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Abstract: Global Navigation Satellite System (GNSS) radio occultation (RO) provides valuable 3-D
atmospheric profiles with all-weather, all the time and high accuracy. However, GNSS RO mission
data are still limited for global coverage. Currently, more commercial GNSS radio occultation
missions are being launched, e.g., PlanetiQ. In this study, we examine the commercial GNSS RO
PlanetiQ mission performance in comparison to KOMPSAT-5 and PAZ, including the coverage, SNR,
and penetration depth. Additionally, the quality of PlanetiQ RO refractivity profiles is assessed
by comparing with the fifth-generation European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis (ERA5) data in October 2023. Our results ensure that the capability
of PlanetiQ to track signals from any GNSS satellite is larger than the ability of KOMPSAT-5 and
PAZ. The mean L1 SNR for PlanetiQ is significantly larger than that of KOMPSAT-5 and PAZ. Thus,
PlanetiQ performs better in sounding the deeper troposphere. Furthermore, PlanetiQ’s average
penetration height ranges from 0.16 to 0.49 km in all latitudinal bands over water. Generally, the
refractivity profiles from all three missions exhibit a small bias when compared to ERA5-derived
refractivity and typically remain below 1% above 800 hPa.

Keywords: radio occultation; GNSS; refractivity; signal-to-noise ratio; PlanetiQ

1. Introduction

Global Navigation Satellite System (GNSS) radio occultation (RO) is a remote sensing
method that enables low-Earth-orbit (LEO) satellites to capture GNSS signals and use
them to determine the Earth’s meteorological characteristics [1,2]. GNSS RO offers unique
characteristics such as high vertical resolution, global coverage, high accuracy, long-term
stability, and all-weather capability [2–5]. Global coverage is provided by RO measure-
ments, which include views over the polar regions and seas, which are inaccessible areas
for other detection methods like radar and radiosonde [6,7]. Remote sensing using RO
is self-calibrated. The RO sensor does not need to be calibrated again after it is installed
on an orbiting satellite [6]. As a result, GNSS RO data products have been extensively
employed in global climate monitoring [8,9] and numerical weather prediction (NWP)
applications [1,10–12].

Utilizing the GNSS RO has advanced importance as a satellite remote sensing method
for observing the atmosphere, including the ionosphere, stratosphere, and troposphere,
since the GPS/Meteorology (GPS/MET) project was launched in 1995 [13]. The GNSS
RO technique’s capacity to observe Earth’s atmosphere is demonstrated by the GPS/MET
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mission’s success. Two GPS RO missions, the German CHAMP and the Argentinean
SAC-C, were launched in 2000 after GPS/MET [14].

In addition, several missions, including COSMIC-1, GRACE, CHAMP, and SAC-C/D,
have been retired [6]. Further RO observations from commercial missions, as well as those
from MetOp, Spanish PAZ, Korea Multi-Purpose Satellite-5 (KOMPSAT-5), COSMIC-2,
Sentinel-6, and other missions, have aided in operational NWP and research [2,5,13,15,16].
It is important to note that RO observations can only be obtained at the middle and low
latitudes by COSMIC-2, the mission that replaces FORMOSAT-3/COSMIC. COSMIC-2 data
cover mainly from 45◦N to 45◦S; this is because the mission’s six LEO satellites have a low
inclination angle (24◦) [17], while KOMPSAT-5 and PAZ have a global spatial distribution.
Both the GPS and the GLONASS can transmit signals to the COSMIC-2 satellites [18].
For operational NWP applications, COSMIC-2 is the first RO sensor capable of providing
routine GLONASS GNSS-RO measurements [19].

The KOMPSAT-5 satellite was launched in 2013 into a sun-synchronous polar orbit.
The primary payload of the KOMPSAT-5 mission is a synthetic aperture radar (SAR).
The atmospheric occultation and precision orbit determination instrument is a secondary
atmospheric RO payload carried by the low-Earth orbiting satellite mission KOMPSAT-5.
The nominal altitude of the KOMPSAT-5 satellite is 550 km, with an inclination angle of
97.68 [20]. Data collection was delayed by around 12 h due to receiving ground station
network limitations, which made it challenging to use in the numerical weather forecast
model [21]. A GPS RO payload is part of the Spanish low-Earth orbiting PAZ satellite
program. On 22 February 2018, PAZ was launched into a sun-synchronous polar orbit
together with RO and heavy precipitation with PAZ, which was its secondary payload. The
data are being delayed significantly because of issues with the satellite’s link to the ground
infrastructure [22].

