under disturbed ionospheric
conditions by comparing them with measurements from
globally distributed digisonde, ISR, and COSMIC?2 observa-
tions. Comparisons are also made for collocated ionospheric
parameters between Spire RO and the international reference
ionosphere (IRI) 2016 model.

Data and methodology

This section describes the retrieval of Spire ionospheric RO
data, and the criteria of collocated ionospheric observations
between Spire RO and other data sources. Various evaluation
metrics are also presented in this section.

Spire ionospheric RO measurements

Currently, Spire Global operates a constellation of more
than 120 CubeSats known as LEMURS (low-earth multi-use
receivers), and over 40 of them perform radio occultation
(RO) measurements from global navigation satellite systems
(GNSYS) constellations, such as GPS, Galileo, GLONASS,
and QZSS. These CubeSats are in low earth orbiting (LEO)
planes with various inclinations at altitudes between 400 and
600 km, enabling them to provide global coverage (Angling
et al. 2021). The Spire CubeSat is capable of receiving and
processing dual-frequency GNSS signals entering three
antennas: precise orbit determination (POD), front RO
(FRO), and backward RO (BRO) antennas.

The POD antenna receives dual-frequency GNSS sig-
nals from both high elevation measurements of the topside
ionosphere and low/negative elevation RO measurements
of the bottom-side ionosphere. The FRO and BRO antennas
mounted on the front and back sides are designed for observ-
ing GNSS ionospheric RO measurements with low/nega-
tive elevation angles. The Spire RO electron density profile

@ Springer

(EDP) is calculated from dual-frequency GNSS total elec-
tron content (TEC) measurements along the LEO-GNSS link
based on the Abel inversion algorithm. It should be noted
that the Spire TEC profiles observed by the POD antenna are
calibrated, whereas those TEC measurements observed by
FRO and BRO antennas are uncalibrated due to the CubeSat
RO receiver DCB issue (Angling et al. 2021). Therefore, the
Spire RO EDP products (ionPrf files) evaluated in this study
are inverted only from absolute TEC observations using low-
elevation LEO-GPS links collected via the POD antenna.
The ionPrf files are located at level 2 (L2) data products
that are available from NASA’s Commercial Smallsat Data
Acquisition (CSDA) program (https://www.earthdata.nasa.
gov/esds/csda/commercial-datasets). Each ionPrf file con-
tains an EDP at the location of the RO tangent point trace
(longitude, latitude, and altitude). In retrieval of RO EDP,
the Abel inversion algorithm assumes the local spherical
symmetry in ionospheric densities along the lines of sight
between GNSS and LEO satellites. Inversion errors could be
introduced when the RO rays go through regions with large
horizontal gradients, especially for low latitudes (Schreiner
et al. 1999; Chou et al. 2017). It is important to note that
an RO-retrieved EDP is not a vertical profile because RO
tangent points at different ionospheric heights could be sepa-
rated by several thousand kilometers depending on the RO
geometry (Forsythe et al. 2020; Cherniak et al. 2021).

