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Sea level changes affect human living environments, particularly ocean coasts. The tide gauges (TG) canmeasure
sea level change, while it is the relative variations with respect to the land. Recently, GPS-Reflectometry (GPS-R)
has been demonstrated to measure sea level change as an altimetry. With the rapid development of China's
BeiDou Navigation Satellite System (BDS), it may provide a new possible opportunity tomonitor sea level chang-
es with three frequencies (L2, L6 and L7). In this paper, BDS-Reflectometry (BDS-R) is the first time used to esti-
mate the sea level changes based on Signal-to-Noise Ratio (SNR) data and triple-frequency phase and code
combinations, which are compared to tide gauge observations. Results show that sea level changes from BDS
SNR and phase combination have a good agreement with correlation coefficients of 0.83–0.91 and RMSEs of
less than 0.6 m, while BDS code combination is not as good as others. Furthermore, a new negative linear
model between phase and code peak frequencies and tide gauge observations is further obtained and analyzed,
which improves the results from three-frequency phase and code combinations with the RMSE of about 10 cm
and 18 cm.
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1. Introduction

Recent global climate change is resulting in sea level variations due
to glacier melting and thermal expansion (Douglas et al., 2001; Jin et
al., 2013), which affect human living environments, especially ocean
coasts. Traditionally, sea level changes are measured by the tide gauge
(TG), whereas TG provides the relative sea level variations with respect
to the TG land (Feng et al., 2013). Recently, GPS-Reflectometry (GPS-R)
has been demonstrated to measure sea level change, soil moisture, and
snow depth (Jin et al., 2011; Löfgren et al., 2011; Najibi and Jin, 2013).
Compared to the typical tide gauge, GPS can determine absolute sea
level change since GPS canmeasure the landmotion. Based on themul-
tipath reflectometry theory, sea level changes can be measured by geo-
detic GNSS receivers, but most used the GPS or GLONASS L1 and L2 SNR
data (Larson et al., 2012; Lofgren et al., 2014). In addition, GNSS multi-
paths extracted by the L4 linear combination can also estimate snow
depth (Jin et al., 2014). Therefore, three-frequency phase combination
and L4 linear combination of GPSmeasurements are possibly used to es-
timate sea level changes.

With the rapid development of China's BeiDou Navigation Satellite
System (BDS), it may provide a new possible opportunity to monitor
sea level changes with three frequencies (L2, L6 and L7). In this paper,
(S. Jin).
BDS L2, L6 and L7 SNR data and three-frequency phase and code combi-
nations are the first time used to estimate sea level changes. The BDS re-
sults are further evaluated by comparing with tide gauge observations.
Some effects are also discussed. Finally, conclusions are given.

2. Observations and methods

2.1. BDS and TG observations

The BeiDou Navigation Satellite System (BDS) has been developed
since early 1990s. Currently more than 19 BDS satellites are operating,
including Geostationary Earth Orbit (GEO) satellites, Inclined Geosyn-
chronous Orbit (IGSO) satellite and Medium Earth Orbit (MEO) satel-
lites. The BDS provides global and regional positioning, navigation and
timing (PNT). Here one IGS Multi-GNSS station MAYG with co-located
tide gauge measurements is used to estimate sea level changes, which
is located in Mayotte near the Indian Ocean. The MAYG station has
installed TRIMBLE NETR9 receiver and TRM59800.00 antenna (latitude:
−12.78°, longitude: 45.26° and height: −16.35 m). Because MAYG is
one of the Multi-GNSS Experiment (MGEX) stations, it receives not
only the GPS and GLONASS signals but also BDS signal with three fre-
quencies (L2, L6 and L7). The five available BDS satellites (PRN (Pseudo
Random Noise) 6, 7, 8, 9, and 10) are used estimate sea level change
from January 2015 to June 2015. The co-located tide gauge station is
Dzaoudzi with about several meters far from the MAYG station. The
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Fig. 1.Geometry of BDS-Reflectometry (BDS-R). The h is the antenna height from reflected
surface.
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sea level data collected by the radar sensor with sampling rate of 1 min
are provided by the Intergovernmental Oceanographic Commission
(IOC).
Fig. 3. Multipath error of three-frequency phase combination and Lomb Scargle
periodogram for BDS PRN9 satellite.
2.2. Signal-Noise to Ratio (SNR) method