More generally, increasing the number of receiving GNSS RO signal systems from
GPS, Galileo, GLONASS, and the Chinese BeiDou Satellite Navigation System (BDS) is an
approach used by some GNSS RO missions to increase the number of GNSS RO events
and enhance the accuracy of NWP [23]. To deliver additional occultation observations,
commercial satellites like Spire and GeoOptics also increased the capacity of their RO
satellite network [24]. For instance, the GPS, Galileo, and GLONASS systems transmit
occultation signals to the Spire mission. There are also commercial high-gain missions,
such as PlanetiQ [25].

PlanetiQ’s satellites carry the fourth generation “Pyxis” RO sensor. Pyxis, the world’s
greatest weather sensor, was created by PlanetiQ. The Pyxis RO sensor has almost three
times the data gathering capacity compared to previous models while being lighter, smaller,
and using less power. All four global GNSS constellations (GPS, GLONASS, Galileo, and
BDS) send signals to it [26]. The public GNSS signals from the GPS (L1 and L2), Galileo
(E1 and E5), GLONASS (FDMA signals centered at L1 and L2), and BeiDou (B1 and B2)
constellations are intended to be received by the Pyxis-RO sensors. PlanetiQ has high-
gain antennas that provide very high SNRs across the globe [27]. By utilizing an existing
satellite-based relay system in geostationary Earth orbit, the data will have an average
latency of less than three minutes. This low latency is essential for evolving weather and
space weather forecasting requirements, offering a significant improvement over a typical
delivery time [28].

The power of the RO signal diminishes as it gets closer to the Earth’s surface because
GNSS radio signals attenuate more with an increase in the density of air and water vapor
pressure [29]. One of the key indicators of the quality of RO measurements is the signal–
noise ratio (SNR) of the RO signal. The SNR is calculated by dividing the RO signal
magnitude by the receiver noise level in the voltage-to-voltage unit (v/v) [30,31]. The
amplitude of the SNR will be higher when RO signals are stronger or the noise level is
lower, which might confirm a higher-quality observation [30]. Deeper penetration of the
GNSS-RO measurements is critically limited by the SNR [13,31]. Three key aspects of high
SNR are the penetration of lower troposphere sounds, the identification of sharp tops in
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the atmospheric boundary layer (ABL), and the detection of super-refraction (SR) on top of
the ABL [31,32].

In this context, as the GNSS signal passes through the atmosphere, it becomes bent
and delayed due to the refractivity gradient [2,33,34]. Basic measurements of important
parameters with high vertical resolution, including bending angle (BA), refractivity, temper-
ature, pressure, and water vapor, are provided by GNSS RO through the measurement of
signal delay and bend [35,36]. Cumulative BA may be obtained using GNSS measurements
and the orbits of LEO and GNSS satellites using geometric optics (GOs) and wave optics
(WOs) approaches [34].

Furthermore, the standard relationship between the Doppler frequency (i.e., the time
derivative of phase), the impact parameter, and the BA is implemented by the GO retrieval
of the BA [37]. Three options are available for WO retrieving BAs: back propagation
(BP), canonical transform of the first type applied after BP, and canonical transform of
the second type [37]. The first-order ionospheric errors are then eliminated by linearly
combining the BAs that were obtained from the two frequencies of the GNSS satellites [5].
The linearly combined BAs are usually subjected to a high-altitude initialization technique
to generate “optimized” BAs, which are subsequently utilized by the Abel integration to
recover atmospheric refractivity [5,34].

This study aims to analyze the spatial distribution of PlanetiQ and other RO missions
(KOMPSAT-5 and PAZ) and investigate the SNR latitudinal distribution for these missions.
We used KOMPSAT-5 and PAZ for intercomparison with the PlanetiQ data. This study also
investigates the lowest penetration height for PlanetiQ and other RO missions (KOMPSAT-5
and PAZ) and evaluates the refractivity and temperature from these missions with the fifth-
generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalysis (ERA5). Additionally, by using this information, future improvements to GNSS
RO retrievals and data assimilation will have greater guidance. A limitation of this study is
the short time span. This study relies on data from October 2023 alone.

The structure of the paper is as follows: In Section 2, we outline the data products from
each of the relevant RO missions and ERA5, the distribution of GNSS RO data, and the
RO data processing chain. In Section 3, we discussed the results and analysis. We discuss
SNR latitudinal distribution, lowest penetration height, and assessment of the PlanetiQ
refractivity and temperature accuracy. In Section 4, we offer our conclusions.

2. Data and Methods
2.1. GNSS-RO Data

This study utilizes RO profiles processed by the COSMIC Data Analysis and Archive
Center (CDAAC), which can be accessed through the CDAAC website (http://www.cosmic.
ucar.edu, accessed on 1 January 2024). Specifically, we employed the CDAAC atmospheric
profiles named “atmPrf” from KOMPSAT-5, PAZ, and PlanetiQ missions. KOMPSAT-5,
PAZ, and PlanetiQ RO data in October 2023 are used in the current investigation.