In this study, we aim at evaluating the storm-time iono-
spheric EDPs from the POD antenna of Spire RO constel-
lations. A geomagnetic storm is declared if the disturbance
storm-time (Dst) index at a given time is smaller than the Dst
threshold, which is set as —40 nT in this study. To take into
consideration the time delay between a storm commence-
ment and the ionospheric response, we also include 1 day
before and 2 days after the Dst index reaches the threshold
value. The top panel of Fig. 1 shows the daily number of
ionosphere RO events observed by the Spire POD antenna
over the storm time from February 17, 2020, to December
3, 2021. The hourly Dst index is plotted on the right axis
of this figure. In total, 114 days are regarded as storm days.
The red crosses in the zoom-in plot of the top panel show the
daily Spire RO EDP counts during November 1-30, 2021,
where both storm and quiet days are included. The daily
ionPrf counts are around 50-70, and there are no significant
count differences between quiet and storm days. The daily
counts of storm-time ionosphere RO events from February
17, 2020, to December 3, 2021, decrease over time, with
an exception in April and July 2020 (see top panel). The
Spire CubeSats number that contributes all available POD
RO EDP counts also shares a similar variation trend (see
the middle panel), except for April and July 2020. The drop
of daily RO EDP counts could likely be due to that fewer
Spire CubeSats are generating measurements from the POD
antenna those days. The bottom panel of Fig. 1 shows an
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Fig. 1 Spire ionospheric RO distributions. Top panel: time series of
daily Spire ionospheric RO events (left axis) and hourly disturbance
storm-time (Dst) variations (right axis). Daily ionospheric RO counts
from November 1 to 30, 2021, are indicated by the red crosses where
both quiet and storm days are included. For better visualization, the
related zoom-in figure is plotted below the top panel directed by the
red arrow. Middle panel: daily Spire CubeSats number that is used
for RO ionPrf generation. Bottom panel: global coverage example of
Spire RO on July 23, 2020

example of the geographic distribution of daily Spire RO
events on July 23, 2020. This indicates that Spire RO has a
global coverage that provides a great opportunity for global
ionospheric monitoring.

Note that the number of the POD RO events during the
storms is low due to the limited antenna field of view (FOV)
which prevents the receiver observations of the lower iono-
sphere. Only a few Spire CubeSats are configured to track
POD antennas to 20 degrees below the local horizontal until
February 2022. However, there are about 25 Spire CubeSats
that have been producing TEC and EDP by combining over-
lapping observation arcs of the POD and RO antennas to
merge observations from a maximum elevation angle to the
lower ionosphere. The merged observations through multiple
antennas are currently under evaluation, and the number of

Table 1 Criteria of collocated observations with Spire ionospheric
RO traces

Collocated data with Maximum distance sepa- Maximum time

Spire RO ration (km) lapse (minutes)
Digisonde 500 15

COSMIC2 RO

ISR 1300 10

IRI 2016 N/A

the daily merged Spire RO events is well over 3000, provid-
ing much needed coverage, especially over high latitudes.
The quality assessment of the merged measurements is the
topic of an ongoing investigation. The results presented in
the current submission will serve as a baseline comparison
for this future work.

Collocated observations criteria

The evaluation of Spire RO EDP measurements needs nearly
simultaneous and collocated observations from other data
sources. In this study, collocated observations from all avail-
able digisonde stations, ISR, and COSMIC?2 are used for
comparison with Spire RO-related measurements. Digisonde
data are from global ionospheric radio observatory (GIRO)
network (https://giro.uml.edu/didbase/scaled.php). COS-
MIC2 RO data are from COSMIC data analysis and archive
center (CDAAC) at the University Corporation for Atmos-
pheric Research (UCAR) (https://data.cosmic.ucar.edu/
gnss-ro/cosmic2/). ISR data are from the CEDAR Madrigal
database (http://cedar.openmadrigal.org/). Simultaneous and
collocated observations are selected empirically based on the
distance and time lapse between Spire and other data sources
(see Table 1), in a way similar to the threshold defined in
previous studies (Lei et al. 2007; Forsythe et al. 2020; Cher-
niak et al. 2021; Wautelet et al. 2021). The distance bound
between digisonde and Spire RO and between COSMIC2
RO and Spire RO is approximately 1104 and 1563 km (see
Figs. 4 and 10), respectively. There are only a couple of col-
located samples between ISR and Spire RO.

The IRI 2016 model is an empirical ionosphere model
depicting ionospheric EDPs between 60 and 2000 km alti-
tude (Bilitza et al. 2017). In this study, electron densities
from the IRI 2016 model at the location and time of the
Spire RO tangent points are used for baseline comparisons
with Spire RO observations since the IRI model cannot cap-
ture ionospheric responses to geomagnetic storms.

