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ABSTRACT

In this study, sea level variation observed by a 1-Hz Global Positioning System (GPS) buoy system is verified by com-
paring with tide gauge records and is decomposed to reveal high-frequency signals that cannot be detected from 6-minute tide
gauge records. Compared to tide gauges traditionally used to monitor sea level changes and affected by land motion, GPS
buoys provide high-frequency geocentric measurements of sea level variations. Data from five GPS buoy campaigns near a
tide gauge at Anping, Tainan, Taiwan, were processed using the Precise Point Positioning (PPP) technique with four different
satellite orbit products from the International GNSS Service (IGS). The GPS buoy data were also processed by a differential
GPS (DGPS) method that needs an additional GPS receiver as a reference station and the accuracy of the solution depends on
the baseline length. The computation shows the average Root Mean Square Error (RMSE) difference of the GPS buoy using
DGPS and tide gauge records is around 3 - 5 cm. When using the aforementioned IGS orbit products for the buoy derived by
PPP, its average RMSE differences are 5 - 8 cm, 8 - 13 cm, decimeter level, and decimeter-meter level, respectively, so the
accuracy of the solution derived by PPP highly depends on the accuracy of IGS orbit products. Therefore, the result indicates
that the accuracy of a GPS buoy using PPP has the potential to measure the sea surface variations to several cm. Finally, high-
frequency sea level signals with periods of a few seconds to a day can be successfully detected in GPS buoy observations
using the Ensemble Empirical Mode Decomposition (EMD) method and are identified as waves, meteotsunamis, and tides.
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1. INTRODUCTION

Quantifying sea level change is desirable because sea
level change has a direct impact on societal well-being on
a scale of time over decades and centuries. To accurately
determine sea level variations is a complex problem. Nowa-
days the most commonly used instruments to monitor sea
level are tide gauges and satellite altimetry (Willis et al.
2010). However, tide gauges are crust-fixed instruments
resulting in measuring only relative sea level and do not
represent the true sea level signal separating vertical land
motion. Sea surface heights from satellite altimeters in
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coastal regions, on the other hand, are inaccurate because of
unreliable geophysical corrections and noisy returned radar
waveforms (Lee et al. 2010). In addition, because of data
sampling rates, high-frequency sea level variations cannot
be sufficiently detected from 6-minute tide gauges mea-
surements or weekly sampled satellite altimetry data. High-
frequency 1-Hz sea level observations from the Global Po-
sitioning System (GPS) buoys have the potential to mitigate
the drawbacks found with other techniques.

Floating GPS buoys equipped with geodetic-grade du-
al-frequency GPS antennas have demonstrated the method
to be an effective and economical procedure to collect water
level readings to monitor sea level variations (Cardellach et
al. 2000), calibrate satellite altimetry measurements (e.g.,
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Cheng et al. 2010), validate large river water storage catch-
ments (Frappart et al. 2006; Cheng et al. 2009), measure re-
gional geoid (Del Cogliano et al. 2007), and accurately link
shoreline vertical datum (Cheng et al. 2008). The principal
component of this instrument is the GPS system constella-
tion, which is a space-based global navigation satellite sys-
tem operated by the US Department of Defense. The basic
concept originates from a single point positioning (SPP)
method using a single GPS receiver but subject to systemic
errors including atmospheric delays, satellite orbit, satellite
clock, and receiver clock errors, as well as a multipath ef-
fect, and receiver noise. In order to reduce system errors,
the previous studies mentioned above and others have dem-
onstrated a cm-level accuracy with a traditional differential
GPS (DGPS) technique.

Using the DGPS to determine a buoy’s location, an ad-
ditional receiver with a given coordinate is required to si-
multaneously collect data and to form differential observa-
tion equations in order to reduce significant system errors.
As a result, the relative position vector is obtained, instead
of the absolute coordinates of the rover. The use of DGPS
assumes that both ends of a baseline have similar and highly
correlated conditions in ionospheric, tropospheric and other
error sources. Hence a DGPS procedure would reduce such
errors significantly. However, as the length of a baseline in-
creases, the errors sources are different at the ends of a base-
line, so this assumption for reducing errors using DGPS be-
comes invalid; therefore, the positioning accuracy of a buoy
is limited by the baseline length, meaning that GPS buoys
cannot be too far from land; a long baseline therefore, be-
comes corrupted at both ends of the baseline and decreases
the accuracy of relative positioning. Consequently, precise
point positioning (PPP) technique was developed in an ef-
fort to solve this problem.

