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GPS in differing modes -  stand-alone, 
DGPS, RTK, has been used onboard 
buoys to determine water levels for a vari­
ety of purposes. The rationale for the pre­
sented research is to determine the effec­
tiveness of using RTK GPS to recover tidal 
datums in support of hydrographic survey 
operations. Data are analysed from a 
described experimental RTK buoy devel­

oped by the U.S. Naval Oceanographic 
Office to characterise the effectiveness of 
an RTK GPS-enabled buoy. Results indi­
cate that for the data analysed, under 10 
centimetre GPS height determination is 
possible. The requirements for an opera­
tional tidal buoy system based on Com­
mercial Off-The-Shelf (COTS) components 
are discussed.
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Figure 1: Measurements from a GPS-enabled buoy



Introduction

The development over the past decade of commer­
cial, carrier phase, differential, kinematic GPS, 
specifically Real-Time Kinematic (RTK) GPS, has 
meant that an RTK-equipped buoy can potentially 
be used to accurately measure water level height 
above the W GS84 ellipsoid. Figure 1 illustrates the 
GPS buoy /  vertical datums geom etry. Once the 
o ffse t between the GPS antenna and the buoy 
waterline has been applied, the height of the 
instantaneous water level can be determined with 
respect to the GPS W GS84 reference ellipsoid. 
Averaging of the instantaneous height can be used 
to produce the local tidal datum, e .g ., lowest nor­
mal tide.

A number of experim ents have been successfully 
carried out for th is purpose. The first exam ple was 
the calibration of a satellite altim eter with a GPS 
buoy in the North Sea in 1988, and required the 
invention o f the On-The-Fly (OTF) RTK processing 
method as a byproduct (Seeber and Wübbena 
[1989]). O thers th a t have fo llow ed include 
DeLoach [1995], Parke et al. [1997], Colom bo et 
al. [2000], Moore et al. [2002], and Schueler et al. 
[2003]. The ultimate goals of these experim ents 
and other potential purposes can be classified as: 

Determination of water level with an RTK GPS 
buoy. Sim ply put, as an academic question, can 
th is be accom plished and with what caveats? 
And how would such a buoy compare with a water 
level gauge in term s of accuracy, cost, etc.

- Determination of water level at locations where 
installation of a gauge would be difficult. There 
are scenarios where installation o f a convention­
al tide gauge is not practical. This can be due to 
distance from shore and /  or water depth, or for 
safety concerns in a hostile environm ent. In 
these situations an accurate buoy-mounted sen­
sor would be of great advantage. This raises the 
potential for buoy-determined water levels to play 
a role in cotidal and hydrodynamic modelling 
Determination of water level to  establish the 
separation between tida l datum and GPS 
datum. Given that GPS is presently the ubiqui­
tous global positioning and navigation technolo­
gy, with both terrestria l and marine mapping and 
navigation being referenced to  its datum 
(WGS84) both directly and indirectly, there is 
great interest in the mapping community to devel­
op transform ations between local datums and

W GS84. By determ ining water levels, and there­
fore chart datum, with GPS, the conversion of 
chart datum to the ellipsoid can be mapped out. 
If the same is done with terrestria l datums, this 
can be a basis for developm ent of seam lessness 
at the chart / map -  sea / land interface 
Determination of water level for calibration of 
altim etric sensors on aircraft or spacecraft. Cal­
ibration of great and growing interest given the 
rapid advancem ent o f a ltim etric  sensors  
designed to determine sea state, sea surface 
topography, etc. In situ water level measure­
ments from RTK-equipped buoys can provide for 
not only calibration of these sensors at cross­
over points, but perhaps also in data assim ila­
tion m odels. They also com plem ent spaceborne 
and airborne altim etric data by providing higher 
sam pling rates at their moored locations. This 
can be crucial to verifying if high frequency vari­
ability is removed from the altim etry data proper­
ly so as not to alias the m easurem ents 
Determination of instantaneous wave heights. 
Sim ilar to the previous application, RTK-equipped 
buoys can be used to estim ate wave height and 
direction from in situ m easurem ents 

The key difference between these experim ents is 
the determ ination of average water level for tidal 
datum recovery and instantaneous water level for 
calibration. Accurate mean water level is inherently 
easier to obtain than accurate instantaneous water 
level as it involves noise reduction.