A more uniform distribution of occultation occurrences globally will result in a more
consistent and accurate global NWP with respect to geographic distribution. GNSS RO
events’ global distribution from KOMPSAT-5 and PAZ observed on DOY 274 in 2023 are
illustrated in Figure 1. Additionally, Figure 2 presents the GNSS RO events’ distribution
from PlanetiQ also on DOY 274 in 2023. As illustrated in Figure 1, KOMPSAT-5 and PAZ
capture signals from GPS only, and RO profiles are scattered globally. The blue dots indicate
GPS RO events, the red dots indicate Galileo RO events, the green dots represent GLONASS
RO events, and the orange dots represent BDS RO events. As shown in Figure 2, PlanetiQ
captures signals from GPS, Galileo, GLONASS, and BDS. Additionally, as presented in
Figures 1 and 2, KOMPSAT-5, PAZ, and PlanetiQ provide a global spatial distribution.

http://www.cosmic.ucar.edu
http://www.cosmic.ucar.edu
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Figure 2. PlanetiQ occultation events’ global distribution, including 321 events from GPS (blue),
293 events from GALILEO (red), 283 events from GLONASS (green), and 212 events from BDS
(orange), on 1 October 2023.

Monthly event numbers from KOMPSAT-5, PAZ, and PlanetiQ are shown in Figure 3a.
It is anticipated that there will be more observations of Earth’s atmosphere due to the
increased number of RO satellites available. For weather research on tropical cyclones
and sudden stratospheric warming occurrences, this is therefore highly beneficial [38].
Additionally, Figure 3a highlights PlanetiQ’s capability to track multiple GNSS signals,
which broadens the possibilities for global meteorological monitoring. Moreover, the profile
number of PlanetiQ with occultation signals coming from GPS and BDS is higher than that
of Galileo and GLONASS. Hence, the coverage area of RO events by PlanetiQ from any
signal from GPS, Galileo, GLONASS, or BDS is wider than that of KOMPSAT-5 or PAZ.
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Additionally, based on the relative movement pattern of the occultation observation,
the RO events may be categorized into two modes: rising occultation or setting occultation.
Rising and setting profile percentages for PlanetiQ with occultation signals coming from
GPS, Galileo, GLONASS, and BDS in October 2023 are depicted in Figure 3b. As illustrated
in Figure 3, the percentage of setting RO events for PlanetiQ is greater than the percentage
of rising events for all signals coming from GPS, Galileo, GLONASS, and BDS.

2.2. ERA5 Datasets

The fifth generation of global atmospheric reanalysis products is called ERA5 [39].
To validate the accuracy of RO profiles, ERA5 reanalysis data from October 2023 are
employed. This dataset, provided by the European Centre for Medium-Range Weather
Forecast (ECMWF), offers a horizontal resolution of 0.25◦ × 0.25◦ and comprises 37 vertical
layers (vertical resolution) from 1000 hPa to 1 hPa. ERA5 reanalysis data can be downloaded
from https://www.ecmwf.int/ (accessed on 16 February 2024). The Smith–Weintraub
equation is used to determine refractivity N, which is not provided directly by ERA5.

2.3. Methods

L1 SNR is determined by averaging the SNR values of the L1 signal throughout a
geometric height range of 60 km to 80 km [40]. According to Ho et al. (2020), increas-
ing SNR can enhance penetration deeper into the lower troposphere and improve data
quality [16]. The ionospheric D-layer is covered by the 60–80 km height range, which is
ideal for estimating the strength of the signal that would be detected in the absence of
an atmosphere [31]. It is high enough to make the attenuation from regular atmospheric
refraction insignificant [40]. However, at these altitudes, the ionosphere’s influence can be
observed in minor fluctuations that have little effect on the average value [31]. The E-layer,
where the amplitude perturbation may be larger, is not reached by this height range [41]. To
quantify the signal strength, the average SNR in this height range was introduced in [14].

Refractivity is a function of temperature and pressure in the stratosphere and tempera-
ture, moisture, and pressure in the troposphere [42,43]. The ERA5-derived refractivity is
calculated as follows by Smith and Weintraub (1953) [44]:

N = 77.6
p
T
+ 3.73 × 105 e

T2 (1)

https://www.ecmwf.int/
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where p is the pressure of the atmosphere in hPa, T is the air temperature in K, and e is the
water vapor pressure in hPa.

The ERA5-derived refractivity data have a spatial resolution of 0.25◦ × 0.25◦ and a
temporal resolution of 1 h. The interpolation process begins by first interpolating the ERA5
refractivity data grid to the location of the RO profiles (e.g., 119.3◦E, 0.1◦N) using bilinear
interpolation. Subsequently, the ERA5 refractivity data are interpolated to match the exact
observation time of the RO profiles (e.g., 00:30 UTC). The interpolation algorithm integrates
the three dimensions (latitude, longitude, and time) using linear interpolation.

