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Abstract

This study investigates ionospheric total electron content (TEC) and differential code bias (DCB)
based on GPS and Galileo data collected aboard the training ship (HANS) from DOY 249 to 300 in
2024. The estimated TEC was compared with the Center for Orbit Determination in Europe (CODE)
global ionospheric map (GIM), resulting in a mean difference of —2.41 TEC units (TECU) and a root
mean square (RMS) error of 6.53 TECU. Furthermore, although inland GNSS stations in South Korea
were incorporated to stabilize receiver DCB estimation, the results still exhibited significant temporal
fluctuations. The Pearson correlation revealed a moderate negative relationship between the receiver
DCB change and the Dst index, with a correlation coefficient (R) of —0.35. It suggests that geomagnetic
disturbances influence receiver DCB changes. The R between receiver DCB and the Kp index was
approximately 0.18, while that with the F10.7a index was about —0.26, both indicating a relatively
weak correlation. In addition, receiver DCB changes exhibited a positive correlation (R ~ 0.33) with
vertical TEC (VTEC). Multipath errors showed negligible correlation with receiver DCB changes.
Therefore, we suggest that the significant variability in the receiver DCB on the HANS has a strong
correlation with the Dst and VTEC. It can also be attributed to the complex interaction of several
factors.

Keywords: GNSS; TEC; correlation coefficient; DCB

1. Introduction

The ionosphere is an ionized region of the Earth’s upper atmosphere, ranging approximately
from 60 km to 1,000 km in altitude. This region significantly impacts the propagation of radio signals
used by Global Navigation Satellite Systems (GNSS), including GPS, GLONASS, Galileo, and BeiDou
[1-3]. When GNSS signals pass through the ionosphere, they experience group delay and phase
advance proportional to the total electron content (TEC) along their paths. Accurate estimation of
TEC is therefore essential for correcting ionospheric delay errors in GNSS positioning, especially in
high-precision applications such as geodesy, navigation, and remote sensing [4-7].

The use of shipborne GNSS offers several advantages. Ships can travel across vast oceanic areas,
enabling the collection of spatially distributed data that complements land-based measurements. This
is especially beneficial for monitoring Precipitable Water Vapor (PWV) and TEC. Several studies have
demonstrated the feasibility and utility of shipborne GNSS for PWV estimation [8-10]. Wang et al. [8]
deployed GNSS receivers on research vessels traversing the western Pacific Ocean and compared
GNSS-derived PWV with data from radiosondes and reanalysis. Their results showed a high
correlation between GNSS PWV and radiosonde, with mean absolute differences typically below 2
mm. Therefore, they validated the reliability of GNSS PWYV retrievals at sea. Sohn et al. [11] also
reported that shipborne GNSS-derived PWV shows good agreement with PWV retrieved from
radiosonde measurements.
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One of the key parameters used to characterize ionospheric effects on GNSS signals is the TEC.
Ground-based GNSS stations have been widely used to estimate ionospheric TEC over land [12-16].
However, due to the limited availability of observational infrastructure over the oceans, accurately
estimating TEC in these regions remains a significant challenge. Despite the increasing number of
GNSS satellites, the lack of observations over the oceans remains a significant limitation. In particular,
insufficient GNSS infrastructure has emerged as a major constraint in equatorial and mid-latitude
oceanic regions where ionospheric variability is often pronounced. To overcome these observational
limitations, the deployment of GNSS instruments on mobile marine platforms, such as research
vessels, commercial ships, and ocean buoys, has emerged as an alternative. The shipborne GNSS
receivers can collect GNSS data across vast oceanic areas. They can also contribute to a more
comprehensive understanding of ionospheric TEC monitoring over the seas. A study analyzed the
characteristics of the Equatorial Ionization Anomaly (EIA) using shipborne GNSS data [16]. Wang et
al. [17] estimated ionospheric TEC within the Arctic Circle using GPS data collected from a ship. They
reported that the difference between the global ionospheric model TEC and the actual ionospheric
TEC in the Arctic Circle region is approximately 3 to 6 TEC Units (TECU).