Zumberge et al. (1997) developed the PPP technique,
wherein the fundamental principle uses a zero-differenced
dual-frequency code and carrier phase measurements, mod-
els to reduce system errors, and precise ephemerides and
precise clock corrections. Because absolute and precise [3D
RMS kinematic: < 1 m; static: < 0.1 m (Li et al. 2009)]
positioning can be obtained with one single receiver, the
PPP method has been widely applied to many disciplines of
research; for example, Zhang and Andersen (2006) success-
fully measured the surface ice flow velocity and the tide re-
trieval of the Amery ice shelf with a GPS using PPP instead
of a DGPS method.

Chen et al. (2004) estimated the coordinates of GPS
buoys using precise ephemerides and satellite clock error
data of the International GNSS Service (IGS) rapid product,
whose latency is 17 hours, with kinematic PPP technique
and found that the root mean square error (RMSE) is around
10 - 20 cm compared to the positioning solution derived by
DGPS. However, there is no independent data to absolutely
evaluate a GPS buoy solution like tide gauge records.

In this study, we assessed the accuracy of GPS buoy
positioning processed by PPP and DGPS techniques with a
goal to see if a GPS buoy can be used to measure sea level
variation data to obtain high-frequency ocean signals. The
kinematic positions of a GPS buoy used in five campaigns
were computed by both DGPS and PPP methods using all
four kinds of IGS precise ephemerides: the final, the rapid,
and the ultra-rapid products (the ultra-rapid product includes
the observed half and the predicted half). In addition to the
comparison of results derived by PPP and DGPS, the GPS
buoy solutions were also compared to a tide gauge record at
6-minute intervals at Anping, Tainan, Taiwan, which is near
the deployed GPS buoy. Finally, the high-frequency GPS
buoy observed sea level time series were subjected to an ex-
amination using the empirical mode decomposition (EMD)
method in order to analyze ocean signals.

2. INTRODUCTION OF GPS BUOY AND PPP
TECHNIQUE

2.1 GPS Buoy

GPS buoy is a robust instrument which will continually
collect high samples of sea surface heights. When collect-
ing sea surface heights using GPS buoys, the arrangement
of GPS antennas is critical. The antenna has to be fixed to
the float, and the distance between the phase center and wa-
ter surface line must be carefully measured (Cheng 2005).
Figure 1 shows the structure of the GPS buoy used in this
study, which consists of a dual-frequency geodetic-grade
GPS receiver. Fortunately, the GPS buoy system is simply
constructed at a low price.

2.2 PPP Technique

In general, the PPP technique can be used to overcome
the limitations of SPP and DGPS methods. If using a dual-
frequency GPS receiver, zero-differenced dual-frequency

Fig. 1. GPS buoy used in this study.
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code and carrier phase measurements can form an iono-
sphere-free combination, called the traditional PPP model
(Héroux et al. 2001). The equations are as follows:

w = fEP(L)-f2P(L2)]/(fi-f3)=p+c(di-dT )+ dow
+ dyop + darypiirsrny + E[P(L1 + L2)] (D

Oy =[fID(L1)-fFO(L2)]/(fP-f2) = p+c(dt-dT)+dum
+ dyop + (Cle1 - CﬁNZ)/(flz 'fzz) + dmL«II/O(L1+L2)
+e[®(L1 +12)] 2)

where P(Li) is the Li pseudorange; Li is the carrier with fre-
quency f;; ®(Li) is the carrier phase; p is the true geometric
distance between a satellite and the receiver; c is the speed
of light in vacuum; dt is the satellite clock error; dT is the
receiver clock error; d,, is the satellite orbit error; d,,,, is
the tropospheric delay; ; is the non-integer ambiguity of
carriers; duu/riy and daagows are the multipath effects; and
e[P(Li)] and g[®(Li)] are other sources of noise.