Evaluation metrics

We use root-mean-square error (RMSE), mean error (ME),
and the Pearson correlation coefficient (R) to quantify the
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relative performance of the Spire RO-related ionospheric
measurements to other reference data sources:

N
1
RMSE = \/ﬁ Z:l(xobs,i - xref,i)z
i=

N
) ! o))
ME = N 21 (xobs,i - xref,i)
i=
R — cov(xobs.i.xrst',i)
q‘obs,i .erel',i
where x, ; is the Spire RO-derived ionospheric observation

(e.g., NmF2 and hmF2). x.¢; is the reference value from
other data sources at collocated locations, such as digisonde,
COSMIC2, and IRI1 2016.i =1,2,3,...,N, and N is the total
number of collocated data samples. OV (Xypq; Xref;) 8 the
covariance between X, ; and x,.¢ ;. o; and o, are the standard

obs,i ref,i*
deviations of x; and x,;, respectively.

obs,i ref,i>

Results

This section presents a comprehensive evaluation of Spire-
derived ionospheric electron density measurements data by
comparing them with collocated measurements obtained
from digisonde, ISR and COSMIC?2, respectively.

Comparison with digisonde data

Figure 2 compares EDP obtained from Spire RO and
nearby digisonde stations on February 18, 2020, around
14:13-14:25 UT. A geomagnetic storm occurred on this day
and the Dst reached —37. The retrieved EDP from digisonde
stations agrees well with that from the Spire RO observa-
tions, especially for the ionospheric height below 250 km.
There is a slight difference between the two instruments on
the topside ionosphere, which could be due to extrapolation
errors in the digisonde-derived EDP above the F2 layer. It
should be noted that the Spire RO EDP is noisier compared
to the digisonde measurements. Therefore, data calibration,
such as the local regression and Chapman function fitting
(Lei et al. 2007; Wautelet et al. 2021; Liu et al. 2019b),
is suggested to be performed on Spire RO EDP products,
especially for distorted profiles. The black curve shown in
the right panel is the local regression fitting result from the
original Spire RO EDP (red curve). The noise presented in
the original Spire EDP is levelled out well after calibration.
Moreover, there are clear fluctuations above the F-region
(300—400 km) in the fitted Spire EDP. We believe these fluc-
tuations are due to the presence of irregularities there.

In this section, we assess the quality of two important
ionospheric parameters (NmF2 and hmF2) retrieved from
Spire RO measurements by comparing them with globally
distributed GIRO-derived digisonde F2 peak parameters.
Figure 3 shows all available collocated observations from
Spire RO and digisondes during storm days from Febru-
ary 17, 2020, to December 3, 2021. The available digisonde

18-Feb-2020, Dst=-37
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Fig.2 An example of spire RO electron density (Ne) profiles as com-
pared with collocated digisonde observations. Left panel: red curves
represent Spire RO tangent point track. (Red dot shows the NmF2
location.) Triangles indicate the location of three digisondes that are
in the vicinity of the Spire RO trace. Right panel: storm-time EDP
from digisondes and Spire RO near 14:13-14:25 UT are represented

@ Springer

Ne (10°cm™)

by different colors. The black curve in the right panel is the smoothed
result from the original Spire RO EDP (red curves) using the local
regression fitting. The root-mean-square error (RMSE) of the Spire
EDP is marked at the right-bottom corner of the right panel with the
unit of [(10) A5 [cm) ~(-3), which is calculated from the differ-
ence between the original and fitted Spire EDP
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Fig.3 Geographic distribution of collocated observations from Spire
RO events and digisonde stations covered by the storm days during
February 17, 2020-December 3, 2021. Red curves and blue triangles
indicate the distribution of Spire RO events and digisonde stations,
respectively