To overcome this limitation in the ocean, a variety of spaceborne and ocean-based platforms
have been employed to extend ionospheric TEC monitoring [18]. Several satellite missions have
contributed to ionospheric TEC or electron density profile (EDP) measurements, including
TOPEX/Poseidon [19], the Constellation Observing System for Meteorology, lonosphere, and Climate
(COSMIC) [20,21], and the COSMIC-2 mission [22]. It is noteworthy that satellite altimetry missions
such as TOPEX/Poseidon, Jason-1, Jason-2, Jason-3, and Sentinel-6 have provided valuable dual-
frequency measurements that can be used to estimate ionospheric TEC over the oceans. These
missions are originally designed for sea surface height and ocean circulation studies. They transmit
radar pulses at two frequencies of Ku and C band or Ku and S band for the estimation of vertically
integrated electron content above the satellite’s field of view.

Research on ionospheric TEC using GPS/Galileo observations on the ship remains relatively
underexplored. This study investigates the accuracy of ionospheric TEC and differential code bias
(DCB) correlations with some factors using GNSS equipment deployed on the training ship (HANS).
We also compare our results with the Center for Orbit Determination in Europe (CODE) global
ionospheric maps (GIM) TEC.

2. GNSS Experimental Environment and Description of the HANS
2.1. Description of the HANS

For the purpose of investigating ionospheric TEC over oceanic regions, the GNSS equipment
was deployed on the HANS, which is operated by the Republic of Korea (ROK) Navy. The HANS is
an auxiliary training ship of the ROK Navy, purpose-built to fulfill educational, logistical, and
support roles. This ship was constructed by Hyundai Heavy Industries, which is one of the leading
shipbuilders (https://www.navalnews.com/naval-news/2020/10/rok-navy-took-delivery-of-first-
ever-dedicated-training-ship/?utm_source). It was officially commissioned in April 2021. Designed
with operational versatility and extended sea endurance in mind, the vessel features a standard
displacement of approximately 4,500 tons, increasing to 6,000 tons when fully loaded. It has a total
length of 142 meters, a beam of 25 meters, which enables it to maintain stability in various sea states
(https://en.wikipedia.org/wiki/ROKS Hansando?utm source).

Figure 1 illustrates the installation location and physical configuration of the GNSS antenna on
the HANS. As shown in Figure 1, an upper right box zooms into the actual installed GNSS antenna,
mounted on the port side of the bridge’s upper platform railing. The antenna model equipped on the
ship is a PolaNt-x MF.v2, which is capable of a high-precision, multi-frequency, and multi-
constellation design for advanced positioning and navigation applications. In addition, this antenna
is complemented by a PolaRx5 GNSS receiver from Septentrio Co., which enables precise and reliable
positioning through support for multiple satellite constellations.
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GNSS antenna

Figure 1. The installation location and physical configuration of the GNSS Antenna on the HANS
(https://bemil.chosun.com/nbrd/bbs/view.html?b_bbs_id=10158&pn=1&num=5439).

2.2. GNSS Experimental Environment

The HANS conducted a 52-day operation in the North Pacific Ocean from Day of Year (DOY)
249 to 300 in 2024. Figure 2 shows the route trajectory of the HANS for 52 days, as well as the locations
of static GNSS stations used in this study. The ship exhibits diverse movement patterns, extending
from approximately 50° N to areas close to the equatorial regions. As shown in Figure 2, the red dots
mark the positions of the inland GNSS sites, which are located in South Korea. The blue dotted line
represents the route trajectory of the HANS.

Geographic latitude

120°E 160°E 160°W 120°W 80°W
Geographic longitude
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Figure 2. The route trajectory of the HANS. The positions of the static GNSS sites are marked as red dots. The

blue dot line denotes the ship’s motions.

Table 1 presents the models of GNSS receivers and antennas used at the stations and on the
HANS for data processing. The GNSS stations (skch, skma, sbao, daej, bhao, mlyn, mkpo, and jeju)
in the inland are equipped with the Trimble NetR9 receiver paired with a TRM59800.00 SCIS antenna.
The TRM59800.00 SCIS antenna is designed as a choke ring type. The kohg GNSS station utilizes the
latest Trimble Alloy receiver paired with the same antenna model (TRM59800.00 SCIS), ensuring
consistency across the network while improving signal processing capabilities.

The kinematic mode of the ship refers to a GNSS positioning configuration in which the receiver
is installed on a moving platform and collects continuous positioning results. In static mode, the
receiver positions remain fixed at the known value, whereas in the kinematic mode, the moving ship’s
position has to be calculated continuously.