However, there are still two problems: no characteris-
tic of integer ambiguity and significantly amplified noise.
Gao et al. (2003) and Abdel-Salam et al. (2002) solved the
problems by smoothing the pseudo-ranges and then averag-
ing the pseudo-ranges with carrier phase observations. The
equations are expressed as:

PIF,Li = O.S[PSM (Ll) + q)(Ll)] (3)

PSM,L[(”) = %Py(fl)'i'(l - %) [PSM.L[(n - 1)+ (DL[(”I)

-®,(n-1)]=p+c(dt-dT)+doy+ duy
+dm,4/¢+ O.S;t,»N;+8[PSM,L,-(n)] (4)

where Py, represents the smoothing code observations; 4;
is the wavelength; m is the number of observations for
smoothing; and n is the epoch of the observation.

Equations (3) and (4) show that the errors and noises
are significantly reduced. The number of unknown param-
eters decreases so the convergence time can be shortened.

After IGS precise ephemerides and satellite clock data
are introduced, Egs. (3) and (4) can be rewritten as (Abdel-
Salam et al. 2002):

Psusi= - cdT+ dyy+ 0.50:N; + E[ Pori1: (n)] (5)
®(n)=p-cdl+d,p+ 00N, + 0 AN, + €[O(L1 + L2)]
(6)

This model can be used to estimate the position coor-
dinates, receiver clock errors, and ambiguities of L1 and L2.

The Saastamoinen model (Saastamoinen 1973) is used to
correct tropospheric delay.

Four kinds of precise ephemerides and satellite clock
data provided by the IGS can be classified according to the
latency of release: final, rapid, observed half ultra-rapid and
predicted half ultra-rapid products. The detailed description
of different precise ephemerides can be found in IGS web-
site (http://igscb.jpl.nasa.gov/).

In order to achieve positioning accuracy at the cm-
level, corrections such as relativity, satellite phase centre
offset, satellite wind up, solid earth tide, ocean tide loading
are applied (Héroux and Kouba 2001). In the study area, the
ocean tide loading correction is relatively small at < 1 cm
(Yeh et al. 2011) compared to an ocean tide of about 1 m
observed by the GPS buoy.

3. EXPERIMENT AND DATA PROCESSING

In this study, five campaigns were conducted near the
tide gauge station in Anping Harbor, Tainan, in the daytime
on 9 January, 9 February, 23 February, 13 May, 14 May,
and 15 May of 2009, respectively. One GPS buoy was de-
ployed near the Anping gauge at 2 - 3 m and another GPS
buoy with the same instrument was set at second-order GPS
tracking station S810, which is 1.5 km away from the buoy,
to obtain two simultaneous observations. For positioning
precision and accuracy analyses, a series of experiments
was conducted, as described in the following sections.

3.1 Influence of Baseline Length on GPS Buoy Positioning

The effect of baseline length on GPS positioning on
land has been known well; however, it on GPS buoy posi-
tioning is checked again since the conditions of deployed
buoy location are totally different. In order to analyze the in-
fluence of baseline length on the accuracy of the GPS buoy
positioning, five reference stations (CISH, KASH, PKGM,
WIAN, and S810) were chosen successively for the GPS
buoy to facilitate DGPS kinematic positioning for two days.
The relative locations of the GPS buoy and the reference
stations and the distances between the buoy and the respec-
tive stations are shown in Fig. 2 and Table 1.

Since S810 is only 1.5 km away from the GPS buoy, the
atmospheric characteristics of the path of the signal trans-
mission can be considered to be approximately the same.
The system errors can thus be almost significantly reduced
using the DGPS algorithm; therefore, the solution derived
by DGPS can be considered as the true value for this experi-
ment. For all stations, 1-Hz dual-frequency carrier phase ob-
servations with satellite elevation larger than 15° were used.

Table 2 shows the daily RMSE difference of the GPS
buoy ellipsoidal heights derived using the four stations
as references and the true value. The daily RMSE differ-
ence varied from 6 to 7 cm corresponding to the distances
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between the reference stations and the GPS buoy. When the
farthest reference station from the GPS buoy is used, the
two-day mean RMSE is largest.