NAVOCEANO Evaluation RTK Buoy

The U .S . Naval O ceanographic  O ffice  (NAV­
OCEANO), which is charged, am ongst other respon­
sib ilities, with fulfilling the U .S. Navy’s hydrograph­
ic su rveyin g  needs, has recently becom e 
interested in using RTK buoys in its hydrographic 
operations. NAVOCEANO is interested in GPS water 
level determ ination as a tide gauge substitute and 
for determ ining chart datum / W GS84 ellipsoid 
separation (see Figure 1) -  thus allowing for the 
direct reduction of GPS referenced bathym etry to 
the local tidal datum. That is, answering the ques­
tion: Can an RTK GPS-enabled buoy be used to 
determ ine tidal datum to  10cm (95 per cent) as 
specified by the U .S. National Ocean Service (NOS) 
(NOS [2000])? Im portant related engineering and 
operational issues are: the minimum buoy posi­
tioning sensor configuration requirements (e.g.,



COMPONENT DESCRIPTION

Reference station 
and buoy GPS

NovAtel OEM-4 L1/L2, 
12 channel, RTK differ­
ential capable

Reference station 
dual
GPS antenna

NovAtel Model 503, 
frequency antenna and 
choke ring with radome

Buoy GPS antenna NovAtel Model 600, dual 
frequency antenna

Radio modem FreeWave DGR-115R 
900MHz, spread spec­
trum

Accelerometers Crossbow Technologies 
CXL02LF3 3-axis,
± 2 g, 1-V/g

Magnetometers Watson Industries, Inc., 
FGM-301 3-axis,
± 70,000 nT, 20nT/mV

Vertical reference Watson Industries, Inc. 
ADS-C232-1A, dual axis 
integrated sensor 
measuring tilt, x/y 
displacement and x/y 
angular rate

Pressure sensor SenSym Model SX30, 
0 - 3 0  psi

Table 1: Buoy system component descriptions 
(Harrington [2002])

need for tilt sensor, heave sensor, etc.); the tem­
poral and spatial performance variability of RTK 
GPS in coastal marine environments; the buoy 
power management strategy (to afford multiple- 
month standalone operation); and the buoy data 
communications strategy. The minimum equipment 
may also be dependent upon buoy design. The nov­
elty of NAVOCEANO requirements is for an RTK GPS

buoy that is small enough to be deployed from a 
survey launch, and robust enough to be deployed 
for a few months in any coastal region.

NAVOCEANO deployed a buoy in 2001 and rede­
ployed the same in late 2002, and again in early 
2003. Planning System s Inc. (PSI) was tasked with 
integrating and operating the buoy, and the Hydro- 
graphic Science Research Center (HSRC) was 
charged with assisting in the system and survey 
design, and analysing the collected data. All three 
deployments were designed to address the primary 
NAVOCEANO objective of determination of the tidal 
datum with respect to the GPS vertical datum.

The buoy itse lf is shown in Figure 2. The internal 
configuration for the 2001 deployment is also 
shown in the figure. Table 1 describes the main 
components installed in the system . Dual-frequen- 
cy NovAtel 0EM 4 GPS receivers were used for 
RTK, and a host of other sensors were incorporat­
ed for redundancy comparison and attitude deter­
mination. These are three accelerom eters, three 
m agnetom eters, a tilt sensor, and a pressure sen­
sor.

Data Analysis Methodology

For the 2001 experiment, the buoy was deployed 
approximately 10 km Southwest of Gulfport, Mis­
sissippi, in the Northern Gulf of Mexico, and the

Figure 2: 
NAVOCEANO GPS 
buoy configuration 
(Harrington 
[2002])

Physical description:

7 feet waterline to 
antenna top

5 feet draft from 
waterline

1200 lb total weight
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solar power controller

NovAtel OEM4 RTK
L1/L2 receiver

Pentium CPU, 20GB 
HDD, EtherNet, R S - 
232 ports, digital ports, 
PC -104 interface for 
A/D

4 sealed pressure 
regulated secondary 
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Figure 3: Area of GPS buoy testing off of Gulfport, Mississippi in 
the northern Gulf of Mexico

reference station was located in Gulfport. In the
2002 testing, the reference was again set in Gulf­
port, and the buoy was placed 50 m away. For the
2003 test, the reference station was not moved 
and the buoy was placeu approximately 15 km 
Southeast of Gulfport. Figures 3 and 4 illustrate

As will be shown, the RTK solutions from 
the 2001 dataset indicated problems 
with the solution. Therefore for the 2002 
deploym ent, receiver upgrades were 
made and the buoy was co-located with a 
tide gauge to better control the solution 
analysis. During the 2002 data collec­
tion, power problems arose due to solar 
power lim itations while operating in the 
local winter. From these experiences, the 
2003 deploym ent used a reduced power 
consumption strategy (the system  ran on 
a 25 per cent duty cycle) until sufficient 

sunlight was available. It is planned for the HSRC 
to process all of these new data and complete the 
answers to the original queries posed by NAV­
OCEANO of determining water levels and chart 
datum for hydrographic surveys, and to determine 
the minimum sensor suite necessary to meet 

water level recovery specifications.