station number is 54. There are a total of 1104 collocated
data samples between Spire RO and digisonde stations.
Figure 4 shows a statistical comparison of the storm-time
Spire RO-derived NmF2 with collocated digisonde obser-
vations and IRI 2016 estimations. Evaluation metrics are
listed in the plots. There are 1104 collocated storm-time
NmF?2 points. The Spire RO-derived NmF2 values are in
close agreement with those from digisonde/IRI as evident
in the very small RMSE (1.07/1.36 X 10°cm™3) and ME
(=0.15/0.10 X 10°cm™3), and high correlation coefficient
values (0.94/0.90) between them. In this study, the NmF2
correlation coefficient value between Spire RO measure-
ments and digisonde data is comparable with that shown
in Forsythe et al. (2020) where a good correlation of 0.96
is obtained over 14 consecutive geomagnetically quiet
days. In comparison with the statistical result for COSMIC

satellites, the NmF2 correlation coefficient shown in this
study is slightly better than that in Lei et al. (2007) where
a correlation coefficient of 0.85 with 276 collocated points
was shown. However, the Spire NmF2 correlation coeffi-
cient in this study is slightly lower than the one presented
by Krankowski et al. (2011) who showed a correlation coef-
ficient of 0.99 using 750 collocated COSMIC RO events
distributed over the European region.

Figure 5 shows similar scatter plots for hmF2 compari-
sons. The Spire RO-derived hmF2 shows a clear linear rela-
tionship with those from digisonde observations and IRI
2016 model. However, the RMSE and ME between Spire
RO and digisonde are 27.13 km and —7.71 km, which are
smaller than that between Spire RO and IRI 2016 observa-
tions. Also, the correlation coefficient between Spire RO and
digisonde (0.82) is higher than that between Spire RO and
IRI 2016 observations (0.76). This could be partly due to IRI
2016 being a climatology model which cannot capture the
day-to-day variability of the ionosphere, especially on storm
days (Bilitza et al. 2017; Liu et al. 2019a; Chen et al. 2020).

Comparison with ISR electron density profiles

Unlike digisondes, an ISR provides ionospheric profiles that
can extend to the top side. Unfortunately, only a couple of
collocated quit-time samples over Millstone Hill (Fig. 6)
and Poker Flat (Fig. 7) stations are available after search-
ing globally distributed ISR observations from the CEDAR
Madrigal database.

In Fig. 6, Spire RO-retrieved electron density profiles (red
curves) are compared with the Millstone Hill ISR measure-
ments. The ISR measurements over Millstone Hill are from
the Zenith antenna operated via the alternate code (AC, blue
dots) and single pulse (SP, magenta dots) modes, respec-
tively. There are two Spire RO tracks (see Spire (1) and
Spire (2) in panel (a)) that are close to Millstone Hill station.

Fig.4 Scatter plots of the (%)
storm-time Spire RO NmF2 251 _ - + 10
against available digisonde y= 0‘92_6X+0'391 & y 0'83_4X 0.479 o
measurements (left panel) and — RMSE = 1.07 RMSE = 1.36 Py
IRI 2016 (right panel), respec- w20 ME =0.10 8
tively. The black solid line = R =0.90 .
shows the best-fit line. There w . N =1104 A
are 1104 collocated storm-time g'] 5 ®116
NmPF2 points that are selected ol
from February 17, 2020, to LL
December 3, 2021 § 10 4
@
=
@ 5 2
D™ : : : =0
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Fig.5 Similar to Fig. 4, but for (%)x 107
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Fig.6 Comparison of spire RO Ne with those measured by Millstone
Hill incoherent scatter radar (ISR) station. Left panel: red curves rep-
resent Spire RO tracks with NmF2 locations (red dots). Blue dots rep-

May 11 and 14, 2021, respectively. Spire Ne profiles are indicated by
red curves. The ISR Ne measurements from alternate code (AC) and
single pulse (SP) modes are represented by blue and magenta dots,

resent the nearby ISR station. Middle and right panels: Ne profiles respectively
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Fig.7 Similar to Fig. 6, but comparison with the Poker Flat ISR long pulse (LP) mode Ne measurements
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EDPs from the Spire RO and Millstone Hill ISR show good
agreement over a wide range of altitudes (see panels (b) and
(c)). However, there is a notable difference near the (NmF2,
hmF2) location, especially in panel (b), which is probably a
result of the large horizontal ionosphere gradients because
the Spire (1) RO track is separated by several thousands of
kilometers.