For buoys far from reference stations for example,
buoys deployed in the center of the Pacific Ocean, system
errors are no longer similar to those at the reference stations,
resulting in a lower accuracy derived by DGPS. Therefore,
a solution by PPP that can reach the cm level will be more
feasible for collecting data in the fields.

3.2 Comparison of Solutions Obtained Using Kinematic
PPP and DGPS Methods

Precise ephemerides and satellite clock error data of
various IGS products were utilized to calculate the GPS
buoy coordinates using kinematic PPP over 5 campaigns.
The results were compared to the solutions obtained with
a DGPS algorithm referencing the S810 station. Because
many unknown parameters have to be considered using
a PPP technique, many satellites are necessary; however,
low-elevation satellite signals have excessive delays, so the
criteria of satellite elevation was set as 10° in this study.
In addition, the antenna of the GPS buoy was placed very
close to sea surface to minimize multipath effects (Cheng
2005).

IGS provides four levels of precise ephemeris and sat-
ellite clock error data. The first is the final product, which
has the highest accuracy and a release latency of about 13
days. The second is the rapid product, which has a lower
accuracy and a release latency of 17 hours. This ephemeris
is more suitable for our experiments because it can be ac-
quired on the same day as GPS buoy observations.

The third and fourth levels are both ultra-rapid prod-
ucts. The former is the observed half, which is released with
alatency of 3 hours, and the latter is the predicted half, which
is real-time data (IGS 2002). The accuracy of the observed
half is lower than that of the rapid product but higher than
that of predicted half. Bar-Sever and Dow (2002) suggested
that the latency for real-time processing and applications
should be below one hour. However, they also mentioned
that the requirements of real-time processing are too strict
to achieve and suggested near-real-time (NRT) as a more
flexible concept, with a latency of O - 6 hours.

Tables 3 - 6 show the RMSE differences of the GPS
buoy E-, N-, and U-directions using a PPP technique with
various IGS products and a DGPS method. The analysis in-
dicates that the RMS differences increase with decreasing
accuracy of IGS products. When using the IGS final prod-
uct, the RMSE difference is 1 - 4 ¢cm in the horizontal and
7 - 11 cm in the vertical. When using the rapid product, the
RMSE difference increases to 4 - 7 cm in the horizontal and
11 - 18 cm in the vertical. The RMSE difference is on the
decimeter level when the observed half is used; however, the
RMSE difference increases dramatically to the meter level

118° 120° 121°
- 25°

24° 24°
WIAN Q""'»’
P (
: B
23° 23°

GPS Buoy

22° 22°
118° 19° 120° 121°

Fig. 2. Locations of 4 e-GPS satellite tracking stations, GPS buoy, and
second-order GPS tracking station S810.

Table 1. Distances between the reference stations and the GPS buoy
(unit: km).

S810 CISH KASH PKGM WIAN

Distance 1.5 32.8 42.1 68.2 96.5

Table 2. Daily RMSE difference of the GPS buoy ellipsoidal heights
derived by using the four stations as references (unit: meter).

CISH KASH PKGM WIAN
2009/01/09 0.086 0.054 0.054 0.082
2009/02/05 0.035 0.068 0.075 0.058
Mean 0.061 0.061 0.065 0.070

Table 3. RMSE difference of the GPS buoy E-, N-, and U-directions
using PPP with IGS final product and DGPS (RMS, unit: meter).

E N U
2009/01/09 0.015 0.019 0.111
2009/02/23 0.020 0.029 0.113
2009/05/13 0.045 0.020 0.106
2009/05/14 0.041 0.022 0.074
2009/05/15 0.024 0.016 0.079
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Table 4. RMSE difference of the GPS buoy E-, N-, and U-directions
using PPP with IGS rapid product and DGPS (unit: meter).