Hence, to compare the ERA5-derived refractivity and RO refractivity, we first employ
bilinear interpolation, as illustrated before, to map the gridded ERA5 data to the profile
locations. Then, for comparing RO refractivity with the 37-layer ERA5 data, we adopt
the nearest interpolation to match RO profiles to the ERA5 layers. In this study, bilinear
and nearest neighbor interpolation are applied, as they are two fundamental methods
commonly used in GNSS- and ERA5-related assessments [45]. Due to the diverse scales of
refractivity between the lower and upper atmospheres, we focus on the fractional difference
between observed and ERA5-derived refractivity. In this study, the mean fractional bias
(MFB) and RMSE (MFR) of refractivity used in the statistical calculations are calculated by
the following equations:

MFBk =
1

Nk ∑Nk

i=1

(
Rro

i,k − Rera5
i,k
)

Rera5
i,k (2)

MFRk =

√√√√√ 1
Nk ∑Nk

i=1


(

Rro
i,k − Rera5

i,k
)

Rera5
i,k

2

(3)

where Rro denotes the RO refractivity, and Rera5 denotes the ERA5-derived refractivity. N
is the total number of observations, and the superscripts i and k are the ith observation and
kth layer, respectively. Figure 4 shows the block diagram for the main processing used in
this study.
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3. Results and Analysis
3.1. SNR Latitudinal Distribution

One of the key elements of RO observation is the SNR, which is related to the receivers.
Different SNRs among receivers have a direct effect on the accuracy of the refractivity
profiles and L1 and L2 BAs, notably when it relates to retrieval uncertainty and penetration
height [46].

Typically, the SNR is used to show how strongly RO signals can penetrate the lower
troposphere. Signal penetration lower into the atmosphere is often indicated by a greater
peak SNR. Figure 5 presents the L1 SNR latitudinal distribution during October 2023 for
KOMPSAT-5 and PAZ. Additionally, the L1 SNR latitudinal distribution during October
2023 for PlanetiQ is illustrated in Figure 6. Figures 5 and 6 highlight that SNRs are uniformly
distributed at all latitudes. As illustrated in Figure 5, the mean L1 SNR for KOMPSAT-5
and PAZ is 615 v/v and 507 v/v, respectively. The mean L1 SNR for PlanetiQ is 1148 v/v
as shown in Figure 6. In summary, the mean L1 SNR for PlanetiQ is significantly larger
than that of KOMPSAT-5 and PAZ.
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Notably, the mean L1 SNR from GLONASS and GPS for PlanetiQ is larger than that of
BDS and Galileo, as presented in Figure 4. Additionally, the mean L1 SNR from GLONASS,
GPS, BDS, and GALILEO are 1295 v/v, 1203 v/v, 1124 v/v, and 966 v/v, respectively.
PlanetiQ has a superior capability to track signals compared to KOMPSAT-5 and PAZ.
These results ensure that the capability of PlanetiQ to track signals from any GNSS satellite
is larger than the ability of KOMPSAT-5 and PAZ. As PlanetiQ has L1 SNR values larger
than KOMPSAT-5 and PAZ, it is expected to penetrate deeper into the lower troposphere.

Figures 7 and 8 demonstrate the normalized L1 SNR frequency distribution sample
numbers (%) for different GNSS emitters. The sample number for each SNR bin normalized
to the maximum number of the SNR bin is known as the normalized number. L1 SNR is
determined by averaging the SNR values of the L1 signal throughout a geometric height
range of 60 to 80 km. The SNR range of PlanetiQ is 200 v/v to about 2900 v/v.
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Figure 9 shows the mean daily SNR of PlanetiQ in October 2023. The mean SNR for
each of the measured RO profiles throughout the day is used to compute the daily mean.
The daily mean SNR for the L1 and L2 bands, respectively, is shown in Figure 9 to be
between 1115 and 1202 and between 999 and 1095 v/v.
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3.2. Lowest Penetration Height

Finding the cut-off height for RO retrievals in RO inversion processes requires using
the obtained excess phase and RO tracking information. This guarantees that the RO
bending angles and refractivity profiles are optimally recovered [47]. Additionally, for
atmospheric science research and NWPs, the lower atmosphere is crucial. The ability of
RO observations to offer atmospheric information in the lower troposphere is limited due
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to the presence of large amounts of water vapor near the surface [48]. Consequently, one
of the most significant indicators of the quality of the GNSS RO profile is the penetration
of GNSS-RO. RO-based retrieval of important meteorological parameters in the lower
troposphere is dependent on how well it can penetrate low altitudes. Gorbunov et al.
(2022) and Schreiner et al. (2020) [31,32] have demonstrated that the SNR is an indication
of penetration soundings lower into the troposphere and a signal strength indicator. The
lowest penetration height of RO tracking is often correlated with the SNR of the data and
the dryness of the environment [30]. Higher SNR observations often penetrate deeper
than lower SNR observations [16,30]. High SNRs are crucial for figuring out how deep RO
sounds can penetrate the moist lower troposphere, as was previously mentioned.