Figure 7 shows two more Ne samples comparison
between Spire RO and Poker Flat ISR. The Poker Flat ISR
measurements used here are operated in the long pulse (LP)
mode from the zenith antenna. The profiles from Spire RO
and ISR follow each other very well, though the error bars of
the ISR electron density profiles are somewhat large.

Fig.8 Collocated RO iono-

Comparison with COSMIC2 RO observations

Figure 8(a) shows all collocated RO tracks between Spire
and COSMIC?2 on February 18, 2020, where the minimum
Dst index is below — 50. In total, there are 26 collocated
RO events on this day. Figure 8b—e shows four examples of
collocated EDPs marked by letters “(b), (¢), (d), and (e)” in
Fig. 8a, respectively. In general, the EDPs from Spire RO
and COSMIC2 RO show excellent agreement from the bot-
tom to the topside ionosphere during storm time. The storm-
time NmF2 and hmF2 from collocated Spire and COSMIC2
observations also agree well. In Fig. 8a, the E layer altitude
(around 140 km) from the Spire RO and COSMIC2 RO

18-Feb-2020, Colocated RO events=26
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observations also agrees with each other. Black curves in
panels (b), (c), (d) and (e) are the fitting results from the
Spire RO EDPs (red curves). It is clear that the smoothed
Spire RO EDPs are less noisy than the original ones. The
Spire RO EDPs are noisier than that from COSMIC?2 as the
RMSE errors from the Spire are larger than the COSMIC2.
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Fig.9 Global distribution maps of collocated ionospheric RO
between Spire and COSMIC2 missions for the storm days defined
in Sect. “Spire ionospheric RO measurements.” Top panel: red and
blue curves indicate the tangent point tracks from Spire and COS-
MIC?2, respectively. Middle and bottom panels: averaged ANmF2 and
AhmF2 maps with a spatial resolution of 5°X5° bin between Spire

and COSMIC2

Spire RO EDPs for each panel share the same levels of
noises because their RMSE errors are commonly around
0.03 — 0.05 x 10°cm™3. The illusion of noise differences
from Spire RO EDPs between panels (b), (d) and (c), (e)
is probably due to that they are plotted in different scales
of the horizontal axis. There are some nonnegligible dif-
ferences between RO-derived EDPs and IRI 2016 model.
This is understandable because IRT 2016 is an empirical and
climatological model without the capability of reproducing
storm-time variability in the ionosphere.

The top panel of Fig. 9 shows the geographical distri-
bution of the collocated Spire (red curves) and COSMIC2
(blue curves) RO tracks during the storm days from Feb-
ruary 17, 2020, to December 3, 2021. The corresponding
mean ANmF2 and AhmF2 maps are presented in the middle
and bottom panels of Fig. 9 using 5° X 5° bins, respectively.
ANmF2 and AhmF?2 are uniformly distributed on the maps
with their differences mostly limited to 4 x 10°cm™3 and
50 km, respectively. This indicates that there is a good vis-
ual agreement of both NmF2 and hmF2 parameters between
Spire and COSMIC2 RO results.