E N U
2009/01/09 0.042 0.044 0.114
2009/02/23 0.065 0.075 0.180
2009/05/13 0.064 0.046 0.133
2009/05/14 0.043 0.047 0.110
2009/05/15 0.043 0.040 0.112

Table 5. RMSE difference of the GPS buoy E-, N-, and U-directions
using PPP with observed half of IGS ultra-rapid product and DGPS
(unit: meter).

E N U
2009/01/09 0.171 0.124 0.380
2009/02/23 0.093 0.104 0.444
2009/05/13 0.272 0.115 0.357
2009/05/14 0.170 0.110 0.389
2009/05/15 0.114 0.106 0.238

Table 6. RMSE difference of the GPS buoy E-, N-, and U-directions
using PPP with predicted half of IGS ultra-rapid product and DGPS
(unit: meter).

E N U
2009/01/09 0.837 0479 1414
2009/02/23 0.645 0.175 1.093
2009/05/13 0.934 0.490 2.078
2009/05/14 0.574 0.252 0475
2009/05/15 1.425 0.505 1.367

when the predicted half is used. Both positioning accuracies
could not satisfy the sea level monitoring criteria. In addi-
tion, we also calculated the position dilution of precision
(PDOP) and the number of satellites, and the analysis shows
that a large variation of PDOP and fewer satellites increase
the convergence time and decrease positioning accuracy.

3.3 Comparison Between GPS Buoy and Tide Gauge
Data

Sea level variations observed by the GPS buoy and the

tide gauge were compared and results are shown in this sec-
tion. 1-Hz coordinates of the GPS buoy were averaged every
six minutes to match the tide gauge records and to diminish
noise. In addition, in order to solve the problem of different
datum, the records of the buoy and the gauge are subtracted
by their own first record. The result of the analysis is shown
in Table 7. The accuracy of sea level variations observed by
the GPS buoy, whose coordinates are estimated by DGPS,
compared to the tide gauge reaches 5 cm. The accuracies
of the solutions obtained using PPP with IGS final, rapid,
observed half, and predicted half reach 5 - 7 cm, 7 - 13 cm,
decimeter level, and meter level, respectively. The correla-
tion coefficients are > 0.95 between tide gauge records and
the positioning solutions derived by DGPS or PPP with IGS
final product. Therefore, the PPP method with the IGS final
product has the best accuracy and can be used for monitor-
ing sea level changes.

The GPS buoy for these five campaigns was deployed
in Anping harbor near the gauge. When the sea surface is
relatively low due to a low ocean tide, the GPS signals were
blocked by the breakwater. Here, we also computed the
ratio of cycle slips to observations for each campaign (as
shown in Table 8). The GPS buoy’s ratios of cycle slips
to observations are relatively lower than the S810°s ratios.
An unsuitable environment can lead to cycle slips, fewer
acquired satellites, and a large or extremely variable PDOP,
possibly reducing the positioning accuracy and increasing
convergence time. Therefore, the accuracy of GPS buoys
deployed in the open ocean can be further improved.

4. ANALYSIS OF SEA LEVEL CHANGES OBSERVED
BY GPS USING EMPIRICAL MODE DECOMPOSI-
TION (EMD) METHOD

The sea level time series observed by a GPS buoy us-
ing PPP and DGPS are analyzed using the EMD method.
The EMD method developed by Huang et al. (1998) is used
to decompose sea level signals, x(7), into a series of orthogo-
nal modes or an intrinsic mode function (IMF), C(#). This
method is an empirical and adaptive signal processing tool
particularly suitable for non-stationary and nonlinear time
series decomposition. Each IMF, C(f), represents a sym-
metric envelope with the amplitude and frequency modu-
lated component derived by the “sifting procedure” (Wu
and Huang 2009):

x(t)=Xe(t)+r, )

where r is the residual of the decomposition and represents
a monotonic function or a trend.

All IMFs are directly derived from the signals in terms
of no assumption on the linearity and stationarity. The tradi-
tional Fourier-filter, in fact, is violated by non-stationary and



214

Kuo et al.

Table 7. RMSE difference (unit: meter) and correlation coefficients (CCs) of sea level variations observed by the tide gauge and the GPS buoy using

using PPP with various IGS products and DGPS.