We defined the penetration depth, also known as the penetration altitude, in this
research as the lowest height above the surface at which a particular occultation event
can have a valid BA. The RO signal is detected significantly closer to the Earth’s surface
when the penetration depth is less. Figure 10 illustrates the penetration depth percentage
of PlanetiQ, KOMPSAT-5, and PAZ in October 2023. RO measurements show a greater
ability to penetrate as altitude decreases. As presented in Figure 10, 78.87% of the PlanetiQ
data can reach penetration depths of less than 1 km in the lower troposphere. PlanetiQ can
detect the lower troposphere below 1 km better than KOMPSAT-5 and PAZ. The ability of
PlanetiQ to penetrate deep in the lowest 100 m of the troposphere is 40.98%. Therefore, the
conclusion is that the higher SNR increases the penetration depth of the lower troposphere.
The amount that thermal noise contributes to BA errors decreases with increasing SNR.
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Figure 10. Penetration depth percentage of PlanetiQ, KOMPSAT-5, and PAZ in October 2023.

Mountains and irregular topography along the tracks may have an impact on the RO’s
lowest penetration height at a horizontal resolution of 200 km [30]. Only the penetration
height over water is displayed here. Figure 11 presents the cumulative RO percentage
with a penetration depth of PlanetiQ (red curve), KOMPSAT-5 (blue curve), and PAZ
(black curve) over water in October 2023. The penetration percentage of KOMPSAT-5 was
similar to that of PAZ, as illustrated in Figure 11. Comparing PlanetiQ to other GNSS RO
systems like KOMPSAT-5 and PAZ, it is noteworthy that PlanetiQ has a higher penetration
capability. In general, higher SNRs often have lesser penetration depths. For PlanetiQ,
KOMPSAT-5, and PAZ, the estimated percentages of RO events that penetrated below
200 m were 65.3%, 48.7%, and 51.3%, respectively.
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Figure 11. (a) The cumulative RO percentage with a penetration depth of PlanetiQ (red), KOMPSAT-5
(blue), and PAZ (black), over water in October 2023 and (b) the corresponding numbers of ob-
servations from the surface to 13 km altitude for PlanetiQ, KOMPSAT-5, and PAZ over water in
October 2023.

Table 1 lists the average penetration heights (km) in different latitudinal bands over
water for different RO missions in the study period. The PlanetiQ average penetration
height is greater than KOMPSAT-5 and PAZ average penetration heights. Additionally,
PlanetiQ’s average penetration height ranges from 0.16 to 0.49 km in all latitudinal bands
over water. Furthermore, PAZ’s average penetration height is greater than KOMPSAT-5’s
average penetration height in all latitude zones except from 30◦S to 30◦N.

Table 1. The average penetration heights (km) in different latitudinal bands over water for different
RO missions.

Mission 10◦S–10◦N 10◦N–30◦N 10◦S–30◦S 30◦N–45◦N 30◦S–45◦S 45◦N–60◦N 45◦S–60◦S 60◦N–90◦N 60◦S–90◦S

PlanetiQ 0.39 0.49 0.40 0.36 0.25 0.30 0.21 0.31 0.16

KOMPSAT-5 1.89 1.22 1.13 1.09 0.87 0.61 0.72 0.64 0.45

PAZ 2.07 1.68 1.40 0.70 0.68 0.45 0.36 0.42 0.32

We further examined the proportion of data below 1 km for several missions to
statistically compare the penetration capabilities. Figure 12 highlights the percentage of
data below 1 km for PlanetiQ (red), KOMPSAT-5 (blue), and PAZ (black) at different
latitude zones over water in October 2023. As illustrated in Figure 12, the ability of PlanetiQ
to penetrate the lower troposphere increases with an increase in latitude. PlanetiQ can
penetrate the lower troposphere below 1 km better than KOMPSAT-5 and PAZ, as shown in
Figures 10 and 12. Moreover, in the equatorial region, the ability of KOMPSAT-5 and PAZ
to penetrate the lower troposphere below 1 km is significantly less than that of PlanetiQ.
Therefore, PlanetiQ has a better performance in sounding the deeper troposphere than
KOMPSAT-5 and PAZ.
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Figure 12. The percentage of data below 1 km for PlanetiQ (red), KOMPSAT-5 (blue), and PAZ (black)
at different latitude zones over water in October 2023.