2002/2003 buoy 
deployment

Figure 4: Three GPS buoy deployments

the general location of the experim ents, and the 
specific location of each deployment, respectively. 
The buoy collected approximately one month of 
continuous RTK solutions and other sensor meas­
urements in 2001. A number of initial analyses 
were performed on the data, including investigat­
ing RTK data quality; correlating RTK height solu­
tions with vertical accelerom eter data; and corre­
lating RTK height solutions with local tide gauge 
data. The goal of these analyses was to determine

The RTK height estimates for a single day 
are shown in Figure 5. 23 September was 
chosen, as it is a representative sample of 
the entire dataset, but also contains a car­
rier phase ambiguity problem. During the 
period of the shift in height estimation there 
appears to be incorrectly determined ambi­
guities. Analysis of the solution quality and 
type records indicated that the processing

_  -....I engine could not resolve the ambiguities at
the beginning of this shift. The data gap at 
~15 hours was the result of a CPU reset on 

the buoy that will be further discussed. More prob­
lematic were the filter artifacts visible on this day and 
all other days. After ruling out the approximately 50 
minute period phenomenon as being caused by the 
natural environment, it was concluded that the inter­
nal RTK processing filter was most likely at fault. To 
further ascertain if this was a GPS problem, the relat­
ed vertical accelerometer data was analysed, showing 
that the accelerometer did not undergo the dynamics 
determined by the GPS receiver (Bisnath et al.

if the GPS height solutions, with no cor­
rections from other positioning sensors, 
followed the tide gauge heights. A sim ilar 
procedure was carried out for 2002 data 
and the 2003 data.

2001 Buoy Deployment Results



Figure 5: RTK buoy height solutions for 23 September 2001

[2003]). Discussion with NovAtel engineers brought 
no explanations for these artifacts. However, after 
installation of the latest generation NovAtel receiver 
firmware the phenomenon was no longer observed, 
as will be discussed later in the 2002 and 2003 data 
analysis sections. As suggested in Figure 5, the pro­
cessing filter noise is a high frequency signal riding 
upon the lower frequency water level changes.

Given that averaged water level rather than instan­
taneous water level is required for the tidal datum

determination, the effects of GPS 
height determination noise, surface 
waves, and buoy roll can be greatly 
reduced by passing the data through 
a moving average filter using data 
before and after each filtering point. 
This process parallels the operation of 
a tide gauge, which damps surface 
waves by means of a stilling well and 
m easurem ent averaging. The size 
(time period) of the filter for this analy­
sis is set to mirror that of the tide 
gauge. Since the GPS heights also 
contain GPS-specific artifacts an addi­
tional low pass filter is applied to 
remove spikes in the moving average 
filtered time series. This second filter 
sim ply rem oves any data points 
beyond an empirically determined limit 

for moving average filtered slopes. The comparison 
of unfiltered and filtered GPS heights for 23 Sep­
tember 2001 is given in Figure 6. The various GPS 
processing filter artifacts and data gaps have a min­
imal effect on the filtered height time series.

To investigate the accuracy of the RTK height solu­
tions and understand determination of chart datum 
/  ellipsoid separation, the RTK-determined water lev­
els were compared against data from a near-by tide 
gauge. The Waveland, M ississippi tide gauge was 

located approximately 10 km inshore 
from the buoy. To account for the phase 
lag between the buoy and tide gauge, an 
empirical estimate of the lag was deter­
mined from the difference between the 
filtered buoy heights and the gauge over 
September 2001 and the buoy series 
shifted in time accordingly. The results 
for 23 September of the unfiltered GPS 
versus the gauge are produced in Figure 
7. The o ffse t has been removed 
between the tide gauge and RTK values 
for plotting. The standard deviation dif­
ference is only 4.1cm, with a 95 per 
cent error (95 per cent percentile) of 
7.4cm. This is within the NOS specifica­
tions. However, filtering the RTK GPS 
time series results in far better agree­
ment with the tide gauge. Figure 8 illus­
trates this with a standard deviation dif­
ference of 2.0cm and a 95 per cent 
error of 3.7cm.