The GNSS data received from the receiver on the HANS is logged in real time. We process the
GNSS data into the Receiver Independent Exchange Format (RINEX) version 3.0 format, which has
an interval of 30 seconds.

Table 1. The receiver and antenna equipment on the inland GNSS stations and HANS.

Site name Receiver type Antenna type Position mode
skch TRIMBLE NetR9 TRM59800.00 SCIS Static
skma TRIMBLE NetR9 TRM59800.00 SCIS Static
sbao TRIMBLE NetR9 TRM59800.00 SCIS Static
daej TRIMBLE NetR9 TRM59800.00 SCIS Static
bhao TRIMBLE NetR9 TRM59800.00 SCIS Static
mlyn TRIMBLE NetR9 TRM59800.00 SCIS Static
mkpo TRIMBLE NetR9 TRM59800.00 SCIS Static
kohg TRIMBLE Alloy TRM59800.00 SCIS Static
jeju TRIMBLE NetR9 TRM59800.00 SCIS Static

HANS SEPT PolaRx5 PolaNt-x MF.v2 Kinematic

3. TEC Estimation Method

Accurate estimation of ionospheric TEC using only a single GNSS station remains a significant
challenge. The limited number of observations can severely degrade the accuracy of TEC and DCB
estimations in TEC modeling [23,24]. It is common to estimate ionospheric TEC using a GNSS
network with high spatial resolution. Such dense networks provide improved observational
geometry, enabling more accurate characterization of ionospheric structures and their temporal
variations.

In this study, ionospheric TEC is estimated using dual-frequency GPS/Galileo observations
obtained from a GNSS receiver installed on the HANS. In particular, estimating TEC from a moving
ship is notably difficult. Therefore, additional data from GNSS stations on the Korean Peninsula can
be utilized to enhance the robustness of the TEC estimation due to the inherent instability in
estimating DCBs from shipborne platforms.

Some studies have utilized both GPS and Galileo constellation for ionospheric TEC estimation
[25,26]. GPS primarily provides observations on the L1 (1575.42 MHz) and L2 (1227.60 MHz)
frequencies, whereas Galileo offers signals on the E1 (1575.42 MHz) and E5a (1176.45 MHz)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1581.v1

5 of 20

frequencies. Therefore, we considered TEC estimation using different frequency combinations as
follows [26]:

2., fF2
TECors = 1 [ 12) = DBy )
_ fi-fg .
TECgqiiteo = K210 [(E1 - E5a) — DCBys] 2)

Where the constant K is 40.3 m3/s?, which is a physical constant related to ionospheric refraction.
f1, f2, and f5 denote the carrier frequencies of the L1 (E1), L2, and E5a signals. DCB represents the
time delay differences between code signals of different frequencies caused by satellite and receiver
hardware.

DCB is one of the most significant error sources in the estimation of ionospheric TEC [27-32]. In
this study, we employ a spherical harmonic expansion method and a least squares approach to obtain
DCB values for the GPS/Galileo receiver and satellite. While simultaneous estimation of TEC and
DCB is generally feasible in environments with dense and continuous GNSS observations, the
dynamic nature of a moving ship and the limited data availability may require a sequential approach.
In this study, DCB values are first estimated and then subsequently applied to the TEC calculation.
Furthermore, since DCBs exist in both the receivers and the satellites, it is essential to separate them
accurately [33-36]. To separate the receiver and satellite DCBs, we apply the constraint that the sum
of satellite DCBs equals zero.

Accurate estimation of both satellite and receiver DCBs from observations of a single GNSS
receiver onboard a ship remains a significant challenge due to the limited spatial and temporal
diversity of the data. Given that DCBs are a major source of error in the retrieval of ionospheric TEC,
this study adopts a hybrid approach that incorporates observations from inland stations in South
Korea to enhance the stability of DCB estimation. Initially, combined measurements from the
shipborne receiver and inland GNSS stations are utilized to estimate the GPS/Galileo DCBs of both
satellites and receivers simultaneously. The estimated DCBs are then applied to dual-frequency GPS
and Galileo observations to compute ionospheric TEC.

Figure 3 illustrates the processing flow for calculating ionospheric TEC from the continuously
moving HANS ship. For IPP calculation, the fixed positions of inland stations are obtained directly
from RINEX observation files, whereas the positions of the HANS are computed at each epoch using
dual-frequency code observables and broadcast ephemerides. GPS/Galileo receiver and satellite
DCBs are estimated using data obtained from the inland GNSS station and the HANS ship. The DCB
values are generated on a daily basis. Therefore, the ionospheric TEC from the HANS is estimated
with the GPS/Galileo observations using the precomputed daily DCB values.
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Figure 3. The flow chart for ionospheric TEC estimation.