3.3. Assessment of PlanetiQ Refractivity Accuracy

To assess the performance of PlanetiQ, we analyzed the influence of SNR on RO data
quality. Additionally, this section compares the PlanetiQ RO measurements with other
datasets to evaluate their quality. As previously indicated, we compared the refractivity
obtained from the RO data with the refractivity from ERA5. Figure 13 shows the mean
fractional bias and RMSE of refractivity for KOMPSAT-5, PAZ, and PlanetiQ in comparison
to ERA5-derived refractivity. Generally, refractivity profiles from all three missions exhibit
a small bias when compared to ERA5-derived refractivity and typically remain below
1% above 800 hPa. However, below 600 hPa, the bias escalates rapidly, straying very
slightly from 1 hPa to 600 hPa. Specifically, PAZ profiles demonstrate less bias than those
from KOMPSAT-5 and PlanetiQ, particularly below 400 hPa. Conversely, above 400 hPa,
PlanetiQ profiles display significantly less bias compared to KOMPSAT-5 and PAZ profiles.
Moreover, this study did not find that the lower SNR RO data led to less precise retrieval
results. Refractivity errors rise below 800 hPa for a number of causes, including the presence
of water vapor and consequent multipath, greater horizontal gradients.

Regarding the fractional RMSE of profiles, KOMPSAT-5 and PAZ profiles exhibit
similar distributions, while PlanetiQ profiles show noticeably fewer errors compared
to both KOMPSAT-5 and PAZ profiles. Below 800 hPa, PAZ profiles demonstrate the
least RMSE error, whereas PlanetiQ profiles show the highest among the three missions,
likely due to the mean bias below 800 hPa. Super-refraction, which happens when the
vertical refractivity gradient is beyond the critical value, is the reason for these negative
biases [34]. A half-cycle ambiguity when estimating the phase delay, atmospheric ducting,
and receiver tracking error were the primary causes of the negative biases in RO refractivity
measurements.

However, above 800 hPa, PlanetiQ profiles exhibit significantly smaller RMSE, indi-
cating their accuracy in retrieving atmospheric refractivity, particularly within 2% at most
heights above 600 hPa, possibly owing to their higher SNR. Further analysis in Figure 13c,d
assesses PlanetiQ profiles from different GNSSs. It reveals that Galileo profiles exhibit
the least bias, followed by BD, GPS, and then GLONASS, albeit with small differences.
Regarding RMSE, profiles around 400 hPa exhibit the smallest values. Galileo and BD
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profiles have smaller RMSEs in the lower layers, with minimal differences compared to
GPS and GLONASS profiles.
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Figure 13. (a) Mean fractional bias of refractivity and(b) Mean fractional RMSE of refractivity for
KOMPSAT-5, PAZ, and PlanetiQ. (c) Mean fractional bias of refractivity and (d) Mean fractional
RMSE of refractivity for PlanetiQ from different GNSS satellites.

Figure 14 displays cross-sections of fractional bias and RMSEs at different latitudes for
profiles obtained from KOMPSAT-5, PAZ, and PlanetiQ. Generally, the results from all three
missions exhibit similarity. Fractional bias remains small above 800 hPa, consistent with
the findings in Figure 13. However, near 800 hPa, a significant fractional bias is observed
from the equator to the middle latitudes, reaching its peak around 10◦N. Concerning the
fractional RMSE of refractivity, profiles from KOMPSAT-5 and PAZ exhibit larger RMSEs
compared to profiles from PlanetiQ. These larger fractional RMSE values are primarily
observed in low latitudes, with the highest fractional RMSE occurring near the surface,
reaching approximately 15%. However, profiles from PlanetiQ exhibit markedly smaller
RMSE values above 500 hPa compared to profiles from KOMPSAT-5 and PAZ.
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Figure 14. Cross-section of the mean fractional bias in refractivity for (a) KOMPSAT-5, (b) PAZ, and
(c) PlanetiQ. Cross-sections of mean fractional RMSE of refractivity for (d) KOMPSAT-5, (e) PAZ, and
(f) PlanetiQ.

Given that the PlanetiQ SNR range fluctuates when monitoring several GNSS systems,
Figure 15 illustrates cross-sections of fractional bias and RMSE at various latitudes for
profiles obtained from PlanetiQ for the GPS, GLONASS, Galileo, and BeiDou signals.
Generally, fractional bias remains small above 800 hPa but increases notably at lower layers,
particularly near the equator. Minimal differences are observed between the profiles from
the four GNSS data sources. Regarding the fractional RMSE, the profiles from PlanetiQ
display relatively large errors below 600 hPa, spanning from 45◦S to 45◦N.