100

Figure 6: Unfiltered and filtered RTK buoy height solutions for 23 
September 2001
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Figure 7: Unfiltered RTK buoy height solutions verses tide gauge for 23 
September 2001. (Tide gauge: green circles; unfiltered RTK: blue 
squares: difference: magenta diamonds.)

Figure 8: Filtered RTK buoy height solutions verses tide gauge for 23 
September 2001. (Tide gauge: green circles; filtered RTK: red 
triangles: difference: magenta diamonds.)

Unfiltered RTK heights versus tide gauge sum m ary 
statistics for the entire month of Septem ber 2001 
are given in Figure 9. The top-left subplot shows 
the availability of RTK solutions (as a percentage) 
for each survey day. There are significant varia­
tions from day-to-day, with availability ranging from 
less than 50 per cent to alm ost 100 per cent. The 
average was 82 per cent. Since the GPS receiver 
was running continuously, as much as 12 hours of 
data could be lost on a given day. The loss is due 
to an error in the sensor scheduling program that

caused the receiver to power down a 
number of tim es. The daily few per­
cent losses were m ostly due to an 
intentionally planned daily system  
reboot.
The top-right subplot illustrates the 
consistency of daily o ffse t values 
estim ated between the buoy and 
gauge. The variations are at the few 
millim etre level for the most part, 
indicating that the standard deviation 
and 95 per cent statistics are very 
good estim ates of the relative accura­
cy of the GPS determined heights as 
compared to the gauge heights. The 
standard deviation and 95 per cent 
statistics using the unfiltered GPS 
data are 8.7cm and 16.4cm, respec­
tively.
The filtered GPS heights increase the 
data loss due to moving average filter 
edge effects and outlier removal, as 
can be seen in Figure 10. However 
the daily o ffset estim ates do not vary 
significantly from those of the unfil­
tered. As expected the standard devi­
ation and 95 per cent error are great­
ly reduced with the filtering to 3.6cm 
and 5.8cm, respectively. The latter 
value is well within the 10cm require­
ment.

2 0 0 2  Buoy Deployment 
Results

The year 2002 data processing prom­
ised to be more revealing than that of 
the previous year. Initial bench testing 
with new firm ware showed no indica­
tion of the filtering artifacts previous­

ly encountered, and the installation of a 100Mb 
hard drive meant all raw GPS receiver data could 
be stored for later post-processing. The reintegrat­
ed buoy was deployed in Gulfport harbour, 50m 
from the reference station, to test the system and 
especially GPS receiver processing firmware.

Data from the harbour deployment was analysed 
for RTK perform ance. Figure 11 illustrates the 
water level as determined from the short baseline 
unfiltered RTK for ten consecutive days in Novem-
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Figure 9: Summary statistics of unfiltered RTK buoy versus tide gauge 
for September 2001
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Figure 10: Summary statistics o f filtered RTK buoy versus tide gauge 
for September 2001

ber 2002. Aside from one day with a few per cent 
data loss, solutions were always fully available. 
The estimated o ffse t again varied by m illimetres 
from day to day. The standard deviation and 95 per 
cent statistics using the unfiltered GPS data were 
2.3cm and 4.3cm, respectively.

The filtered GPS heights again increase the data 
loss due to moving average filter edge effects and 
outlier removal, as can be seen in Figure 12. The 
daily offset estim ates do not vary significantly from

those of the unfiltered. The standard 
deviation and 95 per cent error are 
reduced with the filtering to 1.6cm 
and 2.9cm, respectively.

The comparison results between the 
unfiltered and filtered RTK water level 
and that observed at a tide gauge a 
few metres away were, as expected, 
excellent. The reason for th is state­
ment is that relative GPS data pro­
cessing is baseline length dependent 
-  longer the baseline, the greater 
the decorrelation of certain error 
sources, such as atmospheric refrac­
tion, which results iS\ lower position­
ing precision. Further complicating 
RTK GPS positioning is the fact that 
there exists a number of different 
types of RTK GPS solutions. These 
solution types rely on two compo­
nents: the combination of GPS carrier 
phase signals and the estimation of 
the counts of the ambiguous number 
of carrier phase cycles in the position 
solution process. The former com­
bines the carrier phase signals to pro­
duce smaller or larger wavelengths, 
which produce more precise or less 
precise range measurements. The lat­
ter involves either estim ating the 
counts of cycles as real numbers (float 
ambiguities) or, as they should be, 
integers (fixed ambiguities). Ideally, 
narrowlane, fixed ambiguity solutions 
would be sought, as they produce the 
most precise solutions. For the results 
already presented, the unfiltered and 
filtered 50 m 2002 data were expect­
ed to provide high quality height solu­

tions, whereas filtering of the 10 km 2001 data 
would provide improved heights over the unfiltered 
solutions, even though all solutions were of the nar­
rowlane fixed type.