4. Results
4.1. IPPs from the HANS

In ionospheric TEC modeling, the assumption of a fixed ionospheric shell height plays a critical
role in determining the location of the Ionospheric Pierce Point (IPP), which refers to the specific point
at which a GNSS signal penetrates the ionosphere. In general, a single-layer model as a thin shell is
adopted for ionospheric TEC modeling [37-41]. The altitude of the thin shell is assumed to be around
350 to 450 km above the Earth’s surface. In this study, we assumed the fixed altitude to be 350 km.

The HANS traveled from the southern coast of the Korean Peninsula to Ecuador in South
America between DOY 249 and 300 in 2024. Figure 4 shows the spatial distribution of IPPs and the
corresponding vertical TEC (VTEC) values along the trajectory of the HANS. The black line
represents the actual route of the ship, while the colored lines extending from this trajectory indicate
the IPPs derived from GPS and Galileo satellites. The VTEC values are color-coded according to the
vertical bar on the right, ranging from 0 to 150 TECU. Blue to green colors denote relatively low TEC
regions, whereas yellow to red shades represent areas with elevated ionospheric activity. Relatively
large VTEC values are observed near the equatorial region, consistent with the EIA. Conversely, low
VTEC values appear at higher latitudes.

Figure 4a-b also shows the temporal and spatial variations in ionospheric electron content over
the Pacific Ocean and across equatorial and mid-latitude regions, providing insight into the benefits
of shipborne GPS/Galileo measurements for ionospheric TEC monitoring in under-sampled oceanic
areas. It can be seen that the GPS IPP distribution is very similar to that of Galileo.
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Figure 4. IPP distribution and VTEC values along the HANS's route. The black line represents the HANS’s route
during the period of DOY 249 to 294, 2024. The colored lines indicate the IPPs and VTEC values derived from
(a) GPS and (b) Galileo satellites.

4.2. DCB Analysis

Ionospheric TEC can be estimated using GNSS signals transmitted at different frequencies. To
retrieve TEC, the geometry-free linear combination of dual-frequency GNSS code observations is
commonly employed. However, each GNSS signal inherently includes frequency-dependent
hardware biases, which are also differenced in the geometry-free combination. These residual biases
are referred to as DCBs [42-47].

Figure 5 presents the time series of satellite DCBs for both the GPS and Galileo. The DCB values
were computed daily over the period from DOY 249 to 300 in 2024. For GPS, the C1C and C2W
observations were used, while for Galileo, the C1X and C5X observations were utilized. Figure 5a
presents the GPS C1C-C2W satellite DCB values estimated in this study. The C1C-C2W DCB values
for GPS generally vary within a range of approximately —10 ns to 10 ns. Furthermore, except for a
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few anomalous days, the satellite DCB estimates exhibit overall temporal stability, suggesting reliable
estimation over this period.
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Figure 5. The time series of satellites DCBs from DOY 249 to 300, 2024. (a) GPS satellite C1C-C2W DCBs, (b)
Galileo satellite C1X-C5X DCBs.

Figure 5b shows the time series of C1X-C5X satellite DCBs for Galileo. The DCB estimates for
Galileo vary approximately between —7 ns and 13 ns. Overall, the C1X-C5X DCBs for Galileo exhibit
greater variability compared to the C1C-C2W DCBs of GPS satellites, indicating lower temporal
stability. This reduced stability may be attributed to the relatively small number of available
observations for Galileo satellites. Some studies have reported that the number of observations can
significantly influence the accuracy and stability of DCB estimation [45,48].

Figure 6 presents the time series of GPS/Galileo receiver DCB estimates from DOY 249 to 300 in
2024. The receiver DCBs were computed daily using the corresponding satellite signals, specifically
C1C-C2W for GPS and C1X-C5X for Galileo. Figure 6a shows the C1C-C2W receiver DCBs for GPS.
The receivers at nine GNSS stations (bhao, mkpo, daej, skch, jeju, kohg, mlyn, sbao, and skma) exhibit
relatively stable DCB values, ranging approximately from —20 ns to —12 ns. In contrast, the receiver
installed on HANS shows a significantly larger variation, with DCB values fluctuating between -5 ns

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and 10 ns. This indicates that the DCB values for the shipborne receiver are subject to greater
uncertainty compared to those of the stationary inland receivers.
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Figure 6. The time series of the receiver DCBs from DOY 249 to 300, 2024. (a) GPS receiver C1C-C2W DCBs, (b)
Galileo receiver C1X-C5X DCBs.