The reflected signal has one excess phase delay when compared to
the direct signal, also called GNSS multipath, which is related to the an-
tenna height h in Fig. 1. The interference between the direct and
reflected signals will affect GNSS observations and cause oscillations in
observations. The GNSS oscillations (multipath) in observables can re-
flect the sea level change.
Fig. 2.BDS L7 SNR observation,multipath pattern and Lomb Scargle periodogram for PRN7
satellite.
Signal-Noise to Ratio (SNR) is one of main GNSS observables,
which is usually used to assess the signal quality and the noise char-
acteristics of typical GNSS observations. Compared to phase and code
observations (Najibi et al., 2015), it is easier to extract multipath
from SNR data. The multipath will cause oscillations in SNR observa-
tions, see in Fig. 2a. If there is no multipath effect, the SNR observa-
tion will rise smoothly with the increasing of elevation angle. In
order to extract the multipath, low-order polynomial is used to ob-
tain SNR detrended time series. After removing the SNR trend, the
multipath pattern can be obtained and modeled as following (Jin et
al., 2016; Qian and Jin, 2016):

dSNR ¼ A cos 4πhλ−1 sineþ ϕ
� �

ð1Þ

where A is the amplitude, h is the antenna height from the
reflected surface in Fig. 1, λ is the carrier wavelength, e is the ele-
vation angle and ϕ is the phase. Supposed that the reflector height
h in Fig. 1 does not change during the period of satellite arc and
the reflected surface is horizontal, the frequency of multipath
Fig. 4. Linear relationship between peak frequencies and antenna heights.



Fig. 5. Sea level changes from BDS L2, L6 and L7 SNR, three-frequency combinations and tide gauge observations for 10 days.

22 S. Jin et al. / Global and Planetary Change 149 (2017) 20–25
pattern is a constant with respect to the Sine of satellite elevation
angle. Though the sea level changes with the time, this constant
frequency model is sufficient for this station whose maximum
tide range is 4 m, which is less than the tide range 7 m that should
consider the varying reflector height (Larson et al., 2013).
Through Eq. (1), the frequency of multipath pattern can be ob-
tained as following

h ¼ 1
2
λf ð2Þ

where f is the frequency of multipath pattern, λ is carrier wave-
length and h is the antenna height. From Eq. (2), it is clear to see
that the high multipath frequency corresponds to one large re-
flector height in Fig. 1, meaning a low sea level. In contrast, a
high sea level corresponds to a low multipath frequency. The
dominant frequency of multipath can be derived from the dSNR
data by a spectrum analysis. In this paper, we use the Lomb
Scargle method to covert the data to frequency domain and ob-
tain the dominant frequency (Qian and Jin, 2016). From Fig. 2b
and c, the frequencies of multipath patterns are different, so dif-
ferent peak heights reflect sea level changes.

2.3. Three-frequency combination

For phase and code observables, it is difficult to directly extract
multipath from observations. However, the linear combination be-
tween observations can extract the multipath, such as phase and
code combination, L4 linear combination and three-frequency
combination. Compared to double-frequency linear combination,



Fig. 6. Correlation of BDS L2, L6 and L7 SNR estimations with tide gauge observations.

Fig. 7. Correlation of BDS three-frequency phase and code combinations' estimationswith
tide gauge observations.

