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Abstract: Choi et al. (2019) suggested that ionospheric total electron content (TEC) and receiver
differential code bias (rDCB) stability have a strong correlation during a period of two years from 2014
to 2016. This article is a response to Zhong et al. (2020), who pointed out that the long-term variations
of the GPS DCBs are mainly attributed to the satellite replacement rather than the ionospheric
variability. In this issue, we investigated the center for orbit determination in Europe (CODE) Global
Ionosphere Maps (GIM) products from 2000 to 2020. In this study, changes in TEC and receiver DCB
(rDCB) root mean squares (RMS) at Bogota (BOGT) station still have a clear correlation. In addition,
there was a moderate correlation between satellite DCB RMS and rDCB RMS. As a result, we suggest
that rDCB can be affected simultaneously by GPS sDCB as well as ionospheric activity.
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The Global Navigation Satellite System (GNSS) Differential Code Biases (DCB) is the largest error
source in estimating the total electron content (TEC) of the ionosphere. Many studies have reported
that DCB is affected by a variety of factors [1-6]. There can be significant jumps [7] and other features
in DCB related to the replacement of the receiver and antenna.

Choi et al. [8] showed that ionospheric TEC and receiver DCB (rDCB) root mean squares
(RMS) have a strong correlation during a period of two years from 2014 to 2016. In addition,
they focused on the relation between rDCB stability and ionospheric activity rather than rDCB
itself. However, Zhong et al. [9] pointed out that the long-term variations of the GPS DCBs are
mainly attributed to the satellite replacement rather than the ionospheric variability. Interestingly,
they also focused on the GPS DCB changes and did not mention the relationship between rDCB
stability and ionospheric activity. As suggested by Zhong et al. [9], rDCB and satellite DCB may have a
significant correlation.

In this issue, Choi et al. [8] suggested that changes in the rDCB RMS still have continuity after
the replacement of a receiver. Replacing hardware such as GNSS receivers or satellites can seriously affect
the DCB. However, large changes in DCB with hardware replacement may be usually instantaneous.

For more reliable analysis of the results presented by Choi et al. [8], we investigated the center
for orbit determination in Europe (CODE) Global Ionosphere Maps (GIM) data from 2000 to 2020.
Figure 1 shows the time series of vertical TEC units (VTECU), rDCB, and rDCB RMS (Stability) at
BOGT station, respectively. A band-pass filter was applied to isolate specific changes for GIM-TEC
and rDCB RMS. As shown in Figure 1a, the variations of VTEC are closely related to solar activities.
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They also show an exact annual and semi-annual cycle. To analyze the relationship between VIEC
and rDCB RMS during this period, we calculated band-pass filtered (0~0.05 Hz) rDCB RMS plotted in
Figure 1a as a red solid line. In CODE’s GIM products, the rDCB RMS values of the BOGT station
exist only from 2003 to 2020. Filtered rDCB RMS showed annual and semi-annual patterns similar to
GIM-TEC. However, there were no regular changes in rDCB RMS from 2006 to 2011, and solar activity
was relatively weak during this period.
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Figure 1. (a) Time series of vertical total electron content (VTEC), band-pass filtered (0~0.05 Hz) VTEC,
and band-pass filtered (0~0.05Hz) receiver differential code bias (rDCB) route mean squares (RMS) at
BOGT station (4.64°N, 74.08°W) from 2000 to 2020. The blue and green solid lines indicate the variations
of Global Ionosphere Maps (GIM)-TEC and band-pass filtered GIM-TEC, respectively. The red solid
line indicates band-pass filtered rDCB RMS, taken from the bottom panel c). (b) Time series of GPS
rDCB values from 2003 to 2020. The blue dashed rectangles “A” and “B” show the changes of rDCB
with ionospheric activity. (c) Time series of rDCB RMS at BOGT station. The grey dots and red solid
line denote the raw rDCB RMS and band-pass filtered (0~0.05 Hz) rDCB RMS, respectively.