The overall mean fractional bias and RMSEs for these profiles are summarized in
Table 2, obtained by averaging the fractional bias and RMSEs for each profile. The max-
imum fractional refractivity bias is about 1.63% for the GLONASS signals, while the
minimum fractional refractivity bias is about 1.42% for the Galileo signals, as listed in
Table 2. GLONASS’s RMSE is larger than GPS, Galileo, and BeiDou’s. Additionally, ERA5
overestimates the refractivity more than GNSS RO. In conclusion, there may be major
implications for forecast accuracy, model validation, data assimilation, climatic studies, and
operational decisions resulting from ERA5’s overestimation of refractivity. Recalibrating
ERA5 data using GNSS RO measurements or implementing more advanced methods to
reduce refractivity biases could be two possible solutions to this problem. This would
contribute to ERA5’s ongoing credibility as a trustworthy and accurate tool for atmospheric
science and practical weather forecasting.



Remote Sens. 2024, 16, 3339 15 of 21Remote Sens. 2024, 16, 3339 16 of 22 
 

 

 
Figure 15. Cross-section of the mean fractional (a–d) bias and (e–h) RMSE in refractivity for PlanetiQ 
from different GNSS satellites. Columns from left to right are profiles from GPS, Galileo, BDS, and 
GLONASS, respectively. 

Table 2. Mean fractional bias and RMSEs for refractivity profiles from KOMPSAT-5, PAZ, and 
PlanetiQ. 

 KOMPSAT-5 PAZ PlanetiQ 
   All GPS Galileo BDS GLONASS 

Bias −1.51 −1.45 −1.48 −1.51 −1.42 −1.50 −1.63 
RMSE 4.27 4.36 3.27 3.35 3.18 3.15 3.38 

3.4. Assessment of the PlanetiQ Temperature Accuracy 
Figure 16 presents the mean bias and RMSE of dry temperature derived from 

KOMPSAT-5, PAZ, and PlanetiQ missions, against ERA5-derived dry temperatures. 
Generally, dry temperature profiles from all three missions exhibit minimal bias in 
comparison to ERA5-derived dry temperatures above 500 hPa. However, below 500 hPa, 
the bias escalates notably. Overall, PlanetiQ profiles demonstrate lesser bias and RMSE in 
dry temperatures above 500 hPa compared to KOMPSAT-5 and PAZ profiles, albeit 
displaying slightly larger errors below this altitude. Subsequent analysis in Figure 16c,d 
evaluates PlanetiQ profiles derived from various GNSSs, revealing marginal discrepancies 
among them. 

Figure 17 illustrates cross-sectional views of bias and RMSEs of dry temperatures at 
various latitudes, derived from profiles obtained from KOMPSAT-5, PAZ, and PlanetiQ. 
Generally, findings from all three missions exhibit similarities, with RMSE distributions 
closely corresponding to bias distributions. Errors remain minimal above 500 hPa but 
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Table 2. Mean fractional bias and RMSEs for refractivity profiles from KOMPSAT-5, PAZ, and PlanetiQ.

KOMPSAT-5 PAZ PlanetiQ

All GPS Galileo BDS GLONASS

Bias −1.51 −1.45 −1.48 −1.51 −1.42 −1.50 −1.63
RMSE 4.27 4.36 3.27 3.35 3.18 3.15 3.38

3.4. Assessment of the PlanetiQ Temperature Accuracy

Figure 16 presents the mean bias and RMSE of dry temperature derived from KOMPSAT-
5, PAZ, and PlanetiQ missions, against ERA5-derived dry temperatures. Generally, dry
temperature profiles from all three missions exhibit minimal bias in comparison to ERA5-
derived dry temperatures above 500 hPa. However, below 500 hPa, the bias escalates
notably. Overall, PlanetiQ profiles demonstrate lesser bias and RMSE in dry temperatures
above 500 hPa compared to KOMPSAT-5 and PAZ profiles, albeit displaying slightly larger
errors below this altitude. Subsequent analysis in Figure 16c,d evaluates PlanetiQ profiles
derived from various GNSSs, revealing marginal discrepancies among them.
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This study observed significant biases in both refractivity and temperature below 500 
hPa, which could be due to the more complex behavior of water vapor in the lower 
troposphere. Therefore, the direct use of PlanetiQ products for lower troposphere research 
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recommended to correct these systematic biases in the observations. 

Figure 16. (a) Mean bias of dry temperature and (b) Mean RMSE of dry temperature for KOMPSAT-5,
PAZ, and PlanetiQ. (c) Mean bias of dry temperature and (d) Mean RMSE of dry temperature for
PlanetiQ from different GNSS satellites.