2009 IGS Product PPP-DGPS RMSE (CC) PPP-TG RMSE (CC) DGPS-TG RMSE (CC)
Final Product 0.076 (0.96) 0.058 (0.98) 0.052 (0.96)
Rapid Product 0.086 (0.89) 0.083 (0.91) 0.052 (0.96)
01/09
Ultra-Rapid Product (observed half) 0.360 (0.00) 0.378 (-0.07) 0.052 (0.96)
Ultra-Rapid Product (predicted half) 2.144 (0.41) 2.160 (0.30) 0.052 (0.73)
Final Product 0.070 (0.70) 0.061 (0.83) 0.047 (0.73)
Rapid Product 0.120 (0.52) 0.131 (0.39) 0.047 (0.73)
02/23
Ultra-Rapid Product (observed half) 0.158 (0.46) 0.174 (0.33) 0.047 (0.73)
Ultra-Rapid Product (predicted half) 0.661 (0.14) 0.644 (0.37) 0.047 (0.73)
Final Product 0.111 (0.98) 0.070 (0.98) 0.056 (0.99)
Rapid Product 0.140 (0.99) 0.102 (0.94) 0.056 (0.99)
05/13
Ultra-Rapid Product (observed half) 0.260 (0.66) 0.224 (0.67) 0.056 (0.99)
Ultra-Rapid Product (predicted half) 2.330 (-0.73) 2.290 (-0.72) 0.056 (0.99)
Final Product 0.057 (0.98) 0.052 (0.98) 0.037 (0.99)
Rapid Product 0.080 (0.95) 0.076 (0.95) 0.037 (0.99)
05/14
Ultra-Rapid Product (observed half) 0.245 (0.57) 0.251 (0.57) 0.037 (0.99)
Ultra-Rapid Product (predicted half) 0.718 (0.80) 0.726 (0.77) 0.037 (0.99)
Final Product 0.058 (0.83) 0.051 (0.86) 0.028 (0.96)
Rapid Product 0.085 (0.71) 0.074 (0.74) 0.028 (0.96)
05/15
Ultra-Rapid Product (observed half) 0.131 (-0.05) 0.119 (-0.13) 0.028 (0.96)
Ultra-Rapid Product (predicted half) 0.897 (-0.22) 0.889 (-0.29) 0.028 (0.96)

Table 8. GPS buoy’s and S810’s ratios of cycle slips to observations.

2009/01/09 2009/02/23 2009/05/13 2009/05/14 2009/05/15
Buoy’s ratio 1:2004 1:2054 1:1800 1:2800 1:5038
S810’s ratio 1:225315 1:35734 1:9771 1:10271 1:8411

nonlinear processes. Thus, this method is adaptively applied
as a time-frequency filter (Flandrin et al. 2004). Figure 3
shows the complete decomposition of the GPS buoy derived
sealevel variation on 9 January 2009 by PPP. The time series
is isolated into 13 modes and a trend, and the correspond-
ing spectrums. The high frequency modes (modes 1 - 6) are
ocean waves associated with the wind-generated force and
harbor seiches affected by the dimension of the harbor (So-

rensen 2005). The intermediate oscillations (modes 7 - 9)
can be classified as the “meteotsunamis” (Monserrat et al.
2006). The tidal components are represented in modes 10 -
13. The shading area in time series is the ensemble spread
and the ensemble average of each IMF by the improved
EMD method, Ensemble EMD (Wu et al. 2009). Conse-
quently, GPS buoy measurements can provide more useful
high-frequency ocean signals than tide gauge data; for ex-
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ample, modes 1 - 9 cannot be detected in tide gauge records
with a conventional 6-minute sampling interval.