Fig. 8. Residual between BDS SNR and three-frequency
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three-frequency linear combination has an advantage to cancel the
second-order ionospheric delay error. Phase multipath from three-
frequency GNSS observations is given as follow (Simsky, 2006):

MPφ ¼ λ2
3 φ1‐φ2ð Þ þ λ2

2 φ3‐φ1ð Þ þ λ2
1 φ2‐φ3ð Þ ð3Þ

where λ1, λ2 and λ3 are the wavelengths of three-frequency carriers
and φ1, φ2 and φ3 are the phase observations with length unit. For
BDS, the three-frequency carriers are L2, L6 and L7. The structure
of pseudorange combination is same with phase term described
as following

MPp ¼ λ2
3 P1‐P2ð Þ þ λ2

2 P3‐P1ð Þ þ λ2
1 P2‐P3ð Þ ð4Þ

where P1, P2 and P3 are the pseudorange observations. From Eq. (3)
and (4), three-frequency multipath errors are mainly the combina-
tion of single phase or range errors. For phase multipath, a phase
shift related to the total received signals (i.e., reflected plus direct
ones) can be modeled as following (Jin and Najibi, 2014)

δϕ ¼ tan−1
α sin 4πhλ−1 sine

� �

1þ α cos 4πhλ−1 sine
� �

0
@

1
A ð5Þ

where α is the reflection coefficient depending on the reflectivity of
the reflected surface and the antenna gain pattern, h is the antenna
height, λ is the wavelength and e is the elevation angle. From Eq.
(5), the phase multipath is quasi-periodical and its frequency is
also related to the antenna height. Because three-frequency multi-
path errors are the combination of single phase or range errors, the
combination error should be also quasi-periodical including three
different frequencies for different carrier phases. However, when
the combined multipath error is converted into the frequency do-
main, there is only one peak height (Fig. 3b). This is probably be-
cause BDS L6 and L7 wavelengths are so similar that the scaling
factor for the L2 term is much smaller than those for the L6 and L7
terms. In Fig. 3, three-frequency phase multipath errors from dif-
ferent days have different frequencies, which is the same as SNR
results.

After obtaining the frequency of multipath, another important step
is to convert the frequency to the reflector height. We use the simulator
presented byNievinski and Larson (2014) tomodel the combined phase
phase estimations with tide gauge observations.



Table 1
The correlation and RMSE for BDS and GPS-derived results with TG.

System Observation Correlation RMSE (m)

BDS SNR2 0.91 0.39
SNR6 0.87 0.49
SNR7 0.87 0.52
Phase 0.83 0.56
Code 0.76 0.69

GPS SNR2 0.82 0.56
SNR5 0.87 0.43
Phase 0.87 0.46
Code 0.84 0.49

Fig. 9.Multipath reflection points for GPS and BDS on Jan. 2, 2015 at MAYG.
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and code errors and then fit the relationship between the frequencies
and supposed reflector heights. The reflector heights are about between
4 m and 9 m at MAYG station, so we supposed a series of antenna
heights between 4mand 9mduring the simulation. Fig. 4 shows the re-
lationship between antenna heights and peak frequencies during the
specific elevation range (5°–18°). It can be seen a linear relationship as

h ¼ 0:1202� f−0:1154 ð6Þ

where h is the antenna height and f is the peak frequency of combined
multipath errors. If using the BDS L6 (0.2363 m) or L7 (0.2483) wave-
length as the parameter in Eq. (2), the relationship is close to Eq. (6).
Following the same procedure, the relationship for code combination
can also be obtained as

h ¼ 0:1204� f−0:1286 ð7Þ

After obtaining the peak frequency of combined phase or code mul-
tipath, the antenna height or sea level change can be calculated using
Eq. (6) and Eq. (7).

3. Results and analysis

Before obtaining the peak frequency, the BDS SNR, phase and
code observations are clustered into ascending or descending sec-
tions according to the satellite track and azimuth. In this paper, ob-
servations are used only below 18° elevation angle because they
are easily affected by the multipath at this station. Furthermore,
since the sea level change is focused in this paper, the signals
reflected from the sea surface are used. Through evaluating the
map around the station and the reliability of the observations, tracks
just between the azimuths of 20° to 80° and 110° to 170°are used to
perform the spectral analysis. Since co-located tide gauge observa-
tions are not measured by every second, the interpolation is used
to get the observation at one time corresponding to the antenna
height, which is derived from the given track.