Figure 17 illustrates cross-sectional views of bias and RMSEs of dry temperatures at
various latitudes, derived from profiles obtained from KOMPSAT-5, PAZ, and PlanetiQ.
Generally, findings from all three missions exhibit similarities, with RMSE distributions
closely corresponding to bias distributions. Errors remain minimal above 500 hPa but
escalate rapidly below this altitude. Particularly noteworthy is the superior accuracy of dry
temperature data from PlanetiQ above 500 hPa compared to that from KOMPSAT-5 and
PAZ. Additionally, there are negligible disparities among PlanetiQ profiles sourced from
the four GNSS datasets, as depicted in Figure 18.



Remote Sens. 2024, 16, 3339 17 of 21
Remote Sens. 2024, 16, 3339 18 of 22 
 

 

 
Figure 17. Cross-section of the mean bias of dry temperature for (a) KOMPSAT-5, (b) PAZ, and (c) 
PlanetiQ. Cross-sections of mean RMSE of dry temperature for (d) KOMPSAT-5, (e) PAZ, and (f) 
PlanetiQ. 

Figure 17. Cross-section of the mean bias of dry temperature for (a) KOMPSAT-5, (b) PAZ, and
(c) PlanetiQ. Cross-sections of mean RMSE of dry temperature for (d) KOMPSAT-5, (e) PAZ, and
(f) PlanetiQ.

This study observed significant biases in both refractivity and temperature below
500 hPa, which could be due to the more complex behavior of water vapor in the lower
troposphere. Therefore, the direct use of PlanetiQ products for lower troposphere research
should be approached with caution. Further studies, particularly on data assimilation, are
recommended to correct these systematic biases in the observations.
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Figure 18. Cross-section of the mean (a–d) bias and (e–h) RMSE of dry temperature for PlanetiQ
from different GNSS satellites. Columns from left to right are profiles from GPS, Galileo, BDS, and
GLONASS, respectively.

4. Conclusions

This study aims to assess if PlanetiQ RO is applicable for precise numerical weather
forecasting by comparing its data with that from KOMPSAT-5 and PAZ. In this work,
in sequence, we examined the coverage, SNRs, and penetration properties of the data
from KOMPSAT-5, PAZ, and PlanetiQ. According to our findings, while PlanetiQ captures
signals from GPS, Galileo, GLONASS, and BDS, KOMPSAT-5 and PAZ receive signals from
GPS alone, and RO profiles are scattered worldwide. With PlanetiQ, the proportion of
setting RO events is higher than the percentage of rising events for all signals from GPS,
Galileo, GLONASS, and BDS. As PlanetiQ has L1 SNR values larger than KOMPSAT-5 and
PAZ, it is expected to penetrate deeper into the lower troposphere. The daily mean SNR for
the L1 and L2 bands, respectively, are between 1115 and 1202 and between 999 and 1095 v/v
during the study period. For PlanetiQ, KOMPSAT-5, and PAZ, the estimated percentages
of RO events that penetrated below 200 m were 65.3%, 48.7%, and 51.3%, respectively.
However, the SNR may not be the only parameter that influences RO retrieval uncertainty.

We also evaluated the associated RO refractivity and temperature from PlanetiQ by
comparing it with ERA5. Despite KOMPSAT-5 and PAZ having lower SNR values com-
pared to those of PlanetiQ, refractivity profiles from all three missions exhibit a small
bias from ERA5 and typically remain below 1% above 800 hPa. Moreover, PAZ profiles
present less bias than those from KOMPSAT-5 and PlanetiQ, particularly below 400 hPa.
Moreover, this study did not find that the lower SNR RO data led to less precise retrieval
outcomes. Additionally, ERA5 overestimates the refractivity more than GNSS RO. For
PlanetiQ, GLONASS’s RMSE is larger than GPS, Galileo, and BeiDou’s. These results high-
light the important contribution that nanosatellite GNSS RO methods, such as PlanetiQ,
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provide to the advancement of atmospheric monitoring. It is feasible to conduct long-term
environmental monitoring with many ROs if PlanetiQ data are regularly collected and pro-
cessed. We recommend extending the data time frame to allow for a more comprehensive
assessment of the mission’s long-term performance.

These findings demonstrate that high-SNR PlanetiQ radio occultation soundings may
improve operational NWPs, offer remarkably valuable data to the international scientific
community, and create innovative and intriguing opportunities for investigating the com-
plex tropical atmosphere. However, further analysis is required to assess the advantages of
PlanetiQ RO data on an operational NWP forecast. Additionally, we recommend estimating
the PlanetiQ BA vertical error uncertainty, which is critical to the RO NWP and is repre-
sented by the diagonal components in the error covariance matrix. To employ commercial
satellites for NWPs and climate applications, we must closely monitor the inter-consistency
of the retrieved data products and the quality of each receiver.
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