2 0 0 3  Buoy Deployment Results

After the successful harbour test, the buoy was 
placed approximately 15 km offshore, but experi­
enced severe power drain over extended periods of



30

■

29

1,28

I 27
26

25 Illlllllll
10

8

Î  «

I l l l l l l l l l

A
g  4

2 Illlllllll
15 20 25 

Days of November 2002
15 20 2 

Days of November 2002

Figure 11: Summary statistics of unfiltered RTK buoy versus tide gauge 
for November 2002

to a full duty for two weeks, the 
results of which are now presented.

Figure 13 illustrates the results of the 
unfiltered GPS height comparison 
against a collocated tide gauge. Since 
the gauge recorded at one hour inter­
vals, only a limited number of data 
points were available for comparison. 
The upper subplots show good data 
availability and few millimetre variation 
in daily offset estimates. The standard 
deviation and 95 per cent error are 
rather large at 25.0cm and 38.8cm, 
respectively. Upon inspection of the 
NovAtel RTK solutions, widelane fixed 
solutions were produced. This solution 
type is inherently more noisy than the 
narrowlane fixed solution.
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As can be seen in Figure 14, filtering 
the GPS solutions greatly improve the 
tide gauge comparison statistics to 
6.3cm and 9.5cm for the standard 
deviation and 95 per cent error, 
respectively. The 95 per cent error is 
within the 10cm requirement of the 
NOS. Note that the near-constant 8 
per cent data loss represents the 
lack of filtered data at the first and 
last data point of the day, and would 
be reduced to 0 per cent with the use 
of unfiltered data overlapping either 
end of the day.

Conclusions

Figure 12: Summary statistics of filtered RTK buoy versus tide gauge 
for November 2002

continuous operation. The cause was a combina­
tion of overcast weather conditions, not enough 
winter sunlight hours, and solar panel mounting 
angle resulting in limited efficiency. After a com­
plete system  diagnostic the buoy was again 
deployed in February 2003, but on a reduced duty 
cycle with the sensors on for one hour and o ff for 
approximately three hours. This power manage­
ment strategy allowed sustained buoy operation 
and sampling throughout the local tide cycle over 
many months. In April 2003 the buoy was returned

The determination of water levels 
with an RTK GPS buoy can potentially 
provide data for a number of applica­

tions. NAVOCEANO understands this potential and 
has invested resources into an RTK buoy pro­
gramme to estim ate tidal datum with respect to the 
GPS reference ellipsoid. The developed buoy has 
been deployed three tim es at different distances 
from an RTK base station. A pair of straightforward 
low pass filters was devised to filter the RTK height 
data, and these height time series were compared 
against tide gauge data. The results indicate that, 
for these datasets, the filtered RTK heights meet 
the U.S. National Ocean Service requirement of
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Figure 13: Summary statistics of unfiltered RTK buoy versus tide gauge for 
April 2003
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Dataset RTK baseline
. . -   ̂ ' ... 

l a  (cm) 95 % (cm)

2001 ~10km 4 6
2002 ~ 50m 2 3
2003 ~15km 6

10 —

10cm 95 per cent (see Table 2). 
As is well understood, the result­
ing height accuracy decreases with 
baseline length.

Future Work

The HSRC is continu ing th is  
research in support of the design 
of an operational RTK GPS buoy 
comprising COTS components for 
tidal determination. The compo­
nents of this design investigation 
are: analysis of the collected NAV­
OCEANO buoy data from other 
sensors; determination of the min­
imum buoy sensor suite; determi­
nation of local chart datum with 
buoy; survey of potential buoy hull 
designs; study of potential buoy 
power m anagem ent stra teg ies; 
and survey of potential communi­
cation links. This e ffo rt points to a 
significant near-term role for capa­
ble GPS-enabled buoys in hydro- 
graphic applications.
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