5. DISCUSSION AND CONCLUSIONS

In the study, a 1-Hz geocentric sea level time series is
successfully observed by a GPS buoy using the PPP tech-

0.5 1 1.5 2 2.5

time(sec) % 10"
IMF 2

0.5 1 1.5 2 2.5

time(sec) % 10"
IMF 3

0.5 1 1.5 2 2.5

time(sec) % 10"
IMF 4
0.04
_i 0.02
= 0
-0.02
-0.04
0.5 1 1.5 2 25
time(sec) % 10*
IMF 5

0.5 1 1.5 2 2.5
time(sec) % 10"
IMF 6
T T T T
- 002F
_ 3
z oM
-0.02
1 l 1 l 1
0.5 1 1.5 2 2.5
time(sec) % 10"
IMF 7
002
o
; O
-0.02
0.5 1 1.5 2 2.5
time(sec) % 10"

power

nique wherein the accuracy is properly assessed by compar-
ing the tide gauge records and the solution derived by the
DGPS technique. In addition, various frequency signals are
obtained from the GPS buoy time series by the Ensemble
EMD method. We conclude that the sea level time series
derived by a GPS buoy system using the PPP technique with
the final IGS product can provide high-frequency sea level
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Fig. 3. (Continued)

variations with an accuracy of 5 - 7 cm that cannot be de-
tected from 6-minute sampling tide gauge records.

The RMSE difference of the GPS buoy using PPP and
DGPS is about 1 - 4 cm in the horizontal component and
7 - 11 cm in the vertical when the IGS final product is used
for the kinematic PPP method. This accuracy satisfies most
positioning needs for a highly varied sea surface. When the

IGS rapid product is used for PPP, the RMSE difference
is 4 - 7 cm in the horizontal component and 11 - 18 cm in
the vertical, which agrees with the computation provided by
Chen et al. (2004). When the observed half of the IGS ultra-
rapid product is used, the RMSE difference is 9 - 27 cm in
the horizontal component and 23 - 44 cm in the vertical.
This accuracy is suitable for detecting larger sea level varia-
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tions, such as tsunamis or storm surges. When the predicted
half is used, the RMSE difference is < 1 m in the horizontal
component and < 2 m in the vertical, which is not ideal for
sea level observations.

If the tide gauge records are considered as the true sea
level variations at 6-minutes or longer in frequency, the av-
erage RMSE difference of the GPS buoy derived by DGPS
is 3 - 5 cm. When the IGS final, the rapid product, and the
ultra-rapid products (observed and predicted) are used for
the buoy derived by the PPP method, the average RMSE
differences of the sea level variations are 5-7cm,7 - 13 cm,
decimeter level, and 1 - 2 m, respectively. Therefore, sea
level variations can be potentially monitored by implement-
ing a GPS buoy using PPP with the IGS final product in-
stead of tide gauge stations. In this study, GPS buoys were
deployed in an unideal location for five campaigns, where
GPS signals would be blocked by breakwater, so position-
ing accuracy can be improved if deployed in the open ocean
to avoid cycle slips.

Traditional tide gauge records provided by data cen-
ters such as the Permanent Service for Mean Sea Level
are in 6-minute to monthly sampling intervals that do not
have the capability of investigating high-frequency ocean
signals. Here, high-frequency GPS buoy measurements can
be decomposed to obtain high-frequency ocean signals such
as waves and meteotsunamis. Therefore, a GPS buoy sys-
tem could provide geocentric ocean signals with different
frequencies while 6-minute sampling tide gauge records
affected by crustal motions do not. High-frequency ocean
signals have a potential to study oceanography and improve
ocean models including studying the mechanism of meteot-
sunamis and its causes (harbor resonance or climate).

The receivers used in the experiments do not support an
L2C signal when five campaigns were performed. If using a
receiver supporting an L2C format with a sufficient number
of satellites, the positioning accuracy should be further im-
proved. In addition, more accurate real-time orbit and clock
products, provided by the Jet Propulsion Laboratory (JPL)
with a service charge, could improve the positioning accu-
racy as well (Chen 2004). Because the PPP process engine
applied in this study does not support real time orbit and
clock products at the moment; therefore, the scope of this
study is limited to investigating the potential of using a PPP
technique for sea level monitoring, instead of proposing a
real time monitoring system. Relying on improvements in
methods, the GPS buoys with a kinematic PPP technique
can extend to more applications such as a tsunami forecast-
ing system. Compared to satellite altimetry and tide gauges,
mobile GPS buoys with continual high-sample measure-
ments have the potential to monitor ocean change faithfully,
especially for coastal regions.
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