Such instability in the HANS receiver DCB values may be attributed to the dynamic nature of
the ship’s environment, which introduces increased signal noise, multipath effects, and varying
ionospheric conditions along different signal paths. These factors likely contribute to the reduced
stability and higher variability observed in the shipborne DCB estimates.

Figure 6b shows the time series of C1X-C5X receiver DCB values for the Galileo. The estimated
DCBs range approximately from —20 ns to -3 ns. Similar to the C1C-C2W receiver DCBs, the inland
stations showed consistent daily DCB variations. However, the kohg station exhibits different DCB
values compared to those of other stations. This discrepancy is attributed to differences in receiver
models. Most of the stations employ the Trimble NetR9 receiver model, whereas the kohg station
utilizes a Trimble Alloy receiver model.

Furthermore, discrepancies in receiver DCB values are observed even among receivers with the
same model. It may be attributed to site-specific environmental conditions, including grounding
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status and local multipath effects. In addition, the HANS exhibits significantly higher variability in
its daily C1X-C5X receiver DCB values. Such instability can be attributed to the dynamic conditions
inherent in shipborne GNSS observations, including increased susceptibility to signal degradation,
higher noise levels, and limited observational geometry due to the HANS's isolation from dense
station networks.

Figure 7 summarizes the results shown in Figure 6 by presenting the mean and root-mean-
square (RMS) values of receiver DCBs at each station. Figures 7a and 7b show the mean DCBs and
corresponding RMS values in the error bars for C1C-C2W and C1X-C5X DCBs, respectively. While
the nine inland stations generally exhibit consistent and low RMS values, the HANS shows
significantly larger RMS values for both receiver DCB values. Detailed numerical values for each
station are provided in Table 2. Table 2 shows the mean and RMS values of receiver DCBs for both
GPS and Galileo at each station. The inland stations display relatively consistent and stable DCB
estimates, with RMS values typically below 1.2 ns. In particular, the kohg, jeju, and skch stations
showed low RMS values (< 0.84 ns), indicating high temporal stability in DCB behavior.
Furthermore, the RMS values for the GPS C1C-C2W DCB estimates are consistently lower than those
for the Galileo C1X-C5X combination. In contrast, the HANS receiver showed substantially higher
RMS values of 2.67 ns and 3.47 ns for the GPS and the Galileo, respectively. This increased instability
is likely attributable to the dynamic ship’s environment.

It is also noteworthy that the kohg station exhibits a distinguishable offset in its C1X-C5X DCB
estimates relative to other stations. Moreover, remarkable differences in DCB values were observed
even among the same receiver model. This can be attributed to the specific environmental factors
surrounding the receivers [49-52].
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T
|

o

Receiver C1C-C2W DCB (ns)

bhao kohg mkpo mlyn daej sbao skch skma jeju HANS
Site name

(a) Receiver C1C-C2W DCB values.
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Figure 7. This is related to Figure 6. The averaged DCB values and RMS values for receivers. (a) Receiver C1C-
C2W DCBs, (b) Receiver C1X-C5X DCBs. The yellow bars and blue error bars represent the averaged DCB values

and RMS values, respectively.

Table 2. The averaged values and RMS values for the receiver DCBs.

) C1C-C2W DCB (ns) C1X-C5X DCB (ns)
Site name

Average RMS Average RMS
bhao -14.44 0.79 -9.84 0.87
kohg -13.98 0.63 -4.67 0.81
mkpo -15.28 0.86 -14.50 0.88
mlyn -15.23 0.71 -12.47 0.86
daej -17.37 0.72 -11.58 1.16
sbao -18.68 0.66 -17.16 0.86
skch -15.82 0.69 -13.98 0.84
skma -17.68 0.69 -10.41 0.87
jeju -12.70 0.64 -11.23 0.80
HANS 3.55 2.67 -1.58 3.49

4.3. TEC Analysis

For comparative analysis of the ionospheric TEC values estimated from the shipborne
GPS/Galileo observations, we employed the GIM products provided by the CODE as a reference.
Figure 8 shows the time series of VTEC values for the HANS from DOY 249 to 300, 2024. The black
line represents the VTEC derived from the GPS/Galileo data collected onboard the HANS, while the
red line denotes the corresponding VTEC values obtained from the CODE GIM.