When comparing the BDS-derived sea level results with in-situ
observations from tide gauge, the different references for sea level
series should be considered. The BDS-derived sea level changes are
relative to the BDS station, while the tide gauge sea level observa-
tions are relative to the tide gauge benchmark. Therefore, a mean
sea level will be obtained by comparing the difference between
BDS-derived results and tide gauge observations. Fig. 5 shows 10-
day sea level change time series. It can be seen that the BDS-derived
results have a good agreement with tide gauge observations, al-
though results from three-frequency code combination are not as
good as others. Because of limited BDS satellites, the number of esti-
mations is not as much as that from GPS (Lofgren et al., 2014). In ad-
dition, BDS-derived sea level series also show semi-diurnal
variations at Dzaoudzi tide station. Figs. 6 and 7 show the correla-
tions of BDS results with tide gauge observations with a good corre-
lation. Fig. 8 shows the residuals between BDS SNR and phase
estimations with tide gauge observations. It is clear to see that re-
sults from SNR2 data with a RMSE of 0.39 m are better than those
from the others. Table 1 presents detailed correlation and RMSE
values for BDS-derived results.

4. Discussions

4.1. Comparison with GPS results

One new signal, called L5, has also been broadcasted by GPS block IIF
satellites since 2010, so GPS with three frequency observations is also
used to estimate sea level change. In this paper, GPS-derived results
from PRN 1, 3, 6, 9, 24, 25, 27 and 30 satellites are compared to re-
sults from BDS (Table 1). Fig. 8 shows the residuals between GPS-
derived results with tide gauge observations. The estimations from
GPS SNR5 with the correlation of 0.87 and RMSE of 0.43 m are better
than the others. Also results from three-frequency GPS phase and
code combinations are poorer than that from SNR, which is same as
BDS's results. It denotes that the linear model is not precise. In
Table 1, there are no results from GPS L1 SNR data because of its
poor performance, which may be caused by some other errors at
this site. From Table 1, there are some little differences between re-
sults from GPS and BDS, which are caused by different reflection
areas. Fig. 9 shows multipath reflection points for GPS and BDS on
Jan 2, 2015 at MAYG. In this paper, the azimuth of interested areas
is used from 20° to 80° and 110° to 170°. Most tracks of BDS are
among these areas, while some tracks of GPS are not available. In ad-
dition, the areas covered by GPS and BDS are different, which may
cause some differences.

4.2. Linear model improvement

FromFig. 8 and Table 1, results from three-frequency phase and code
combinations are not as good as that fromSNR2 and SNR6. Basically, the
carrier phase is themost precise observables in GNSSmeasurements, so
results from three-frequency phase combination should be as good as
that from SNR although there are some other errors. In Section 2.3, we
know the linear relationship between peak frequency and antenna
height is not precise because it is just derived from the simulation re-
sults. The simulations cannot represent the real situation for this station
although it considers the coherence between the direct and reflected
signals, and the combinations of antenna and surface responses. Some
other factors like sea water roughness and composition will affect the
reflected signals. Therefore, the accurate linear relationship will im-
prove the results from three-frequency combinations. Through simula-
tions, the relationship between peak frequency and antenna height is a
linear model, so the relationship between peak frequency and tide
gauge observations should be also linear basically. After fitting the



Fig. 10. Relationship between BDS phase-code peak frequencies and tide gauge
observations.
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code and phase peak frequencieswith tide gauge observations, it is clear
that there is one negative linear relationship between them (Fig. 10).
While using the negative linear model to convert the peak frequencies
to sea levels, results are better than that using simulated linear model
with the RMSE of 0.45 m for phase and the RMSE of 0.51 m for code.

5. Conclusion

In this paper, BDS SNR data and three-frequency phase and code
combinations are the first time used to estimate sea level changes at
MAYG station, which shows a good agreement with Tide Gauge
observations, while results of BDS code combinations are not as good
as others with a low precision. After fitting the code and phase peak fre-
quencies with tide gauge observations, a new negative linearmodel be-
tween phase and code peak frequencies and tide gauge observations is
obtained, which greatly improves the results from three-frequency
phase and code combinations with RMSE of about 10 cm and 18 cm.
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