Figure 10 presents scatter plots of the storm-time Spire
RO-derived NmF2 against the collocated COSMIC?2 obser-
vations (left panel) and IRI 2016 estimations (right panel).
Evaluation metrics are included at the upper-left location
of each panel. There are 1163 collocated storm-time NmF2
points from February 17, 2020, to December 3, 2021. The
NmF2 RMSE/ME values between Spire and COSMIC2
are 1.32/ — 0.11 x 10°cm™3, and the correlation coefficient
is around 0.96. This means that there are excellent agree-
ments with a strong linear correlation between the collo-
cated NmF?2 derived from the Spire and COSMIC2 missions.
Moreover, the Spire RO-derived NmF2 is much closer to
those from COSMIC?2 than IRI 2016 as there is a slightly

Fig. 10 Scatter plots of the 95 (%)
storm-time Spire RO NmF2 [y = + [\ =
against available COSMIC2 éMg:?i?T 302'405 ° y 0'7?9X+0'643 °
measurements (left panel) and —_ - RMSE =2.15
IRI 2016 (right panel), respec- «® 20 rME=-0.11 . rME = 0.40 o 4
tively. The black line shows the g R =0.96 o|R=0.90
best-fit line. There are 1163 0 N = 1563
. o
collocated storm-time NmF2 = 15 ¥ ee|13
points which are selected from :
February 17, 2020, to Decem- L
ber 3, 2021 €10} 2
pd
g
Q. L
» o !
0 : : : : . : : : . 0
0 5 10 15 20 0 5 10 15 20

COSMIC2 NmF2 (1050m'3)
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higher correlation coefficient value and smaller RMSE/ME
errors from COSMIC?2 than IRI 2016 model.

A similar comparison for hmF2 is shown in Fig. 11. Good
agreements can be also observed from the hmF2 param-
eters between Spire and COMSIC2 because there are small
RMSE/ME (20.62/— 1.64 km) values and a high correla-
tion coefficient (0.87). Spire NmF2 and COSMIC NmF2
follow the same linear trend with small RMSE/ME errors.
However, the scattered hmF2 distribution between Spire and
IRI 2016 is sparser with increased RMSE/ME values and
degraded correlation coefficient value when compared to
matched observations from Spire and COSMIC2.

Conclusions

In this study, we present the first performance assessment
of storm-time Spire RO electron density measurements by
comparing with those from globally distributed 54 digisonde
stations, two ISR stations, and the COSMIC2 RO mission.
The analysis is performed on geomagnetic storm days from
February 2020 to December 2021.

1) The EDPs retrieved from Spire CubeSat GNSS RO agree
well with those observed by digisonde, ISR, and COS-
MIC2 observations, though Spire RO EDPs sometimes
are noisier than other data sources.

2) Spire RO-derived NmF2 parameters show strong agree-
ments with those from digisonde/COSMIC2 observa-
tions, with low RMSE (1.07/1.32 x 10°cm™?) and ME
(=0.15/ = 0.11 x 10°cm™3) errors, and high correlation
coefficients (0.94/0.96).

3) Good agreements are also shown from the hmF2 com-
parisons between Spire and digisonde/COSMIC?2 as

IRI12016 hmF2 (km)

there are insignificant RMSE (27.13/20.62 km) and ME
(=7.71/—1.64 km) errors, and high correlation coeffi-
cients (0.82/0.87) between them.

4) The comparison of Spire RO-derived ionospheric meas-
urements with IRT 2016 is intended to serve as a baseline
check. Our results show that there is a noticeable differ-
ence between them as expected because IRI 2016 is an
empirical model without the capability of reproducing
storm-time variability in the ionosphere.

5) The analysis of Spire ionPrf products suggests that the
Spire 3U CubeSats equipped with low-cost, low-power,
and low-mass GNSS receivers could provide reliable
global-scale ionospheric RO measurements. It should
be noted that the Spire RO EDP products assessed in
this study are collected from the POD antenna only. An
ideal approach to produce Spire EDPs is to combine
overlapping observation arcs of both the POD and RO
antennas, so that the arcs can span from a maximum
elevation angle to the lower ionosphere. Evaluation is
underway on these merged Spire EDPs. The current
work will serve as a baseline reference for the merged
EDP performance analysis.
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