The similar patterns of the two datasets show strong agreement in terms of diurnal variation
and magnitude. However, discrepancies between the two datasets were observed intermittently,
particularly during specific periods. An average value of the difference between the HANS-derived
TEC and the CODE GIM TEC is approximately —2.41 TECU with an RMS of 6.53 TECU. It indicates
a reasonable level of consistency between the two sources despite the dynamic environment on the
HANS. The substantial fluctuations could largely influence the patterns of overestimation and
underestimation observed in the shipborne TEC retrievals in the receiver DCB during this period. In
particular, large discrepancies were observed on certain days, particularly from DOY 255 to 270,
where the shipborne TEC tends to show higher variability compared to the CODE GIM TEC. These
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discrepancies can also be attributed to the instability of the HANS's receiver DCB values, as shown
in Figure 6.

Nevertheless, the consistency between the HANS-derived TEC and the CODE GIM TEC
suggests the possibility of using the shipborne GNSS observations for reliable ionospheric TEC

monitoring.
150 \ \ \ \ 1

|—HANS TEC —— CODE GIM TEC|

5100 -
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|
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> 50 I
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Figure 8. VTEC time series from DOY 249 to 300, 2024. The black and red lines represent the VTEC values for
the HANS and the CODE GIM, respectively.

5. Discussion

Discrepancies were observed between the TEC values derived from HANS and those from the
CODE GIM. Unlike inland GNSS stations, the receiver DCB values derived from the HANS showed
significant variability. Therefore, we investigated a correlation between these differences and
variations in several factors.

Figure 9 presents the variations in space weather parameters and geomagnetic indices from DOY
249 to 300, 2024. Figure 9a shows the Disturbance storm time (Dst) value, which is a measure of the
global geomagnetic activity. Several geomagnetic storm events were observed during this period.
The sharp decrease of the Dst index to below -330 nT on DOY 285 is indicative of an intense
geomagnetic storm event. Figure 9b shows the Kp index, a planetary index that quantifies
disturbances. The Kp index is reported eight times per day at three-hour intervals. The Kp values
exceeding 5 were observed intermittently on DOY 256, 257, 261, 263-265, and during DOY 281-285.
These periods are coincident with the sharp decreases in the Dst value, providing further evidence
of significant geomagnetic disturbances. Figure 9c presents the F10.7a index, which is the 81-day
centered average of the solar radio flux at 10.7 cm (2800 MHz). It is a widely used proxy for solar
extreme ultraviolet emissions. The F10.7a values generally range between 150 and 300 solar flux units
(sfu) during this period. It reached a value exceeding 300 sfu on DOY 277 and has shown a gradual
decreasing trend since then.
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Figure 9. Time series of space weather parameters and geomagnetic indices from DOY 249 to 300, 2024. (a) Dst
index, (b) Kp index, and (c) F10.7a index.

We also analyzed the correlations between the receiver DCB values and the three indices
presented in Figure 9. Figure 10 shows the correlation coefficients that describe the relationship
between the absolute receiver DCB changes and three indices: Dst, Kp, and F10.7a. To show temporal
fluctuations in more detail, the receiver DCB change is defined as the absolute deviation of each daily
DCB value from the average value over this period. In addition, the Dst and Kp indices were
converted to daily averaged values for the correlation analysis.
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Figure 10. Correlations between the absolute receiver DCB change and three indices. (a) daily mean Dst value
and absolute receiver DCB change, (b) daily mean Kp index and absolute receiver DCB change, and (c) F10.7a
and the absolute receiver DCB change. The red solid lines are fitted by a linear regression model that minimizes

the sum of the squared residuals.

A Pearson correlation was used to investigate the relationship between the two variables. The
corresponding Pearson correlation coefficient (R) was calculated as a measure of the linear
relationship. The R values between the receiver DCB change and the Dst, Kp, and F10.7a indices were
-0.35, 0.18, and -0.26, respectively. The strong negative values of the Dst index during geomagnetic
storms, as depicted in Figure 9a, suggest that the observed negative correlation may reflect the
influence of geomagnetic disturbances on receiver DCB variability. Therefore, this indicates that a
positive correlation exists between the two variables.