Nevertheless, changes in VTEC and rDCB RMS appear to have a clear correlation. Figure 1b shows
the time series of GPS rDCB at BOGT station (4.64°N, 74.08°W) from about 2003 to 2020. A significant
jump in rDCB was detected due to receiver replacement. Changes in rDCB do not show any regular
patterns similar to VTEC. Zhong et al. [9] suggested that the variations of rDCB are not caused by
the ionospheric variability, which may be consistent with our results. The blue dashed rectangles “A”
and “B” in Figure 1b represent the changes of rDCB in low- and high-ionospheric activity, respectively.
The standard deviations (STD) of rDCB in the two sections “A” and “B” were about 0.48 and 0.80,
respectively. Variations in rDCB can see to be unstable during high ionospheric activity. On the other
hand, they are stable when ionospheric activity is relatively low. Therefore, rDCB changes can be
associated with ionospheric activity. In addition, as shown in Figure 1c, rDCB RMS values were small
and stable during low-ionospheric activity.

Figure 2 presents the time series of GPS satellite P1-P2 DCB (sDCB), band-pass filtered (0~1.5Hz)
sDCB, and rDCB RMS from 2000 to 2020, respectively. Changes in DCB for all GPS satellites are shown
in Figure 2a. In Figure 2a, it is not easy to distinguish specific correlations with ionospheric activity in
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GNSS sDCB changes. To analyze the relationship between sDCB and rDCB, we considered the most
stable satellites with no PRN changes [7,10]. As plotted in Figure 2a, GPS PRN 28 was selected.
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Figure 2. (a) Time series of all GPS satellite P1-P2 DCB (sDCB) from 2000 to 2020. The red dots indicate
the changes in DCB values for GPS satellite PRN 28. (b) Time series of band-pass filtered (0~1.5 Hz)
sDCB RMS for GPS PRN 28 (SVN 44), and band-pass filtered (0~1.5 Hz) rDCB RMS from 2000 to 2020.
The red solid line and blue dots represent the filtered RMS changes for GPS satellite PRN 28 DCB
and rDCB at BOGT station, respectively.

Zhong et al. [9] also reported that the ionospheric activity does not cause the long-term variations
of the GPS sDCB. However, sDCBs have relatively large RMS values for solar maximum from about
2000 to 2003, as shown in Figure 2b. In addition, the filtered sDCB RMS values for GPS PRN 28 show
very similar periodic patterns. These cycles can be coincident with a period of a draconitic year of GPS
satellites suggested by Zhong et al. [9]. Furthermore, there was a significant jump in changes in GPS
PRN 28 sDCB RMS in 2015. In early 2015, CODE changed a solar radiation pressure (SRP) model from
the old empirical CODE orbit model (ECOM) to the new ECOM2 for GNSS orbit determination [11].
A change in the CODE SRP model can cause DCB variations. For the relationship between sDCB RMS
and rDCB RMS, we plotted the band-filtered rDCB RMS as the blue dots in Figure 2b. There is some
correlation between the two variables. The correlation coefficient (R) between the two variables was
about 0.58. It indicates that there is a moderate correlation between sDCB RMS and rDCB RMS.

Choi et al. [8] suggested that the correlation between TEC and rDCB RMS shows the apparent
latitudinal dependency with ionosphere variability. It can be related to TEC distributions. Zhangetal. [12]
reported that the accuracy of rDCB estimation is dependent on the receiver’s location. The rDCB
estimation accuracy can be lower in low-latitude regions because TEC distributions at low latitudes
are much more complicated than those at mid and high latitudes [13,14]. Strugarek et al. [15] reported
that the GNSS signal is more affected during the periods of the high ionospheric activity, which causes
problems with precise orbit determination of low Earth orbit satellites. What we emphasize is that it can
be difficult to specifically explain the latitudinal dependency of rDCB with changes in GPS sDCB only.

In general, the global ionospheric TEC is modeled by the spherical harmonic function. To separate
the satellite DCBs and rDCBs in ionospheric GPS-TEC estimation, we consider a constraint that the sum
of all GPS satellite DCBs becomes zero. Under this condition, variables such as TEC, satellite DCBs,
and rDCBs have to be calculated simultaneously. Each of the estimated variables can be influenced by
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each other. As suggested by Zhong et al. [9], there was a clear correlation between sDCB and rDCB.
However, we suggest that variables are not estimated as an independent variable but are correlated.
Therefore, rDCB can be affected simultaneously by GPS sDCB as well as ionospheric activity.
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