Figure 10b shows a weak positive correlation (R ~ 0.18) between the Kp index and the receiver
DCB change. This implies that the correlation between the two variables is relatively weak.

As shown in Figure 10c, the F10.7a exhibited a moderate negative correlation (R ~ —0.26) with
the receiver DCB change. This indicates that higher solar activity may correspond to somewhat
smaller variations in the receiver DCB.

Our results suggest that the absolute changes in receiver DCBs are more strongly influenced by
the Dst than the Kp and F10.7a.

Previous studies have reported that ionospheric conditions influence receiver DCB values
[32,53,54]. In this study, we also investigated the correlation between receiver DCB variations and
ionospheric VTEC values derived from shipborne GNSS observations. Figure 11 shows the
correlation between the absolute change in receiver DCB and VTEC values. They revealed a weak
positive correlation with an R of approximately 0.33.
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Figure 11. Correlation between the absolute receiver DCB change and VTEC. The red solid lines are fitted by a
linear regression model that minimizes the sum of the squared residuals.

Figure 12 shows the multipath errors observed on the HANS. In most cases, the multipath-
induced errors remained within 20 meters. However, in some cases, severe multipath effects were
observed with errors exceeding 40 meters. Since large multipath errors may potentially affect the
receiver DCB value, we analyzed the correlation between the two variables. In preparation for the
correlation analysis, the multipath errors were converted with daily average value.
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Figure 12. The time series of multipath error on the HANS ship from DOY 249 to 300, 2024. The red dots represent
the multipath errors on the GPS L1 signal.

Figure 13 shows the correlation between the absolute receiver DCB changes and the daily mean
multipath values. The result reveals that multipath errors exhibited a negligible correlation with
receiver DCB change, as indicated by the R of 0.05. Significant multipath errors can undoubtedly be
attributed to changes in the receiver’s DCB. However, daily averaging these errors for correlation
may have diminished their apparent impact.
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Therefore, the significant variability in the receiver DCB observed on the HANS can be attributed
to the complex interaction of several factors, including space weather conditions, geomagnetic
activity, ionospheric TEC variability, and the ship’s continuous motion.

Nevertheless, our results suggest that the HANS-derived receiver DCB exhibits a stronger
correlation with Dst and VTEC.
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Figure 13. Correlation between the absolute receiver DCB change and multipath. The red solid lines are fitted

by a linear regression model that minimizes the sum of the squared residuals.

6. Conclusions

This study estimated ionospheric TEC based on GPS/Galileo measurements recorded aboard the
HANS ship from DOY 249 to 300 in 2024. Compared to the CODE GIM TEC, the TEC estimated from
the HANS ship data showed a mean difference of -2.41 TECU and an RMS value of 6.53 TECU. The
TEC values obtained from the HANS ship were found to be either overestimated or underestimated
on some days relative to the CODE GIM TEC. Even with the incorporation of inland stations in South
Korea aimed at stabilizing the DCB estimation for the HANS ship, the receiver DCB exhibited
considerable variability.

Furthermore, we considered various factors that could potentially influence the receiver DCB
value. As a preliminary step, correlations between receiver DCB changes and the Kp, Dst, and F10.7a
indices were investigated. The negative correlation with the Dst index (R ~ -0.35) implies that
geomagnetic disturbances contribute to increased fluctuations in the receiver DCB. While the
correlations with the Kp (R ~ 0.18) and F10.7a (R ~ —0.26) were relatively low, these conditions can
affect the stability of receiver DCB estimates. In addition, a positive correlation (R ~ 0.33) between
receiver DCB changes and VTEC indicates that ionospheric TEC contributes to DCB variability.

Multipath errors on the HANS ship were occasional peaks over 40 meters. Although multipath
effects have the potential to influence receiver DCB changes, the observed correlation between the
two variables was very weak. This negligible correlation (R ~ 0.05) suggests that the daily average
values may have mitigated the impact of short-term multipath fluctuations.

In conclusion, this study suggests the DCB values derived from shipborne GPS/Galileo
observations have a strong correlation with Dst and VTEC. It can also be attributed to the interaction
of several factors, such as space weather conditions, geomagnetic activity, ionospheric TEC
variability, and the ship’s continuous movements.
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